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SUMMARY
Neoantigens arise from mutations in cancer cells and are important targets of T cell-mediated anti-tumor
immunity. Here, we report the first open-label, phase Ib clinical trial of a personalized neoantigen-based
vaccine, NEO-PV-01, in combination with PD-1 blockade in patients with advanced melanoma, non-small
cell lung cancer, or bladder cancer. This analysis of 82 patients demonstrated that the regimen was safe,
with no treatment-related serious adverse events observed. De novo neoantigen-specific CD4+ and CD8+

T cell responses were observed post-vaccination in all of the patients. The vaccine-induced T cells had a
cytotoxic phenotype and were capable of trafficking to the tumor and mediating cell killing. In addition,
epitope spread to neoantigens not included in the vaccine was detected post-vaccination. These data sup-
port the safety and immunogenicity of this regimen in patients with advanced solid tumors (Clinicaltrials.gov:
NCT02897765).
INTRODUCTION

The repertoire of tumor-specific T cells in cancer patients is

shaped by interactions between the tumor and the host’s im-

mune response. Neoantigens, encoded by mutations that are

unique to a patient’s tumors, are key targets of effective anti-tu-

mor immune responses (Hu et al., 2018; Schumacher and

Schreiber, 2015). Recent first-in-human clinical trials, harnessing

the ability to identify neoantigens in real time using next-genera-

tion sequencing technology and computational pipelines, have

demonstrated that personalized neoantigen vaccines are

feasible, safe, and immunogenic in cancer patients (Carreno

et al., 2015; Hilf et al., 2019; Keskin et al., 2019; Ott et al.,

2017; Sahin et al., 2017).
Immune checkpoint inhibition (ICI) has revolutionized the

treatment of cancer patients over the past decade. Treatment

with anti-programmed cell death 1 (PD-1) and anti-PD-1

ligand 1 (PD-L1) antibodies have demonstrated substantial

anti-tumor activity in multiple tumor types (Havel et al.,

2019; Yarchoan et al., 2017). Despite the success of anti-

PD-1 therapy across a wide range of tumor types, only a

subset of patients receives long-term clinical benefit from

the treatment (Sharma and Allison, 2015). Consequently,

there has been a great deal of interest in combination

therapies to improve the efficacy of ICI and ultimately patient

outcomes.

Neoantigens arise from mutations in cancer cells and

are important targets of T cell-mediated immunity. A high
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neoantigen burden in tumors is associated with favorable clinical

response and improved progression-free survival (PFS) in pa-

tients with multiple tumor types treated with anti-PD-1 (quksza
et al., 2017; McGranahan et al., 2016; Rizvi et al., 2015; Van Allen

et al., 2015). Given the early promise of personalized neoantigen

vaccines in the adjuvant setting (Ott et al., 2017; Sahin et al.,

2017), coupled with the observation that the anti-tumor activity

of PD-1 inhibition in melanoma is largely limited to patients

with tumors exhibiting a preexisting T cell infiltrate (Tumeh

et al., 2014), there is a strong rationale for combining these mo-

dalities in the metastatic setting. We reasoned that this strategy

could augment the response rates and durability of responses

over the results of PD-1 inhibition alone by inducing, expanding,

and broadening the tumor-directed T cell repertoire.

We report here the first clinical trial combining a personal-

ized neoantigen vaccine (NEO-PV-01) with PD-1 inhibition, in

patients with high TMB metastatic tumors including mela-

noma, non-small cell lung cancer (NSCLC), and urothelial

carcinoma (TCC) of the bladder (NCT02897765). In addition

to addressing the feasibility and safety of this combination

in a large phase Ib study, we performed comprehensive mo-

lecular and immune analyses to define the parameters

associated with progression-free survival. These analyses re-

vealed that there were few preexisting neoantigen responses.

However, following vaccination, there was induction of neo-

antigen-specific cytotoxic T cells that can traffic to the tumor.

In addition, epitope spread to non-vaccinating epitopes and

major pathological responses were seen post-vaccination.

The approach described here presents a treatment strategy

for metastatic tumors based on increasing the frequencies

of neoantigen-specific T cells to control tumor growth and

spread.

RESULTS

Treatment with NEO-PV-01 Plus Anti-PD-1 Is Feasible
and Safe in Metastatic Cancer Patients
The study was open to patients with unresectable or metastatic

melanoma, smoking-associated NSCLC, and TCC of the

bladder, who were enrolled at nine major cancer centers in the

United States. The protocol specified at most one prior regimen

formetastatic disease and no prior immunotherapy with anti-PD-

1/PD-L1, although at the start of the study, nivolumabmonother-

apy was not approved for the first-line treatment of NSCLC or

TCC. Enrollment was not restricted based on PD-L1 status.

The major study endpoints included evaluations for safety,

objective response, progression-free survival, and comprehen-

sive immune analysis in blood and tumor (Method Details, study

protocol).

To produce the personalized neoantigen vaccine NEO-PV-

01, tumor mutations were first identified by whole exome

and RNA sequencing of each patient’s formalin-fixed tumor

and matched normal cells from blood as outlined in the vac-

cine manufacturing schema (Figure 1A). High-quality neoepi-

topes encoded by somatic mutations were then selected us-

ing bioinformatics algorithms, as previously described (Abelin

et al., 2017; Nielsen and Andreatta, 2016). Neoepitopes were

prioritized based on the expression of mutated alleles by
348 Cell 183, 347–362, October 15, 2020
RNA sequencing, binding to autologous human leukocyte an-

tigen A (HLA-A) and HLA-B, and additional variables. Details of

the production, including the selection of vaccine peptides,

are provided in Method Details. Each neoantigen vaccine con-

sisted of up to 20 unique peptides, 14–35 amino acids in

length, and was formulated in up to 4 distinct pools and mixed

with the adjuvant poly-ICLC for administration. Patients were

treated with nivolumab for 12 weeks while the vaccines were

generated (Figure 1B, study schema). Starting at week 12,

1.5 mL NEO-PV-01 was administered subcutaneously into

each of 4 separate, non-rotating anatomical sites per adminis-

tration. Five priming and 2 booster vaccinations were adminis-

tered within a 3-month period, which made up a full NEO-PV-

01 course. Nivolumab was continued during both the vaccine

and post-vaccine time periods.

Between November 2016 and August 2018, 82 patients were

enrolled across 9 clinical sites and received at least 1 dose of ni-

volumab. This set was defined as the intention-to-treat (ITT) set

(Figure 1C). Among these patients, 41% of melanoma, 67% of

NSCLC, and 71% of bladder cancer patients had prior therapy

(Table 1). Thirty-eight percent of melanoma patients had

received prior immunotherapy, including ipilimumab (29%) and

interferon-a (9%). Nineteen percent of bladder cancer patients

had received prior immunotherapy, in all cases Bacillus Calm-

ette-Guerin (BCG).

Of the 82 patients in the ITT set, 22 (27%) were not vaccinated

for reasons that included radiographic or clinical progression

(N = 11), insufficient tumor cellularity or low tumor mutational

burden (N = 4), and other reasons (N = 7) (Figure 1C). Therefore,

the vaccinated set included 60 patients, each of whom received

at least 1 dose of vaccine (27 melanoma, 18 NSCLC, 15 bladder

cancer). Of the 60 patients, 14 (23%) received the vaccine after

radiographic progression on nivolumab by RECIST 1.1 criteria

(6 melanoma, 4 NSCLC, and 4 bladder cancer). Although the

role of pseudo-progression was considered in progressors,

this is a relatively rare phenomenon with anti-PD-1 therapy alone

(Hodi et al., 2018; Ott, 2018). In the vaccinated set, 30% of mel-

anoma, 61%of NSCLC, and 73%of bladder cancer patients had

prior therapy (Table 1). Eleven of the vaccinated patients had

BRAF mutations (2 NSCLC and 9 melanoma) and 3 had KRAS

mutations (all codon 12 and all in NSCLC). No other specific mu-

tations (same amino acid change in the same gene) occurred

in R5 patients in the study.

The primary objective of the study was to evaluate the

safety and tolerability of NEO-PV-01 in combination with nivo-

lumab (Tables S1–S3). The most common adverse events in

vaccinated patients were injection-site reactions and influ-

enza-like illness (52% and 35% of the patients, respectively).

Injection site reactions typically manifested as transient, local-

ized warmth and erythema. These events were mild (Common

Terminology Criteria for Adverse Events [CTCAE] grade 1) in

all cases except in 1 patient, who had a grade 2 injection

site erythema. Injection site-related adverse events did not

lead to NEO-PV-01 dose interruption or discontinuation for

any patient (Table S2). Treatment-related events of grade

R3 severity were noted for only 2 patients in the vaccinated

group, with 1 case each of hypokalemia and rash, and 1 pa-

tient in the vaccinated group discontinued treatment for grade
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Figure 1. NEO-PV-01 Vaccine Generation, Clinical Study Design, and Patient Disposition

(A) Schematic for the sequencing of patients’ tumors, prediction of neoantigens bound to class I MHC, and generation of synthetic long peptides for the

personalized neoantigen vaccines.

(B) Treatment with nivolumab was initiated at week 0, NEO-PV-01 was administered between weeks 12 and 24, and nivolumab was continued for up to 2 years.

Tumor biopsies and radiographic imaging were performed at weeks 0, 12, and 24 and leukaphereses were performed at the indicated time points.

(C) Study patient disposition.
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2 gastritis (Table S3). No treatment-related serious adverse

events were observed.

The objective response rates (ORRs, RECIST version 1.1), PFS

and overall survival (OS) were analyzed with a minimum follow-

up of 12months as of the August 2019 data cutoff. Figure 2 sum-

marizes the radiographic response profiles (RECIST 1.1) for each

patient by tumor type (change in sum of target lesions) who

received anti-PD-1 alone or in combination with NEO-PV-01.

The pair of bar plots (top panel) for the vaccinated patients allow

for the comparison of the best response before vaccine initiation

(dark shade) and the best response overall (light shade). The dif-

ference indicates a further reduction in tumor size following the

start of the vaccine. The PD-L1 status of the vaccinated patients

did not correlate with the ORR in any of the three cohorts (Fig-
ure S1A). We note that the further tumor regression observed af-

ter vaccination could reflect delayed responses following nivolu-

mab monotherapy, although vaccine-induced anti-tumor T cell

responses may be a component of these responses. Among

the vaccinated patients (N = 60), ORRs (95% confidence interval

[CI]) were 59% (39%–78%), 39% (17%–64%), and 27% (8%–

55%) for melanoma, NSCLC, and bladder cancer patients,

respectively. The median duration of response was not reached

for any of the three cohorts. Efficacy data for the ITT and the

vaccinated sets are included in Table S4. Overall, 8 of 60 vacci-

nated patients met the criteria for tumor response conversions,

for a response conversion rate (RCR) of 13%. The RCRs for

the melanoma, NSCLC, and bladder cancer patient cohorts

were 15%, 17%, and 7%, respectively. Among the 14 patients
Cell 183, 347–362, October 15, 2020 349



Table 1. Demographics and Baseline Disease Characteristics by Cancer Type

Melanoma NSCLC Bladder Cancer

ITT Set (N = 34)

Vaccinated

Set (N = 27) ITT Set (N = 27)

Vaccinated

Set (N = 18) ITT Set (N = 21)

Vaccinated

Set (N = 15)

Male sex, % 68 70 44 39 71 67

Median age, y 60 62 66 66 67 67

M-stage, %

M0 3 4 NA NA NA NA

M1a 24 22 NA NA NA NA

M1b 29 33 NA NA NA NA

M1c 44 41 NA NA NA NA

AJCC stage, %

III 3 4 7 6 29 33

IV 97 96 93 94 71 67

Elevated LDH, % 38 41 NA NA NA NA

Median TMB (TMB range) 267 (20–8,431) 363 (50–8,431) 185 (65–760) 221 (109–760) 142 (42–1,447) 194 (48–1,447)

PD-L1 < 1% 29 20 41 27 61 57

PD-L1 < 50% 92 90 71 64 94 93

Median tumor size (cm) 5.3 5.2 7.2 6.8 5.2 4.7

ECOG, %

0 82 89 41 50 48 60

1 18 11 59 50 48 40

2 0 0 0 0 5 0

Prior therapy 41 30 67 61 71 73

Prior chemotherapy 0 0 67 61 67 67

Prior platinum NA NA 63 61 57 53

Prior immune therapy 38 30 0 0 19 20

Prior ipilimumab 29 22 NA NA NA NA

In the NSCLC cohort, all of the patients had a history of smoking, 67% of NSCLC patients in the ITT and 61% of NSCLC patients in the NEO-PV-01 sets,

respectively, had adenocarcinoma; the remaining NSCLC patients had squamous cell carcinoma. Among the melanoma patients, 9% of ITT and 8% of

vaccinated patients previously received interferon-a. Prior immune therapy for bladder cancer patients was BCG in all cases. One bladder cancer patient

was ECOG2 at baseline, while all others were either ECOG 0 or 1. LDH levels were available from 21 and 17 patients in the ITT and vaccinatedmelanoma

cohorts, respectively. TumorPD-L1 levelswereavailable from24and20,17and11,and18and14of the ITTandvaccinatedsets in themelanoma,NSCLC,

and bladder cancer cohorts, respectively. In the melanoma and bladder cohorts there were 29% and 48% smokers, respectively. AJCC, American Joint

Committee on Cancer; BCG, Bacillus Calmette-Guerin; ECOG, Eastern Cooperative Oncology Group; LDH, lactate dehydrogenase; NA, not applicable.
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who had progressive disease before vaccination, 1 patient with

NSCLC had a partial response and 1 patient with bladder cancer

experienced stable disease after vaccination.

Kaplan-Meier estimates for PFS and OS in both the ITT and

vaccinated cohorts for themelanoma, NSCLC, and bladder can-

cer patients are shown in Figures S1B and S1C, respectively.

The median PFS (95% CI) among vaccinated patients was

23.5 months (6.6, NE), 8.5 months (3.9, NE), and 5.8 months

(2.8, 12.7) in the melanoma, NSCLC, and bladder cancer co-

horts, respectively. The median OS for vaccinated patients

was not reached in the melanoma and NSCLC cohorts, while

for the bladder cancer cohort, the median OS was 20.7 months

(4.8, NE). The 1-year OS rates were 96% (76%–99%), 83%

(57%–94%) and 67% (38%–85%) for melanoma, NSCLC, and

bladder cancer patients, respectively (Table S4). These data

compare favorably with historical data for anti-PD-1 monother-

apy (Balar et al., 2017; Bellmunt et al., 2017; Borghaei et al.,

2015; Carbone et al., 2017; Herbst et al., 2016; Larkin et al.,
350 Cell 183, 347–362, October 15, 2020
2018; Schachter et al., 2017; Sharma et al., 2016; Wolchok

et al., 2017). Patients with prior treatment tended to have worse

PFS, as has been demonstrated with other trials testing check-

point therapy (Borghaei et al., 2015; Herbst et al., 2016; Larkin

et al., 2018). The clinical data indicate that vaccination with

personalized neoantigens is feasible and safe inmultiple solid tu-

mor types when co-administered with anti-PD-1 therapy. The

single-arm design of the trial does not allow attribution of re-

sponses specifically to the vaccine since it was administered in

combination with anti-PD-1.

Distinct Immune and Molecular Features Are
Associated with PFS across the Three Tumor Cohorts
We next investigated the presence of biomarkers that could

correlate with PFS across all three tumor cohorts. For this post

hoc analysis, we introduced an exploratory endpoint defined

by lack of progression at 9months (PFS-9) post-initiation of nivo-

lumab therapy for the melanoma and the NSCLC cohorts and



Figure 2. Rates and Durability of Responses Following Treatment with NEO-PV-01 Plus Anti-PD-1

Top: best radiographic change (%) in sum of target lesions for each patient. The dark shade narrow bars represent best change pre-NEO-PV-01; the light shade

wide bars represent the overall best change in study for patients who received at least 1 dose of NEO-PV-01 plus anti-PD-1. Red indicates progressive disease,

blue indicates partial response, and green indicates complete response. Bottom: radiographic changes (%) in target lesions from the initiation of nivolumab

treatment for each patient. The colors are the same as in the top panel.
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lack of progression at 6 months (PFS-6) for the bladder cancer

cohort. Patients were classified into two groups who either did

or did not achieve PFS-9 or PFS-6, respectively. The time point

for bladder cancer was set at 6 months to ensure sufficient pa-

tient numbers in both groups (PFS-6 or no PFS-6, respectively)

due to higher dropout in this cohort. Previous ICI monotherapy

studies have investigated clinical outcomes with a variety of

different markers, including tumor mutation burden (TMB) (Cris-

tescu et al., 2018; Van Allen et al., 2015), immunological gene

expression signatures in the tumor microenvironment (TME)

(Ayers et al., 2017), expression of genes in the antigen presenta-

tion pathway, including b2 m (Gettinger et al., 2018; Sade-Feld-

man et al., 2017), and the presence of B cells and tertiary

lymphoid structures in the TME (Helmink et al., 2020; Petitprez

et al., 2020).

Mutational profiling of tumor by whole-exome sequencing in

all ITT patients revealed a median of 215 non-silent somatic var-

iants (Table 1). Since class I MHC expression on tumors is critical

for neoepitope presentation, we also addressed the presence of

b2 m mutations in tumor biopsies. There were only two patients

from the ITT population who had non-silent somatic mutations in

the b2 m gene, with both patients being positive for HLA class I

expression on tumor cells by immunohistochemistry (IHC) (data

not shown). Thus, the presence of these types of mutations was

rare in the study.

With respect to TMB, we observed a significant positive corre-

lation with PFS-9 in the melanoma cohort and a positive trend in

the NSCLC cohort (Figure S2A, I). Data for the bladder cancer

cohort, which had limited variability in TMB, revealed no such

trend (FigureS2A, I). Theepitopequality score, a unique score as-

signed to each candidate epitope based on its binding affinity,

allele-specific expression, and proteasomal cleavage potential

(Abelin et al., 2017), falls on a 0–1 scale, with higher scores corre-

sponding to the increased likelihood of presentation. Epitope

quality scores of the vaccine peptides (sum of all HLA class I epi-
topes in the vaccine peptides), whichwere correlatedwith overall

TMB, likewise showed positive associations with PFS-9 in the

melanoma and NSCLC cohorts, but only reached statistical sig-

nificance for themelanomacohort (FigureS2A, II). No association

with PFS-6 was observed for the bladder cancer cohort (Fig-

ure S2A, II). Evaluation of intra-tumoral gene expression for

markers of inflammation (Ayers et al., 2017) at the pre-treatment

timepoint revealedapositive trend for themelanomaandbladder

cancer cohorts, but not for the NSCLC cohort (Figure S2A, III).

Data for the vaccinated set are shown in Figure S2A, panels IV,

V, and VI, and, similar to the ITT set, we observed a significant

positive correlation in themelanomacohort for theepitopequality

score and a trend toward positive correlation for TMB. Whole-

exome sequencing of additional biopsies taken later in the treat-

ment course showed only minor changes in the mutational land-

scape and TMB. Overall, these data suggest that both TMB and

epitope quality are important determinants of response to the

combination of the neoantigen vaccine and anti-PD-1 therapy.

To characterize potential biomarkers outside the tumor

microenvironment, we evaluated distinct immune cell pheno-

types including T, B, natural killer (NK), and myeloid cells in pe-

ripheral blood mononuclear cells (PBMCs) obtained at week

0 (pre-treatment), week 10 (pre-vaccine), and week 20 (post-

vaccine) in patients from all 3 cohorts. Melanoma patients

who achieved PFS-9 had a higher percentage of peripheral

effector memory CD8+ T cells compared to patients with pro-

gression before the 9-month mark, with significant differences

observed at both the pre-vaccine and post-vaccine time points

(Figure 3A). Conversely, the percentage of naive CD8+ T cells

was higher in melanoma patients with progression, with signif-

icant differences observed at all three time points (Figure 3A).

Consistent with the observation of increased effector memory

CD8+ T cells, melanoma patients with PFS-9 had a more

restricted and less diverse circulating T cell receptor (TCR)

repertoire than patients who progressed (Figure 3B) (Fairfax
Cell 183, 347–362, October 15, 2020 351
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Figure 3. Increased Frequencies of Effector Memory T Cells, Increased TCRClonality, and Presence of Tumor-Infiltrating TCF7+CD8+ T Cells

Correlate with PFS-9 in the Melanoma Cohort

(A) Identification of peripheral effectormemory and naive CD8+ T cells in themelanoma cohort and correlation with PFS-9. Circulating PBMCs frompre-treatment,

pre-vaccine, and post-vaccine time points were analyzed using flow cytometry to quantify effector memory and naive CD8+ T cell subsets based on the

expression of CD45RA and CD62L. The data are presented as box and whisker plots, with the box representing the 25th–75th percentiles, whiskers representing

the minimum and maximum values, and the line represents the median. Statistical significance was determined using an unpaired t test.

(B) Measures of TCR-b diversity as observed in the PBMCs of patients with PFS-9 (green) and without PFS-9 (blue). Each dot represents 1 patient; the black

horizontal bars indicate mean values. A higher Gini coefficient indicates greater skewness in clonal frequencies (i.e., higher clonality). Diversity evenness 50 (DE

50) is an alternative metric with opposite directionality.

(C) Top: expression of TCF7+CD8+ T cell genes in metastatic tumor biopsies of melanoma patients at pre-treatment, pre-vaccine, or post-vaccine time points

using the NanoString platform. Each point represents the calculated TCF7+CD8+ T cell gene signature score for 1 patient. The data are presented as box and

whisker plots, with the box representing the 25th–75th percentiles, the whiskers representing 1.5 times the length of the box, and the line represents the median.

Statistical significance was determined using an unpaired t test. Bottom: representative images showing multiplex immunofluorescence of pre-treatment

formalin-fixed paraffin-embedded (FFPE) tumor biopsies in 2 melanoma patients, 1 with PFS-9 (M7) and the other with no PFS-9 (M11), stained with DAPI (blue),

CD8 (yellow), TCF7 (red), and S100 (green). The white arrows show TCF7+CD8+ T cell infiltrates. Scale bar, 50 mm.
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et al., 2020; Hosoi et al., 2018; Kirsch et al., 2015; Thomas et al.,

2013; Valpione et al., 2020).

Distinct immune phenotypes in the peripheral blood were also

observed in the NSCLC and bladder cancer cohorts correlating

with PFS-9 and PFS-6, respectively, although the number of

samples available in these cohorts was limited. NSCLC patients

who achieved PFS-9 had a lower percentage of plasmacytoid

DCs than patients who progressed (Figure S2B, I). Significant

correlation to plasmacytoid DCs was not seen in the melanoma

or bladder cancer cohorts. Bladder cancer patients who

achieved PFS-6 had a significantly higher percentage of memory

CD8+ T cells that was observed only at the post-vaccine time

point when compared to bladder cancer patients who pro-

gressed (Figure S2B, II).

We further evaluated the presence of stem-like memory T cells

in the tumor using a gene signature analysis based on recently

defined genes that includes TCF7, a critical transcription factor

defining stem-like T cells (Jansen et al., 2019; Sade-Feldman

et al., 2018). In agreement with the memory phenotype observed

in peripheral CD8+ T cells of melanoma patients who had PFS-9,

higher levels of stem-like memory T cell gene signatures were

also seen in tumor biopsies from patients with PFS-9 compared

to patients with progression (Figure 3C, upper panel). This was

further corroborated by the presence of increased CD8+ TCF7+

T cells in the TME of patients with PFS-9 (Figure 3C, lower panel).

Both the peripheral and tumor markers described above did not

show changes when comparing pre-vaccine to pre-treatment

samples or post-vaccine to pre-vaccine samples in patients

with or without PFS-9.

We also investigated whether any germline markers corre-

lated with PFS in each of the tumor cohorts. Notably, more mel-

anoma patients with PFS-9 had at least one germline copy of

the APOE4 genetic variant compared to patients with progres-

sion before the 9-month mark (Figure S2C) (Tavazoie et al.,

2018). In contrast, an opposite correlation to the presence of

the APOE4 genetic variant was seen in the NSCLC cohort

and no correlation was seen in the bladder cancer patients.

Further validation of these observations should be addressed

in future trials.

NEO-PV-01 Plus Anti-PD1 Induces Specific and Durable
T Cell Reactivity against Neoantigen Epitopes in All
Tumor Cohorts
The immunogenicity of NEO-PV-01 plus nivolumab was evalu-

ated in the peripheral blood by interferon g (IFN-g) ELISpot

assay. Analysis of 570 vaccinating peptides across 34 patients

with sufficient peripheral leukapheresis samples across all 3

time points (18 melanoma, 7 NSCLC, and 9 bladder cancer) re-

vealed robust de novo immune responses to multiple vacci-

nating peptides in all of the patients (melanoma 52%, NSCLC

47%, and bladder cancer 52%; Figure 4A). Of these, 42%

were ex vivo responses detected in an overnight assay with

added peptide and the remainder were detected after peptide

stimulation in a 5-day assay, both without added cytokines

(see Method Details). Minimal neoantigen-specific T cell re-

sponses were detected at the pre-treatment and pre-vaccine

time points, respectively (Figures 4A and S3A–S3C). These

data are consistent with previous studies indicating that preex-
isting responses to neoantigens in the periphery are rarely de-

tected (Ott et al., 2017).

Similar proportions of both CD4+ and CD8+ T cell responses

were detected in all 3 cohorts, with an average of 42% and

24% of vaccinating peptides generating CD4+ and CD8+ T cell

responses, respectively (Figure 4A). Specificity of the vaccine-

generated immune responses to the mutant epitope versus the

wild-type epitope was tested using an IFN-g ELISpot assay

across a wide range of peptide concentrations. Reactivity of

the mutant versus the wild-type epitope was seen preferentially

in 12 (92%) of the 13 mutant epitopes tested (Figure 4B; Table

S5). Persistence of these vaccine-induced responseswas tested

in blood samples obtained at week 52 after the start of the anti-

PD-1 treatment, or �29 weeks after the last vaccine dose.

Among the 193 neoepitopes tested in 12 melanoma, 4 NSCLC,

and 4 bladder cancer patients, persistent immune responses

were detected for 58% of the neoepitopes (Figure 4C). These re-

sponses included both CD4+ and CD8+ epitopes based on their

detection in earlier (week 20) analyses. These data demonstrate

that vaccination with NEO-PV-01 results in the generation of

T cell responses that are specific and durable.

Neoantigen Vaccine-Specific T Cells Have Cytotoxic
Potential, Migrate to the Tumor, and Can Kill
Cancer Cells
Detailed phenotypic analysis of neoantigen-specific CD4+ and

CD8+ T cell responses from selected patients with available

samples revealed an activated and effector memory phenotype

of these cells (Figure S4). In addition, neoantigen-specific CD8+

T cells from a patient who progressed on study had higher

expression of multiple co-inhibitory receptors that was not

seen in the neoantigen-specific CD4+ and CD8+ T cells from pa-

tients who achieved PFS-9 (Figure S4). The cytotoxic phenotype

of neoantigen-specific CD4+ and CD8+ T cells in the peripheral

blood was determined by the surface expression of CD107a, a

marker for T cell degranulation (Betts et al., 2003), when assayed

in the presence of the neoantigen peptide. Among the 71 CD4+

and CD8+ T cell epitopes tested across 21 patients (13 mela-

noma, 3 NSCLC, and 5 bladder), the surface expression of

CD107a was detected in the presence of 58% of the epitopes

at the post-vaccine time point (Figures 5A and S5).

To further elucidate the role of the vaccine-induced cytolytic

T cell responses in anti-tumor responses, the presence of

NEO-PV-01-specific T cells was assessed by TCR sequencing

in both the peripheral blood and in serial tumor biopsies from 3

melanoma patients who achieved PFS-9. Patient M1 was a 67-

year-old female metastatic melanoma patient who had liver

and pre-sacral metastases and experienced stable disease for

24 months on the study. A CD8+ T cell response specific to a

neoepitope in the RICTOR gene (IM24) was detected by tetramer

analysis in PBMCs of this patient. IM24-specific CD8+ T cells

represented �0.17% of all circulating CD8+ T cells post-vaccine

and were not present pre-vaccination (Figure 5B, I). CD8+ T cells

reactive to a control EBV epitope from the viral LMP2A protein

were detected at all 3 time points at similar levels (�0.04%

CD8+ T cells; Figure S6A). Further characterization of RICTOR

mutant-specific CD8+ T cells revealed a memory phenotype,

polyfunctionality, and cytolytic potential (Figures 5B, II, and
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Figure 4. NEO-PV-01 Plus Anti-PD-1 Induces T Cell Reactivity against Neoantigen Epitopes That Are Mutant Specific and Persistent

over Time

(A) I: percentage of all NEO-PV-01 vaccinating peptides per tumor cohort that elicited IFN-g responses in serial PBMCs at the indicated time points as measured

by IFN-g ELISpot assay. II: percentage of CD4+ versus CD8+ T cell responses generated at the post-vaccine time point across all 3 tumor cohorts. III–V: de-

convolution of PBMC responses to specific vaccinating peptides (immunizing [IM]) peptide measured by IFN-g ELISpot assay in representative patients from

each of the 3 tumor cohorts. Only the positive responses after background subtraction are shown. Deconvolutionwas done using a series of overlapping peptides

for each IM peptide (Method Details). Each bar corresponds to an IM peptide and the assay peptide that generates the maximal response in either of the 2 assay

formats (ex vivo assay or in a 5-day assay) for that IM peptide is shown. IM peptides that generated an ex vivo response were as follows: for melanoma patient

M1—IM01, -02, -08, -18, and -24; for NSCLC patient L1—IM20, -25, -28, and -29; for bladder cancer patient B1—IM02, -07, and -28. IM peptides labeled on the x

axis in blue elicited a pre-vaccine response.

(B) Specificity of immune responses as measured by ex vivo IFN-g ELISpot assay to mutant peptides (red) versus wild type (blue) across a range of peptide

concentrations. Representative responses from melanoma patients (IM24, IM02, and IM01) and a NSCLC (IM29) patient are depicted.

(C) Persistence of immune responses induced by IM peptides, as measured by IFN-g ELISpot assay in PBMCs collected at week 52 after initiation of anti-PD-1

therapy. Depending on sample availability at the 52-week time point, a range of 1–20 NEO-PV-01 peptides were tested. The data are represented as stacked

columns for individual patients, with responses detected at both weeks 20 and 52 (blue) and responses detected only at week 20 (green).

Aggregate data in (A) and (B) are represented as means ± SEMs.
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Figure 5. NEO-PV-01 Plus Anti-PD-1 Gener-

ates Cytotoxic T Cells That Can Traffic to Met-

astatic Tumors and Induce Epitope Spreading

(A) Cytotoxic potential of NEO-PV-01-generated im-

mune responses as measured by the surface

expression of themarker CD107a at the post-vaccine

time point. A range of 1–10 NEO-PV-01 peptides

were tested per patient. The data are represented as

stacked columns for individual patients, with

CD107a-positive responses represented in blue and

CD107a-negative responses represented in red.

(B) NEO-PV-01 induced neoantigen-specific CD8+

T cells are present in post-vaccine tumors of mela-

noma patient M1. (I) Sorting gate of IM24-tetramer+

CD8+ T cells present in post-vaccine PBMCs. (II)

Cytotoxic potential of IM24-specific CD8+ T cells as

measured by the surface expression of CD107a at

week 20. (III) Identification of neoantigen epitope

IM24-specific TCR in the post-vaccine tumor biopsy.

(IV) Cytotoxicity assay based on cleaved caspase-3

expression of A375 targets cells expressing HLA-

B51:01 co-cultured with pre-treatment patient

PBMCs transduced with IM24-specific TCR in the

presence of mutant or wild-type IM24 peptide,

respectively.

(C) Identification of neoantigen epitope IM07-specific

CD4+ T cells in the post-vaccine tumor of melanoma

patient M13. (I) IM07-reactive CD4+ T cells present in

post-vaccine PBMCs. (II) Identification of IM07-spe-

cific TCRs (TCR1 and TCR3) in the post-vaccine

tumor biopsy. (III) Jurkat T cells expressing the IM07-

specific TCRs were co-cultured with patient antigen-

presenting cells (CD3+ depleted PBMCs) from the

pre-treatment time point in an IL-2 secretion assay.

(D) I: Epitope spread was tested in 25 patients across

all 3 tumor cohorts. Reactivity of post-vaccine

PBMCs against a range of 10–19 predicted neo-

antigen peptides that were not included in the vac-

cine were tested by IFN-g ELISpot assay in each

patient. The data are presented as the percentage of

non-vaccine peptides that elicited a response; each

dot represents 1 patient. These responses were de-

tected only at the post-vaccine time point. II: Kaplan-

Meier plot of progression-free survival (months) by

epitope spread yes (R1) versus no (= 0); p value from

log-rank test; hazard ratio from Cox model. The

aggregate data are represented as means ± SEMs.
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S6B). Single-cell sequencing of the TCR a and b chain loci was

performed to identify the paired complementarity determining

region 3 (CDR3) regions and revealed 3 major clones (Fig-

ure S6C). We compared the CDR3b sequences of these clones

to CDR3b sequences identified by targeted sequencing of bulk

RNA from serial metastatic tumors. One of these three major

clones (M1TCR3) was found to be enriched in the post-vaccine

tumor and was absent at the pre-treatment or pre-vaccine time

points (Figure 5B, III). The sequences fromM1TCR3 were cloned

and expressed in the patient’s pre-treatment CD8+ T cells. These

transduced CD8+ T cells were assessed for killing of the cancer

cell line A375 expressing the patient HLA allele when pulsed with

either the wild-type or mutant neoepitope. Specific killing of the

cancer cell line, as assessed by cleaved caspase-3 upregulation,

was seen only in the presence of the mutant, but not the wild-

type peptide (Figure 5B, IV).

Similarly, in patientM13, a 60-year-oldmalemelanoma patient

with lymph node metastases, who had a partial radiographic

response to treatment, a functional cytolytic peripheral CD4+

T cell response specific to the immunizing peptide IM07 (frame-

shift mutation in the gene LGALS3BP) was detected following

vaccination (Figure 5C, I). Further phenotypic analysis of IM07-

specific T cells demonstrated that these cells were of the mem-

ory phenotype and could secrete multiple cytokines upon stim-

ulation with the IM07 peptide (Figure S6D). Single-cell CDR3

TCR sequence analysis of these cells revealed multiple clones

(Figure S6E), of which two were detected exclusively in the

post-vaccine biopsy (Figure 5C, II). Subsequent expression of

M13TCRs in TCR-deficient Jurkat T cells confirmed the speci-

ficity of these TCRs for IM07 in an interleukin-2 (IL-2) secretion

assay (Figure 5C, III). Cytotoxicity analysis of these IM07-specific

CD4+ TCRs was limited because the MHC class II restriction of

these TCRs was unknown. Additional neoantigen-specific

TCRs were found in the biopsies at multiple time points in 2 pa-

tients (M13 and M14) who achieved PFS-9 (Figure S6F). These

data demonstrate trafficking of neoantigen-specific CD4+ and

CD8+ T cells into the tumor.

Epitope Spread Occurs after Vaccination with NEO-PV-
01 and Associates with PFS
Given the detection of memory and potentially cytolytic T cells in

the tumor, we reasoned that the killing of tumor cells by neoan-

tigen-specific T cells could release additional epitopes resulting

in the generation of a broadened neoantigen-specific immune

response. This phenomenon, known as epitope spreading, has

been previously reported to be important for expanding the

T cell responses to vaccines (Corbière et al., 2011; Kreiter

et al., 2015). To assess whether epitope spread occurred after

vaccination, we screened for the presence of peripheral T cell

responses against epitopes that were highly ranked but were

not included in the vaccine (referred to as ‘‘non-immunizing

neoepitopes’’). We assessed epitope spread in the two mela-

noma patients (patients M1 and M13) whose tumors were infil-

trated with vaccine-induced neoantigen-specific T cells as as-

sessed by single-cell TCR sequencing. Peripheral immune

responses reactive against 4 of 15 and 3 of 13 non-immunizing

neoepitopes were detected post-vaccination in patients M1

and M13, respectively (Figure S6G). Of note, these responses
356 Cell 183, 347–362, October 15, 2020
were not present pre-treatment or pre-vaccine, suggesting that

the presence of epitope spread could be a surrogate marker

for tumor cell killing by neoantigen-specific T cells induced by

vaccination.

The presence of epitope spread was then evaluated across

multiple patients with sufficient samples available for analysis.

Among 330 non-immunizing neoepitopes tested across 13 mel-

anoma, 5 NSCLC, and 7 bladder cancer patients, post-vaccine-

specific immune responses were detected for 33 non-immu-

nizing neoepitopes (Table S6). These immune responses were

not detected in the pre-vaccine or pre-treatment PBMCs.

Notably, the extent of epitope spread responses was higher in

patients who achieved PFS-9 or PFS-6, respectively, and corre-

lated with longer PFS across all 3 cohorts (Figure 5D). It is

possible that epitope spread could be a self-amplifying process,

wherein dying tumor cells can trigger additional neoantigen-spe-

cific immune responses during the course of the treatment. This

was indeed the case in patient M2, a 65-year-old male mela-

noma patient with gastric metastases, who experienced a clin-

ical complete response at 66 weeks from the start of treatment.

An expansion of epitope spread to 3 additional non-immunizing

neoepitopes was detected at 52 weeks post-initiation of anti-

PD-1 therapy (Figure S6H). Thus, the observation of epitope

spread suggests that NEO-PV-01-induced T cells could be cyto-

toxic to tumor cells and thus expand the repertoire of T cell re-

sponses against tumor neoantigens.

Major Pathological Responses (MPRs) Are Observed
Post-vaccination with NEO-PV-01 in the Melanoma
Cohort
The observation of epitope spread suggested that vaccination

with NEO-PV-01 could lead to major changes in tumor cellularity

post-vaccination. We were able to address this question in the

melanoma cohort, where there were sufficient numbers of serial

tumor samples available for this analysis. Tumor cellularity was

evaluated in multiple longitudinal core biopsies by a blinded in-

dependent pathologist, and the highest percentage of tumor at

each time point was recorded. Assessment of residual viable tu-

mor (RVT) across the 3 longitudinal biopsies obtained from the

same gastric lesion in patient M2 described above revealed

the presence of considerable tumor at the pre-treatment (95%)

and pre-vaccine (40%) biopsies (Figure 6A). However, there

was no evidence of RVT in any of the 5 core biopsies obtained

at the post-vaccine time point. Notably, increased infiltration of

the tumor with CD3+ T cells was seen at the pre-vaccine and

post-vaccine time points (Figure 6A).

Serial tumor biopsies from 19 melanoma patients who had tu-

mor biopsies at all 3 time points from the same anatomical site

were then assessed for pathological response in relation to treat-

ment. Of the 19 patients, 5 had tumor present at all time points.

At 12 weeks after initiation of nivolumab monotherapy (pre-

vaccination), 5 of 19 patients (26%) achieved MPR (RVT < 5%

in all of the biopsy cores), indicating response to nivolumab

monotherapy in these patients (Figure 6B, left). At 12 weeks

post-initiation of vaccine, 9 melanoma patients who had not

achieved an MPR with nivolumab exhibited a post-vaccine

MPR (Figure 6B, right; Table S7). Three of these patients had

>80% tumor pre-vaccination. We note that the MPRs seen after



A

B

Pre-treatment

H
&

E 
St

ai
ni

ng

Pre-vaccine Post-vaccine

C
D

3

C
Censored

Pathological Response
No Pathological Response

0 6 12 18 24

100

75

50

25

0

%
 P

FS Pathological Response (Post-vaccine)
No Pathological Response

14
5

13
2

8
1

6
1

1
0

9
5

< 5%< 5% 8
2

4
1

4
1

1
0

Hazard ratio = 0.10 (0.02, 0.58)
p = 0.002

Hazard ratio = 0.14 (0.2, 0.91)
p = 0.02

Months:

0

40

60

80

100

20

Pre-
treatment

Pre-
vaccine

Post-
vaccine

0

40

60

80

100

20

Pre-
treatment

Pre-
vaccine

Post-
vaccine

%
 T

um
or

%
 T

um
or

0 6 12 18 24

100

75

50

25

0

Figure 6. NEO-PV-01 Plus Anti-PD-1 Induces Major Pathological Responses (MPRs) in Patients with Residual Tumor after Initial Treatment

with Anti-PD-1

(A) Representative images of H&E analysis of tumor content (top row) and anti-CD3 IHC (bottom row) from melanoma patient M2 at the indicated time points

(scale bar, 50 mm).

(legend continued on next page)
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vaccination could also represent delayed responses to nivolu-

mab monotherapy. In addition, epitope spread data for 6 of the

post-vaccine MPR patients were available, and 5 of them had

epitope spread. Although these data are from a limited number

of patients, they suggest an association of epitope spread with

decreased tumor cellularity post-vaccine. Notably, all of the pa-

tients who exhibitedMPR still had evidence of residual tumors by

radiographic measurements, suggesting a disconnect between

these measurements (3 SD, 10 PR, and 1 PD); there was no sta-

tistically significant correlation between MPR and best overall

response by RESIST (p = 0.2098). However, the presence of

MPR at any time point (n = 14) or seen only at the post-vaccine

time point (n = 9) correlated with prolonged PFS compared to pa-

tients without MPR (n = 5; Figure 6C).

DISCUSSION

Since neoantigens are specific for tumors versus normal tissues

and thus are not subject to central tolerance, they provide excel-

lent targets for the generation and amplification of immune re-

sponses to synergize with ICI therapy (McGranahan et al.,

2016; Schumacher and Schreiber, 2015). In the phase Ib trial re-

ported here, we extend earlier studies testing personalized vac-

cines as monotherapy in patients with melanoma and glioblas-

toma multiforme (GBM) (Carreno et al., 2015; Hilf et al., 2019;

Keskin et al., 2019; Ott et al., 2017; Sahin et al., 2017) by assess-

ing the safety and feasibility of personalized neoantigen therapy

in combination with anti-PD-1 therapy in the metastatic solid tu-

mor setting. Furthermore, by studying serial tumor biopsies and

PBMCs obtained pre-treatment, pre-vaccine, and post-vaccine,

we were able to investigate the clinical, immune, and pathologic

responses to this therapy.

We observed that radiographic responses deepened following

treatment with the vaccine and were durable across all three co-

horts. Of note, deepening of radiographic responses over time

can be seen with nivolumab monotherapy. Comparison of all

three cohorts treated with the combination of anti-PD-1 and

NEO-PV-01 to historical data of anti-PD-1 monotherapy showed

similar response rates, PFS, and OS (Balar et al., 2017; Bellmunt

et al., 2017; Borghaei et al., 2015; Carbone et al., 2017; Herbst

et al., 2016; Larkin et al., 2018; Schachter et al., 2017; Sharma

et al., 2016; Wolchok et al., 2017). The relevance of such com-

parisons with considerably larger randomized historical clinical

studies remains to be determined, as does the role of the vaccine

alone.

Approximately 25% of enrolled patients were unable to pro-

ceed to vaccination, the majority due to either disease progres-

sion or inability to generate vaccines because of low tumor

content in the biopsy samples or a low number of mutations.

Opportunities to mitigate this issue include acceleration of

vaccine production timelines and the incorporation of potentially

higher-yield tumor sampling approaches. Furthermore, the selec-
(B) H&E analysis of tumor content from 14 of the 19 melanoma patients who ha

maximum tumor percentage seen in up to 5 cores from each biopsy site at each t

The blue lines (left panel) illustrate MPRs at the pre-vaccine time point (n = 5). The

(C) Left panel: PFS of patients with (n = 14) or without (n = 5) MPRs at any time poi

post-vaccine time point (n = 9) or without MPR (n = 5) by Kaplan-Meier analysis.
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tion of alternative clinical settings can be envisioned, such as the

adjuvant or minimal residual disease setting or a strategy that

uses pre-manufacturing of personalized vaccines at an earlier

point in the disease for use during a later line of treatment.

The ability to design effective neoantigen vaccines is depen-

dent on having a rapid computational pipeline for DNA and

RNA sequence analysis and epitope scoring and prioritization.

In this study, we used a mass spectrometry-based predictor

(Abelin et al., 2017) to generate epitope rankings that jointly con-

siders expression, proteasomal processing potential, and HLA-I

binding affinity (Nielsen and Andreatta, 2016). This strategy

yielded multiple CD8+ T cell responses in the majority of the pa-

tients, but, interestingly, it also yielded frequent CD4+ T cell re-

sponses despite the absence of the HLA-II binding prediction

in the selection scheme. Similar observations have been made

with previous neoantigen vaccines (Ott et al., 2017; Sahin

et al., 2017).

A recent study by our group indicated that class II presentation

is mainly dependent on the presentation of these epitopes by

dendritic cells (Abelin et al., 2019). In this study, the generation

of CD4+ T cells is likely due to exogenous loading of peptides

used in the vaccine since their size ranged from 14 to 35 amino

acids, which is consistent with the length distribution of pre-

sented class II epitopes. Recent data suggest a critical role for

CD4+ T cells in tumor control in pre-clinical tumor models (Al-

spach et al., 2019; Kreiter et al., 2015). Endogenous CD4+

T cell responses against neoantigens have been observed previ-

ously in patients with melanoma, and neoantigen-reactive CD4+

T cells have been shown to mediate clinical regression of tumor

lesions upon adoptive transfer in a patient with cholangiocarci-

noma (Tran et al., 2014). In our study, we observed that post-

vaccine peripheral CD4+ T cells upregulated CD107a in

response to stimulation with many of the vaccine neoantigen

peptides, indicating their cytolytic capacity.

Another aspect of the immune responses generated by NEO-

PV-01 was their phenotype and specificity. T cells generated by

the vaccines exhibited a memory phenotype, had cytotoxic po-

tential, were mutant specific and durable, and could migrate to

the tumor. An interesting observation was the differential expres-

sion of co-inhibitory receptors in neoantigen-specific CD4+ and

CD8+ T cells induced by the vaccine in patients who achieved

PFS-9 or PFS-6, respectively, versus those who did not, and

will require further validation. In summary, our data suggest

that vaccine-induced T cells exhibited properties that would be

expected in a T cell population that couldmediate tumor-specific

immune killing.

Epitope spread was correlated with PFS in patients across all

three tumors. This observation is important for several reasons.

First, it suggests that the neoantigen-induced T cells generated

by NEO-PV-01 are not only capable of trafficking to the tumor

but also are potentially able to kill tumor cells, leading to the

release of additional neoantigens that become targets for
d MPR with biopsies from the same anatomical site at all 3 time points. The

ime point evaluated by blinded independent pathologic examination is plotted.

green lines (right panel) illustrate MPRs at the post-vaccine time point (n = 9).

nt by Kaplan-Meier analysis. Right panel: PFS of patients with MPRs only at the
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additional T cells. The data suggest that it may only be necessary

to target a subset of neoantigens expressed by the tumor to

generate a broad immune response against the expressed

neoantigens (Corbière et al., 2011). The generation of epitope

spread may help to control tumor cells that do not express

truncal neoantigens and thus could be a mechanism to control

tumor heterogeneity.

Finally, we addressed the ability of the combination of NEO-

PV-01 and anti-PD-1 to induce MPR in melanoma patients.

Two patterns of MPRwere noted in this analysis of 19melanoma

patients, all of whom had biopsies from the same site at all 3 time

points. One group of patients (n = 5) hadMPR after initial therapy

with nivolumab alone. A second group of patients (n = 9) who had

no or only partial pathologic responses after nivolumab,

achieved MPR post-vaccination. While not directly comparable

to the metastatic disease setting, given that in our study only

core biopsies were examined rather than completely surgically

resected disease, it is also worth noting that major or complete

pathological responses were recently found to be strongly asso-

ciated with superior clinical outcomes in patients with resectable

stage III melanoma who received PD-1 inhibitors (Cottrell et al.,

2018; Huang et al., 2019; Topalian et al., 2020) or combined

PD-1 and CTLA-4 inhibitors in the neoadjuvant setting (Blank

et al., 2018).

A limitation of our study is its single-arm design. Since the

treatment was a combination of the neoantigen vaccine and

anti-PD-1 and there was no nivolumabmonotherapy comparator

cohort, the deepening of radiographic responses, epitope

spread, andmajor pathologic responses observed after vaccina-

tion cannot definitively be linked to the vaccine. Randomized tri-

als of neoantigen-directed therapy plus anti-PD-1 versus anti-

PD-1 monotherapy will be necessary to confirm these findings

and determine the specific contribution of the personalized neo-

antigen vaccine.

In summary, we demonstrate the feasibility and safety of this

personalized neoantigen-based vaccine in combination with

anti-PD-1 to generate de novo neoantigen-specific CD4+ and

CD8+ T cells that have a cytotoxic phenotype and are capable

of trafficking to the tumor. We also observed epitope spread

and evidence for major pathological responses in post-vaccina-

tion tumor biopsies. The potential to use peripheral blood and tu-

mor biomarkers to select patients for the design of future ran-

domized studies holds promise. These additional studies will

be needed to better refine this approach and determine whether

personalized neoantigen vaccines in combination with anti-PD-1

may play a role in the therapy of cancer patients.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Active-caspase 3-BV650 BD Biosciences Cat # 564096; RRID:AB_2738589

Arginase-PE R&D Systems Cat # IC5868P

CD107a-BV786 BD Biosciences Cat # 563869; RRID:AB_2738458

CD11b-PerCPCy5.5 BioLegend Cat # 301328; RRID:AB_10933428

CD11c-BV510 BD Biosciences Cat # 563026; RRID:AB_2737960

CD123-BV786 BD Biosciences Cat # 564196; RRID:AB_2738662

CD137-BV650 BD Biosciences Cat # 564092; RRID:AB_2738586

CD14-BUV805 BD Biosciences Cat # 565780

CD14-FITC BD Biosciences Cat # 340682; RRID:AB_400086

CD141-BV711 BD Biosciences Cat # 563155; RRID:AB_2738033

CD15-BUV396 BD Biosciences Cat # 563872; RRID:AB_2738461

CD152 (CTLA-4)-BV421 BD Biosciences Cat # 562743; RRID:AB_2737762

CD152 (CTLA-4)-PE Cy5 BD Biosciences Cat # 555854; RRID:AB_396177

CD154 (CD40L)-FITC BD Biosciences Cat # 555699; RRID:AB_396049

CD16-FITC BD Biosciences Cat # 340704; RRID:AB_400104

CD16-PECy7 BD Biosciences Cat # 557744; RRID:AB_396850

CD19-BUV496 BD Biosciences Cat # 564655; RRID:AB_2744311

CD19-FITC BioLegend Cat # 555412; RRID:AB_395812

CD19-FITC BD Biosciences Cat # 340864; RRID:AB_400152

CD19-APCCy7 BD Biosciences Cat # 557791; RRID:AB_396873

CD1c-BV421 BD Biosciences Cat # 565050; RRID:AB_2744319

CD223 (LAG-3)-BV786 BioLegend Cat # 369322; RRID:AB_2716127

CD25-BV605 BD Biosciences Cat # 562660; RRID:AB_2744343

CD25-PerCPCy5.5 BD Biosciences Cat # 560503; RRID:AB_1727453

CD26-APC BioLegend Cat # 302710; RRID:AB_10916120

CD26-PECF594 BD Biosciences Cat # 565158; RRID:AB_2739085

CD27-BV605 BD Biosciences Cat # 562655; RRID:AB_2744351

CD27-BV711 BD Biosciences Cat # 356430; RRID:AB_2650751

CD3 Biocare Medical Cat # ACI 3152A

CD3-BUV805 BD Biosciences Cat # 565511; RRID:AB_2739275

CD3-FITC BioLegend Cat # 300306; RRID:AB_314042

CD3-BV421 BD Biosciences Cat # 563797; RRID:AB_2744383

CD303-AF700 BioLegend Cat # 354228; RRID:AB_2629744

CD33-PECy5 BD Biosciences Cat # 551377; RRID:AB_394173

CD366 (Tim-3)-BV510 BioLegend Cat # 345030; RRID:AB_2565831

CD4-BV711 BD Biosciences Cat # 563028; RRID:AB_2737961

CD4-FITC BD Biosciences Cat # 347413; RRID:AB_400297

CD4-BV510 BD Biosciences Cat # 562971; RRID:AB_2744424

CD4-BUV496 BD Biosciences Cat # 564652; RRID:AB_2744422

CD45RA-Alexa Fluor 700 BD Biosciences Cat # 560673; RRID:AB_1727496

CD45RO-PerCP Cy5.5 BD Biosciences Cat # 560607; RRID:AB_1727500

CD45RO-BV605 BD Biosciences Cat # 562791; RRID:AB_2744411

CD56-FITC BioLegend Cat # 362546; RRID:AB_2565964

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CD62L-FITC BD Biosciences Cat # 555543; RRID:AB_395927

CD69-PE Cy7 BD Biosciences Cat # 557745; RRID:AB_396851

CD69-BV786 BD Biosciences Cat # 563834; RRID:AB_2738441

CD8-PE Cy5 BD Biosciences Cat # 555636; RRID:AB_395998

CD8-Alexa Fluor 700 BioLegend Cat # 344724; RRID:AB_2562790

CD8-BUV805 BD Biosciences Cat # 564912; RRID:AB_2744465

CD8 Biocare Medical Cat # CRM311A

CLEC9A-AF647 BD Biosciences Cat # 564267; RRID:AB_2738717

CTLA-4-PECy5 BD Biosciences Cat # 555854; RRID:AB_396177

Foxp3-PE Cy7 Life Technologies Cat # 25-4776-42; RRID:AB_10804638

Gamma-9-APC BioLegend Cat # 331310; RRID:AB_2057504

HLA-DR-BV650 BD Biosciences Cat # 564231; RRID:AB_2738685

HLA-DR-BV711 BD Biosciences Cat # 563696; RRID:AB_2738378

HLA-DR-BV650 BioLegend Cat # 307650; RRID:AB_2563828

ICOS-BUV395 BD Biosciences Cat # 564777; RRID:AB_2738946

IFNg-PE Life Technologies Cat # 12-7319-42; RRID:AB_1311247

IFNg-Alexa Fluor 700 eBioscience Cat # 56-7319-42; RRID:AB_2574509

IL-10-PE-Cy7 eBioscience Cat # 25-7108-42; RRID:AB_2573524

IL-12-BV421 BD Biosciences Cat # 565023; RRID:AB_2739045

IL-2-PE-CF495 BD Biosciences Cat # 562384; RRID:AB_11154601

IL-4-BV711 BD Biosciences Cat # 564112; RRID:AB_2738600

IL-6-PerCP-e710 eBioscience Cat # 46-7069-42; RRID:AB_11151511

LIVE/DEAD Fixable Near-IR Dead Cell

Stain Kit

ThermoFisher Cat # L10119

PD-1-PE-CF594 Invitrogen Cat # 61-2799-42; RRID:AB_2574598

PD-1-BV510 BD Biosciences Cat # 563076; RRID:AB_2737990

S100 Biocare Medical Cat # CM089A

TCF7 Cell Signal Technology Cat # 2203T

TCF7-PE BD Biosciences Cat # 564217; RRID:AB_2687845

TNFa-BUV395 BD Biosciences Cat # 563996; RRID:AB_2738533

Streptavidin-PE BioLegend Cat # 405203

Streptavidin-BUV395 BD Biosciences Cat # 564176

Streptavidin-APC BioLegend Cat # 405207

Streptavidin-BV421 BioLegend Cat # 405225

Streptavidin-BV650 BD Biosciences Cat # 563855

Streptavidin-Qdot 605 Life Technologies Cat # Q10101MP

Streptavidin-Qdot 705 Life Technologies Cat # Q10161MP

TSA-Cy3 Akoya Biosciences Cat # NEL744001KT

TSA-Cy5 Akoya Biosciences Cat # NEL745001KT

TSA-Fluorescein Akoya Biosciences Cat # NEL741001KT

ImPRESS HRP Anti-Mouse IgG

(Peroxidase) Polymer Detection Kit

Vector Laboratories Cat # MP-7402

ImPRESS HRP Anti-Rabbit IgG

(Peroxidase) Polymer Detection Kit

Vector Laboratories Cat # ML-7401

Bacterial and Virus Strains

BL21 (DE3) Competent E. coli NEB Cat # C2527I

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

Patient PBMCs from NT-001 trial This manuscript N/A

Patient Tumor Biopsies from NT-001 trial This manuscript N/A

Healthy Donor PBMCs Precision for Medicine Cat # 93000-10M

Healthy Donor PBMCs StemExpress Cat # LE010F

Chemicals, Peptides, and Recombinant Proteins

CEF viral peptide pool JPT Cat # PM-CEF-E

Cell Stimulation Cocktail Life Technologies Cat # 00-4970-93

Dasatinib Sigma-Aldrich Cat # CDS023389

Benzonase Millipore Sigma Cat # 70746

d-biotin solution AVIDITY Cat # BIO200

Assay peptides used in Immune Analysis This manuscript Table S8

MHC class I tetramers This manuscript N/A

Critical Commercial Assays

AEC substrate-chromogen BD Biosciences Cat # 551951

AllPrep DNA/RNA FFPE kit QIAGEN Cat # 80234

Fixation/Permeabilization Solution Kit BD Biosciences Cat # 554714

Foxp3/Transcription Factor Staining

Buffer Set

eBioscience Cat # 00-5523-00

Intracellular Fixation and Permeabilization

Buffer Set

eBioscience Cat # 88-8824-00

GolgiStop BD Biosciences Cat # 554724

GolgiPlug BD Biosciences Cat # 555029

IFN gamma Human ELISPOT Kit Invitrogen Cat # 88-7386-88

U-Plex development pack, 10-assay

sector plate

Meso Scale Discovery Cat # K15235N

Meso Scale Discovery (MSD) Read Buffer

T (4x)

Meso Scale Discovery Cat # R92TC

Meso Scale Discovery (MSD) U-Plex

System

Meso Scale Discovery Cat # K15067L

Qubit RNA HS Assay Kit ThermoFisher Cat # Q32855

RNA 6000 Nano Kit Agilent Cat # 5067-1511

RNA 6000 Pico Kit Agilent Cat # 5067-1513

RNeasy Plus Micro Kit QIAGEN Cat # 74034

RNeasy Plus Mini Kit QIAGEN Cat # 74134

Fixation/Permeabilization Solution Kit BD Biosciences Cat # 554714

Foxp3/Transcription Factor Staining

Buffer Set

eBioscience Cat # 00-5523-00

CD3 MicroBeads, human Miltenyi Biotec Cat # 130-050-101

CD4 MicroBeads, human Miltenyi Biotec Cat # 130-045-101

Pan T cell Isolation Kit, human Miltenyi Biotec Cat # 130-096-535

Opal 7-Color Manual IHC Kit PerkinElmer Cat # NEL811001KT

TSA Plus Fluorescence kit PerkinElmer Cat # NEL741001KT

Experimental Models: Cell Lines

Jurkat, Clone E6-1 ATCC Cat # ATCC-TIB-152

A375 ATCC Cat # ATCC-CRL-1619

293FT Cell Line Thermo Fisher Cat # R70007

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pET-22b(+) DNA - Novagen Millipore Sigma Cat # 69744-3

Software and Algorithms

R (version 3.5.1) CRAN https://www.r-project.org/

ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/

FlowJo (version 10) FlowJo Software (for Windows)

Version 10. Becton, Dickinson

and Company; 2019.

https://www.flowjo.com/

IPD-IMGT/HLA N/A https://www.ebi.ac.uk/ipd/imgt/hla

GraphPad Prism (version 7.01) GraphPad Software, La Jolla

California, USA

https://www.graphpad.com:443

BWA-MEM (version 0.7.13) Li and Durbin, 2009 N/A

STAR-Fusion (version 2.5.1.b) Haas et al., 2017 N/A

GATK 3.5 workflow McKenna et al., 2010 N/A

ConTest Cibulskis et al., 2011 N/A

VarDict (version 1.4.6) Lai et al., 2016 N/A

Strelka (version 1.0.15) Saunders et al., 2012 N/A

VarScan2 (version 2.3.9) Koboldt et al., 2012 N/A

Atlas Indel2 (version 1.4.3) Challis et al., 2012 N/A

Seurat (version 2.6) Christoforides et al., 2013 N/A

Platypus (version 0.8.1) Rimmer et al., 2014 N/A

RSEM (version 1.2.31) Li and Dewey, 2011 N/A

NetMHCpan (version 3.0) Nielsen and Andreatta, 2016 N/A

MiXCR (version 3.0.12) Bolotin et al., 2015 N/A

DescTools package Signorell et al., 2016 N/A

nSolver Analysis Software (version 3.0) NanoString https://www.nanostring.com/products/

analysis-software/nsolver
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Lakshmi

Srinivasan (lakshmi.srinivasan@biontech.us).

Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.

Data and Code Availability
All vaccine peptide and immune assay peptide sequences are provided in Table S8. Patient sequencing information will be provided

for patients consistent with their institutional informed consent. Epitope selection utilized previously published algorithms and

methods as described in the STAR Methods.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design
Details of the study can be found in the attached clinical study protocol NT-001 and patient demographics can be found in Table 1.

Nine clinical sites enrolled patients including Dana Farber Cancer Institute, City of Hope National Medical Center, Icahn School of

Medicine at Mount Sinai, Massachusetts General Hospital, Memorial Sloan Kettering Cancer Center, University of California Los An-

geles, University of California San Francisco, University of Texas MD Anderson Cancer Center and Washington University School of

Medicine. Patients who were 18 years of age or older with histologically or cytologically confirmed unresectable or metastatic
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melanoma, NSCLC or UC of the bladder, urethra, ureter or renal pelvis were eligible for enrollment in this multicenter phase I clinical

trial (NCT02897765, also known as NT001). No statistical methods were used to pre-determine the sample size for each of the three

tumor cohorts. The study was conducted in accordance with the Declaration of Helsinki andwith approval by the Institutional Review

Board at each participating site and written informed consent was obtained for all patients. Key eligibility criteria included an Eastern

Cooperative Oncology Group (ECOG) performance status of 0 or 1 and life expectancy of at least 6 months. Excluded from the study

were patients with untreated central nervous system (CNS) metastases, active or history of autoimmune disease, and patients who

had received previous therapy with ICI other than cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) inhibition for melanoma and

intra-vesical BCG for urothelial carcinoma.

The primary objective of the study was to evaluate safety of administering NEO-PV-01 + adjuvant (poly-ICLC) with nivolumab. The

relationship of an adverse event to study treatments was determined according to clinical judgement of the clinical investigators. The

secondary objective was to determine the anti-tumor activity of the combination as assessed by objective response rate and the

exploratory objective was to determine the vaccine induced immune responses. The clinical characteristics for these patients are

included in Table 1. NEO-PV-01 is a personalized vaccine composed of up to 20 synthesized peptides that are between 14 and

35 amino acids in length. The peptides are divided into up to four individual pools, each pool consisting of 1 to 5 peptides. On the

day of vaccination, each pool of NEO-PV-01 was mixed with the adjuvant polyinosinic polycytidylic acid polylysine carboxymethyl-

cellulose (poly ICLC; Hiltonol�) for a concentration of 300 mg/mL of each peptide. Each patient was scheduled to receive 5 doses of

vaccination during the priming phase (on days 1 and 4 of week 12) and then weekly for 3 weeks (weeks 13, 14, and 15), followed by 2

booster vaccinations at weeks 19 and 23. Each pool was administered by subcutaneous injection in one of the four limbs or left or

right midriff as alternative anatomical locations. The anatomical site of injection for each pool was constant through the vaccination

regimen. Patients were allowed to start vaccinationwith NEO-PV-01 + adjuvant poly-ICLC regardless of disease status. Nivolumab at

240 mg flat dose was administered i.v. every 2 weeks starting on study day 1.

Clinical assessments
Adverse events, laboratory values, ECG, and vital signs were assessed regularly and graded according to the National Cancer Insti-

tute Common Terminology Criteria for Adverse Events, version 4.0. Response was assessed at weeks 8 and 12 and subsequently

every 12 weeks according to Response Evaluation Criteria in Solid Tumors (RECIST), version 1.1 based on investigator assessment.

Patient samples
Eighty-two patients were enrolled on the study. These included 34 patients withmelanoma (68%male), 27 patients with NSCLC (44%

male), and 21 patients with bladder cancer (71% male). Leukaphereses, blood, and serum samples were obtained from study par-

ticipants throughout treatment. Leukaphereses were obtained at pre-treatment, pre-vaccine (week 10-12) and post-vaccine (week

20). Blood and plasma samples were obtained at weeks 6, 14, 16 and 24. Patient PBMCs were isolated within 4h after blood collec-

tion using Ficoll-paque (GEHealthcare) density-gradient centrifugation and cryopreserved in Recovery Cell Culture FreezingMedium

(Invitrogen). PBMCs were stored in vapor-phase liquid nitrogen and plasma samples were stored at �80�C until time of analysis.

Tumor samples (surgical and core-needle biopsies) were obtained at pre-treatment, pre-vaccine (week 10-12) and post-vaccine

(week 24). Samples were fixed in 10% neutral-buffered formalin for at least 18 and no more than 30h and then processed and

embedded in paraffin by traditional vacuum infiltration tissue processing techniques. Pre-treatment biopsies were used for genera-

tion of NEO-PV-01 andwere advanced for DNA andRNA sequencing only if 5 cores or 100mm3were available and if pathology review

indicated a tumor cellularity R 30%. If none of the core biopsies met the minimum 30% tumor cellularity, enrichment by macro-

dissection may have been performed. In several instances, archival biopsies were permitted, if they had been obtained within

180 days of patient consent and if there had been no intercurrent therapy.

METHOD DETAILS

Generation of NEO-PV-01
Whole exome sequencing

WES (library protocol: ACE(TM) Cancer Research Exome, Personalis, Menlo Park, CA) and RNA-Seq (library protocol: ACE(TM) Can-

cer Research Transcriptome, Personalis, Menlo Park, CA) libraries were sequenced using Illumina HiSeq in a CLIA/CAP accredited

laboratory (Personalis, Menlo Park, CA). WES was conducted on a tumor sample and a normal blood sample per patient (depths:

158-347 reads and 65-289 reads, respectively); RNA-Seq was conducted on tumor samples only (depth: 94-547 reads).

The HLA-A and HLA-B genotype of each patient was determined by amplifying informative exons by polymerase chain reaction

(PCR) using locus-specific primers. Dye-terminator sequencing fragments from the PCR fragments were analyzed on a capillary

sequencer to determine nucleotide sequences for each haplotype (BloodCenter of Wisconsin, Milwaukee, WI).

Alignment and mutation calling
All computational analysis steps were conducted using an automated analysis pipeline hosted on a cloud computing platform (Seven

Bridges Genomics, Charlestown, MA).
Cell 183, 347–362.e1–e11, October 15, 2020 e5
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Tumor and germline WES and tumor RNA-Seq FASTQs were aligned to the human genome (Gencode V19) using the BWA-MEM

(version 0.7.13) (Li and Durbin, 2009) and STAR (version 2.5.1.b), respectively. All alignments were post-processed with the GATK 3.5

workflow (McKenna et al., 2010) including GATK Indel Realigner, GATK Base Recalibrator, and Picard Mark Duplicates (version

1.140). ConTest (Cibulskis et al., 2011) was used to confirm that all three samples originated from the same individual.

Somatic variants were called on the basis of tumor and normal WES using an ensemble of seven different mutation calling algo-

rithms: VarDict (version 1.4.6) (Lai et al., 2016), Strelka (version 1.0.15) (Saunders et al., 2012), VarScan2 (version 2.3.9) (Koboldt et al.,

2012), Mutect2 (from the GATK version 3.5 bundle) (Cibulskis et al., 2013), Atlas Indel2 (version 1.4.3) (Challis et al., 2012), Seurat

(version 2.6) (Christoforides et al., 2013), and Platypus (version 0.8.1) (Rimmer et al., 2014). The three sequencing datasets were

then realigned using HaplotypeCaller (from the GATK version 3.5 bundle), specifying the candidate mutations (union of the seven

call sets) as known variants. Finally, the variants were filtered according the following features: the level of read support in the tumor

WES data, the presence of variant reads in the normal WES data, read orientation bias, adequacy of coverage in the normal WES

sample, the presence of neighboring (+/�30nt) variants (somatic or germline), and read quality bias observed in mutation-supporting

reads.

RNA-Seq expression levels of all genes and transcripts were quantified in transcripts per million (TPM) using RSEM (version 1.2.31)

(Li and Dewey, 2011). The overall expression of each somatic variant was calculated as the product of the RSEM-derived transcript

expression (summing across all overlapping protein-coding transcripts) and the fraction of RNA-Seq reads supporting the variant.

Variants with zero supporting RNA reads were still considered as valid mutations (and counted toward tumor mutation burden)

but were not considered for inclusion in vaccine. RNA-Seq was additionally processed using STAR-Fusion (version 2.5.1.b) (Haas

et al., 2017) to identify transcript fusions (requiring both junction support and spanning read pairs).

In the event that an adequate RNA library could not be prepared (patients: B9 and M17), fusion calling was skipped and reference

expression was obtained from TCGA samples with high tumor purity (as assessed by Absolute; five samples per tumor type) (Carter

et al., 2012). Since these patients lacked RNA-Seq as a filter against false positivemutation calls, their somatic variants were required

to have a higher level of read support in the tumor WES and to have been identified by more than one mutation caller.

Vaccine peptide selection
Patients with at least 50 non-synonymous point mutations and/or gene fusions were advanced to the vaccine design step. The vac-

cine peptides, also referred to as immunizing (IM) peptides, were identified by selecting 6 peptides on the basis of HLA-I presentation

scores (also referred to as epitope quality scores, see below), 2 peptides based on high expression, and 2 peptides based on highly

expressed frameshifts, iteratively until the full roster of 30 peptides was completed. HLA-I epitopes were required to have a NetMHC-

pan (version 3.0) percent rank lower than 2%, and the latter two epitope classes were required to have expression levels > 10 TPM

and > 5 TPM, respectively (if none were available, the slots were ceded to HLA-I selections). Generally, each mutation was targeted

by only one vaccine peptide and excluded from subsequent selections unless the span of novel sequence generated could not be

covered by a single peptide (as can happen with frameshifts) or if the likelihood of manufacturing success was questionable for the

first peptide per known synthesis constraints. The trade-off between synthesis constraints and immune-related scoring further

dictated the relative length of the vaccine peptides (allowable range: 14-35 amino acids) and whether they were centered or shifted

with respect to the site of mutation.

HLA-I presentation scores were determined based on a logistic regression that considered binding affinity (NetMHCpan-3.0

percent rank) (Nielsen and Andreatta, 2016), allele-specific expression, and proteasomal cleavage potential (using a previously

described prediction approach); the weights of the logistic regression were optimized according to mass spectrometry data as pre-

viously described (Abelin et al., 2017). The score of a candidate vaccine peptide was determined by summing all the relevant peptide-

allele combinations (epitopes lengths 8-11; HLA-A and HLA-B alleles only).

Secondary characteristics were used to up-weight and down-weight candidate epitopes but were purposely tuned to have less

importance than the above-mentioned factors. Thus, all other parameters being equal, the selection algorithm favored more clonal

epitopes (highermutant allele fraction) over sub-clonal epitopes, frameshifts over point mutations, oncogenes over passenger genes,

and peptides with goodmanufacturing scores over those with poor predictedmanufacturability. Our scoring system did not consider

the relative binding scores of wild-type peptides or similarity to known pathogen sequences (quksza et al., 2017) .

GMP peptide manufacturing
TheGMPgrade peptides of NEO-PV-01 were synthesized using solid-phase peptide synthesis (SPPS) on automated parallel peptide

synthesizers. 9-fluorenylmethyloxycarbonyl (Fmoc) chemistry was employed. After the assembly of the peptide chains, the peptides

were removed from the resins using cleavage cocktails containing trifluoroacetic acid and scavengers. The peptides were precipi-

tated and washed with ether. After drying, the crude peptides were purified on automated preparative high-performance liquid chro-

matography (prep HPLC) systems with ultraviolet (UV) and mass spectrometry (MS) detectors. The prep HPLC fractions were

analyzed using ultra-performance liquid chromatography (UPLC)-UV/MS systems to determinemolecular weights (MW) and purities.

The fractions containing the target peptides and desired purities were lyophilized to solid powders with the final purities equal to or

higher than 95%. Up to 20 peptides per vaccine were formulated in a buffered aqueous solution containing 4% DMSO in isotonic

dextrose and mixed into up to four pools, each containing up to five peptides. The pooled peptide solutions were filtered through

0.22 mm filters for sterilization. The vaccines were analyzed for identity (molecular weights based on UPLC-UV/MS analysis), sterility,
e6 Cell 183, 347–362.e1–e11, October 15, 2020
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endotoxin, and strength before their releases from the GMPmanufacturing site. The amino- and carboxyl-termini of the peptides are

free amines and carboxylic acids respectively, without structural modifications.

Peptide synthesis for immunological assays
The peptides for in vitro immune response studies were synthesized using SPPS on computer-controlled high-throughput peptide

synthesizers. The peptides were assembled on resins by employing Fmoc-chemistry. The chemical cleavages of peptides from the

resins were performed by using TFA solution containing scavengers followed by peptide precipitation and washes with diethyl ether.

The assay peptides (ASP) were purified on automated prep HPLC systems equipped with UV and MS detectors. The prep HPLC

fractions of each peptide that met the molecular weight (MW) and purity criteria based on UPLC-UV/MS analysis were pooled

and dried using either parallel centrifugal evaporators or lyophilizers. The epitope peptides (EPT) were resuspended in acetonitrile

and water and dried on a lyophilizer after diethyl ether washes and analyzed for required purity and MW by using UPLC-UV/MS.

Assay peptides (ASP) were 13-15 amino acids and overlapped by at least 9 amino acids to cover the immunizing peptide (IM)

sequence or were 8-11 amino acids and predicted to bind class I (Ott et al., 2017). All assay peptide sequences are provided in Table

S8.

Detection of neoantigen-specific immune responses
For ex vivo assays, patient PBMCs were rested overnight at 2 3 106 cells/mL in X-Vivo media (Lonza) supplemented with 1% peni-

cillin/streptomycin (GIBCO). For neoantigen pre-exposure assays, patient PBMCswere rested overnight and cultured with individual

peptides (2 mM) or pooled peptides (2 mM per peptide) for 5 days at a density of 5x106 cells/ml in a 24-well plate. On day 3 of culture,

half the well volume was replaced with fresh media. All immunizing peptides were tested in both the ex vivo as well as in the 5-day

stimulation with the neoantigen peptide assay formats. Immunizing peptides are referred to as IM followed by the peptide number.

IFN�g ELISpot assay
IFN-g ELISpot assays were performed using 96-well MultiScreen Filter Plates (Millipore) and the Ready-Set-Go! Human IFN-g ELI-

Spot Kit (Invitrogen) according to manufacturer’s instructions. Plates were coated overnight at 4�C with anti-IFNg Capture Antibody

diluted in 1X Coating Buffer, washed with 1X Coating Buffer and blocked with X-Vivo media (Lonza) containing 1% penicillin/strep-

tomycin (GIBCO) for 1h. For ex vivo ELISpots, PBMCs were plated in triplicate with 1 3 106 cells per well. For cells that were pre-

exposed to peptide, cells were washed and plated in triplicate with 1 3 105 cells per well. Peptides were added to ELISpot wells

at 2 mM per peptide. Each plate included a healthy donor positive and negative control with the CEF viral peptide pool (JPT) and

Cell Stimulation Cocktail (Life Technologies) to confirm reagent performance. Plates were incubated overnight at 37�C. Plates
were washed 3 times using PBS with 0.05% Tween-20 and detection antibody diluted in 1X ELISpot diluent was added to wells

for 2h. After washing 3 times with PBS with 0.05% Tween-20, Avidin-HRP was diluted in 1X ELISpot diluent and added to wells

for 45 min. Plates were washed with both PBS with Tween-20 and PBS 3 times. AEC substrate-chromogen (BD Biosciences) was

then added for 20 min. Plates were rinsed with deionized water 3 times and allowed to dry at room temperature overnight. Spots

were imaged and enumerated using an Immunospot analyzer (Cellular Technology Limited). Responses were characterized as pos-

itive if spot-forming cell count detected was at least 10 spots over the DMSO control and +3 standard deviations and confirmed in

repeat experiments.

Characterization of CD4+/ CD8+ T cell responses
CD3+ T cells were isolated from patient PBMCs by negative selection using the Pan T cell isolation kit (Miltenyi). Both the CD3+ and

CD3- populations were collected, washed, and counted after isolation. The CD3- population was used as APCs (antigen presenting

cells) for this assay. The CD3+ population then underwent CD4+ positive isolation using CD4+ microbeads (Miltenyi). Both the CD4+

(positive-selection) and CD8+ (negative-selection) T cells were collected, washed, and counted. A co-culture containing APCs and

either CD4+ or CD8+ cells at a ratio of 3:1, 2:1, or 1:1 were plated in a 96-well flat bottom polystyrene plate for 24-48h. Peptide was

added directly to wells, in triplicate, at 2 mM per peptide. If the T cells were pre-exposed to neoantigen peptide for 5-6 days, CD3-

APCswere isolated from fresh patient PBMCs using CD3microbeads (Miltenyi). Supernatants were collected at the end of the cocul-

ture and frozen at �80�C until use.

The Meso Scale Discovery (MSD) U-Plex system was used to detect 10 distinct analytes from the coculture supernatants. The an-

alytes measured were: IL-1b, IL-2, IL-6, IL-9, IL-13, IL-15, IL-17a, IFN-g, and TNF-a. MSD 10-plex plates were coated with the linker-

antibody solution for 1hwith shaking at room temperature. The plates were thenwashed 3 timeswith PBSwith 0.05%Tween-20 on a

BioTek plate washer. Supernatant and standards were diluted 1:2 and added to the plate for 1h with shaking at room temperature.

Plates were washed again with PBS with 0.05% Tween-20 before the addition of the detection antibody solution for 1h. Plates were

washedwith PBSwith 0.05% Tween-20 and 2X Read Buffer (MSD) was added to the plates for detection on theMSDSECTOR S 600

instrument. Concentration in pg/mL was calculated by the MSD Discovery Workbench software by comparing luminescent signal of

the patient samples against the known standard curve. CD4+ and CD8+ positive responses were determined separately based on the

corresponding DMSO controls. A positive signal was determined by an IFN-g signal 1.5-fold higher than the DMSO control.
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MHC class I tetramer production and staining
Recombinant pMHC-I monomers with UV cleavable conditional ligands were prepared for analysis of vaccine-induced neoantigen-

specific CD8+ T cells. The gene sequences of the human class I HLA heavy chains were identified from the IPD-IMGT/HLA webpage

(https://www.ebi.ac.uk/ipd/imgt/hla) and codon-optimized for expression in E. coli using commercially available algorithms (Gene-

wiz). The extracellular domain of class I heavy chain (amino acid residues 1-276) was fused to a C-terminal GSGGSGGSAGG linker

and a GLNDIFEAQKIEWH biotinylation tag and cloned via the NdeI and BamHI restriction sites into the bacterial expression vector

pET22b (Millipore Sigma). The human b2 m sequence (amino acid residues 1-99) was cloned into pET22b via the NdeI and BamHI

restriction sites.

The HLA heavy chains were expressed in BL21 (DE3) cells (NEB) grown in LB media at 37�C to an OD600 of 0.8 followed by in-

duction with 1 mM Isopropyl-b-D-1-thiogalactopyranoside for 4h. The human b2 m protein was expressed in BL21 (DE3) cells grown

in Studier ZYM-5052 auto-inductionmedium at 37�C to anOD600 of 0.8 followed by a temperature shift to 20�C for overnight growth.

Both proteins accumulate in inclusion bodies which were isolated from the E. coli cells using a previously described protocol and

solubilized in 100 mM Tris-HCl, pH8.0, 8M Urea for subsequent refolding (Rodenko et al., 2006). UV conditional ligand (CL) pep-

tide-loaded pMHC-I monomers were refolded by mixing 3 mM class I heavy chain with 6 mM b2 m and 10 mMCL peptide in refolding

buffer (100 mM Tris-HCl pH8, 400 mM L-arginine, 2 mM EDTA, 5 mM reduced glutathione, 0.5 mM oxidized glutathione, 15% glyc-

erol, 3 mM PMSF and 1X CompleteTM EDTA free-protease Inhibitor Cocktail (Roche)) and incubated at 4�C for 5 days (Garboczi

et al., 1992; Rodenko et al., 2006; Toebes et al., 2006). The refolded trimetric HLA complex was subsequently buffer exchanged

on a SARTOFLOW-R (Sartorius) crossflow system against 20 mM Tris-HCl pH8, 25 mM NaCl, 15% glycerol and loaded on a HiTrap

Q HP anion exchange chromatography column followed by elution with a continuous salt gradient elution to 500 mM NaCl on a ÄK-

TAPurifier system (GE Healthcare). Fractions containing refolded pMHC-I monomers were identified, pooled and concentrated to

60 mM in 500 mM Bicine, pH 8.3. 100 mM ATP, 100 mMMgOAc, 1 mM biotin for biotinylation for 3h at 30�C with 1 mM recombinant

BirA (Abelin et al., 2019). The reaction mixture was then concentrated to 5 mL and loaded on a Yarra S2000 (Phenomenex) column

equilibrated in 1xPBS+16% (v/v) glycerol to separate the biotinylated pMHC-I monomers from other components of the biotinylation

reaction by size exclusion chromatography on a ÄKTAPurifier system (GE Healthcare). The pMHC-I monomer product was flash-

frozen in liquid nitrogen at a concentration of 2 mg/mL and stored at �80�C until further use.

Tetramer preparation for PBMC staining
Peptide MHC multimers were generated by irradiating UV-cleavable monomers (0.1mg/mL) in the presence of EPT (9-12 amino

acids) peptides (10mM in DMSO) at a 1:50 ratio under UV light (365 nm) at 4�C for 1h, followed by a 1h incubation at 37�C. Exchanged
monomers were centrifuged at 3600RPM for 10 min. The exchanged monomer supernatant was incubated with fluorochrome con-

jugated streptavidin antibodies on ice for 30 min in the dark. Excess biotin (1:20 dilution) was added after incubation and exchanged

fluorochrome-conjugated multimers were stored at 4�C until staining.

Patient PBMCswere treated with benzonase and dasatinib, both at a 1:1000 dilution, and were incubated for 30min at 37�C. Sam-

ples were centrifuged at 1500RPM for 5 min, washed once in FACS buffer containing dasatinib, and resuspended with the pooled

multimer mixture at a final staining volume of 50 mL per sample with FACS buffer containing dasatinib. Samples were incubated

with multimers at 37�C for 15 min, and subsequently stained with the appropriate surface antibodies for 30 min on ice. After incuba-

tion, samples werewashed oncewith FACS buffer containing dasatinib and resuspended in 200 mL FACSbuffer containing dasatinib.

Samples were acquired on a BD LSR Fortessa instrument.

CD107a mobilization assay
For ex vivo detection, patient PBMCs were recalled with 2 mM peptide or DMSO for 6 or 24h. For patient PBMCs pre-exposed to

neoantigen peptide, CD3- APCs were isolated from fresh PBMCs using CD3 microbeads (Miltenyi) and co-cultured with CD3+

T cells at a T cell:APC ratio of 2:1 and recalled with 2 mM peptide or DMSO for 6 or 24h. Anti-CD107a antibody was added 6h prior

to the end of co-culture. GolgiStop/Plug (BD Biosciences) were added 4h prior to the end of co-culture. Subsequently, cells were

stained with cell surface antibodies at 4�C for 30 min, followed by fixation/permeabilization with Fixation and Permeabilization So-

lution (BD Biosciences), and subsequently stained with antibodies against intracellular proteins at 4�C for 30min. Cells were stored in

FACS buffer at 4�C until acquisition on a BD LSR Fortessa instrument.

Phenotyping and ICS of neoantigen-specific T cells
For intracellular cytokine staining (ICS), patient PBMCs were stimulated with 2 mMpeptide or DMSO for 6 or 24h. GolgiStop/Plug (BD

Biosciences) were added 4-5h prior to end of recall period with peptide. For phenotyping, patient PBMCswere treated with dasatinib

at a 1:1000 dilution in X-Vivo media (Lonza) at 37�C for 30-60 min followed by staining with tetramers (if applicable) at 4�C for 30 min.

For both assays, patient PBMCs were treated with benzonase (Millipore) at a 1:1000 dilution in X-Vivo media (Lonza) at 37�C for 30-

60 min, followed by staining of surface antibodies. Cells were fixed at 20�C for 30 min using the Foxp3/Transcription Factor Staining

Buffer Set (eBioscience) for phenotyping, and with the Intracellular Fixation and Permeabilization Buffer Set (eBioscience) for ICS,

and subsequently stained for intracellular proteins at 4�C for 30 min. Cells were stored in FACS buffer at 4�C until acquisition on a

BD LSR Fortessa instrument.
e8 Cell 183, 347–362.e1–e11, October 15, 2020

https://www.ebi.ac.uk/ipd/imgt/hla


ll
Article
Phenotypic analysis of peripheral samples
Patient PBMCs were treated with benzonase (Millipore) at a 1:1000 dilution in X-Vivo media (Lonza) at 37�C for 30 min. A total of 23

106 cells per sample were plated for flow staining and washed once with FACS buffer (PBS + 0.5% BSA). Cells were then incubated

with cell surface antibodies for 30min on ice, followed by awashwith FACSbuffer. Cells were fixed and permeabilized for intracellular

staining using either the BD cyofix/cytoperm kit (BD Biosciences) or Foxp3/Transcription Factor Staining Buffer Set (eBioscience)

according to the manufacturer’s instructions for 20 min on ice. Cells were then incubated with intracellular antibodies in the corre-

sponding permeabilization wash buffer for 30min on ice, washedwith the appropriate permeabilization wash buffer and followed by a

final wash with FACS buffer. Cells were stored in FACS buffer at 4�C until acquisition on a BD LSR Fortessa instrument.

RNA extraction from FFPE tumors and PBMCs
For FFPE tumor blocks, 2-4 scrolls of 20 mM thickness were deparaffinized using heptane and RNA was extracted using the AllPrep

DNA/RNA FFPE kit according to the manufacturers’ instructions (QIAGEN). For PBMC samples, CD3+ T cells were isolated using the

Pan T cell Isolation Kit (Miltenyi) and subjected to RNA extraction using RNeasy Plus Mini or Micro Kit according to manufacturer’s

instructions (QIAGEN). RNA was quantified using the Qubit RNA HS Assay Kit (ThermoFisher) according to manufacturers’ instruc-

tion. Quality and size distribution of extracted RNA was determined on an Agilent Bioanalyzer 2100 using either the RNA 6000 Nano

Kit or RNA 6000 Pico Kit (Agilent).

TCR sequencing
Bulk TCR sequencing was performed on RNA samples extracted from patient FFPE tumor blocks and CD3+ T cell enriched PBMCs.

Up to 1 ug of RNA was submitted to iRepertoire for targeted TCR sequencing (Wang et al., 2010) or processed according to iReper-

toire protocol and sequenced using Illumina sequencers at a depth of �1 million reads per sample. BCL files were converted to

FASTQ format. The first three bases of each read were trimmed, and the samples were then demultiplexed using either through

the Illumina built-in software or the fastq-multx function from the ea-utils package (Aronesty, 2011). TCR repertoire data were gener-

ated from raw demultiplexed data using MiXCR, version 3.0.12, (Bolotin et al., 2015). Analysis of TCR repertoire characteristics and

features was performed in the R environment for statistical computing. Unless specifically stated, analyses were performed on the

amino acid (AA) TCRbeta-CDR3 clonotypes, aggregating counts from various nucleotide CDR3 sequences encoding the same AA

CDR3. Non-functional (out-of-frame or containing stop codons) CDR3 were excluded.

The unbiased gini coefficient, indicating the inequality in the AACDR3 frequency distribution, was calculated using the ‘‘Gini’’ func-

tion from the DescTools package (Signorell et al., 2016), using the counts of all detected functional AACDR3 clonotypes in each sam-

ple. The unbiased gini coefficient ranges from ‘‘0’’ (complete equality) to ‘‘1’’ (complete inequality).

The DE50 coefficient, a diversity and clonality index representing the minimal number of clones to cover half of the overall fre-

quency space, was calculated by ranking the clones based on their AA CDR3 frequency from high to low. The rank of the clone

was then obtained at which the cumulative frequency reaches 50% of the total sum of repertoire frequencies with low numbers indi-

cating high clonality. The DE50 is the obtained rank divided by the maximal rank of the sample (the number of unique AA CDR3

clonotypes).

For single-cell TCR sequencing (scTCRseq), patient PBMCs were sorted in 96-well plates either based on tetramer staining or

staining with T cell activation markers (CD69, CD107a, CD25, PD-1) after neoantigen peptide exposure for 5-6 days and recall for

6-24h. Final sort gates for neoantigen-reactive subpopulations were determined based on control tetramer staining or control cocul-

tures with DMSO. Plates were submitted to iRepertoire for scTCRseq (iPair-TCR). Paired sequencing information was used to deter-

mine clonal composition of sorted cell populations and candidate alpha/beta chain pairs were tested for neoantigen-reactivity after

lentivirus-based T cell transductions (Banu et al., 2014)

Cloning of neoantigen-specific TCRs
Second generation lentivirus vectors were generated on 293FT producer cell lines using shuttle plasmids (GenScript) containing TCR

beta and alpha chains under the control of a SFFV promoter and separated by a furin cleavage site and a P2A ribosomal skip

sequence. Human TCR variable regions were fused to cysteine-modified mouse constant regions for both chains resulting in recom-

binant mTCR (Cohen et al., 2006; Kuball et al., 2007). Neoantigen-reactivity of mTCR Jurkat cells was determined by IL-2 secretion

measured by electrochemiluminescence (MSD) in 24h co-culture assays of mTCR transduced Jurkat cells with neoantigen peptide

and allele matched antigen presenting cell lines or CD3+ T cell depleted autologous patient PBMCs. Cytotoxicity of recombinant

mTCR transduced PBMCs was assessed based on CD107a surface staining of effector cells and activated caspase-3 staining of

target cells.

Cytotoxicity assay
A375 target cells (ATCC) that were HLA-matched to the patient peptide of interest were harvested and plated in DMEM, high glucose,

GlutaMAX Supplement, pyruvate (Thermo Fisher) supplemented with 10% FBS (Corning) at a density of 100,000 cells/well in a 96-

well plate. The following day, the A375 cells were loaded with EPT length peptides (either containing the mutation or wild-type) by

replacing the media in the wells with fresh AIM V Medium (GIBCO) containing peptide at a 2 mM final concentration. Patient PBMCs

from the pre-treatment time point were enriched for CD3+ T cells using the Pan T Cell Isolation Kit (Miltenyi). Isolated CD3+ T cells
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were transduced with neoantigen-specific TCRs and cocultured with target A375 cells at varying effector:target ratios for a period of

6 or 24h.

Gene expression
Targeted gene expression analysis on total RNA extracted from FFPE blocks was performed using the NanoString nCounter platform

(NanoString Technologies). A custom code set consisting of 800 genes, including markers for immune cell populations, cytolytic

markers, immune activation and suppression, and the tumor microenvironment, was used. For each sample, either 50ng or

100ng of total RNA was hybridized with the custom gene expression code set for 16h at 65�C according to the manufacturer’s pro-

tocol. Hybridized samples were run on the NanoString nCounter SPRINT Profiler instrument (NanoString Technologies). Raw data

was normalized to the 30 housekeeping genes included in the custom code set using the nSolver software (version 3.0). Modified

PanCancer IO360 gene signature scores were calculated and provided by NanoString Technologies. Additional gene signature

scores were calculated in house using normalized gene expression.

APOE Genotyping
To assess the APOE genotype frompatients, whole exome sequencing data (aligned to hg19) was queried for allele frequencies using

pysam (v0.15.2)(Li et al., 2009) at genomic locations chr19:45411941 (site A) and chr19:45412079 (site B) as determined in Athero-

sclerosis Risk in Communities (ARIC) study (Blair et al., 2005). APOEE4 genotypewas assigned if site A andBwere both homozygous

for cytosine.

Immunohistochemistry
For each patient FFPE tumor block, histological and immunohistochemical analysis was done at Mosaic Laboratories (Lake Forest,

CA). H&E analysis was performed according to Mosaic Laboratories’ optimized protocols and reviewed for cellular quality,

morphology, and presence of tumor by an independent pathologist. Immunohistochemical analysis for PD-L1 (DAKO kit,

MOS504-APD) was performed according to Mosaic Laboratories’ optimized protocols. Staining was evaluated using ImageScope

software and standard pathology review. PD-L1 staining was evaluated using scoring criteria provided by Bristol-Myers Squibb.

Immunohistochemistry for CD3 was performed on 5mm FFPE tumor sections. Slides were baked at 60�C overnight, dewaxed and

rehydrated. Antigen retrieval was performed using a microwave (MWT) with antigen retrieval buffer (citric acid based, pH 6.0, Vector

Labs) heated to 90�C for 15min. After cooling to room temperature (RT), slides were washed with TBST/0.5% Tween and blocked for

10min with Akoya blocking buffer (Akoya Biosciences). Primary antibody CD3 (BiocareMedical, clone LN10, 1:100) was incubated at

RT for 30min. Slides were washed and incubated with HRP-conjugated secondary antibody diluted 1:1 in TBS for 30min (Vector

Labs). CD3 was visualized with ImmPACT Vector Red chromogenic staining.

Multiplex IHC staining protocol
Manual multiplex immunofluorescence (mIF) staining was performed on 5mm FFPE tumor sections using the TSA Plus Fluorescence

kit (Akoya Biosciences). Slides were baked at 60�C overnight, dewaxed and rehydrated. Antigen retrieval was performed using a mi-

crowave (MWT) with antigen retrieval buffer (citric acid based, pH 6.0, Vector Labs) heated to 90�C for 15min. After cooling to room

temperature (RT), slides werewashedwith TBST/0.5%Tween and incubatedwith 3%H2O2 for 15min. Next, slides were blockedwith

2% BSA, 5% NHS in TBST for 1h. Primary antibody TCF7 (Cell Signal Technology, clone C6D9, 1:50) was incubated at RT for 1h.

Slides were washed and incubated with HRP-conjugated secondary antibody diluted 1:1 in TBS for 30min (Vector Labs). TCF7

was visualized with TSA Cy5 (1:50) for 10 min.

Multiplex staining was performed by repeating staining cycles with MWT heating between each step to remove the antibody com-

plex. Successive antibodies include: CD8 (Biocare Medical, clone SP16, 1:100, TSA plus Cy3) and S100 (Biocare Medical, clone

15E2E2&4C4.9, 1:100, TSA Fluorescein) each incubated for 30min. Secondary HRP antibodies were diluted 1:1 with TBS and incu-

bated for 30min (Vector Labs). Nuclei were stained with DAPI 1:3000 for 10min (Fisher Scientific), washed and mounted with Prolong

gold (Fisher Scientific). Human tonsil FFPE tissues were used with and without primary antibodies to serve as positive and negative

(autofluorescence) controls.

QUANTIFICATION AND STATISTICAL ANALYSIS

Multispectral analysis
The multiplex slides were scanned with a Vectra 3.0 microscope system (Perkin Elmer). Whole slide scans were performed using the

10x objective lens. Up to ten individual fields were selected in the Phenochart program (Phenochart 1.0.9, Perkin Elmer) for higher

resolution scanning at 20x (669x500 mm).Multispectral images were unmixed and analyzed using inForm software (inForm 2.4.2, Per-

kin Elmer) and analyzed with tissue component segmentation based on tumor cell staining: tumor = S100+ regions and stroma =

S100- regions. Individual cells (defined by DAPI positive nuclei) were then phenotyped to characterize various cell populations. Den-

sity of cells in each ROI was calculated by combining the cell counts from all images and normalizing by the total area (cells/mm2).
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Statistical analysis
Anti-tumor activity was assessed for objective response rate (ORR), duration of response (DOR), progression free survival (PFS) and

overall survival (OS). ORR is defined as the proportion of patients who achieve CR or PRbased on RECIST v1.1. DOR is defined as the

date of the first documented confirmed response to the date of the first documented PD or death. PFS is defined as the time from the

date of first dosing to the date of first documented PD or death. OS is defined from the date of enrollment to death. Statistical efficacy

analyses were performed separately for each indication for both the ITT set defined as receiving at least one dose of nivolumab and

the safety set defined as receiving at least one dose of vaccine. The Kaplan–Meier method was used to estimate PFS and OS. For

PFS, patients who did not have PFS event on study or whowere lost to follow-upwere censored at the time of last tumor assessment.

For OS, patients who were alive or who were lost to follow-up were censored at the last record on database.

All other analyses were performed in either the R language and environment for statistical computing (version 3.5.1) or GraphPad

Prism (version 7.01). Likewise, all figures were created using an R script on the ‘‘ggplot2’’ package (Wickham, 2016) or GraphPad

Prism. Unless otherwise specified, p values were derived from a two-tailed Student’s t test.

ADDITIONAL RESOURCES

All data presented in this manuscript is from the multicenter phase I clinical trial NCT02897765. https://clinicaltrials.gov/
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Figure S1. Radiographic Responses with Pre-treatment Tumor PD-L1 Levels in Vaccinated Patients and OS/PFS by Tumor Type; Additional

Data Related to Figure 2

(A): Radiographic responses with pre-treatment PD-L1 levels in tumors of patients who received at least one dose of NEO-PV-01. PD-L1 levels are indicated

below the bars in thewaterfall plots for the three tumor cohorts. Scoring was based on percent PD-L1 on tumor cells as follows: < 1% is indicated as -,R 1%as +,

R 5% as ++ andR 50% as +++. NA: data not available. (B and C): Kaplan-Meier estimates of PFS (top panel) and OS (bottom panel) for all three tumor types in

patients who received > = 1 dose of vaccine (B) and in all patients who received at least one dose of nivolumab (ITT, C).
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Figure S2. Distinct Molecular and Immune Features Are Associated with PFS across the 3 Tumor Cohorts; Additional Data Related to

Figure 3

A: Tumor mutation burden, epitope quality score, and gene expression with PFS; Molecular correlations of PFS-9 in the melanoma and NSCLC and PFS-6 in the

bladder cancer cohorts. PFS-9/6 is defined as lack of disease progression at nine months post-initiation of anti-PD-1 therapy for the melanoma and NSCLC

cohorts, respectively, and lack of disease progression at six months for the bladder cancer cohort. Panels i, ii, and iii include patients in the ITT set and panels iv,

v and vi include patients who received at least one dose of NEO-PV-01 (vaccinated set). I and IV) Each dot depicts tumor mutation burden (total number of non-

silent mutations) of individual melanoma patients with PFS-9 (green) and without PFS-9 (blue). Gray boxes indicate interquartile ranges; p values are calculated

using Wilcoxon rank-sum test. II and V) Analogous plots for the HLA class I epitope quality scores of vaccinating epitopes for melanoma patients. The epitope

quality score of each candidate epitope falls on a 0-1 scale with higher scores corresponding to increased likelihood of presentation. Values are summed across

the potential HLA-I epitopes for all vaccinating peptides per patient. III and VI) Analogous plots for T cell inflammation score (TIS) at the pre-treatment time point as

assessed by gene expression analysis on the NanoStringTM platform. TIS score was calculated as previously described. Lymph-node derived biopsies were

excluded from this analysis. B: Peripheral immune phenotypes correlate with PFS-9 in NSCLC patients and PFS-6 in bladder cancer patients; I) Identification of

plasmacytoid dendritic cells in the NSCLC cohort and correlation with PFS-9. PBMCs from pre-treatment, pre-vaccine and post-vaccine time points were

analyzed using flow cytometry to quantify plasmacytoid DCs based on expression of CD123 and CD303. II) Identification of memory and naive CD8+ T cells in the

bladder cancer cohort and correlation with PFS-6. PBMCs from pre-treatment, pre-vaccine and post-vaccine time points were analyzed using flow cytometry to

quantify memory CD8+ T cell subsets based on expression of CD45RA and CD45RO. Data are presented as box and whisker plot with the box representing the

25th to 75th percentile, whiskers representing the min and max value and the horizontal line representingt the median. Statistical significance was determined

using an unpaired t test. C: Presence of APOE4 genetic variant correlates with PFS-9 in melanoma, but not with PFS-9 in NSCLC or PFS-6 in bladder cancer;

Patients with PFS-6/9 (green) and without PFS-6/9 (blue) in relation to presence or absence of an APOE4 germline genetic variant. Values are shown for the

melanoma, NSCLC, and bladder cancer cohorts according to achieving 9-month month PFS for melanoma and NSCLC and 6 months PFS for bladder cancer,

respectively. P values are calculated using Fisher’s exact test. The numbers in each bar plot represents the number of patients.
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Figure S3. NEO-PV-01 Plus Anti-PD-1 Induces T Cell Reactivity against Multiple Vaccine Neoepitopes; Additional Data Related to Figure 4

A-C) T cell responses to individual immunizing (IM) peptides across 18 melanoma (A), 7 NSCLC (B) and 9 bladder (C) cancer patients are shown. Details of the

assay are provided in theMethod Details section. Immunizing peptides that did not elicit reactivity are not shown. Each IM peptide was tested for generation of an

immune response using a series of overlapping peptides (Method Details) and the assay peptide generating the maximum response for each IM peptide are

shown across the three time points. Each bar corresponds to an IM peptide and the assay peptide that generates the maximal response in either of the two assay

formats (ex vivo assay or 5-day assay) for that IM peptide is shown. Immunizing peptides labeled in red on the x axis were not tested at the indicated time point due

to limited sample availability whereas IM peptides labeled in blue on the x axis elicited pre-vaccine responses. Forty two percent of the neoantigen-specific

responses detected were seen in an ex vivo assay and the remainder were detected in a 5-day assay with the neoantigen peptide in the absence of serum and

cytokines. Vaccine response plots for patients M1, L1 and B1 are also depicted in the main Figure 4A. Aggregate data are represented as mean ± SEM.
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Figure S3. Continued
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Figure S4. Phenotypic Analysis of CD4+ and CD8+ T Cells Induced by NEO-PV-01 Plus Anti-PD-1; Additional Data Related to Figure 4

Phenotypic analysis of neoantigen specific T cells by FACS for patients M3 (A) and (B), L7 (C), M1 (D) and M10 (E). Each row depicts phenotyping of an individual

IM peptide. The left panel in each row depicts the FACS plot to identify the neoantigen specific T cell either by tetramer analysis (for CD8+ T cell responses, A-D) or

by a functional IFNg assay (for CD4+ T cell responses, E). The histogram plots in each row show the relative levels of the indicated marker between tetramer/ IFNg

positive T cells (orange) to the corresponding negative population (blue). Quantitation of the histogram plots are shown in the right panel. Tetramers used in this

analysis are HLA- A11:01 (A), HLA-A68:01 (B), HLA-B81:01 (C) and HLA-B51:01 (D).
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Figure S5. NEO-PV-01 Plus Anti-PD-1 Induces Cytotoxic CD4+ and CD8+ T Cell Responses; Additional Data Related to Figure 5

Surface expression of the cytolytic marker CD107a (x axis) and intracellular expression of IFNg (y axis) is shown by FACS for 40 IM peptides across 19 patients.

Individual plots depict control (DMSO) on the left and IM peptide on the right. Only IM peptides that were positive in this assay (> 1.5-fold stimulation over DMSO

control in the CD107a positive or CD107a and IFNg double positive gate are shown. Parent gates are indicated below each pair of FACS plots. *analysis done at

the week 52 time point. Plot for patient M1 is also depicted in the main Figure 5B II.
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Figure S6. NEO-PV-01 Plus Anti-PD-1 Induces T Cells That Exhibit a Memory Phenotype, Are Polyfunctional, and Result in Epitope Spread;

Additional Data Related to Figure 5

(A) Tetramer analysis of LMP2A-specific epitope in PBMCs of patient M1. B and C) Phenotype, function, and TCR clonotype of IM24-specific CD8+ T cells from

patient M1 at the post-vaccine time point. (B) Left panel: Overlaid histogram plot for CD45RO expression in IM24 tetramer positive and negative CD8+ T cells.

Right panel: Expression of cytokines as assessed by intracellular cytokine staining upon control (DMSO) and IM24 stimulation for 6 hours in IM24 tetramer positive

CD8+ T cells. (C) TCR clones identified by single cell TCR sequencing of IM24 tetramer-sorted T cells. D and E) Phenotype, function, and TCR clonotypes of IM07-

specific CD4+ T cells from patient M13 at the post-vaccine time point. (D) Left panel: Overlaid histogram plot for CD45RO expression in PD-1 positive and PD-1

negative T cells upon stimulation with IM07. Right panel: Cytokine secretion after 40h as assessed by ELISA. (E) TCR clones identified by single cell TCR

sequencing of IM07-specific sorted T cells. (F) Identities of three additional validated neoantigen-specific TCRs from two melanoma patients (M13 andM14) and

their frequencies in PBMC and tumor biopsy. (G) Epitope spread in melanoma patients M1 (left panel) and M13 (right panel). Reactivity of post-vaccine PBMCs

against predicted neoantigen peptides that were not included in the vaccine were tested by IFNg ELISpot assay at the three indicated time points. (H) Epitope

spread in melanoma patient M2 who had a CR, across 4 time points. Only peptides that elicited responses are shown. NIM: Non-immunizing neoepitope.

Aggregate data are represented as mean ± SEM.

ll
Article


	A Phase Ib Trial of Personalized Neoantigen Therapy Plus Anti-PD-1 in Patients with Advanced Melanoma, Non-small Cell Lung  ...
	Introduction
	Results
	Treatment with NEO-PV-01 Plus Anti-PD-1 Is Feasible and Safe in Metastatic Cancer Patients
	Distinct Immune and Molecular Features Are Associated with PFS across the Three Tumor Cohorts
	NEO-PV-01 Plus Anti-PD1 Induces Specific and Durable T Cell Reactivity against Neoantigen Epitopes in All Tumor Cohorts
	Neoantigen Vaccine-Specific T Cells Have Cytotoxic Potential, Migrate to the Tumor, and Can Kill Cancer Cells
	Epitope Spread Occurs after Vaccination with NEO-PV-01 and Associates with PFS
	Major Pathological Responses (MPRs) Are Observed Post-vaccination with NEO-PV-01 in the Melanoma Cohort

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Resource Availability
	Lead Contact
	Materials Availability
	Data and Code Availability

	Experimental Model and Subject Details
	Study design
	Clinical assessments
	Patient samples

	Method Details
	Generation of NEO-PV-01
	Whole exome sequencing

	Alignment and mutation calling
	Vaccine peptide selection
	GMP peptide manufacturing
	Peptide synthesis for immunological assays
	Detection of neoantigen-specific immune responses
	IFN−γ ELISpot assay
	Characterization of CD4+/ CD8+ T cell responses
	MHC class I tetramer production and staining
	Tetramer preparation for PBMC staining
	CD107a mobilization assay
	Phenotyping and ICS of neoantigen-specific T cells
	Phenotypic analysis of peripheral samples
	RNA extraction from FFPE tumors and PBMCs
	TCR sequencing
	Cloning of neoantigen-specific TCRs
	Cytotoxicity assay
	Gene expression
	APOE Genotyping
	Immunohistochemistry
	Multiplex IHC staining protocol

	Quantification and Statistical Analysis
	Multispectral analysis
	Statistical analysis

	Additional Resources



