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Abstract

Upon chronic antigen exposure, CD8+ T cells become exhausted, acquiring a dysfunctional state 

correlated with the inability to control infection or tumor progression. In contrast, stem-like CD8+ 

T progenitors maintain the ability to promote and sustain effective immunity. Adenovirus (Ad)–

vectored vaccines encoding tumor neoantigens have been shown to eradicate large tumors when 

combined with anti–programmed cell death protein 1 (αPD-1) in murine models; however, the 

mechanisms and translational potential have not yet been elucidated. Here, we show that gorilla 

Ad vaccine targeting tumor neoepitopes enhances responses to αPD-1 therapy by improving 

immunogenicity and antitumor efficacy. Single-cell RNA sequencing demonstrated that the 

combination of Ad vaccine and αPD-1 increased the number of murine polyfunctional neoantigen-

specific CD8+ T cells over αPD-1 monotherapy, with an accumulation of Tcf1+ stem-like 

progenitors in draining lymph nodes and effector CD8+ T cells in tumors. Combined T cell 

receptor (TCR) sequencing analysis highlighted a broader spectrum of neoantigen-specific CD8+ 

T cells upon vaccination compared to αPD-1 monotherapy. The translational relevance of these 

data is supported by results obtained in the first 12 patients with metastatic deficient mismatch 

repair (dMMR) tumors vaccinated with an Ad vaccine encoding shared neoantigens. Expansion 

and diversification of TCRs were observed in post-treatment biopsies of patients with clinical 

response, as well as an increase in tumor-infiltrating T cells with an effector memory signature. 

These findings indicate a promising mechanism to overcome resistance to PD-1 blockade by 

promoting immunogenicity and broadening the spectrum and magnitude of neoantigen-specific T 

cells infiltrating tumors.

INTRODUCTION

After chronic exposure to cancer or viral infection, CD8+ T cells acquire an exhausted 

phenotype, characterized by a poor ability to respond to antigenic stimulation (1). Tumor-

reactive lymphocytes progressively become exhausted and rarely acquire memory features 

(2). Conversely to exhausted T cells, the Tcf1+ stem-like CD8+ T (TSTEM) progenitors of 

exhausted cells resemble self-renewal memory stem-like cells and proliferate after blockade 

of the PD-1 inhibitory pathway (3, 4) before differentiating into terminally exhausted 

CD8+ T cells (5). In line with their capacity to respond to immunotherapy, an increased 

percentage of Tcf1+ CD8+ T cells has been correlated with prolonged duration of responses 

to checkpoint blockade therapy in patients with cancer (6). As a consequence, understanding 

the functional programs to sustain Tcf1+ CD8+ T cell differentiation represents a critical step 

for the improvement of immunotherapy, aimed at increasing their number and maintaining 

their self-renewal capacity, thus overcoming resistance to checkpoint blockade treatment in 

cancer (7).

Several studies have shown that the clinical efficacy of PD-1 checkpoint blockade depends 

on the magnitude, quality, and tumor-infiltrating properties of CD8+ T cells targeting 

mutation-associated neoantigens (8, 9). As opposite to self-antigens, neoantigens are self-

mutated peptides, without preexisting central tolerance and with the potential of inducing 
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stronger immune response and effective antitumor activity. As a consequence, neoantigens 

have become of great interest as targets of cancer vaccines.

The development of a cancer vaccine driving both expansion and functional commitment 

of CD8+ T progenitors represents a critical determinant to achieve long-lasting antitumor 

efficacy. An effective cancer vaccine should induce, expand, and drive the differentiation 

of neoepitope-specific stem-like CD8+ T progenitors, with antitumor T cell responses and 

long-term memory protection against cancer recurrence (5, 10). However, major advances 

in the field have been hindered by the absence of vaccines able to promote expansion and 

tumor infiltration of neoepitope-specific T cells, to overcome the immunosuppressive effects 

of the tumor microenvironment.

Genetic vaccines based on adenoviruses (Ads) derived from nonhuman Great Apes (GAd) 

can elicit robust and effective T cell immunity in humans (11–14). Early vaccine studies in 

mice and clinical trials in humans for HIV, hepatitis C virus, Ebola, and emerging viruses 

such as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have demonstrated 

the strong potential of GAd to induce potent T cell immunogenicity and protection (15–

17). A key aspect of GAd is the capability to encode large gene inserts and therefore 

to target many neoantigens, offering the unique opportunity to overcome the issue of 

tumor heterogeneity and escape through immunoediting (18). In the context of cancer, 

we have previously shown in mice that the combination of neoantigen-based adenovector 

vaccine and anti–programmed cell death protein 1 (αPD-1) antibody acts synergistically to 

eradicate large established tumors (18). However, the mechanism underlying the antitumor 

effects and the synergy between the vaccine and αPD-1 have not yet been elucidated. 

We hypothesize that combining αPD-1 and a neoantigen-based adenovector vaccine would 

enhance the magnitude, quality, and breadth of CD8+ T cell responses. Here, we show 

that GAd vaccine combined with αPD-1 immunotherapy induced strong activation of 

CD8+ T cell clonotypes reactive against neoantigens, promoting the expansion of tumor-

reactive Tcf1+ TSTEM progenitors in draining lymph nodes and accumulation of effector 

CD8+ T clonotypes in murine tumors. The impact of vaccination and αPD-1 on neoantigen-

specific T cell responses was investigated in humans immunized with an experimental 

vaccine encoding shared neoantigens. Some colorectal [colorectal cancer (CRC)], gastric, 

and gastroesophageal junction (GEJ) tumors associated with mismatch repair deficiency 

(dMMR) represent a unique condition, in which tumors accumulate shared mutations, 

allowing the design of an “off-the-shelf” neoantigen-based vaccine (19). Here, we show 

expansion after treatment of vaccine-induced T cell clonotypes recognizing neoantigens in 

tumors of patients with dMMR. Overall, these results demonstrate an important role for 

adenoviral-based vectors to promote broadening, expansion, and differentiation of T cells to 

sustain an antitumor response.

RESULTS

GAd vaccine combined with αPD-1 treatment enhances immunogenicity and expands 
neoantigen-specific CD8 T cells in the tumor

To generate an Ad vaccine that targets tumor-specific neoantigens, we have chosen seven 

predicted immunogenic neoepitopes, derived from tumor-specific point mutations of the 
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murine MC38 colorectal adenocarcinoma cell line. These peptides have been scored with the 

highest binding affinity for major histocompatibility complex class I (MHC-I) in comparison 

to the corresponding wild-type peptides and identified by mass spectrometry (MS) (20). 

First, we evaluated the stability and life span of neoepitope-MHC complexes, by measuring 

with flow cytometry the surface expression of the MHC-I molecules, in RMA-S cell line 

after loading with the neoantigen peptides (21). Results indicated higher and longer stability 

for Reps1, followed by Cpne1 and Adpgk peptides (fig. S1). The seven neoepitopes were 

then joined head to tail to generate a single synthetic antigenic molecule (Fig. 1A), whose 

corresponding gene was cloned into a GAd vector, as previously described (18). GAd 

vaccine and αPD-1 effectiveness was evaluated in mice with established subcutaneous 

MC38 tumors (Fig. 1A). Mice were subcutaneously injected with the adenocarcinoma colon 

cancer MC38 cell line, and 10 days later, once the tumor was established, the mice were 

immunized with GAd vaccine and treated with an antibody blocking PD-1 (αPD-1). In line 

with our previous findings (18), we found enhanced antitumor control in mice receiving 

combined GAd and αPD-1 treatment as compared to the αPD-1 monotherapy, with an 

increase in the overall survival (Fig. 1B).

Previous work was carried out in the same MC38 tumor model and identified the neoepitope 

Adpgk as the one conferring protection after peptide combined with adjuvant immunization 

and with the most prominent expansion in the tumor (20). In our model, neoantigen-specific 

CD8+ T cell responses in the draining lymph node, tumor, and spleen were characterized 

using the H-2Db-Adpgk peptide–MHC-I dextramer upon treatment with αPD-1 as compared 

to the combination GAd and αPD-1 (Fig. 1, C, D, F and H). We also analyzed CD8+ 

T cells specific for Reps1, a less effective neoepitope in tumor rejection. As expected, in 

the nontreated control tumor–bearing mice, the frequency and number of both Db-Adpgk+ 

and Db-Reps1+ CD8+ T cells were very low (Fig. 1, C to E) (18). The frequency of 

Db-Adpgk+CD8+ T cells increased in the draining lymph node, tumor, and spleen of tumor-

bearing mice treated with GAd + αPD-1, as compared to control tumor–bearing animals 

(Fig. 1, D, F, and H). In mice treated with GAd immunization combined with αPD-1 

antibody, we found about 100 and 10 times more Db-Adpgk+CD8+ T cells in tumor and 

spleen, respectively, as compared to mice receiving αPD-1 treatment alone. We saw no 

substantial differences in CD8+ T cell responses with GAd + αPD-1 treatment against Reps1 

in draining lymph nodes and tumors (Fig. 1, E and G), but both frequency and number 

of Db-Reps1+CD8+ T cells were enhanced in the spleen (Fig. 1I). Thus, GAd vaccination 

promoted neoepitope immunogenicity, with expansion and accumulation of CD8+ T cells 

reactive against both Adpgk and Reps1 neoepitopes in the spleen of tumor-bearing mice. 

Conversely, Adpgk-reactive CD8+ T cells were also expanded in draining lymph nodes and 

tumors of these mice. These results indicate that two neoepitopes, Adpgk and Reps1, both 

identified by MS on tumor cells and with very similar features in terms of stability, predicted 

binding affinities, and in vivo immunogenicity, present different capabilities to infiltrate the 

tumor bed.
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GAd therapeutic vaccination increases the frequencies of neoepitope-specific memory 
precursors and effectors

We next characterized the phenotype of Adpgk-specific CD8+ T cells induced by GAd 

vaccination in tumor-bearing mice by measuring the frequency and number of CD127+ 

KLRG1− memory precursor, CD127+ CD62L+ KLRG1− central memory, CD127− KLRG1+ 

short-lived effector, or tissue-resident memory (TRM) CD103+ CD69+ CD8+ T cells, and 

also exhausted CD8+ T cells based on the expression of PD-1 and CD38 of Db-Adpgk+ 

CD8+ T cells (Fig. 2 and fig. S2, A to F) (22–25). Although a higher proportion of CD127+ 

KLRG1− memory precursors was observed in mice treated with αPD-1 alone as compared 

to the combined treatment with GAd in the draining lymph node (fig. S2A), increased 

numbers of CD127+ KLRG1− memory precursors were measured in tumor-bearing mice 

treated with GAd in draining lymph nodes, tumors, and spleens (Fig. 2, A and B to D, 

left panels). Combined treatment with GAd also associated with increased numbers of 

central memory CD127+ CD62L+ KLRG1− CD8+ T cells in the spleen (fig. S2F). A higher 

proportion of effector CD127− KLRG1+ Db-Adpgk–specific CD8+ T cells were also found 

in draining lymph nodes, tumors, and spleens of mice injected with GAd, with a 10-fold 

difference in tumors and spleens as compared to mice receiving αPD-1 alone (Fig. 2, A, 

and B to D, right panels, and fig. S2B). Furthermore, the analysis of neoepitope-specific 

Db-Reps1+ CD8+ T cells (fig. S3) revealed increased numbers of memory precursor CD127+ 

KLRG1− and CD127− KLRG1+ effector CD8+ T cells in spleens (fig. S3F).

We next examined whether the memory precursor and effector subsets induced by GAd 

vaccination against neoepitopes could also express the exhaustion markers PD-1 and CD38 

(Fig. 2E and figs. S2C and S4). Increased frequency and number of PD-1 and CD38 

double-positive cells were found among the memory precursors in the tumors, whereas 

low frequency and numbers were detected in draining lymph nodes (Fig. 2, E to H). In 

mice receiving GAd vaccine, the frequency of CD127+ CD8+ T cells coexpressing PD-1 

and CD38 was found reduced as compared to mice treated with αPD-1 alone (Fig. 2F). 

In GAd-treated mice, among Db-Adpgk+CD127− KLRG1+ effector and CD127− KLRG1− 

CD8+ T subsets in tumors (Fig. 2I), around 58 and 70% of the cells express both PD-1 and 

CD38. These results suggest that, although a fraction of cells acquired exhaustion markers 

after GAd vaccination (Fig. 2, J and K), an increase of exhausted T (TEX) cell number 

was measured only among CD127− KLRG1− CD8+ T cells. We did not observe a similar 

phenotype for Reps1-specific CD8+ T cells, and most of the cells were negative for these 

exhaustion markers (fig. S4). Last, the frequency of Db-Adpgk+ CD103+ CD69+ TRM CD8+ 

T cells was also increased in the tumors of αPD-1 + GAd–treated mice (Fig. 2, L and M).

Overall, these results suggest increased immunogenicity, and different paths of 

differentiation and expansion of neoantigen-specific CD8+ T cells generated after GAd 

immunization combined with αPD-1 in tumor-bearing mice. These responses are associated 

with a higher number of memory progenitors in both draining lymph nodes and spleens, and 

effector T cells in the tumors.
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scRNA-seq analysis of neoantigen-specific CD8+ T cells demonstrates stem-like and 
effector cell accumulation after αPD-1 + GAd treatment

To further characterize the heterogeneity and gene expression programs of neoantigen-

specific CD8+ T cell subsets induced after immunization with GAd and αPD-1 treatment, 

we performed single-cell RNA sequencing (scRNA-seq) analysis of CD8+ T cells from 

lymph nodes of control tumor–free mice and Db-Adpgk+ CD8+ T lymphocytes harvested 

from draining lymph nodes and tumors, fluorescence-activated cell sorting (FACS)–sorted 

27 days after tumor implantation (Fig. 3A). Control and Db-Adpgk+ CD8+ T cells from 

individual mice were index-sorted into microwells and analyzed by scRNA-seq using Smart-

Seq2 technology (26). After sequencing and quality control filtering, we obtained 57 naïve 

T cells from two control tumor–free mice and 1132 Db-Adpgk+ CD8+ T lymphocytes 

from nontreated (157 cells), αPD-1–treated (226 cells), and αPD-1 + GAd–treated (749 

cells) tumor-bearing mice (Fig. 3B); for each condition, we processed nine, five, and eight 

biological replicates, respectively.

A principal components analysis (PCA) of single-cell transcriptome data is visualized as 

a set of Uniform Manifold Approximation and Projection (UMAP) plots in Fig. 3 (B and 

C). We observed a different distribution of Db-Adpgk+ CD8+ T cells isolated from the 

lymph nodes and tumors, underlining distinct gene expression profiles (Fig. 3B). To identify 

the distinct cell subsets, we clustered the PCA results. The analysis highlighted seven 

clusters (Fig. 3, C and D), which, on the basis of distinct transcription profiles (Fig. 3, E 

to G), were categorized as naïve (cluster 2), early activated (cluster 6), activated (cluster 1), 

TSTEM precursor (cluster 5), memory (cluster 7), effector (cluster 3), and TEX (cluster 4) 

Db-Adpgk+ CD8+ T cells. The memory population was mainly derived from lymph nodes, 

effector cells, and TEX cells belonging to tumors, whereas CD8+ T cells isolated from 

control tumor–free mice were found in the naïve and memory clusters (Fig. 3, B to D). 

Naïve cells were characterized by the expression of Tcf7 (Tcf1) and Sell (CD62L) (Fig. 3E). 

Although early activated cells displayed low expression of Tcf7 transcriptional factor and 

IL7r, both effector and TEX cell clusters showed high expression of the effector genes Ifng, 
Gzmb, Prf1, and Cxcr6 (Fig. 3, E and G). In addition, although these clusters shared Pdcd1, 
Lag3, and Tigit, these genes encoding checkpoints showed consistently higher expression in 

the exhausted subset (Fig. 3E). Conversely, the expression of Tcf7, Cxcr3, Il7r, and Slamf6 
characterized the TSTEM precursor population. This cluster was the only one displaying the 

expression of Eomes. Memory cells were characterized by the expression of Sell and Il7r 
genes; in addition, the transcriptional factor Id3 was also transcribed.

To assess whether cells from specific clusters derived from lymph nodes or tumors or 

were related with a specific treatment, we examined the cell distribution among different 

clusters. Total CD8+ T cells from control tumor–free mice (Fig. 3D) were mainly localized 

in the memory and naïve clusters (46 and 37%, respectively), with lower frequencies in 

the early activated and activated clusters (12 and 5%). Db-Adpgk+ CD8+ T cells derived 

from nontreated tumor-bearing mice were found mainly in the naïve cluster (32%) and, to 

a lesser extent, in the activated, TSTEM precursor, TEX, and memory clusters (18, 17, 16, 

and 10%, respectively). Db-Adpgk+ CD8+ T cells from tumor-bearing mice treated with 

αPD-1 were predominantly found in the early activated cluster (49%), whereas some were 
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found in the activated and TEX clusters (17 and 14%, respectively). αPD-1–treated mice also 

had smaller frequencies of the TSTEM precursor, naïve, memory, and effector clusters (10, 

7, 3, and 0.4%, respectively). Db-Adpgk+ CD8+ T cells from tumor-bearing mice treated 

with αPD-1 + GAd were mainly distributed in the TSTEM precursor and TEX clusters (31 

and 28%, respectively) and, in smaller proportions, in the activated, effector, memory, early 

activated, and naïve clusters (14, 11, 7, 6, and 3%, respectively). Db-Adpgk+ CD8+ T cells 

from tumors and lymph nodes did not distribute equally across clusters (Fig. 3, H and I). 

Db-Adpgk+ CD8+ T cells from lymph nodes of αPD-1 + GAd–treated mice were enriched 

in the TSTEM precursor cluster (69% of those cells were found in cluster 5); conversely, 

tumor-infiltrating Db-Adpgk+ CD8+ T cells from αPD-1 + GAd–treated mice were enriched 

in the TEX (44%) and in the effector clusters (19%). Conversely, cells from lymph nodes 

of αPD-1–treated mice were augmented in the early activated cluster (64%). Cells from 

lymph nodes of tumor-bearing mice without treatment were enriched in the naïve cluster 

(55%). Overall, these results suggest that the combined treatment αPD-1 + GAd promotes 

the differentiation of Db-Adpgk+ CD8+ T cells into TSTEM precursors in the lymph node and 

effector subsets in the tumor.

GAd combined with PD-1 blockade treatment shifts T cell differentiation and induces CD8+ 

TSTEM precursors

To better characterize the immune phenotype of each cluster, we performed differential 

expression analysis by comparing transcriptome data from each individual subset against 

all others. We identified 7313, 2664, 2167, 6723, 4256, 5907, and 2449 statistically 

significant genes (adjusted P ≤ 0.05) in the seven clusters, respectively (fig. S5B). Next, 

to determine the gene expression programs and the stages of differentiation corresponding 

to each cluster, we performed a gene set enrichment analysis (GSEA) with published 

immunological signatures from the Molecular Signatures Database (MSigDB) (27). GSEA 

by pairwise comparison of each cluster compared to all the other clusters revealed 

differential enrichments in the gene expression profiles (Fig. 4A). In the naïve population 

(cluster 2), the TCF7+ TSTEM precursor signatures were positively enriched (28) [Miller 

prog (29)] with 26% mean signature expression (Fig. 4B). Conversely, signatures for 

memory, exhausted, and effector cells were negatively enriched in the naïve population 

(30, 31). In the effector population (cluster 3), we observed positive enrichment for the 

effector versus memory signature (31) and negative enrichment for the exhaustion signature 

(6). TEX cells (cluster 4) showed positive enrichment for exhaustion signatures (6, 29) (with 

a mean number of 47% expressed genes) and TRM gene expression profile (44% expressed 

genes; Fig. 4, A and B). TSTEM precursors (cluster 5) were positively enriched for memory 

and effector signatures (30, 31). In this cluster, we also observed both TSTEM precursor 

(29) and T exhausted circulating cell (32) signatures (38 and 30% mean of expressed 

genes, respectively; Fig. 4, A and B). In contrast, the early activated subset (cluster 6) 

presented negative enrichments for the exhaustion (6), memory, and effector signatures (30, 

31). In the memory population (cluster 7), we observed positive enrichments in TCF7+ cell 

tumor infiltration (28), TSTEM precursor, and circulating memory T cell signatures (32) 

but negative enrichment in the effector signature (31). Overall, these results confirmed that 

clusters 5 and 7 were enriched in Db-Adpgk+ CD8+ TSTEM precursor cells, with circulating 
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and memory gene signatures, whereas cluster 4 identified the exhausted Db-Adpgk+ CD8+ T 

cell subset.

The scRNA-seq profiles revealed different immune phenotypes between lymph nodes 

and tumors, suggesting distinct stages of lineage commitments. On the basis of these 

considerations, we next asked whether CD8+ T cells reactive against Adpgk could follow 

distinct pathways of lineage differentiation after αPD-1 + GAd treatment. To determine Db-

Adpgk+ CD8+ T cell transition to new states of differentiation, we traced the transcriptional 

trajectories corresponding to fate commitment (6, 33). Using supervised trajectory analysis, 

we identified three different paths originating from the naïve cell cluster, which could 

reflect likely trajectories of differentiation (Fig. 4, C and D). The first lineage trajectory 

included 360 cells and was related to T cell activation. The second lineage trajectory 

(548 cells) progressed through the early activated, effector, and TEX cell populations. 

Accordingly, we observed an increase in expression of effector and checkpoint markers 

along the second lineage (Fig. 4E). The third lineage (561 cells) progressed through the 

memory, TSTEM precursor, and TEX subsets. In the latter, we observed a transient increase 

in expression of genes encoding some memory markers, including Cxcr3, Sell, Slamf6, 

and Il7r, and transcription factors, such as Tcf7 and Id3, whereas checkpoint and effector 

markers displayed a progressive increase in expression from the TSTEM precursor toward 

the exhausted stage. Db-Adpgk+ CD8+ T cells from nontreated tumor-bearing mice were 

distributed roughly in equal proportions among the three possible lineages (38, 35, and 27% 

of lineages 3, 1, and 2, respectively; Fig. 4D). Likewise, Db-Adpgk+ CD8+ T cells from 

αPD-1–treated mice also encompassed similar proportions of cells in the three lineages 

(39, 35, and 26% in lineages 2, 1, and 3, respectively). In contrast, Db-Adpgk+ CD8+ T 

cells from mice treated with αPD-1 + GAd were distributed with the highest proportions 

in lineages 3 and 2 (42 and 41%, respectively), with a smaller fraction in lineage 1 (17%). 

The distinct stages of differentiation based on the gene expression patterns of each cluster 

were also validated by the analysis of surface protein expression obtained during the 

collection of single cells by FACS-indexed sorting (fig. S5C). Thus, the αPD-1 + GAd 

combined treatment drives T cell fate commitment toward two main possible lineages of 

differentiation: one through memory, TSTEM precursor, and TEX cells, and one through 

effectors and exhausted phenotypes.

Broader multifunctional CD8+ T clonotypes are induced by αPD-1 + GAd vaccination

To determine whether the increased percentage and number of TSTEM precursors and 

effectors observed in αPD-1– and αPD-1 + GAd–treated mice could be related to the 

clonal expansion of CD8+ T cells reactive against Adpgk, we leveraged the Smart-Seq2 

sequencing data to analyze the full-length αβ T cell receptor (TCR) chain sequences at the 

single-cell level. This analysis led to the identification of 330 unique and 34 expanded TCR 

clonotypes (Fig. 5, A and B). Unique TCRs were identified mainly in naïve, memory, and 

early activated subsets, whereas expanded clonotypes (clone size > 30 cells) were primarily 

found in effector, TEX, and TSTEM precursor subsets (69, 74, and 56%, respectively; Fig. 

5, A and B). The analysis of clonotype size through the naïve, early activated, effector, and 

exhausted subsets (Fig. 5B) underlined an increase in the proportion of expanded clonotypes 

throughout the progressive differentiation described in lineage 2 (Fig. 4C and fig. S5C). A 
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similar behavior was found in lineage 3 encompassing memory, TSTEM precursor, and TEX 

cells (fig. S5C).

Furthermore, the results also highlighted that the different treatments generated distinct TCR 

patterns (Fig. 5C). Cells from lymph nodes of control tumor–free mice displayed exclusively 

unique TCR sequences (51 singletons). Nontreated tumor-bearing mice showed a distinct 

TCR distribution in lymph nodes and tumors: the former comprised Db-Adpgk+ CD8+ T 

cells predominantly with unique TCR (48 singletons and 5 clones), and the latter displayed 

a higher number of expanded clones of ~2 to 29 cells (16 singletons and 11 clones). In 

mice treated with αPD-1, tumor and lymph nodes comprised either expanded clones (7 and 

9, respectively) or singletons (14 and 57, respectively). However, the highest number of 

expanded Db-Adpgk+ CD8+ T clones was measured in mice treated with the αPD-1 + GAd 

vaccine: 14 clones and 73 singletons in lymph nodes, and 15 clones and 71 singletons in 

tumors.

To better understand how the cells from each TCR clone were distributed between lymph 

nodes and tumors, we examined their frequency distribution in both compartments (Fig. 5, 

D and E). In mice treated with αPD-1, six of seven clones (86%) of Db-Adpgk+ CD8+ 

T cells were shared between the tumor and the lymph nodes, whereas one clone was 

found exclusively among Db-Adpgk+ CD8+ T cells from lymph nodes (Fig. 5D). In mice 

treated with αPD-1 + GAd, 11 of 17 clones (65%) were present in both tissues, whereas 

four and two clones (23 and 12%) were found exclusively in the tumor and lymph node 

microenvironments, respectively (Fig. 5E). Thus, these results indicate that the cells from the 

same TCR clone can be found in both lymph nodes and tumors, but in distinct differentiation 

stages. Examples of TCR clones derived from αPD-1 or αPD-1 + GAd treatment found 

in both tissues are shown in Fig. 5F. TCR clones found in αPD-1–treated mice were 

mostly enriched in the early activated, TEX, and T STEM precursors, whereas clones isolated 

from αPD-1 + GAd–treated mice were principally found in TSTEM precursor, effector, and 

TEX cell subsets (Fig. 5G). In addition, unique TCRs were mainly found in the memory, 

early activated, and naïve populations (28, 22, and 19% mean frequency, respectively; fig. 

S5D). More specifically, we identified 10 TCR clones in nontreated tumor-bearing mice, 

and only one clonotype with more than 10 cells distributed between TSTEM precursor 

and the naïve populations (39 and 30% mean frequency, respectively). Seven TCR clones 

were associated with αPD-1 treatment, but only one TCR clone had more than 10 cells. 

Most of the clonotypes associated with αPD-1 treatment belonged to the TEX, TSTEM 

precursor, and early activated populations. Conversely, we found 17 TCR clones in mice 

treated with αPD-1 + GAd, including seven clones with more than 10 cells and two clones 

with more than 100 cells. Whereas in nontreated tumor-bearing mice TSTEM precursor 

population (cluster 5) encompassed 8 TCR clones, in mice treated with αPD-1 + GAd 

both TCR clonotype number (14 clones) and expansion were increased. Whereas a limited 

number of TCR clones were observed in the effector population (cluster 3) of nontreated 

controls, αPD-1 + GAd–treated mice showed 12 clones in the same cluster, pointing to TCR 

repertoire broadening in the effector population due to the combined treatment.

In line with these results, we found differences in TCR clone frequencies in TSTEM 

cells (cluster 5) as compared to other subsets in αPD-1 + GAd–treated mice (Fig. 5H), 

D’Alise et al. Page 9

Sci Transl Med. Author manuscript; available in PMC 2023 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



also in accordance with the possible lineages of differentiation (Fig. 4C). Lineage 2, 

which progresses from naïve to TEX cluster, and lineage 3, which spans from naïve to 

TSTEM precursors, both displayed a significant increase in TCR clone frequency (fig. S5C; 

Wilcoxon test, P ≤ 0.01). Overall, these results indicate that combined treatment with αPD-1 

+ GAd is the strongest promoter of TCR clonotype expansion and diversification in both 

lymph nodes and tumors.

Neoantigen-based vaccine Nous-209 elicits strong and broad T cell responses in patients 
with dMMR tumors

Nous-209 vaccine is now being investigated in a phase 1 trial in patients with metastatic 

gastric, colorectal, and GEJ dMMR tumors combined with αPD-1 pembrolizumab 

(NCT04041310). This vaccine is based on heterologous prime boost with GAd vector 

followed by modified vaccinia Ankara (MVA) vector, both encoding 209 frame-shift 

peptides (FSPs), which are tumor-specific neoantigens shared across patients with dMMR 

cancer (19). Patients enrolled in this trial have received one GAd vaccination followed by 

three MVA immunizations, in a “prime/repeated boost” protocol, combined with treatment 

with αPD-1 every 3 weeks (Fig. 6A).

The study comprises two sequential cohorts: dose escalation and dose expansion cohorts 

testing two doses for both GAd-209-FSP and MVA-209-FSP. Here, we report data on the 

first 12 subjects evaluated as of 29 September 2021 (table S1). Clinical response according 

to Response Evaluation Criteria in Solid Tumors (RECIST) v1.1 is an exploratory endpoint 

in the study. We observed durable partial response (PR) in the three patients enrolled in dose 

1 (two CRC and one GEJ cancer). In dose 2 cohort (six CRC and three gastric cancers), 

four patients had PR, two had stable disease (SD), and three had progressive disease (PD) 

(Fig. 6B). The median follow-up for patients in dose 1 is 20.5 months (range, 18.1 to 22.5 

months), and 9.4 months (range, 1.7 to 15.2 months) for subjects in dose 2 as of the above 

cutoff date. No dose-limiting toxicities (DLTs) were observed.

Vaccine immunogenicity was the secondary endpoint of the study and was evaluated by 

using an ex vivo enzyme-linked immunosorbent spot (ELISpot) assay against 16 peptide 

pools covering the entire sequence of the 209 FSPs encoded by the vaccine. To evaluate 

the impact of Nous-209 vaccination on the activation of specific T cell against the 209 

FSPs, we collected peripheral blood mononuclear cells (PBMCs) at different time points 

before and after vaccination (Fig. 6A). Vaccine immunogenicity was demonstrated by ex 

vivo interferon-γ (IFN-γ) ELISpot assay in 67% of patients in dose 1 and in 100% of 

patients with evaluable samples in dose 2 (Fig. 6C). Responses at peak after vaccination 

reached a mean of ~1500 spot-forming cells (SFCs)/million PBMCs, whereas the baseline 

prevaccination responses measured after the first dose of pembrolizumab reached a mean 

of ~200 SFCs/million PBMCs (Fig. 6D). Responses were directed against several different 

peptide pools. The breadth and the kinetics of the response are shown for two patients (Pt3 

and Pt6), one for each of the two dose groups (Fig. 6, E and F). Moreover, induction of 

high amounts of IFN-γ+ FSP-specific CD8+ T cells was measured in the two patients by 

intracellular staining followed by flow cytometry analysis (Fig. 6G). Overall, these results 
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highlight the durable neoepitope-specific T cell responses in patients with cancer after 

vaccination with Nous-209 combined with PD-1 blockade.

Neoantigen-specific TCR clonotypes expand and diversify after Nous-209 vaccination in 
patients with dMMR tumors

To explore the variation of TCR repertoire upon treatment, we compared the intratumoral 

TCR repertoire from bulk RNA-seq in matched pre- and on-treatment tumors in three 

patients whose pre- and post-treatment biopsies were available (Pt1, Pt11, and Pt12). All 

three patients had a partial durable response according to RECIST v1.1 evaluation criteria 

(Fig. 6B). Consistent with the results in mice, the analysis of T cell infiltrates in all three 

patients showed increased number of TCR-β copies after Nous-209 treatment, highlighting 

expansion and diversification of clonotypes (Fig. 7A). The expansion of TCR clonotypes 

was associated with an enrichment in the estimate of the relative abundance of RNA 

belonging to effector memory T cells according to a recent pipeline for gene signature 

detection in tumors (Fig. 7B) (34).

To investigate the migration of vaccine-induced CD8+ T cells from the peripheral blood 

to the tumor, we focused on patient 1, for which we identified a neoepitope specificity 

for CD8+ T cells induced by the vaccine. The peptide carrying the mutation eliciting 

the response, named F24, was one of the 56 FSPs in common between the vaccine 

and the baseline tumor biopsy, detected by next generation sequencing (NGS) data 

analysis (table S2) (Fig. 7C). The F24 mutation was found in about 40% of tumor cells 

according to the mutation clonality analysis. The F24 sequence includes an 8-mer peptide 

predicted as a strong binder of one of the patient haplotypes [IAKKRIKL; HLA-B*08:01; 

predicted median inhibitory concentration (IC50), 36 nM]. After ex vivo and after in vitro 

restimulation (IVS), although F24-specific CD8+ T cells were not detected in the PBMCs 

collected after pembrolizumab treatment (Fig. 7D), the F24-specific CD8+ T cells were 

found expanded after IVS of PBMCs collected after vaccination, as shown by the higher 

number of IFN-γ+ SFCs (Fig. 7D).

Expanded F24-specific CD8+ T cells were also subjected to TCR-β sequencing. Seven 

F24 FSP-reactive TCR-β clones expanded after IVS were also detected in the post-vaccine 

treatment tumor biopsy by bulk RNA analysis (week 8; Fig. 7, E and F). Of those, only one 

clonotype (TCR1) was found in the baseline biopsy and expanded after treatment, whereas 

the other six TCR clones were exclusively detected in the posttreatment biopsy (Fig. 7G). 

Together, these results indicate that neoantigen-specific CD8+ T cells induced by Nous-209 

vaccine expand and diversify upon treatment, and successfully traffic and infiltrate into 

tumor bed.

DISCUSSION

The magnitude and the quality of neoepitope-specific CD8+ T cells are key determinants to 

drive effective antitumor responses. Conversely, for exhausted cells, TCF1+ CD8+ TSTEM 

cells can proliferate upon PD-1 blockade and act as a reservoir to continuously produce 

and replenish effector CD8+ T with cytolytic function (24). Recently, there is a growing 

interest in using CD8+ TSTEM cells for T cell–based therapies, such as adoptive T cell 
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transfer or generation of chimeric antigenic receptor (CAR) T cells, where the use of 

a less differentiated CD8+ T cell subsets has been associated with improved therapeutic 

responses (35, 36). Because of these unique properties of plasticity and self-renewal, 

strategies aiming to expand T cells to have stem-like properties might provide opportunities 

for the development of more effective immunotherapies in clinical cancer care, especially in 

patients with resistance to checkpoint blockade therapies (7).

Here, we characterize neoepitope-specific CD8+ T cells in a mouse CRC model. We have 

selected the MC38 cell line, which is considered a valid tumor cell line for modeling 

hypermutated and microsatellite instability (MSI)–high CRC (37). We show that vaccination 

with GAd vector encoding tumor neoantigens in combination with αPD-1 enhances the 

magnitude of neoantigen-specific CD8+ T cells and promotes their differentiation into stem-

like Tcf1+ CD8+ T cell progenitors.

scRNA-seq data of Adpgk-specific CD8+ T cells, induced by the vaccine in combination 

with αPD-1, highlighted a wide dynamic of CD8+ T cell expansion and differentiation with 

the accumulation of CD8+ TSTEM cells in the tumor-draining lymph nodes associated with 

memory T cell precursors in the spleen and CD8+ T effectors in tumor bed, suggesting 

that specific CD8+ T progenitors egress from the lymph nodes and further differentiate into 

effectors in the tumors. On the basis of these findings, it is likely that the superior antitumor 

efficacy achieved by GAd and αPD-1 combination compared to αPD-1 monotherapy is 

related with the magnitude and transcriptional quality of CD8+ T cell population induced by 

the vaccine.

Moreover, by using αβTCR sequences as a reliable molecular barcode to track the 

trajectories of Adpgk+-specific CD8+ T, we confirmed that the same CD8+ T cell clones 

can be found in both tissues in distinct differentiation stages. Our data support the role 

of CD8+ TSTEM cells as an active reservoir of progenitors of CD8+ T effectors and 

then exhausted cells, with the process of commitment for tumor-specific CD8+ T cells 

starting in the draining lymph nodes before migrating into the tumor (3). In the tumor 

microenvironment, as expected, chronic exposure to tumor antigens and the presence of 

multiple immunosuppressive signals lead to T cell exhaustion, a behavior confirmed by 

both trajectory inference and TCR clonal expansion. The TCR clonotype analyses have 

demonstrated an increased inter- and intraclonal heterogeneity of Adpgk+-specific CD8+ T 

cells in mice treated with GAd combined with αPD-1, as compared to mice receiving only 

αPD-1 monotherapy.

So far, the best example of vaccines generating long-lived memory T cells with stem-like 

features and mediating lifelong protection is the yellow fever vaccine, based on a highly 

effective attenuated virus (38). The synergistic mechanism of action of vaccination with 

checkpoint blockade in cancer is supportive of recent findings, showing that intravenous 

vaccination based on neoantigen peptides and Toll-like receptor 7/8 agonists (SNP-7/8a) 

linked to nanoparticles promotes increased numbers of CD8+ TSTEM cells, associated with 

better tumor rejection in a prophylactic cancer model (9).
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Another key aspect of this study is related to the effect of the Ad vaccine in broadening the 

antigenic breadth and clonal diversity of CD8+ T cells in the context of cancer models (18). 

Our findings support the adenoviral vector platform as a promising approach promoting 

the generation of a diversified TSTEM cell reservoir for effective antitumor activity. In 

accordance with results obtained in the preclinical mouse model, vaccination targeting 

shared FSP neoantigens across patients with dMMR induced a potent and broad T cell 

response in the vast majority of patients. Broadening of T cell repertoire and an increase 

of T cells with an effector memory phenotype after the vaccination were shown in three 

patients responding clinically to the treatment. In one of these patients, we could track 

vaccine-induced neoantigen-specific TCR clonotypes in the tumor biopsy. Together, these 

results suggest that neoantigen-specific CD8+ T cells, induced by Nous-209, expand and 

diversify upon treatment, and successfully traffic and infiltrate the tumor microenvironment 

to exert active antitumor activity.

Our data support the development of viral vectored vaccines for neoantigen-based 

immunotherapies. Shared neoantigens are not common in tumor types other than MSI-high 

tumors, and a personalized approach is required. Related to the personalized approach, a 

major challenge for clinical application in patients with metastatic cancer is the need for 

fast manufacturing and timely delivery of individually tailored vaccines to patients. To this 

aim, we have developed a fast process for producing viral vectors encoding 60 unique 

patient-specific neoantigens and recently initiated a clinical trial in patients with metastatic 

melanoma and non–small cell lung cancer (NCT04990479).

This study has some limitations. First, there are some differences between the mouse model 

and the clinical trial in terms of treatment regimen and schedule. In mice, the vaccine was 

administered concomitant to αPD-1, whereas in the trial patients first received αPD-1 and 

then the vaccine. In patients, the vaccine was administered at the second injection of αPD-1 

to establish a baseline immune response after αPD-1 treatment but before vaccination to 

evaluate vaccine-induced immune response. In contrast to the clinical trial, in the mouse 

model, vaccine schedule did not include a MVA boost after GAd priming. Tumor growth 

is much faster in the mouse model and does not allow for the assessment of the MVA 

boost. However, the ability of MVA to improve the magnitude and quality of adeno vaccine–

induced T cells has been extensively demonstrated (15) and supports the use of the prime 

and boost regimen in patients.

Second, the effect of expansion and diversification of the intratumoral TCR-β is reported in 

three patients, and it was only possible in one to track vaccine-induced neoantigen-specific 

TCRs in the tumor biopsy after treatment. Unfortunately, only a limited number of requested 

samples from the clinical trial were available and were of good enough quality for proper 

analysis. Additional clinical samples will be analyzed in the future to extend our data. In 

addition, the patient population of this study is heterogeneous in terms of both line of 

treatment (first and second line of treatment) and tumor type, and the number of patients 

is too low to allow comparison with historical data of αPD-1 efficacy. Last, the TCR 

repertoire in the patient tumor biopsies was analyzed from bulk RNA-seq data and not by 

scRNA-seq, as were the samples from the mouse model. However, scRNA-seq of clinical 
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tumor specimens poses several challenges both technically and logistically in multisite 

studies.

Overall, our findings indicate that Ad vector vaccines in combination with checkpoint 

inhibitor treatment can sustain the proliferation, expansion of neoepitope-specific T cell 

clones, and trafficking into the tumor both in mice and in patients with cancer. This 

vaccination platform encoding many different neoantigens is well suited to overcome 

αPD-1 therapy resistance by increasing polyclonal expansion and eliciting memory T cells 

against tumor rejection neoantigens, thus paving the way for more effective immunotherapy 

treatments.

MATERIALS AND METHODS

Study design

This is a multicenter, unrandomized, open-label phase 1 study designed to determine safety, 

immunogenicity, and preliminary efficacy of heterologous prime/boost GAd20-209-FSP/

MVA-209-FSP vaccination schedule in combination with pembrolizumab, in subjects with 

second- or first-line unresectable or metastatic dMMR/MSI-H CRC, gastric, or GEJ tumors 

(NCT04041310). The study is composed of two sequential cohorts, i.e., dose escalation 

and expansion, testing two dose levels, i.e., dose level 1 [GAd20-209-FSP: 1.88 × 1010 

viral particles (vp); MVA-209-FSP: 1.65 × 107 infectious unit (ifu)] and dose level 2 

(GAd20-209-FSP: 1.88 × 1011 vp; MVA-209-FSP: 1.65 × 108 ifu). The study started at the 

first pembrolizumab infusion (day 1 of week 1); GAd20-209-FSP prime was administered 

on the day of the second pembrolizumab infusion (week 4); MVA-209-FSP boosts were 

given at third, fourth, and fifth pembrolizumab infusions (weeks 7, 10, and 13, respectively).

In the dose escalation portion of the study, a 3 + 3 + 3 dose escalation design was applied 

in up to two sequential cohorts. In the dose expansion portion of the study, the expansion 

cohort was determined by logistic feasibility rather than statistical considerations. No formal 

sample size calculation was carried out. Safety monitoring committee was established to 

assess safety of both dose levels, to make a recommendation for recommended phase 

2 (RP2D) of the vaccine, as well as recommendations concerning the continuation, 

modification, and termination of the trial. The severity and relatedness with vaccination 

or adverse effects were assessed by the medical team in each center and graded according 

to Common Terminology Criteria for Adverse Events (CTCAE) v5.0. Objective response 

rate (ORR) was assessed using RECIST v1.1. Immunogenicity was assessed using ex vivo 

ELISpot. The full study protocol is provided in the Supplementary Materials (trial protocol 

no. NOUS-209-01-00). Subjects were expected to attend several visits after screening 

(up to 28 days) and in addition to vaccination visits. During the visits, the subjects 

underwent blood sampling and medical evaluation. Subjects also discussed with a doctor any 

potential adverse effects. Three subjects were vaccinated with dose level 1 of Nous-209 in 

combination with pembrolizumab treatment, not reporting any DLT. Subsequently, subjects 

were enrolled at dose level 2 of Nous-209 in combination with pembrolizumab. Nine 

subjects were vaccinated with dose level 2 of Nous-209 in combination with pembrolizumab 

treatment as of 29 September 2021, not reporting any DLT. Therefore, the high dose was 

declared as the RP2D.
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Ethical statement

The study was approved by the Institutional Review Boards (IRBs) of MD 

Anderson University of Texas (protocol 2019-0651), Weill Cornell Medicine (protocol 

19-08020684-02), John Hopkins (IRB 00220323), Roswell Park (MOD 00006973/

P-457819), Karmanos Cancer (IRB 202000155), and City of Hope (IRB 19277/176947).

Vaccine vector generation

Production of GAd vaccine vector for preclinical studies has been performed as previously 

described (18). GAd-209-FSP and MVA-209-FSP vectors have been generated as previously 

described (19). For GAd, the transgenes were synthesized by GeneArt (Thermo Fisher 

Scientific) and subcloned via Eco R1–Not 1 restriction enzymes (New England Biolabs) into 

a shuttle plasmid containing the cytomegalovirus (CMV) promoter with two Tet Operator 

repeats and a bovine growth hormone (BGH) polyA. The expression cassettes were then 

transferred into the E1 deletion locus of pGAd20 plasmid by homologous recombination in 

BJ5183 cells. pGAd20 contains the genome of a gorilla Ad (serotype group C) deleted in E1 

and E3 regions. For MVA-209, the transgenes were synthesized by GeneArt and subcloned 

via Bam H1–Asc 1 restriction enzymes (New England Biolabs) into a shuttle plasmid under 

the control of the P7.5 promoter. In addition, the shuttle plasmid carries an enhanced green 

fluorescent protein (eGFP) expression cassette and sequences homologous to the deletion 

III locus of MVA, to allow insertion of both expression cassettes (eGFP and transgene) 

in this locus. Recombinant MVA vectors were obtained by homologous recombination in 

chick embryo fibroblast (CEF) cells. GAd-209-FSP and MVA-209-FSP clinical lots have 

been manufactured by Reithera s.r.l. (Rome, Italy). For Good Manufacturing Practice (GMP) 

production of GAd-209-FSP, the four GAd-20 vectors have been amplified in suspension 

M9 cells [human embryonic kidney (HEK) 293 derivative] and purified by anion exchange 

chromatography. Vector titers were determined by quantitative polymerase chain reaction 

targeted on CMV promoter sequence, and the four vectors were mixed to generate the 

GAd-209-FSP vaccine. Vector infectious titers were determined by hexon immunostaining 

on infected M9 cells.

For GMP production of MVA-209-FSP, the four MVA vectors have been amplified in 

suspension AGE1.CR.pIX cells and, after purification, mixed to obtain the MVA-209-FSP 

vaccine. Infectious titer has been determined by immunostaining on infected Vero cells with 

anti–vaccinia virus antibodies.

Mice

C57BL/6J female mice were obtained from Envigo and used between 7 and 10 weeks 

of age. All the mice were housed in Molecular Biotechnology Center (MBC) (Turin 

University) specific pathogen free (SPF) Animal Facility. Live animal experiments were 

done in accordance with the guidelines of Italian and European Veterinary Department.

In vivo treatments

Vaccines were administered via intramuscular injections in the quadriceps by delivering a 

volume of 50 μl per side at 5 × 108 vp. For efficacy studies, anti–PD-1 antibody (αPD-1, 

BioXcell, clone RMP114, catalog number BE0146) was administered twice a week until day 
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16 after start of treatment. The antibody was administered intraperitoneally at a dosage of 

200 μg. At the indicated time points, the draining inguinal lymph nodes, tumors, and spleens 

were harvested and analyzed by flow cytometry.

In vivo tumor progression

MC38 cells (2 × 105; C57BL/6 mouse colon adenocarcinoma, American Type Culture 

Collection) were subcutaneously injected as aforementioned. Before treatments start (day 

0), animals were randomized (tumor size average per group, 70 to 100 mm3). Mice were 

sacrificed as soon as signs of distress or a tumor volume above 2000 mm3 occurred. Tumor 

growth was measured every 3 to 4 days. Tumor volume was calculated using the formula 

(tumor size W) × (tumor length L)2/2, where the length was the longer dimension.

Flow cytometry and index cell sorting

The cells were harvested at different time points after immunization. Single-cell suspensions 

were generated, red blood cells were lysed with a hypotonic buffer, and cell number 

was determined. Tumor-infiltrating lymphocytes were enriched by Percoll gradient before 

labeling. Cell suspensions were prepared in phosphate-buffered saline (PBS)–0.5% bovine 

serum albumin (BSA) and 2 mM EDTA, and cells were labeled according to the 

experiment with αCD8 (clone 53-6.7, reference 563332, BD), αTCRβ (clone H57-597, 

reference 563221, BD), αCD103 (clone M290, reference 562772, BD), αCD69 (clone 

H1.2F3, reference 552879, BD), αCD44 (clone IM-7, reference 565480, BD), αCD62L 

(clone MEL-14, reference 563252, BD), αCD127 (clone SB/199, reference 562419, BD), 

αKLRG1 (clone 2F1, reference 742199, BD), αH-2Kb (clone AF6-88.5, reference 116507, 

BioLegend), αH-2Db (clone REA619, reference 130-109-608, Miltenyi), αPD-1 (clone J43, 

reference 67-9985-82, Invitrogen), and αCD38 (clone 90, reference 11-0381-82, Invitrogen). 

Cells were then fixed with 1% paraformaldehyde. Fc receptors were blocked with the 

CD16/CD32 (2.4.G2) monoclonal antibody. Dead cells were stained with cell death dyes 

(eBioscience) according to the manufacturer’s instructions. Phenotypic characterization of 

lymphocytes was performed using BD LSRFortessa X-20 and sorted with BD FACSAria III 

(Becton Dickinson). The limit of detection was set above 10 recorded cells. The data were 

analyzed with FlowJo 10.4.2 software.

Peptide stability assay

RMA-S cells (5 × 105) were plated in a 24-well plate, and each peptide (Dpagt1, Reps1, 

Adpgk, Irgq, Aatf, and Cpne1) was added with a final concentration of 30 μM. The cells 

were incubated overnight at 37°C. Next, they were collected in a 50-ml tube, washed 

with 1× PBS, and plated in a 96-well plate. To monitor the relative stability of surface 

H2-Kb and H2-Db molecules, the cells were stained with αH-2Kb (AF6-88.5) and αH-2Db 

(clone REA619) antibody every 2 hours for 6 hours in total. Phenotypic characterization of 

lymphocytes was performed using BD LSRFortessa X-20 and sorted with BD FACSAria III 

(Becton Dickinson). The data were analyzed with FlowJo 10.4.2 software.
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Single-cell RNA-seq

Dextramer-Adpgk+ CD8+ T cells were FACS-sorted from draining lymph nodes and tumors, 

harvested from nontreated tumor-bearing mice, and treated with αPD-1 and with αPD-1 

combined with GAd. Neoepitope-specific CD8+ T cells were sorted into 384-well plates 

containing lysis buffer and immediately frozen. Single-cell library preparation was done as 

previously described (26). Libraries were pooled and sequenced [2 × 50–base pair (bp) and 2 

× 100-bp paired-end reads], 106 reads per cell, on the NOVAseq 6000 instrument.

Single-cell RNA-seq processing

Single-cell sequencing files (base calls) were first demultiplexed using the bcl2fastq2 

(v.2.20.0.422) software using default parameters for paired-end sequencing. The resulting 

FASTQ files were then aligned to the GRCm38 mouse (mm10) genome using STAR 

(v.2.7.3a) (39, 40), and transcript-per-million (TPM) counts were obtained by processing 

the alignments with RSEM (v.1.3.1) (41). After quality controls, 1189 cells were selected for 

further analysis with R (v.3.6.3) (R Core Team, 2020). Only genes detected in at least 5% 

of the cells with a log2TPM ≥ 2 were analyzed. Furthermore, mitochondrial and ribosomal 

genes were removed.

Data were regressed through linear modeling, then scaled, and centered along mean values 

of the gene expression matrix. PCA was run on the scaled data, and using the elbow plot 

approach, the first 14 principal components were selected for the UMAP (42) and clustering 

procedures. Clusters were identified using the Louvain algorithm (43) with the following 

parameters for k, resolution, and number of iterations: k = 35, r = 0.4, and i = 1000. 

Differentially expressed genes for each cluster and for each cluster subdivided by mouse 

response were obtained using MAST with default parameters (44).

TCR sequences were reconstructed using TraCeR (45) with default parameters. The outputs 

of TraCeR include the assembled nucleotide sequences for both α and β chains, the coding 

potential of the sequences, the estimation of TPM values, and the CDR3 sequences. Only 

α and β chains with TPM values higher than 10 and 15 TPM, respectively, were kept for 

analysis. Clones were defined as different cells that shared identical α-β pairs. In addition, 

cells that shared CDR3 and α sequence with other cells, but in which TraCeR failed to 

reconstruct the β sequences, were associated to the respective clones. In the rare event 

of matches with multiple clones, the TCR was disregarded and not considered for further 

analyses. Cells with missing α chains were not included in clones even if they shared a β 
sequence with other cells.

Supervised trajectory inference was done using the slingshot R package (46). We defined the 

start and end points of the lineages as the naïve and exhausted cell populations, respectively.

Patient PBMC preparation

Peripheral blood samples (PBMCs) from patients were isolated at different time points 

and cryopreserved at the clinical sites before shipment to the central laboratory for 

immunogenicity assessment. PBMC isolation and freezing procedures were performed 

within maximum 8 hours from blood collection to preserve PBMC functionality in 

D’Alise et al. Page 17

Sci Transl Med. Author manuscript; available in PMC 2023 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immune-monitoring assays. Briefly, peripheral venous blood (80 ml) was collected in 8 

× 10-ml lithium-heparin Vacutest blood collection tubes (Kima). PBMCs were isolated 

using Leucosep Bio-One Polypropylene Tube (prefilled) according to the instructions of the 

manufacturer. In brief, whole-blood samples were diluted 2:1 with Hanks’ balanced salt 

solution (HBSS) and transferred to the Leucosep tubes (20 ml of blood and 10 ml of HBSS 

for each tube). The tubes were then centrifuged at 800g for 15 min without braking at 20°C 

(±2°C). The cell suspension was collected, washed in HBSS for 10 min at 800g, and then 

washed two more times at 250g for 10 min at 20°C in HBSS + 5% fetal bovine serum (FBS) 

before counting. After counting, cells were thawed in freezing medium [10% dimethyl 

sulfoxide (DMSO) and 90% FBS] and placed at −80°C for 1 to 3 days before storage in 

liquid or vapor N2 tank. At the time of shipment, the samples were transferred from liquid 

N2 tank to MVE Vapor Shipper and then shipped to the central laboratory. PBMCs were 

stored in vapor-phase liquid nitrogen until time of the analysis. Median post-thaw PBMC 

viability was about 90.0%.

IFN-γ ELISpot assay

The frequency of IFN-γ–producing T cells was measured by ex vivo ELISpot-forming cell 

assay after antigen-specific stimulation. PBMCs were resuspended in R10, stimulated with 

a set of peptides designed to cover the 209 FSPs encoded by the vaccine, and arranged into 

16 peptide pools (P1 to P16). Cells were plated at 2 × 105 cells per well in ELISpot plates 

(Human IFN-γ ELISpotPLUS kit, Mabtech) and incubated for 18 to 20 hours in the presence 

of the peptides in a 37°C (±1°C), humidified CO2 incubator. At the end of incubation, the 

ELISpot assay was developed according to the manufacturer’s instructions. Spontaneous 

cytokine production (background) was assessed by incubating PBMCs with the medium 

only plus the peptide diluent DMSO (negative control) (Sigma-Aldrich), whereas CEFX [a 

pool of known peptide epitopes for a range of human leukocyte antigen (HLA) subtypes 

and different infectious agents, namely, Clostridium tetani, coxsackievirus B4, Haemophilus 
influenzae, Helicobacter pylori, human Ad5, human herpesvirus 1, human herpesvirus 2, 

human herpesvirus3, human herpesvirus 4, human herpesvirus 5, human herpesvirus 6, 

human papillomavirus, JC polyomavirus, measles virus, rubella virus, Toxoplasma gondii, 
and vaccinia virus (JPT Peptide Technologies)] was used as positive control. Results 

are expressed as SFC/106 PBMCs in stimulating cultures after subtracting the DMSO 

background. The cutoff values for a positive response were calculated on 20 healthy donors. 

A response was considered positive if (i) the number of SFC/106 cells was greater than 48 

and (ii) higher than three times the background DMSO value. A subject is defined as a 

responder if reactivity to at least 1 of the 16 FSP peptide pools is induced after vaccination. 

Induction of an immune response is defined as a change from negative at baseline (after 

pembrolizumab) to positive at any of the time points collected after vaccination. In case of 

detection of a positive reactivity against one of the peptide pools at baseline, the vaccine is 

expected to determine an increase (of at least 80%) of the preexisting reactivity to at least 1 

of the 16 FSP peptide pools, and in this case, such patients will be considered as responders.

In vitro expansion of neoantigen-specific T cells

For in vitro expansion of antigen-specific T cells, PBMCs were cultured in RPMI 1640 

medium supplemented with L-glutamine, Hepes, penicillin/streptomycin (Gibco), and 10% 
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heat-inactivated human serum (Defined, HyClone). Cells (4 × 106 per well) in 1-ml volume 

were stimulated in a 24-well plate with individual (4 μg/ml) or peptide pool (each peptide at 

4 μg/ml) in the presence of interleukin-7 (IL-7) (330 U/ml; PeproTech). On day 3, low-dose 

IL-2 (10 U/ml; PeproTech) was added. Half-medium change and supplementation of IL-2 

were performed at days 3, 7, and 10. After 12 days, PBMCs were collected and resuspended 

in complete medium without cytokines and peptides for overnight resting at 37°C. The day 

after, T cell response against F24 peptide was tested by IFN-γ ELISpot assay.

Tumor biopsy RNA-seq

For all the patients, appropriate IRB approval and written informed consent were obtained. 

Formalin-fixed paraffin-embedded tissue specimens before and after treatment together with 

a blood sample were collected from patient 1. DNA and RNA were extracted from each 

collected sample and sequenced at CeGaT GmbH. Raw exome and RNA-seq reads were 

aligned on the GRCh37 human genome using Burrows-Wheeler Aligner (BWA) mem 

(PMC2705234) and HISAT2 2.0.4 (PMC7605509) software, respectively. Multimapping 

reads were filtered out using SAMtools 0.1.19 (PMC7931819). Optical duplicates were 

marked using Picard’s MarkDuplicates tool v1.14 (https://broadinstitute.github.io/picard/). 

DNA alignments were further optimized at regions around indels, and base scores were 

recalibrated after the optimization step using Genome Analysis Tool Kit (GATK) software 

v3.4.46 (PMC2928508). Somatic variant calling of small indels was performed using 

Mutect2 (PMC2928508), VarScan 2 (PMC3290792), and Scalpel (PMC5507611) with 

default parameters. All frameshift mutations detected by at least one variant caller were 

considered. Analysis of clonality of detected mutations was performed by using allele-

specific copy number analysis of tumors (ASCAT) software (PubMed identifier PMID: 

20837533) to detect copy number variation in tumor exome sequencing data, followed 

by PyClone (PMC4864026) to estimate the clonality of each somatic mutation. All the 

parameters were kept to default except for the input of ASCAT that was created with a 

custom tool that filters only the SNPs with at least the 30% of mutation allele frequency 

in blood. The list of filtered SNPs was then passed to the AlleleCounter tool to prepare the 

input for ASCAT.

MHC-I binding prediction

Patient HLA class I haplotypes were determined by using the OptiType software 

(PMC4441069) on the exome sequencing performed on blood sample. MHC-I binding 

predictions on the positive peptide were performed using the consensus method included 

in Immune Epitope Database 2.17 (PMID: 16767078). HLA binders (8- to 10-mer) with a 

predicted IC50 ≤ 500 nM were considered.

TCR-sequencing analysis

TCR sequencing (TCR-seq) of TCR-β chain was performed on IVS expanded T cells. 

Raw NGS data were analyzed with MiXCR 2.1.11 (PMID: 25924071) applying default 

parameters. The parameters were modified according to the manual to assess the TCR-β 
chain repertoire in RNA-seq performed on tumor biopsies at baseline and after vaccination. 

The derived CDR3 sequences were further analyzed by tracking the expression of 
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clonotypes that were shared between post-vaccination tumor biopsy and in vitro sample 

at week 7 stimulated with F24 peptide.

Statistical analysis

Unpaired t test, or otherwise mentioned, was used for statistical analysis. SEM and P value 

were determined using Prism software (GraphPad Software Inc.). Symbols used: *P < 0.05, 

**P < 0.01, ***P < 0.001, and n.s. (not significant).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. GAd vaccination combined with αPD-1 treatment reduces tumor growth by increasing 
the number of neoepitope-reactive CD8+ T cells in mice.
(A) Experimental design. C57BL/6J female mice (G1 to G3) were subcutaneously (s.c.) 

injected with MC38 adenocarcinoma colon cancer cell line. Eleven days later, G2 and G3 

were intraperitoneally (i.p.) injected, every 3 days, with the monoclonal antibody (Ab) 

αPD-1. Eleven days after tumor implantation (tumor size between 70 and 100 mm3), G3 

were also intramuscularly (i.m.) injected with poly-neoantigen Gad vaccine. Twenty-six 

days after tumor implantation, Db-Adpgk+ and Db-Reps1+CD8+ T cells were analyzed, in 
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the draining lymph node, tumor, and spleen, by flow cytometry. (B) Overall survival of 

tumor-bearing mice was measured over time in G1, G2, and G3. (C) Representative dot plots 

of Db-Adpgk+CD8+ T cells and Db-Reps1+CD8+ T cells in the tumors; numbers represent 

percentages. (D, F, and H) Percentages and numbers (N.) of Db-Adpgk+CD8+ T cells were 

measured in draining lymph node (dLN) (D), tumor (tm) (F), and spleen (H). (E, G, and 

I) Percentages and numbers of Db-Reps1+CD8+ T cells were measured in draining lymph 

node (E), tumor (G), and spleen (I). Data are shown as mean with SEM (D to I, left) and 

geometric mean (D to I, right). *P < 0.05, **P < 0.01, and ***P < 0.001 (Mann-Whitney 

test). Graphs are representative of six experiments with seven mice per group.
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Fig. 2. GAd combined with αPD-1 treatment induces neoepitope-reactive memory precursor 
CD8+ T cells in mice.
(A) Representative dot plots of CD127 and KLRG1 markers (CD127+KLRG1− memory 

precursors and CD127−KLRG1+ effectors); numbers represent percentages. (B to D) 

Number of Db-Adpgk+CD8+ T memory precursors and effectors were measured in draining 

lymph node (B), tumor (C), and spleen (D). (E) Representative dot plots of CD38 and 

PD-1 markers gated on CD127+KLRG1−Db-Adpgk+CD8+ T cells. (F to H) Numbers of 

CD38+PD-1+ cells gated on CD127+Db-Adpgk+CD8+ T cells were measured in draining 
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lymph node (F), tumor (G), and spleen (H). (I) Representative dot plots of exhausted 

CD38+PD-1+cells analyzed on gated CD127−KLRG1+ (left) and on gated CD127−KLRG1− 

(right) Db-Adpgk+ CD8+ T cells in tumor; numbers represent percentages. In red, memory 

precursors gated on Db-Adpgk+ CD8+ T cells were displayed; in gray, the total number 

of Db-Adpgk+ CD8+ T cells was displayed. (J) Numbers of exhausted Db-Adpgk+ CD8+ 

T cells on gated CD127−KLRG1+ were measured in tumor. (K) Numbers of exhausted 

Db-Adpgk+ CD8+ T cells on gated CD127−KLRG1− were measured in tumor. (L) 

Representative dot plots of CD103 and CD69 markers (CD103+CD69+ TRM cells) in tumor; 

numbers represent percentages out of the total CD8+ T cells isolated from the tumor. (M) 

Numbers of Db-Adpgk+ CD8+ TRM cells were measured in tumors. Data are shown as 

geometric mean (B to D, F to H, J, K, and M). *P < 0.05, **P < 0.01, and ***P < 0.001 

(Mann-Whitney test). Graphs are representative of six experiments with seven mice per 

group. Cells below the limit of detection were indicated as non-detectable (n.d.).
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Fig. 3. scRNA-seq of CD8+ T cells identifies distinct subpopulations induced by αPD-1 + GAd 
vaccine in mice.
(A) Experimental design for scRNA-seq. Three groups of mice (G1 to G3) were treated as 

shown; CD8+ T cells isolated from untreated mice were used as the control (CTRL). (B) 

UMAP visualization of CD8+ T cells (n = 1189) color-coded by tissue of origin (t, tumor; 

ln, lymph node, dln, draining lymph node). (C) UMAP visualization of clustering results 

with phenotype annotations. (D) Distribution of Db-Adpgk+ CD8+ T cell frequencies in 

each experimental condition, color-coded by cluster. (E) Measurement of the expression of 
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genes encoding transcription factors, memory, effector, and checkpoint markers is shown in 

boxplots. Kruskal-Wallis test, P ≤ 5.7−16. (F) Number of expressed marker genes from 

(E) projected onto UMAP. (G) Heatmap of selected top differentially expressed (DE) 

genes, TSTEM progenitor, and TEX CD8+ T cell signatures (29), color-coded by cluster. 

(H) Heatmap of cluster-wise cell frequencies for each treatment and cell type (ln, lymph 

node; t, tumor) and (I) results of Fisher’s exact test of those frequencies. The x- and y-axis 

orders were defined through hierarchical clustering. Frequencies were calculated from each 

combination of cell type and treatment (shown on rows) across all clusters; thus, the sum of 

the values of each row of the heatmap is 1 (=100%).
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Fig. 4. Phenotype landscapes and trajectories of differentiation of Db-Adpgk+ CD8+ T cells from 
mice.
(A) GSEA of DE genes found in clusters (adjusted P ≤0.05). NES, normalized enrichment 

score. (B) Percentage of signature expression of TSTEM progenitors (MILLER_PROG.) and 

TEX CD8+ T cells (MILLER_TERM), core circulating (MILNER_TCIRC), and core tissue-

resident memory T cell (MILNER_TRM_TISSUE_RESIDENCY) signatures (29, 32) in 

each cell. (C) Trajectory inference results shown as pseudotime projected onto UMAP. (D) 

Bar plots of cell percentages across experimental treatments for each lineage. (E) Locally 
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weighted scatterplot smoothing of expression of transcription factors, memory, effector, and 

checkpoint markers along pseudotime trajectories.
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Fig. 5. Expanded TCR clonotypes are in memory progenitor stem-like and exhausted stages in 
lymph nodes and tumors of mice, respectively.
(A) T cell receptor (TCR) clonotype size of each Db-Adpgk+ CD8+ T cell projected 

onto UMAP. (B) Pie charts of TCR clonotype size for each cluster. (C) Distribution of 

TCR clonotype size in the different experimental groups, color-coded by TCR. The TCR 

label indicates the numeric ID of each clonotype and the number of cells belonging to 

the clonotypes before and after the underscore, respectively. “U” indicates unique TCRs. 

Numbers of clones and unique TCRs are annotated on the plot. (D and E) Scatterplot of cell 
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frequencies for each TCR clonotype in lymph node and tumors isolated from (D) αPD-1–

treated and (E) αPD-1 + GAd–treated mice, respectively. (F) Examples of TCR distributions 

projected onto UMAP for αPD-1– and αPD-1 + GAd–treated mice, respectively. (G) TCR-

wise frequencies from cell counts of clonotypes across clusters. Axis order was defined 

through hierarchical clustering. (H) Distribution of TCR cell frequencies from αPD-1 + 

GAd–treated mice among clusters (Wilcoxon signed-rank test).
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Fig. 6. Nous-209 vaccination elicits a strong and broad neoantigen-specific T cell response in 
patients with dMMR tumors.
(A) Clinical event timeline for 12 vaccinated patients (Pt) from baseline to the latest 

time point; treatments include αPD-1 combined with GAd and MVA vaccine prime boost 

administrations. (B) Clinical responses after treatment as assessed by tumor imaging per 

RECIST v1.1: response duration shown as a swimmer plot for tumor response over time. 

White circles indicate time of first response. The arrowheads on the right indicate continuing 

study treatment. (C and D) Immune responses measured in patients (n = 10) after Nous-209 
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vaccine by ex vivo IFN-γ. Immunogenicity was assessed by ex vivo IFN-γ ELISpot on 

peripheral blood mononuclear cells (PBMCs) stimulated with 16 pools of overlapping 

peptides covering the entire vaccine sequence. (C) Frequency of patients showing a positive 

response after vaccination and number of SFCs/million PBMCs corresponding to the sum 

of the responses to the single pools. Dot plot in (D) represents peak responses for each 

individual subject, compared with baseline prevaccination responses after pembrolizumab. 

Lines represent the mean of immune response. (E to G) Breadth of immune responses: 

number of FSP-positive pools (E), kinetic T cell responses measured by ex vivo IFN-γ 
ELISpot (F), and IFN-γ+ FSP-specific CD8+ T cells measured by intracellular staining 

(ICS) and flow cytometry after vaccination (G) are reported for patients 3 (dose 1) and 6 

(dose 2).
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Fig. 7. TCR neoantigen-specific T cell clonotype repertoire is expanded and diversified after 
Nous-209 vaccination.
(A) Expansion and diversification of TCR-β repertoire in preand posttreatment tumor 

biopsies in three patients with clinical response (PR). (B) Estimated mRNA fraction of 

effector memory T (TEM) cells on tumor samples before and after treatment according to 

gene expression data (34). (C) Study of patient 1 (Pt1), a stage IV microsatellite instability–

high (MSI-H) CRC, second line (2L) in PR. For this patient, baseline tumor biopsy and 

on-treatment biopsy were collected before the first pembrolizumab administration (week 1) 

D’Alise et al. Page 37

Sci Transl Med. Author manuscript; available in PMC 2023 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and after first MVA (week 8), respectively. (D) T cell responses in Pt1 were measured by 

IFN-γ ELISpot assay performed ex vivo and after in vitro restimulation (IVS) with a peptide 

specific for one encoded FSP (FSP 24). Tested PBMC were collected after pembrolizumab 

(week 4) and after vaccination (week 7). DMSO and CEFX were used as negative and 

positive control, respectively. (E) TCR-β sequencing of PBMCs stimulated in vitro with the 

F24 peptide. The abundance of seven TCR-β clonotypes shared among PBMCs stimulated 

in vitro with F24 peptide and the clonotypes in the on-treatment tumor biopsy, detected by 

RNA-seq, are represented. (F) Bar plots represent the abundance of the seven clonotypes 

analyzed at baseline and after treatment on the tumor biopsies. Only one TCR (TCR1) 

was also found in the baseline biopsy as already present in the tumor and expanded after 

treatment, whereas the other six clones were exclusively detected in the posttreatment 

biopsy. (G) Expansion and diversification of TCR-β repertoire in pre- and posttreatment 

tumor biopsies. The clonotypes detected on the tumor biopsies of Pt1 are shown. Each bar 

is a TCR-β individual clone; colored bars indicated seven TCR clonotypes specific for F24 

FSP identified in (F).
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