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RNA neoantigen vaccines prime long-lived 
CD8+ T cells in pancreatic cancer
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A fundamental challenge for cancer vaccines is to generate long-lived functional  
T cells that are specific for tumour antigens. Here we find that mRNA–lipoplex vaccines 
against somatic mutation-derived neoantigens may solve this challenge in pancreatic 
ductal adenocarcinoma (PDAC), a lethal cancer with few mutations. At an extended 
3.2-year median follow-up from a phase 1 trial of surgery, atezolizumab (PD-L1 
inhibitory antibody), autogene cevumeran1 (individualized neoantigen vaccine  
with backbone-optimized uridine mRNA–lipoplex nanoparticles) and modified (m) 
FOLFIRINOX (chemotherapy) in patients with PDAC, we find that responders with 
vaccine-induced T cells (n = 8) have prolonged recurrence-free survival (RFS; median 
not reached) compared with non-responders without vaccine-induced T cells (n = 8; 
median RFS 13.4 months; P  =  0.007). In responders, autogene cevumeran induces 
CD8+ T cell clones with an average estimated lifespan of 7.7 years (range 1.5 to roughly 
100 years), with approximately 20% of clones having latent multi-decade lifespans 
that may outlive hosts. Eighty-six percent of clones per patient persist at substantial 
frequencies approximately 3 years post-vaccination, including clones with high 
avidity to PDAC neoepitopes. Using PhenoTrack, a novel computational strategy  
to trace single T cell phenotypes, we uncover that vaccine-induced clones are 
undetectable in pre-vaccination tissues, and assume a cytotoxic, tissue-resident 
memory-like T cell state up to three years post-vaccination with preserved neoantigen- 
specific effector function. Two responders recurred and evidenced fewer vaccine-
induced T cells. Furthermore, recurrent PDACs were pruned of vaccine-targeted 
cancer clones. Thus, in PDAC, autogene cevumeran induces de novo CD8+ T cells with 
multiyear longevity, substantial magnitude and durable effector functions that may 
delay PDAC recurrence. Adjuvant mRNA–lipoplex neoantigen vaccines may thus solve 
a pivotal obstacle for cancer vaccination.

We previously reported1 early clinical and immunologic results of an 
investigator-initiated, phase 1 trial of adjuvant sequential anti-PD-L1 
(atezolizumab, single pre-vaccination dose), followed by 8 intravenous 
priming doses of an individualized uridine-based mRNA neoantigen 
vaccine (autogene cevumeran; containing up to 20 major histocompat-
ibility complex class I (MHCI) and class II (MHCII) restricted neoantigens 
against predominantly somatic passenger mutations administered  
3 weeks after atezolizumab), mFOLFIRINOX (12 cycles) and a single 
vaccine boost dose (Extended Data Fig. 1a) in 19 patients with surgically 

resected PDAC (the safety-evaluable cohort comprised 16 vaccinated 
patients and 3 atezolizumab-treated patients). At a median follow-up 
of 1.5 years, in 8 out of the 16 vaccinated patients (biomarker-evaluable 
cohort), autogene cevumeran induced high-magnitude, polyfunc-
tional neoantigen-specific CD8+ effector T cells that correlated with 
delayed PDAC recurrence1. Here we double the clinical and immuno-
logic follow-up time to probe whether vaccine-induced CD8+ T cells:  
(1) durably correlate with delayed PDAC recurrence; (2) persist long term 
as putative memory T cells; and (3) retain effector function long term.
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Clinical outcome at extended follow-up
In the biomarker-evaluable cohort1, at a median follow-up of 3.2 years  
(range 2.3–4.0 years), the 8 patients with vaccine-induced high- 
magnitude neoantigen-specific T cells determined by ex vivo IFNγ 
ELISpot1 (responders) had a median RFS that was not reached (Fig. 1a, 
left). By contrast, the 8 patients without vaccine-induced T cells (non- 
responders) had a median RFS of 13.4 months (P  =  0.007; hazard 
ratio  =  0.14, 95% confidence interval 0.03–0.59; Fig. 1a, left). The effect 
size between vaccine responders and non-responders was similar to 
the observed effect size at 1.5-year median follow-up1, including by 
landmark analysis to exclude a time-to-response bias (Extended Data 
Fig. 1b, left). Consistent with our previous findings that vaccine respond-
ers were not merely enriched in patients responding to atezolizumab 
or patients with better prognosis1, atezolizumab immune response 
(Methods) and tumour size did not correlate with delayed recurrence 
(Extended Data Fig. 1b, middle and right). We previously reported1 
equivalent clinicopathologic prognostic features and comparable 
immune competence throughout the study period in responders and 
non-responders, with similar humoral and cellular immunity to con-
current unrelated mRNA vaccination (SARS-CoV-2). Median overall 
survival (OS) was not reached in responders or non-responders (Fig. 1a, 
right) at extended follow-up. In the safety-evaluable cohort, the median 
RFS was 18.0 months, and median OS was not reached (Fig. 1b). Thus, 
autogene cevumeran response may durably correlate with delayed 
PDAC recurrence.

Vaccines elicit long-lived T cell clones
To investigate whether vaccine-induced T cells persist, we traced the 
origin and longevity of vaccine-induced T cell clones in all responders 
(Fig. 2a). To do so, we applied CloneTrack1, which utilizes T cell receptor 

(TCR) Vβ sequencing of peripheral blood before and after vaccination to 
detect and trace high-magnitude vaccine-induced T cell clones (Meth-
ods). We previously reported1 that in responders, CloneTrack-identified 
clones are nearly all CD8+ T cells and include CD8+ T cells specific to 
the subset of vaccine neoantigens that trigger positive ex vivo IFNγ 
ELISpot responses post-priming (25 of 108 vaccine neoantigens in 8 
responders were ELISpot-positive1; Fig. 2b, top).

Applying CloneTrack from pre-vaccination to approximately 4 years 
post-vaccination (5.47 million clones, 9.95 million cells in 131 samples 
across 26 timepoints; Fig. 2a) across all 8 responders, we identify that 
vaccines induce 79 T cell clones post-priming (‘CloneTrack clones’; 
Fig. 2b, top) with multiple clones in all patients (Extended Data Fig. 2a) 
and no new boost-induced clones in the 7 responders who received a 
boost dose (Fig. 2b, bottom and Extended Data Fig. 2b). By mapping 
cognate clones to all 25 ELISpot-positive vaccine neoantigens, we find 
that 29 out of 79 (37%) CloneTrack clones in 7 out of 8 responders are 
ELISpot-positive vaccine neoantigen-specific CD8+ T cells (Fig. 2b, 
bottom and Extended Data Fig. 3a–c; the remaining 50 CloneTrack 
clones were unmapped), including 15 clones in 5 responders with 
confirmed specificity to vaccine neoantigens by TCR cloning and 
minimal neoepitope mapping (Extended Data Fig. 3a–c). Although 
CloneTrack clones peaked with variable numbers of vaccine doses 
(Extended Data Fig. 4a) to different magnitudes (Extended Data 
Fig. 4b), 77% of CloneTrack clones reached peak expansion with 
6 or fewer priming doses (Extended Data Fig. 4a), with individual 
clones expanding approximately 100-fold or more (Extended Data 
Fig. 4c) to a median peak percentage of 0.2% of all peripheral T cells 
(Extended Data Fig. 4d, top). Thus, in patients with PDAC, autogene 
cevumeran priming doses, but not boost, induce high-magnitude T cell  
clones.

Next, to examine whether CloneTrack clones can persist long term 
despite patients receiving mFOLFIRINOX immediately after priming 
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Fig. 1 | mRNA vaccine immune response correlates with delayed PDAC 
recurrence at three-year follow-up. a, RFS and OS stratified by vaccine 
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Fig. 2 | mRNA vaccines induce T cells with multiyear lifespans de novo.  
a, Analysed T cell clones in tissues and blood. Total includes all blood T cells  
and clones; anti-PD-L1 and vaccine clones identified by CloneTrack. Top right, 
trajectory of T cell clones from patient 1. Anti-PD-L1, atezolizumab; chemo, 
mFOLFIRINOX; vaccine prime and boost doses, autogene cevumeran. b, Top 
left, longitudinal aggregate percentage of vaccine-induced clones in responders. 
Coloured rectangles indicate times of surgery, atezolizumab, vaccination and 
mFOLFIRINOX; asterisk (*) indicates the altered treatment sequence for 
patient 14. The horizontal dashed line shows the threshold for clone detection. 
Top right, number of neoantigens (NAs) with validated neoantigen-specific 
clones. Bottom, percentage of clones mapped to ELISpot-positive (ELISpot+) 
neoantigens (left) and induced by vaccine prime and boost doses (right).  
c, Estimated clone lifespan in all (top left) and individual (bottom) patients. 
Bottom, the red shaded region indicates the three-year historical PDAC 
recurrence window; median RFS is the historical post-surgery PDAC RFS. Top 
right, observed versus estimated clone survival. No boost lifespans are shown 
for 14 clones owing to absent boost or clones. d, Left, top clone lifespans in four 

patients with highest-longevity clones. The dotted line indicates ten years post-
vaccination. Right, percentage of clones per patient that persist two years or 
more post-vaccination (persistent clones). Patient 25 died less than 2 years 
post-vaccination. e, Last immunologic follow-up (left; median 2.95 years post-
vaccination) and number and aggregate percentage of clones post-priming  
(all patients) and at last follow-up (patients with persistent clones) (right).  
f, Percentage of persistent and non-persistent clones at boost in n = 6 boosted 
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(c, h, bottom), two-tailed Wilcoxon matched-pairs signed rank test (f, bottom) 
and two-sided chi-squared test (h, top).
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doses, we longitudinally traced contraction rates of clones in peripheral 
blood over time. With deep longitudinal sampling of clones (Fig. 2a), 
we can accurately fit a standard exponential function to the observed 

clonal decay dynamics (Extended Data Fig. 4e, top), and thus estimate 
the half-life and lifespan (time from peak frequency to below detection 
threshold; Methods) of each clone.
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After vaccine priming, CloneTrack clones had an estimated median 
lifespan of 1.1 years (range 0.3 to approximately 100 years; Fig. 2c, top 
left), with a median half-life of approximately 40 days (Extended Data 
Fig. 4d, bottom). Notably, a single vaccine boost markedly extended 
estimated clone lifespan sevenfold to a median lifespan of 7.7 years, 
with lifespans ranging from 1.5 to 100 years (or possibly more than 
approximately 100 years; Methods) (Fig. 2c, top left; median half-life 
297 days; Extended Data Fig. 4d). Thus, post-boost, in 5 of 7 patients, 
median estimated clone lifespans exceeded the 3-year post-surgery 
window where the majority (approximately 80%) of patients with PDAC 
historically recur2–4 (Fig. 2c, bottom). Remarkably, in 4 out of 7 boosted 
patients, several clones (accounting for 30% (n = 20 out of 65) of all 
observed clones post-boost) had estimated lifespans that surpassed a 
decade (Fig. 2d, left). Peak expansion frequency correlated with clone 
lifespan (as expected from exponential decay) but not with half-life 
(Extended Data Fig. 4f). Additionally, CloneTrack clones that expanded 
with only one other clone had approximately sevenfold longer lifespan 
(post-prime) compared with clones that co-expanded with multiple 
clones (Extended Data Fig. 4g), which suggests that clone lifespan may 
increase with fewer competing clones. Clone lifespans were margin-
ally longer in patients with polytopic (multiple immunogenic vaccine 
neoantigens) compared with monotopic (single immunogenic vac-
cine neoantigen) responses post-prime, but were similar post-boost 
(Extended Data Fig. 4h). Finally, CloneTrack clone lifespans reflect 
bona fide features of neoantigen-specific clones, as CloneTrack clones 
experimentally validated as specific for a neoantigen included in the 
vaccine (neoantigen-specific; Extended Data Fig. 3a,b) exhibited com-
parable half-lives and lifespans to other CloneTrack clones (Extended 
Data Fig. 4i).

To corroborate estimated clone lifespans with observed lifespans, we 
next examined whether CloneTrack clones persisted in the peripheral 
blood over time. Consistent with accurate exponential fits over the 
observed time frame (Extended Data Fig. 4e, bottom), estimated clone 
lifespan in responders closely correlated with observed lifespan (Fig. 2c, 
top right). Additionally, in the 7 evaluable patients with immunologic 
follow-up extending beyond 2 years post-vaccination (median immu-
nologic follow-up 2.95 years post-vaccination), 86% (median) of Clon-
eTrack clones (Fig. 2d, right) persisted to occupy substantial fractions of 
all blood T cells (median 0.07%), including as high as 1.1% approximately 
3.8 years post-vaccination (Fig. 2e). In boosted patients, of CloneTrack 
clones that persisted 2 years post-vaccination (persistent clones; n 
= 6 patients), 87% were present at the time of boost, whereas 64% of 
non-persistent clones had disappeared from circulation before boost 
administration (Fig. 2f). Persistent clones trended to higher generation 
probabilities5 (Pgen; Extended Data Fig. 5a), an estimate of preferential 
skewing of the human repertoire to generate specific TCRs through 
VDJ recombination, suggesting that compared with non-persistent 
clones, persistent clones may contain TCRs with higher likelihood of 
generation. Notably, vaccines did not co-expand clones that shared 
TCR Vβ specificity groups6 with CloneTrack clones (Extended Data 
Fig. 5b,c). In sum, autogene cevumeran induces multiple CD8+ T cell 

clones that persist long term in patients with PDAC, with latent lifes-
pans that exceed the PDAC recurrence window and select clones that 
may outlive the host.

Long-lived clones are primed de novo
To probe the origin of long-lived CloneTrack clones, we used TCR 
Vβ sequencing to comprehensively search for CloneTrack clones in 
pre-vaccination host blood and tissues (tumours, tumour-draining 
lymph nodes (DLNs) and tumour-adjacent non-lymphoid tissues; 
736,000 clones, 36 samples) in the 8 responders (Fig. 2a).

We detected only 2 cells of 2 CloneTrack clones pre-existing in host 
tissues: 1 cell in 319,000 tumour T cells and 1 cell in 233,000 T cells from 
tumour-adjacent tissue (Fig. 2g, top). No vaccine-induced cells resided 
among 18,100 DLN or 817,000 blood T cells (Fig. 2g, top). Out of the 
79 CloneTrack clones, we detected only 2.5% pre-treatment (Fig. 2g, 
bottom left) among a total pool of 736,000 clones (1.4 million T cells; 
Fig. 2a). By contrast, 73% of anti-PD-L1-expanded clones (16 out of 22 
clones expanded in vaccine responders by CloneTrack; Extended Data 
Fig. 6a) existed pre-treatment in single or multiple host compartments, 
with variable clone sizes (Fig. 2g, bottom right and Fig. 2h). Similar to 
the CloneTrack clones, only 6 out of the 58 neoantigen-specific clones 
identified in vitro (neoantigen-specific plus neoantigen-mapped 
clones; Extended Data Fig. 3a–c) in 8 responders pre-existed in any 
host tissues (Extended Data Fig. 3d). Thus, in patients with PDAC, unlike 
anti-PD-L1, which amplifies pre-existing clones, autogene cevumeran 
primes multiple naive clones that are undetectable in pre-vaccination 
host tissues to high magnitudes de novo.

Clones converge to effector T cells
As autogene cevumeran induced multiple T cell clones to persist long 
term in blood, to capture complete phenotypic histories of Clone
Track clones over time, we developed a computational strategy  
(PhenoTrack) that utilizes single-cell RNA and TCR sequencing to  
track the phenotypes of 9,110 single T cells of nearly all (68 out of 71) 
CloneTrack clones in the 6 responders who received both vaccine 
prime and boost doses and in whom clones persisted to approximately  
3 years post-vaccination.

First, we noted that across patients, CloneTrack clones were, 
as previously described1, primarily CD8+ T cells (Extended Data 
Fig. 7a), with transcriptional signatures that segregated according 
to post-vaccination times when clones expanded (expansion phase, 
during vaccine priming), contracted (contraction phase, the end of 
vaccine priming to initiation of mFOLFIRINOX), and would be expected 
to persist as memory T cells7 (memory phase, post-contraction; Fig. 3a, 
left). CloneTrack clones in the expansion phase overexpressed genes 
characteristic of proliferating cells (MKI67 and others by Gene Set 
Enrichment Analysis (Methods); proliferative state) relative to all other 
phases, whereas effector genes (GZMB, GZMH, NKG7, PRF1 and JUN 
family genes; effector state) were modulated in the contraction phase 

Fig. 3 | mRNA vaccine-induced clones converge in memory phase to effector 
T cells. a–e, Longitudinal phenotypes of 68 out of 71 CloneTrack clones in blood 
from 6 vaccine responders by single-cell RNA and TCR sequencing. a, Top left, 
uniform manifold approximation and projection (UMAP) plots of CloneTrack 
clone T cells by post-vaccination time and phase. Bottom left, schematic of 
CloneTrack clone phases in patient 1. a,b, Top 50 differentially expressed genes 
in CloneTrack clone T cells by phase relative to other phases (a, right) and by 
memory subphase relative to other subphases (b). Gene lists include genes  
that are characteristic of proliferative, effector and TRM cells overexpressed  
by phase or subphase (a full gene list is provided in Supplementary Table 1).  
c, Left, transcriptional clustering of CloneTrack clone T cells by phenotype 
from single-cell RNA-sequencing (scRNA-seq) data. Right, PhenoTrack plot of 
phenotype composition and conversion of 68 out of 71 CloneTrack clones over 

time in 6 responders. Vertical coloured bars show the proportion of cells of 
each phenotype at corresponding times. Individual PhenoTrack plots are 
shown in Extended Data Fig. 8b. d, UMAP (top) and phenotype composition 
(bottom) of CloneTrack clone T cells post-vaccination. e, Phenotype conversion 
of CloneTrack clones from expansion to contraction (top) and contraction to 
memory (bottom) in n = 6 primed and boosted responders with persistent 
clones. Phenotype is plotted as probability (prob.) of each phenotype for 
clones from each responder. Patient 25 had no persistent clones and was 
analysed individually in Fig. 5a. Patient 5 did not receive a boost. Arrow width 
indicates clone frequency aggregated across patients; proximity of arrow base 
to the axis indicates fraction of cells per patient in a phenotype; arrows point 
from phenotype origin to destination. n is the number of cells or clones.
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(Fig. 3a, right and Supplementary Table 1). By contrast, CloneTrack 
clones that persisted in the memory phase did not differentially over-
express conventional markers of central or effector memory T cells8 
(including SELL, TCF1, IL7R, CCR7 and others; Extended Data Fig. 7b) 
but instead overexpressed effector genes (GZMB, GZMM, GZMH, GNLY, 
NKG7 and JUN family genes) and the core transcription factor of CD8+ 
tissue-resident memory T (TRM) cells (ZNF683 (also known as HOBIT); 
TRM-like state; Fig. 3a, right and Supplementary Table 1)9—long-lived 
T cells that reside in tissues and exhibit potent effector function upon 
antigen rechallenge9, but may also circulate10 and restrain cancer cells 
in dormancy in low antigen burden states11. These findings suggest that 
autogene cevumeran-primed T cells proliferate early, then contract, 
retain effector features and persist long term in a possible TRM-like state 
that is endowed with circulatory capability.

As the memory phase spanned 2.5 years post-vaccination, we next 
subdivided the memory phase into early (0.8–1.8 years), mid (1.9– 
2.3 years) and late (beyond 2.4 years) memory phases (Fig. 3b and 
Supplementary Table 1) to further probe whether CloneTrack clones 
acquired TRM-like features over time. Aligned with a TRM-like phenotype 
with circulatory capability, relative to all other phases, CloneTrack 
clones not only overexpressed the core TRM transcription factor gene 
ZNF68312 selectively throughout all memory phases, but also progres-
sively co-overexpressed the other two hallmark TRM transcription factor 
genes PRDM112 (also known as BLIMP1) and RUNX313 in later memory 
phases (Fig. 3b). Furthermore, CloneTrack clones in the memory phase 
also overexpressed the transcription factor gene KLF2, which promotes 
tissue egress8,14, CXCR4, which promotes tissue entry, TGFB1, which 
may promote TRM formation and persistence8,15 and T cell stemness8 
(Fig. 3b), poorly expressed tissue retention receptors (Extended Data 
Fig. 7c) and progressively retained and overexpressed effector (GZMB, 
JUN family, ZEB2 and MALAT1)16–18 and other TRM-associated (IFITM3 and 
DUSP1)19,20 genes (Fig. 3a,b). CloneTrack clones in the memory phase did 
not express phenotypic markers on the T cell exhaustion continuum8,21 
(Extended Data Fig. 7d). Collectively, these data strongly suggest that 
autogene cevumeran induces CD8+ T cells that persist long term in the 
circulation and do so in a stable non-exhausted TRM-like effector state.

Next, as CloneTrack clones exhibited three distinct post-vaccination 
states (proliferative state during expansion, effector state during con-
traction and TRM-like state during memory phase; Fig. 3a), we sought 
to examine how individual clone phenotypes transitioned over time. 
We assigned single cells to phenotypes associated with proliferative, 
effector and TRM-like states (Fig. 3c, left, Extended Data Fig. 8a and  
Methods) and visualized clone phenotypic transitions using Sankey 
plots (Fig. 3c, right and Extended Data Fig. 8b), which differ from stan
dard Sankey and alluvial plots by tracking phenotypes for clones as 
they expand and contract.

In the expansion phase, 85% of CloneTrack clone cells assumed the 
proliferative state, 11% assumed the effector state and 3.5% were in the 
TRM-like state (Fig. 3d). Clones then rapidly contracted over 5 weeks and 
transitioned (Fig. 3c, right inset) from the proliferative state to primar-
ily the effector (58% of vaccine-induced T cells) and the TRM-like (31% 
of vaccine-induced T cells) states in the contraction phase (Fig. 3d), 
with cells of individual CD8+ T cell clones assuming all phenotypes 
(Fig. 3e, top and Extended Data Fig. 8c, top). Entering the memory 
phase, clones remained in both cell states—although they were pre-
dominantly TRM-like—over the next 2.5 years, thus retaining effector 
features despite the patients receiving mFOLFIRINOX after prime and 
subsequent boost doses (Fig. 3c,d). As in the proliferative to contrac-
tion transition, single clones simultaneously persisted in both cell 
states from contraction into memory (Fig. 3e, bottom and Extended 
Data Fig. 8c, bottom). In sum, autogene cevumeran induces CD8+ T cell 
clones de novo that converge long term to TRM-like and effector T cells, 
which are potentially poised to respond to antigen rechallenge.

To test whether the persistence of CloneTrack clones in responder 
blood correlated with preserved neoantigen-specific functional 

recall long term, we serially rechallenged peripheral blood mono-
nuclear cells (PBMCs) isolated post-priming to approximately  
3.6 years post-vaccination (approximately 3.8 years post-surgery) with  
ELISpot-positive vaccine neoantigens in vitro and examined CD8+ T cell 
cytokine production and lytic capacity (Fig. 4a). Overall, CD8+ T cells 
in all vaccine responders produced cytokines (IFNγ and TNFα) and 
degranulated on neoantigen rechallenge post-priming (Fig. 4a) and 
continued to produce effector cytokines and display lytic potential up 
to 3.6 years post-vaccination in 6 of 8 vaccine responders (Fig. 4a,b). 
Specifically, in 4 out of 4 monotope responders (Extended Data Fig. 9a)  
and 2 out of 4 polytope responders (Fig. 4a, bottom, c and Extended 
Data Fig. 9b), CD8+ T cells continued to produce IFNγ and TNFα and 
degranulated upon in vitro neoantigen rechallenge with previously 
determined1 ELISpot-positive dominant and subdominant vaccine 
neoantigens up to 3.6 years post-vaccination. Moreover, loss of neo-
antigen functional recall roughly correlated with clonal persistence, 
as both patients without recall exhibited polytopic responses with 
the lowest aggregate CloneTrack clone frequencies in the blood at late 
post-vaccination times (patients 10 and 25; Fig. 4c, right), suggesting 
that CloneTrack clones that persist can mediate effector function. To 
further characterize features of long-lived vaccine-induced clones, 
we mapped the avidity of 12 TCRs, including 10 CloneTrack clones 
and 2 vaccine neoantigen-specific clones identified in vitro (Extended 
Data Fig. 3b) that persisted long term (median lifespan 8.8 years) in 3 
responders (Fig. 4d). TCRs of vaccine-induced clones displayed lower 
half-maximal effective concentration (EC50) and higher avidity to cog-
nate neoepitopes compared with wild-type epitopes and included 
neoepitope–TCR pairs with nano- and subnanomolar avidity (Fig. 4d, 
bottom right), confirming that passenger mutations in PDAC—a tumour 
with low mutational burden—can generate high-avidity neoepitopes 
that are recognized by endogenous T cells. Furthermore, higher relative 
avidity of TCRs to the neoepitope compared with the wild-type epitope 
(higher log (C)) correlated with shorter clone half-life after prime but not 
after boost (Fig. 4d), suggesting that higher relative epitope strength 
may correlate with rate of clonal decay. Together, these results indicate 
that in patients with PDAC, autogene cevumeran induces CD8+ T cell 
clones, including clones with high avidity to PDAC neoepitopes, that 
persist up to 3.6 years post-vaccination, retain multiple effector func-
tion long term, and display the potential to persist for decades.

Vaccine immunity and cancer relapse
As two responders (patients 25 and 14) recurred during the observa-
tion period, we explored whether variations in vaccine immunity cor-
related with PDAC recurrence. Patient 25—a polytope responder, the first 
responder to recur, and the only responder to die (from locally recurrent 
PDAC)—had an approximately tenfold shorter observed T cell lifespan 
compared with other responders (Fig. 5a, left). All six CloneTrack clones 
steeply declined after the eight priming doses (Extended Data Fig. 2a). 
Notably, in this patient, the boost dose re-expanded but did not rescue 
primed CloneTrack clones, with subsequent disappearance of Clon-
eTrack clones prior to death of the patient (Extended Data Fig. 2a). This 
shorter T cell longevity was not owing to distinct post-priming phe-
notypes (Fig. 5a, bottom). Similar to other responders (Fig. 3c,e and 
Extended Data Fig. 8b,c), CloneTrack clones from this patient were a mix 
of proliferative and effector phenotypes post-priming that converged 
to the TRM-like state. Patient 14—a monotope responder, and the sec-
ond responder to recur (stable, solitary 1-cm lung metastasis)—had an 
altered treatment sequence, resulting in later onset of CloneTrack clones  
(34 weeks post-surgery) compared with the other 7 responders (median 
13 weeks after surgery; Fig. 5a, middle), with clones similarly adopt-
ing effector and TRM-like states in the memory phase (Extended Data 
Fig. 8b). Thus, both individuals who recurred had weaker cumulative 
vaccine immunity (aggregate CloneTrack clone T cells integrated over the 
follow-up window; Fig. 5a, right) due to shortest longevity or latest onset.
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Fig. 4 | Vaccine-induced T cells retain multiple effector functions long 
term. a–c, Longitudinal cytokine production and lytic capacity of CD8+ T cells 
after in vitro rechallenge with immunodominant and subdominant (subdom.) 
ELISpot-positive vaccine neoantigens in responders. a, Top, post-rechallenge 
aggregate percentage of IFNγ+TNFα+CD8+ T cells (cytokine production) and 
CD107a+CD8+ T cells (lytic capacity) in responders. The y axis shows the ratio of 
neopeptide-activated T cell fraction to the DMSO-activated T cell fraction. 
Asterisk (*) indicates altered treatment sequence for patient 14. Bottom, 
representative flow cytometry of T cells from a vaccine responder.  
b, Longitudinal median percentage of CD8+ T cell subsets (top) and percentage 
of responders with polyfunctional (cytokine+CD107a+) vaccine neoantigen-
specific CD8+ T cells (bottom) after in vitro neoantigen rechallenge. c, Left, 
aggregate fraction of CloneTrack clone T cells in blood and percentage of 
IFNγ+TNFα+CD8+ T cells after in vitro rechallenge in two responders with 
waning immunity. Right, aggregate percentage of CloneTrack clone T cells  
in blood stratified by responders with or without neoantigen-specific 

IFNγ+TNFα+CD8+ T cells more than one year post-vaccination by in vitro 
rechallenge. a–c, Dominant and subdominant neoantigens are vaccine 
neoantigens that were previously determined1 to elicit IFNγ+ T cells by ex vivo 
IFNγ ELISpot in PBMCs collected 1–3 weeks post vaccine priming (dominant 
neoantigens elicit a maximal T cell response; subdominant antigens elicit a 
non-maximal T cell response). DMSO was used as a control. d, Avidity (left)  
and EC50 values (right) for TCR-transduced CD8+ T cells cultured with human 
leukocyte antigen (HLA)-matched, neopeptide or wild-type (WT) peptide-
pulsed antigen-presenting cells. TCRs isolated from CloneTrack or neoantigen-
specific clones (asterisk) are identified as in Extended Data Fig. 3a–c. Residues 
shown in red are mutated amino acids. log(C) is the antigenic distance28.  
Flow cytometry is gated on live CD3+CD56−CD8+ cells (a) or live CD3+CD8+  
TCR-transduced cells (d). n is the number of patients. P values by two-tailed 
Mann–Whitney test (c, right) and two-sided Wilcoxon matched-pairs signed 
rank test (d, bottom right). Error bars in d indicate s.e.m.
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To examine whether CloneTrack clones retained function to infiltrate 
recurrent tumours, we searched for CloneTrack clones in the solitary 
lung metastasis of patient 14 (Fig. 5b, top). Seven out of the eight Clo-
neTrack clones that persisted in the late memory phase were clonally 
expanded in the recurrent tumour compared with blood (Fig. 5b, bot-
tom). Additionally, three neoantigen-specific clones identified in vitro 
but not by CloneTrack (Extended Data Fig. 3b) were also present in 
the recurrent tumour (Fig. 5b), suggesting that both CloneTrack and 
in vitro-identified neoantigen-specific clones retained in vivo func-
tion to infiltrate distant tumours. To further examine whether these 
T cell clones were exerting selective pressure on clinically undetect-
able tumour clones, we tested whether vaccine-induced immunity 
could exert selective pressure on tumour clones carrying immunogenic 
vaccine neoantigens, either directly through selective loss of vaccine-
targeted tumour clones, or indirectly through acquired immunity 
against neoantigens that were not included in the vaccine. We did not 
detect clear evidence of acquired immune activity (which would sug-
gest neoepitope spread) against tumour mutational neoantigens that 
were not included in vaccines in any responder (Extended Data Fig. 10). 
However, using whole-exome sequencing and phylogenetic analyses, 
we examined how primary PDACs longitudinally evolved to recurrence 
in patient 14 and patient 29—a patient who was previously reported1 
to develop a disappearing solitary liver micrometastasis (criteria for 
clinical recurrence not met) infiltrated by vaccine-induced T cell clones. 
Consistent with vaccine-induced immunity exerting selective pres-
sure on micrometastatic tumour clones, recurrent tumours from both 
patients evolved with fewer tumour clones carrying immunogenic 
vaccine neoantigens (Fig. 5c).

Discussion
Can we overcome host tolerance to generate strong, specific, functional 
and durable T cells against a tumour antigen? If so, which antigens, 
vaccines and hosts can collectively generate such a response? Here in 

PDAC, one of the most lethal and oncologically challenging cancers, 
which kills 88% of patients22, we show that autogene cevumeran, an 
unmodified uridine-based mRNA–lipoplex vaccine that targets somatic 
mutation-derived neoantigens, administered in patients with minimal 
disease burden, may offer a composite solution to this challenge.

The substantial longevity and functionality of vaccine-induced CD8+ 
T cell clones identified by CloneTrack following fixed prime-boost 
vaccination is notable. Vaccine-induced CloneTrack clones exhibit 
estimated multiyear lifespans, with nearly a quarter of clones esti-
mated to have multi-decade lifespans, longer than conservatively 
estimated patient  lifespans. Notably, these cells exhibit robust 
neoantigen-specific T cell polyfunctionality for up to 3.6 years post- 
vaccination. Furthermore, vaccine-induced clones can infiltrate recur-
rent PDACs, as observed previously in one patient1 and in a second in this 
study. Although one patient (patient 1) contributed a large number of 
clones to the pool of vaccine-induced clones, subset analysis in indi-
vidual patients reveals substantial estimated longevity of clones in 
all individual boosted patients. These lifespan estimates will require 
additional experimental validation in future work. Nevertheless, they 
indicate that it is possible to generate long-lived, functional CD8+ T cells 
that are specific for a tumour antigen without repetitive boosting in 
diseased hosts. Our vaccination strategy and the mRNA vaccine plat-
form appear to surpass several vaccine litmus tests—the magnitude 
of vaccine-induced CD8+ T cells that persist over time in steady state 
appears comparable, if not higher, than that of vaccine-induced CD8+ 
T cells observed with highly successful pathogen vaccines23, where 
even single immunizations confer lifetime immunity24. Furthermore, 
vaccine-induced long-term immunity consists predominantly of CD8+ 
T cells, mimicking possible ‘natural’ immunologic control in PDAC25. 
However, we cannot rule out that vaccines also induce CD4+ T cells. Cru-
cially, vaccine-induced immunity spans the PDAC recurrence window, 
thus potentially conferring protection throughout the period of high-
est susceptibility, a desired feature for a cancer vaccine. Although we 
demonstrate that unmodified mRNA lipoplexes that target neoantigens 
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in minimally diseased hosts trigger lasting immunity, it remains to 
be seen whether vaccines that target other antigen classes or utilize 
emerging vaccine platforms can achieve similar durable functionality.

We cannot exclude that vaccine-induced T cell clones may be present 
in tumour or lymph node regions that were not sampled in this study. 
However, it is notable that despite the relatively low mutational burden 
of PDAC and thus its presumed lower neoantigen content, autogene 
cevumeran, a uridine-based mRNA neoantigen vaccine, primes long- 
lived T cells de novo against passenger mutations rather than amplifying 
pre-existing CD8+ T cells. Given that such neoantigens are fundamental 
byproducts of oncogenesis, and adjuvant therapy in minimally dis-
eased hosts is a ubiquitous cancer treatment paradigm, our findings 
expand the theoretical vaccine-eligible pool to nearly all cancers, and 
not only those that elicit a robust endogenous neoantigen-specific T cell 
response. Immunologically cold tumours with few mutations, such 
as gastrointestinal cancers, appear to be ideal initial disease indica-
tions, given the often relatively low mutational burden, insensitivity to 
immune checkpoint inhibitors, continued reliance on last-generation 
cytotoxic chemotherapy as standard treatment and poor prognosis.

Although we find that lower cumulative vaccine immunity correlates 
with early recurrence in responders, the significance of this observa-
tion is limited by the small sample size. Nevertheless, the observation 
further supports the hypothesis that adjuvant autogene cevumeran may 
delay PDAC recurrence. Indeed, we report durable correlations between 
vaccine response and RFS at 3.2-year follow-up with a similar effect size 
to that observed at an earlier 1.5-year follow-up1. Although we did not 
previously detect1 (and currently selectively confirm) differences in 
responder and non-responder treatment, tumour or host immune fit-
ness, unknown factors may confound the correlation between vaccine 
response and RFS. Nevertheless, utilizing complete clonal histories of 
more than 9,000 single cells in 6 patients, we show that most vaccine- 
induced CD8+ T cell clones transition into the memory phase as sta-
ble effector T cells,  and provide comprehensive characterization of 
the longitudinal state transitions and long-term phenotypes of mRNA 
cancer vaccine-induced T cells. Notably, the vaccine-induced T cells 
that persist into the memory phase do not acquire exhaustion features 
despite multiple priming doses26, and may phenotypically resemble 
human TRM cells with circulatory function described in mice10. Of note, 
loss of vaccine-induced neoantigen-specific functionality is not associ-
ated with longitudinal T cell phenotypic change but appears linked to 
loss of the neoantigen-specific T cells themselves. Although it remains 
unknown whether vaccine-induced T cells retain this effector func-
tion within tumours, this observation opens the possibility to main-
tain or rescue immunity with real-time monitoring and scheduled or 
on-demand boosting. Although speculative, a vaccine T cell ‘titre’ to 
dynamically monitor and boost T cells—as we show is feasible with Clone
Track—can empower such advances and warrants future investigation.

That the mutational profile of recurrent PDACs evolved under 
vaccine-induced selective pressure is both predictable and notable. 
Although we did not observe this clonal pruning together with T cell 
immunity spreading to non-vaccinated mutational neoantigens, 
this finding suggests that vaccine-induced T cells target subclinical 
cancer clones, and consequently, one mechanism of vaccine resist-
ance may be clonal escape. Notably, a lack of observed neoantigen 
spread does not rule out immunity spreading to other mutational 
or non-mutational antigens, as the neoantigens tested in our study 
may be non-immunogenic. Indeed, neoantigen spread may be more 
prominently observed in settings of higher neoantigen burden27, such 
as in more highly mutated cancers that elicit stronger endogenous 
immunity and may not be an observed feature in a tumour with fewer 
mutations. Nonetheless, effective cancer vaccines may require initial 
polyvalent vaccines that target all heterogeneous cancer clones, with 
subsequent neoantigen resampling and adaptive vaccination to target 
clonal escapes or, alternatively, vaccines that induce T cells against 
clonal neoantigens with high potency and durability.

In sum, we present additional evidence with longer follow-up 
that autogene cevumeran—a uridine-based mRNA vaccine against 
somatic mutation-derived neoantigens—can generate strong, spe-
cific, functional and durable CD8+ T cell immunity in PDAC that cor-
relates with delayed recurrence. A global randomized trial (IMCODE 
003; NCT05968326) is ongoing. As mutation-derived neoantigens 
are fundamental features of transformed cells, our findings provide 
support for broad testing of mRNA neoantigen vaccines as adjuvant 
cancer therapies.
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Methods

Trial design, patients and endpoints
In our previously reported1 single-centre, investigator-initiated, phase 
1 clinical trial, patients with single, radiographically suspicious, surgi-
cally resectable PDAC, no distant metastases, and ≥5 neoantigens as 
predicted by our computational pipeline were treated with sequential 
surgery, adjuvant atezolizumab (anti-PD-L1), autogene cevumeran (an 
individualized vaccine based on uridine mRNA–lipoplex nanoparti-
cles encoding up to 20 MHCI and MHCII restricted neoantigens) and 
mFOLFIRINOX. All patients had ECOG (Eastern Cooperative Oncology 
Group) performance status 0–1. We included patients with pathologi-
cally confirmed PDAC with surgical margin status R0/R1. We excluded 
patients with metastatic, borderline or locally unresectable PDAC and 
patients who received neoadjuvant therapy. The primary endpoint 
was safety. Secondary endpoints were 18-month RFS and 18-month 
OS. Additional eligibility criteria, procedures, treatments, and ethical 
study conduct have been described and are available in the protocol1 
(Supplementary File 1).

We treated 19 patients with atezolizumab (safety-evaluable cohort), 
of which 16 patients received subsequent autogene cevumeran 
(biomarker-evaluable cohort)1. Fifteen of these 16 patients received sub-
sequent mFOLFIRINOX. As described previously1, vaccinated patients 
were classified as autogene cevumeran (vaccine) responders if they 
generated high-magnitude T cell responses to vaccine neoantigens 
assessed by a previously described ex vivo IFNγ ELISpot assay29 that 
detects vaccine-induced T cell responses and does not distinguish 
CD8+ from CD4+ T cell responses.

We defined recurrence as new lesions by response evaluation 
criteria in solid tumours (RECIST, version 1.1). We defined RFS from 
either the date of surgery (RFS) or from the date of the last autogene 
cevumeran priming dose (landmark RFS) to the date of recurrence 
or death, whichever occurred first. We defined OS from the date of 
surgery to the date of death. We censored patients without events at 
the last known date they were recurrence-free. We defined the recur-
rence window as the time frame from surgery when ~80% of patients 
recur2–4. Data cut-off was 1 December 2023, extending the median 
follow-up to 38 months.

We conducted the study in accordance with the Declaration of Hel-
sinki and good clinical practice guidelines. The study was approved by 
the institutional review board (IRB) at Memorial Sloan Kettering Cancer 
Center (MSK), the United States Federal Drug Administration (FDA), 
and was registered on clinicaltrials.gov (NCT04161755). All participants 
provided written informed consent.

Mutation identification and neoantigen selection for 
personalized vaccines
We previously reported detailed characteristics of vaccine neoantigen 
selection1. In brief, we identified expressed non-synonymous mutations 
and HLA type by whole-exome sequencing of patient-specific tumour–
normal pairs and tumour RNA sequencing. We then bioinformatically 
estimated neoantigens and ranked neoantigens by immunogenicity as 
previously described30.

Autogene cevumeran manufacture
As reported1, for every patient, we manufactured individualized mRNA 
neoantigen vaccines under good manufacturing practice conditions 
as two uridine-based mRNA strands with noncoding sequences opti-
mized for superior translational performance31,32. We designed each 
strand to encode up to 10 MHCI and MHCII neoantigens formulated 
in approximately 400-nm diameter lipoplex nanoparticles26 that 
comprised the synthetic cationic lipid (R)-N,N,N-trimethyl-2,3-diol
eyloxy-1-propanaminiumchloride (DOTMA) and the phospholipid 
1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE) to enable 
intravenous delivery.

Patient samples, cell lines and cell culture
We purified patient PBMCs by density centrifugation over Ficoll-Paque 
Plus (GE Healthcare) and cultured purified cells in RPMI medium sup-
plemented with 10% fetal bovine serum (FBS, Nucleus Biologics), 
1 mM sodium pyruvate, 2 mM l-glutamine, non-essential amino acids 
and 2-mercaptoethanol, 100 U ml−1 penicillin-streptomycin (MSK 
medium preparation core facility), with 100 U ml−1 IL−2 (Peprotech) 
and 100 U ml−1 IL-15 (Peprotech) added every other day. To map single 
clone reactivity, we purchased pan negative selection purified human 
T cells (Precision for Medicine) and cultured purified T cells in RPMI 
medium (Gibco, Thermo Fischer Scientific) supplemented with 10% FBS 
(Sigma-Aldrich), 100 U ml−1 penicillin-streptomycin (Gibco, Thermo 
Fischer Scientific), 1,000 U ml−1 IL-7 (Peprotech, Thermo Fischer Sci-
entific), 100 U ml−1 IL-15 (Peprotech, Thermo Fischer Scientific) and 
4 mM l-glutamine (Gibco, Thermo Fischer Scientific). We cultured 
T2 and K562 cells with RPMI medium (Gibco, Thermo Fischer Sci-
entific) supplemented with 10% FBS (Sigma-Aldrich) and 100 U ml−1 
penicillin-streptomycin (Gibco, Thermo Fischer Scientific). We cul-
tured Phoenix-AMPHO and RD114-envelope producer cells with DMEM 
medium (Gibco, Thermo Fischer Scientific) supplemented with 10% 
FBS (Sigma-Aldrich) and 100 U ml−1 penicillin-streptomycin (Gibco, 
Thermo Fischer Scientific). We froze tumour, adjacent tissue and drain-
ing lymphatic tissue samples from resected tumour specimens for 
subsequent analysis.

HLA cloning and transduction
We cloned patient-matched HLA alleles and transduced T2 and K562 
cells as previously described1. In brief, we cloned HLA alleles followed 
by an IRES GFP reporter into a SFG γ-retroviral vector and transfected 
Phoenix-AMPHO cells using Lipofectamine 3000 (Thermo Fisher Sci-
entific). We collected vector-containing supernatants and used them 
to transduce T2 and K562 cells by spinoculation in the presence of 
Polybrene (EMD Millipore). We sorted HLA+ K562 cells and GFP+ T2 
cells using an Aria Cell sorter (BD Biosciences).

TCR reconstruction, cloning, transduction and peptide 
stimulation
We reconstructed and cloned TCRs as previously described1. In brief, 
we identified T receptor beta (TRB) V-D-J and T receptor alpha (TRA) V-J 
sequences from purified, sequenced single T cells and fused them to 
modified mouse constant TRB and TRA chain sequences, respectively. 
Then, we joined TRB and TRA chains with a furin SGSG P2A linker and 
cloned them into a SFG γ-retroviral vector. We transduced human pan 
T cells as previously described1 with minor modifications. In brief, 
we transfected Phoenix-AMPHO cells with SFG γ-retroviral vectors 
using Lipofectamine 3000 (Thermo Fisher Scientific). Then, we used 
vector-containing supernatants to transduce RD114-envelope producer 
cells. We sorted transduced cells to generate stable cell lines and con-
centrated vector-containing supernatants using Retro-X Concentra-
tor (Takara). We activated human pan T cells with CD3/CD28 beads 
(Thermo Fisher) and transduced them at day 3 post-activation in a Ret-
ronectin (Takara) coated plate using concentrated vector-containing 
supernatants. Transduction efficiency was confirmed by flow cytom-
etry gating on live CD8+ mTCR+ cells.

To select possible neoantigen epitopes to test TCR specificity and 
binding, we generated all possible unique 8–14mers out of all full-length 
(18–27mer) immunogenic (ELISpot-positive) vaccine neoantigens. We 
predicted binding of each of these 8 to 14mers to the patient’s HLA-I 
by NetMHCPan4.1. We further selected peptides with binding affini-
ties <1000 nM or predicted strong binders (as per NetMHCPan4.1) for 
further testing and peptide stimulation.

We stimulated TCR-transduced T cells with peptides as follows: 
we pulsed 2.5 × 105 HLA-transduced T2 or K562 cells in a 96-well 
U-bottom plate at 37 °C with the indicated peptides at the indicated 
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concentrations for 1 h. Then, we centrifuged and washed the peptide, 
added 5 × 104 TCR (effector:target ratio of 1:5) or mock (control) trans-
duced T cells per well, and measured CD137 (4-1BB) expression on CD8+ 
mouse TCR+ T cells after 24 h in coculture. To calculate the avidity of a 
TCR for its cognate epitope and the corresponding wild-type peptide, 
we stimulated TCR-transduced T cells with antigen-presenting cells 
pulsed with different concentrations of mutant or wild-type peptide 
(range from 100 μM to 10−5 μM), performed a nonlinear regression to 
fit the data to a sigmoidal curve, and calculated the EC50 as the peptide 
concentration that activates 50% of the TCR-transduced T cells. When a 
TCR did not show reactivity with an EC50 value tending towards infinite, 
we assigned the EC50 to be 1,000 μM.

Immune response
TCR Vβ sequencing. We extracted gDNA from bulk PBMCs, purified 
T cells and patient tissue samples using a DNA extraction kit (Qiagen). 
We used Dropsense 96 to quantify samples, dilute standard concen-
trations, and prepare libraries. We then generated sample data us-
ing an immunoSEQ Assay (Adaptive Biotechnologies), as previously 
described1. In brief, we amplified the somatically rearranged TCRB 
CDR3 using a two-step, amplification bias-controlled multiplex PCR 
reaction, that contains forward and reverse amplification primers 
specific to every known V and J gene segment and amplifies the CDR3 
receptor hypervariable locus, followed by a second PCR to add barcode 
and Illumina adapter sequences33. Reference gene primers in the PCR 
further quantify total nucleated cells available for sequencing, and 
thus measure the fraction of T cells in each sequenced sample. The 
CDR3 and reference gene libraries were then sequenced, raw sequence 
reads demultiplexed per Adaptive’s barcode sequences, and demul-
tiplexed reads processed to remove adapter and primer sequences 
and identify and remove primer dimer, germline and contaminant 
sequences. Relative frequency ratios between similar clones and a 
modified nearest-neighbour algorithm were used to cluster the filtered 
results, and merge closely related sequences to correct for sequencing 
induced technical errors. The output sequences were then annotated to 
the V, D, and J genes and N1 and N2 regions that constitute each unique 
CDR3, and the corresponding encoded CDR3 amino acid sequence. We 
defined annotated genes per the IMGT database (https://www.imgt.
org). The output TCR V CDR3 sequences were then normalized and 
corrected for residual multiplex PCR amplification bias and quantified 
versus synthetic TCRB CDR3 sequence analogues34.

Single-cell RNA and TCR sequencing. As reported1, we prepared  
libraries for single-cell immune profiling, sequenced and post-processed 
raw data at the Epigenomics Core at Weill Cornell Medicine.
Sample preparation. To analyse the gene expression of vaccine-
induced clones, bulk T cells from patient-derived PBMCs were purified 
by fluorescence-activated cell sorting and sequenced as previously 
reported1. In brief, we purified single T cells and prepared scRNA-seq 
libraries as per company specifications prior to performing single-cell 
immune profiling (10x Genomics, guide CG000330). Each cellular 
suspension at 97% viability and at 950 cells per μl was loaded onto to 
a Chromium X to generate Gel Beads-in-Emulsion (GEM) targeting 
10,000 single cells per sample.
Sequencing and data processing. To generate 5 P expression librar-
ies, we enzymatically fragmented an aliquot of the cDNA (~50 ng), and 
end-repaired, A-tailed, subjected to a double-sided size selection with 
SPRI select beads (Beckman Coulter), and ligated to adaptors. We then 
introduced a unique sample index for each library through 14 cycles 
of PCR amplification using the indexes (98 °C for 45 s; 98 °C for 20 s, 
54 °C for 30 s and 72 °C for 20 s × 14 cycles; 72 °C for 1 min; held at 4 °C), 
subjected indexes to a second double-sided size selection, and quanti-
fied libraries using Qubit fluorometric quantification (Thermo Fisher 
Scientific). We assessed quality on an Agilent Bioanalyzer 2100, obtain-
ing an average library size of 460 bp. To generate full-length TCR VDJ 

regions, we subjected cDNA aliquots (5 ng) to nested PCR amplification 
with specific VDJ outer and inner primer pairs (98 °C for 45 s; 98 °C for 
20 s, 67 °C for 30 s and 72 °C for 20 s × 8 cycles; 72 °C for 1 min; held at 
4 °C), 1-sided size selection using SPRI select beads, and assessed quality 
and quantity of the VDJ region using an Agilent Bioanalyzer 2100. The 
average library size was 620 bp.

We then clustered gene expression and TCR libraries on an Illu-
mina Novaseq pair end flow cell sequenced for 28-10-10-91, to obtain 
about 350 million clusters per sample. We processed sequencing 
images using Illumina’s Real Time Analysis software (RTA). We used 
10x Genomics Cell Ranger Single Cell Software suite v6.0.0 (https://
support.10xgenomics.com/single-cell-gene-expression/software/
pipelines/latest/what-is-cell-ranger) to demultiplex, align (hg19), filter, 
UMI count, and single-cell 5′ end gene count samples, assemble TCRs, 
annotate paired VDJ, and perform quality control per manufacturer’s 
parameters.
CloneTrack. Clone definition. We defined a T cell clone by the nucleo-
tide CDR3 sequence of the β chain and its V and J genes (TRB). For T cells 
identified by single-cell sequencing, we defined clones by the CDR3B 
nucleotide sequence, and mapped clones to paired TCR Vβ sequenc-
ing. The V/J genes were disregarded to remove cross-platform biases 
in V/J gene calling.

We defined the frequency of a clone x as f =x
n
N

x , where nx is the num-
ber of reads corresponding to the clone x as defined above, and N is 
the summation of all productive (in-frame, no stop codons) reads, as 
done previously1.

We computed the aggregate frequency of several clones x X∈  using 
an aggregate count ∑n n=X x X x∈  and used a pseudo-frequency as pre-
viously described1 if n = 0X .

We defined vaccine-induced and atezolizumab (anti-PD-L1)-induced 
clones as previously described1. In brief, in CloneTrack, we select a 
baseline timepoint, and a time period of interest, and compute P values 
for each clone to determine if it expands twofold or greater within the 
determined time period, using a modified Fisher exact test as previously 
described1, with Bonferroni multiple hypothesis testing adjustment for 
both the clones and the number of timepoints examined. We select the 
most significant timepoint for each clone with an adjusted P < 0.001. 
For vaccine-induced CloneTrack clones, we use the timepoint immedi-
ately preceding the vaccine priming dose as the baseline and define the 
expansion time period to extend until the first dose of chemotherapy 
(after completing all priming doses). We impose a de novo constraint 
on prime clones, such that the clones must not be detected in blood 
before the start of the priming doses. For anti-PD-L1-expanded clones, 
we use the timepoint immediately preceding the anti-PD-L1 dose as the 
baseline and define the expansion time period to extend until period 
immediately after anti-PD-L1. Our updated analyses yield identical 
clones as detected previously1.

We defined a clone induced by a vaccine boost by modifying the above 
described modified Fisher exact test1 with a twofold expansion factor 
between the timepoints immediately pre- and post-boost, together with 
a de novo constraint and a significance threshold of adjusted P < 0.001 
after accounting for the Bonferroni multiple hypothesis correction. 
No induced vaccine boost clones were found.
Half-life and lifespan. As we have sufficient timepoints in our Clon-
eTrack time series, we can utilize a standard mathematical method 
to estimate half-life and lifespan in biological and physical systems— 
fitting an exponential function to experimentally observed decay rates 
of individual T cell clones. For each clone, we plot the experimentally 
measured trajectory (Extended Data Fig. 4e, top), and then derive the 
half-life and lifespan for the clone after priming doses alone and after 
priming + boost doses as described below.
(1)	 To estimate the clone half-life and lifespan post-priming, we iden-

tify the peak priming time (time when the clone’s frequency peaks 
before boost), and select all times from peak priming to boost  
(Extended Data Fig. 4e, top, orange circles).

https://www.imgt.org
https://www.imgt.org
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
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(2)	To estimate the clone half-life and lifespan post-prime/boost, we 

identify the peak boost time (time of the clone’s first measured 
frequency post-boost), and select all times post peak boost.

When a clone is not detected (frequency = 0), we impute its frequency 
f = 0.5/max_sample_normimputed  where max_sample_norm is the total  
sequence count in the largest sequencing sample in the time series.

We then hypothesize that the frequency of a clone exponentially 
decays as a function of time:

f t f( ) = e τ t t
0

− 1 ( − )0

where f(t) = clone frequency at time t; f0 = peak clone frequency; τ = 
mean lifetime. There are two free parameters, f t( ) and t1/2, which must 
be inferred. To infer the free parameters for each of these curves, we 
performed a linear fit on the log of the clone frequencies using a 
least-square regression (implemented using stats.linregress).

We take t = 00  by subtracting peak time from all subsequent times, 
and linearize the exponential equation:

f t f( ) = e τ t t
0

− 1 ( − )0

f t f
τ

tln( ( )) = ln( ) −
1

0

We can now fit a linear regression to the above equation to derive 
the decay constant, τ. The fitted slope is m = − τ

1 . Therefore:

τ
m

= −
1

As the half-life of a clone is the time for a clone to reduce from its 
peak frequency by 50%,

f t f

t
m

( ) =
1
2

= −
1

ln(2)

1/2 0

1/2

Where m is the fitted slope from the observed trajectory.
We define lifespan as time for a clone’s frequency to fall below the 

detection threshold (10−6). We derive the lifespan (tdisappearance) as:

f t f

f

t
m

f

( ) = e

10 = e

= −
1

× (ln( ) − ln(10 )

τ t

τ t

disappearance 0
− 1

−6
0

− 1

disappearance 0
−6

disappearance

disappearance

The two quantities we report from these fits are the half-life (t1/2), 
and the lifespan (tdisappearance). These estimated values were then clipped 
at maximum values of 5 years for the half-life t1/2, and 100 years for the 
disappearance time t∆ d, including for any clones which were growing 
instead of shrinking, which would infer negative half-lives and lifespan.

To estimate goodness of fit, we calculate the root mean square error 
(RMSE) that measures for each clone, how far each estimated point is 
from the observed frequency at that timepoint, averaged across the 
time series.

Specifically, the RMSE is calculated as

y y

N

∑ ( ′ − )i
N

i i=0
2

Where N is the number of points being fitted, y ′i  is the estimated fre-
quency at timepoint i and yi is the observed frequency at timepoint i.

We calculate the RMSE in the natural log space in which the equation 
is fitted and visualize the RMSE (Extended Data Fig. 4e, bottom) on a 
log10 scale, equivalent to the scale we plot the clone trajectories (Fig. 2b 
and Extended Data Fig. 2a). All estimated frequencies are within a fac-
tor of 10 of the observed frequencies, and 98 of 144 (68%) of estimated 
frequencies fits lie within a factor of 2 of the observed values.
CloneTrack survival curves. The survival curves of CloneTrack clones 
were determined based on time from first observation of the clone. As 
all of these clones were unobserved in the blood pre-vaccination, this 
appearance time (ta) can be determined precisely. For the observed 
survival time (ts), we took the difference from the last timepoint a clone 
is observed to the appearance time. For the estimated survival curves 
we determined the survival time using the disappearance time t∆ d and 
the start time t0 (either peak prime frequency or post-boost follow-up 
time) for that fit:

t t t= + ∆s d0

Note, patient 5 did not receive a boost, so their two CloneTrack clones 
are included in both the prime and total estimated survival curves.
Time integrated cumulative vaccine frequency. To measure the 
cumulative frequency of the CloneTrack clones up to a set point in time 
we computed an integrated average of the aggregate CloneTrack fre-
quency time series. As T cell clone frequencies change on a logarithmic 
scale, we integrated and averaged the log of the frequency trajectory 
and then exponentiated at the end (a weighted geometric mean);

( )∫
C T

p t dt

T
( ) = exp

log ∑ ( )
T

c c0














Where p t( )c  is the frequency trajectory of CloneTrack clone c. To 
avoid taking logs of zeros we used a minimum frequency of 2 × 10−6 if 
no CloneTrack clones were measured at a timepoint. We used a time 
t = 644 days for analysis, corresponding to the latest follow-up time-
point at which complete clonal analysis is available for all patients. The 
numerical integration was done using scipy.integrate.cumtrapz.
Metaclones. To find additional T cell clones that may be responding to 
the vaccine, we looked for clonotypes with TCR sequences similar to the 
vaccine-reactive clones (that is, CloneTrack clones). We used GLIPH2.035 
with default parameters to cluster all beta chain TCRs (including CDR3 
amino acid sequence, V and J gene) of each patient using most available 
TCR sequencing samples for that patient (restricting samples to early 
follow-ups). Among the GLIPH groups that were labelled as significant 
(Fisher score <0.05) compared with the background CD4/CD8 reference 
TCRs provided by GLIPH2, we identified those containing CloneTrack 
clones (vaccine-responding metaclones). For each patient, TCR clones 
(defined by their nucleotide sequence and V/J genes) with CDR3 amino 
acid sequences belonging to each vaccine-responding metaclone were 
identified at each timepoint and the sum of the frequencies of these 
clones (excluding the original CloneTrack clones) was plotted for all 
available timepoints.
Single-cell analysis. Quality control. Filtered count matrices gen-
erated by Cellranger (v6) were integrated into a single matrix using 
Scanpy36. Cells were filtered by having a sequenced high confidence 
TRB CDR3 region called from Cellranger VDJ (v6). Genes were further 
filtered based on whether the distribution of the gene expression over 
the set of cells that express the gene (non-zero expression) has at least 
1 nat of entropy and the gene was found in at least 1% of total cells. Both 
mitochondrial and ribosomal genes were removed.
Phenotyping. Phenotyping was done using the GeneVector pipeline37. 
Cells and genes that pass quality control are embedded according to 
the GeneVector methodology using mutual information signed by 
the correlation coefficient into a 20-dimensional latent space38. Phe-
notyping was then done on cells belonging to CloneTrack clones (as 



identified by their TRB sequences) by fitting a gaussian mixture model 
with three components to the cosine similarity of each cell embedding 
vector onto five genes embedding six vectors (MKI67, GZMB, ZNF683 
and KLF2) as implemented in Scikit-Learn39.

PhenoTrack. We generated PhenoTrack plots using the phenotyping 
method described above. Each PhenoTrack plot is defined by examin-
ing a set, C, of T cell clones for a particular individual, and tracks the 
relative frequency, and flow of phenotypes of each clone. As clones can 
expand or disappear in the repertoire, these plots differ from standard 
Sankey and alluvial plots in that there is no balanced flow in and out of 
nodes. To define these plots, we first calculated the frequency of each 
phenotype fi for each clone c at each timepoint T, p f( ))c T i,

. This can be 
represented as a sum over all cells x that have clonotype c (indicated 
as x c~ ):

∑p f
N

p f x( ) =
1

( | )c T i
T x X x c

i,
∈ | ~T

Where XT is the set of sequenced clones at timepoint T, NT is the total 
number of cells in XT, and p f x( | )i  is the probability cell x has phenotype 
fi (if using deterministic assignments this is either 0 or 1). The static 
phenotype breakdown of each sequenced timepoint can be easily 
determined by summing over all clones in C:

∑p f p f( ) = ( )C T i
c C

c T i,
∈

,

This is represented by the solid bars at the sequenced points. We can 
never determine phenotype swapping of individual cells, as any cell that 
was sequenced is necessarily not present at the next timepoint, so to 
determine phenotype flow from one point to the next we examined the 
phenotype probabilities of clones. It is also important to note that as a 
clone c may not have the same frequency at timepoint T as at timepoint 
T + t, the total flow out from a timepoint may not equal the flow into 
the next timepoint. This necessitated us to define both outflow and 
inflow between adjacent timepoints. The phenotype flow out from a 
phenotype fi to fj for an individual clone c between timepoints T and 
T + t can be defined according to an independent approximation:

f f p f p f p coutflow ( → ) = ( )× ( ) × ( )c T T t i j c T i c T t j T, → + , , +

The inflow for this same transition only differs in the clone frequency 
normalization:

f f p f p f p cinflow ( → ) = ( ) × ( ) × ( )c T T t i j c T i c T t j T t, → + , , + +

To get the total flows over our clone set C we need only sum over the 
clones c C∈ :

∑f f f foutflow ( → ) = outflow ( → )C T T t i j
c C

c T T t i j, → +
∈

, → +

and

∑f f f finflow ( → ) = inflow ( → )C T T t i j
c C

c T T t i j, → +
∈

, → +

These outflows and inflows, along with a simple Hill function inter-
polation between the two, determine the width of the bands showing 
the transitions between phenotypes. Each band is coloured based on 
the phenotype it flows out of. Also note, that because a clone may not 
be present at both timepoints the total flow in/out of a timepoint may 
not equal the static probabilities, that is:

∑ f f p foutflow ( → ) ≤ ( )
f

C T T t i j C T i, → + ,
j

and

∑ f f p finflow ( → ) ≤ ( )
f

C T T t i j C T t j, → + , +
i

indicating clones either leaving or entering the repertoire at those 
respective timepoints. For PhenoTrack plots that aggregate over indi-
viduals, all of these equations were averaged over the individuals.

We define pre/post-vaccination phases as follows:
•	 Expansion: all time periods during priming doses of autogene cevu-

meran
•	 Contraction: all time periods after priming doses of autogene cevu-

meran and before mFOLFIRINOX
•	 Early memory: 0.8–1.8 years post-vaccination
•	 Mid memory phase: 1.9–2.3 years post-vaccination
•	 Late memory phase: all time periods from 2.4 years onwards

Ternary plots. The ternary plots were generated by reducing the 
phenotype space to three phenotypes and determining the pheno-
type breakdown of each clone of interest only with respect to these 
phenotypes:

∑ ∑ ∑f c T p f x p f x( , ) = ( ) ( )i
x X x c

i
x X x c j

j
∈ ~ ∈ ~ =1

3

T T



















∣ ∣

∣ ∣

These 3D probability vectors can then be plotted on the 2D sim-
plex. Single timepoints can be represented as a scatter plot and tran-
sitions between timepoints can be represented by arrows. The width 
or size of a marker represents the frequency of the clone at the initial 
timepoint. Clones can also be aggregated together by summing and 
renormalizing.

Pgen. The probability of each amino acid CDR3 TRB to be generated 
through VDJ recombination, also known as Pgen, was computed using 
the OLGA software40. Pgen was computed for each TRB in all baseline 
samples for responding patients using the default human TRB IGoR 
model41 shipped with OLGA. Each Pgen was computed for the amino 
acid CDR3 TRB excluding V and J gene restrictions.

Gene-expression analysis. For the differential gene analysis, we spe-
cifically examined only cells belonging to CloneTrack clones in patients 
1, 6, 10, 11, 14 and 29 (n = 9,110 cells). We normalized the gene expression 
by the total number of counts in each cell (implemented by scanpy.
normalize_total) and computed log gene expression on the normalized 
genes expression (implemented by scanpy.logp1):

c g c gLGE( , ) = log(GE( , ) + 1)

where GE(c,g) is the read count of gene g in cell c.
We computed the differential gene heatmap between phases 

phase-by-phase. Only genes that were not ribosomal or mitochondrial 
were considered (n = 24,800). For each phase, we identified genes that 
were the most significantly upregulated in cells from that phase relative 
to all other (CloneTrack) cells using Mann–Whitney U with Bonferroni 
multiple hypothesis correction with an adjusted P value threshold of 
0.001. Genes that passed significance were then ordered by their mean 
differential log2 gene expression:

g c g c gDLGE ( ) = �LGE( , )� − �LGE( , )�Ph c∈Ph c∉Ph

where Ph indicates the cells from a particular phase. We depict the top 
25 upregulated genes from the phases: expansion, contraction, memory 
as a heatmap composed of the differential expression for each of these 
genes at each of the above phases (Fig. 3d).

We generated the gene expression violin plot for a gene g by using 
the LGE(c,g) of that gene for cells of the labelled phases.
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We perform gene set enrichment analysis to confirm genes expressed 

by vaccine-induced T cells in the expansion phase are modulated by 
proliferating T cells42 (gene set: Travaglini_Lung_Proliferating_NK_T_
Cell, P value = 2.3 × 10−22, false discovery rate q value = 3.7 × 10−19), 
and in the contraction phase modulated by CD8+ T cells post-antigen 
exposure (gene set: Kaech_Day8_Eff_VS_Memory_CD8_TCell_DN,  
P value = 7.8 × 10−18, false discovery rate q value = 5.4 × 10−15).

Whole-exome sequencing, mutation identification and phylogeny. 
We applied the same bioinformatic pipeline as previously described28. 
In brief, we aligned reads to the reference human genome (hg19) using 
BWA (v0.7.17)43, and marked duplicates by picard-2.11.0 MarkDuplicates 
(https://broadinstitute.github.io/picard/). Then, we performed indel re-
alignment by the Genome Analysis toolkit (GenomeAnalysisTK-3.8-1)44 
using RealignerTargetCreator and IndelRealigner. We used the 1000 
genome phase1 indel (1000G_phase1.indels.b37.vcf) and Mills indel calls 
(Mills_and_1000G_gold_standard.indels.b37.vcf) as references. We then 
calibrated base quality by the GATK’s BaseRecalibrator using dbSNP ver-
sion 138 as reference source. After a pre-processing step, we employed 
MuTect 1.1.745 and Strelka 1.0.1546 to identify SNVs and indels in tumour 
samples compared to normal tissue. Using bam-readcounts (v0.8) 
(https://github.com/genome/bam-readcount), we counted the number 
of reference and alternative alleles at each mutation position. We then 
filtered mutations by coverage and variant allele frequency (VAF) by the 
following criteria: (1) total coverage for tumour ≥10; (2) VAF for tumour 
≥4%; (3) number of reads with alternative allele ≥9 for tumour; (4) total 
coverage for normal ≥7; and (5) VAF for normal ≤1%. After filtering, we 
took union of filtered mutations within each individual, leveraging 
primary and recurrent samples. This allowed us to capture coverage and 
VAF changes from primary to recurrent tumours, even for undetected 
mutations. We repeated the bam-readcount step for this union set of 
mutations. Since VAF is not a normalized measure to represent cancer 
cell fraction (CCF), we used phyloWGS (v1.0-rc2)47 to reconstruct the 
phylogeny tree and also to infer CCF on the merged set of mutations. 
Primary and recurrent tumours share the same topology, but the CCF 
can differ between primary and recurrent samples. We chose the tree 
for each sample that has the largest likelihood value. We visualized 
trees with R package data.tree (v1.1.0) (https://cran.r-project.org/web/
packages/data.tree/index.html). The colour represents CCF changes 
from primary to recurrent tumours in log scale (log CCFrec/CCFprim).

In vitro peptide stimulation. For each neoantigen, we designed 2–4 
overlapping 15mer peptides (OLPs, Genscript) covering the mutated 
neoantigen sequence encoded by the RNA vaccine (Genscript). We 
resuspended all peptides in DMSO at 10 mg ml−1. Then, we cultured 
1 × 106 PBMCs in a 48-well plate with peptide pools (total peptide con-
centration of 20 μg ml−1) added on day 1, and IL-2 (100 U ml−1) and IL-15 
(10 ng ml−1) added on day 2 and every subsequent 2–3 days. Then, on 
day 7 we restimulated PBMCs with peptide pools, and analysed T cell 
degranulation by incubating stimulated cells for 1 h with an anti-CD107a 
antibody, and T cell TNFα and IFNγ production by incubating stimulated 
cells for 4 h at 37 °C with a protein transport inhibitor (BD Biosciences) 
and measuring intracellular cytokine production by flow cytometry.

Epitope spreading. To detect epitope spreading in responders, we 
stimulated PBMCs in vitro with neoantigens not encoded in vaccines. 
First, we used WES to identify somatic mutations as described above. 
Then, we filtered out mutations either included in the vaccine, called 
with low confidence, or whose transcript encoded an amino acid seq
uence present in the patient reference proteome (that is, we excluded 
synonymous, stop gain, and start loss mutations). From this set, we 
computationally created 27mers with the mutated residue at position 
14 (where fewer than 13 amino acids were available before or after the 
mutated residue, all available residues were included), tested binding 
of 27mer derived 8 to 14mer neoepitopes (excluding all k-mers that did 

not span the mutation site) to the patient’s HLA-I by NetMHCPan4.1, 
and selected 27mers containing at least one neoepitope predicted to 
be a strong binder (as per NetMHCPan4.1) or with a binding affinity27 
<150 nM. We then designed 2–4 OLPs (Genscript) covering the mutated 
27mer and performed in vitro peptide stimulations of bulk PBMCs as 
described above.

Flow cytometry and cell sorting. We analysed PBMCs and transduced 
T cells on a FACS LSR Fortessa (BD Biosciences) using FACSDiva soft-
ware (version 8.0.1, BD Bioscience). We stained cells for cell surface 
and intracellular markers using antibody cocktails per manufacturer’s 
recommendations, in a final staining volume of 100 µl, with appro-
priate controls as indicated. We used the following antibodies and 
reagents: from BioLegend, CD137 (clone 4B4-1, PE; 3 µl per sample), 
CD3 (clone SK7, PE-Cy7; 4 µl per sample), CD4 (clone OKT4, Brilliant 
Violet 650; 2 µl per sample), CD45 (clone 2D1, Alexa Fluor 700; 5 µl per 
sample), CD56 (clone HCD56, BV605; 2 µl per sample), CD8 (clone SK1, 
AF700 and APC-Cy7; both 2 µl per sample), HLA_ABC (clone W6/32, 
APC; 3 µl per sample), IFNγ (clone 4S.B3, BV421; 5 µl per sample), and 
mTCR (clone H57-597, PE-Cy5; 0.5 µl per sample); from BD Biosciences, 
CD107a (clone H4A3, PE; 20 µl per sample), CD56 (clone NCAM16.2,  
BV786; 5 µl per sample), TNFα (clone Mab11, APC; 2.5 µl per sample), 
and DAPI (564907; 0.2 µl per sample); and from Invitrogen, fixable 
viability Dye eFluor 520 (65-0867-14; 1.0 µl per sample). We used 
the following definitions: human T cells as live, CD45+CD56−CD3+ 
cells; degranulating CD8+ T cells as live, CD56−CD3+CD8+CD107a+; 
neopeptide-stimulated CD8+ T cells as live, CD56−CD3+CD8+TNFα+IFNγ+;  
and activated transduced T cells as live, CD3+CD8+mTCR+4-1BB+. We 
sorted T cells using an Aria Cell sorter (BD Biosciences). We analysed 
the data using FlowJo (version 10).

Identification of T cell clones through in vitro neoantigen rechal-
lenge. In vitro neoantigen-specific T cell clones were identified as 
previously described1 with minor modifications. In brief, to determine 
if a T cell clone was specifically stimulated by a neopeptide pool, we 
sort-purified T cell clones into activated and inactivated fractions 
(CD107a+ and CD107a−) after peptide stimulation for either TCR Vβ or 
single-cell VDJ sequencing.

To identify antigen-specific T  cell clones, we determined a 
peptide-specificity stimulation P value for each T cell clone using a 
one-tailed binomial test (implementing the scipy.stats.binom_test) 
with a threshold S, to indicate significance with respect to at least S 
fraction of a clone being antigen-activated. We set the threshold such 
that no expanded T cell clones were detected in the control (DMSO) 
PBMCs for the experiment, by sweeping all thresholds from 0 to 1 with 
steps of 0.1. The minimum threshold which gave no expansion in each 
DMSO control was selected and an extra step of 0.1 was then added 
to enforce higher specificity of the expanded clones identified in the 
experiment. We defined clones based on the nucleotide sequence of 
the TRB junction. We adjusted P values using Bonferroni correction and 
determined significance at an adjusted P value threshold of <0.001.

Statistical analyses. Sample sizes (n) represent the number of patients, 
samples, clones or cells. We analysed survival curves by log-rank (Mantel– 
Cox) test, compared two groups using unpaired two-tailed Mann–
Whitney test, paired groups with two-tailed paired t-test or two-tailed 
Wilcoxon matched-pairs signed rank test, multiple groups with 
Kruskal–Wallis test, categorical variables by chi-squared test, and 
correlated parameters with Spearman correlation. We compared 
longitudinal clonal expansion by two-tailed Fisher’s exact test, and 
in vitro clonal activation by binomial test with Bonferroni correction. 
For differential gene-expression analysis, we used Wilcoxon rank sum 
without any multiple hypothesis correction. P < 0.05 was considered 
statistically significant. All analyses were performed using GraphPad 
Prism (version 10.1.1) or Python (version 3.11.6).

https://broadinstitute.github.io/picard/
https://github.com/genome/bam-readcount
https://cran.r-project.org/web/packages/data.tree/index.html
https://cran.r-project.org/web/packages/data.tree/index.html


Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.
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Extended Data Fig. 1 | Autogene cevumeran but not atezolizumab response 
or tumor size correlates with RFS at 3-year follow-up. a, Trial schematic as 
previously reported1. Reproduced under CC BY 4.0: https://creativecommons.
org/licenses/by/4.0/. b, Recurrence-free survival (RFS) from landmark time 
(last vaccine priming dose) stratified by autogene cevumeran (vaccine) 

immunologic response determined by ex vivo IFNγ ELISpot1 (left), and RFS 
from surgery stratified by anti-PD-L1 (atezolizumab) response (middle) and 
median primary tumour size (right). HR, hazard ratio with 95% confidence 
interval. Black tick marks, censorship points. n is the number of individual 
patients. P values by two-tailed log-rank test (b).

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Extended Data Fig. 2 | Autogene cevumeran induces de novo T cell clones at 
prime but not boost. a, b, Vaccine-induced T cell clones at prime (a) and boost 
(b) identified by CloneTrack. Patient 5 did not receive boost dose and is excluded 
from (b). Black, blue, green, yellow symbols indicate surgery, atezolizumab, 

vaccination, mFOLFIRINOX times, respectively. Horizontal line, clone detection 
threshold; vertical line, recurrence time. Line colour indicates adjusted P value 
for de novo expansion. n is the number of clones. P values by modified two-tailed 
Fisher’s exact test (a, b).
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Extended Data Fig. 3 | See next page for caption.



Extended Data Fig. 3 | Autogene cevumeran-induced clones identified by 
CloneTrack contain neoantigen-specific clones. a-d, To identify neoantigen-
specific T cell clones, we stimulated PBMCs at various timepoints post-
vaccination in vitro with overlapping neopeptide pools. We then purified 
CD8+CD107a+/− T cells and identified clones with greater proportion of 
activated (CD107a+) versus inactivated (CD107a-) cells as in vitro neoantigen-
specific T cell clones (NA specific) (as done previously1; Methods). For select 
clones and patients, we validated neoepitope specificity by TCR cloning (NA 
mapped). a, Assay schematic. b,c, Venn diagrams show overlap of CloneTrack 
clones (green Venn), NA-specific clones (clones identified as neoantigen-
specific with in vitro vaccine neoantigen-specific T cell activation as in a, pink 
Venn) and NA-mapped clones (clones mapped to neoepitopes by TCR cloning 
as in a, black Venn) in individual (b) and all (c) n = 8 responders. Trajectory 

plots/Venn shading show in vivo longitudinal expansion/contraction of clones 
identified by CloneTrack and validated experimentally (blue shading in Venn 
diagrams), identified by CloneTrack but not experimentally validated (green 
shading in the Venn diagrams), and experimentally validated but not found by 
CloneTrack (pink shading in Venn diagrams). Flow cytometry (b) shows 4-1BB 
expression on neoantigen-specific TCR-transduced CD8+ T cells (identified as 
in a, NA mapped clones) cultured with HLA-matched, neo or irrelevant peptide-
pulsed antigen-presenting cells. Cells were gated on live, CD3+CD8+ TCR-
transduced cells. * Denotes CloneTrack- clones. (d) Percentage of NA-specific 
and NA-mapped clones (as in c) contained in tissues. Black, blue, green, and 
yellow symbols indicate surgery, atezolizumab, vaccination, and mFOLFIRINOX 
times, respectively. n is the number of clones.
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Extended Data Fig. 4 | Dynamics, half-lifes and lifespans of autogene 
cevumeran-induced CloneTrack clones. a, Number of autogene cevumeran 
priming doses for CloneTrack clones (identified as in Extended Data Fig. 2a) to 
reach peak expansion in blood. Red line, median doses to reach peak expansion. 
b, Percentage of individual patient T cell repertoires represented by individual 
CloneTrack clones at peak expansion in (a). c, Longitudinal average number of 
all CloneTrack clone cells per million T cells in responders (n = 8) over time. 
Circles, mean; error bars, s.e.m. d, Peak expansion (top) and half-life (bottom) 
of CloneTrack clones post-prime and boost. e, (Top) Representative estimated 
trajectories post vaccine prime and boost. (Bottom) Root mean square error 
(RMSE) of exponential fits of estimated trajectories for each clone in each 
patient. Dashed lines denote where average estimated differences between 

observed and estimated measurements vary by a factor of 2 (red) or 10 (black). 
f, Correlation of vaccine-induced expansion peak frequency post-prime (top) 
and post-boost (bottom) with estimated lifespan (left) and half-life (right).  
g, CloneTrack clone half-life (top) and lifespan (bottom) with one or more 
co-expanded clones post-prime (left) and boost (right). h, CloneTrack clone 
half-life (top) and lifespan (bottom) post-prime (left) and boost (right) in 
monotope and polytope responders. i, Lifespan of CloneTrack clones stratified 
by mapped/unmapped neoantigen (NA) specificity in vitro (as in Extended  
Data Fig. 3a–c). In d-h, n = 8 patients post-prime and n = 7 patients post-boost 
(patient 5 no boost). n is the number of clones. P values by Kruskal-Wallis test (b), 
two-tailed Mann Whitney test (d, g, h) and two-tailed Spearman correlation (f).



Extended Data Fig. 5 | T cell clones in shared TCR Vβ specificity groups do 
not co-expand with autogene cevumeran-induced CloneTrack clones.  
a, Generation probability (Pgen) of CloneTrack clones that do/do not persist  
>2 years post-vaccination (persistent/non-persistent). b, Percentage of 
CloneTrack clones with intra-patient metaclones in shared TCR Vβ specificity 
groups. Metaclones were identified as clonotypes with TCR sequences similar 

to the vaccine-reactive clones (i.e., CloneTrack clones) using GLIPH2.035.  
c, Individual longitudinal trajectories of CloneTrack metaclones and aggregate 
CloneTrack clones for comparison. Black, blue, green, and yellow symbols 
indicate surgery, atezolizumab, vaccination, and mFOLFIRINOX times, 
respectively. n is the number of clones. P value by two-tailed Mann Whitney  
test (a).
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Extended Data Fig. 6 | Dynamics of atezolizumab-induced T cell clones.  
a, Atezolizumab (anti-PD-L1)-induced T cell clones identified by CloneTrack in 
all vaccine responders. Horizontal line, clone detection threshold; red box, 

autogene cevumeran responders. Black, blue, green, and yellow indicate 
surgery, atezolizumab, vaccination and mFOLFIRINOX times, respectively.  
n is the number of clones. P values by modified two-tailed Fisher’s exact test.



Extended Data Fig. 7 | Autogene cevumeran-induced CloneTrack clone 
T cells do not acquire exhaustion features long-term. a, UMAPs of single- 
cell RNA and TCR sequencing of all blood T cells (all patients, all times) 
stratified by patient (left), CloneTrack clones (middle) and CD8 expression 
(right). b-d, Violin plots of select central/effector memory (b), tissue retention (c) 

and T cell exhaustion (d) associated genes in CloneTrack clone T cells  
at expansion, contraction and memory phases by single-cell RNA/TCR 
sequencing as shown in Fig. 3a. n is the number of cells or clones. P values  
by two-sided pairwise Wilcoxon rank sum test.
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Extended Data Fig. 8 | Autogene cevumeran-induced CloneTrack clones 
retain an effector phenotype despite post-vaccination chemotherapy.  
a, UMAPs of single-cell RNA and TCR sequencing of CloneTrack clone T cells  
(all patients, all times) stratified by patient (left) and phenotype (right).  
b, PhenoTrack plots of phenotype composition and conversion of CloneTrack 
clones over time in individual responders. Vertical coloured bars show the 
proportion of cells of each phenotype at corresponding times. Black, blue, 

green and yellow rectangles indicate surgery, atezolizumab, vaccination and 
mFOLFIRINOX times, respectively. c, Phenotype conversion of CloneTrack 
clones from expansion to contraction (top) and contraction to memory 
(bottom) phases in individual responders. Arrows, individual clones; axis 
proximity of arrow base, fraction of cells per clone in a phenotype; arrows point 
from phenotype origin to destination; arrow width, clone frequency. n is the 
number of cells.



Extended Data Fig. 9 | Autogene cevumeran-induced CloneTrack clone 
frequency correlates with neoantigen-specific functional recall in vitro.  
a, b, Longitudinal cytokine production and lytic capacity (flow cytometry, left; 
colored curves, right) of CD8+ T cells post bulk PBMC in vitro rechallenge with 
immunodominant and sub-dominant ELISpot+ vaccine neoantigens, and 

aggregate fraction of autogene cevumeran-induced CloneTrack clones (black 
curves) in monotope (a) and polytope (b) responders. Flow cytometry is gated 
on live, CD3+CD56−CD8+ cells. Data for patients 10, 25 (cytokine production) 
and 11 (flow cytometry) are in Fig. 4a,b.
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Extended Data Fig. 10 | Autogene cevumeran responders do not acquire 
immune activity against non-vaccine neoantigens. a, b, Longitudinal 
cytokine production of CD8+ and CD4+ T cells post bulk PBMC in vitro 
rechallenge with pools of non-vaccine tumor neoantigens depicting individual 

(a, flow cytometry) and aggregated (b) data in responders. Flow cytometry is 
gated on live, CD3+CD56−CD8+ cells (left) and on live, CD3+CD56−CD4+ cells 
(right).
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