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A neoantigen vaccine generates antitumour 
immunity in renal cell carcinoma
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Personalized cancer vaccines (PCVs) can generate circulating immune responses 
against predicted neoantigens1–6. However, whether such responses can target cancer 
driver mutations, lead to immune recognition of a patient’s tumour and result in 
clinical activity are largely unknown. These questions are of particular interest for 
patients who have tumours with a low mutational burden. Here we conducted a  
phase I trial (ClinicalTrials.gov identifier NCT02950766) to test a neoantigen-targeting 
PCV in patients with high-risk, fully resected clear cell renal cell carcinoma (RCC; stage III 
or IV) with or without ipilimumab administered adjacent to the vaccine. At a median 
follow-up of 40.2 months after surgery, none of the 9 participants enrolled in the  
study had a recurrence of RCC. No dose-limiting toxicities were observed. All patients 
generated T cell immune responses against the PCV antigens, including to RCC driver 
mutations in VHL, PBRM1, BAP1, KDM5C and PIK3CA. Following vaccination, there  
was a durable expansion of peripheral T cell clones. Moreover, T cell reactivity against 
autologous tumours was detected in seven out of nine patients. Our results demonstrate 
that neoantigen-targeting PCVs in high-risk RCC are highly immunogenic, capable  
of targeting key driver mutations and can induce antitumour immunity. These 
observations, in conjunction with the absence of recurrence in all nine vaccinated 
patients, highlights the promise of PCVs as effective adjuvant therapy in RCC.

Neoantigens are derived from tumour-specific mutations and rep-
resent important targets of T cell-mediated antitumour immunity7. 
PCVs directed at neoantigens have the potential to steer antitumour 
immune responses towards cancer-cell-specific epitopes8, with the goal 
of improving on-target efficacy and reducing off-target immune toxic-
ity. However, the optimal disease setting and the most effective neoan-
tigen targets remain largely unknown. In melanoma, a cancer type with 
a high tumour mutational burden (and consequently a large number 
of potential neoantigen targets for a vaccine), PCVs have been shown 
to be feasible, safe and capable of inducing long-term antigen-specific 
T cell memory responses4–6. In a phase II study of patients with high-risk, 
resected melanoma, the addition of a PCV to standard-of-care adjuvant 
PD-1 blockade (pembrolizumab) reduced tumour recurrence or death 
by 44%1. However, for tumours with a low mutational burden, PCVs have 
faced implementation challenges in both initial manufacturing and in 
the effective generation of vaccine-specific immune responses2,3. In a 

phase I trial of a PCV as adjuvant therapy for pancreatic adenocarci-
noma2, 16 out of 32 enrolled patients were able to receive the planned 
PCV therapy, and 8 of those 16 patients generated immune responses 
to vaccination. However, immune responses to more than one tar-
geted neoantigen was seen in only 4 out of 8 patients (50% of immune 
responders and 25% of all patients who received the vaccine)2. Notably, 
at the 18-month median follow-up, no disease recurrence was detected 
among the 8 patients who had an immune response to the neoantigen 
vaccine, whereas disease recurrence was observed at the expected rate 
in patients who did not mount a vaccine response. These observations 
highlight both the challenges and the potential of PCVs as adjuvant 
therapy in tumours with a low mutational burden.

RCC is a prevalent disease, and these tumours have a relatively low 
mutational burden9 with defined cancer driver mutations10. Therefore, 
RCC is highly representative of tumours with a low mutational burden. 
Immune-based therapies can be effective in RCC, as reflected by the 
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proven antitumour activity of both historical (cytokine-based) and con-
temporary (immune-checkpoint-inhibitor-based) immunotherapies11. 
Although neoantigens may represent a class of T cell target antigens in 
RCC12, a greater number of neoantigens has not been associated with 
improved responsiveness to immune checkpoint inhibitors in this 
disease. This is in contrast to malignancies with high mutational bur-
dens such as melanoma, lung cancer or microsatellite-instability-high 
colorectal cancer10,13. In the adjuvant setting in RCC, a phase III study 
demonstrated that patients had an improved disease-free survival and 
overall survival with pembrolizumab14; however, many patients still 
experienced disease recurrence. Furthermore, three other adjuvant 
and perioperative phase III trials of immune checkpoint inhibitors, 
including atezolizumab, nivolumab, and nivolumab plus ipilimumab, 
did not demonstrate any clinical benefit in the adjuvant setting15–17. 
Thus, there remains a high unmet clinical need to improve outcomes 
after surgery for patients with high-risk, resected RCC.

Overall, the low mutation burden, defined cancer driver mutations, 
existing signal for immunotherapy efficacy and ongoing unmet clinical 
need of RCC means that RCC represents an ideal disease setting to inves-
tigate the role of adjuvant PCV therapy. Furthermore, vaccination stud-
ies of RCC in which autologous whole tumour cells18, tumour-associated 
antigen peptides19,20 or a single neoantigen-containing peptide21,22 
were assessed have provided a foundation for studying multi-epitope, 
neoantigen-targeting PCVs in this disease. To this end, we conducted 
an investigator-initiated phase I clinical trial of peptide-based, 
neoantigen-targeting PCVs in high-risk, fully resected RCC and a 

comprehensive analysis of immune activity following this therapy 
(Fig. 1a; ClinicalTrials.gov identifier NCT02950766).

No disease recurrence after vaccination
For all nine patients who met eligibility criteria for analyses (Extended 
Data Fig. 1a), a PCV was successfully manufactured and administered. 
The baseline characteristics of the study participants were typical for 
high-risk RCC, with 7 out of 9 patients with high-grade disease (grade 3) 
and 2 out of 9 patients with metastatic (stage IV) disease at the time of 
enrolment (Table 1). The RCC tumours had a median of 45 high-quality 
coding mutations per sample (range of 29–114; Fig. 1b and Supplemen-
tary Table 1). A median of 15 neoantigen-containing peptides were 
successfully synthesized, allocated to 1 out of 4 peptide pools and 
administered as peptide pools to each patient (range of 8–19 individual 
peptides; Supplementary Table 2). All patients were vaccinated with at 
least one peptide that resulted from a frameshift insertion and dele-
tion (indel; range of 1–6) that led to novel open reading frames. Seven 
out of the nine patients were successfully vaccinated with a peptide 
that contained a neoantigen derived from a cancer driver mutation, 
including common RCC gene mutations in VHL, PBRM1, BAP1, KDM5C 
and PIK3CA and other pan-cancer driver mutations (Supplementary 
Table 2). Five patients (identifier 101, 102, 104, 105 and 106) received 
the PCV with ipilimumab subcutaneously administered adjacent to 
the vaccination site (cohort 1), whereas the other patients received 
the vaccine alone (cohort 2).
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Fig. 1 | Vaccine manufacturing process and clinical outcomes. a, Overview 
of the design and administration of the neoantigen-targeting PCV for clear cell 
RCC. At each site, each individual received half of the vaccine subcutaneously 
(under the skin; s.c.) and the other half intradermally (between the layers of the 
skin; i.d.). The immunotherapy drug ipilimumab was also administered to a 
subset of individuals (indicated by ±). Blood was collected at several time 
points over 24 weeks (red arrows). NED, no evidence of disease; WES, whole 
exome sequencing. b, Summary of the vaccine manufacturing process, 

including the number of high-quality coding mutations in each tumour (top), 
the number of neoantigen vaccine peptides administered for each patient 
(middle) and RCC-specific driver mutations targeted by the vaccine 
(bottom). ID, identifier; SNV, single nucleotide variant. c, Swimmer’s plot 
showing the timelines and outcomes of each patient enrolled in the trial, 
starting at nephrectomy. d, Kaplan–Meier estimate of disease-free survival, 
starting at initial vaccine dose. The illustrations in a were created by Sarah Pyle 
and Steven Moskowitz.
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The most common adverse events were low-grade injection-site 
reactions (in 100% of patients) and transient flu-like symptoms (in 8 
out of 9 patients) (Table 2). No patient experienced a grade 3 or higher 
(dose-limiting) toxicity. With a median follow-up of 40.2 months from 
the time of surgery, none of the 9 vaccinated patients experienced a 
recurrence of RCC (Fig. 1c). One patient died from mental-health-related 
complications unrelated to RCC or to treatment. At a median follow-up 
of 34.7 months from initiation of the vaccination, the median 
disease-free survival was not reached (Fig. 1d). Direct comparisons 
with randomized phase III trials of adjuvant PD-1 axis blockade16,23 with 
similar patient eligibility criteria were not possible given the limited 
sample size of the current study. However, overall, patients treated 
with the PCVs had favourable clinical outcomes (Extended Data Fig. 1b).

PCVs are immunogenic in all patients
The PCVs were immunogenic in all nine patients (Fig. 2a, Extended 
Data Figs. 2 and 3a and Supplementary Table 2), with five out of nine 
patients generating vaccine-specific immune responses to all four 
peptide pools. Although the timing of the peak immune response varied 
from 8 to 24 weeks across participants, in 6 out of the 9 patients, the 
highest ex vivo T cell response was observed at 24 weeks after vacci-
nation (4 weeks after completing the second booster dose). In detail, 
there was a median peak response of 477 spot-forming units per 106 
peripheral blood mononuclear cells (PBMCs) per peptide pool (range of 
88–1,051). After in vitro stimulation and deconvolution of the immune 
responses against peptide pools, patients demonstrated immune reac-
tivity against a median of 7 neoantigen vaccine peptides (range of 1–14). 
No substantial differences were observed in the kinetics or peak mag-
nitude of the immune responses between the cohorts of patients who 

did or did not receive subcutaneous ipilimumab with the PCV. The 
majority of the T cell responses originated from CD4+ cells (98.7%), 
had an antigen-experienced, memory phenotype (PD-1+CD45RO+) and 
were polyfunctional (that is, produced 2 or more effector cytokines; 
65.8% of T cell responses) (Fig. 2b and Extended Data Figs. 3b and 4a–d).

We further investigated whether vaccination against cancer driver 
mutations could lead to immune responses. In patient 101, a peptide 
that contained a frameshift mutation from the most common RCC 
driver gene VHL was highly immunogenic (Fig. 2c). Six patients were 
vaccinated with a total of seven peptides that encompassed one of the 
most common RCC driver mutations (VHL, PBRM1, BAP1, KDM5C and 
PIK3CA); six out of seven of these peptides induced an immune response 
following in vitro stimulation (Fig. 2d, Extended Data Figs. 2b and 3a 
and Supplementary Table 2). Across all pan-cancer driver mutations, 
11 out of 17 were immunogenic (65%), and 50 out of 112 (44%) of pas-
senger mutations were immunogenic (Fig. 2e, Extended Data Figs. 2b 
and 3a and Supplementary Table 2). For all peptides, no pre-existing 
immune responses were detected, and no clear association was 
observed between immunogenicity and clonality, gene expression or 
predicted human leukocyte antigen (HLA) class I allele binding affinity 
(Extended Data Fig. 4e–i).

Vaccination also induced broad and durable changes in circulating 
plasma proteins, including increases in cytokines supportive of T cell 
differentiation and effector function (for example, IL-12 and IL-18), 
markers of T cell activation (for example, CD27, CD28 and CD70) and 
markers of cytotoxicity (for example, granzyme A) (Fig. 2e, Extended 
Data Fig. 5 and Supplementary Table 3). Of note, markers of angio-
genesis (for example, VEGFA), T cell suppression (for example, PD-1 
and LAG3) and suppressive myeloid states (for example, CSF1) also 
increased over the course of vaccination. These findings support the 
presence of a broad and coordinated remodelling of immune responses 
following vaccination.

PCVs increase skin-infiltrating cytotoxic T lymphocytes
All nine patients developed inflammatory skin reactions at the injec-
tion sites. We performed biopsies at adjacent sites immediately before 
initiating vaccine priming (week 0) and from the injection sites 48–72 h 
after receiving the final vaccine priming dose (week 4) (Fig. 3a and 
Table 2). We performed single-cell transcriptomic analyses (single-cell 
RNA sequencing (scRNA-seq) and T cell receptor sequencing (TCR-seq); 
Supplementary Table 4) of skin-infiltrating immune cells from these 
biopsy samples. There were broad increases in the absolute number 
of infiltrating myeloid and lymphoid cell populations (Fig. 3b and 
Extended Data Fig. 6), and no substantial differences were noted 
between the cohorts of patients who did or did not receive ipilimumab 
(Extended Data Fig. 7).

Previous neoantigen peptide vaccines were subcutaneously deli-
vered3,4. The PCVs in this trial were administered intradermally and 

Table 1 | Characteristics of patients at baseline

Characteristic Value

n (%)

Age (years)

 Mean ± s.d. 63.2 ± 8.1

 Median 65.5

 Range 50.4 – 75.7

Sex

 Female 2 (22)

 Male 7 (78)

ECOG performance status score

 0 7 (78)

 1 2 (22)

Tumour histology

 Clear cell 9 (100)

 Sarcomatoid and/or rhabdoid differentiation 0 (0)

Stage

 III 7 (78)

 IV 2 (22)

ISUP grade

 Grade 2 1 (11)

 Grade 3 8 (89)

Primary tumour size

 4–7 cm 4 (44)

 7–10 cm 3 (33)

 >10 cm 2 (22)

A total of nine patients were enrolled and reported in these cohorts of the study. ECOG, Eastern 
Cooperative Group; ISUP, International Society of Urological Pathology.

Table 2 | Summary of treatment-related adverse events

Event Grade 1 Grade 2

n (%) n (%)

Fatigue 1 (11) 0

Flu-like symptoms 6 (67) 2 (22)

Injection site reaction 7 (78) 2 (22)

Malaise 1 (11) 0

Increased alanine aminotransferase 1 (11) 0

Decrease white blood cell count 2 (22) 0

Decreased neutrophil count 1 (11) 0

Dry skin 1 (11) 0



Nature | Vol 639 | 13 March 2025 | 477

subcutaneously (half the dose administered for each delivery route), 
with the goal of engaging a broader repertoire of antigen-presenting 
cells in both the dermis and epidermis24. In the myeloid compart-
ment, there was a relative decrease in the proportion of these 
antigen-presenting cells (Langerhans cells and dendritic cell popula-
tions) in the skin after vaccination (P = 0.016; Fig. 3c), which could 

potentially reflect the migration of antigen-presenting cells away from 
the injection site to the draining lymph node25. However, further study is 
needed. Nevertheless, it may be that the changes observed are partially 
mediated by the inclusion of poly-ICLC in the vaccines. This adjuvant 
engages TLR3 and MDA5 and contributes to dendritic cell maturation 
and migration to the draining lymph node26,27.
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Among skin-infiltrating T cells, although the overall TCR diversity 
was unchanged following vaccination (P = 0.94), the number of unique 
T cell clonotypes increased (P = 0.016; Fig. 3d), a result consistent with 
an absolute increase in overall T cell infiltration. Among lymphoid cells, 
the relative proportion of cytotoxic T cell and proliferating natural 
killer (NK) cell populations trended towards an increase with vaccina-
tion (P = 0.078 for both; Fig. 3e). Furthermore, in these cytotoxic cell 
populations, the expression of effector cytokine and cytotoxicity genes 
increased, including PRF1, GZMB and IFNG (Fig. 3f).

PCVs induce durable antitumour immunity
We investigated whether PCVs could lead to durable expansion of 
vaccine-specific T cells and recognition of the patient’s own tumour. 
To infer vaccine-expanded T cell clones, we used TCR-seq to iden-
tify circulating T cell clones that were tenfold greater in peripheral 
blood specimens (through bulk TCRβ sequencing) collected during 
or following vaccination compared with the pretreatment timepoint  
(Methods). Vaccine specificity was further confirmed in biopsy 
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specimens collected following cutaneous delayed-type hypersensitivity 
(DTH) testing, which were profiled by scRNA-seq and TCR-seq (Fig. 4a,b 
and Supplementary Table 5). Across skin biopsy samples from the  
9 patients and evaluation of 29,093 T cells with available TCR data, 
paired with longitudinal peripheral blood TCR-seq analyses from the 
9 patients, we identified 98 vaccine-expanded T cell clones (Fig. 4b 
and Extended Data Fig. 8). In parallel, to identify pre-existing puta-
tive tumour-specific and viral-specific T cell clones, we measured the 
expression of previously validated specificity-associated gene signa-
tures28 in single-cell transcriptomes that we generated from T cells 
that infiltrated the baseline RCC tumours from the nine patients 
(Fig. 4c and Extended Data Fig. 9a–f). Pre-existing tumour-specific 
and viral-specific T cell clones remained relatively constant throughout 
treatment. By contrast, following vaccination, we observed a rapid 

(within 3 weeks), substantial (mean of 166-fold) and durable (up to 
3 years) expansion of new T cell clonotypes (Fig. 4d and Extended Data 
Fig. 8). The clonotype expansion predominantly occurred in CD4 T cells 
(Extended Data Fig. 8a,c), a result in line with the primarily CD4 T cell 
response observed by flow cytometry (Fig. 2b). Furthermore, the num-
ber of vaccine-expanded CD4 clonotypes (but not CD8 clonotypes) 
correlated with the IFNγ response, as assessed using ELISpot assays 
(R = 0.8, P = 0.017; Extended Data Fig. 9g and Supplementary Table 6).

Following vaccination, peripheral T cells expanded against vaccine 
peptides that contained RCC driver mutations in VHL, PBRM1 and BAP1 
could directly recognize autologous tumour cells (Fig. 4e and Extended 
Data Fig. 10). Overall, antitumour reactivity was detected in 77.8% of 
patients (median of 1 peptide pool per patient; range of 0–4 peptide 
pools per patient; Fig. 4f and Supplementary Table 2).
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assessment. T cell clones that were highly expanded in the peripheral blood 
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includes primary tumours from all 9 patients and metastatic tumours from  
the 2 patients with stage IV disease. d, Circulating TCR dynamics during and 
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Discussion
Neoantigen-targeting PCVs have held great promise, but inherent 
challenges with cancer vaccines remain, including antigen selection, 
effective T cell priming and overcoming an immunosuppressive tumour 
microenvironment29. In this prospective trial of high-risk, resected RCC, 
none of the patients experienced a recurrence of RCC after a median 
follow-up of 40.2 months from surgical resection and 34.7 months from 
initiation of the PCV. Our study revealed several notable observations. 
First, despite RCC being a tumour with a low mutational burden, we 
successfully manufactured a multi-epitope vaccine for every patient 
enrolled in the trial. Second, most of the patients received a vaccine 
against neoantigens derived from mutations in major RCC driver genes, 
and these were highly immunogenic30. Third, the vaccine antigens were 
immunogenic in all patients, typically against multiple epitopes, which 
led to polyfunctional memory T cell responses. Vaccination rapidly and 
durably expanded T cell clonotypes, with expansion persisting years 
after the last vaccine dose. Moreover, in most patients, the PCV resulted 
in immune reactivity against autologous tumour cells.

The current study builds on a foundation of previous vaccination 
studies of patients with RCC. A previous phase III study showed that 
adjuvant whole tumour cell vaccination improved progression-free 
survival31–33. However, concerns about study design were raised and 
the programme was ultimately discontinued31–33. Before the develop-
ment of technologies that enabled PCVs to target neoantigens, a study 
of peptide vaccination against overexpressed or tumour-associated 
antigens did not show substantial benefit in the adjuvant setting19. 
These observations highlight the challenges of tumour-associated 
antigen vaccines, including the difficulty in overcoming central tol-
erance mechanisms that are necessary to generate effective anti-
tumour immunity8. In an early study of neoantigen vaccination in RCC, 
a single-epitope vaccine targeting mutant VHL showed meaningful 
immune responses in four out of five evaluable patients22. Although 
this study provided early proof-of-principle for targeting neoantigens, 
there were limitations in the antigen-prediction tools available at the 
time and in the ability to target only a single antigen. Moreover, it was 
conducted in the setting of active metastatic disease in a number of 
study participants.

Our study highlights the important role of disease setting for imple-
menting PCVs. In macrometastatic settings with a large disease burden, 
neoantigen vaccines have had modest efficacy across a range of solid 
tumours34,35. In the adjuvant setting, however, in which only micrometa-
static disease would be present, PCVs could have an essential role in 
clearing residual tumour burden2,4,36. Our study therefore underscores 
the post-surgical adjuvant setting as an ideal context for PCVs, as the 
minimal disease setting presents the possibility of effective consolida-
tive and curative therapy. More broadly, this work supports the concept 
of vaccines as an important addition to therapeutic combinations 
that first minimize disease burden, including the post-surgical and 
post-chemotherapy settings, which can both reduce tumour burden 
and mitigate cancer-mediated immunosuppression37.

Given the highly immunosuppressive nature of the tumour micro-
environment in advanced RCC38, additional immunotherapy combi-
nations will probably be required to maximize antitumour immune 
responses. Our initial hypothesis was that local delivery of ipilimumab 
might improve T cell priming in the local draining lymph nodes while 
avoiding systemic toxicities. Although the addition of subcutaneously 
administered ipilimumab was well tolerated, it did not seem to substan-
tially change the magnitude or phenotype of the peripheral immune 
response in the immediate post-vaccination time period. This result 
must be interpreted with some caution, as future studies may still iden-
tify a role for CTLA4 blockade as a co-therapy for neoantigen-targeting 
PCVs. In our study, ipilimumab did affect the relative abundance of 
skin-infiltrating immune cells, particularly the antigen-presenting 
cells at the injection site. Furthermore, although CTLA4 blockade may 

have more limited short-term effects, it is possibly that it may affect 
long-term T cell quality, including an effective memory T cell popula-
tion. Finally, we note that the total administered dose of ipilimumab 
in our study (2.5 mg per injection site) was substantially lower than 
the conventional systemic dose used in RCC or melanoma. Therefore, 
when locally delivered, higher doses of ipilimumab may produce more 
favourable results39.

Moving forward, other immunological co-therapies could be con-
sidered. PD-1 pathway blockade, which forms the foundation of sys-
temic therapy for metastatic RCC40–44 and is the only approved type 
of adjuvant immunotherapy in RCC14, is a natural partner to combine 
with neoantigen vaccination in the adjuvant setting (as has been effec-
tively done in melanoma36). However, the timing of PD-1 blockade rela-
tive to vaccination should be optimized to effectively prime T cells to 
boost effector function while preserving longer term immunological 
memory45,46. Alternatively, our studies of serial plasma samples sug-
gest other avenues for combination therapies designed to overcome 
circulating programmes induced by the PCV that may be counterpro-
ductive for antitumour immunity. Following vaccination, we observed 
an increase in angiogenesis factors, suppressive myeloid factors and 
multiple inhibitory T cell checkpoints. The PCV activates T cells, and 
T cell activation itself can result in the upregulation of inhibitory check-
points such as PD-1 (ref. 47). Furthermore, the inclusion of poly-ICLC in 
the vaccine may broadly activate innate immunity, which can lead to 
the production of pro-angiogenic factors (such as VEGFA) by activated 
myeloid cells48,49 and interferon that could stimulate the expression 
of inhibitory ligands, including soluble PD-L1 (refs. 50,51). Thus, these 
changes may reflect counter-regulatory mechanisms that are increased 
following innate immune and T cell activation52, and knowledge of 
these induced pathways could provide a pathway for future rational 
combination trials that target these suppressive pathways and aug-
ment vaccine efficacy.

As observed in previous neoantigen vaccine studies3,4,6, our PCVs 
induced a predominantly CD4+ T cell response. CD4 T cells are increas-
ingly being recognized as having an important role in generating effec-
tive antitumour immunity. CD4+ T cells can have a supporting role 
by providing CD40L on dendritic cells, which then activates them to 
enable effective priming of CD8+ T cells53 or necessary activation of 
already primed T cells in the tumour54. Through both direct effects on 
CD8+ T cells and indirect effects mediated by antigen-presenting cells, 
CD4+ T cells can augment CD8+ T cell migration, phenotype, differentia-
tion and effector activity through the production of effector cytokines 
and expression. CD4+ T cells may also have a more direct antitumour 
effect through the production of effector cytokines, such as IFNγ, 
and potentially through direct cytotoxic activity53,55. Therefore, the 
primarily CD4+ T cell responses observed in many neoantigen-targeting 
PCV studies probably make important contributions to antitumour 
immunity.

Although the initial immunological activity and clinical results of 
our small phase I study are encouraging, additional larger-scale studies 
will be required to confirm these finding and to fully understand the 
potential clinical efficacy of this approach. Larger-scale randomized tri-
als of neoantigen-targeting PCVs are anticipated to provide important 
information about clinical activity. However, thus far, they frequently 
lack substantial immunological analyses required for proper interpreta-
tion. In this context, we assert that the generation of a ‘comprehensive 
analysis set’, as achieved in our study, is necessary to build a founda-
tion on which to interpret future large-scale PCV studies of RCC. Fur-
thermore, this initial study only included patients with the clear cell 
subtype, but approximately 25% of patients with kidney cancer have 
variant histology tumours (that is, non-clear cell RCC), and improving 
outcomes for these patients remains an unmet clinical need56.

It is noteworthy that the PCVs (with or without locally delivered ipili-
mumab) were substantially less toxic than adjuvant immune checkpoint 
inhibition. In our study, no patients experienced a grade 3 or higher 
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adverse event. Although this finding must be interpreted with cau-
tion given the small sample size of our study, it does stand in contrast 
to the adjuvant pembrolizumab experience in RCC, in which 18.6% of 
patients encountered a grade 3 or higher toxicity and 21.1% had dis-
continued treatment because of side effects57. The favourable toxic-
ity profile of PCVs highlights the potential beneficial role for these 
neoantigen-targeting vaccines in RCC, either as monotherapy or in 
combination with immune checkpoint inhibition. Furthermore, the 
immunological efficacy and encouraging clinical outcomes in this 
tumour type with a low mutational burden support the broader inves-
tigation of PCVs as adjuvant therapies for solid tumours.

Overall, these results provide support the feasibility of creating a 
highly immunogenic personalized neoantigen vaccines in tumours 
with a low mutational burden. Such an approach, which includes vac-
cination against key disease driver mutations, can lead to effective 
antitumour immunity in solid tumours.
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Methods

Study design
Patients with presumed high-risk RCC who provided informed consent 
were screened for eligibility and enrolled in a single-centre, phase I 
clinical trial approved by the Dana-Farber Harvard Cancer Center Insti-
tutional Review Board (NCT02950766). The study was conducted in 
accordance with the Declaration of Helsinki. Eligibility criteria for final 
registration included histologically confirmed RCC, American Joint 
Committee on Cancer (AJCC) stage (eighth edition) stage III (pT3 and/
or N1) or fully resected stage IV (pT4 and/or M1 with no evidence of dis-
ease). The following additional criteria were applied: Eastern Coopera-
tive Group (ECOG) performance status of 0 or 1; normal organ and bone 
marrow function; no previous treatment with immunomodulatory 
agents or RCC-directed cancer vaccine; no previous non-immune sys-
temic therapy within the previous 6 months; no concomitant therapy 
for cancer or autoimmunity; no history of autoimmune disease or 
immunodeficiency; and no other non-oncology vaccine within 4 weeks 
before the first dose of vaccine until 8 weeks after the last dose (with an 
exception made for vaccination against the SARS-CoV-2 virus). Patients 
were enrolled in the first cohort (vaccine plus 2.5 mg of subcutaneous 
ipilimumab at each vaccine site) and the second cohort (vaccine alone) 
between March 2019 and September 2021. A third cohort of patients 
treated with vaccine plus 5 mg of subcutaneous ipilimumab at each 
vaccine site continued enrolment until December 2022 with follow-up 
ongoing and is not included in this analysis.

The primary objectives of the study were the safety and tolerabil-
ity of administering the PCV together with locally delivered (subcu-
taneous) ipilimumab, and the maximum tolerated dose of locally 
delivered ipilimumab. Secondary objectives were the induction of 
neoantigen-specific cellular immune responses following vaccina-
tion and the proportion of patients alive without recurrence at 2 years 
after surgery. Each PCV consisted of 4 pools, each containing up to 5 
synthetic long peptides targeting neoantigens (300 µg per peptide), 
admixed with 0.5 mg poly-ICLC (Hiltonol, Oncovir) per pool. Each 
peptide pool was assigned a non-rotating limb for administration (for 
example, pool A was always administered in the right thigh). For each 
administration, each peptide pool was separated into two syringes, 
and half of the vaccine dose was administered subcutaneously and 
half intradermally (using separate syringes). For patients who received 
ipilimumab (patients 101, 102, 104, 105 and 106), it was subcutaneously 
administered within 1 cm of the vaccine site. The vaccine was adminis-
tered on days 1, 4, 8, 15 and 22 for vaccine priming and then on weeks 12 
and 20 for the booster phase.

Clinical assessments
The safety of treatment was assessed during each vaccine adminis-
tration and additionally 1 week after the priming phase (day 29), on 
weeks 8, 13, 16, 21 and 24 and then every 12 weeks during the follow-up 
phase (up to 2 years). Adverse events were categorized and graded using 
the NCI Common Terminology Criteria for Adverse Events (CTCAE 
v.4.0). Dose-limiting toxicity was defined as the following specific tox-
icities that occurred within 7 weeks of treatment initiation: (1) grade 3–4 
toxicity except transient (≤72 h) flu-like symptoms, grade 3 nausea that 
returns to grade 2 or lower within 48 h or grade 3 rash that resolves to 
grade 2 or lower within 14 days; (2) grade 3–4 laboratory abnormality 
that persists for more than 7 days or requires hospitalization or medical 
intervention; (3) any grade 3–4 toxicity that is considered by the inves-
tigator to be dose-limiting; (4) any death related to study treatment. To 
monitor for disease recurrence, imaging (CT chest, abdomen and pel-
vis, CT chest and MRI abdomen and pelvis, or PET–CT) was performed 
at baseline, every 8 weeks up to 24 weeks, then every 12 weeks during 
the follow-up period (up to 2 years) and then at a frequency decided 
on by the treating physician (typically every 6 months). Recurrence 
was assessed using RECIST (v.1.1) guidelines.

Clinical outcomes and safety
Clinical outcomes and safety data are reported until the clinical data 
cut-off of 7 July 2023. Disease-free survival is reported as the time (in 
months) of disease recurrence or death from the start of treatment. 
Analyses and visualizations were generated using the R packages sur-
vival (v.3.5.5) and survminer (v.0.4.9). For qualitative comparisons with 
other recent, randomized clinical trials of immune checkpoint inhibitor 
as adjuvant therapy for RCC, KEYNOTE-564 (ref. 23) and IMmotion-010 
(ref. 16) were selected as the therapeutic settings, and the eligibility 
criteria of those studies closely matched the current PCV study, specifi-
cally adjuvant therapy for high-risk RCC after surgical resection and 
inclusion of patients with fully resected metastatic disease (termed ‘M1 
NED’). The Kaplan–Meier curves for KEYNOTE-564 and IMmotion-010 
were reconstructed as previously described58 using DigitizeIt software 
(v.2.5.9) together with the IPDfromKM package in R (v.0.1.10).

Patient samples
At the time of surgical resection, grossly viable sections of RCC tumour 
were identified by board-certified, expert trained genitourinary 
pathologists, and tumour tissue was placed into formalin and into cold 
DMEM medium (Gibco) on ice. To manufacture the PCV, formalin-fixed 
tumour tissue was processed and embedded in paraffin blocks at the 
Dana-Farber Harvard Cancer Center Specialized Histopathology Core, a 
facility certified by the College of American Pathologists (CAP) and the 
Clinical Laboratory Improvement Amendments (CLIA). Slides stained 
with haematoxylin and eosin were prepared from each formalin-fixed 
paraffin-embedded (FFPE) block to confirm the presence of clear cell 
RCC. For the two patients with stage IV (metastatic disease), both 
patients had a single metastatic site in the abdomen, and this was sur-
gically resected at the time of nephrectomy. Separately, FFPE blocks 
from the primary tumour in the kidney and from the metastatic site 
were prepared and both were used for the design of the vaccine. The 
block with the highest tumour purity and lowest necrosis was selected 
for preparation of FFPE thick sections (scrolls), which was transported 
to the Broad Institute for isolation of DNA and RNA for sequencing stud-
ies. All material used for production of the clinical vaccine followed a 
strict chain of custody, with multiple standard checkpoints in place to 
ensure the correct identity of the specimen.

For research (non-clinical) analyses, fresh tumour tissue and adjacent 
non-malignant kidney tissue were placed in separate tubes containing 
DMEM on ice. Sections of tumour and normal tissue were enzymati-
cally and mechanically dissociated as previously described38. Fresh 
tissue was minced with scalpels to 1–2 mm3 fragments and incubated 
in digestion medium containing 0.11 U ml–1 collagenase D (Roche), 
0.56 U ml–1 dispase (Stemcell), 50 U ml–1 DNase I (NEB), 5 mM CaCl2 and 
HBSS (Life Technologies) at 37 °C for 10 min with agitation. Single-cell 
suspensions of tumour or normal kidney were then cryopreserved in 
10% DMSO plus 90% FBS for downstream use.

Peripheral blood samples were obtained before or at the time of sur-
gery for HLA typing and for germline DNA sequencing. Once eligibility 
was confirmed, clinical HLA class I and II typing was performed by the 
BWH Tissue Typing Laboratory. For immune monitoring of PBMCs, leu-
kaphereses were performed before vaccination (within 10 days) and at 
week 16 following vaccine initiation. Peripheral blood samples (K2-EDTA 
tubes) were also collected at weeks 3, 8, 12, 20 and 24 following vaccine 
initiation (with additional specific samples collected at the discretion of 
the investigator). PBMCs were isolated by Ficoll (GE Healthcare) density 
centrifugation and then cryopreserved for downstream analyses. The 
plasma layer following density centrifugation was frozen at –80 °C for 
downstream analyses of circulating soluble protein.

For analyses of skin-infiltrating immune cells, two 5-mm punch 
biopsy samples were obtained from non-sun-exposed skin (right proxi-
mal thigh for the pretreatment and post-vaccine priming samples, and 
right volar forearm for the cutaneous DTH assessment). Skin samples 
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were minced using scalpels, incubated in digestion enzymes (Miltenyi  
Whole Skin Dissociation kit, using enzyme P and enzymes A + D), incu-
bated at 37 °C for 2 h with agitation and further dissociated using a 
Miltenyi gentleMACS (program h_skin_01). The single-cell suspension 
was then enriched for CD45+ immune cells through immunomagnetic 
purification (Miltenyi anti-CD45 microbeads) and immediately used 
for downstream analyses.

Generation of neoantigen-targeting PCVs
The creation of each PCV involved WES of tumour tissue and peripheral 
blood, RNA-seq of tumour, somatic mutation calling, identification 
of target neoantigens and then synthesis, pooling and preparation 
of the vaccine product. For the two patients with metastatic disease, 
tumour material from both the primary tumour and the single resected 
metastatic site underwent sequencing and analysis for vaccine design.

For WES of tumour and normal blood, FFPE tumour scrolls and a 
peripheral blood sample were transported to the Broad Institute Clini-
cal Research Sequencing Platform (CRSP), a CLIA licensed (22D2055652) 
and CAP accredited (8707596) laboratory for the standard somatic WES 
test. DNA derived from FFPE samples was extracted using a Qiagen DNA 
FFPE QIAamp kit per the recommended protocol. Deparaffinization 
solution (DPS) from the kit was added to the samples and incubated on 
a heat block at 56 °C per the manufacturer’s recommendations. Follow-
ing the DPS treatment, buffer ATL and proteinase K from the kit were 
added to the samples and incubated on a heat block overnight at 56 °C 
and then at 90 °C in a heat block for 1 h the following day. The lysate was 
then transferred to a new tube, and RNAse A, buffer AL and ethanol were 
added. The lysate was transferred to a QIAmp spin column, and wash 
buffers included in the kit were added. The sample was finally eluted 
with the provided ATE buffer and stored at 4 °C for downstream process-
ing. Following extraction of total DNA from blood and tumour tissue 
using these standardized procedures, library construction was per-
formed. Library construction was performed as previously described59, 
with the following modifications (as previously reported60): the initial 
genomic DNA input into shearing was reduced from 3 µg to 20–250 ng 
in 50 µl of solution. For adapter ligation, Illumina paired-end adapt-
ers were replaced with palindromic forked adapters (Integrated DNA 
Technologies) with unique dual-indexed molecular barcode sequences 
to facilitate downstream pooling. For end repair and A-tailing, adapter 
ligation and library enrichment PCR, Kapa HyperPrep reagents were 
used in a 96-reaction kit format. For the post-enrichment SPRI clean-up, 
the library concentration was maximized by reducing the elution vol-
ume to 30 µl to maximize library concentration. Libraries were pooled 
(up to 96 samples), and hybridization and capture were performed 
using an Illumina’s Nextera Exome kit. The following modifications were 
made from the manufacturer’s protocol: (1) all libraries in a library con-
struction plate were pooled before hybridization; (2) a skirted PCR plate 
was used to facilitate automation (Agilent Bravo liquid handling sys-
tem) instead of the Midi plate from Illumina’s Nextera Exome kit. After 
post-capture enrichment, library pool quantification was performed 
using qPCR (automated assay on the Agilent Bravo) probes specific to 
the ends of the adapters (KAPA Biosystems). Libraries were normalized 
to 2 nM and then cluster amplification was performed according to 
the manufacturer’s protocol (Illumina) using exclusion amplification 
chemistry and flowcells. The flowcells were analysed using RTA (v.2.7.3 
or later). Each pool of whole exome libraries was sequenced on paired 76 
cycle runs on Illumina HiSeq or NovaSeq instruments with two 8-cycle 
index reads across the number of lanes (or equivalent) needed to meet 
coverage for all libraries in the pool. The anticipated read depth for 
most samples was >150× mean target coverage.

RNA-seq was performed to confirm the expression of putative neo-
antigens. For all patients, a separated portion of tumour tissue (FFPE 
scroll) was sent to the non-CLIA/CAP Broad Institute Genomics Plat-
form. RNA derived from FFPE samples was extracted using a Qiagen 
AllPrep DNA/RNA FFPE kit per the recommended protocol. DPS from 

the kit was added to the samples and incubated at 56 °C per the manu-
facturer’s recommendations. Following the DPS treatment, the samples 
were placed on a heat block at 37 °C to evaporate any residual buffer. 
Once all residual buffer was removed, buffer PKD and proteinase K from 
the provided kit were added and the samples incubated at 56 °C. The 
samples were then centrifuged to collect the DNA-containing pellet 
and RNA-containing supernatant. The RNA supernatant was trans-
ferred to a new tube and incubated on a heat block at 80 °C. Buffer RLT 
from the kit and ethanol was added to the lysate and was applied to a 
RNeasy MinElute spin column. A series of wash buffers and ethanol 
were applied to the bound RNA for purification. The sample was finally 
eluted with the provided RNase-free water and denatured at 65 °C and 
flash chilled on wet ice. The purified RNA was then stored at –80 °C 
for downstream processing. Following RNA extraction using these 
standardized procedures, transcriptome capture RNA-seq was per-
formed using an optimized protocol for RNA from FFPE tissues (Broad 
Institute). Total RNA was quantified using a Quant-iT RiboGreen RNA 
Assay kit and normalized to 5 ng µl–1. Following plating, 2 µl of ERCC 
controls (using a 1:1,000 dilution) were spiked into each sample. RNA 
quality was measured using a Caliper LabChip GX system, which was 
used to calculate a RIN-equivalent RNA quality score. The per cent of 
RNA fragments greater than 200 nucleotides were also quantified into 
a DV200 score. Using a TruSeq RNA Access Library Prep kit (Illumina), 
a stranded cDNA library was prepared from isolated RNA, which was 
then hybridized to a set of DNA oligonucleotide probes to enrich the 
library for mRNA transcript fragments. Flowcell cluster amplification 
and sequencing were performed according to the manufacturer’s pro-
tocols using Illumina HiSeq or NovaSeq S2 instruments. Each run was 
a 76 bp paired-end with an eight-base index barcode read. Data were 
analysed using the Broad Picard Pipeline, which includes demultiplex-
ing and data aggregation. Alignment was completed using the STAR 
alignment algorithm against human reference hg19. Transcriptome 
capture covers the RefSeq and GENCODE (v.12) databases to >98%.

When available, additional RNA-seq of purified tumour cells (that 
is, without other cells from the microenvironment) was performed. 
CA9-positive tumour cells were immunomagnetically purified (using 
Miltenyi anti-CA9 PE antibody and anti-PE microbeads) from freshly 
dissociated tumour and cultured for 48–72 h in OptiMEM GlutaMax 
medium (Gibco) containing 5% FBS, 1 mM sodium pyruvate, 100 U ml–1 
penicillin and streptomycin, 50 µg ml–1 gentamicin, 5 µg ml–1 insulin 
and 5 ng ml–1 EGF. RNA was extracted using a Qiagen RNeasy kit, and 
RNA-seq of this low-input RNA was performed using a modified version 
of the Smart-seq2 protocol (using the NEBNext Single Cell/Low Input 
cDNA Synthesis and Amplification module) as previously described3.

Somatic mutations in WES data were detected using an implemen-
tation of the Cancer Genome Analysis WES Characterization pipe-
line (as previously implemented10; hereafter, referred to as the CGA 
pipeline) in a cloud-based analysis platform, Terra (https://terra.bio/). 
We used v.0.2 of the CGA pipeline. As quality-control steps, the CGA 
pipeline ran deTiN61 and ContEst62 for estimating tumour-in-normal 
and cross-patient contaminations, respectively. The pipeline applies 
multiple artefact filters such as the read-realignment filter by BLAT63 
and the read orientation bias filters followed by SNV and indel calling 
with MuTect64 and Strelka65. All somatic alterations were annotated 
using Oncotator66. Tumour ploidy and purity were determined using 
ABSOLUTE67, and this was used to assign clonality (cancer cell fraction) 
for each somatic mutation. RNA-seq data were quantified as previ-
ously described10. In brief, RNA-seq data were aligned to the human 
reference genome (hg19) and transcriptome (GENCODE v.19) using 
STAR (v.2.6.1)68, and expression was quantified (transcripts per million) 
using RSEM (v.1.3.1)69. All coding mutations were visualized using the 
Integrated Genomics Viewer (IGV v.2)70. Each somatic mutation was 
categorized as high quality or green (variant read support in WES and 
RNA-seq), yellow (high quality in WES but not identified in RNA-seq) 
or red (likely artefact). Green-categorized mutations were prioritized 
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for downstream analyses, although yellow-categorized mutations 
were also included.

To predict neoantigens, the detected coding mutations were con-
verted into peptide sequences, and the translated neoantigens (that 
is, peptides with missense mutations and indels) were sliced into 8, 9, 
10 or 11 amino-acid lengths for HLA class I binding prediction. Antigen 
prediction was performed using HLAthena (v.0)71 and NetMHCpan 
(v.4)72 (eluted ligand rank). Each potential antigen was ranked as follows: 
(1) predicted strong binder (rank < 0.5) by both prediction models; 
(2) predicted strong binder by HLAthena only; (3) predicted strong 
binder by NetMHCpan only; (4) predicted weak binder (rank < 2) by 
both prediction models; (5) predicted weak binder by HLAthena only;  
(6) predicted weak binder by NetMHCpan only; (7) not a predicted binder.

For each patient, an epitope selection board (ESB) was convened, 
which consisted of investigators with expertise in RCC, genomics, 
immunobiology, cancer immunotherapies and peptide chemistry. 
The ESB selected up to 20 short epitopes based on mutation quality, 
antigen rank, cancer driver status (favouring driver over passenger 
mutations), expression (in bulk tumour or in the purified tumour RNA; 
favouring high expression), clonality (favouring clonal over subclonal 
mutations) and whether the somatic alteration was a frameshift indel 
capable of producing a novel open reading frame. The list of driver 
genes for this cohort was created on the basis of known cancer genes 
and significantly mutated genes in the Cancer Genome Atlas–clear 
cell kidney cancer cohort (TCGA–KIRC)30 and PanCancer lists from the 
TumorPortal73 (http://www.tumorportal.org/). Genes with detected 
somatic mutations were intersected with the driver gene list, and the 
nonsynonymous mutations in the driver genes were marked as driver 
mutations. For the two patients with metastatic disease, we prioritized 
neoantigens that were present in both the primary and the metastatic 
tumour. A small number of neoantigens were also selected that were 
present in only the primary tumour or in only the metastatic tumour. For 
the selected short epitopes, the ESB designed synthetic long peptides 
(15–33 amino acids in length) containing the peptide sequence flanking 
the short epitope, with a length and sequence intended to maximize 
synthesizability and solubility.

Good manufacturing practice peptides were synthesized using 
standard solid-phase synthetic peptide chemistry and purified by 
reverse-phase high-performance liquid chromatography (RP-HPLC; 
Neon Therapeutics for patients 101 and 102, Almac Sciences for the 
other patients). Each individual peptide was analysed using various 
qualified assays to assess appearance (visual), purity (RP-HPLC), iden-
tity (by mass spectrometry) and quantity. Peptides were combined into 
one of four pools containing up to five peptides (designed to maximize 
the diversity of predicted HLA class I binding allele and excluding pep-
tides that did not demonstrate clear solutions; the assigned pool for 
each peptide is listed in Supplementary Table 2). Each peptide pool 
was sterile-filtered and underwent additional testing for sterility and 
the presence of endotoxin. On the day of administration. Each pool 
was thawed, mixed with poly-ICLC (Hiltonol, Oncovir) and separated 
into syringes for subcutaneous and intradermal administration, as 
described above.

For cutaneous DTH testing, 0.25 ml of each vaccine pool (contain-
ing 100 µg of each peptide and without poly-ICLC or ipilimumab) was 
combined (1 ml total volume), and 100 µl of this mixture of all vaccine 
peptides was intradermally administered in the right forearm 7–14 days 
after the week 12 vaccine priming dose. At 48–72 h following injection, 
the DTH site was assessed for erythema and induration, and biopsies 
were performed (two 5-mm punch biopsies) at the injection site and 
samples were processed in the same manner as other skin biospeci-
mens, as described above.

Assessment of vaccine immunogenicity by IFNγ ELISpot
PBMCs containing circulating T cells were assessed for immune reac-
tivity to vaccine peptide pools immediately after thawing and rest  

(ex vivo), to individual vaccine peptides following in vitro stimulation 
with pools of peptides, and to autologous tumour cells following in vitro 
stimulation with individual peptides or peptide pools. All T cell culture 
and ELISpot methods (including plate development and analysis) were 
performed as previously described74,75.

For assessing the dynamic ex vivo immunogenicity of vaccine pep-
tide pools over the course of vaccination, PBMCs containing T cells 
spanning week 0 (before first vaccination) until week 24 (after vaccine 
initiation) were screened against pooled neoantigen vaccine peptides 
by ex vivo IFNγ ELISpot assays. Opaque ELISpot plates with 0.45 mm 
hydrophobic high protein binding immobilon-p membranes (Millipore) 
were wet with 35% ethyl alcohol. Wells were washed with distilled water 
three times. Plates were coated with anti-IFNγ antibody at 4 °C (1-DK1 
Mabtech) and were then washed with PBS before stimulation. Cryopre-
served PBMCs from the nine patients were thawed in complete DMEM 
medium supplemented with 10% human serum and rested overnight. 
The PBMCs were then plated at 2 × 105 cells per well and stimulated 
with 10 µg peptide pool. DMSO and/or 10 µg HIV peptides were used 
as negative controls. CMV, EBV and influenza-derived (CEF) peptide 
pools (Mabtech) and PHA (Gibco) were used as positive controls. Each 
stimulation was set up in triplicate and incubated for 18–24 h at 37 °C. 
Plates were developed using manufacturer’s protocols. For each time-
point, responses were background-subtracted (that is, the median of 
the negative controls were subtracted). Responses were defined as 
positive if they showed >55 spot-forming units per 106 PBMCs and at 
least threefold increase over baseline.

Neoantigen vaccine peptide pools were deconvoluted to identify 
immunogenic peptides by in vitro IFNγ ELISpot assays. To generate 
vaccine-pool-specific T cells, week 0 and week 16 PBMCs were plated 
in 24-well plates at 5 × 106 to 1 × 107 cells per well and stimulated with 
10 µg ml–1 vaccine peptide pools in DMEM medium supplemented 
with 10% human serum and 20 ng ml–1 of IL-7 (PeproTech). On day 3, 
the T cells were cultured with DMEM medium supplemented with 10% 
human serum and 20 U ml–1 of IL-2 (PeproTech). In vitro IFNγ ELISpot 
assays were performed 10–14 days after stimulation, after resting the 
T cells in cytokine-free medium overnight. For these assays, 3 × 104 
cells were plated against 10 µg individual vaccine peptide (negative 
controls, DMSO and 10 µg of HIV; positive controls, CEF peptides 
and PHA). No reactivity was detected in week 0 PBMCs. For week 16 
PBMCs, positive peptide responses were identified as those that were 
significantly increased compared with the negative control (DMSO; 
using a two-sided t-test and a significance threshold of 0.05, without 
adjustment for multiple comparisons) and that had at least threefold 
median increase in the number of IFNγ spot-forming units over the 
negative control.

T cells that were reactive to individual peptides and/or peptide 
pools were further assessed for reactivity to autologous tumour 
cells. Dissociated tumours (either all dissociated cells or tumour 
cells immunomagnetically enriched using anti-CA9 antibodies and 
Miltenyi microbeads) were either used directly or pre-stimulated with 
250–2,000 units of IFNγ (PeproTech) 2–3 days before ELISpot assays 
were performed (to increase antigen presentation). For quantify-
ing the tumour reactivity of T cells stimulated with vaccine peptide 
pools, 3 × 104 T cells were plated against 1 × 104 autologous (that is, 
patient-specific) unstimulated and IFNγ-stimulated (IFNγ+) tumour 
cells. For individual immunogenic vaccine peptides, antigen-specific 
T cell lines derived from week 0 (control) and week 16 PBMCs were 
generated and cultured as described above. Antigen-specific T cell 
lines were then tested 10–14 days after stimulation using in vitro IFNγ 
ELISpot assays. To confirm immunogenicity and tumour reactivity, 
3 × 104 T  cells were plated with DMSO (negative control), against 10 µg 
of individual immunizing long peptides or against 1 × 104 tumour cells. 
Positive peptide (or peptide pool) responses were identified as those 
that were significantly increased compared with the negative control 
(DMSO; using a two-sided t-test and a significance threshold of 0.05, 
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without adjustment for multiple comparisons) and that had at least 
threefold median increase in the number of IFNγ spot-forming units 
over the negative control.

Assessment of T cell immunophenotype and cytokine 
production by flow cytometry
PBMCs were thawed and rested overnight at 37 °C in RPMI (Life Tech-
nologies) containing 10% human serum (Sigma-Aldrich), 1% penicillin 
and streptomycin (Life Technologies) and 20 ng ml–1 of IL-7 (PeproTech). 
The following day, PBMCs were stimulated with vaccine peptide pools 
(2 µg ml–1 per individual peptide) in complete R10 medium (RPMI, 10% 
FBS and 1% penicillin and streptomycin). After 1 h of co-culture at 37 °C, 
transport inhibitors GolgiStop and GolgiPlug were added. Following 
5 h of incubation at 37 °C, samples were washed with 1× PBS and stained 
with live/dead dye in 1× PBS for 20 min at 4 °C. Samples were subse-
quently washed with staining buffer (1× PBS, 10% FBS and 1% penicillin 
and streptomycin). Fc receptors were blocked for 15 min at 4 °C with 
Human TruStain FcX in staining buffer. The following surface-staining 
antibodies were then added: CD4 (clone L200), CD8 (clone RPA-T8), 
CD45RO (clone UCHL1) and PD-1 (clone EH12.2H7). Following 30 min 
of incubation at 4 °C, samples were washed twice before fixation and 
permeabilization with CytoFix/CytoPerm for 15 min at 4 °C. Samples 
were then washed twice and resuspended in 1× Perm/Wash buffer to 
conduct intracellular staining with IFNγ (clone B27), TNF (clone Mab11), 
IL-2 (clone MQ1-17H12) and CD3 (clone UCHT1). Following 30 min of 
incubation at 4 °C, samples were washed twice with Perm/Wash, once 
with staining buffer and then resuspended in CytoFix fixation buffer 
until acquisition. All flow cytometry reagents were purchased from BD 
Biosciences or BioLegend. Data were acquired on a BD LSR Fortessa with 
FACSDiva and analysed using FlowJo (v.10.8.1). Background responses, 
as determined by DMSO control, were subtracted from peptide pools 
to determine the frequency of neoantigen-specific cytokine responses. 
Samples had to have at least 50 IFNγ+ T cells to be included in the analy-
sis. Furthermore, the frequency of IFNγ+ cells had to be at least 1.5-fold 
higher than in the negative control, HIV gag, to be included. When 
CD4+ and CD8+ T cells did not meet these stringency thresholds, the 
results are reported as ‘n.d.’ for ‘not detectable’, and not include in the 
summary statistics. When these criteria were not met for CD8+ T cells 
specifically (but were for CD4+ T cells), the proportion of CD8+ T cells 
was set to zero for that sample. Finally, the HIV gag negative control 
was not available for assessments of samples from patient 110, and so 
although the individual results are reported in Extended Data Fig. 5, 
they are not included in the summary Fig. 2b.

Measurement of circulating soluble proteins
The levels of circulating cytokines, chemokines and other soluble 
plasma proteins before and during vaccination were quantified using 
an Olink Target 96 Immuno-Oncology assay. Stored plasma from week 0 
(before vaccination), week 3 (during vaccine priming) and week 20 
(before the second booster dose and 8 weeks after the previous vaccine 
administration) was transported to the Human Immune Monitoring 
Center at the Icahn School of Medicine at Mount Sinai for Olink analysis. 
All values are reported as normalized protein expression (in arbitrary 
units). For Supplementary Table 3, for each cytokine, the median value 
across all patients is reported. Statistical testing was performed using 
a two-sided paired Wilcoxon test, comparing pretreatment (week 0) 
with either week 3 or week 20 timepoints (excluding patient 104, who 
did not have pretreatment measurements available).

scRNA-seq and scTCR-seq
scRNA-seq and single-cell TCR-seq (scTCR-seq) were performed as pre-
viously described38. All skin samples were processed immediately (that 
is, fresh) following dissociation, whereas tumour and normal kidney 
samples were thawed (after previously being cryopreserved). Dead 
cells were immunomagnetically depleted using a Dead Cell Removal 

kit (Miltenyi), washed and resuspended in PBS with 0.04% BSA at a 
concentration of 1,000 cells per µl. Approximately 17,000 cells were 
loaded onto a 10x Genomics Chromium instrument (10x Genomics). 
Libraries were prepared using a Chromium single cell 5′ kit v.2 (for gene 
expression) and a Chromium single-cell human TCR amplification kit 
(for scTCR-seq). Following library construction, quality control and 
quantification, libraries were pooled and sequenced on an Illumina 
NovaSeq S4. The 10x Cell Ranger pipeline (v.6.1.2) was used for data 
demultiplexing, data alignment and count quantification and TCR 
clonotype assembly.

Analysis of scRNA-seq and scTCR-seq data from vaccine-site skin
scRNA-seq data were imported and read using a custom function built 
on the Seurat (v.4.3.0) pipeline76. The function discriminates between 
raw and filtered Cell Ranger outputs, reads the 10x data, creates the Seu-
rat object and calculates the mitochondrial content. For raw input Cell 
Ranger data, a filtering step that removes cells with nFeature_RNA < 5 
was also performed, before returning the preprocessed Seurat object. 
Quality control was performed following the standard Seurat pipeline. 
Cells with fewer than 200 genes, fewer than 500 unique molecular 
identifiers (UMIs) and more than 20% mitochondrial content were 
excluded. Doublets were identified and removed using three differ-
ent methods: doubletFinder77 (v.2.0.3), scDblFinder78 (v.1.12.0) and 
nFeature_RNA > 2,500. Any cells identified as doublets by any of these 
three methods were excluded from further analyses.

Following preprocessing, the skin data were harmonized using the 
package Harmony (v.0.1.1)79 with a maximum iteration setting of 20. 
Thereafter, the skin data were clustered using Seurat’s FindClusters 
function with default options, and the optimal clustering resolution 
was determined using the clustree function from the package clustree 
(v.0.5.0)80. The immune subset was then identified and subsetted on 
the basis of expression of the immune marker PTPRC (which encodes 
CD45). The immune subset was further clustered using the methodol-
ogy outlined above. Despite conservative doublet filtering, one cluster 
(cluster 9) was identified as consisting of doublet cells and removed 
from further analyses. Cluster 11, identified as keratinocytes and not 
immune cells, was also excluded.

Differential gene expression analysis was performed using the Find-
AllMarkers function from Seurat with standard options. The purpose 
of this analysis was to identify differentially expressed genes charac-
terizing each immune cluster. After clustering the immune subset and 
performing differential gene expression analysis, myeloid and T cell 
populations were identified on the basis of canonical markers, includ-
ing CD33 and CD3E expression, respectively. After isolating myeloid 
and T cell compartments, each population was further clustered to 
identify T cell and myeloid subpopulations. Differential gene expres-
sion analysis was performed for each myeloid and T cell subcluster as 
described above.

To identify changes in populations during vaccination (that is, from 
week 0 before vaccination to week 4 following vaccine priming) and 
any impact of subcutaneous administration of ipilimumab (that is, 
comparing week 4 skin in patients who received vaccine alone versus 
those who received vaccine plus ipilimumab), we performed a popula-
tion abundance analysis. Specifically, we focused on each subcluster in 
the myeloid and T cell compartments. The proportions for population 
abundance were calculated by dividing the number of cells in each sub-
population by the total number of the parent population (either T cells 
or myeloid cells) per sample. Significance of change in frequency over 
time (week 0 versus week 4) was assessed using a two-tailed, paired 
Wilcoxon test, whereas differences across treatment was determined 
by a two-tailed, unpaired Wilcoxon test. Two patients (105 and 107) were 
excluded from the paired analysis owing to the lack of samples at week 0 
(too few immune cells for library construction and sequencing). Box-
plots of population abundances are shown with the median, the 25th 
and 75th percentiles (box) and 1.5× the interquartile range (whiskers).



To determine any phenotypic changes that may occur in a specific 
population following vaccination, we performed differential gene 
expression analysis for each cluster (week 0 versus week 4) using the 
function FindMarkers from Seurat. Heatmaps were generated using 
the R package pheatmap (v.1.0.12).

For TCR diversity and clonotype analysis, we used the R package 
VDJdive (v.1.3.5)81. This package was used to assess the clonal repertoire 
diversity and abundance in the TCR sequences. Clonotype labels were 
assigned using the clonoStats function, with the following parameters: 
method = “EM”, type = “TCR”, assignment = TRUE, group = “sample”. TCR 
diversity was calculated using the calculateDiversity function, using 
the normentropy method. This measure provides a normalized entropy 
score that quantifies the diversity of TCR clonotypes in each sample, 
based on a matrix of clonotype abundances, with higher scores indicat-
ing greater clonal diversity. The significance of the differences in the 
number of unique clonotypes and in TCR diversity between week 0 and 
week 4 skin-infiltrating T cells was assessed using a two-tailed paired 
Wilcoxon test.

Analysis of scRNA-seq and scTCR-seq data from tumour and 
normal kidney
scRNA-seq data preprocessing, harmonization and clustering and iden-
tification of T cell populations were performed as described above for 
the skin analysis. One cluster (cluster 15) was identified as a mitochon-
drial contaminant and removed from further analyses. Patient-specific 
TCR clonotypes were identified using TCRα and TCRβ chains and CDR3 
region amino-acid sequences. Barcodes with two TCRα and two TCRβ, 
or with three or more TCRα or TCRβ chains were removed from further 
analyses using a custom R function built on the combine TCR function 
in the R package scRepertoire (v.1.8.0)82. Then, TCR clonotypes were 
integrated into scRNA-seq data using cell barcodes and were ordered 
by patient-specific clonal expansion. Overall, 74,865 T cells in tumour 
samples had paired single-cell RNA and TCR clonotype data.

We inferred the tumour or viral specificity of infiltrating T cells using 
previously defined gene expression signatures28. Module scores were 
calculated for each tumour T cell with normalized RNA data using the 
Seurat function AddModuleScore. Scores were calculated for both 
the tumour-specific (TS) T cell gene signature and a virus-specific (VS) 
T cell gene signature. The gene sets were composed of upregulated 
genes with log2 fold change above 1 from experimentally validated TS 
or VS CD8+ tumour-infiltrating lymphocytes, respectively. The module 
scores were used to quantify the enrichment of genes from a given gene 
signature in each cell. The gene signature score of each TCR clonotype 
was then determined by averaging the TS and VS signature score for 
each T cell in their clonotype. The density distribution of individual 
T cells and TCR clonotypes across TS and VS was assessed and, based 
on the dominating VS of normal T cells compared with tumour T cells 
and the near mutually exclusive distribution of TS and VS signature 
scores across TCR clonotypes, score thresholds were defined to infer 
the specificities of individual T cells and TCR clonotypes. Putative TS 
T cells and TCR clonotypes had TS scores greater than 0 and VS scores 
less than 0. Putative VS T cells and TCR clonotypes had VS scores greater 
than 0 and TS scores less than 0. Overall, the signature score threshold 
inferred 2,581 TS and 1,328 VS TCR clonotypes and comprised 37,007 
and 5,650 inferred TS and VS T cells, respectively. Furthermore, for 
each TS and VS TCR clonotype, the percentage of cells with the same 
specificity as their clonotype was calculated. An average of 76.6% and 
71% of cells were inferred to be TS across TS clonotypes and VS across 
VS clonotypes, respectively, according to the signature score thresh-
olds described above. TS and VS clonotypes were filtered to retain 
those composed of 75% or more of TS cells or VS cells, respectively. 
Following this additional filtering, there were 1,635 TS and 270 VS TCR 
clonotypes. Finally, TS TCR clonotypes were further filtered by those 
clonotypes with expansion in both normal and tumour tissue to exclude 
non-tumour-specific clonotypes. TCR singletons and doubletons were 

excluded from further analyses. Final inclusion parameters consisted 
of TS TCR clonotypes seen in tumours at a count between three and five 
and not seen in normal cells. For clonotypes seen in tumour above five 
counts, the count in normal cells must have been at least five cells fewer.

TCR-seq of peripheral blood T cells
Bulk sequencing of TCRβ chains from peripheral T cells (PBMC samples) 
was performed as previously described28,83. Raw data were processed 
using MiXCR (v.4.4.2)84 and aligned using the built-in reference annota-
tion (repseqio.v3.0.1) using the ‘generic-amplicon-with-umi’ preset, with 
the following additional parameters (--export-productive-clones-only 
--rna–tag-pattern ‘^(R1:*)\(UMI:N85)(R2:*)’ -Massemble.consensusAs
semblerParameters=null -Massemble.cloneAssemblerParameters.
addReadsCountOnClustering=true–floating-left-alignment-boundary 
--floating-right-alignment-boundary C). From the list of observed clo-
notypes for each technical replicate, we ran the exportClonesOverlap 
function with the following parameters (-tagCounts -vGene -jGene 
--criteria “CDR3|AA|V|J”) to cluster all clonotypes with identical CDR3 
amino acid sequence, variable (V) genes and joining ( J) genes to gener-
ate consensus clonotypes for each biological sample. To further aggre-
gate clonotypes, we merged TRBV genes (TRBV6-2, TRBV6-3, TRBV6-5 
and TRBV6-6; TRBV12-3 and TRBV12-4) that are indistinguishable based 
on the locations of the RNase H-dependent PCR-enabled TCR-seq 
(rhTCR-seq) primers, as previously described83. We then removed all 
UMIs supported by only one read and removed clones with no remain-
ing UMIs. Clonotypes in a given sample with identical J genes and CDR3 
amino acid sequences were then collapsed into the clonotype with the 
highest UMI count. Last, a report file was generated with aggregated 
UMI counts for each clonotype and the total number of unique clono-
types identified. These post-processing steps were written in Python 
and available at GitHub (https://github.com/Wu-Lab-DFCI-Harvard/
bulkrhTCR_Script).

Four replicates were sequenced for each timepoint. In brief, CD3+ 
T cells were immunomagnetically isolated from thawed PBMCs sam-
ples (using anti-CD3 microbeads; Miltenyi), RNA was isolated (Qiagen) 
and rhTCR-seq was performed. This method uses RNase H-dependent 
PCR to enhance the specificity of TCR amplification and incorporates 
UMIs to each cDNA molecule to improve the accuracy of clonotype 
frequency estimations. Sequencing was performed on an Illumina 
MiSeq or a NextSeq 1000, and then MiXCR84 was used to assemble 
TCRβ clonotypes.

Inference of tumour specificity, viral specificity and vaccine 
specificity in peripheral blood T cells
The proportion of TS and VS T cells in the periphery was determined 
by matching clonotypes from the scTCR-seq analysis and the bulk TCR 
analysis. For each patient, the scTCR clonotypes were linked to bulk 
TCR clonotypes by matching the TCRβ V gene, J gene and the CDR3β 
amino acid sequence. The β-chains were separated for scTCR clono-
types with two identified β-chains. Owing to the high granularity of 
scTCR, multiple scTCR clonotypes were discovered to have the same 
β-chain identity but different α-chain identities. For each patient, an 
average (across all patients) of 19.9 TS clonotypes and 3.7 VS clonotypes 
had shared β-chains but unique α-chains. However, no β-chains were 
shared between TS and VS scTCR clonotypes. This matching process 
identified the inferred TS and VS TCR clonotypes in the peripheral 
T cells. For each patient and each timepoint, the frequencies of all 
inferred TS TCRs separately all inferred VS TCRs were reported for 
each individual patient at each timepoint. The arithmetic mean (and 
s.e.m.) and frequency of inferred TS and VS TCRs was graphed across 
all timepoints.

To infer the peripheral TCR clonotypes with vaccine-specificity, 
we identified TCR clonotypes that were either absent or just at the 
lower limit of detection in the pre-vaccination (week 0) sample, and 
then expanded by at least 10-fold in all of the subsequent timepoints 
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(and having at least 3 UMI sequencing reads at ≥2 timepoints). For 
TCR clonotypes that were undetectable, their value was set to the 
nearest order of magnitude less than the smallest observed TCR fre-
quency (that is, lower limit of detection) for that patient (10−4 for all 
patients). To increase stringency, we further required that these clo-
notypes be present in the scTCR analysis of the cutaneous DTH assess-
ment (at week 13). The percentage frequency of all vaccine-inferred 
clonotypes were reported for each patient at each timepoint, and 
the arithmetic mean (and s.e.m.) of the percentage frequency of 
inferred vaccine-specific TCRs was graphed across all timepoints. For 
visualization in Fig. 4d and Extended Data Fig. 8b,c, later timepoints 
(collected past the 24-week protocol-mandated timepoints), TCR 
measurements were binned and displayed at the middle timepoint 
of the interval (weeks 50–74 were grouped and displayed at week 62, 
weeks 75–99 were grouped and displayed at week 87, weeks 100–124 
were grouped and displayed at week 112, weeks 125–149 were grouped 
and displayed at week 137, and weeks 150–174 were grouped and dis-
played at week 162).

To infer whether each expanded clonotype consisted of CD4 or CD8 
T cells, we traced clonotypes to single cells using the TCRβ chain and 
integrated two complementary approaches for clonotype annota-
tion. First, we used the paired scRNA-seq and TCR data from the skin 
(DTH assessment at week 13) to classify the T cell clonotypes as CD4 
or CD8. Specifically, we used our per cluster annotation (as defined in 
Fig. 3 and Extended Data Fig. 9a,b). Next, we used a per cell annotation 
through reference mapping to a human CD4 (https://doi.org/10.6084/
m9.figshare.21981536.v1) and CD8 atlas (https://doi.org/10.6084/
m9.figshare.23608308.v1) with the tool ProjectTILs (v.3.3.1)86. The 
majority of clonotypes (53 out of 98) had concordant phenotype anno-
tations by both methods, defined by >75% of their cells being classified 
as CD4 or CD8. An additional 25 clonotypes were annotated as CD4 or 
CD8 by only one of the methods given an unresolved annotation by 
the second method. For 11 clonotypes that had discordant CD4 versus 
CD8 annotation by the 2 methods, the expression of CD4 and CD8A 
were manually evaluated and cells were annotated on the basis of the 
unique detection of one of these genes, which resulted in an additional 
3 clones annotated as CD4 or CD8. We additionally excluded one cell 
as its matching TCR clonotype comprised two β-chains, thus we could 
not unambiguously match the clonotypes observed in the (unpaired) 
bulk TCR data. The remaining cells remained as unresolved (that is, 
could not confidently annotated as CD4 or CD8).

Statistics and reproducibility
Given the limited primary patient material, experiments were typically 
performed a single time (when appropriate, technical replicates were 
performed during that experiment). In limited cases (specifically for 
IFNγ ELISpot assays), experiments may have been repeated if there 
was a failure of positive or negative controls and there was sufficient 
primary patient material to repeat the experiment.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The list of somatic mutations for all patients (mutation annotation file) 
is available in Supplementary Table 1. The IFNγ ELISpot responses for ex 
vivo peptide pool stimulation, in vitro individual peptide stimulation 
and autologous tumour testing are available in Supplementary Table 2. 
The median normalized protein expression (NPX) values of circulating 
soluble proteins is available in Supplementary Table 3. The cell num-
bers and T cell clonotype metrics from scRNA-seq and TCR-seq of skin 
samples are available in Supplementary Table 4. The T cell clonotype 
metrics for tumour-infiltrating T cells and for peripheral T cells are 

available in Supplementary Table 5. The individual T cell clonotypes 
and their corresponding phenotypes are available in Supplementary 
Table 6. The reference genome (hg19) and transcriptome (GENCODE 
v.19) are publicly available online through Google Cloud Storage (gs://
firecloud-tcga-open-access/tutorial/reference/annotation.db.ucsc.
hg19.tar and gs://firecloud-tcga-open-access/tutorial/reference/
rna-seq/gencode.v19.genes.v7_model.patched_contigs.gtf, respec-
tively). All raw DNA are RNA sequencing files for the tumour samples 
have been deposited into dbGaP (phs003710.v1.p1). Source data are 
provided with this paper.

Code availability
The algorithms used for data analyses are all publicly available from 
in the indicated references in the Methods. For the bulk TCR process-
ing pipeline, the code is available at GitHub (https://github.com/
Wu-Lab-DFCI-Harvard/bulkrhTCR_Script).
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Extended Data Fig. 1 | Study description and qualitative comparison to 
modern RCC adjuvant trials. a, CONSORT diagram describing screening, 
enrollment, vaccine manufacturing, and treatment. b, Kaplan-Meier plots of 
disease-free survival from the current PCV study (left) and two recent, 

randomize phase III adjuvant immune checkpoint inhibitor trials in RCC with 
similar eligibility criteria, (middle) the IMmotion-010 trial of atezolizumab vs 
placebo, and (left) the KEYNOTE-564 of pembrolizumab vs placebo.



Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Peripheral T cell responses to vaccination. a, ex vivo 
dynamics of peripheral T cell response to vaccination. For each patient (101 
through 110), the ex vivo PBMC IFNγ ELISpot response for each vaccine peptide 
pool at each timepoint following start of vaccination (week 0), normalized to 
106 PBMCs. Each point is the background-subtracted mean of three replicates 
with standard error of the mean. b, deconvolution of individual neoantigen-
containing vaccine peptides that generated T cell responses to vaccination. For 

each patient and each vaccine pool, week 16 PBMCs were stimulated in vitro 
with all peptides in that pool, rested, and then left unstimulated (DMSO)  
or re-stimulated with the individual mutation-encoding vaccine peptide. Each 
graph represents the absolute IFNγ ELISpot count (mean of triplicates with 
standard error of the mean; * indicates P < 0.05 by two-sided t-test and mean 
spot count at least three-fold higher than DMSO control).



Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Characterization of peripheral immune responses to 
vaccination. a, Example IFNγ ELISpots for selected driver mutations, including 
SNVs (PIK3CA and BAP1) and indels (KDM5C and PBRM1). b, Gating strategy for 
flow cytometry assessment of T cell cytokine production and phenotype. 
Example flow cytometry gating strategy for identifying CD4+ and CD8+ T cells, 

and production of IFNγ, TNFα, and IL-2 cytokines in those T cell subsets.  
c, Expression of CD45RO and, d, PD-1 on CD4+ IFNγ+ (vaccine-reactive) T cells 
(as measured by the median fluorescence intensity; MFI) after stimulation with 
vaccine peptide pools.



Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Patient-level T cell immunophenotyping and 
intracellular cytokine production, and Impact of tumor-intrinsic and 
-extrinsic features on antigen immunogenicity. a, Per-patient CD4+ and 
CD8+ composition of vaccine-reactive (IFNγ+) T cells for each vaccine peptide 
pool and each patient (week 16 after vaccination). n.d., not detectable (the 
absolute number of IFNγ+ cells were too low for evaluation, or the frequency of 
IFNγ was not at least 1.5-fold higher than the negative control, HIV gag protein). 
* The additional negative control, HIV gag, was not available for patient 110 
analysis. The results are reported here for reference, but not included in the 
overall summary. b, Per-patient and per-vaccine pool assessment of cytokine 
production. For each patient, the median fluorescence intensity (MFI) of  
(c) PD-1 (d) CD45RO for vaccine-reactive (IFNγ+) CD4+ T cells compared to 

naïve T cells (CD45RA+CD27+) is shown. e-i, the immunogenicity of each 
neoantigen-containing vaccine peptide was assessed by stimulation of week 16 
PBMCs (in vitro stimulation) and measurement of IFNγ+ by ELISpot. For tumor-
intrinsic features, the immunogenicity of each vaccine peptide was examined 
based on (e) the clonality of the underlying mutation in the tumor and (f) the 
expression of that gene (measured in transcripts per million; TPM). For tumor-
extrinsic features, the immunogenicity of each vaccine peptides was examined 
based on (g) whether the predicted T cell epitope was inferred as a strong  
(rank <0.5) or weak (rank <2) HLA class I binder, (h) which HLA class I allele the 
epitope was predicted to bind to, and (i) whether the neoantigen was derived 
from an SNV or an indel.



Extended Data Fig. 5 | Global changes in the circulating immune milieu 
following vaccination. Measurement of circulating (plasma) soluble proteins 
prior to vaccination (week 0), during vaccine priming (week 3), and 8 weeks 
after the first vaccine boost (week 20) for 92 circulating cytokines (n = 8 patients 

for week 0, n = 9 patients for week 3, and n = 9 patients for week 20; boxplot hinges 
represent 25th to 75th percentiles, central lines represent the medians, the 
whiskers extend to lowest and highest values no greater than 1.5× interquartile 
range away from the 25th and 75th percentiles, and the dots indicate outliers).
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Extended Data Fig. 6 | See next page for caption.



Extended Data Fig. 6 | Single-cell transcriptomic analysis of skin-infiltrating 
immune cells at the site of vaccination. a, UMAP representation of scRNA-seq 
of skin-infiltrating myeloid cells (N = 9 patients) at the vaccination site (right 
thigh). b, Heatmap of marker gene expression for each myeloid population, 
which was utilized to assign identity to each cell cluster. c, Boxplots of the 
proportion of each myeloid cell population before and after vaccination  
(two-sided paired Wilcoxon test; n = 7 paired samples, as n = 2 patients had 
insufficient material at baseline for scRNA-seq; boxplot hinges represent  
25th to 75th percentiles, central lines represent the medians, the whiskers 
extend to lowest and highest values no greater than 1.5× interquartile range 
away from the 25th and 75th percentiles, and the dots indicate outliers). DC1: 
conventional dendritic cell (type 1); DC2: conventional dendritic cell (type 2); 

pDC: plasmacytoid dendritic cell. LC: Langerhans cell. d, UMAP representation 
of scRNA-seq of skin-infiltrating lymphoid cells (N = 9 patients) at the vaccination 
site (right thigh). e, Heatmap of marker gene expression for each lymphoid 
population, which was utilized to assign identity to each cell cluster. f, Boxplots 
of the proportion of each lymphoid cell population before and after vaccination 
(two-sided paired Wilcoxon test; n = 7 paired samples, as n = 2 patients had 
insufficient material at baseline for scRNA-seq; boxplot hinges represent 25th 
to 75th percentiles, central lines represent the medians, the whiskers extend to 
lowest and highest values no greater than 1.5× interquartile range away from 
the 25th and 75th percentiles, and the dots indicate outliers). NK cell: natural 
killer cell.
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Extended Data Fig. 7 | See next page for caption.



Extended Data Fig. 7 | Minimal impact of subcutaneous ipilimumab on 
skin-infiltrating immune cells. The proportion of each (a) myeloid cell and  
(b) lymphoid cell population after vaccination (week 4) was compared in patients 
who received the vaccine alone or vaccine plus subcutaneous ipilimumab  
(two-sided Wilcoxon test; n = 4 patients who received vaccine alone, and  

n = 5 patients who received vaccine + ipilimumab; boxplot hinges represent 
25th to 75th percentiles, central lines represent the medians, the whiskers 
extend to lowest and highest values no greater than 1.5× interquartile range 
away from the 25th and 75th percentiles, and the dots indicate outliers).
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Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | Rapid and durable expansion of T cell clonotypes 
following vaccination. a, For each of the n = 9 patients with peripheral blood 
TCR sequencing data available, the dynamics of T cell clonotypes with inferred 
vaccine specificity is shown following vaccination. Vaccine-expanded 
clonotypes were defined as undetectable or at the lower limit of detection at 
baseline (week 0), expands by at least 10-fold after vaccination in all subsequent 
timepoints (including at least 3 unique molecular identifier sequencing reads 
at ≥2 timepoints), and is identified in the skin during the DTH assessment. (left), 
Each gray line represents one T cell clonotype, and the red line represents the 

sum of all clonotypes for an individual patient. (middle) Each light blue line 
represents a CD4 clonotype, dark blue lines represent CD8 clonotypes,  
and gray represents unresolved clonotypes. (right) The summation of all 
clonotypes (red), all CD4 clonotypes (light blue), or all CD8 clonotypes  
(dark blue) for each patient. b, The mean (and standard error of the mean) 
vaccine-expanded TCR clonotype frequency over time for all n = 9 patients 
(linear scale). c, The median (and interquartile range) of vaccine-expanded  
TCR clonotype frequences over time for all n = 9 patients (red), also shown for 
all CD4 clonotypes (light blue) and CD8 clonotypes (dark blue).
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Extended Data Fig. 9 | See next page for caption.



Extended Data Fig. 9 | Inference of tumor-specific, viral-specific, and 
vaccine-specific T cell clonotypes. UMAP representations of scRNA-seq data 
from lymphoid cells in (a) the skin during the cutaneous delayed-type 
hypersensitivity (DTH) assessment, and (b) the tumor at the time of surgical 
resection. Single-cell TCR-sequencing of T cells showing areas of clonotype 
expansion in (c) the skin (during DTH assessment) and (d) the baseline tumor. e, 
For tumor-infiltrating T cells, the per-clonotype average expression of 
previously defined28 gene signatures for tumor specificity (TS) and viral 
specificity (VS). The red lines indicate thresholds that were used to identify TS 
and VS T cells. f, For each clonotype that was assigned as TS or VS (or no 

specificity), the percentage of individual T cells within that clonotype that 
express predominantly the TS signature, the VS signature, or neither (dual 
specificity of no specificity). Overall, for clonotypes that were labeled as TS or 
VS, over 70% of the individual T cells were concordant with that classification. 
g, association of expanded CD4 T cell clonotypes with IFNγ response after 
vaccination. The total number of inferred vaccine-expanded clonotypes (left), 
CD4-only clonotypes (middle), and CD8-only clonotypes (right) in each sample 
is plotted against the total number of IFNγ spot-forming cells by ex vivo ELISpot 
assessment at week 16 following vaccination (two-sided Pearson correlation).
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Extended Data Fig. 10 | See next page for caption.



Extended Data Fig. 10 | Vaccine-reactive T cells can recognize autologous 
tumor cells. IFNγ+ ELISpots from week 16 PBMCs stimulated with individual 
vaccine peptides (top) or pools of peptides (bottom), rested, and then re-
stimulated with autologous tumor cells (which had been pre-treated with or 
without IFNγ+ to improve antigen presentation). Representative ELISpots from 
peptides harboring driver mutations in (a) VHL and (b) BAP1. c, Autologous 
tumor-reactivity for each patient and each assayed peptide (and which pool it 

was contained in). Each graph represents the absolute IFNγ ELISpot count 
(mean of triplicates with standard error of the mean). For Fig. 4f in the main 
text, a vaccine peptide considered to induce tumor-reactivity if it was 
significantly increased over the DMSO negative control (t-test) and had median 
spot count at least three-fold higher than the negative control. For patient 110, 
only T cells expanded using pool of vaccine peptides (pool A) were capable of 
recognizing autologous tumor cells.
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