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A phase 1 trial of adoptive transfer of 
vaccine-primed autologous circulating 
T cells in ovarian cancer

Sara Bobisse1,2,12, Valentina Bianchi1,2,3,12, Janos L. Tanyi4,12, 
Apostolos Sarivalasis2, Edoardo Missiaglia5,6, Rémy Pétremand    1,2, 
Fabrizio Benedetti    1,2, Drew A. Torigian7, Raphael Genolet    1,2, 
David Barras    1,2, Alexandra Michel1,2, Spyridon A. Mastroyannis    4, 
Emese Zsiros4,10, Denarda Dangaj Laniti1,2, Zoi Tsourti8, Brian J. Stevenson1,2,6, 
Christian Iseli    6,11, Bruce L. Levine    9, Daniel E. Speiser    2, David Gfeller    1,2,6, 
Michal Bassani-Sternberg    1,2, Daniel J. Powell Jr 9, Carl H. June    9, 
Urania Dafni8, Lana E. Kandalaft    1,2,3,13, Alexandre Harari    1,2,13 & 
George Coukos    1,2,13 

We have previously shown that vaccination with tumor-pulsed dendritic 
cells amplifies neoantigen recognition in ovarian cancer. Here, in a phase 1 
clinical study (NCT01312376/UPCC26810) including 19 patients, we show 
that such responses are further reinvigorated by subsequent adoptive 
transfer of vaccine-primed, ex vivo-expanded autologous peripheral blood 
T cells. The treatment is safe, and epitope spreading with novel neopeptide 
reactivities was observed after cell infusion in patients who experienced 
clinical benefit, suggesting reinvigoration of tumor-sculpting immunity.

Although ovarian tumors are, in principle, immunoreactive1, most 
patients with ovarian cancer (OC) do not benefit from immune check-
point immunotherapy2 and thus require alternative approaches. We 
previously reported a pilot study (NCT01132014/UPCC19809) in 
which patients with recurrent OC were vaccinated with autologous 
monocyte-derived dendritic cells (DCs) loaded with oxidized autolo-
gous whole-tumor lysate (termed OCDC), combined with intravenous 
infusion of bevacizumab and low-dose cyclophosphamide3. Vacci-
nation amplified preexisting neoantigen-specific responses with 
new high-avidity T cell clonotypes, elicited new T cell reactivities 

against previously unrecognized tumor neopeptides and produced  
clinical benefit3.

Inspired by these findings, we designed a follow-on study 
(NCT01312376/UPCC26810) in which patients were offered further 
treatment with adoptive cell transfer (ACT) of vaccine-primed autolo-
gous peripheral blood T cells, followed by OCDC vaccine support 
(generated in UPCC19809), and bevacizumab to promote T cell tumor 
homing2 (Fig. 1a,b). We hypothesized that this treatment would allow 
reprogramming of the immune system and reinvigoration of antitumor 
immunity with further vaccination. We enrolled 19 patients (Extended 
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Fig. 1 | Adoptive transfer of ex vivo-expanded T cells is followed by rapid 
hematologic reconstitution and clinical benefit. a,b, Scheme (a) and timeline 
(b) of the therapy. Created with BioRender.com. LPS, lipopolysaccharide;  
GM-CSF, granulocyte–macrophage colony-stimulating factor; Bev, bevacizumab. 
c–e, Longitudinal absolute counts of white blood cells (WBC; c), neutrophils 
(ANC; d) and lymphocytes (ALC; e); n = 17 patients. Different colored lines 
represent individual patients. f, Waterfall plot detailing the best tumor burden 
change from baseline for each patient, according to RECIST v.1.1. Non-CR/non-
PD, patients with nonmeasurable disease (according to RECIST) at all tumor 
assessments including baseline. Dashed lines represent the thresholds for  
partial response (PR), stable disease (SD) and progressive disease (PD) of target 
lesions according to RECIST 1.1. aPartial response according to iRECIST. bSD 
according to iRECIST. cPD according to iRECIST. g, Median OS estimated using 

the Kaplan–Meier method for the UPCC26810 study and after the fourth and 
fifth relapse in ref. 4; number of patients at risk for the Hanker et al.4 curves 
(fourth and fifth relapse) is not available. CB, confidence band. h, Cumulative 
landscape of clinical outcomes and neopeptide-specific CD8+ T cell responses 
before and after ACT. PR, partial response; LOD, limit of detection. i, Proportion 
of patients with neopeptide spreading (that is, newly induced neopeptide 
reactivities (Neo_R)) versus those with only preexisting/undetected reactivities 
(Neo_NR), stratified by clinical outcome (radiographic or CA-125 response, n = 8; 
no response, n = 3). A one-tailed chi-square test was performed for contingency 
analysis. j, Cumulative analysis of 11 patients. The pie chart reports patients color-
coded for neopeptide reactivities (Neo_R versus Neo_NR), and the arcs show their 
clinical outcome (radiographic regression and CA-125 decrease).
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Data Table 1). Peripheral blood T cells, collected after five vaccina-
tions during the UPCC19809 study, were expanded with anti-CD3/
anti-CD28 beads plus interleukin-2 (IL-2; Extended Data Fig. 1a) and 
administered (8.9–27 × 109 cells; Extended Data Table 2) on day 0 fol-
lowing lymphodepletion by intravenous infusion of cyclophosphamide 
(300 mg m−2) and fludarabine (30 mg m−2) on days −6 to −4. One patient 
withdrew from the study before receiving any treatment, and a second 
patient withdrew before receiving T cell infusion. All remaining patients 
received, in an outpatient setting, ACT and pegfilgrastim on day 0; 
OCDC vaccine (5–10 × 106 DCs) on days 2, 16 and 30 after ACT and every 
3 weeks thereafter (median 5 doses, range 1–13 doses); and intravenous 
infusion of bevacizumab until disease progression.

Among the 19 patients enrolled, 18 received lymphodepletion 
and 17 (89.5%) completed the entire combination treatment, render-
ing the overall treatment feasible. Severe adverse events were mainly 
hematologic (Extended Data Table 3), with no grade 5 severe adverse 
events, immune-related or T cell-related severe adverse events, or 
clinical viral reactivation. Four patients required hospitalization; one 
patient had febrile neutropenia and three patients had grade 3 dehydra-
tion, with one case associated with seizures but without brain imaging 
findings. Grade 4 proteinuria, related to bevacizumab, was the only 
treatment-limiting toxicity (TLT; 6% of patients), rendering the study 
treatment safe.

White blood cell nadir (2.22 ± 1.4 × 109 cells per liter, range  
0.3–3.9 × 109 cells per liter) was reached on days 0–4 (Fig. 1c), and 
absolute neutrophil nadir (0.69 ± 0.85 × 109 cells per liter, range  
0.11–2.97 × 109 cells per liter) was reached on days 2–10 (Fig. 1d). Abso-
lute lymphocyte nadir (0.04 ± 0.03 × 109 cells per liter, range 0–0.1 × 109 
cells per liter) was reached on days −2 to 0 (Fig. 1e). Lymphoid recon-
stitution following ACT was rapid, with the absolute lymphocyte 
count persisting above the baseline for several weeks in most patients  
(Fig. 1e). The highest absolute lymphocyte count (4.29 ± 3.37 × 109 cells 
per liter, range 1.01–15.42 × 109 cells per liter) was reached on day 24 
(range, days 7–85) after ACT and did not correlate with the absolute 
lymphocyte nadir after lymphodepletion or the ex vivo T cell prolifera-
tion (Extended Data Fig. 1b,c). Remarkably, we observed a significantly 
increased frequency of circulating CD8+ T cells and a significantly 
decreased frequency of circulating monocytes, B cells and plasmacy-
toid DCs after ACT (Extended Data Fig. 2a,b).

In these heavily pretreated, platinum-resistant patients, ACT fol-
lowed by vaccine and bevacizumab resulted in disease control (accord-
ing to Response Evaluation Criteria in Solid Tumors (RECIST) v.1.1) at 3 
months in 12 of 17 patients (70.5%; Fig. 1f). Among these, seven patients 
had nonmeasurable disease according to RECIST, two of whom had a 
partial response according to the immune RECIST (iRECIST) criteria 
and three had dissociated radiographic responses, with regression of 
some lesions, and a decrease in the serum carbohydrate antigen 125 
(CA-125) level by 12 weeks. The median overall survival (OS) was 14.2 
months (range 5.8–76.9 months, 95% confidence interval (CI) 7.6–36.5 

months), exceeding the historical median OS of patients with advanced 
OC beyond third-line chemotherapy, reported as 6.2 months (95% CI 
5.1–7.7 months) for fourth line and 5.0 months (95% CI 3.8–10.4 months) 
for fifth line4 (Fig. 1g).

To capture the immune effects of therapy, we interrogated CD8+ 
T cell responses to neopeptides from nonsynonymous somatic tumor 
mutations5, comparing seven patients who had any evidence of a radio-
graphic response (that is, either partial response according to iRECIST 
(n = 2) or stable disease or nonmeasurable disease according to RECIST 
with a dissociated radiographic response plus a CA-125 response (n = 5)) 
to four patients who had no radiographic response (progression of all 
tumor lesions). ACT restored preexisting immunity to neopeptides 
(Fig. 1h, Supplementary Figs. 1–5 and Extended Data Table 4); in five 
patients in whom neopeptide-reactive CD8+ T cells were found before 
ACT, we detected responses to most neopeptides after ACT. Further-
more, therapy elicited new responses, expanding the recognition of 
neopeptides after ACT in three additional patients, with six newly 
identified neopeptides (Fig. 1h, Supplementary Figs. 1–5 and Extended 
Data Tables 4 and 5). Most of the circulating neopeptide-specific T cells 
after ACT were polyfunctional (Extended Data Fig. 3a,b). Importantly, 
we observed an association between the detection of new neopeptide 
responses after ACT and any radiographic response (global or disso-
ciated) or serum CA-125 response, the latter being a highly sensitive 
biomarker of mixed responses6–8 (Fig. 1i). Moreover, three patients 
with no neopeptide spreading after ACT had neither a radiographic 
nor a CA-125 response (Fig. 1i,j).

The above clinical results are consistent with the known molecu-
lar intrapatient heterogeneity of OC. To learn more, we evaluated 
circulating tumor DNA (ctDNA) levels for 22 identified private muta-
tions9. In patient 206 with concordant partial response of all lesions 
(iRECIST; Fig. 2a), we noted transient elevation of ctDNA levels for 
the cognate neopeptide after ACT (Fig. 2b). This coincided with a 
decrease in the serum CA-125 level (Fig. 2c), suggesting that the release 
of ctDNA may herald immune attack, as previously described for ACT 
of tumor-infiltrating lymphocytes10. Cumulatively, we detected ctDNA 
before ACT for only a small fraction of single-nucleotide variants (SNVs) 
in the assessed patients, with no difference between immunogenic and 
nonimmunogenic mutations (Extended Data Fig. 4a). However, we 
observed an increase in the number of detected ctDNA fragments after 
ACT, specifically for immunogenic mutations (Fig. 2d–g and Extended 
Data Fig. 4a,b). Further investigation is required to test whether ctDNA 
dynamics reflect a divergent evolution of clonal tumor populations 
under therapeutic pressure and to examine their use in monitoring 
tumor response to adoptive immunotherapy.

The management of late-line recurrent OC remains challeng-
ing2,11. Here, we show reinvigoration of antitumor immunity by ACT of 
vaccine-primed peripheral blood T cells with additional OCDC vacci-
nation. Although this therapy was not sufficiently potent to eradicate 
tumors, it produced clinical benefit. Moreover, important lessons can 

Fig. 2 | Elevated ctDNA levels after ACT are specifically associated with 
immunogenic mutations. a, Computed tomography scans of patient 206 
showing regression of tumor deposits (yellow arrows) in a periaortic lymph  
node (lesion A) and an obturator lymph node (lesion B). b, Allele frequency  
(% AF; that is, percentage of mutated reads over the total reads) in ctDNA 
evaluated at different time points for the SNV CENPC1R738H in patient 206. EOS, 
end of study. c, Serum CA-125 levels in patient 206 during the UPCC26810  
study. Day 30 is identified with a gray arrow. d, Representative examples of  
T cell response (by IFNγ ELISpot assay; top) and ctDNA analyses (bottom). We 
show the allele frequency evaluated before and after ACT together with the 
cognate neopeptide-specific T cell responses measured before and after ACT 
in patient 205. Allele frequency and T cell responses are shown for the CHD3L>V, 
DCHS1P>L, HEATR6S>N and TRIM26G>W neopeptides and are color-coded based 
on their immunogenicity. Allele frequency is also provided for BIRC6 and TTC24 
(control nonimmunogenic SNVs) and OBP2A (reference SNP). The variant allele 

frequency (VAF) in tumors at the time of collection for vaccine preparation is 
reported at the bottom of each SNV. NA, not assessed. e, Assessment, in pre- and 
post-ACT samples, of ctDNA levels for all 22 variants successfully analyzed (left, 
already detected before ACT (n = 10); right, not detected before ACT (n = 12)). 
ctDNA levels are expressed as z scores. Variants are separated and color-coded 
based on the immunogenicity of cognate SNVs. f, Overview of the pre- and/or 
post-ACT immunogenicity of all 13 immunogenic SNVs concomitant with the 
detection of cognate ctDNA. White boxes: negative; yellow and red boxes: T cell 
responses detected already pre-ACT or only post-ACT respectively; crosses: 
concomitant detection of ctDNA. g, Immunogenicity of the different SNVs was 
considered at the time of the analysis (that is, neopeptides detected only after 
ACT were considered nonimmunogenic before ACT), as per f. Histograms show 
the cumulative analyses of the fraction of ctDNA variants (n = 22) detected, based 
on the immunogenicity of cognate SNVs, before ACT (left) and after ACT (right). 
Data were assessed using a one-sided chi-square test.
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be learned from the medium-intensity lymphodepletion and the use 
of CD28-costimulated cells, which enabled rapid neutrophil recovery 
and lymphoid reconstitution, respectively. Although other possible 
neopeptide sources were not investigated and tumor targeting by 
neopeptide-specific CD8+ T cells could not be ruled out, monitor-
ing for T cell responses against neopeptides derived from nonsyn-
onymous SNVs is sufficient to show that the treatment restores prior 
antitumor immunity and induces neopeptide spreading, which cor-
relates with tumor response. The heterogeneity of OC represents an 
important therapeutic challenge. Tumor lysate was originally prepared 
from a single lesion in these patients with widely metastatic disease.  

Therefore, the elicited responses to tumor-specific antigens may have 
been limited and not representative of the tumor antigenome across 
lesions. ACT of tumor-infiltrating lymphocytes faces similar chal-
lenges12, suggesting that ACT strategies for OC must include a broad 
tumor antigen representation.

Methods
Study design
This single-center phase 1 study (NCT01312376/UPCC26810) of adop-
tive transfer of vaccine-primed, CD3/CD28-costimulated T cells after 
lymphodepletion followed by OCDC vaccination and bevacizumab 
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consolidation was conducted in the gynecologic oncology service 
at the University of Pennsylvania (UPenn) Medical Center, under an 
investigational new drug application accepted by the US Food and 
Drug Administration. The clinical protocol was approved by the local 
institutional review board and independent medical safety monitors at 
UPenn. The study was started in March 2011 and terminated in January 
2019, with patient enrollment from March 2011 through February 2014. 
T cells were manufactured at the Clinical Cell and Vaccine Production 
Facility of UPenn. The primary objective was to determine the feasibility 
and safety of ACT of vaccine-primed, ex vivo CD3/CD28-costimulated 
autologous peripheral blood T cells, in combination with lymphode-
pletion and an immunomodulation regimen with bevacizumab fol-
lowed by autologous vaccination. Feasibility was assessed based on the 
number of patients who successfully received the combination treat-
ment. Safety was assessed based on the occurrence of TLT. If TLT was 
observed in >33% of patients, the therapy was considered excessively 
toxic (that is, >33% of patients with toxicity is not acceptable). Addi-
tional objectives included the determination of the patients’ immune 
function, antitumor immune response, tumor burden, immune-related 
progression-free survival, OS and time to progression. No statistical 
methods were used to predetermine sample sizes, but our sample 
sizes are similar to those reported in previous publications3. Data col-
lection and analysis were not performed blind to the conditions of the 
experiments. In this pilot study, up to 12 participants were planned to 
enter the study in a nonrandomized dose-escalation scheme with three 
doses: 10–15 × 109, 20–30 × 109 and 40–50 × 109 T cells. Three patients 
(101–103) received the entry dose (specifically, 13.6–15 × 109 T cells; 
Extended Data Table 2), followed by three additional patients (201–203) 
who received the second dose (10.9–27.3 × 109 T cells). Because patient 
203 received less than the minimum of 20 billion cells, we extended 
cohort 2 to collect additional safety data. We enrolled three patients 
but treated two additional patients, who received 8.9 × 109 and 18 × 109 
cells. In five of the first eight patients, we did not obtain, at the manu-
facturing stage, a cell number compatible with the minimum dose for 
cohort 3 (40 × 109 cells), and none of these patients had a safety signal 
with dose 1 or 2; thus, we decided to modify the design and proceed with 
an extension cohort, using a dose of 20 × 109 T cells, which was shown 
to be safe. We treated nine additional patients with the fixed dose of 
20 × 109 cells. A total of 18 patients received lymphodepletion, and  
17 patients received T cells followed by vaccine and bevacizumab. One 
patient voluntarily withdrew from the study before receiving any treat-
ment; another patient (204) developed acute myocardial infarction 
after lymphodepletion, which was deemed unrelated to chemotherapy, 
and was not treated with T cells.

Regarding manufacturing feasibility, we manufactured T cells 
for all 19 patients. The fixed dose of 20 × 109 T cells was met in all nine 
patients who were treated in the extension cohort. Interestingly, we 
were able to manufacture a sufficient number of cells for the original 
dose of >40 × 109 cells for all patients in the extension cohort. Overall, 
these results show the feasibility of manufacturing and administering 
vaccine-primed, ex vivo CD3/CD28-costimulated autologous periph-
eral blood T cells at a dose of 20 × 109 cells, with prior lymphodepletion 
with cyclophosphamide and fludarabine followed by autologous vac-
cination and bevacizumab.

Study population
All participants signed the informed consent form. Eligible patients 
had a diagnosis of epithelial ovarian, fallopian tube or primary peri-
toneal adenocarcinoma and exhibited persistent or progressive dis-
ease (according to RECIST) after intervening therapy or after at least 
five vaccine administrations in the prior protocol (NCT01132014/
UPCC19809, a clinical study administering OCDC vaccine in combi-
nation with intravenous infusion of low-dose cyclophosphamide and 
bevacizumab). Patients were eligible for UPCC26810 provided we had 
collected peripheral blood T cells through apheresis after vaccination 

in the UPCC19809 study and they had at least two more vaccine doses 
available. All patients were aged ≥18 years, had an Eastern Cooperative 
Oncology Group performance status of 0 or 1 and had a life expectancy 
of >4 months. All patients had normal organ and bone marrow func-
tion, defined by the following parameters: absolute neutrophil count 
>1,000 cells per microliter; platelet count >100,000 cells per micro-
liter; hematocrit >30%; aspartate transaminase and alanine transami-
nase levels <2.5 times the institutional upper limits of normal; bilirubin 
level <2.0 mg dl−1, unless secondary to bile duct blockage by a tumor; 
and creatinine level <1.8 mg dl−1. Noneligibility criteria included history 
or symptoms suggestive of partial or complete bowel obstruction, >2 
weeks of corticosteroid treatment or other immunosuppressive treat-
ment, acute infections and acquired clinically relevant concomitant 
conditions contraindicating the study therapy or interfering with the 
interpretation of results. The presence of serum anti-Yo antibodies on 
screening, irrespective of clinical relevance, was an exclusion criterion.

Intervention
All enrolled patients had undergone (in the preceding protocol, 
NCT01132014/UPCC19809) leukapheresis of 15 L of blood after five 
vaccinations, to isolate vaccine-primed peripheral blood lympho-
cytes. At 32–375 days following the completion of UPCC19809, patients 
enrolled in the current protocol (NCT01312376/UPCC26810) received 
adoptive transfer of vaccine-primed T cells expanded ex vivo with 
CD3/CD28 costimulation, followed by OCDC maintenance in combi-
nation with bevacizumab. The termination criteria were inadequate 
autologous T cell expansion levels and the occurrence of TLT from 
any of the investigational products. TLT was defined as any of the 
following events: persistent grade 4 hematologic toxicity, grade 3/4 
transfusion reactions, graft versus host disease-like manifestations, 
or autoimmune manifestations other than central nervous system 
events or any life-threatening events. Excessive toxicity was defined 
as the occurrence of TLT in more than one-third of patients. Patients 
who had radiographic disease progression (according to RECIST v.1.1) 
on computed tomography imaging exited the study and were followed 
for survival. Elevation of serum CA-125 levels was monitored until 
radiologic confirmation of progressive disease but was not taken into 
consideration for study decisions.

Data collection and analysis
Demographic and disease characteristics of all eligible patients, 
including age, initial disease stage and histology, and number of 
prior treatment lines, were collected for analysis. The number of 
OCDC administrations before ACT and the comedications within the 
NCT01132014/UPCC19809 study, as well as the number of post-ACT 
OCDC administrations, were recorded. Data on the best radiologic 
response according to iRECIST, longitudinal CA-125 values6 before 
and after ACT, and time to death from enrollment into NCT01312376/
UPCC26810 were collected.

Cell product preparation
Peripheral blood lymphocytes were isolated by leukapheresis of 
15 L of blood in the UPCC19809 study. Monocytes were depleted by 
counterflow centrifugal elutriation (Elutra cell separation system, 
Terumo BCT). Enriched fresh T cells were cryopreserved during the 
UPCC19809 study. Following enrollment, the frozen T cells were 
thawed and expanded ex vivo at the Clinical Cell and Vaccine Produc-
tion Facility at UPenn, using anti-CD3/anti-CD28 beads plus IL-2 for 11 
days according to previously reported protocols13,14 (Extended Data 
Fig. 1a). Briefly, cells were seeded into gas-permeable flasks (Lifecell, 
Baxter). Cells were grown in X-VIVO medium supplemented with 5% 
commercial pooled human AB serum. Dynal microbeads coated with 
anti-CD3/anti-CD28 antibodies were added to the cells at a 3:1 (beads 
to cell) ratio. The cells were counted, and fresh medium was added 
throughout the expansion to maintain an appropriate cell density. 
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For final product preparation, cells were expanded ex vivo for up to 
11 days and then collected on the designated infusion date. Culture 
samples were obtained for flow cytometry and endotoxin, bacterial and 
fungal testing to determine whether the final product release criteria 
were met. On collection day, the microbeads were removed using a 
Baxter Fenwal Maxsep magnetic cell separator, washed and concen-
trated using the Baxter Fenwal Harvester system, and resuspended in 
100–300 ml of a 1:1 dilution of PlasmaLyte A/5% dextrose, 0.45% NaCl 
containing 0.5–1% human serum albumin. For reinfusion clearance 
of the expanded T cell product, a minimum cell viability percentage 
of ≥80% for fresh products or ≥70% for cryopreserved products was 
required. The CD3 concentration on day 7 or later had to be >80% by 
fluorescence-activated cell sorting (FACS), with <100 residual micro-
beads per 3 × 106 cells. Cell cultures had to be negative for bacteria and 
fungi at 96–48 h before collection, with negative Gram stain of a sample 
of the precollection cells and <1 endotoxin unit per milliliter at 24–48 h 
before collection. Median expansion of T cells was 38-fold (range 8- to 
82-fold), reaching a median of 43 × 109 (range 10–64.2 × 109) collected 
T cells (Extended Data Table 2).

Cell product administration
In preparation for ACT, patients received, in an outpatient setting, intra-
venous infusion of high-dose cyclophosphamide at 300 mg m−2 per day 
for 3 days and intravenous infusion of fludarabine at 30 mg m−2 per day 
for 3 days to achieve lymphodepletion. On day 0, patients were infused 
(as outpatients) with the available T cell product (8.9–27.3 × 109 T cells) 
resuspended in a total volume of 100–300 ml, intravenously adminis-
tered over 20–30 min without a leukocyte filter after premedication 
with acetaminophen and diphenhydramine. The T cell infusion was 
followed by vaccine maintenance with OCDC within 2 days, as a way to 
support and expand the tumor-reactive T cells in vivo after the transfer.

OCDC preparation
Details on the preparation of autologous DCs and the OCDC vaccine 
product are provided in the article reporting the preceding study 
(NCT01132014/UPCC19809)3. Briefly, peripheral blood mononuclear 
cells (PBMCs) were isolated by leukapheresis of 10 L of blood. Adher-
ent monocytes were cultured for 4 days with IL-4 and granulocyte– 
macrophage colony-stimulating factor to generate immature  
DCs, which were pulsed with tumor lysate and then matured with 
lipopolysaccharide and recombinant human interferon-γ (IFNγ). OCDC 
aliquots were viably cryopreserved in liquid nitrogen at 5–10 × 106 
cells per vial.

Immune profiling of PBMCs through density-based 
automated gating and clustering
Thawed PBMC samples collected from six representative patients 
before ACT and 30 days after T cell transfer were stained to character-
ize peripheral immune cell populations, with particular emphasis on 
lymphocytes. The immune profiling antibody panel (BD Biosciences 
unless otherwise stated) included CD3-APC (Beckman Coulter), CD4-PE 
Cy7, CD8-Pacific Blue, CD14-APC H7, CD16-FITC, CD56-PE (Beckman 
Coulter), CD11c-AF700, CD19-BV711, CD123-PerCP Cy5.5 (eBioscience), 
HLA-DR-ECD and Indo-violet viability dye (BioLegend). PBMC samples 
from two healthy donors were analyzed as controls. PBMC collection 
followed the legal Swiss guidelines under project P_123, with informed 
consent from the donors and ethics approval from the Canton of Vaud 
(Lausanne). Flow cytometry was performed using an LSR Fortessa 
flow cytometer (BD Biosciences). An automatic gating strategy was 
applied to compensate and ‘logicle’ transform the flow cytometry 
files. One- and two-dimensional gating methods, such as ‘mindensity’ 
and ‘singletGate’ from the R package, were used to clean data of dead 
cells, debris and doublets. For population identification, ‘FlowSOM’ 
clustering was used to generate 40 clusters, which were further manu-
ally reduced to 10 macroclusters based on shared cell markers. Initially, 

we identified clusters of the main PBMC lymphoid and myeloid lineages 
based on lineage marker expression. Subsequently, to obtain suffi-
ciently high resolution for further analysis and to calculate frequencies 
within individual cell populations, clusters were manually merged 
into cell subsets according to consensual marker-expression pat-
terns. Data were visualized and statistically analyzed in R package for  
patient stratification.

Identification of nonsynonymous tumor mutations and 
peptide prediction
Genomic DNA from 11 cryopreserved tumor tissues and matched 
PBMCs was isolated using a DNeasy kit (Qiagen) and subjected to 
whole-exome capture and paired-end sequencing on the HiSeq2500 
Illumina platform. Prediction of nonsynonymous somatic tumor muta-
tions was exclusively performed at the baseline of the UPCC19809 
study, given that this represents the unique source of tumor material 
from these patients. Somatic variants for all 11 patients were called 
as previously described5. Variations present in the tumor samples 
and absent from the corresponding blood samples were assumed to  
be somatic.

Prediction of neoepitope binding to class I human leukocyte anti-
gen (HLA) alleles, for all candidate peptides incorporating somatic 
nonsynonymous mutations, was performed using the NetMHC v.3.4 
algorithm as previously described5. Candidate neoepitope peptides 
and their wild-type native predicted peptides were synthesized  
(at >90% high-performance liquid chromatography purity) at the 
Protein and Peptide Chemistry Facility, University of Lausanne. 
High-resolution HLA typing at the A, B and C loci was performed at the 
Immunogenetics Laboratory, Department of Pathology and Laboratory 
Medicine, Children’s Hospital of Philadelphia, using a next-generation 
sequencing protocol.

In vitro identification and characterization of 
neoepitope-specific T cells
Immune recognition of tumor neopeptides was assessed in blood 
collected at baseline (entry in the present study) and after ACT from 11 
patients in whom nonsynonymous tumor mutations had been identi-
fied. In all patients, CD8+ T cells were interrogated after a first round of 
in vitro stimulation (IVS) with a peptide or peptide pools to assess the 
presence or absence of neopeptide reactivity, as previously described5, 
with minor modifications. Briefly, CD8+ T cells (106 cells per milliliter) 
were negatively selected (Miltenyi Biotec) from cryopreserved PBMCs 
and cocultured with irradiated, CD8+ and CD4+ T cell-depleted autolo-
gous PBMCs (at a 1:1 ratio) and peptides (1 μg ml−1, single peptide or 
pools of ≤50 peptides) in 96-well U-bottom plates. IFNγ ELISpot assay 
was performed on day 12 as previously described5, using precoated 
ELISpot plates (Mabtech), and spot-forming units were counted using 
a Bioreader-6000-E automated counter (BioSys). In all IFNγ ELISpot 
assays, we considered as positive conditions those with an average 
number of spots higher than the counts of the negative control (no 
antigen) + 3 s.d. of the negative control. Positive responses were then 
deconvoluted (using leftover cells from the same IVS) to map single 
neopeptides. To validate immunogenic peptides, replicate independ-
ent experiments were performed after one round of IVS with pep-
tide pools and/or single immunogenic peptides. Alternatively, when 
samples were not available, a second round of stimulation (IVS2) was 
performed to further validate T cell responses. Intracellular cytokine 
staining (ICS) was performed on purified neopeptide-specific T cells. 
First, cells were FACS-sorted based on 4-1BB (tumor necrosis factor 
ligand superfamily member 9) upregulation upon overnight coculture 
with peptide-pulsed (1 μM) autologous CD4+ blasts at a 1:1 ratio. Cells 
stained with the Aqua viability marker (Thermo Fisher Scientific), 
anti-CD3 (BioLegend), anti-CD8 (BD Biosciences) and anti-human 
4-1BB (Miltenyi Biotec) were sorted on a BD FACS Melody cell sorter (BD 
Biosciences). Purified cells were expanded, in the presence of irradiated 
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feeder cells from two donors at a 1:1 ratio, in complete medium sup-
plemented with 1 μg ml−1 phytohemagglutinin and 150 IU ml−1 recom-
binant human IL-2. For ICS, expanded CD8+ T cells were rechallenged 
with peptide-pulsed autologous CD4+ blasts at a 1:1 ratio, in the pres-
ence of the protein transport inhibitor GolgiPlug (BD Biosciences) 
and CD107a-FITC (BD Pharmingen). After 16–18 h, cells were col-
lected and stained extracellularly with CD3-APC Fire 750 (BioLegend)  
and CD8-PB (BD Biosciences) and then permeabilized (BD Biosciences) 
and stained intracellularly with IL-2-PE (BD Biosciences), TNFα-PE Cy7 
(BD Biosciences), IFNγ-APC (BD Biosciences) and LIVE/DEAD Aqua 
viability dye (Thermo Fisher Scientific). Flow cytometry was performed 
using an LSR Fortessa cell analyzer (BD Biosciences), and data were 
analyzed using FlowJo v.10.8.1 (TreeStar) and SPICE v.6.1. Background 
reactivity was determined using unstimulated cells.

ctDNA mutational profiling
The MagMAX cell-free DNA (cfDNA) isolation kit (cat. no. A29319, 
Thermo Fisher Scientific) was used to isolate cfDNA from 2-ml serum 
samples. Serum samples were lysed with proteinase K (20 mg ml−1, 
Thermo Fisher Scientific) for 20 min at 60 °C. cfDNA was isolated 
according to the user guide of the MagMAX cfDNA isolation kit. A set 
of 18 cfDNA samples were verified for genomic contamination and 
specific cfDNA fragment size on the Fragment Analyzer system with 
the High Sensitivity (HS) Genomic DNA kit (protocol DNF-488-33, Agi-
lent). The concentration of the purified cfDNA was measured using the 
Qubit double-stranded DNA HS assay kit on a Qubit fluorometer. cfDNA 
samples <1.2 ng μl−1 were concentrated using the Microcon DNA Fast 
Flow centrifugal filter unit with an Ultracel membrane (MRCF0R100, 
Merck Millipore; Extended Data Table 6). An amplicon-based DNA 
library was prepared using a customized primer panel (custom Ion 
AmpliSeq panel, Ion Torrent, Thermo Fisher Scientific; Extended Data 
Table 6) targeting regions with private mutations. In particular, we 
included all 18 immunogenic SNVs; in addition, we included 16 control 
SNVs (that is, 2 per patient) chosen randomly from nonimmunogenic 
peptides and 16 single-nucleotide polymorphisms (SNPs; that is, 2 
per patient) also chosen randomly as controls. Primers were designed 
using Ion AmpliSeq Designer v.5.63, starting from the list of variants 
to be monitored in serum. Libraries were manually prepared using 
the Ion AmpliSeq Library kit v.2.0 (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. In 14 samples, emulsion was 
performed using the Ion Personal Genome Machine (PGM) Hi-Q OT2 
kit and sequencing was performed using an Ion 318 Chip v.2 BC with 
the Ion PGM Hi-Q sequencing kit on the Ion PGM System for 500 cycles 
(Thermo Fisher Scientific). For the remaining samples, emulsion was 
performed using the Ion 540 Kit-Chef with an Ion Chef instrument 
and sequencing was performed using an Ion 540 Chip kit on the Ion S5 
System for 500 cycles in batches of 24 samples. FASTQ files were gener-
ated using Torrent suite software v.5.2.2. Bioinformatic analysis was 
performed using proprietary and open-source software. Briefly, reads 
were aligned to the human genome (Genome Analysis Toolkit (GATK) 
repository, build 37 decoy) with Novoalign v.3.02.07 (default setting). 
The median coverage was 5,900× (range 2,587–11,187×) for the PGM set 
and 32,411× (range 18,701–54,266×) for the S5 set of samples. SNV call-
ing was performed, using bam-readcount v.0.8.0, only on the specific 
sites of interest and considering reads with a minimum mapping quality 
of 10. All retained alterations were confirmed by visual inspection with 
IGV software v.2.3. A total of 37 regions were successfully amplified: 13 
of 18 regions including private immunogenic mutations, 9 of 16 regions 
including private nonimmunogenic mutations and 15 of 16 regions 
including SNPs (Extended Data Table 6). Notably, the 22 mutations 
included in the ctDNA analysis were validated using the GATK Haplo-
typeCaller, MuTect v.1 and VarScan v.2 algorithms. Moreover, the two 
groups of somatic mutations (immunogenic versus nonimmunogenic) 
showed comparable allele frequencies (Extended Data Table 6) in the 
original tumor samples. We estimated the background distribution of 

allele frequencies through the mean and s.d. to compute the z score, 
using normal approximation for candidate mutations15. The ~99.7% 
prediction interval was standardly defined as a range of 3 s.d. and cor-
rected for aberrant whiskers below zero. P values were defined as the 
tail probability and corrected for multiple testing using Bonferroni cor-
rection. These steps were performed using the ‘stats’ library in R v.4.0.3.

Statistical analyses
OS was calculated for the patients receiving ACT (that is, 17 of the 
19 total enrolled patients), with the start date being the UPCC26810 
enrollment date. The Kaplan–Meier method was used to depict survival 
curves and estimate the median OS. Relevant historical data4 were 
extracted from published Kaplan–Meier plots by using WebPlotDigi-
tizer (https://apps.automeris.io/wpd). A waterfall plot was also created 
to present the best percentage change in total tumor burden (sum of 
diameters (in millimeters) of the target and new lesions) according to 
RECIST compared to the baseline tumor assessment before ACT. A >10% 
decrease in the serum CA-125 level was considered clinically relevant.

For all experimental analyses, the statistical tests used and their 
specifications are described in the figure legends. Differences between 
averages of variables were compared using a one-tailed t test for vari-
ables with a normal distribution (all laboratory analyses), in which 
data assumed to be normal were not formally tested. Nonparametric 
tests were used only for the comparison of allele frequencies in cfDNA 
for immunogenic and nonimmunogenic mutations before and after 
ACT. Statistical analyses were performed using GraphPad Prism v.9 
and SAS v.9.4.

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

Data availability
Exome data are available from the European Genome-phenome Archive 
(EGA) database under accession code EGAS00001002803. The access 
control to sequence data implemented at the EGA confers patient 
confidentiality. Cell-free DNA data are available from the European 
Nucleotide Archive under accession code PRJEB64132 (secondary 
accession no. ERP149263). The full study protocol is publicly available 
and provided as Supplementary Protocol. Further information on 
research design is also available in the Nature Portfolio Reporting Sum-
mary linked to this article. Source data are provided with this paper.
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Extended Data Fig. 1 | In vitro expansion of cell products and ALC post-ACT.  
(A) T-cell expansion over time during product manufacturing. Exp T cells: 
expanded T cells (n=13). (B-C) Correlation between ALCmax observed post-
ACT and lowest ALC value (ALCnadir) observed following lymphodepleting 

chemotherapy and prior to ACT (B), and between highest ALC value observed 
post-ACT (ALCmax) and T-cell expansion in vitro (C). R2 and p-values were 
calculated by simple linear regression analysis.
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Extended Data Fig. 2 | Immune subsets in blood. (A) Main immune subsets in blood of 6 representative patients pre-lymphodepletion (pre-ACT) and one month post-
ACT. HD: healthy donor. (B) Frequencies of circulating leukocytes pre-lymphodepletion and one month post-ACT. Paired t-test, two-tailed.
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Extended Data Fig. 4 | ctDNA analysis. (A) Allele frequencies (AF, that is % of 
mutated reads over total reads) in ctDNA for the 22 single-nucleotide variants 
(SNVs) for which were able to build a DNA library. Values observed pre- and 
post-ACT are shown. Variants are color-coded based on their immunogenicity. 
Variants showing little or no variation between the two time-points are 
closer to the diagonal line (dotted grey line). Immunogenic variants showed 
a significant increase in their AF after ACT (P=0.039). This was not observed 
among Non-Immunogenic mutations (P=0.726). X and y axes are in logarithmic 
scales. Comparison of AF in cfDNA for immunogenic and non-immunogenic 
mutations between pre- and post-ACT was performed using paired samples, 
one-sided Wilcoxon signed-rank test in the R package (v.3.6.1). (B) Estimation 
of the background noise for each of the SNVs analyzed by ctDNA. Detection 

of 22 variants in cfDNA with corresponding wild type genes (Supplementary 
Information). Each gene is reported on one row and it corresponds to annotated 
immunogenic and non-immunogenic SNVs listed in Extended Data Table 6. 
Whiskers represent the mean and 99.7% prediction interval (B) or the mean 
and 95% confidence interval (C). Symbols indicate the AF for each of the 22 
mutations detected in cfDNA samples from specific patients, pre-ACT (square) 
and post-ACT (triangle). We estimated the background distribution through the 
mean and SD to compute z-score, using a normal approximation for candidate 
mutations. The ~99.7% prediction interval was standardly defined as a range of 
3SD and corrected for aberrant whiskers below zero. P-values were defined as the 
tail probability and corrected for multiple testing using a Bonferroni correction. 
Only values with P<0.05 were considered as significantly detected.
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Extended Data Table 1 | Patients description

Description of 18 patients enrolled in the study who received the treatment (although 19 patients were initially enrolled, only 18 were treated). Patient identification number, age, tumor 
histologic type, stage, number of prior chemotherapy lines (Ctx), number of vaccine (Vx) doses received pre-ACT, radiologic response by RECIST v1.1 at end of study of UPCC19809, days 
between previous treatment and ACT, number of T-cell infusions, number of vaccine doses received post-ACT, radiologic response by RECIST v1.1 and CA-125 response are reported.
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Extended Data Table 2 | T-cell products

Details of cultured T cells and infused T-cell product per patient.
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Extended Data Table 3 | Adverse Events

Description of Adverse Events.
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Extended Data Table 4 | Neopeptide recognition landscape

Description of the neopeptide recognition landscape. Individual tumor mutational burden (non-synonymous mutations), haplotypes and predicted peptides found immunogenic at two time 
points (pre- and post-ACT) are reported.
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Extended Data Table 5 | Neopeptide characteristics

List of 18 immunogenic peptides classified by patient and described by coding gene, mutation, HLA restriction and full sequence.
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Extended Data Table 6 | ctDNA analysis

Details of single nucleotide variants (SNVs) successfully investigated by ctDNA analysis, classified by patient, chromosome, position, amino acid change, immunogenicity (single nucleotide 
polymorphism (SNP), Non immuno: non-immunogenic mutation, Immuno: immunogenic mutations) and call (SNP, or somatic mutations (SM)). Notably, all SM were called by all three GATK 
HaplotypeCaller (GATK), Mutect_v1 (MTv1) and Varscan2 (VS2) algorithms. VAF: variant allele frequency, as predicted by GATK.
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