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 40 

ABSTRACT 41 

 42 

Personalized neoantigen-targeting cancer vaccines (PCV) in the adjuvant setting are of 43 

increasing interest across malignancies. Herein, we report the results of a first-in-disease phase 44 

I clinical trial testing the feasibility and safety of PCV for high-grade epithelial ovarian cancer 45 

(HGOC). ‘NeoVax’ consisted of pools of synthetic long peptides targeting patient-specific 46 

neoantigens admixed with the immunostimulant polyICLC, was combined with delayed 47 

administration of anti-PD-1 antibody, and was tested in 10 patients (one newly diagnosed 48 

patient (Cohort A) and 9 patients at first recurrence (Cohort B)) with platinum-sensitive OC 49 

following standard-of-care (SOC) platinum doublet chemotherapy. Nine of 12 evaluable Cohort 50 

B patients were vaccinated (75%, 90% CI 47-93%) and 1 of 9 Cohort A patients (11%, 90% CI 51 

0.6 – 43%). No unexpected safety signals were encountered and no patients discontinued 52 

treatment due to toxicity. Across patients, >70% selected targets remained detectable by non-53 

invasive cell-free DNA analysis despite a median of 6.5 months from the time of diagnostic 54 

biopsy to vaccine administration, during which patients received SOC chemotherapy. 55 

Biomarker analysis was suggestive of biologic activity of the vaccine in 6 of 10 patients and this 56 

was associated with broader tumor and vaccine-specific immune responses in blood and tumor 57 

following vaccination. Resistant tumor clones reflected diverse mechanisms affecting antigen 58 

presentation, indicative of immune-selective pressure exerted by vaccination. Overall, the 59 

interplay between the repertoire of antigens presented by the tumor and the breadth of induced 60 

immunity appeared to dictate clinical efficacy following vaccination. ClinicalTrials.gov Identifier: 61 

NCT04024878 62 

  63 

https://clinicaltrials.gov/study/NCT04024878


 3 

INTRODUCTION 64 

Epithelial ovarian cancers, 90% of which are TP53 mutant, high grade serous type, were among 65 

the first malignancies for which the frequency of CD8 tumor infiltrating lymphocytes (TIL) and 66 

their ratio to regulatory T cells (Treg) were associated with overall survival1,2. However, OC has 67 

largely not benefited from modern cancer immunotherapy. Anti PD-(L)1 monotherapy induces 68 

objective responses in <10% of patients with ovarian cancer3,4 and the addition of immune 69 

checkpoint blockade (ICB) to standard cytotoxic therapy has only recently received FDA 70 

approval5, after multiple negative trials. Underlying reasons include tumor heterogeneity, low 71 

tumor mutation burden (TMB)6, systemic immune suppression7, and an immunosuppressive 72 

microenvironment, characterized by suppressive myeloid populations8, Tregs2,9 and stromal 73 

cells8. Furthermore, most OC tumors exhibit immune desert or immune excluded 74 

immunopathology10, likely reflecting poor priming of endogenous immune responses.  75 

 76 

The rate of HGOC missense mutations arising from single nucleotide variants (SNVs) and short 77 

insertions and deletions (INDELs) is similar to other low TMB malignancies in which PCVs have 78 

generated vaccine-specific immunity11-13. We hypothesized that PCVs in the adjuvant setting 79 

following SOC therapy would directly address tumor heterogeneity and overcome deficiencies 80 

in immune priming, allowing anti-tumor T cell responses to be initiated, amplified, and 81 

diversified. Moreover, PCV administration after chemotherapy (and in select cases, surgery) at 82 

a time of low tumor burden, could potentially provide consolidating therapy and prevent 83 

recurrence. We thus conducted an phase 1 study integrating PCV into SOC therapy for 84 

platinum-sensitive HGOC.  85 

 86 

 87 
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RESULTS 88 

Integrating a PCV with standard-of-care treatment for ovarian cancer 89 

The study enrolled patients with newly diagnosed disease (cohort A), or with first platinum-90 

sensitive recurrence (cohort B) (NCT04024878). Adjuvant NeoVax was administered as 5 91 

priming doses over 3 weeks followed by booster doses at 12 and 20 weeks, with ICB 92 

(nivolumab) starting at week 14 (Fig. 1a, Methods). All patients underwent a tissue biopsy prior 93 

to starting SOC chemotherapy; newly diagnosed patients received interval cytoreductive 94 

surgery after 3 cycles. Feasibility and safety were the primary endpoints; for feasibility, <45% 95 

of prescreening patients achieving vaccination was defined as unacceptable (see 96 

Supplementary Information for full accounting of pre-defined endpoints). From November 20, 97 

2020 to September 7, 2023, twenty-two patients consented to prescreening (Fig 1b); of these, 98 

1 withdrew prior to prescreening biopsy and 9 subjects withdrew from the study before treatment 99 

consent (inadequate tissue from core needle biopsies [4], progression on SOC therapy [2], 100 

preference [2], and impaired performance status [1]). In total, 12 patients consented to 101 

treatment, and PCVs were designed and successfully synthesized for 11 patients (Methods, 102 

Extended Data Fig. 1); one patient withdrew consent prior to vaccine manufacture and one 103 

prior to treatment. In sum, nine of 12 evaluable Cohort B patients were successfully vaccinated 104 

(75%, 90% CI 47-93%) and one of 9 Cohort A patients (11%, 90% CI 0.6 – 43%) (Fig 1b). 105 

 106 

Amongst the 10 vaccinated patients (Fig. 1b), their tumors harbored a median of 103 missense 107 

mutations (SNV and INDELs; range 51-150) (Fig. 1c-top, Supplementary Table 1), 108 

corresponding to a median TMB of 2.8 (range 1.4-4.1). Of these mutations, a median of 86.5 109 

(range 45-127) encoded neoepitopes predicted to bind at least weakly (rank<2.0 by either class 110 
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I epitope prediction tools HLAthena14 or NetMHCpanv4.015) to the personal study subject HLA 111 

alleles (Supplementary Table 2). Vaccines targeted a median of 14 mutations (range 7-15), 112 

consisting of a median of 15 peptides (range 8–18), 17-32 amino acids long (median: 23), that 113 

were allocated to 1 of 4 peptide pools (A-D) per patient (Fig. 1d, Supplementary Table 3), and 114 

administered subcutaneously/intradermally (sc/id) at each of 4 injection sites.  115 

 116 

Median follow up after vaccination initiation was 6.3 months (range 3.9-21.3) at the time of the 117 

data cutoff (December 31, 2025). The median platinum-free interval (PFI) prior to sample 118 

collection for the 9 patients with recurrent disease was 19.7 months (range 7.9-51.5). Six 119 

patients entered into the clinical trial following progression through first-line maintenance 120 

therapy (PARP inhibitor [5], bevacizumab [1] [Table 1, Fig. 1e]); two others previously 121 

completed first-line maintenance PARPi therapy without progression. Four patients exhibited 122 

rising CA125 prior to starting vaccination (P106, P108, P114, P117), suggesting emergence of 123 

platinum refractory/resistant disease; three others exhibited signs of recurrence between 124 

priming (days 1-21) and the first booster dose at day 78 (P113 by imaging; P116 by rising 125 

CA125; P111 by both). Per protocol, treatment was allowed post-progression, if deemed that 126 

patients were deriving clinical benefit, progression was not rapid, treatment was tolerated, and 127 

continued treatment did not delay intervention to prevent serious complications of disease.  128 

 129 

The study regimen was well-tolerated, without unexpected treatment-related adverse events 130 

(AEs, Table 2). The most common NeoVax-associated AEs  were injection site reactions (70%), 131 

myalgias (50%), chills (50%) and neutropenia (50%); two grade 3 AEs occurred in one patient 132 

each (allergic reaction, neutropenia). In one patient (P111), grade 3 abdominal pain and 133 
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diarrhea were associated with Nivolumab. The primary safety endpoint was to report the 134 

percentage of patients who complete vaccine therapy without discontinuation due to toxicity. 135 

Nine of 10 vaccinated patients received all planned vaccine doses. P111’s G3 ICB-associated 136 

diarrhea occurred in the context of progression on post-progression Nivolumab treatment, and 137 

was not considered the primary factor in discontinuing therapy (Supplementary Information). 138 

Thus, all evaluable, treatment-consented patients completed NeoVax and Nivolumab without 139 

discontinuation for toxicity (Cohort A: 1 of 1 [90% CI: 5-100%], Cohort: B 8 of 8 [90% CI: 69-140 

100%]). 141 

 142 

In the intervening months between the vaccine design biopsy (B1), and vaccine priming (median 143 

of 6.5 months; range 6.0-7.6), patients received SOC chemotherapy +/- surgery. As an ad hoc 144 

analysis, we interrogated the extent to which somatic mutations encoding neoantigens were 145 

still present at the start of vaccination via bespoke cell-free DNA (cfDNA) analysis (‘MRD 146 

Tracker’16, Methods). We detected > 50% of vaccine target SNV mutations for 7 of 10 subjects 147 

at priming (D1 or D15), and for an 8th, prior to the last NeoVax boost (D140). In aggregate, 148 

56.5% and 73.1% of target SNV mutations were detected at priming and by the last boost, 149 

respectively (Fig 1f), indicating that vaccines remained relevant to tumor mutations present at 150 

the time of vaccine administration, despite intervening treatment.  151 

 152 

Patterns of tumor biomarker and vaccine immune responses following NeoVax plus 153 

nivolumab  154 

Progression-free survival (PFS) after vaccination was highly variable (median 3.3 months, 155 

range 1-NR). We used blood-based CA125 and cfDNA-based assays to indirectly track tumor 156 
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burden across organ sites over time. Nine of 10 patient tumors expressed plasma CA125 (all 157 

except P113); all subjects were analyzable with bespoke MRD Tracker assays, using a median 158 

of 900 (range 160-950) coding and non-coding SNV mutations, to assess average tumor variant 159 

allele frequencies (VAFs) and limits of detection by time point (Fig 2a-c; Extended Data Fig 160 

2). 161 

 162 

We observed three patterns of tumor-burden response (see Methods). First, four patients were 163 

“progressors” (P111, P113, P114, P117), exhibiting progression by RECIST criteria prior to 164 

vaccine boosting and steep and unabated rises in CA125 and/or cfDNA VAF following 165 

vaccination. In the case of P114, an early stabilization of cfDNA was attributed to palliative 166 

radiation of a residual, symptomatic vaginal cuff lesion in week 5, followed by rising biomarkers 167 

(Fig. 2a). 168 

 169 

A second group also exhibited early rising CA125 and cfDNA (P106 and P108 prior to starting 170 

priming; P116 prior to first boost), but in contrast to the trend for progressors, both measures 171 

concordantly leveled-off or decreased around the first booster dose (D78+/-7), before eventually 172 

rising again (Fig. 2b), suggesting “transient control” of disease. For P106 and P108, the timing 173 

of biomarker-measured control before the start of nivolumab (D92+/-7)) was consistent with an 174 

effect from vaccination. For P116, the CA125 and cfDNA declines occurred following nivolumab 175 

administration and while on SOC PARPi maintenance therapy. 176 

 177 

Finally, three patients exhibited prolonged disease control (P118, P119, P122), in which CA125 178 

remained consistently low following vaccination (Fig. 2c). P118 exhibited a partial response to 179 
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SOC chemotherapy, with normalization of CA125, but residual disease by imaging; P119 and 180 

P122 were in complete response (CR) following SOC chemotherapy. Strikingly, despite 181 

persistently low CA125 levels, all three patients exhibited dynamic cfDNA changes between 182 

D15 and D300, suggesting episodes of tumor growth and regression, with vaccination and 183 

nivolumab as the only interventions. For P122, cfDNA levels peaked at D140 and then 184 

decreased to below the limit of detection (D274), with the patient remaining disease free through 185 

to data cut off (Day 650) (Fig. 1e, Fig. 2c; Extended Data Fig. 2).  186 

 187 

Overall, these ad hoc serologic tumor burden analyses reveal dynamic changes in serum 188 

biomarkers for 6 of 10 patients, which may be consistent with on target immunologic activity 189 

from combined NeoVax with nivolumab.  190 

 191 

Peripheral immune responses following NeoVax 192 

To define the extent to which NeoVax followed by nivolumab elicited circulating vaccine peptide-193 

specific T cell responses and whether these differed amongst the biomarker subgroups, we 194 

performed exploratory ex vivo IFN-γ ELISpot assays on pre- and serially collected post-vaccine 195 

PBMC, using treatment pools of full-length 17-32-mer immunizing peptides. In 8 of 10 patients, 196 

we detected ex vivo IFN-γ reactivity17 to at least one vaccine pool, most commonly peaking 197 

after the week 12 boost (Fig. 2d, Extended Data Fig. 3a). To define the immunogenicity of 198 

individual peptides, we further tested each immunizing peptide for its ability to stimulate IFNγ 199 

reactivity using post-boost PBMCs (after first [‘week 14’, W14] or second boost [‘week 22’, 200 

W22]) that were expanded in vitro against vaccine peptide pools. Overall, 85 of 144 (59.0%) 201 

peptides were immunogenic (Extended Data Fig. 4). A median of 7 peptides (range 4-15), from 202 
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a median of 7 mutations (range 4-13) were immunogenic, per patient. Of note, the vaccines of 203 

the 6 patients with transient or prolonged disease control induced immune responses to a larger 204 

number of vaccine target mutations than for progressors (mean 9.3 vs. 5.5 mutations; P = 0.029) 205 

(Fig. 2e); there was also a trend towards an increased number of targeted mutations for 206 

transient and prolonged controllers (mean 14.3 vs. 10.5 mutations; P = 0.132; Fig. 2f). No 207 

differences were found between the serum biomarker-defined groups in relation to 208 

immunogenicity rate, missense mutation burden, PFI (Fig. 2g-i), or frequency of recurrence on 209 

active PARPi treatment prior to prescreening consent (P = 0.77 [Chi Square]).  210 

 211 

To identify vaccine- and nivolumab-induced TCR clonotypes, we assessed peripheral TCR 212 

chain dynamics in CD3+ PBMC across the vaccination course for all subjects (Methods; 213 

Extended Data Fig. 3b-c). A median of 82.5 (range 7-150) NeoVax-, and 96.5 (range 18-650) 214 

post-nivolumab-expanded clonotypes (Fisher’s exact test P < 0.05; Extended Data Fig. 3b) 215 

were detected. In two transient controllers (P108, P116) for whom TCR clonotypes at a later 216 

timepoint (~ W40) could be assessed, post-NeoVax- and post-nivolumab-expanded clonotypes 217 

were long-lived, comprising a similar frequency of the TCR repertoire at W40 as at W14 and 218 

W22 (Extended Data Fig. 3c), consistent with T cell memory responses. 219 

 220 

Identification of immune populations in NeoVax patient biopsies 221 

We collected and processed fresh tumor biopsies from 6 of 10 patients for single cell (sc) RNA- 222 

and TCR- sequencing (Fig. 3a). These included biospecimens collected at individual time 223 

points (B1, B2, and B3) for three disease progressors (P117, P111, P114), and paired pre- and 224 

post-vaccine time points for one progressor (P113) and two transient controllers (P108, P116). 225 



 10 

To increase resolution of cell type identification, a pre-vaccine sample was included for one 226 

additional patient who did not proceed with vaccination due to progression (P112). We obtained 227 

25,103 high-quality single-cell transcriptomes (median 7,371 UMI/cell, 3,045 genes/cell). By 228 

unsupervised clustering, we identified 16 clusters comprised of diverse immune and non-229 

immune cells (e.g. tumor, fibroblasts) (Fig. 3b, Extended Data Fig. 5a). Progressors exhibited 230 

a trend towards higher intratumoral fractions of monocyte/macrophages (Fig. 3b-c), which 231 

expressed inhibitory receptors (e.g. VSIR, TNFRSF14, LGALS9, SIRPA; Supplementary Fig. 232 

1a), consistent with a suppressive role. In contrast, higher fractions of T/NK and B cell 233 

populations were detected in transient controllers than in progressors (Fig. 3b-c).  234 

 235 

To better understand the interaction between the intratumoral T cell compartment and treatment 236 

with NeoVax with nivolumab, we re-clustered T cell populations (Extended Data Fig. 5b-c, 237 

Supplementary Fig. 1b). Progressor tumor biopsies contained higher fractions of exhausted T 238 

cells (CD4.TTE, CD8.TTE) and Tregs (CD4.TReg, CD4.NR4A1.TReg), as well as a trend 239 

towards lower CD8:CD4 ratio (Fig. 3d). We observed a higher Shannon diversity index amongst 240 

T cell clonotypes in transient controller biopsies (Fig 3e; two tailed Mann Whitney test, P = 241 

0.004). Progressor patient P113 uniquely displayed relatively larger numbers of TIL with 242 

expanded clonotypes, the majority of which represented TEX phenotypes (Extended Data Fig 243 

5d-e). While limited by the number of paired pre- and post-vaccine biopsies, we noted a trend 244 

toward higher Treg fractions amongst progressor patients, and increased intratumoral T cell 245 

clonotype diversity amongst transient controllers.  246 

 247 

Assessment of TIL tumor and vaccine target reactivity following NeoVax 248 
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To discern the extent to which TIL might recognize tumor and vaccine target antigens, we 249 

analyzed the T cell responses of P108 (transient controller) and P113 (progressor), whose tumors 250 

had been profiled at single cell resolution over time and from which patient-derived organoids 251 

(PDO) had been generated. The source cells for P108 PDO (O108-B2; Fig. 3f) were obtained on 252 

D126, ~1 month after booster 1 and the initiation of nivolumab; we were unable to generate a PDO 253 

from pre-treatment cells (B1). For P108, 45 of 83 mutations were detected at the RNA level from 254 

the B1 biopsy, including 13 of 14 vaccine target mutations. All O108-B2 TP53 reads mapped to 255 

the parental tumor’s TP53 mutation, reflecting pure tumor origin. However, only 13 of 83 somatic 256 

missense variants, and only 3 of 14 vaccine target mutations were expressed, consistent with 257 

either lost target antigen expression in the subclone represented in the biopsied recurrence or 258 

subclone selection during organoid generation. We observed less clonal evolution in the tumors 259 

from P113, from which we propagated PDO lines from 2 independent biopsies (Fig 3g): (i) the 260 

“pre-Vax” B1 biopsy procured prior to SOC chemotherapy from a left upper quadrant abdominal 261 

wall mass (O113-B1); and (ii) the “post-Vax” B2 biopsy, procured on D95, 17 days after booster 1 262 

and 4 days after nivolumab initiation, from an abdominal wall lesion at the same site as B1 (O113-263 

B2). All TP53 RNAseq reads from the O113 lines represented the tumor variant allele, and >50% 264 

of B1 missense mutations were expressed (including 4 and 5 of 9 vaccine target mutations for 265 

O113-B1 and -B2, respectively); 58.4% (59 of 101) of the B1 mutations were expressed in the 266 

parental tumor RNA.  267 

 268 

Expanded TIL clonotypes with an exhausted phenotype (TEX) in solid tumors have been reported 269 

to be enriched for tumor-reactive cells18,19, including a small series of TIL TCRs in ovarian 270 

cancer20, whereas expanded effector memory (TEM) TIL clonotypes are enriched for viral 271 
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specificity18. To confirm this in OC and in the PCV setting, we evaluated 14 expanded TEX 272 

clonotypes (having  3 cells through the entire data set, majority from the CD8.TTE cluster) and 9 273 

expanded TEM clonotypes identified from the B1 and B2 biopsies of P108 (Extended Data Fig 5e; 274 

Supplementary Table 4). Thirteen of 14 TEX clonotypes were present in the post-vaccine B2 275 

biopsies and 11 of 14 were more highly represented in the post- vs. pre-vaccine biopsies, 276 

consistent with post-vaccine/nivolumab expansion. Cloning and specificity testing of individual 277 

clonotypes revealed that 9 (5 strong, 4 borderline) of 14 expanded TEX clonotypes (but only 1 278 

(borderline) of 9 TEM TCRs) exhibited CD137 upregulation after co-culture with O108-B2 PDO 279 

(Fig. 3h; Extended Data Fig. 6a-b). Five of 9 TEM TCRs exhibited reactivity against autologous 280 

EBV-immortalized lymphoblastoid cell lines (LCL). These data confirmed that the TEX and TEM TIL 281 

are enriched for tumor and viral reactivity, respectively18. We did not identify NeoVax-specific 282 

clonotypes amongst tested P108 TIL. As O108-B2 lacked expression of the majority of vaccine 283 

target antigens, we interpreted the presence of TIL tumor-reactivity in the absence of vaccine 284 

reactivity as potentially consistent with epitope spreading of T cell responses to non-vaccine target 285 

antigens.  286 

 287 

Analogous evaluation of P113 revealed a strikingly different pattern of TIL reactivity. P113 biopsies 288 

B1, B2 and B3 captured more T cells than for P108, including a higher proportion of TEX cells, and 289 

a larger number of expanded clonotypes (Extended Data Fig. 5d-e). We cloned and tested TCRs 290 

from 22 expanded TEX clonotypes (in this case, each representing > 10 cells), including the top 6 291 

expanded exhausted TCRs in each biopsy (Extended Data Fig. 5e; Supplementary Table 4). 292 

TCRs from 20 of 22 TEX cells reacted strongly to Pre-Vax O113-B1, with the level of CD137 293 

upregulation generally increased by PDO pretreatment with IFN (Fig 3i, Extended Data Fig. 6a 294 



 13 

& c, Supplementary Table 4); 19 recognized Post-Vax O113-B2, but generally with lower levels 295 

of CD137 upregulation when compared to co-incubation with O113-B1 (Fig. 3j). Of the 3 expanded 296 

TEM clonotypes (6 cells) tested, 2 recognized autologous EBV-LCL, again consistent with 297 

enrichment of viral antigen specificity in the TEM compartment; 1 of these, exhibited reactivity to 298 

both B1 and B2 PDO. Overall, the majority of expanded TEX TIL recognized autologous PDO, with 299 

the highest reactivity against the Pre-Vax PDO.  300 

 301 

Pulsing of P113 autologous EBV-LCLs with vaccine peptide pools prior to co-incubation with 302 

cloned TIL-TCRs, revealed 4 TEX TCRs (5, 6, 19 and 20), which recognized vaccine pool C. All 303 

four were reactive against the same DPP3 p.L658R epitope, LTRRDTVLL (Fig 3j; Extended Data 304 

Fig 6e-f). TCR6 had the highest avidity, followed by TCR20, TCR5 and TCR19 (Fig 3k). Only 305 

TCRs 5, 19, and 20 were present in B1, where they comprised ~15% of TEX cells, and 12.5% of 306 

antigen-experienced, non-TNaive T cells overall, with TCR5 dominating (Extended Data Fig 5g; 307 

Fig 3l), consistent with a pre-existing immune response. However, in the post-Vax recurrent tumor 308 

at B2, all 4 clonotypes were present (TCR 6 was newly detected), with over 80% of the DPP3 309 

p.L658R specific TIL now represented by the two TCRs with highest avidity (6 and 20). The fraction 310 

of DPP3 p.L658R-specific, antigen experienced, non-Tnaive TIL remained relatively stable across 311 

the vaccine booster doses, but was dominated by further expansion of the highest avidity TCR6 312 

(Fig 3l). This shift was mirrored in the peripheral blood, where we detected circulating TCR 313 

chains matching TCR 5, 6 and 20 at W14 (after boost 1), with further increased fraction by W22 314 

(Fig 3m). Although the distribution of DPP3 p.L658R-specific TIL with non-naïve, TTE, TPE, TProl 315 

and TEM phenotypes was similar between B1 and B2, there was a shift towards TPE, TProl, and even 316 

TEM phenotypes at B3, following booster dose 2 and ~ 6 weeks of nivolumab treatment (Fig 3n). 317 
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Altogether, these observations support the expansion of vaccine-reactive clonotypes in P113, 318 

especially a new high avidity clonotype, following vaccine boost and nivolumab, both in tumor and 319 

peripheral blood.  320 

 321 

Mechanisms of tumor escape across study subjects 322 

To dissect the potential immune selective pressure imposed by NeoVax with nivolumab, we first 323 

assessed if vaccination was linked to changes in tumor transcriptional programs. Bulk tumor 324 

RNAseq from B1 pre-vax biopsies revealed relatively similar class I and class II antigen 325 

presentation-related gene expression across tumors, with only progressor P117’s tumor exhibiting 326 

a trend towards lower expression than other tumors (Supplementary Fig. 2a). We next used 327 

GSEA analysis of pre- and post-vaccination biopsy scRNA-seq to assess tumor cell transcriptional 328 

programs. While this did not reveal any clear mechanisms of immune escape for post-vaccine 329 

tumor cells from P108 or P116, P113 post-vaccine and nivolumab (B2 and B3) tumor cells (but 330 

not T cells) exhibited significantly down-regulated gene sets related to TNF, IFN and IFN 331 

signaling compared to pre-vaccine (B1) (Supplementary Fig. 2b; Fig. 4a). Of note, O113-B2 332 

genomic DNA harbored a chromosome 1 inversion structural variant (SV) at p31.3, affecting the 333 

3rd intron of JAK1 and an intergenic region ~1.6Mb away (chr1:64,882,954::chr1:63,277,187 334 

(hg19); Extended Data Fig. 7a-d). This breakpoint was not observed in genomic DNA from pre-335 

vaccine B1 whole genome sequencing, nor detectable via PCR from B1-derived PDOs (Extended 336 

Data Fig. 7c-d), consistent with a treatment emergent SV. RNAseq from only the post-vaccine 337 

PDO showed a loss of poly-adenylated RNA derived from JAK1 exons 4-25 (Fig. 4b). As 338 

expected, JAK1 interruption in post-vaccination PDO was associated with abrogation of STAT1 339 

phosphorylation and HLA-I upregulation following IFN stimulation compared to pre-vaccination 340 
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organoid (Fig. 4b-c); it was not associated with resistance to carboplatin and doxorubicin, the 341 

SOC chemotherapies received prior to vaccination (Extended Data Fig. 7e). Strikingly, re-342 

introduction of JAK1 cDNA into O113-B2 rescued STAT1 phosphorylation, HLA-I expression and 343 

DPP3 p.L558R vaccine-specific TIL TCR recognition (Fig. 4d, Extended Data Fig. 7f-k). Thus, a 344 

JAK1 SV mediating reduced antigen presentation was associated with escape from combined 345 

NeoVax with nivolumab therapy in P113. 346 

 347 

We asked if there might have been pre-existing mechanisms of immune escape in any of our 348 

patients. Loss of heterozygosity (LOH) in the HLA loci on chromosome 6 (chr6) has been 349 

previously associated with immune escape21 and has been reported at least 15% of OC tumors 350 

at the time of diagnosis9,21. We detected regions of chr6 LOH in tumor cells from B1 biopsies of 3 351 

of 10 vaccinated patients, including 2 of 4 progressors (P111, P117; Fig 4e and Extended Data 352 

Fig 8a); WES data from 6 unvaccinated, prescreening consent patients, revealed 2 further cases 353 

of chr6 LOH in the HLA locus, (total 5 of 16 [31%]; Extended Data Fig 8b). For P111 and P117, 354 

such LOH was associated with loss of an entire haplotype covering HLA-A, B and C (Extended 355 

Data Fig 9). Thus, the HLA alleles for a substantial fraction of the best predicted epitopes (by 356 

HLAthena) for vaccine mutations were lost (3 of 7 for P111; 6 of 16 for P117) and for mutations 357 

for which we could measure a peripheral immune response (2 of 4 for P111; 3 of 8 for P117). 358 

Taking into account all possible strong and weak binders, >45% of predicted epitopes contained 359 

in the immunizing peptides lost their predicted HLA binding allele (Fig 4e). Likewise, for the 360 

prolonged controller P118, the HLA alleles for the best epitope were lost for 10 of 14 target 361 

mutations and 10 of 13 immune response mutations. No new HLA LOH was evident by WES at 362 

progression in the 3 patients with a recurrence biopsy (P106, P108, P113), though tumor fraction 363 
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of < 20% in the samples tested for P108 and P106, limited sensitivity for LOH analysis. Altogether, 364 

across these three patients with chr6 LOH, the HLA alleles for the best predicted vaccine targets 365 

were lost for 19 of 36 mutations, constituting substantial baseline compromise of potential vaccine 366 

target epitope presentation in tumors. The difference in clinical outcome for P118 vs. P111 and 367 

P117, may be related to productive immune responses against an antigen(s) presented by 368 

retained HLA alleles, or potentially, other factors. 369 

 370 

To better understand the importance of these observations in OC, we asked how allele specific 371 

HLA-loss intersects with important clinical ovarian cancer biomarkers: (i) homologous 372 

recombination deficiency (HRD) or HR proficiency, which defines the use of PARP inhibitors; and 373 

(ii) CCNE1 amplification, which is enriched in HRP tumors6, portends worse prognosis, and is an 374 

emerging target. Analysis of a TCGA ovarian cohort (n = 160) with paired RNA and WES data 375 

revealed a ~31% rate of loss of HLA diversity (25.6% rate of HLA-LOH, 5.6% as loss allele specific 376 

expression (ASE) at the RNA level, without detected LOH [data retrieved from Filip et al.22]). As 377 

high levels of genomic LOH are a defining characteristic of HRD status23,24, we hypothesized that 378 

HLA LOH might be more frequently associated with HRD than HRP tumors. Indeed, across all 379 

TCGA tumors, HRD status24 associated with increased HLA-LOH but not transcriptionally 380 

detected loss of HLA ASE. Within OC, however, there were similar levels of HLA-LOH, as well as 381 

-ASE, in both HRD and HRP tumors (Extended Data Fig. 8c). Similarly, we found no difference 382 

in the rate of HLA-LOH or -ASE loss22 in CCNE1 amplified vs. non-amplified tumors25 (Extended 383 

Data Fig. 8d). These data highlight the broad importance, across biomarker subgroups, of 384 

considering HLA allele retention and expression for antigen-directed therapies in high grade OC. 385 

 386 
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Finally, we asked if there was evidence of immune selective pressure against vaccine target 387 

mutations in either recurrence biopsies or by cfDNA, independent of HLA LOH. We were able to 388 

generate WES data from recurrence biopsies for P106, P108 and P113; of note, we did not identify 389 

any mutations in genes which would be expected to contribute to immune escape (e.g. TAP1/2, 390 

B2M, JAK/STAT, etc). For transient controllers P106 and P108, we found 3 of 15 and 6 of 14 391 

vaccine target mutations, respectively, that were lost in the recurrence biopsies (Fig 4f). This 392 

included the loss of one truncal mutation for P108 (Cancer Cell Fraction (CCF) = 1; POLQ2 393 

[p.R708G]) and 3 mutations with CCF > 0.5 (FDFT1 [p.T275S]; URB1 [p.A1107T]; ACTR10 394 

[p.A229G]); of note the URB1 SNV was detected in cfDNA at priming, indicating that it was not 395 

lost during SOC chemotherapy prior to vaccination. For P108 we also noted decreased RNA 396 

expression of three vaccine target genes TTC3, FLNA, and SRSF3 in B2 vs. B1 biopsy tumor cells 397 

by scRNAseq, consistent with transcriptional down-regulation of some vaccine targets, though we 398 

could not determine mutant allele expression (Supplementary Fig. 2). For P106, two mutations 399 

lost at recurrence were truncal (ARHGAP27 [p.A509G] and PLCB2 [p.E741Q]) and the third had 400 

CCF > 0.5 (PPP1R12A [p.R682T]). In contrast, P113, for whom JAK1 loss globally decreased 401 

antigen presentation (Fig. 3j, 4c-d), only 1 of 9 vaccine target mutations was lost at recurrence 402 

(Fig 4g) and no vaccine target mutation genes exhibited decreased RNA expression 403 

(Supplementary Fig. 2).  404 

 405 

To corroborate these results, we asked if we might see differences in cfDNA VAFs of vaccine 406 

target SNVs vs. non-target, missense SNVs. Although the small sample size limited our power to 407 

identify significant differences, for P106 and P108, we observed a trend towards lower mean VAFs 408 

for vaccine target mutations vs. non-target mutations at post-priming timepoints (Fig 4f). In 409 
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contrast for P113, vaccine target and non-target SNV mutation cfDNA VAFs were similar at all 410 

timepoints. In other patients, cfDNA VAFs did not clearly differ between target and non-target 411 

mutations (Extended Data Fig 10). Taken together, these data suggest differential selective 412 

pressure on vaccine target vs. non-target mutations in patients P106 and P108. 413 

 414 

  415 
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DISCUSSION 416 

 417 

We report a first-in-disease clinical trial in the low TMB setting of High Grade OC of synthetic 418 

long peptide neoantigen vaccination combined with nivolumab as maintenance therapy 419 

following SOC chemotherapy +/- cytoreductive surgery. Consistent with efforts in other low TMB 420 

diseases11-13,26, we generated personalized genomics-guided vaccines that induced robust 421 

immune responses in all patients.  422 

 423 

Non-invasive tumor monitoring utilizing blood serum/plasma biomarkers enabled us to 424 

demonstrate vaccine targeting and activity. We confirmed that personalized approaches can be 425 

integrated around prolonged SOC treatments via cfDNA-based detection of the majority of 426 

vaccine target mutations (designed using pre-treatment biopsies) even after ~6 months of SOC 427 

therapy. Further, we demonstrated dynamic cfDNA changes in six of 10 patients, supported by 428 

CA125 dynamics, consistent with waves of on-target immune activity; in P122, cfDNA rose 429 

during the initial vaccine course, peaking at the time of the final NeoVax booster, before 430 

declining to below the LOD, with the patient remaining disease-free through data cut off (>12 431 

months), potentially reflecting immune-mediated disease clearance. Importantly, observed 432 

biomarker responses were associated with broader immune responses highlighting the 433 

importance of a multi-targeted vaccine, presumably to better address tumor heterogeneity 434 

and/or maximize the likelihood of inducing effective on-tumor responses. These data also 435 

highlight the utility of cfDNA in adjuvant vaccination trials – allowing both an understanding of 436 

vaccine relevance to residual disease, and serving as a biomarker for response. With primary 437 

tissue often difficult to access, cfDNA will be a critical biomarker for future studies.  438 

 439 
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We identified several potential resistance mechanisms (either pre-existing or treatment-440 

emergent) that point to the impact of immune selective pressure. Our analyses highlighted 441 

previously identified mechanisms of immune resistance in OC, including elevated Treg fractions2 442 

and immunosuppressive macrophage/monocyte10 populations in progression patients. 443 

However, the most robust link to therapy resistance in our study was loss of antigen 444 

presentation in tumors: two of four primary progressor patients exhibited loss of HLA haplotype 445 

heterozygosity prior to vaccination, likely rendering more than half of vaccine antigens off target, 446 

and a third subject’s tumor revealed treatment-emergent deficiency in interferon signaling, 447 

severely abrogating antigen presentation. We further identified evidence of immune editing or 448 

suppression by cfDNA and WES in 2 of 3 transient controllers, though we cannot exclude clonal 449 

evolution during SOC chemotherapy. Combined with our observation that broader immune 450 

response induction correlates with clinical benefit, a common theme emerges around the 451 

balance of induced immune responses and the capacity of tumor cells to present immunogenic 452 

antigens. Considering that ~31% of tumors analyzed in both our cohort and TCGA ovarian 453 

tumors exhibit allele specific HLA loss due to either genomic deletion or transcriptional 454 

repression, our work strongly supports recent calls to take into account HLA LOH and 455 

mechanisms of antigen presentation loss in vaccine design27, for example by integrating this 456 

information into antigen selection workflows28.  457 

 458 

Finally, our work highlights the importance of choosing an optimal setting for PCV trials. High 459 

tumor burden carries with it increased extent of tumor heterogeneity, the fuel for clonal evolution 460 

and therapeutic resistance. In this vein, 5 of 10 enrolled patients exhibited progressing tumors 461 

at the time of vaccination, largely associated with recurrence on PARP inhibitor at trial 462 
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enrollment. We speculate that actively growing tumors, with an established immunosuppressive 463 

microenvironment and greater heterogeneity, pose substantial barriers to immune control in a 464 

disease that is minimally responsive to PD-1 blockade alone. We assert that introducing PCVs 465 

with first line treatment, at times of truly minimal residual disease may be more beneficial. Our 466 

work thus argues for (i) early vaccine approaches to target low volume disease, (ii) improved 467 

vaccine antigen selection to obtain broad and balanced responses, and (iii) targeting of antigens 468 

that tumors retain the HLA machinery to present.  469 

 470 

We acknowledge limitations to our study. We experienced accrual challenges to cohort A, due 471 

to limited tissue from core needle biopsies and the changing regulatory environment for 1L 472 

maintenance; both issues are easily addressed for future studies. Our cohort was small and 473 

heterogenous with regards to the degree of platinum sensitivity, limiting our ability draw strong 474 

conclusions about clinical efficacy. We have utilized several orthogonal analysis platforms to 475 

define clinical benefit and identify resistance mechanisms that point to immunologic efficacy. 476 

Nonetheless, deep characterization of resistance mechanisms and cfDNA analysis in future 477 

trials will assuredly provide clearer insights into how best to establish vaccine efficacy in difficult-478 

to-treat tumors like HGOC. 479 

 480 

  481 
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TABLES 564 

Table 1: Baseline characteristics of patients receiving NeoVax: 565 

  
 

Overall 
(N=10) 

Sex Female 10 (100%) 

Age Mean (SD) 56.3 (6.31) 

   Median [Min, Max] 56.4 [47.6, 69.3] 

Race  White 9 (90%) 

 
  More Than One 

Race 
1 (10%) 

 Ethnicity   Hispanic or Latino 2 (20%) 

   Non-Hispanic 8 (80%) 

Cohort A 1 (10%) 

   B 9 (90%) 

PFI 6-12 months 3 (30%) 

 >12 months 6 (60%) 

 N/A 1 (10%) 

Prior PARPi  Yes 7 (70%) 

 No 3 (30%) 

Histology  Serous 9 (90%) 

 Endometroid 1 (10%) 

TP53 Mutation Yes 10 (100%) 

 No 0 (0%) 

 566 

  567 
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Table 2: Treatment related Adverse Events (Grades 1-5), occurring in 10% of subjects 568 

AEs related to NeoVax: # of patients (%) Grade 1 Grade 2 Grade 3 Total 

Neutrophil count decreased 2 (20) 2 (20) 1(10) 5 (50) 

Allergic reaction 0 (0) 0 (0) 1(10) 1 (10) 

Injection site reaction 6 (60) 1 (10) 0(0) 7 (70) 

Myalgia 4 (40) 1 (10) 0 (0) 5 (50) 

Fatigue 3 (30) 1 (10) 0 (0) 4 (40) 

Fever 1 (10) 1 (10) 0 (0) 2 (20) 

Alanine aminotransferase increased 0 (0) 1 (10) 0 (0) 1 (10) 

Anemia 0 (0) 1 (10) 0 (0) 1 (10) 

Lipase increased 0 (0) 1 (10) 0 (0) 1 (10) 

Serum amylase increased 0 (0) 1 (10) 0 (0) 1 (10) 

Chills 5 (50) 0 (0) 0 (0) 5 (50) 

Headache 5 (50) 0 (0) 0 (0) 5 (50) 

Pain 3 (30) 0 (0) 0 (0) 3 (30) 

Arthralgia 1 (10) 0 (0) 0 (0) 1 (10) 

Dysgeusia 1 (10) 0 (0) 0 (0) 1 (10) 

Erythema multiforme 1 (10) 0 (0) 0 (0) 1 (10) 

Flu like symptoms 1 (10) 0 (0) 0 (0) 1 (10) 

Nasal congestion 1 (10) 0 (0) 0 (0) 1 (10) 

Platelet count decreased 1 (10) 0 (0) 0 (0) 1 (10) 

Pruritus 1 (10) 0(0) 0 (0) 1 (10) 

Rash maculo-papular 1 (10) 0 (0) 0 (0) 1 (10) 

Skin induration 1(10) 0 (0) 0 (0) 1 (10) 

Voice alteration 1(10) 0 (0) 0 (0) 1 (10) 

          

AEs related to Nivolumab: # of patients (%) Grade 1 Grade 2 Grade 3 Total 

Diarrhea 0 (0) 1 (10) 1 (10) 2 (20) 

Abdominal pain 0 (0) 0 (0) 1 (10) 1 (10) 

Fatigue 2 (20) 1 (10) 0 (0) 3 (30) 

Headache 1 (10) 1 (10) 0 (0) 2 (20) 

Hypothyroidism 1 (10) 1 (10) 0 (0) 2 (20) 

Pain 1 (10) 1 (10) 0 (0) 2 (20) 

Colitis 0 (0) 1 (10) 0 (0) 1 (10) 

Insomnia 0 (0) 1 (10) 0 (0) 1 (10) 

Pruritus 3 (30) 0 (0) 0 (0) 3 (30) 

Serum amylase increased 2 (20) 0 (0) 0 (0) 2 (20) 

Back pain 1 (10) 0 (0) 0 (0) 1 (10) 

Blurred vision 1 (10) 0 (0) 0 (0) 1 (10) 

Dry mouth 1 (10) 0 (0) 0 (0) 1 (10) 
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Edema limbs 1 (10) 0 (0) 0 (0) 1 (10) 

Hyperthyroidism 1 (10) 0 (0) 0 (0) 1 (10) 

Hypoglycemia 1 (10) 0 (0) 0 (0) 1 (10) 

Lipase increased 1 (10) 0 (0) 0 (0) 1 (10) 

Mucositis oral 1 (10) 0 (0) 0 (0) 1 (10) 

Vomiting 1 (10) 0 (0) 0 (0) 1 (10) 

  569 
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Figures 570 

 571 

Figure 1: Vaccine generation and clinical courses. a. Trial schema including treatment and 572 

sample collection. Time periods for analysis of cfDNA in panel f are shown (bottom). b. Consort 573 

diagram of patients who signed prescreening consent, treatment consent and received vaccine 574 

(total and by cohort); reasons for withdrawal are indicated by cohort (parentheses). c. Summary 575 

of mutation characteristics per patient. Personal HLA binding neoantigen epitopes were 576 

predicted via HLAthena14 or NetMHCpan15, and the best epitope per mutation was defined by 577 

HLA binding strength: strong (rank < 0.5 by either algorithm), weak (rank > 0.5 and < 2.0) or 578 

very weak (rank > 2.0) (Top). Mutations were classified as derived from single nucleotide 579 

variants (SNV) or insertions/deletions (INDEL). d. Summary of vaccine target mutations for 580 

each patient, including HLA binding strength (top) and mutation type (bottom). e. Swimmers 581 

plot depicting the clinical outcomes for 10 patients treated with NeoVax plus nivolumab. 582 

Platinum free interval (PFI) and maintenance therapy prior to trial enrollment are indicated, as 583 

well as SOC maintenance therapy during the course of vaccination (left). “CA125 rising” reflects 584 

the first date that CA125 was > ULN or > 2x from nadir. f. Detection of SNV vaccine target 585 

mutations by cell free (cf)DNA analysis at vaccine priming (D1 and/or D15) or during the 586 

duration of the clinical trial.   587 
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 588 

Figure 2: Clinical benefit defined by serum biomarkers and associated with peripheral 589 

immune responses. a-c. For each patient, serum CA125 (closed squares; left y axis) and cfDNA 590 

mean tumor variant allele frequency (VAF) (open circles; right y axis; plotted as %) are plotted vs. 591 

time relative to vaccine day 0 (x axis). Mean cfDNA VAFs calculated from 150-900 coding and non-592 

coding allele frequencies generated from WGS. Treatments are indicated above each graph and 593 

described in the figure legend key. Patients were assigned to one of three groups based on 594 

biomarker trends: (a) progression, (b) transient disease control, and (c) prolonged disease control. 595 

d. Heatmaps (left) represent the relative IFN-γ ELISpot count (normalized by patient) of serial post-596 

vaccination PBMC re-stimulated ex vivo with Immunizing peptide (IMP) pools (middle); the 597 

maximum ELISpot count per patient is indicated and pools with responses passing response 598 

threshold are indicated by an asterisk (> 30 SFU/106, >3x over DMSO control, P < 0.05 by 599 

Distribution Free Resampling (DFR(EQ))17; See Extended Data Fig. 3). (Right) Fraction of IMPs 600 

per vaccine pool inducing T cell responses in each patient as assessed by deconvolution of vaccine 601 

peptide pools by in vitro IFN-γ ELISpot (See Extended Data Fig. 4). e-i. Comparison of progression 602 

(red; n = 4) vs. transient response and prolonged disease controllers (green; n=6 (e-h) and n = 5 603 

(i)), with regards to total number of mutations targeted (e), fraction of target mutations with immune 604 

response (f), total number of mutations with induced immune response (g), tumor missense 605 

mutation count (h) and first platinum free interval (i). Individual patient values are graphed and box 606 

plots represent median +/- 1 quartile and error bars represent the minimum and maximum values; 607 

P values reflect two-tailed, Mann-Whitney test.  608 

  609 
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 610 

Figure 3: Evaluation of tumor microenvironment and TIL specificities from tumor 611 

biopsies.  612 

a. Schema of tumor sample collection and processing in 7 patients. b. Cell populations identified 613 

by scRNAseq. Time point, biopsy type and clinical group are indicated. See also Extended 614 

Data Fig 5. c. Fraction of the indicated cell types in controllers (n = 6 biopsies) vs. progressors 615 

(n = biopsies) d. Fraction of the indicated T cell fractions in controllers vs. progressors e. TIL 616 

TCR Shannon Diversity for progressor and transient controller T cell clonotypes. For c-e, patient 617 

specific symbols are as indicated in a, box plots represent median +/- 1 quartile and whiskers 618 

extend to the minimum and maximum values, and, P values reflect two tailed Mann-Whitney 619 

tests. f. P108 Biopsy B2 (post-vax) PDO line validation: Top, PDO bright field images; middle, 620 

graphs comparing TP53 (red), vaccine (orange), and non-vaccine (black) missense mutation 621 

variants in RNAseq from the B1 tumor biopsy (x axis) and the PDO line (y axis) (one sequencing 622 

sample, each); bottom, treatment timeline. g. Validation of P113 Pre-Vax B1 and Post-Vax B2 623 

PDO, as in (f). h. Summary of CD137 expression screening of TCR reactivity against the 624 

indicated targets for 14 TEX (left) and 9 TEM (right) expanded TIL clones from P108. Reactivity 625 

defined as > 2 standard deviations above all controls (see also Methods, Supplementary 626 

Table 4, Extended Data Fig 6a-b); “borderline” indicates weak reactivity resulting in CD137 627 

expression of < 10% or < 3x that induced by an irrelevant control TCR. Representative of 2 628 

independent experiments. d. Summary of TCR reactivity screening for P113 TEX (left) and TEM 629 

(right) TIL clones as in (b) (see also Supplementary Table 4, Extended Data Fig 7a, c-d); e. 630 

Example of CD137 upregulation for vaccine reactive TEX TCR 5 (left) vs. the indicated targets, 631 

and as well as for other tested TIL clonotypes vs. the indicated targets (heatmap, right). d-e 632 

representative of 2 independent experiments (B1 PDO) and 3 independent experiments (B2 633 

PDO, vaccine pools). f. Avidity plots for four vaccine reactive TCRs from P113 TIL, for the DPP3 634 

p.L458R epitope TRRDTVLL, as well as the wildtype sequence; Healthy donor T cells 635 

transduced with the indicated TCRs, were incubated with P113 autologous EBV-LCL pulsed 636 

with WT or mutant DPP3 peptide at the indicated concentrations, and % CD137 expression is 637 

graphed. Representative of 3 independent experiments. g. DPP3 p.L458R specific TIL as a 638 

fraction of non-naïve TIL (TEX, TPE, TProl, TEM) in P113 tumor biopsy scRNAseq. h. Fraction 639 

peripheral blood TCRB clonotypes matching the indicated vaccine specific TCR clonotypes 640 
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(TCR19 beta chain was not detected) are graphed from W1 (pre-vaccine), W14 (after boost 1), 641 

and W 22 (after boost 2 and nivolumab). i. Proportion of DPP3 p.L458R specific TIL belonging 642 

to the indicated clusters. 643 

 644 

Figure 4: Mechanisms of immune evasion associated with progression.  645 

a. Heatmaps representing the average expression of Hallmark IFN response geneset genes 646 

from tumor cells (middle) and T cells (right) from post-vax P113 B2 and B3, relative to pre-vax 647 

B1. Genes are ordered (top to bottom) by the most significant differential expression in tumor 648 

cells (Wilcoxan rank sum test with Bonferroni correction, calculated with FindMarkers in Seurat); 649 

significance is summarized on the far left [-log10(p-Adj + 1e-300]). b. Bulk RNAseq reads from 650 

pre-vax B1 and post-vax B2 organoids across the JAK1 locus (top), and phospho-STAT1 651 

intracellular staining of pre-vax B1 and post-vax B2 PDO with or without 45 minutes IFN 652 

stimulation (bottom; representative of > 3 independent experiments). c. HLA-A/B/C expression 653 

by flow cytometry, with and without 24h IFN treatment for P113 pre-vax (B1) and post-vax (B2) 654 

PDO. Representative of > 3 experiments. d. Fold CD137 induction for T cells expressing DPP3 655 

reactive TCRs or controls, following incubation with post-vax (B2) transduced with empty vector 656 

(GFP) or vector encoding JAK1 cDNA (JAK1) and pre-treated or not with IFN. Analysis was 657 

performed in triplicate and values are normalized to mean percent CD137+ after incubation with 658 

GFP-PDO without IFN (bars show mean + S.D.; see also Extended Data Fig. 8; 659 

representative of 2 independent experiments). e. ABSOLUTE copy number across 660 

chromosome 6 for P111 and P117 (left). (Right) Graphs depict predicted weak (HLAthena rank 661 

< 2.0) and strong (HLAthena rank < 0.5) epitope-HLA binding pairs for short epitopes within 662 

vaccine synthetic long-peptides, taking into account germline HLA alleles (“All”), and those HLA 663 

alleles retained in the tumor at biopsy B1, prior to vaccination (“Retained”; see Extended Data 664 

Fig. 10). f. cfDNA VAF of vaccine target (blue; n = 15 [P106], 9 [P108] or 8 [P113]) and non-665 

target (pink; n = 36 [P106], 26 [P108], or 41 [P113]) missense mutations at the indicated time 666 

points (left; mean +/- S.E.), and normalized biopsy B1 vs. progression biopsy WES VAF for 667 

vaccine target genes (right). To account for variable tumor fraction, vaccine target VAFs are 668 

normalized to the mean VAF of truncal non-target mutations. g. Summary response and 669 

resistance mechanisms. From outer circle to inner circle, the following are indicated: biomarker 670 
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group (progression, transient control, prolonged control), patient ID, putative resistance 671 

mechanism and number of vaccine-induced immune responses.  672 

 673 

 674 

  675 
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743 

METHODS 744 

Study Design 745 

This phase I study (https://clinicaltrials.gov/study/NCT04024878; Registered 7/16/2019) was 746 

conducted at the Dana-Farber Cancer Institute. Key eligibility criteria included: age ≥ 18 years, 747 

histologically confirmed epithelial ovarian, primary peritoneal or fallopian tube cancer (EOC), 748 

Eastern Cooperative Oncology Group (ECOG) performance status ≤ 2, candidacy for platinum-749 

based chemotherapy, and disease that was either amenable to biopsy, or recently biopsied. 750 

Cohort A required newly diagnosed, untreated Stage IIIC or IV EOC; Cohort B required platinum 751 

sensitive first recurrence of EOC, with platinum sensitivity defined as disease progression > 6 752 

months after the last dose of first line platinum-based chemotherapy. All treated patients had 753 

TP53 mutant tumors with high grade serous (n=9) or endometroid (n=1; P122) histology. The 754 

study excluded mucinous or low grade histologies, prior immunotherapy, known central nervous 755 

system metastases, or prior or active autoimmune disease.  756 

 757 

The study was designed with a two-stage consent process. Following initial “pre-screening” 758 

informed consent, patients underwent tumor biopsy (B1; surgical or core), followed by tumor 759 

DNA and RNA sequencing, clinical HLA typing and the initiation of SOC chemotherapy. If tissue 760 

sampling and sequencing was adequate for vaccine design and patients did not progress on 761 

SOC platinum chemotherapy, patients were offered “treatment” consent. The primary objective 762 

of the study was to evaluate the safety and feasibility of administering NeoVax with nivolumab 763 

in patients with epithelial ovarian cancer. The protocol, amendment summaries, deviations, and 764 

summaries of primary, secondary and exploratory endpoints are available in Supplementary 765 

Information.  766 

https://clinicaltrials.gov/study/NCT04024878
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 767 

Ethical approval and consent 768 

The study was conducted in accordance with the Declaration of Helsinki and with approval by 769 

the Dana-Farber/Harvard Cancer Center (DFHCC) Institutional Review Board. Written informed 770 

consent was obtained for all patients. 771 

 772 

Patient samples 773 

Peripheral blood samples were obtained for HLA typing and for germline DNA sequencing. 774 

Clinical HLA class I and II typing was performed by the BWH Tissue Typing laboratory 775 

(Supplementary Table 4). For immune monitoring of peripheral blood mononuclear cells 776 

(PBMCs), leukaphereses were performed prior to vaccination (within 1 week), at week 14 (+/- 777 

1 week; after boost 1) and at week 22 (+/- 1 week; after boost 2). Peripheral blood samples 778 

(K2-EDTA tubes) were collected serially. PBMCs were isolated by Ficoll (GE Healthcare) 779 

density centrifugation and cryopreserved. Plasma pooled from peripheral blood draws was 780 

frozen for cfDNA analysis. Tumor biopsies were collected in DMEM media. Viable tumor cell 781 

suspensions were prepared by mincing with a scalpel, then dissociating with PBS containing 782 

collagenase (0.4mg/mL), hyaluronidase (0.4mg/mL) and DNase, for 20-60 min at 37 degrees 783 

while rocking; cells were then washed in PBS, counted and cryopreserved in 90% heat 784 

inactivated FCS/10% DMSO.  785 

 786 

Personalized neoantigen vaccine generation and treatment 787 

The workflow of personalized cancer vaccine generation included whole exome sequencing 788 

(WES) of tumor tissue and peripheral blood, RNA-sequencing of tumor, somatic mutation 789 
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calling, identification and selection of target neoantigens, and peptide synthesis similar to our 790 

previously completed trials12,29, with notable points detailed below. Briefly, for WES of tumor 791 

and normal blood to identify neoantigens, FFPE tumor scrolls and a peripheral blood sample 792 

were processed for nucleic acid extraction and sequencing at the Broad Institute Clinical 793 

Research Sequencing Platform, LLC (CRSP), a CLIA licensed (#22D2055652) and CAP 794 

accredited (#8707596) laboratory for standard Somatic WES. Libraries were sequenced on 795 

paired 76 cycle runs on Illumina HiSeq or NovaSeq instruments with two 8 cycle index reads, 796 

to a goal depth of > 150x mean target coverage. Tumor tissue RNA-sequencing (FFPE scrolls) 797 

was performed to confirm putative neoantigen expression, at the non-CLIA/CAP Broad Institute 798 

Genomics Platform. RNAseq libraries were sequenced with 76bp paired-end with an eight-base 799 

index barcode read with Illumina HiSeq or NovaSeq S2 instruments. Alignment was completed 800 

using the STAR alignment algorithm against human reference hg19.  801 

 802 

A cloud-based Cancer Genome Analysis WES Characterization Pipeline was used to identify 803 

somatic mutations. Mutations were categorized as “green” (high-quality read support in WES 804 

and RNA-seq), “yellow” (high quality in WES; not identified in RNA-seq), or “red” (likely artifact). 805 

Green, and then yellow, mutations were prioritized. Antigen prediction was performed using 806 

HLAthena14 and NetMHCpan version 4.0 (P106 - 113) and NetMHC pan 4.1 (P114 – 122) 15 807 

(eluted ligand rank). NetMHC prediction scores were ranked using HLAthena's ranking models. 808 

Antigens were then ranked favoring agreement between the two prediction scores.  809 

An Epitope Selection Board selected up to 20 short epitopes based on mutation quality, antigen 810 

rank, cancer driver status (favoring driver over passenger mutations), clonality (favoring clonal 811 

over subclonal mutations), and whether the somatic alteration was a frameshift indel capable 812 
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of producing a novel open reading frame. The driver genes list for this cohort was based on 813 

known cancer genes and significantly mutated genes in the Cancer Genome Atlas – Ovarian 814 

cohort (TCGA-OV)30 and PanCancer lists from the TumorPortal31 (http://www.tumorportal.org/).  815 

For the selected short epitopes, the ESB designed synthetic long peptides (SLPs; 15 – 33 amino 816 

acids in length) containing the short epitope, with a length and sequence intended to maximize 817 

synthesizability and solubility.  818 

GMP peptides were synthesized by standard solid phase synthetic peptide chemistry and 819 

purified by reverse-phase high-performance liquid chromatography (RP-HPLC; Almac Sciences 820 

(UK)). Each peptide was assessed for appearance (visual), purity (RP-HPLC), identity (mass 821 

spectrometry), and quantity. Peptide pools were sterile-filtered and tested for sterility and 822 

endotoxin prior to vaccination.  823 

 824 

NeoVax consisted of up to 20 neoantigen containing synthetic long peptides (SLPs) split into 825 

four personalized vaccine pools, each containing up to 5 SLPs (300μg per peptide) in 0.5ml, 826 

admixed with 0.25ml polyinosinic polycytidylic acid polylysine carboxymethylcellulose (poly 827 

ICLC; Hiltonol; 450μg). Vaccine priming doses were administered into the extremities on days 828 

1, 4 and 8 (+/- 1 day), and 15 and 22 (+/- 3 days); Booster vaccinations were given in weeks 12 829 

and 20 (days 78 and 134, +/- 7 days). Individual pools were injected into the same anatomical 830 

site throughout treatment. Starting at week 14 (day 92 +/- 3 days), Nivolumab was administered 831 

every 2 weeks at 240mg flat dose for up to 2 years, or until progression or intolerable toxicity. 832 

Amendments allowed the administration of standard of care maintenance therapies (e.g. 833 

PARPi, bevacizumab) and nivolumab 480mg every 4 weeks after the completion of all vaccine 834 

booster doses.  835 
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 836 

Clinical assessments and outcomes 837 

Clinical outcome and safety data were reported until the clinical data cutoff of December 1, 838 

2025. Adverse events, laboratory values, and vital signs were assessed regularly and graded 839 

according to the National Cancer Institute Common Terminology Criteria for Adverse Events, 840 

version 5.0. Imaging assessments were performed prior to starting vaccination and 841 

subsequently every 12 weeks according to Response Evaluation Criteria in Solid Tumors 842 

(RECIST), version 1.1. Biomarker groups were delineated as follows: Prolonged controllers 843 

were defined as those patients who exhibited (i) stable disease (RECIST) or no evidence of 844 

disease and (ii) CA125 < the ULN, throughout the entire course of vaccination. Transient 845 

controllers did not meet prolonged controller criteria due to RECIST progression or CA125 846 

levels > ULN; however, after an initial period of increasing CA125 and cfDNA, they exhibited a 847 

decrease or change in slope in at least one biomarker for >1 assessed time point, without 848 

alternative explanation. Progressors exhibited (i) RECIST progression prior to boosting and 849 

either (iia) increases in CA125 and/or cfDNA VAF at all assayed timepoints over the course of 850 

vaccination, or (iib) any decreases in CA125 or cfDNA VAF between assayed timepoints were 851 

only associated with alternative therapies (e.g. radiation or ablation).  852 

 853 

Organoid generation and culture  854 

Organoids were generated and cultured as previously described32. PDO lines tested negative 855 

for mycoplasma contamination at late passages. For phospho-STAT1 staining, PDO cells were 856 

digested to single cells with TrypLE, rested for one-hour in organoid media at 37˚C and then 857 

treated or not with IFN-γ (20ng/ml; Peprotech) for 1 hour. Cells were fixed with 2% 858 
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paraformaldehyde (10 min, room temperature). After washing, cells were permeabilized (90% 859 

ice cold methanol, on ice, 30 min). After washing, cells were stained with Alexa Fluor 647 anti-860 

phospho-STAT1 (BioLegend Cat. 666409) or isotype control (BioLegend Cat. 400130). For HLA 861 

flow cytometry, Matrigel encased PDOs were treated or not with IFN-γ (20ng/ml) for 24 hours. 862 

Single cells were isolated via TrypLE digestion and stained with Pacific Blue anti-human HLA-863 

A/B/C (Biolegend Cat. 311426) or matched isotype (Biolegend Cat.400235). To rescue JAK1 864 

expression, the JAK1 CDS was PCR-amplified from plasmid pDONR223-JAK1 (gift of W. Hahn 865 

& D. Root; Addgene plasmid # 23932) and inserted into a pLKO lentiviral-backbone with a P2A-866 

GFP cassette using the NEBuilder® HiFi DNA Assembly kit. Virus was produced as below (TCR 867 

screening) using Lenti-X 293T cells (Takara Bio Cat. 632180). Sucrose gradient concentrated 868 

lentivirus (Lenti-X concentrator; Takara Bio Cat. 631231) was used to transduce single cell 869 

suspensions of PDO cells (spinoculation at 2000RPM x 1h with 10ug/mL Polybrene (Millipore)), 870 

and transduced cells were subsequently enriched via fluorescence activated cell sorting. 871 

Plasmids are available upon request.  872 

 873 

Assessment of vaccine immunogenicity by IFNγ ELISpot 874 

PBMCs containing circulating T cells were assessed for immune reactivity to vaccine peptide 875 

pools immediately upon thawing and rest (ex vivo) and to individual vaccine peptides following 876 

in vitro stimulation with pools of peptides. All T cell culture and ELISpot methods (including plate 877 

development and analysis) were previously described33,34. Briefly, to assess ex vivo 878 

immunogenicity, PBMCs were screened against neoantigen vaccine peptide pools by ex vivo 879 

IFNγ ELISpot assays. Opaque ELISpot plates with 0.45 mm hydrophobic high protein binding 880 

immobilon-p membranes (Millipore) were wetted with 35% ethyl alcohol, washed 3x with 881 
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distilled water and coated with anti-IFNγ antibody at 4°C (1-DK1 Mabtech) for final washes with 882 

PBS. Cryopreserved PBMC were thawed in complete DMEM media supplemented with 10% 883 

human serum and rested overnight. The PBMCs were then plated at 2×105 cells per well and 884 

stimulated with 10µg of peptide pool. Controls included DMSO, peptide pools derived from HIV 885 

or CEF (CMV, EBV, and influenza) (Mabtech), and phytohemagglutinin (PHA, Gibco). PBMC 886 

were stimulated in triplicate for 18-24 hours at 37oC. Plates were developed using 887 

manufacturer’s protocols. 888 

In vitro IFNγ ELISpot assays were used to assess individual peptide immunogenicity29. Briefly, 889 

PBMCs were plated in 24 well plates at 5×106 to 1×107 cells per well and stimulated with 890 

10µg/mL of vaccine peptide pools in DMEM media supplemented with 10% human serum and 891 

20 ng/mL of IL-7 (PeproTech). On day 3, cultures were supplemented with 20 U/mL of IL-2 892 

(PeproTech). In vitro IFNγ ELISpot assays were performed 10-14 days post-stimulation, after 893 

an overnight rest in cytokine-free media. 2×105 cells were plated with 10µg of individual vaccine 894 

peptides, as well as negative controls, DMSO and 10µg of HIV, and positive controls, CEF 895 

peptides and PHA. For all ELISpot analyses, responses were considered positive if the mean 896 

spot count was > 6 (LOD: 3x the median DMSO), 3x matched DMSO control and significant by 897 

distribution free resampling (DFR(EQ) P < 0.05; https://rundfr.fredhutch.org/)17 without 898 

adjustments for multiple comparisons. 899 

 900 

scRNA-seq and scTCRseq data generation and analysis 901 

The samples processed for scRNAseq were obtained following tumor digestion and 902 

cryopreservation. Upon thawing, dead cells were depleted via the Miltenyi Dead Cell Removal 903 

Kit. Tumor cells were washed and resuspended in PBS with UltraPure 0.04% BSA for 904 
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downstream 10x analysis. Cells were loaded onto a 10× Genomics ChromiumTM instrument 905 

(10x Genomics) according to the manufacturer’s recommendations. The scRNAseq libraries 906 

were processed using Chromium Next GEM Single Cell 5' Kit v2, and the scTCRseq libraries 907 

were made using Chromium Single Cell Human TCR Amplification Kit (10x Genomics). cDNA 908 

and library quality was confirmed by Bioanalyzer High Sensitivity DNA Kit (Agilent). Sequencing 909 

libraries were normalized to 4nM concentration and pooled before sequencing on an Illumina 910 

NovaSeq S4 300 cycle platform: Read 1 of 26bp, Read 2 of 90bp, Index 1 of 10bp and Index 2 911 

of 10bp. 912 

 913 

Single-cell RNA-seq processing and analyses 914 

Following CellRanger (v 7.1.0) processing, scRNAseq data were read into R v4.2.1 and 915 

processed with Seurat v5.1.035 where they were filtered to remove mitochondrial genes and 916 

debris by eliminating cells with low RNA counts (min.cells = 3 & min.features = 200 and 917 

nCount_RNA > 1500 & nFeature_RNA > 750). Additional filtering of low-quality cells was 918 

completed with miQC v1.6.036 (posterior.cutoff 0.6). Data were subsequently normalized, 919 

variable features were identified, and data were scaled prior to running Principal Component 920 

Analysis (PCA). Visualization via Uniform Manifold Approximation and Projection (UMAP) 921 

revealed data stratification by batch, timepoint, and patient, which led to the use of Harmony 922 

v1.2.337 to integrate samples. Doublets were removed with scDblFinder v1.12.038. A shared 923 

nearest-neighbor graph was constructed that was used to cluster the Seurat object with the 924 

Louvain algorithm at low resolution to identify broad cell types. To label the clusters, the top 925 

differentially expressed genes were analyzed for each cluster via FindAllMarkers. Additionally, 926 

canonical cell lineage markers were assessed for their expression across clusters. Gene set 927 
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signatures from Oliveira et al. 202339 were scored with AddModuleScore. Separate tumor and 928 

T cell objects were subsetted from the main Seurat object. FindMarkers was used to identify 929 

differential gene expression for the tumor or T cell objects over time. The CD4 and CD8 T cell 930 

objects each underwent PCA and re-clustering. Cluster resolution was determined using 931 

Clustree v0.5.140. T cell subtypes were identified by analyzing the top differentially expressed 932 

genes for each cluster found from FindAllMarkers. Additionally, gene set signatures for 933 

cytotoxicity, exhaustion, memory, and proliferation from Oliveira et al. 202339 were scored with 934 

AddModuleScore. Comparisons to previous studies18,41 aided in the annotation of T cell 935 

subclusters. Gene set enrichment analysis (GSEA) on the tumor cells per patient was 936 

conducted using the Human MSigDB Hallmark Gene Sets42. A Wilcoxon rank sum test was 937 

executed using presto v1.0.0 to find differentially expressed genes across time points, which 938 

was then used with msigdbr v7.5.1 and fgsea v1.24.043 to identify enriched and depleted 939 

pathways. Plots in R were generated with ggplot2 v3.5.144, cowplot v1.1.3, pheatmap 1.0.12, 940 

and paletteer v1.6.0. Data analysis utilized tidyr v1.3.1, tidyverse v2.0.0, and dplyr v1.1.4.  941 

 942 

Single-cell TCRseq data were filtered for low-quality and low-confidence reads after CellRanger 943 

(v7.1.0) processing. TCRs were labeled as one of six categories based on the number of alpha 944 

and beta chains that paired together: (1) 1 alpha 1 beta, (2) 2 alpha 1 beta, (3) 1 alpha 2 beta, 945 

(4) 1 or 2 alpha and 0 beta, (5) 0 alpha and 1 or 2 beta, and (6) more than 2 alpha and/or beta 946 

chains. TCRs labeled as category 6 were removed from further analysis. Single-cell TCRseq 947 

data were merged with the scRNAseq Seurat object based on exact sample barcode matching.  948 

 949 

Bulk RNAseq analysis  950 
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Gene expression was quantified using RSEM. Genes of interest expressed (>=1 TPM) in at 951 

least one patient tumor sample, were plotted. 952 

TCR reconstruction and expression in T cells for vaccine and PDO specificity screening.  953 

TCRs were cloned, expressed in human T cells and screened for specificity of neoantigen 954 

peptides using our protocols45. Briefly, the full-length TCRA and TCRB chains with murinized 955 

constant domains were synthesized in the TCRB/TCRA orientation, separated by Furin SGSG 956 

P2A linker (Integrated DNA Technologies). Gene fragments were cloned into a lentiviral vector 957 

under the control of the pEF1 promoter using Gibson assembly (New England Biolabs Inc).  958 

Healthy donor T cells enriched from PBMCs using PanT cell selection kit (Miltenyi) were 959 

activated with antiCD3/CD28 dynabeads (ThermoFisher Scientifics) in the presence of 5ng/mL 960 

of IL-7 and IL-15 (Peprotech) in 96 well plates. On days 2-4, activated cells were transduced 961 

with a lentiviral vectors encoding TCRB-TCRA chains. Lentiviral particles were generated by 962 

Transit LT-1 (Mirus) transient transfection of Lenti-X 293T cells (Takara) in 96 well plates, using 963 

TCR encoding plasmids and packaging plasmids (VSVg and PSPAX245). Lentiviral supernatant 964 

was harvested on days 1, 2 and 3, supplemented with Polybrene (10mg/mL; Millipore) and 965 

immediately used to transduce activated T cells, including one spinoculation of the virus at 966 

2,000 rpm and 37°C for 2 hours on the second transduction day. Six days after activations, 967 

dynabeads were removed and T cells were expanded in G-REX 24 well plates in media 968 

enriched with IL-7 and IL-15.  969 

TCR-transduced T cells were used at 14-21 days post-transduction for TCR reactivity tests. 970 

Briefly up to 28 TCR-transduced T cell lines were separately stained with up to 4 concentrations 971 
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of CellTrace Far Red (FR), CellTrace Violet, and/or CFSE (Life Technology), and pooled. 972 

2.5x105 pooled T cell effectors were incubated with either ~ 5 x104 PDO cells liberated from 973 

Matrigel via TRYPLE digestion or 2.5x105 patient-derived, EBV immortalized B cells (EBV 974 

lymphoblastoid cell lines, EBV-LCL). EBV-LCLs were pulsed with 108 pg/mL of vaccine peptide 975 

pools, or the indicated concentrations of individual neoantigen and wildtype peptides (Almac, 976 

Genscript). After an overnight incubation, TCR reactivity was measured via detection of CD137 977 

surface expression on CD8+, TCR transduced (murine TCRB+) T cells using a Fortessa flow 978 

cytometer equipped with a high-throughput system acquisition (BD Biosciences). Data were 979 

analyzed on Flowjo (v10.8). Criteria for determining TCR reactivity were (must meet all three): 980 

Target average % CD137+ > 2 standard deviations higher than (1) Average of untransduced T 981 

cells across all targets; (2) Matched background (average of the TCR without target); (3) 982 

Average of an irrelevant control TCR across all targets. Borderline reactivity was defined as 983 

meeting the above criteria, but with average CD137 < 10% or < 3 fold the irrelevant TCR 984 

average across targets 985 

Whole Genome Sequencing (WGS) of tumor and normal samples for cfDNA and SV 986 

analysis. 987 

DNA was obtained as above. WGS of tumor DNA (median depth 84x; range: 61x–103x), 988 

and normal DNA (median depth 41x; range: 30x–53x) was performed using NovaSeq S4. For 989 

cfDNA analysis, patient-specific MRD Tracker panels were designed as previously described 990 

from tumor and normal WGS16,46. Neoantigen variants identified in the CGA pipeline were 991 

expressly included in the MRD Tracker panels.  992 
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Structural variants (SVs) were identified using the Manta structural variant caller47 (v1.6.0). 993 

Aligned tumor WGS BAM format data was used as input, with the GRCh37/hg19 reference 994 

genome. Manta was executed with default parameters, and candidate SVs were filtered to 995 

retain high-confidence calls passing internal quality filters (i.e., FILTER == PASS in the VCF). 996 

Integrative Genomics Viewer (IGV) was used to examine supporting split reads and discordant 997 

read pairs at candidate both breakpoints. PCR primers were designed to amplify chr1 break 998 

points and adjacent DNA and sanger sequencing was used to confirm the chr1 structural 999 

variant. Primers are provided in the Supplementary Iinformation.  1000 

Plasma sample processing for cfDNA 1001 

cfDNA was extracted from median 4.5 ml (range 0.6 – 78.5 ml) plasma using the QIAsymphony 1002 

Circulating DNA kit and quantified using the Quant-iT PicoGreen assay on a Hamilton STAR-1003 

line liquid handling system. cfDNA libraries were constructed using the Kapa Hyper Prep kit 1004 

with custom dual index duplex UMI adapters (IDT)16. Libraries were quantified via the Quant-iT 1005 

PicoGreen assay on a Hamilton STAR-line liquid handling system. MRD Tracker assay was 1006 

performed16. Briefly, patient specific probe panels (IDT) and the xGen hybridization and wash 1007 

kit with xGen Universal blockers (IDT) were used for hybrid capture (HC). For each HC reaction, 1008 

libraries were pooled up to 8-plex with a library mass equivalent to 25 times DNA mass into 1009 

library construction for each sample, and 4 pmol of probe panel (IDT) was applied. Following 1010 

round one of HC, libraries were PCR amplified (16 cycles) and then carried through a second 1011 

HC using half amounts of human Cot-1 DNA, xGen Universal blockers and probes. Libraries 1012 

were again PCR amplified (8-10 cycles) before sequencing to a target raw depth of 10,000 x 1013 

per site, per 20 ng input DNA mass. 1014 
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MRD data analysis 1015 

FASTQs were first aligned, deduplicated, and recalibrated by following the GATK Best 1016 

Practices “Data pre-processing for variant discovery” workflow. Next, UMIs were extracted 1017 

using fgbio, raw sequencing reads were converted into duplex consensus molecules. Then 1018 

tumor fractions and tumor VAFs were estimated16. 1019 

Visualization of HLA haplotype loss 1020 

cDNA sequences from patient HLA alleles were retrieved from IDP-IMGT/HLA database 1021 

(https://www.ebi.ac.uk/ipd/imgt/hla/; v3.61) and aligned locally to identify allele specific SNPs. 1022 

cDNA coordinates were converted to hg19 coordinates and samtools mpileup was used to 1023 

collect base calls from WES BAM files. SNP VAFs were graphed in prism. 1024 

 1025 

Data Availability  1026 

Bulk WES, RNA-seq, WGS and TCR-seq, and single-cell RNA and single-cell TCR-seq data is 1027 

deposited and available on dbGaP under the accession phs004380.v1. 1028 

 1029 

Code Availability 1030 

All code used in the processing and analysis of bulk TCRseq data is available on GitHub at 1031 

https://github.com/jeremymsimon/. Other code using established tools will be made available 1032 

within 30 days upon request to the corresponding authors  1033 

  1034 

https://github.com/jeremymsimon/
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 40 

ABSTRACT 41 

 42 

Personalized neoantigen-targeting cancer vaccines (PCV) in the adjuvant setting are of 43 

increasing interest across malignancies. Herein, we report the results of a first-in-disease phase 44 

I clinical trial testing the feasibility and safety of PCV for high-grade epithelial ovarian cancer 45 

(HGOC). ‘NeoVax’ consisted of pools of synthetic long peptides targeting patient-specific 46 

neoantigens admixed with the immunostimulant polyICLC, was combined with delayed 47 

administration of anti-PD-1 antibody, and was tested in 10 patients (one newly diagnosed 48 

patient (Cohort A) and 9 patients at first recurrence (Cohort B)) with platinum-sensitive OC 49 

following standard-of-care (SOC) platinum doublet chemotherapy. Nine of 12 evaluable Cohort 50 

B patients were vaccinated (75%, 90% CI 47-93%) and 1 of 9 Cohort A patients (11%, 90% CI 51 

0.6 – 43%). No unexpected safety signals were encountered and no patients discontinued 52 

treatment due to toxicity. Across patients, >70% selected targets remained detectable by non-53 

invasive cell-free DNA analysis despite a median of 6.5 months from the time of diagnostic 54 

biopsy to vaccine administration, during which patients received SOC chemotherapy. 55 

Biomarker analysis was suggestive of biologic activity of the vaccine in 6 of 10 patients and this 56 

was associated with broader tumor and vaccine-specific immune responses in blood and tumor 57 

following vaccination. Resistant tumor clones reflected diverse mechanisms affecting antigen 58 

presentation, indicative of immune-selective pressure exerted by vaccination. Overall, the 59 

interplay between the repertoire of antigens presented by the tumor and the breadth of induced 60 

immunity appeared to dictate clinical efficacy following vaccination. ClinicalTrials.gov Identifier: 61 

NCT04024878 62 

  63 

https://clinicaltrials.gov/study/NCT04024878
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INTRODUCTION 64 

Epithelial ovarian cancers, 90% of which are TP53 mutant, high grade serous type, were among 65 

the first malignancies for which the frequency of CD8 tumor infiltrating lymphocytes (TIL) and 66 

their ratio to regulatory T cells (Treg) were associated with overall survival1,2. However, OC has 67 

largely not benefited from modern cancer immunotherapy. Anti PD-(L)1 monotherapy induces 68 

objective responses in <10% of patients with ovarian cancer3,4 and the addition of immune 69 

checkpoint blockade (ICB) to standard cytotoxic therapy has only recently received FDA 70 

approval5, after multiple negative trials. Underlying reasons include tumor heterogeneity, low 71 

tumor mutation burden (TMB)6, systemic immune suppression7, and an immunosuppressive 72 

microenvironment, characterized by suppressive myeloid populations8, Tregs2,9 and stromal 73 

cells8. Furthermore, most OC tumors exhibit immune desert or immune excluded 74 

immunopathology10, likely reflecting poor priming of endogenous immune responses.  75 

 76 

The rate of HGOC missense mutations arising from single nucleotide variants (SNVs) and short 77 

insertions and deletions (INDELs) is similar to other low TMB malignancies in which PCVs have 78 

generated vaccine-specific immunity11-13. We hypothesized that PCVs in the adjuvant setting 79 

following SOC therapy would directly address tumor heterogeneity and overcome deficiencies 80 

in immune priming, allowing anti-tumor T cell responses to be initiated, amplified, and 81 

diversified. Moreover, PCV administration after chemotherapy (and in select cases, surgery) at 82 

a time of low tumor burden, could potentially provide consolidating therapy and prevent 83 

recurrence. We thus conducted an phase 1 study integrating PCV into SOC therapy for 84 

platinum-sensitive HGOC.  85 

 86 

 87 



 4 

RESULTS 88 

Integrating a PCV with standard-of-care treatment for ovarian cancer 89 

The study enrolled patients with newly diagnosed disease (cohort A), or with first platinum-90 

sensitive recurrence (cohort B) (NCT04024878). Adjuvant NeoVax was administered as 5 91 

priming doses over 3 weeks followed by booster doses at 12 and 20 weeks, with ICB 92 

(nivolumab) starting at week 14 (Fig. 1a, Methods). All patients underwent a tissue biopsy prior 93 

to starting SOC chemotherapy; newly diagnosed patients received interval cytoreductive 94 

surgery after 3 cycles. Feasibility and safety were the primary endpoints; for feasibility, <45% 95 

of prescreening patients achieving vaccination was defined as unacceptable (see 96 

Supplementary Information for full accounting of pre-defined endpoints). From November 20, 97 

2020 to September 7, 2023, twenty-two patients consented to prescreening (Fig 1b); of these, 98 

1 withdrew prior to prescreening biopsy and 9 subjects withdrew from the study before treatment 99 

consent (inadequate tissue from core needle biopsies [4], progression on SOC therapy [2], 100 

preference [2], and impaired performance status [1]). In total, 12 patients consented to 101 

treatment, and PCVs were designed and successfully synthesized for 11 patients (Methods, 102 

Extended Data Fig. 1); one patient withdrew consent prior to vaccine manufacture and one 103 

prior to treatment. In sum, nine of 12 evaluable Cohort B patients were successfully vaccinated 104 

(75%, 90% CI 47-93%) and one of 9 Cohort A patients (11%, 90% CI 0.6 – 43%) (Fig 1b). 105 

 106 

Amongst the 10 vaccinated patients (Fig. 1b), their tumors harbored a median of 103 missense 107 

mutations (SNV and INDELs; range 51-150) (Fig. 1c-top, Supplementary Table 1), 108 

corresponding to a median TMB of 2.8 (range 1.4-4.1). Of these mutations, a median of 86.5 109 

(range 45-127) encoded neoepitopes predicted to bind at least weakly (rank<2.0 by either class 110 
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I epitope prediction tools HLAthena14 or NetMHCpanv4.015) to the personal study subject HLA 111 

alleles (Supplementary Table 2). Vaccines targeted a median of 14 mutations (range 7-15), 112 

consisting of a median of 15 peptides (range 8–18), 17-32 amino acids long (median: 23), that 113 

were allocated to 1 of 4 peptide pools (A-D) per patient (Fig. 1d, Supplementary Table 3), and 114 

administered subcutaneously/intradermally (sc/id) at each of 4 injection sites.  115 

 116 

Median follow up after vaccination initiation was 6.3 months (range 3.9-21.3) at the time of the 117 

data cutoff (December 31, 2025). The median platinum-free interval (PFI) prior to sample 118 

collection for the 9 patients with recurrent disease was 19.7 months (range 7.9-51.5). Six 119 

patients entered into the clinical trial following progression through first-line maintenance 120 

therapy (PARP inhibitor [5], bevacizumab [1] [Table 1, Fig. 1e]); two others previously 121 

completed first-line maintenance PARPi therapy without progression. Four patients exhibited 122 

rising CA125 prior to starting vaccination (P106, P108, P114, P117), suggesting emergence of 123 

platinum refractory/resistant disease; three others exhibited signs of recurrence between 124 

priming (days 1-21) and the first booster dose at day 78 (P113 by imaging; P116 by rising 125 

CA125; P111 by both). Per protocol, treatment was allowed post-progression, if deemed that 126 

patients were deriving clinical benefit, progression was not rapid, treatment was tolerated, and 127 

continued treatment did not delay intervention to prevent serious complications of disease.  128 

 129 

The study regimen was well-tolerated, without unexpected treatment-related adverse events 130 

(AEs, Table 2). The most common NeoVax-associated AEs  were injection site reactions (70%), 131 

myalgias (50%), chills (50%) and neutropenia (50%); two grade 3 AEs occurred in one patient 132 

each (allergic reaction, neutropenia). In one patient (P111), grade 3 abdominal pain and 133 
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diarrhea were associated with Nivolumab. The primary safety endpoint was to report the 134 

percentage of patients who complete vaccine therapy without discontinuation due to toxicity. 135 

Nine of 10 vaccinated patients received all planned vaccine doses. P111’s G3 ICB-associated 136 

diarrhea occurred in the context of progression on post-progression Nivolumab treatment, and 137 

was not considered the primary factor in discontinuing therapy (Supplementary Information). 138 

Thus, all evaluable, treatment-consented patients completed NeoVax and Nivolumab without 139 

discontinuation for toxicity (Cohort A: 1 of 1 [90% CI: 5-100%], Cohort: B 8 of 8 [90% CI: 69-140 

100%]). 141 

 142 

In the intervening months between the vaccine design biopsy (B1), and vaccine priming (median 143 

of 6.5 months; range 6.0-7.6), patients received SOC chemotherapy +/- surgery. As an ad hoc 144 

analysis, we interrogated the extent to which somatic mutations encoding neoantigens were 145 

still present at the start of vaccination via bespoke cell-free DNA (cfDNA) analysis (‘MRD 146 

Tracker’16, Methods). We detected > 50% of vaccine target SNV mutations for 7 of 10 subjects 147 

at priming (D1 or D15), and for an 8th, prior to the last NeoVax boost (D140). In aggregate, 148 

56.5% and 73.1% of target SNV mutations were detected at priming and by the last boost, 149 

respectively (Fig 1f), indicating that vaccines remained relevant to tumor mutations present at 150 

the time of vaccine administration, despite intervening treatment.  151 

 152 

Patterns of tumor biomarker and vaccine immune responses following NeoVax plus 153 

nivolumab  154 

Progression-free survival (PFS) after vaccination was highly variable (median 3.3 months, 155 

range 1-NR). We used blood-based CA125 and cfDNA-based assays to indirectly track tumor 156 
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burden across organ sites over time. Nine of 10 patient tumors expressed plasma CA125 (all 157 

except P113); all subjects were analyzable with bespoke MRD Tracker assays, using a median 158 

of 900 (range 160-950) coding and non-coding SNV mutations, to assess average tumor variant 159 

allele frequencies (VAFs) and limits of detection by time point (Fig 2a-c; Extended Data Fig 160 

2). 161 

 162 

We observed three patterns of tumor-burden response (see Methods). First, four patients were 163 

“progressors” (P111, P113, P114, P117), exhibiting progression by RECIST criteria prior to 164 

vaccine boosting and steep and unabated rises in CA125 and/or cfDNA VAF following 165 

vaccination. In the case of P114, an early stabilization of cfDNA was attributed to palliative 166 

radiation of a residual, symptomatic vaginal cuff lesion in week 5, followed by rising biomarkers 167 

(Fig. 2a). 168 

 169 

A second group also exhibited early rising CA125 and cfDNA (P106 and P108 prior to starting 170 

priming; P116 prior to first boost), but in contrast to the trend for progressors, both measures 171 

concordantly leveled-off or decreased around the first booster dose (D78+/-7), before eventually 172 

rising again (Fig. 2b), suggesting “transient control” of disease. For P106 and P108, the timing 173 

of biomarker-measured control before the start of nivolumab (D92+/-7)) was consistent with an 174 

effect from vaccination. For P116, the CA125 and cfDNA declines occurred following nivolumab 175 

administration and while on SOC PARPi maintenance therapy. 176 

 177 

Finally, three patients exhibited prolonged disease control (P118, P119, P122), in which CA125 178 

remained consistently low following vaccination (Fig. 2c). P118 exhibited a partial response to 179 
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SOC chemotherapy, with normalization of CA125, but residual disease by imaging; P119 and 180 

P122 were in complete response (CR) following SOC chemotherapy. Strikingly, despite 181 

persistently low CA125 levels, all three patients exhibited dynamic cfDNA changes between 182 

D15 and D300, suggesting episodes of tumor growth and regression, with vaccination and 183 

nivolumab as the only interventions. For P122, cfDNA levels peaked at D140 and then 184 

decreased to below the limit of detection (D274), with the patient remaining disease free through 185 

to data cut off (Day 650) (Fig. 1e, Fig. 2c; Extended Data Fig. 2).  186 

 187 

Overall, these ad hoc serologic tumor burden analyses reveal dynamic changes in serum 188 

biomarkers for 6 of 10 patients, which may be consistent with on target immunologic activity 189 

from combined NeoVax with nivolumab.  190 

 191 

Peripheral immune responses following NeoVax 192 

To define the extent to which NeoVax followed by nivolumab elicited circulating vaccine peptide-193 

specific T cell responses and whether these differed amongst the biomarker subgroups, we 194 

performed exploratory ex vivo IFN-γ ELISpot assays on pre- and serially collected post-vaccine 195 

PBMC, using treatment pools of full-length 17-32-mer immunizing peptides. In 8 of 10 patients, 196 

we detected ex vivo IFN-γ reactivity17 to at least one vaccine pool, most commonly peaking 197 

after the week 12 boost (Fig. 2d, Extended Data Fig. 3a). To define the immunogenicity of 198 

individual peptides, we further tested each immunizing peptide for its ability to stimulate IFNγ 199 

reactivity using post-boost PBMCs (after first [‘week 14’, W14] or second boost [‘week 22’, 200 

W22]) that were expanded in vitro against vaccine peptide pools. Overall, 85 of 144 (59.0%) 201 

peptides were immunogenic (Extended Data Fig. 4). A median of 7 peptides (range 4-15), from 202 
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a median of 7 mutations (range 4-13) were immunogenic, per patient. Of note, the vaccines of 203 

the 6 patients with transient or prolonged disease control induced immune responses to a larger 204 

number of vaccine target mutations than for progressors (mean 9.3 vs. 5.5 mutations; P = 0.029) 205 

(Fig. 2e); there was also a trend towards an increased number of targeted mutations for 206 

transient and prolonged controllers (mean 14.3 vs. 10.5 mutations; P = 0.132; Fig. 2f). No 207 

differences were found between the serum biomarker-defined groups in relation to 208 

immunogenicity rate, missense mutation burden, PFI (Fig. 2g-i), or frequency of recurrence on 209 

active PARPi treatment prior to prescreening consent (P = 0.77 [Chi Square]).  210 

 211 

To identify vaccine- and nivolumab-induced TCR clonotypes, we assessed peripheral TCR 212 

chain dynamics in CD3+ PBMC across the vaccination course for all subjects (Methods; 213 

Extended Data Fig. 3b-c). A median of 82.5 (range 7-150) NeoVax-, and 96.5 (range 18-650) 214 

post-nivolumab-expanded clonotypes (Fisher’s exact test P < 0.05; Extended Data Fig. 3b) 215 

were detected. In two transient controllers (P108, P116) for whom TCR clonotypes at a later 216 

timepoint (~ W40) could be assessed, post-NeoVax- and post-nivolumab-expanded clonotypes 217 

were long-lived, comprising a similar frequency of the TCR repertoire at W40 as at W14 and 218 

W22 (Extended Data Fig. 3c), consistent with T cell memory responses. 219 

 220 

Identification of immune populations in NeoVax patient biopsies 221 

We collected and processed fresh tumor biopsies from 6 of 10 patients for single cell (sc) RNA- 222 

and TCR- sequencing (Fig. 3a). These included biospecimens collected at individual time 223 

points (B1, B2, and B3) for three disease progressors (P117, P111, P114), and paired pre- and 224 

post-vaccine time points for one progressor (P113) and two transient controllers (P108, P116). 225 
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To increase resolution of cell type identification, a pre-vaccine sample was included for one 226 

additional patient who did not proceed with vaccination due to progression (P112). We obtained 227 

25,103 high-quality single-cell transcriptomes (median 7,371 UMI/cell, 3,045 genes/cell). By 228 

unsupervised clustering, we identified 16 clusters comprised of diverse immune and non-229 

immune cells (e.g. tumor, fibroblasts) (Fig. 3b, Extended Data Fig. 5a). Progressors exhibited 230 

a trend towards higher intratumoral fractions of monocyte/macrophages (Fig. 3b-c), which 231 

expressed inhibitory receptors (e.g. VSIR, TNFRSF14, LGALS9, SIRPA; Supplementary Fig. 232 

1a), consistent with a suppressive role. In contrast, higher fractions of T/NK and B cell 233 

populations were detected in transient controllers than in progressors (Fig. 3b-c).  234 

 235 

To better understand the interaction between the intratumoral T cell compartment and treatment 236 

with NeoVax with nivolumab, we re-clustered T cell populations (Extended Data Fig. 5b-c, 237 

Supplementary Fig. 1b). Progressor tumor biopsies contained higher fractions of exhausted T 238 

cells (CD4.TTE, CD8.TTE) and Tregs (CD4.TReg, CD4.NR4A1.TReg), as well as a trend 239 

towards lower CD8:CD4 ratio (Fig. 3d). We observed a higher Shannon diversity index amongst 240 

T cell clonotypes in transient controller biopsies (Fig 3e; two tailed Mann Whitney test, P = 241 

0.004). Progressor patient P113 uniquely displayed relatively larger numbers of TIL with 242 

expanded clonotypes, the majority of which represented TEX phenotypes (Extended Data Fig 243 

5d-e). While limited by the number of paired pre- and post-vaccine biopsies, we noted a trend 244 

toward higher Treg fractions amongst progressor patients, and increased intratumoral T cell 245 

clonotype diversity amongst transient controllers.  246 

 247 

Assessment of TIL tumor and vaccine target reactivity following NeoVax 248 
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To discern the extent to which TIL might recognize tumor and vaccine target antigens, we 249 

analyzed the T cell responses of P108 (transient controller) and P113 (progressor), whose tumors 250 

had been profiled at single cell resolution over time and from which patient-derived organoids 251 

(PDO) had been generated. The source cells for P108 PDO (O108-B2; Fig. 3f) were obtained on 252 

D126, ~1 month after booster 1 and the initiation of nivolumab; we were unable to generate a PDO 253 

from pre-treatment cells (B1). For P108, 45 of 83 mutations were detected at the RNA level from 254 

the B1 biopsy, including 13 of 14 vaccine target mutations. All O108-B2 TP53 reads mapped to 255 

the parental tumor’s TP53 mutation, reflecting pure tumor origin. However, only 13 of 83 somatic 256 

missense variants, and only 3 of 14 vaccine target mutations were expressed, consistent with 257 

either lost target antigen expression in the subclone represented in the biopsied recurrence or 258 

subclone selection during organoid generation. We observed less clonal evolution in the tumors 259 

from P113, from which we propagated PDO lines from 2 independent biopsies (Fig 3g): (i) the 260 

“pre-Vax” B1 biopsy procured prior to SOC chemotherapy from a left upper quadrant abdominal 261 

wall mass (O113-B1); and (ii) the “post-Vax” B2 biopsy, procured on D95, 17 days after booster 1 262 

and 4 days after nivolumab initiation, from an abdominal wall lesion at the same site as B1 (O113-263 

B2). All TP53 RNAseq reads from the O113 lines represented the tumor variant allele, and >50% 264 

of B1 missense mutations were expressed (including 4 and 5 of 9 vaccine target mutations for 265 

O113-B1 and -B2, respectively); 58.4% (59 of 101) of the B1 mutations were expressed in the 266 

parental tumor RNA.  267 

 268 

Expanded TIL clonotypes with an exhausted phenotype (TEX) in solid tumors have been reported 269 

to be enriched for tumor-reactive cells18,19, including a small series of TIL TCRs in ovarian 270 

cancer20, whereas expanded effector memory (TEM) TIL clonotypes are enriched for viral 271 
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specificity18. To confirm this in OC and in the PCV setting, we evaluated 14 expanded TEX 272 

clonotypes (having  3 cells through the entire data set, majority from the CD8.TTE cluster) and 9 273 

expanded TEM clonotypes identified from the B1 and B2 biopsies of P108 (Extended Data Fig 5e; 274 

Supplementary Table 4). Thirteen of 14 TEX clonotypes were present in the post-vaccine B2 275 

biopsies and 11 of 14 were more highly represented in the post- vs. pre-vaccine biopsies, 276 

consistent with post-vaccine/nivolumab expansion. Cloning and specificity testing of individual 277 

clonotypes revealed that 9 (5 strong, 4 borderline) of 14 expanded TEX clonotypes (but only 1 278 

(borderline) of 9 TEM TCRs) exhibited CD137 upregulation after co-culture with O108-B2 PDO 279 

(Fig. 3h; Extended Data Fig. 6a-b). Five of 9 TEM TCRs exhibited reactivity against autologous 280 

EBV-immortalized lymphoblastoid cell lines (LCL). These data confirmed that the TEX and TEM TIL 281 

are enriched for tumor and viral reactivity, respectively18. We did not identify NeoVax-specific 282 

clonotypes amongst tested P108 TIL. As O108-B2 lacked expression of the majority of vaccine 283 

target antigens, we interpreted the presence of TIL tumor-reactivity in the absence of vaccine 284 

reactivity as potentially consistent with epitope spreading of T cell responses to non-vaccine target 285 

antigens.  286 

 287 

Analogous evaluation of P113 revealed a strikingly different pattern of TIL reactivity. P113 biopsies 288 

B1, B2 and B3 captured more T cells than for P108, including a higher proportion of TEX cells, and 289 

a larger number of expanded clonotypes (Extended Data Fig. 5d-e). We cloned and tested TCRs 290 

from 22 expanded TEX clonotypes (in this case, each representing > 10 cells), including the top 6 291 

expanded exhausted TCRs in each biopsy (Extended Data Fig. 5e; Supplementary Table 4). 292 

TCRs from 20 of 22 TEX cells reacted strongly to Pre-Vax O113-B1, with the level of CD137 293 

upregulation generally increased by PDO pretreatment with IFN (Fig 3i, Extended Data Fig. 6a 294 



 13 

& c, Supplementary Table 4); 19 recognized Post-Vax O113-B2, but generally with lower levels 295 

of CD137 upregulation when compared to co-incubation with O113-B1 (Fig. 3j). Of the 3 expanded 296 

TEM clonotypes (6 cells) tested, 2 recognized autologous EBV-LCL, again consistent with 297 

enrichment of viral antigen specificity in the TEM compartment; 1 of these, exhibited reactivity to 298 

both B1 and B2 PDO. Overall, the majority of expanded TEX TIL recognized autologous PDO, with 299 

the highest reactivity against the Pre-Vax PDO.  300 

 301 

Pulsing of P113 autologous EBV-LCLs with vaccine peptide pools prior to co-incubation with 302 

cloned TIL-TCRs, revealed 4 TEX TCRs (5, 6, 19 and 20), which recognized vaccine pool C. All 303 

four were reactive against the same DPP3 p.L658R epitope, LTRRDTVLL (Fig 3j; Extended Data 304 

Fig 6e-f). TCR6 had the highest avidity, followed by TCR20, TCR5 and TCR19 (Fig 3k). Only 305 

TCRs 5, 19, and 20 were present in B1, where they comprised ~15% of TEX cells, and 12.5% of 306 

antigen-experienced, non-TNaive T cells overall, with TCR5 dominating (Extended Data Fig 5g; 307 

Fig 3l), consistent with a pre-existing immune response. However, in the post-Vax recurrent tumor 308 

at B2, all 4 clonotypes were present (TCR 6 was newly detected), with over 80% of the DPP3 309 

p.L658R specific TIL now represented by the two TCRs with highest avidity (6 and 20). The fraction 310 

of DPP3 p.L658R-specific, antigen experienced, non-Tnaive TIL remained relatively stable across 311 

the vaccine booster doses, but was dominated by further expansion of the highest avidity TCR6 312 

(Fig 3l). This shift was mirrored in the peripheral blood, where we detected circulating TCR 313 

chains matching TCR 5, 6 and 20 at W14 (after boost 1), with further increased fraction by W22 314 

(Fig 3m). Although the distribution of DPP3 p.L658R-specific TIL with non-naïve, TTE, TPE, TProl 315 

and TEM phenotypes was similar between B1 and B2, there was a shift towards TPE, TProl, and even 316 

TEM phenotypes at B3, following booster dose 2 and ~ 6 weeks of nivolumab treatment (Fig 3n). 317 



 14 

Altogether, these observations support the expansion of vaccine-reactive clonotypes in P113, 318 

especially a new high avidity clonotype, following vaccine boost and nivolumab, both in tumor and 319 

peripheral blood.  320 

 321 

Mechanisms of tumor escape across study subjects 322 

To dissect the potential immune selective pressure imposed by NeoVax with nivolumab, we first 323 

assessed if vaccination was linked to changes in tumor transcriptional programs. Bulk tumor 324 

RNAseq from B1 pre-vax biopsies revealed relatively similar class I and class II antigen 325 

presentation-related gene expression across tumors, with only progressor P117’s tumor exhibiting 326 

a trend towards lower expression than other tumors (Supplementary Fig. 2a). We next used 327 

GSEA analysis of pre- and post-vaccination biopsy scRNA-seq to assess tumor cell transcriptional 328 

programs. While this did not reveal any clear mechanisms of immune escape for post-vaccine 329 

tumor cells from P108 or P116, P113 post-vaccine and nivolumab (B2 and B3) tumor cells (but 330 

not T cells) exhibited significantly down-regulated gene sets related to TNF, IFN and IFN 331 

signaling compared to pre-vaccine (B1) (Supplementary Fig. 2b; Fig. 4a). Of note, O113-B2 332 

genomic DNA harbored a chromosome 1 inversion structural variant (SV) at p31.3, affecting the 333 

3rd intron of JAK1 and an intergenic region ~1.6Mb away (chr1:64,882,954::chr1:63,277,187 334 

(hg19); Extended Data Fig. 7a-d). This breakpoint was not observed in genomic DNA from pre-335 

vaccine B1 whole genome sequencing, nor detectable via PCR from B1-derived PDOs (Extended 336 

Data Fig. 7c-d), consistent with a treatment emergent SV. RNAseq from only the post-vaccine 337 

PDO showed a loss of poly-adenylated RNA derived from JAK1 exons 4-25 (Fig. 4b). As 338 

expected, JAK1 interruption in post-vaccination PDO was associated with abrogation of STAT1 339 

phosphorylation and HLA-I upregulation following IFN stimulation compared to pre-vaccination 340 
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organoid (Fig. 4b-c); it was not associated with resistance to carboplatin and doxorubicin, the 341 

SOC chemotherapies received prior to vaccination (Extended Data Fig. 7e). Strikingly, re-342 

introduction of JAK1 cDNA into O113-B2 rescued STAT1 phosphorylation, HLA-I expression and 343 

DPP3 p.L558R vaccine-specific TIL TCR recognition (Fig. 4d, Extended Data Fig. 7f-k). Thus, a 344 

JAK1 SV mediating reduced antigen presentation was associated with escape from combined 345 

NeoVax with nivolumab therapy in P113. 346 

 347 

We asked if there might have been pre-existing mechanisms of immune escape in any of our 348 

patients. Loss of heterozygosity (LOH) in the HLA loci on chromosome 6 (chr6) has been 349 

previously associated with immune escape21 and has been reported at least 15% of OC tumors 350 

at the time of diagnosis9,21. We detected regions of chr6 LOH in tumor cells from B1 biopsies of 3 351 

of 10 vaccinated patients, including 2 of 4 progressors (P111, P117; Fig 4e and Extended Data 352 

Fig 8a); WES data from 6 unvaccinated, prescreening consent patients, revealed 2 further cases 353 

of chr6 LOH in the HLA locus, (total 5 of 16 [31%]; Extended Data Fig 8b). For P111 and P117, 354 

such LOH was associated with loss of an entire haplotype covering HLA-A, B and C (Extended 355 

Data Fig 9). Thus, the HLA alleles for a substantial fraction of the best predicted epitopes (by 356 

HLAthena) for vaccine mutations were lost (3 of 7 for P111; 6 of 16 for P117) and for mutations 357 

for which we could measure a peripheral immune response (2 of 4 for P111; 3 of 8 for P117). 358 

Taking into account all possible strong and weak binders, >45% of predicted epitopes contained 359 

in the immunizing peptides lost their predicted HLA binding allele (Fig 4e). Likewise, for the 360 

prolonged controller P118, the HLA alleles for the best epitope were lost for 10 of 14 target 361 

mutations and 10 of 13 immune response mutations. No new HLA LOH was evident by WES at 362 

progression in the 3 patients with a recurrence biopsy (P106, P108, P113), though tumor fraction 363 
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of < 20% in the samples tested for P108 and P106, limited sensitivity for LOH analysis. Altogether, 364 

across these three patients with chr6 LOH, the HLA alleles for the best predicted vaccine targets 365 

were lost for 19 of 36 mutations, constituting substantial baseline compromise of potential vaccine 366 

target epitope presentation in tumors. The difference in clinical outcome for P118 vs. P111 and 367 

P117, may be related to productive immune responses against an antigen(s) presented by 368 

retained HLA alleles, or potentially, other factors. 369 

 370 

To better understand the importance of these observations in OC, we asked how allele specific 371 

HLA-loss intersects with important clinical ovarian cancer biomarkers: (i) homologous 372 

recombination deficiency (HRD) or HR proficiency, which defines the use of PARP inhibitors; and 373 

(ii) CCNE1 amplification, which is enriched in HRP tumors6, portends worse prognosis, and is an 374 

emerging target. Analysis of a TCGA ovarian cohort (n = 160) with paired RNA and WES data 375 

revealed a ~31% rate of loss of HLA diversity (25.6% rate of HLA-LOH, 5.6% as loss allele specific 376 

expression (ASE) at the RNA level, without detected LOH [data retrieved from Filip et al.22]). As 377 

high levels of genomic LOH are a defining characteristic of HRD status23,24, we hypothesized that 378 

HLA LOH might be more frequently associated with HRD than HRP tumors. Indeed, across all 379 

TCGA tumors, HRD status24 associated with increased HLA-LOH but not transcriptionally 380 

detected loss of HLA ASE. Within OC, however, there were similar levels of HLA-LOH, as well as 381 

-ASE, in both HRD and HRP tumors (Extended Data Fig. 8c). Similarly, we found no difference 382 

in the rate of HLA-LOH or -ASE loss22 in CCNE1 amplified vs. non-amplified tumors25 (Extended 383 

Data Fig. 8d). These data highlight the broad importance, across biomarker subgroups, of 384 

considering HLA allele retention and expression for antigen-directed therapies in high grade OC. 385 

 386 
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Finally, we asked if there was evidence of immune selective pressure against vaccine target 387 

mutations in either recurrence biopsies or by cfDNA, independent of HLA LOH. We were able to 388 

generate WES data from recurrence biopsies for P106, P108 and P113; of note, we did not identify 389 

any mutations in genes which would be expected to contribute to immune escape (e.g. TAP1/2, 390 

B2M, JAK/STAT, etc). For transient controllers P106 and P108, we found 3 of 15 and 6 of 14 391 

vaccine target mutations, respectively, that were lost in the recurrence biopsies (Fig 4f). This 392 

included the loss of one truncal mutation for P108 (Cancer Cell Fraction (CCF) = 1; POLQ2 393 

[p.R708G]) and 3 mutations with CCF > 0.5 (FDFT1 [p.T275S]; URB1 [p.A1107T]; ACTR10 394 

[p.A229G]); of note the URB1 SNV was detected in cfDNA at priming, indicating that it was not 395 

lost during SOC chemotherapy prior to vaccination. For P108 we also noted decreased RNA 396 

expression of three vaccine target genes TTC3, FLNA, and SRSF3 in B2 vs. B1 biopsy tumor cells 397 

by scRNAseq, consistent with transcriptional down-regulation of some vaccine targets, though we 398 

could not determine mutant allele expression (Supplementary Fig. 2). For P106, two mutations 399 

lost at recurrence were truncal (ARHGAP27 [p.A509G] and PLCB2 [p.E741Q]) and the third had 400 

CCF > 0.5 (PPP1R12A [p.R682T]). In contrast, P113, for whom JAK1 loss globally decreased 401 

antigen presentation (Fig. 3j, 4c-d), only 1 of 9 vaccine target mutations was lost at recurrence 402 

(Fig 4g) and no vaccine target mutation genes exhibited decreased RNA expression 403 

(Supplementary Fig. 2).  404 

 405 

To corroborate these results, we asked if we might see differences in cfDNA VAFs of vaccine 406 

target SNVs vs. non-target, missense SNVs. Although the small sample size limited our power to 407 

identify significant differences, for P106 and P108, we observed a trend towards lower mean VAFs 408 

for vaccine target mutations vs. non-target mutations at post-priming timepoints (Fig 4f). In 409 
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contrast for P113, vaccine target and non-target SNV mutation cfDNA VAFs were similar at all 410 

timepoints. In other patients, cfDNA VAFs did not clearly differ between target and non-target 411 

mutations (Extended Data Fig 10). Taken together, these data suggest differential selective 412 

pressure on vaccine target vs. non-target mutations in patients P106 and P108. 413 

 414 

  415 
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DISCUSSION 416 

 417 

We report a first-in-disease clinical trial in the low TMB setting of High Grade OC of synthetic 418 

long peptide neoantigen vaccination combined with nivolumab as maintenance therapy 419 

following SOC chemotherapy +/- cytoreductive surgery. Consistent with efforts in other low TMB 420 

diseases11-13,26, we generated personalized genomics-guided vaccines that induced robust 421 

immune responses in all patients.  422 

 423 

Non-invasive tumor monitoring utilizing blood serum/plasma biomarkers enabled us to 424 

demonstrate vaccine targeting and activity. We confirmed that personalized approaches can be 425 

integrated around prolonged SOC treatments via cfDNA-based detection of the majority of 426 

vaccine target mutations (designed using pre-treatment biopsies) even after ~6 months of SOC 427 

therapy. Further, we demonstrated dynamic cfDNA changes in six of 10 patients, supported by 428 

CA125 dynamics, consistent with waves of on-target immune activity; in P122, cfDNA rose 429 

during the initial vaccine course, peaking at the time of the final NeoVax booster, before 430 

declining to below the LOD, with the patient remaining disease-free through data cut off (>12 431 

months), potentially reflecting immune-mediated disease clearance. Importantly, observed 432 

biomarker responses were associated with broader immune responses highlighting the 433 

importance of a multi-targeted vaccine, presumably to better address tumor heterogeneity 434 

and/or maximize the likelihood of inducing effective on-tumor responses. These data also 435 

highlight the utility of cfDNA in adjuvant vaccination trials – allowing both an understanding of 436 

vaccine relevance to residual disease, and serving as a biomarker for response. With primary 437 

tissue often difficult to access, cfDNA will be a critical biomarker for future studies.  438 

 439 
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We identified several potential resistance mechanisms (either pre-existing or treatment-440 

emergent) that point to the impact of immune selective pressure. Our analyses highlighted 441 

previously identified mechanisms of immune resistance in OC, including elevated Treg fractions2 442 

and immunosuppressive macrophage/monocyte10 populations in progression patients. 443 

However, the most robust link to therapy resistance in our study was loss of antigen 444 

presentation in tumors: two of four primary progressor patients exhibited loss of HLA haplotype 445 

heterozygosity prior to vaccination, likely rendering more than half of vaccine antigens off target, 446 

and a third subject’s tumor revealed treatment-emergent deficiency in interferon signaling, 447 

severely abrogating antigen presentation. We further identified evidence of immune editing or 448 

suppression by cfDNA and WES in 2 of 3 transient controllers, though we cannot exclude clonal 449 

evolution during SOC chemotherapy. Combined with our observation that broader immune 450 

response induction correlates with clinical benefit, a common theme emerges around the 451 

balance of induced immune responses and the capacity of tumor cells to present immunogenic 452 

antigens. Considering that ~31% of tumors analyzed in both our cohort and TCGA ovarian 453 

tumors exhibit allele specific HLA loss due to either genomic deletion or transcriptional 454 

repression, our work strongly supports recent calls to take into account HLA LOH and 455 

mechanisms of antigen presentation loss in vaccine design27, for example by integrating this 456 

information into antigen selection workflows28.  457 

 458 

Finally, our work highlights the importance of choosing an optimal setting for PCV trials. High 459 

tumor burden carries with it increased extent of tumor heterogeneity, the fuel for clonal evolution 460 

and therapeutic resistance. In this vein, 5 of 10 enrolled patients exhibited progressing tumors 461 

at the time of vaccination, largely associated with recurrence on PARP inhibitor at trial 462 
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enrollment. We speculate that actively growing tumors, with an established immunosuppressive 463 

microenvironment and greater heterogeneity, pose substantial barriers to immune control in a 464 

disease that is minimally responsive to PD-1 blockade alone. We assert that introducing PCVs 465 

with first line treatment, at times of truly minimal residual disease may be more beneficial. Our 466 

work thus argues for (i) early vaccine approaches to target low volume disease, (ii) improved 467 

vaccine antigen selection to obtain broad and balanced responses, and (iii) targeting of antigens 468 

that tumors retain the HLA machinery to present.  469 

 470 

We acknowledge limitations to our study. We experienced accrual challenges to cohort A, due 471 

to limited tissue from core needle biopsies and the changing regulatory environment for 1L 472 

maintenance; both issues are easily addressed for future studies. Our cohort was small and 473 

heterogenous with regards to the degree of platinum sensitivity, limiting our ability draw strong 474 

conclusions about clinical efficacy. We have utilized several orthogonal analysis platforms to 475 

define clinical benefit and identify resistance mechanisms that point to immunologic efficacy. 476 

Nonetheless, deep characterization of resistance mechanisms and cfDNA analysis in future 477 

trials will assuredly provide clearer insights into how best to establish vaccine efficacy in difficult-478 

to-treat tumors like HGOC. 479 

 480 

  481 
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TABLES 564 

Table 1: Baseline characteristics of patients receiving NeoVax: 565 

  
 

Overall 
(N=10) 

Sex Female 10 (100%) 

Age Mean (SD) 56.3 (6.31) 

   Median [Min, Max] 56.4 [47.6, 69.3] 

Race  White 9 (90%) 

 
  More Than One 

Race 
1 (10%) 

 Ethnicity   Hispanic or Latino 2 (20%) 

   Non-Hispanic 8 (80%) 

Cohort A 1 (10%) 

   B 9 (90%) 

PFI 6-12 months 3 (30%) 

 >12 months 6 (60%) 

 N/A 1 (10%) 

Prior PARPi  Yes 7 (70%) 

 No 3 (30%) 

Histology  Serous 9 (90%) 

 Endometroid 1 (10%) 

TP53 Mutation Yes 10 (100%) 

 No 0 (0%) 

 566 

  567 
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Table 2: Treatment related Adverse Events (Grades 1-5), occurring in 10% of subjects 568 

AEs related to NeoVax: # of patients (%) Grade 1 Grade 2 Grade 3 Total 

Neutrophil count decreased 2 (20) 2 (20) 1(10) 5 (50) 

Allergic reaction 0 (0) 0 (0) 1(10) 1 (10) 

Injection site reaction 6 (60) 1 (10) 0(0) 7 (70) 

Myalgia 4 (40) 1 (10) 0 (0) 5 (50) 

Fatigue 3 (30) 1 (10) 0 (0) 4 (40) 

Fever 1 (10) 1 (10) 0 (0) 2 (20) 

Alanine aminotransferase increased 0 (0) 1 (10) 0 (0) 1 (10) 

Anemia 0 (0) 1 (10) 0 (0) 1 (10) 

Lipase increased 0 (0) 1 (10) 0 (0) 1 (10) 

Serum amylase increased 0 (0) 1 (10) 0 (0) 1 (10) 

Chills 5 (50) 0 (0) 0 (0) 5 (50) 

Headache 5 (50) 0 (0) 0 (0) 5 (50) 

Pain 3 (30) 0 (0) 0 (0) 3 (30) 

Arthralgia 1 (10) 0 (0) 0 (0) 1 (10) 

Dysgeusia 1 (10) 0 (0) 0 (0) 1 (10) 

Erythema multiforme 1 (10) 0 (0) 0 (0) 1 (10) 

Flu like symptoms 1 (10) 0 (0) 0 (0) 1 (10) 

Nasal congestion 1 (10) 0 (0) 0 (0) 1 (10) 

Platelet count decreased 1 (10) 0 (0) 0 (0) 1 (10) 

Pruritus 1 (10) 0(0) 0 (0) 1 (10) 

Rash maculo-papular 1 (10) 0 (0) 0 (0) 1 (10) 

Skin induration 1(10) 0 (0) 0 (0) 1 (10) 

Voice alteration 1(10) 0 (0) 0 (0) 1 (10) 

          

AEs related to Nivolumab: # of patients (%) Grade 1 Grade 2 Grade 3 Total 

Diarrhea 0 (0) 1 (10) 1 (10) 2 (20) 

Abdominal pain 0 (0) 0 (0) 1 (10) 1 (10) 

Fatigue 2 (20) 1 (10) 0 (0) 3 (30) 

Headache 1 (10) 1 (10) 0 (0) 2 (20) 

Hypothyroidism 1 (10) 1 (10) 0 (0) 2 (20) 

Pain 1 (10) 1 (10) 0 (0) 2 (20) 

Colitis 0 (0) 1 (10) 0 (0) 1 (10) 

Insomnia 0 (0) 1 (10) 0 (0) 1 (10) 

Pruritus 3 (30) 0 (0) 0 (0) 3 (30) 

Serum amylase increased 2 (20) 0 (0) 0 (0) 2 (20) 

Back pain 1 (10) 0 (0) 0 (0) 1 (10) 

Blurred vision 1 (10) 0 (0) 0 (0) 1 (10) 

Dry mouth 1 (10) 0 (0) 0 (0) 1 (10) 
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Edema limbs 1 (10) 0 (0) 0 (0) 1 (10) 

Hyperthyroidism 1 (10) 0 (0) 0 (0) 1 (10) 

Hypoglycemia 1 (10) 0 (0) 0 (0) 1 (10) 

Lipase increased 1 (10) 0 (0) 0 (0) 1 (10) 

Mucositis oral 1 (10) 0 (0) 0 (0) 1 (10) 

Vomiting 1 (10) 0 (0) 0 (0) 1 (10) 

  569 
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Figures 570 

 571 
Figure 1: Vaccine generation and clinical courses. a. Trial schema including treatment and 572 

sample collection. Time periods for analysis of cfDNA in panel f are shown (bottom). b. Consort 573 

diagram of patients who signed prescreening consent, treatment consent and received vaccine 574 

(total and by cohort); reasons for withdrawal are indicated by cohort (parentheses). c. Summary 575 

of mutation characteristics per patient. Personal HLA binding neoantigen epitopes were 576 

predicted via HLAthena14 or NetMHCpan15, and the best epitope per mutation was defined by 577 

HLA binding strength: strong (rank < 0.5 by either algorithm), weak (rank > 0.5 and < 2.0) or 578 

very weak (rank > 2.0) (Top). Mutations were classified as derived from single nucleotide 579 

variants (SNV) or insertions/deletions (INDEL). d. Summary of vaccine target mutations for 580 

each patient, including HLA binding strength (top) and mutation type (bottom). e. Swimmers 581 

plot depicting the clinical outcomes for 10 patients treated with NeoVax plus nivolumab. 582 

Platinum free interval (PFI) and maintenance therapy prior to trial enrollment are indicated, as 583 

well as SOC maintenance therapy during the course of vaccination (left). “CA125 rising” reflects 584 

the first date that CA125 was > ULN or > 2x from nadir. f. Detection of SNV vaccine target 585 
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mutations by cell free (cf)DNA analysis at vaccine priming (D1 and/or D15) or during the 586 

duration of the clinical trial.   587 
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 588 
Figure 2: Clinical benefit defined by serum biomarkers and associated with peripheral 589 

immune responses. a-c. For each patient, serum CA125 (closed squares; left y axis) and cfDNA 590 
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mean tumor variant allele frequency (VAF) (open circles; right y axis; plotted as %) are plotted vs. 591 

time relative to vaccine day 0 (x axis). Mean cfDNA VAFs calculated from 150-900 coding and non-592 

coding allele frequencies generated from WGS. Treatments are indicated above each graph and 593 

described in the figure legend key. Patients were assigned to one of three groups based on 594 

biomarker trends: (a) progression, (b) transient disease control, and (c) prolonged disease control. 595 

d. Heatmaps (left) represent the relative IFN-γ ELISpot count (normalized by patient) of serial post-596 

vaccination PBMC re-stimulated ex vivo with Immunizing peptide (IMP) pools (middle); the 597 

maximum ELISpot count per patient is indicated and pools with responses passing response 598 

threshold are indicated by an asterisk (> 30 SFU/106, >3x over DMSO control, P < 0.05 by 599 

Distribution Free Resampling (DFR(EQ))17; See Extended Data Fig. 3). (Right) Fraction of IMPs 600 

per vaccine pool inducing T cell responses in each patient as assessed by deconvolution of vaccine 601 

peptide pools by in vitro IFN-γ ELISpot (See Extended Data Fig. 4). e-i. Comparison of progression 602 

(red; n = 4) vs. transient response and prolonged disease controllers (green; n=6 (e-h) and n = 5 603 

(i)), with regards to total number of mutations targeted (e), fraction of target mutations with immune 604 

response (f), total number of mutations with induced immune response (g), tumor missense 605 

mutation count (h) and first platinum free interval (i). Individual patient values are graphed and box 606 

plots represent median +/- 1 quartile and error bars represent the minimum and maximum values; 607 

P values reflect two-tailed, Mann-Whitney test.  608 

  609 
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 610 
Figure 3: Evaluation of tumor microenvironment and TIL specificities from tumor 611 

biopsies.  612 
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a. Schema of tumor sample collection and processing in 7 patients. b. Cell populations identified 613 

by scRNAseq. Time point, biopsy type and clinical group are indicated. See also Extended 614 

Data Fig 5. c. Fraction of the indicated cell types in controllers (n = 6 biopsies) vs. progressors 615 

(n = biopsies) d. Fraction of the indicated T cell fractions in controllers vs. progressors e. TIL 616 

TCR Shannon Diversity for progressor and transient controller T cell clonotypes. For c-e, patient 617 

specific symbols are as indicated in a, box plots represent median +/- 1 quartile and whiskers 618 

extend to the minimum and maximum values, and, P values reflect two tailed Mann-Whitney 619 

tests. f. P108 Biopsy B2 (post-vax) PDO line validation: Top, PDO bright field images; middle, 620 

graphs comparing TP53 (red), vaccine (orange), and non-vaccine (black) missense mutation 621 

variants in RNAseq from the B1 tumor biopsy (x axis) and the PDO line (y axis) (one sequencing 622 

sample, each); bottom, treatment timeline. g. Validation of P113 Pre-Vax B1 and Post-Vax B2 623 

PDO, as in (f). h. Summary of CD137 expression screening of TCR reactivity against the 624 

indicated targets for 14 TEX (left) and 9 TEM (right) expanded TIL clones from P108. Reactivity 625 

defined as > 2 standard deviations above all controls (see also Methods, Supplementary 626 

Table 4, Extended Data Fig 6a-b); “borderline” indicates weak reactivity resulting in CD137 627 

expression of < 10% or < 3x that induced by an irrelevant control TCR. Representative of 2 628 

independent experiments. d. Summary of TCR reactivity screening for P113 TEX (left) and TEM 629 

(right) TIL clones as in (b) (see also Supplementary Table 4, Extended Data Fig 7a, c-d); e. 630 

Example of CD137 upregulation for vaccine reactive TEX TCR 5 (left) vs. the indicated targets, 631 

and as well as for other tested TIL clonotypes vs. the indicated targets (heatmap, right). d-e 632 

representative of 2 independent experiments (B1 PDO) and 3 independent experiments (B2 633 

PDO, vaccine pools). f. Avidity plots for four vaccine reactive TCRs from P113 TIL, for the DPP3 634 

p.L458R epitope TRRDTVLL, as well as the wildtype sequence; Healthy donor T cells 635 

transduced with the indicated TCRs, were incubated with P113 autologous EBV-LCL pulsed 636 

with WT or mutant DPP3 peptide at the indicated concentrations, and % CD137 expression is 637 

graphed. Representative of 3 independent experiments. g. DPP3 p.L458R specific TIL as a 638 

fraction of non-naïve TIL (TEX, TPE, TProl, TEM) in P113 tumor biopsy scRNAseq. h. Fraction 639 

peripheral blood TCRB clonotypes matching the indicated vaccine specific TCR clonotypes 640 

(TCR19 beta chain was not detected) are graphed from W1 (pre-vaccine), W14 (after boost 1), 641 

and W 22 (after boost 2 and nivolumab). i. Proportion of DPP3 p.L458R specific TIL belonging 642 

to the indicated clusters. 643 
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 644 
Figure 4: Mechanisms of immune evasion associated with progression.  645 

a. Heatmaps representing the average expression of Hallmark IFN response geneset genes 646 

from tumor cells (middle) and T cells (right) from post-vax P113 B2 and B3, relative to pre-vax 647 

B1. Genes are ordered (top to bottom) by the most significant differential expression in tumor 648 

cells (Wilcoxan rank sum test with Bonferroni correction, calculated with FindMarkers in Seurat); 649 

significance is summarized on the far left [-log10(p-Adj + 1e-300]). b. Bulk RNAseq reads from 650 

pre-vax B1 and post-vax B2 organoids across the JAK1 locus (top), and phospho-STAT1 651 
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intracellular staining of pre-vax B1 and post-vax B2 PDO with or without 45 minutes IFN 652 

stimulation (bottom; representative of > 3 independent experiments). c. HLA-A/B/C expression 653 

by flow cytometry, with and without 24h IFN treatment for P113 pre-vax (B1) and post-vax (B2) 654 

PDO. Representative of > 3 experiments. d. Fold CD137 induction for T cells expressing DPP3 655 

reactive TCRs or controls, following incubation with post-vax (B2) transduced with empty vector 656 

(GFP) or vector encoding JAK1 cDNA (JAK1) and pre-treated or not with IFN. Analysis was 657 

performed in triplicate and values are normalized to mean percent CD137+ after incubation with 658 

GFP-PDO without IFN (bars show mean + S.D.; see also Extended Data Fig. 8; 659 

representative of 2 independent experiments). e. ABSOLUTE copy number across 660 

chromosome 6 for P111 and P117 (left). (Right) Graphs depict predicted weak (HLAthena rank 661 

< 2.0) and strong (HLAthena rank < 0.5) epitope-HLA binding pairs for short epitopes within 662 

vaccine synthetic long-peptides, taking into account germline HLA alleles (“All”), and those HLA 663 

alleles retained in the tumor at biopsy B1, prior to vaccination (“Retained”; see Extended Data 664 

Fig. 10). f. cfDNA VAF of vaccine target (blue; n = 15 [P106], 9 [P108] or 8 [P113]) and non-665 

target (pink; n = 36 [P106], 26 [P108], or 41 [P113]) missense mutations at the indicated time 666 

points (left; mean +/- S.E.), and normalized biopsy B1 vs. progression biopsy WES VAF for 667 

vaccine target genes (right). To account for variable tumor fraction, vaccine target VAFs are 668 

normalized to the mean VAF of truncal non-target mutations. g. Summary response and 669 

resistance mechanisms. From outer circle to inner circle, the following are indicated: biomarker 670 

group (progression, transient control, prolonged control), patient ID, putative resistance 671 

mechanism and number of vaccine-induced immune responses.  672 

 673 

 674 

  675 
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743 

METHODS 744 

Study Design 745 

This phase I study (https://clinicaltrials.gov/study/NCT04024878; Registered 7/16/2019) was 746 

conducted at the Dana-Farber Cancer Institute. Key eligibility criteria included: age ≥ 18 years, 747 

histologically confirmed epithelial ovarian, primary peritoneal or fallopian tube cancer (EOC), 748 

Eastern Cooperative Oncology Group (ECOG) performance status ≤ 2, candidacy for platinum-749 

based chemotherapy, and disease that was either amenable to biopsy, or recently biopsied. 750 

Cohort A required newly diagnosed, untreated Stage IIIC or IV EOC; Cohort B required platinum 751 

sensitive first recurrence of EOC, with platinum sensitivity defined as disease progression > 6 752 

months after the last dose of first line platinum-based chemotherapy. All treated patients had 753 

TP53 mutant tumors with high grade serous (n=9) or endometroid (n=1; P122) histology. The 754 

study excluded mucinous or low grade histologies, prior immunotherapy, known central nervous 755 

system metastases, or prior or active autoimmune disease.  756 

 757 

The study was designed with a two-stage consent process. Following initial “pre-screening” 758 

informed consent, patients underwent tumor biopsy (B1; surgical or core), followed by tumor 759 

DNA and RNA sequencing, clinical HLA typing and the initiation of SOC chemotherapy. If tissue 760 

sampling and sequencing was adequate for vaccine design and patients did not progress on 761 

SOC platinum chemotherapy, patients were offered “treatment” consent. The primary objective 762 

of the study was to evaluate the safety and feasibility of administering NeoVax with nivolumab 763 

in patients with epithelial ovarian cancer. The protocol, amendment summaries, deviations, and 764 

summaries of primary, secondary and exploratory endpoints are available in Supplementary 765 

Information.  766 

https://clinicaltrials.gov/study/NCT04024878
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 767 

Ethical approval and consent 768 

The study was conducted in accordance with the Declaration of Helsinki and with approval by 769 

the Dana-Farber/Harvard Cancer Center (DFHCC) Institutional Review Board. Written informed 770 

consent was obtained for all patients. 771 

 772 

Patient samples 773 

Peripheral blood samples were obtained for HLA typing and for germline DNA sequencing. 774 

Clinical HLA class I and II typing was performed by the BWH Tissue Typing laboratory 775 

(Supplementary Table 4). For immune monitoring of peripheral blood mononuclear cells 776 

(PBMCs), leukaphereses were performed prior to vaccination (within 1 week), at week 14 (+/- 777 

1 week; after boost 1) and at week 22 (+/- 1 week; after boost 2). Peripheral blood samples 778 

(K2-EDTA tubes) were collected serially. PBMCs were isolated by Ficoll (GE Healthcare) 779 

density centrifugation and cryopreserved. Plasma pooled from peripheral blood draws was 780 

frozen for cfDNA analysis. Tumor biopsies were collected in DMEM media. Viable tumor cell 781 

suspensions were prepared by mincing with a scalpel, then dissociating with PBS containing 782 

collagenase (0.4mg/mL), hyaluronidase (0.4mg/mL) and DNase, for 20-60 min at 37 degrees 783 

while rocking; cells were then washed in PBS, counted and cryopreserved in 90% heat 784 

inactivated FCS/10% DMSO.  785 

 786 

Personalized neoantigen vaccine generation and treatment 787 

The workflow of personalized cancer vaccine generation included whole exome sequencing 788 

(WES) of tumor tissue and peripheral blood, RNA-sequencing of tumor, somatic mutation 789 
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calling, identification and selection of target neoantigens, and peptide synthesis similar to our 790 

previously completed trials12,29, with notable points detailed below. Briefly, for WES of tumor 791 

and normal blood to identify neoantigens, FFPE tumor scrolls and a peripheral blood sample 792 

were processed for nucleic acid extraction and sequencing at the Broad Institute Clinical 793 

Research Sequencing Platform, LLC (CRSP), a CLIA licensed (#22D2055652) and CAP 794 

accredited (#8707596) laboratory for standard Somatic WES. Libraries were sequenced on 795 

paired 76 cycle runs on Illumina HiSeq or NovaSeq instruments with two 8 cycle index reads, 796 

to a goal depth of > 150x mean target coverage. Tumor tissue RNA-sequencing (FFPE scrolls) 797 

was performed to confirm putative neoantigen expression, at the non-CLIA/CAP Broad Institute 798 

Genomics Platform. RNAseq libraries were sequenced with 76bp paired-end with an eight-base 799 

index barcode read with Illumina HiSeq or NovaSeq S2 instruments. Alignment was completed 800 

using the STAR alignment algorithm against human reference hg19.  801 

 802 

A cloud-based Cancer Genome Analysis WES Characterization Pipeline was used to identify 803 

somatic mutations. Mutations were categorized as “green” (high-quality read support in WES 804 

and RNA-seq), “yellow” (high quality in WES; not identified in RNA-seq), or “red” (likely artifact). 805 

Green, and then yellow, mutations were prioritized. Antigen prediction was performed using 806 

HLAthena14 and NetMHCpan version 4.0 (P106 - 113) and NetMHC pan 4.1 (P114 – 122) 15 807 

(eluted ligand rank). NetMHC prediction scores were ranked using HLAthena's ranking models. 808 

Antigens were then ranked favoring agreement between the two prediction scores.  809 

An Epitope Selection Board selected up to 20 short epitopes based on mutation quality, antigen 810 

rank, cancer driver status (favoring driver over passenger mutations), clonality (favoring clonal 811 

over subclonal mutations), and whether the somatic alteration was a frameshift indel capable 812 
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of producing a novel open reading frame. The driver genes list for this cohort was based on 813 

known cancer genes and significantly mutated genes in the Cancer Genome Atlas – Ovarian 814 

cohort (TCGA-OV)30 and PanCancer lists from the TumorPortal31 (http://www.tumorportal.org/).  815 

For the selected short epitopes, the ESB designed synthetic long peptides (SLPs; 15 – 33 amino 816 

acids in length) containing the short epitope, with a length and sequence intended to maximize 817 

synthesizability and solubility.  818 

GMP peptides were synthesized by standard solid phase synthetic peptide chemistry and 819 

purified by reverse-phase high-performance liquid chromatography (RP-HPLC; Almac Sciences 820 

(UK)). Each peptide was assessed for appearance (visual), purity (RP-HPLC), identity (mass 821 

spectrometry), and quantity. Peptide pools were sterile-filtered and tested for sterility and 822 

endotoxin prior to vaccination.  823 

 824 

NeoVax consisted of up to 20 neoantigen containing synthetic long peptides (SLPs) split into 825 

four personalized vaccine pools, each containing up to 5 SLPs (300μg per peptide) in 0.5ml, 826 

admixed with 0.25ml polyinosinic polycytidylic acid polylysine carboxymethylcellulose (poly 827 

ICLC; Hiltonol; 450μg). Vaccine priming doses were administered into the extremities on days 828 

1, 4 and 8 (+/- 1 day), and 15 and 22 (+/- 3 days); Booster vaccinations were given in weeks 12 829 

and 20 (days 78 and 134, +/- 7 days). Individual pools were injected into the same anatomical 830 

site throughout treatment. Starting at week 14 (day 92 +/- 3 days), Nivolumab was administered 831 

every 2 weeks at 240mg flat dose for up to 2 years, or until progression or intolerable toxicity. 832 

Amendments allowed the administration of standard of care maintenance therapies (e.g. 833 

PARPi, bevacizumab) and nivolumab 480mg every 4 weeks after the completion of all vaccine 834 

booster doses.  835 
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 836 

Clinical assessments and outcomes 837 

Clinical outcome and safety data were reported until the clinical data cutoff of December 1, 838 

2025. Adverse events, laboratory values, and vital signs were assessed regularly and graded 839 

according to the National Cancer Institute Common Terminology Criteria for Adverse Events, 840 

version 5.0. Imaging assessments were performed prior to starting vaccination and 841 

subsequently every 12 weeks according to Response Evaluation Criteria in Solid Tumors 842 

(RECIST), version 1.1. Biomarker groups were delineated as follows: Prolonged controllers 843 

were defined as those patients who exhibited (i) stable disease (RECIST) or no evidence of 844 

disease and (ii) CA125 < the ULN, throughout the entire course of vaccination. Transient 845 

controllers did not meet prolonged controller criteria due to RECIST progression or CA125 846 

levels > ULN; however, after an initial period of increasing CA125 and cfDNA, they exhibited a 847 

decrease or change in slope in at least one biomarker for >1 assessed time point, without 848 

alternative explanation. Progressors exhibited (i) RECIST progression prior to boosting and 849 

either (iia) increases in CA125 and/or cfDNA VAF at all assayed timepoints over the course of 850 

vaccination, or (iib) any decreases in CA125 or cfDNA VAF between assayed timepoints were 851 

only associated with alternative therapies (e.g. radiation or ablation).  852 

 853 

Organoid generation and culture  854 

Organoids were generated and cultured as previously described32. PDO lines tested negative 855 

for mycoplasma contamination at late passages. For phospho-STAT1 staining, PDO cells were 856 

digested to single cells with TrypLE, rested for one-hour in organoid media at 37˚C and then 857 

treated or not with IFN-γ (20ng/ml; Peprotech) for 1 hour. Cells were fixed with 2% 858 
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paraformaldehyde (10 min, room temperature). After washing, cells were permeabilized (90% 859 

ice cold methanol, on ice, 30 min). After washing, cells were stained with Alexa Fluor 647 anti-860 

phospho-STAT1 (BioLegend Cat. 666409) or isotype control (BioLegend Cat. 400130). For HLA 861 

flow cytometry, Matrigel encased PDOs were treated or not with IFN-γ (20ng/ml) for 24 hours. 862 

Single cells were isolated via TrypLE digestion and stained with Pacific Blue anti-human HLA-863 

A/B/C (Biolegend Cat. 311426) or matched isotype (Biolegend Cat.400235). To rescue JAK1 864 

expression, the JAK1 CDS was PCR-amplified from plasmid pDONR223-JAK1 (gift of W. Hahn 865 

& D. Root; Addgene plasmid # 23932) and inserted into a pLKO lentiviral-backbone with a P2A-866 

GFP cassette using the NEBuilder® HiFi DNA Assembly kit. Virus was produced as below (TCR 867 

screening) using Lenti-X 293T cells (Takara Bio Cat. 632180). Sucrose gradient concentrated 868 

lentivirus (Lenti-X concentrator; Takara Bio Cat. 631231) was used to transduce single cell 869 

suspensions of PDO cells (spinoculation at 2000RPM x 1h with 10ug/mL Polybrene (Millipore)), 870 

and transduced cells were subsequently enriched via fluorescence activated cell sorting. 871 

Plasmids are available upon request.  872 

 873 

Assessment of vaccine immunogenicity by IFNγ ELISpot 874 

PBMCs containing circulating T cells were assessed for immune reactivity to vaccine peptide 875 

pools immediately upon thawing and rest (ex vivo) and to individual vaccine peptides following 876 

in vitro stimulation with pools of peptides. All T cell culture and ELISpot methods (including plate 877 

development and analysis) were previously described33,34. Briefly, to assess ex vivo 878 

immunogenicity, PBMCs were screened against neoantigen vaccine peptide pools by ex vivo 879 

IFNγ ELISpot assays. Opaque ELISpot plates with 0.45 mm hydrophobic high protein binding 880 

immobilon-p membranes (Millipore) were wetted with 35% ethyl alcohol, washed 3x with 881 
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distilled water and coated with anti-IFNγ antibody at 4°C (1-DK1 Mabtech) for final washes with 882 

PBS. Cryopreserved PBMC were thawed in complete DMEM media supplemented with 10% 883 

human serum and rested overnight. The PBMCs were then plated at 2×105 cells per well and 884 

stimulated with 10µg of peptide pool. Controls included DMSO, peptide pools derived from HIV 885 

or CEF (CMV, EBV, and influenza) (Mabtech), and phytohemagglutinin (PHA, Gibco). PBMC 886 

were stimulated in triplicate for 18-24 hours at 37oC. Plates were developed using 887 

manufacturer’s protocols. 888 

In vitro IFNγ ELISpot assays were used to assess individual peptide immunogenicity29. Briefly, 889 

PBMCs were plated in 24 well plates at 5×106 to 1×107 cells per well and stimulated with 890 

10µg/mL of vaccine peptide pools in DMEM media supplemented with 10% human serum and 891 

20 ng/mL of IL-7 (PeproTech). On day 3, cultures were supplemented with 20 U/mL of IL-2 892 

(PeproTech). In vitro IFNγ ELISpot assays were performed 10-14 days post-stimulation, after 893 

an overnight rest in cytokine-free media. 2×105 cells were plated with 10µg of individual vaccine 894 

peptides, as well as negative controls, DMSO and 10µg of HIV, and positive controls, CEF 895 

peptides and PHA. For all ELISpot analyses, responses were considered positive if the mean 896 

spot count was > 6 (LOD: 3x the median DMSO), 3x matched DMSO control and significant by 897 

distribution free resampling (DFR(EQ) P < 0.05; https://rundfr.fredhutch.org/)17 without 898 

adjustments for multiple comparisons. 899 

 900 

scRNA-seq and scTCRseq data generation and analysis 901 

The samples processed for scRNAseq were obtained following tumor digestion and 902 

cryopreservation. Upon thawing, dead cells were depleted via the Miltenyi Dead Cell Removal 903 

Kit. Tumor cells were washed and resuspended in PBS with UltraPure 0.04% BSA for 904 
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downstream 10x analysis. Cells were loaded onto a 10× Genomics ChromiumTM instrument 905 

(10x Genomics) according to the manufacturer’s recommendations. The scRNAseq libraries 906 

were processed using Chromium Next GEM Single Cell 5' Kit v2, and the scTCRseq libraries 907 

were made using Chromium Single Cell Human TCR Amplification Kit (10x Genomics). cDNA 908 

and library quality was confirmed by Bioanalyzer High Sensitivity DNA Kit (Agilent). Sequencing 909 

libraries were normalized to 4nM concentration and pooled before sequencing on an Illumina 910 

NovaSeq S4 300 cycle platform: Read 1 of 26bp, Read 2 of 90bp, Index 1 of 10bp and Index 2 911 

of 10bp. 912 

 913 

Single-cell RNA-seq processing and analyses 914 

Following CellRanger (v 7.1.0) processing, scRNAseq data were read into R v4.2.1 and 915 

processed with Seurat v5.1.035 where they were filtered to remove mitochondrial genes and 916 

debris by eliminating cells with low RNA counts (min.cells = 3 & min.features = 200 and 917 

nCount_RNA > 1500 & nFeature_RNA > 750). Additional filtering of low-quality cells was 918 

completed with miQC v1.6.036 (posterior.cutoff 0.6). Data were subsequently normalized, 919 

variable features were identified, and data were scaled prior to running Principal Component 920 

Analysis (PCA). Visualization via Uniform Manifold Approximation and Projection (UMAP) 921 

revealed data stratification by batch, timepoint, and patient, which led to the use of Harmony 922 

v1.2.337 to integrate samples. Doublets were removed with scDblFinder v1.12.038. A shared 923 

nearest-neighbor graph was constructed that was used to cluster the Seurat object with the 924 

Louvain algorithm at low resolution to identify broad cell types. To label the clusters, the top 925 

differentially expressed genes were analyzed for each cluster via FindAllMarkers. Additionally, 926 

canonical cell lineage markers were assessed for their expression across clusters. Gene set 927 
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signatures from Oliveira et al. 202339 were scored with AddModuleScore. Separate tumor and 928 

T cell objects were subsetted from the main Seurat object. FindMarkers was used to identify 929 

differential gene expression for the tumor or T cell objects over time. The CD4 and CD8 T cell 930 

objects each underwent PCA and re-clustering. Cluster resolution was determined using 931 

Clustree v0.5.140. T cell subtypes were identified by analyzing the top differentially expressed 932 

genes for each cluster found from FindAllMarkers. Additionally, gene set signatures for 933 

cytotoxicity, exhaustion, memory, and proliferation from Oliveira et al. 202339 were scored with 934 

AddModuleScore. Comparisons to previous studies18,41 aided in the annotation of T cell 935 

subclusters. Gene set enrichment analysis (GSEA) on the tumor cells per patient was 936 

conducted using the Human MSigDB Hallmark Gene Sets42. A Wilcoxon rank sum test was 937 

executed using presto v1.0.0 to find differentially expressed genes across time points, which 938 

was then used with msigdbr v7.5.1 and fgsea v1.24.043 to identify enriched and depleted 939 

pathways. Plots in R were generated with ggplot2 v3.5.144, cowplot v1.1.3, pheatmap 1.0.12, 940 

and paletteer v1.6.0. Data analysis utilized tidyr v1.3.1, tidyverse v2.0.0, and dplyr v1.1.4.  941 

 942 

Single-cell TCRseq data were filtered for low-quality and low-confidence reads after CellRanger 943 

(v7.1.0) processing. TCRs were labeled as one of six categories based on the number of alpha 944 

and beta chains that paired together: (1) 1 alpha 1 beta, (2) 2 alpha 1 beta, (3) 1 alpha 2 beta, 945 

(4) 1 or 2 alpha and 0 beta, (5) 0 alpha and 1 or 2 beta, and (6) more than 2 alpha and/or beta 946 

chains. TCRs labeled as category 6 were removed from further analysis. Single-cell TCRseq 947 

data were merged with the scRNAseq Seurat object based on exact sample barcode matching.  948 

 949 

Bulk RNAseq analysis  950 
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Gene expression was quantified using RSEM. Genes of interest expressed (>=1 TPM) in at 951 

least one patient tumor sample, were plotted. 952 

TCR reconstruction and expression in T cells for vaccine and PDO specificity screening.  953 

TCRs were cloned, expressed in human T cells and screened for specificity of neoantigen 954 

peptides using our protocols45. Briefly, the full-length TCRA and TCRB chains with murinized 955 

constant domains were synthesized in the TCRB/TCRA orientation, separated by Furin SGSG 956 

P2A linker (Integrated DNA Technologies). Gene fragments were cloned into a lentiviral vector 957 

under the control of the pEF1 promoter using Gibson assembly (New England Biolabs Inc).  958 

Healthy donor T cells enriched from PBMCs using PanT cell selection kit (Miltenyi) were 959 

activated with antiCD3/CD28 dynabeads (ThermoFisher Scientifics) in the presence of 5ng/mL 960 

of IL-7 and IL-15 (Peprotech) in 96 well plates. On days 2-4, activated cells were transduced 961 

with a lentiviral vectors encoding TCRB-TCRA chains. Lentiviral particles were generated by 962 

Transit LT-1 (Mirus) transient transfection of Lenti-X 293T cells (Takara) in 96 well plates, using 963 

TCR encoding plasmids and packaging plasmids (VSVg and PSPAX245). Lentiviral supernatant 964 

was harvested on days 1, 2 and 3, supplemented with Polybrene (10mg/mL; Millipore) and 965 

immediately used to transduce activated T cells, including one spinoculation of the virus at 966 

2,000 rpm and 37°C for 2 hours on the second transduction day. Six days after activations, 967 

dynabeads were removed and T cells were expanded in G-REX 24 well plates in media 968 

enriched with IL-7 and IL-15.  969 

TCR-transduced T cells were used at 14-21 days post-transduction for TCR reactivity tests. 970 

Briefly up to 28 TCR-transduced T cell lines were separately stained with up to 4 concentrations 971 
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of CellTrace Far Red (FR), CellTrace Violet, and/or CFSE (Life Technology), and pooled. 972 

2.5x105 pooled T cell effectors were incubated with either ~ 5 x104 PDO cells liberated from 973 

Matrigel via TRYPLE digestion or 2.5x105 patient-derived, EBV immortalized B cells (EBV 974 

lymphoblastoid cell lines, EBV-LCL). EBV-LCLs were pulsed with 108 pg/mL of vaccine peptide 975 

pools, or the indicated concentrations of individual neoantigen and wildtype peptides (Almac, 976 

Genscript). After an overnight incubation, TCR reactivity was measured via detection of CD137 977 

surface expression on CD8+, TCR transduced (murine TCRB+) T cells using a Fortessa flow 978 

cytometer equipped with a high-throughput system acquisition (BD Biosciences). Data were 979 

analyzed on Flowjo (v10.8). Criteria for determining TCR reactivity were (must meet all three): 980 

Target average % CD137+ > 2 standard deviations higher than (1) Average of untransduced T 981 

cells across all targets; (2) Matched background (average of the TCR without target); (3) 982 

Average of an irrelevant control TCR across all targets. Borderline reactivity was defined as 983 

meeting the above criteria, but with average CD137 < 10% or < 3 fold the irrelevant TCR 984 

average across targets 985 

Whole Genome Sequencing (WGS) of tumor and normal samples for cfDNA and SV 986 

analysis. 987 

DNA was obtained as above. WGS of tumor DNA (median depth 84x; range: 61x–103x), 988 

and normal DNA (median depth 41x; range: 30x–53x) was performed using NovaSeq S4. For 989 

cfDNA analysis, patient-specific MRD Tracker panels were designed as previously described 990 

from tumor and normal WGS16,46. Neoantigen variants identified in the CGA pipeline were 991 

expressly included in the MRD Tracker panels.  992 
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Structural variants (SVs) were identified using the Manta structural variant caller47 (v1.6.0). 993 

Aligned tumor WGS BAM format data was used as input, with the GRCh37/hg19 reference 994 

genome. Manta was executed with default parameters, and candidate SVs were filtered to 995 

retain high-confidence calls passing internal quality filters (i.e., FILTER == PASS in the VCF). 996 

Integrative Genomics Viewer (IGV) was used to examine supporting split reads and discordant 997 

read pairs at candidate both breakpoints. PCR primers were designed to amplify chr1 break 998 

points and adjacent DNA and sanger sequencing was used to confirm the chr1 structural 999 

variant. Primers are provided in the Supplementary Iinformation.  1000 

Plasma sample processing for cfDNA 1001 

cfDNA was extracted from median 4.5 ml (range 0.6 – 78.5 ml) plasma using the QIAsymphony 1002 

Circulating DNA kit and quantified using the Quant-iT PicoGreen assay on a Hamilton STAR-1003 

line liquid handling system. cfDNA libraries were constructed using the Kapa Hyper Prep kit 1004 

with custom dual index duplex UMI adapters (IDT)16. Libraries were quantified via the Quant-iT 1005 

PicoGreen assay on a Hamilton STAR-line liquid handling system. MRD Tracker assay was 1006 

performed16. Briefly, patient specific probe panels (IDT) and the xGen hybridization and wash 1007 

kit with xGen Universal blockers (IDT) were used for hybrid capture (HC). For each HC reaction, 1008 

libraries were pooled up to 8-plex with a library mass equivalent to 25 times DNA mass into 1009 

library construction for each sample, and 4 pmol of probe panel (IDT) was applied. Following 1010 

round one of HC, libraries were PCR amplified (16 cycles) and then carried through a second 1011 

HC using half amounts of human Cot-1 DNA, xGen Universal blockers and probes. Libraries 1012 

were again PCR amplified (8-10 cycles) before sequencing to a target raw depth of 10,000 x 1013 

per site, per 20 ng input DNA mass. 1014 
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MRD data analysis 1015 

FASTQs were first aligned, deduplicated, and recalibrated by following the GATK Best 1016 

Practices “Data pre-processing for variant discovery” workflow. Next, UMIs were extracted 1017 

using fgbio, raw sequencing reads were converted into duplex consensus molecules. Then 1018 

tumor fractions and tumor VAFs were estimated16. 1019 

Visualization of HLA haplotype loss 1020 

cDNA sequences from patient HLA alleles were retrieved from IDP-IMGT/HLA database 1021 

(https://www.ebi.ac.uk/ipd/imgt/hla/; v3.61) and aligned locally to identify allele specific SNPs. 1022 

cDNA coordinates were converted to hg19 coordinates and samtools mpileup was used to 1023 

collect base calls from WES BAM files. SNP VAFs were graphed in prism. 1024 

 1025 

Data Availability  1026 

Bulk WES, RNA-seq, WGS and TCR-seq, and single-cell RNA and single-cell TCR-seq data is 1027 

deposited and available on dbGaP under the accession phs004380.v1. 1028 

 1029 

Code Availability 1030 

All code used in the processing and analysis of bulk TCRseq data is available on GitHub at 1031 

https://github.com/jeremymsimon/. Other code using established tools will be made available 1032 

within 30 days upon request to the corresponding authors  1033 

  1034 

https://github.com/jeremymsimon/
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