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Mesothelioma is a rare and fatal cancer with limited therapeutic options until the recent approval of combination immune
checkpoint blockade. Here we report the results of the phase 2 PrE0O505 trial (NCT02899195) of the anti-PD-L1 antibody dur-
valumab plus platinum-pemetrexed chemotherapy for 55 patients with previously untreated, unresectable pleural mesothe-
lioma. The primary endpoint was overall survival compared to historical control with cisplatin and pemetrexed chemotherapy;
secondary and exploratory endpoints included safety, progression-free survival and biomarkers of response. The combination
of durvalumab with chemotherapy met the pre-specified primary endpoint, reaching a median survival of 20.4 months versus
12.1 months with historical control. Treatment-emergent adverse events were consistent with known side effects of chemo-
therapy, and all adverse events due to immunotherapy were grade 2 or lower. Integrated genomic and immune cell repertoire
analyses revealed that a higher immunogenic mutation burden coupled with a more diverse T cell repertoire was linked to favor-
able clinical outcome. Structural genome-wide analyses showed a higher degree of genomic instability in responding tumors of
epithelioid histology. Patients with germline alterations in cancer predisposing genes, especially those involved in DNA repair,
were more likely to achieve long-term survival. Our findings indicate that concurrent durvalumab with platinum-based chemo-
therapy has promising clinical activity and that responses are driven by the complex genomic background of malignant pleural
mesothelioma.

30,000 people worldwide each year and is fatal in nearly

all cases'. Exposure to asbestos and consequent chronic
inflammation in the pleural cavity is responsible for most cases,
with a typical disease latency of 30-40 years, especially in the con-
text of co-occurring defects in DNA damage repair and germline
cancer predisposition syndromes®*. For over 15 years, cisplatin
and pemetrexed combination chemotherapy was the only approved
systemic therapy; this approval was based on a phase 3 study that
showed an improvement in survival from 9.3 months with cispla-
tin alone to 12.1 months with the combination’. With the excep-
tion of bevacizumab (which has not received regulatory approval
in the United States), adding novel agents to platinum doublet che-
motherapy has not improved survival®”. Recently, several phase 2

l\/\ alignant pleural mesothelioma (MPM) affects more than

studies reported on the efficacy of single-agent PD-1 inhibitors in
chemotherapy-pretreated MPM'-". Following the non-small-cell
lung cancer paradigm, where the combination of first-line che-
motherapy with PD-1 pathway blockade has become a standard
approach for advanced disease', chemo-immunotherapy is cur-
rently being explored in MPM. In the first-line setting, the phase
2 DREAM study of durvalumab with chemotherapy achieved its
primary endpoint of progression-free survival (PFS) at 6 months
and showed the regimen to be tolerable and active in this set-
ting'”. Furthermore, the combination of the anti-CTLA-4 anti-
body ipilimumab with the anti-PD-1 antibody nivolumab was
shown to improve survival for previously untreated patients when
compared to chemotherapy, with robust efficacy being limited to
non-epithelioid histology'.
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Although several studies have expanded understanding of the
genomic landscape of MPM and identified putative actionable alter-
ations, these have not been translated to therapeutic progress'’-".
More than 50% of MPMs carry germline or somatic mutations in
genes involved in DNA repair and homologous recombination®*.
BAPI, a nuclear ubiquitin carboxyterminal hydrolase, has been
reported to be frequently mutated in the germline and tumor cells of
patients with MPM'”'%, Heterozygous germline BAPI alterations
predispose to mesothelioma, especially in the context of asbestos
exposure”, and, similarly, germline BLM mutations might increase
susceptibility to asbestos carcinogenesis and emergence of mesothe-
lioma*. Inactivation of tumor suppressor genes, such as BAP1, NF2,
CDKN2A, TP53 and SETD2, by sequence or structural alterations,
is thought to be the predominant oncogenic mechanism for MPM"".
Notably, MPM harbors a low tumor mutation burden (TMB) of
fewer than two non-synonymous mutations per megabase'”'* and
has, therefore, been considered a tumor with low neoantigen-driven
immunogenicity. Nevertheless, the promising clinical efficacy of
immune checkpoint blockade for MPM calls for in-depth genomic
and functional analyses to investigate the mechanisms of thera-
peutic response and resistance. In this study, we investigated the
combination of durvalumab with platinum-based chemotherapy in
a phase 2 clinical trial, to establish safety and efficacy and explore
genomic and immunologic features of response in patients with
unresectable MPM.

Results
Study design. PrE0505, a phase 2, single-arm, multicenter study,
enrolled patients with previously untreated, unresectable MPM
(NCT02899195; Extended Data Fig. 1). Patients received dur-
valumab (at a fixed dose of 1,120 mg intraveneously) given once
every 3 weeks in combination with pemetrexed and cisplatin at their
standard doses for up to six cycles. Substitution of carboplatin for
cisplatin was permitted on cycle 1 for patients with a glomerular
filtration rate (GFR) of >45ml min~' but <60 ml min", for patients
with another documented contraindication to cisplatin (for exam-
ple, hearing loss) or because of cisplatin toxicity during treatment.
Patients with stable or responding tumors after concurrent therapy
continued on maintenance durvalumab for a maximum dura-
tion of 1 year from the first study treatment. A protocol-defined
safety review was performed after enrollment of the first six and
15 patients. Pre-specified dose-limiting toxicities during the safety
run-in period included any immune-mediated adverse event of
grade 4 or higher or any non-resolving, immune-mediated adverse
event of grade 3 or higher during the first two cycles of therapy.
The primary endpoint of the study was overall survival (OS),
defined as time from study registration to death from any cause.
Patients last known to be alive were censored at their date of last
follow-up. We assumed a null hypothesis that the median OS with
chemo-immunotherapy would be equal to the OS of 12 months with
pemetrexed/cisplatin alone (historical control). The total planned
enrollment of 55 patients (50 eligible) with 32 events allowed for
90% power to detect a 37% reduction in the OS hazard rate of
0.058-0.037 based on Wald test for the log failure rate parameter
using a one-sided type I error rate of 10%. This would correspond

Table 1| Demographic characteristics of study participants

Characteristic Number (total n=55) Range or (%)
Age (years) 68 (median) 35-83
Sex

Female 10 (18.2)

Male 45 (81.8)
Ethnicity

Caucasian 47 (85.5)

African American 2 (3.6)

Other 6 (10.9)
ECOG performance status

0 23 (41.8)

1 32 (58.2)
Histologic subtype

Epithelioid 41 (74.5)

Sarcomatoid 7 12.7)

Biphasic 6 (10.9)

Desmoplastic 1 (1.8)

to a 58% improvement in the median OS from 12 to 19 months”.
Secondary endpoints included PFS, best objective response and tox-
icity (Methods). PFS was defined as the time from study registra-
tion to documented disease progression or death from any cause,
whichever occurred first. Patients who did not experience an event
of interest were censored at the date they were last known to be alive
and progression-free. Exploratory endpoints included investigat-
ing the genomic and immunologic underpinnings of response to
chemo-immunotherapy; to this end, we performed whole exome
sequencing (WES), coupled with genome-wide focal and large-scale
copy number aberration analysis and sequence deconvolution
(Methods). In parallel, we evaluated the intra-tumoral T cell reper-
toire and functional neoantigen-specific T cell responses (Methods
and Extended Data Figs. 1 and 2).

Participants. Between 12 June 2017 and 21 June 2018, PrE0505
enrolled 55 patients at 15 academic and community cancer cen-
ters in the United States. Eligible patients were 18 years of age or
older and had histologically unselected MPM that was deemed
to be surgically unresectable, an Eastern Cooperative Oncology
Group (ECOG) performance status score of 0 or 1, adequate organ
function including GFR of >45ml min~' and measurable disease
by Response Evaluation Criteria in Solid Tumors (RECIST) 1.1
modified for pleural mesothelioma®**. Key exclusion criteria were
immunodeficiency, ongoing systemic immunosuppressive therapy,
active autoimmune or infectious disease and clinically significant
concurrent cancer. Demographics and disease characteristics are
summarized in Table 1; median age was 68 years (range, 35-83
years), most patients were male (82%) and 75% of tumors were of

>
>

Fig. 1| Outcomes with chemo-immunotherapy in unresectable MPM. a, Kaplan-Meier curve of OS in patients treated with durvalumab and platinum

plus pemetrexed (n=55). One-sided P value based on the Wald test for the log failure rate parameter is P=0.0014, indicating significantly longer OS

than the historical control of 12 months. b, Kaplan-Meier curve of PFS in patients treated with durvalumab and platinum plus pemetrexed (n=55). ¢,
Waterfall plot of best change in target lesions to treatment by histological subtype, based on maximal percentage of tumor reduction from baseline (n=53
patients). Two patients without follow-up measurements in targeted lesions (one with best response unevaluable, the other with best response PD) were
excluded. d, Spider plot of change in target lesions over time (n =53 patients); notably, four patients had continued response or SD at the time of analysis.
Two patients without follow-up measurements in targeted lesions (one with best response unevaluable, the other with best response PD) were excluded.
e, Kaplan-Meier curves of OS according to histology; two-sided P value with significance level set at 0.05. f, Kaplan-Meier curves of PFS according to

histology; two-sided P value with significance level set at 0.05. Epi, epithelioid.
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epithelioid histology. Patients who had continued clinical benefit by ~ Efficacy analyses. All patients were included in the eligible popula-
tion for efficacy analyses. The median follow-up was 24.2 months at

investigator assessment (1 =20) were allowed to continue on treat-

ment past radiographic progression.
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the time of this analysis, with 33 death events. The median OS for
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all patients enrolled was 20.4 months (95% confidence interval (CI):
13.0-28.5, 80% CI: 15.1-27.9) and was significantly longer than the
historical control of 12 months (one-sided P=0.0014; Fig. 1a), with
an observed hazard rate of 0.034. The estimated percentages of
patients alive at 6, 12 and 24 months were 87.2%, 70.4% and 44.2%,
respectively. Median PFS was 6.7 months (95% CI: 6.1-8.4, 80% CI:
6.3-8.2; Fig. 1b). The estimated percentages of patients alive and
progression-free at 6, 12 and 24 months were 67.3%, 18.2% and 6.1%,
respectively. The objective response rate (ORR) was 56.4% (95% CI:
42.3-69.7% and 80% CI: 46.8-65.5%). No patients had a complete
response (CR); 31 patients showed partial response (PR); and 20
patients had stable disease (SD). One patient was unevaluable for
response owing to missing follow-up disease assessments, and three
patients had progressive disease (PD) as best response (Fig. 1c,d).
In a non-predefined subgroup analysis, a significant difference in
ORR, PFS and OS was noted by histology. Patients with epitheli-
oid tumors had a higher ORR than patients with non-epithelioid
tumors (65.9% versus 28.6%, P=0.03). Similarly, patients with epi-
thelioid MPM had significantly longer median OS (24.3 months
versus 9.2 months, hazard ratio (HR) = 0.27, 95% CI: 0.13-0.57,
P<0.001; Fig. 1e) and PFS (8.2 months versus 4.9 months, HR =
0.30, 95% CI: 0.16-0.58, P <0.001; Fig. 1f) compared to patients in
the non-epithelioid MPM group.

Safety. The study enrolled the full planned cohort of 55 patients
after initial safety analysis. The most commonly reported
treatment-emergent adverse events (TEAEs) were mostly of low
grade and included fatigue (67%), nausea (56%) and anemia (56%)
(Extended Data Fig. 3). Grade 3 or higher TEAEs occurred in
65.5% of patients and included anemia (20%), hyponatremia (9%),
fatigue (7%), leucopenia (5%), thrombocytopenia (5%) and hyper-
tension (5%); all other grade 3 or higher TEAEs occurred in fewer
than 5% of patients. No grade 5 TEAEs were observed. There were
also no unexpected adverse events of special interest (defined as
adverse events with a potential immune-mediated mechanism),
and those that did occur were grade 2 or lower (Extended Data
Fig. 3). In terms of treatment received, 29 (53%) patients received
cisplatin-based chemotherapy from the start of treatment, whereas
the rest began with carboplatin, and an additional seven patients
in the cisplatin group switched to carboplatin during concurrent
treatment. No statistically significant differences in PFS or OS were
observed based on which platinum agent was received (Extended
Data Fig. 3). All patients who enrolled in the study received at least
one cycle of durvalumab with chemotherapy, and 87.3% (48/55)
completed six cycles of concurrent treatment. Ten (18.2%) patients
with epithelioid MPM completed the 1-year study treatment, and
five (9.1%) patients discontinued the study treatment owing to tox-
icity. The median dose intensity (of cycles received) was 100% for
cisplatin (range, 75-100), 100% for pemetrexed (range, 75-102) and
100% for durvalumab. Two (7%) of 29 patients who received cis-
platin received a dose reduction of cisplatin owing to toxicity, and
four (12%) of 33 who received carboplatin received a dose reduc-
tion of carboplatin owing to toxicity. One (2%) patient received
a dose reduction of pemetrexed owing to toxicity, whereas no
patients received a dose reduction of durvalumab owing to toxicity
(Extended Data Fig. 1).

Genomic and immunologic exploratory analyses. As previously
shown'/, MPMs in this cohort harbored a low TMB, with some
tumors harboring a higher than expected TMB in the setting of
mutations in DNA damage repair genes (Fig. 2, Extended Data Fig.
4 and Supplementary Tables 1-3). Despite the notion that TMB
might not predict response to immunotherapy for MPM, given the
low mutation burden, we found that tumors from patients with a
radiographic response to chemo-immunotherapy had a higher
non-synonymous missense mutation burden and a more clonal
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mutation repertoire than non-responding tumors (P=0.086 and
P=0.072, respectively; Extended Data Fig. 5 and Supplementary
Table 4), especially in the epithelioid group (P=0.051 and
P=0.025, respectively; Extended Data Fig. 5 and Supplementary
Table 4). Consistent with these findings, an APOBEC mutational
signature, reflective of subclonal mutagenesis, was found to be
enriched in non-responding epithelioid tumors (P=0.031; Fig.2
and Supplementary Table 4). To place these findings in context
with respect to the potential role of TMB in predicting response
to standard-of-care treatment versus chemo-immunotherapy,
we analyzed tumor WES data from an independent cohort of 82
MPM tumors from The Cancer Genome Atlas (TCGA), which
pre-dated the era of immune checkpoint blockade. In the TCGA
MPM cohort, TMB-low tumors (TMB less than or equal to the sec-
ond tertile in the cohort; Methods) showed a non-significant trend
toward a longer PFS, suggesting that the relationship between high
TMB and clinical response seen in the PrE0505 cohort might be
driven by durvalumab (Methods and Extended Data Fig. 6). In the
PrE0505 cohort, a trend toward an enrichment in mutations in
chromatin-regulating genes was observed for patients achieving an
OS of 12 or more months (P=0.063).

We then evaluated non-synonymous sequence alterations asso-
ciated with putatively immunogenic neoantigens (immunogenic
mutations (IMMs); Methods and Supplementary Table 3) and found
an enrichment of high major histocompatibility complex (MHC)
class I IMM burden (P=0.064) as well as a higher MHC class II
IMM burden (P=0.023) in responsive tumors (Extended Data
Fig. 5 and Supplementary Table 4), especially for epithelioid MPM
(P=0.035 and P=10.038, respectively). Interestingly, consistent with
the HLA class I allele divergence hypothesis that points toward a
more efficient tumor immune surveillance in the presence of HLA
class I functional diversity””, maximal germline physiochemical
sequence divergence at the HLA-B locus was associated with radio-
graphic response, especially for epithelioid MPM (P=0.06 and
P=0.003, respectively; Extended Data Fig. 7 and Supplementary
Table 5). We subsequently tested autologous T cells for reactivity
against IMM-derived neopeptides for two patients who achieved
long-term clinical response (Methods). T cell receptor (TCR) clono-
typic expansions for neoantigens derived from the SRPK2 p.C234Y
and NDUFS2 p.V412L mutations were prominent for patient 459
with sarcomatoid MPM and an OS of 33 months (Extended Data
Fig. 8). Similarly, neoantigen-specific TCR expansions were noted
for the IMMs SCRNI p.V334A, PSD2 p.C307Y, ZNF469 p.P3471S
and CD72 p.T71A for patient 295 with epithelioid MPM and an OS
of 21.85 months (patient remained event-free at the time of data
lock; Extended Data Fig. 8).

Mesothelioma may arise in the context of germline muta-
tions in cancer susceptibility genes, including BAPI, MLHI,
MLH3, BRCAI1, BRCA2 and BLM**; however, the potential
effect of germline MPM-predisposing mutations on response to
chemo-immunotherapy has not been previously evaluated. Patients
with pathogenic germline loss-of-function mutations in MPM sus-
ceptibility genes (Methods), predominantly those involved in DNA
damage repair, had a significantly prolonged survival (log-rank
P=0.05 and P=0.032 for all patients and epithelioid MPM, respec-
tively; Fig. 3a—d). Interestingly, patients with sporadic BAPI mutant
MPM harboring heterozygous somatic inactivating mutations did
not have a better radiographic response or longer OS, potentially
suggesting that immune surveillance mechanisms differ in the con-
text of germline BAP1 deficiency**”. As previously described**,
patients with inactivating BAPI germline mutations were younger
(P=0.009)**, and tumors with BAPI biallellic inactivation were
found to have an enriched DNA mismatch repair deficiency-related
mutational signature (P=0.003). Tumors harboring somatic BAPI
inactivating mutations were noted to have a higher clonal TMB
as well as a lower fraction of genome with loss of heterozygosity
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Fig. 2 | Genomic landscape of chemo-immunotherapy-treated mesotheliomas. MPMs of patients with a radiographic response harbored a higher number
of non-synonymous missense sequence mutations (n=40 MPM tumors; on average, 23 versus 18 mutations per exome for responding and non-responding
tumors, respectively; Mann-Whitney P=0.086). Epithelioid MPMs responding to therapy harbored a higher number of clonal missense mutations (n=29
tumors; Mann-Whitney P=0.051 and P = 0.025 for missense mutation load and clonal mutations, respectively); the numbers of subclonal mutations

are shown as yellow inserts. Recurring inactivating alterations in BAP1, CDKN2A, NF2, TP53, SETD2 and PBRM1 did not differentially cluster with regard to
therapeutic responses. Similarly, somatic BAPT sequence alterations and CDKN2A homozygous deletions were detected in 32.5% (13 of 40) and 30% (12
of 40) of MPMs, without a notable enrichment with respect to therapeutic response. Specific genotypes were associated with exceptional therapeutic
outcome (PFS >12 months and/or OS >24 months): patient 178 harbored tumor biallellic inactivation of NF2 and the histone methyltransferase SETD2;
patient 926 harbored tumor biallellic inactivation of BAPT; and patient 361 harbored tumor homozygous deletions in BAPT and in the SWI/SNF nucleosome
remodeling gene PBRM1. An enrichment in mutations in chromatin-regulating genes was observed for patients achieving an OS of 12 or more months
(Fisher's exact P=0.063). We identified a higher contribution of an HRD mutation signature in responsive tumors (n=40 patients; average HRD
contribution of 9.1% versus 1.6% in responding and non-responding tumors, respectively; Mann-Whitney P=0.043). Conversely, an APOBEC mutation
signature was found to be more enriched in non-responding MPM and epithelioid MPM tumors (Mann-Whitney P=0.058 and P=0.031, respectively).
Mutations were characterized by consequence (missense, frameshift, nonsense and splice site) and recurrence (hotspots, depicted as solid circles), and
loss of the wild-type allele was considered in case of truncating mutations (biallellic inactivation, marked with an ‘x’). Tumor samples from patients 329,
351, 629 and 923 were excluded from analyses of somatic alterations owing to tumor tissue quality and are not shown here; these patients were included in
the germline analyses, with patient 629 harboring a deleterious mutation in BAP1. BOR, best overall response; Epi, epithelioid; Sarc, sarcomatoid.
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Fig. 3 | Effect of germline mutations in cancer susceptibility genes on outcome from combined immuno-chemotherapy. a, b, Patients harboring known
deleterious germline mutations in mesothelioma-predisposing genes (Methods) had a longer OS (log-rank P=0.05), especially in the epithelioid MPM
group (log-rank P=0.032). ¢, d, A focused analysis including deleterious germline mutations in BAP1, BRCA2, MSH6 and BLM—all genes involved in DNA
damage repair—showed the same trends toward a longer OS for patients harboring germline mutations in DDR genes (log-rank P=0.12 for all patients and
log-rank P=0.082 for patients with epithelioid tumors). All P values are two sided. DDR; DNA damage repair.

(LOH) (P=0.033 and P=0.018, respectively); notably a trend
toward a lower degree of LOH was also observed for BAPI mutant
mesotheliomas in the TCGA cohort. Interestingly, these findings
were not corroborated in cases harboring germline inactivating
BAPI mutations, highlighting the differences between germline and
somatic genetic backgrounds. Furthermore, we found that epitheli-
oid MPMs harboring somatic BAPI inactivating mutations had a
higher intratumoral CD8* T cell infiltration (Extended Data Fig. 9).
Analyses of transcriptomic sequence data for six patients with avail-
able tissue (four BAPI wild-type and two BAPI mutant) revealed
a higher expression level for granzyme B in BAPI mutant tumors,
suggesting an active cytotoxic immune response in the microenvi-
ronment of BAPI mutant tumors (Extended Data Fig. 9).

Genomic instability and, particularly, large-scale copy number
losses are hallmarks of MPM'**, and our large-scale copy num-
ber analyses revealed recurrent chromosomal arm losses or LOH
of 4p, 4q, 6q, 9p, 10q, 13q, 14q, 18q and 22q as well as LOH/dele-
tion of 3p21.1, where BAP] lies (Fig. 4a, Supplementary Tables 6
and 7 and Extended Data Fig. 10). Regions of recurrent copy loss
contained the LATSI (6q), CDKN2A (9p), LATS2 (13q) and NF2
(22q) loci. We found an enrichment for LOH of chromosomal
arm 1p and hemizygous loss of chromosomal arm 6q in tumors
that did not achieve a radiographic response (two of 24 in the
responder versus six of 16 in the non-responder group, P=0.04;
Fig. 4a). Interestingly, loss of chromosomal arm 6q, which contains
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the mesothelioma driver genes LATSI, REV3L and SHPRH, was
more prominent in epithelioid tumors without treatment response
(two of 21 in the responder group versus four of eight in the
non-responder group, P=0.033). As DNA breaks occur frequently
in mesothelioma'”"’, we quantified chromosomal instability by esti-
mating the number of copy number breakpoints across the genome
(Methods) and found a higher content of genome-wide breakpoints
in epithelioid MPM of patients with an OS of 12 or more months
(P=0.053; Fig. 4b and Supplementary Table 4). Analysis of break-
points of the TCGA mesothelioma cohort failed to identify such an
association with OS (univariate Cox proportional hazards regres-
sion analysis, HR=1.36, P=0.23). Furthermore, we computed a
composite homologous recombination deficiency (HRD) score,
incorporating telomeric allelic imbalance, LOH and large-scale
state transitions and found that a higher HRD score defined epi-
thelioid tumors from patients with long-term survival (P=0.014;
Fig. 4c and Supplementary Table 4); by contrast, no association was
observed between a higher HRD score and outcome in the TCGA
mesothelioma cohort (either as a continuous variable (HR=1.02,
P=0.14) or a binarized variable (HR=1.58, P=0.18), using uni-
variate Cox proportional hazards regression analysis). Consistent
with these findings, a mutational signature of DNA double-strand
break repair deficiency was more enriched in tumors of patients
with a radiographic CR or PR (P=0.043; Fig. 2 and Supplementary
Table 4). Three cases showed genomic near haploidization, which
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is a phenomenon where cells lose one copy of nearly all chromo-  (Fig. 4a and Extended Data Fig. 10). It is plausible that mutations
somes followed by duplication of the remaining chromosomes, and,  and associated neoantigens contained in regions of the genome with
interestingly, all of these patients had an OS of 12 or more months  asingle copy per cancer cell cannot be eliminated under the selective
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pressure of therapy and, therefore, mediate sustained neoantigen-
driven immune responses and long-term clinical benefit. Consistent
with this notion, we discovered a higher number of sequence altera-
tions contained in single-copy regions of the genome in tumors
from responders compared to non-responders (P=0.027; Fig. 4d);
notably, the overwhelming majority of these were clonal (71 of 93,
76%; Supplementary Table 8). To further support these findings, we
investigated the background rate of loss in regions of the genome
with a single copy per cell (haploid regions) versus two copies per
cell (euploid regions) and analyzed somatic copy number profiles of
1,086 mesothelioma and non-small-cell lung cancer tumors from
TCGA (Methods). These analyses revealed that the rate of loss in
haploid regions was consistently lower than that of euploid regions
(Extended Data Fig. 9), supporting the notion that mutations con-
tained in these regions are difficult to eliminate and might drive a
sustained anti-tumor immune response.

As reported previously”’, we did not observe any association
between radiographic responses, PFS or OS and PD-L1 expression
on tumor cells. In looking at the tumor microenvironment of MPM,
the composition of the pre-existing intra-tumoral TCR repertoire
tied into the genomic footprint of MPM has not been previously
investigated in the context of chemo-immunotherapy. Baseline
tumors of patients with an OS of 12 or more months harbored a
more diverse TCR repertoire in contrast to tumors of patients with
shorter OS, which showed a higher TCR repertoire clonality and
a higher proportion of high-frequency TCR clones (P=0.018 and
P=0.006, respectively; Fig. 5a—c and Supplementary Tables 4 and
9). We investigated the reshaping of the intra-tumoral T cell reper-
toire for three patients (295, 459 and 926) who had long-term thera-
peutic responses but eventually developed acquired resistance, by
serially sampling tumors before therapy and at the time of acquired
resistance. Interestingly, at the time of acquired resistance, signifi-
cant reshaping signified by TCR clonotypic expansions and regres-
sions was noted, such that the tumor-infiltrating lymphocyte (TIL)
repertoire from all three cases was significantly more clonal (Fig.
5d). These findings potentially suggest that an effective anti-tumor
immune response is mediated by a polyclonal T cell repertoire, and
dependency on fewer TCR effector cells might not be sufficient to
mount an effective anti-tumor immune response.

Discussion

The PrE0505 trial delivered promising rates of response, PFS and OS
for patients who received durvalumab with standard chemotherapy as
first-line therapy for unresectable MPM. Treatment was well tolerated,
and there were low rates of immune-mediated toxicity. The median
OS of 20.4 months in the PrE0505 trial is encouraging in the context
of several recent phase 2 and 3 clinical trials that enrolled a similarly
representative population of treatment-naive patients’>'°. Allied
to recent results from the DREAM study, these data launched the
ongoing phase 3 PrE0506/DREAM3R trial (NCT04334759), which
compares durvalumab with chemotherapy to chemotherapy alone'.
Notably, the survival for patients with epithelioid MPM in the PrE0505
trial exceeded 2 years, and several patients with epithelioid MPM con-
tinue to be free from tumor progression at the time of this publication.
This potential benefit from chemo-immunotherapy for epithelioid
MPM is in contrast to the recent CheckMate 743 trial that reported
a striking survival advantage favoring ipilimumab-nivolumab over
chemotherapy for patients with non-epithelioid histology (18.1
versus 8.8 months); however, no significant survival difference was
observed between the two treatment arms for patients with epithe-
lioid MPM (18.7 versus 16.5 months)'®. Given the known chemo-
sensitivity of epithelioid MPM and the relative chemo-resistance of
non-epithelioid MPM, it is possible that chemo-immunotherapy con-
fers a synergistic advantage, particularly for patients with epithelioid
MPM. As both DREAM and PrE0505 trials mandated that patients
conclude durvalumab treatment after one full year of treatment, it is
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conceivable that some patients would derive additional benefit from
maintenance therapy until disease progression, although data on this
point are conflicting across tumor types®. The investigational arm
of the ongoing phase 3 PrE0506/DREAM3R trial includes treatment
with maintenance durvalumab until confirmed disease progression,
thus addressing this potential concern.

Theclinicalefficacyofchemo-immunotherapyshowninthe PrE0505
trial challenged the common paradigm of immunotherapy-responsive
tumors, as MPM harbors a low non-synonymous TMB that concep-
tually might limit the number of presented immunogenic neoanti-
gens. Although tumors with TMB in the lower end of the spectrum
are historically thought to have TMB-independent mechanisms of
response to immunotherapy”, we discovered that a higher immu-
nogenic mutation load distinguished responding tumors, particu-
larly in the epithelioid MPM group. Notably, these findings were not
corroborated in MPM treated with standard-of-care therapies, sug-
gesting an association with durvalumab. Clonal TMB represents a
dominant tumor-intrinsic determinant of clinical response to immu-
notherapy®', which is consistent with our findings of clonal TMB pre-
dicting radiographic response in epithelioid MPM. Similarly, a high
subclonal mutation burden, in part mediated by abnormal activity of
the APOBEC enzymes, might enable tumor immune escape*>*’. We
indeed discovered an inverse association between an APOBEC muta-
tional signature and response to chemo-immunotherapy in epitheli-
oid MPM in the PrE0505 cohort. To substantiate these findings, we
pulsed autologous T cells with peptides derived from immunogenic
mutations and identified neoantigen-specific TCR expansions in vitro,
suggesting that robust neoantigen-specific responses were linked with
favorable clinical outcome.

Consistent with the notion that MPM is driven by inactivat-
ing mutations in tumor suppressor genes'”'**** we identified
recurring inactivating largely non-overlapping genomic alterations
in BAPI, CDKN2A, NF2, SETD2, PBRM1 and TP53 independent
of therapeutic response. Although we did not find an enrichment
in alterations of any single gene in tumors from patients with dif-
ferential responses to chemo-immunotherapy, a trend toward an
enrichment in somatic mutations in chromatin-regulating genes
was noted in tumors from patients achieving an OS of 12 or more
months; these alterations might mediate transcriptional changes of
genes involved in immune-related signaling pathways* or might be
linked with a genomic instability phenotype that can predispose to
response to immunotherapy?’.

Germline genetic susceptibility has been established as a seminal
event in MPM tumorigenesis, mostly involving tumor suppressor
genes in DNA repair mechanisms*»*>*>*, The frequency of 32%
for BAPI genomic alterations in the PrE0505 cohort is in line with
these previously reported analyses'”*>*. Presence of germline BAPI
mutations has been linked with a longer 5-year survival, suggesting
a less aggressive phenotype of MPM arising in the context of a BAP1
cancer syndrome****’. The underlying etiology of this phenome-
non remains unclear, with one potential explanation being that the
tumor microenvironment of BAP1 null tumors is more inflamma-
tory”. Although we did not find a prolonged survival for patients
with somatic BAPI mutations, BAPI mutant tumors were found to
have a higher degree of CD8" T cell infiltration. Notably, patients
harboring deleterious germline mutations in MPM-predisposing
genes, including, but not limited to, genes involved in DNA homol-
ogous recombination, achieved significantly longer PFS and OS
with chemo-immunotherapy. Inherited defects in homologous
recombination repair, resulting in microdeletions and DNA breaks,
might be linked with longer OS after platinum chemotherapy***
as well as affect adaptive and innate immunity, ultimately poten-
tiating response to immune checkpoint blockade*-*>. Our findings
suggest that germline genotypes might affect clinical outcomes after
chemo-immunotherapy, and germline testing should be considered
for clinical decision-making for patients with mesothelioma.
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Notably, we found that DNA repair deficiency, and defective
homologous recombination in particular, determined by both
sequence mutational spectra and genome-wide copy number
analyses, were hallmarks of responding tumors, especially for epi-
thelioid MPM. Overall, responding epithelioid tumors harbored
a higher content of genome-wide copy number breakpoints, sug-
gesting that genomic instability affects therapeutic efficacy for

1918

chemo-immunotherapy. Although we did not detect any evidence
of oscillating copy number changes within any given chromo-
some indicative of chromothripsis in the PrE0505 cohort, there
were three cases with extensive genome-wide LOH, a phenom-
enon called genome near-haploidization (GNH), which has been
previously reported in five MPM cases". Interestingly, two of the
tumors with GNH in our cohort harbored BAPI mutations, and all
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patients achieved an OS longer than 12 months. As GNH-harboring
MPM might comprise a novel molecular subtype of MPM with
distinctive clinical behavior’, our findings suggest that these
unique genomic features might be linked to favorable response to
chemo-immunotherapy. Conceptually, immunogenic mutations
residing in genomic loci that undergo haploidization cannot be lost
under the selective pressure of immunotherapy” and, therefore,
might drive a sustained anti-tumor immune response. Consistent
with this hypothesis, we discovered that tumors that harbored a
higher number of sequence alterations in single-copy regions of the
genome responded to combined chemo-immunotherapy.

The density of the CD8" T cell infiltrate has been associated
with effective anti-tumor immune responses**’; however, in the
PrE0505 cohort, neither CD8" T cell infiltration nor PD-L1 protein
expression predicted response to chemo-immunotherapy. Notably,
the tumor microenvironment of responding tumors contained a
less clonal TCR repertoire that become more polarized at the time
of acquired resistance. In contrast to the notion that anti-tumor
immune responses in the context of immunotherapy are driven by
a clonal T cell repertoire in TMB-high tumors such as melanoma*
or non-small-cell lung cancer®, our findings suggest that maximal
immune cell repertoire diversity is required to mount an effective
anti-tumor immune response in MPM. Consistent with this notion,
a higher TCR diversity has been previously shown to correlate with
improved outcome in bladder cancer, colorectal cancer, hepatocel-
lular carcinoma and uterine cancer”.

Our study was limited by its small sample size and absence of a
non-durvalumab control arm. To interpret our molecular find-
ings with respect to response to chemo-immunotherapy compared
to standard-of-care therapy alone, we performed genomic analyses
of an independent cohort of 82 mesotheliomas obtained from the
TCGA registry. This cohort did not include patients treated with
chemo-immunotherapy or immunotherapy, and analyses of the
TCGA mesothelioma cohort suggested that the genomic features of
response in the PrE0505 trial were driven by durvalumab. Notably,
definitively assessing the predictive versus prognostic nature of our
findings is needed and planned within the ongoing phase 3 random-
ized DREAM3R/PrE0506 trial. Furthermore, although the control
survival was chosen based on the historical control that led to the
approval of pemetrexed with cisplatin’, recent randomized data have
shown both shorter and longer survival for the pemetrexed-cisplatin
combination®”’; it is, therefore, possible that control assumptions might
have underestimated the expected survival with chemotherapy alone.

In summary, we report the favorable clinical efficacy of the
PrE0505 study of chemo-immunotherapy for unresectable MPM
with in-depth molecular and functional analyses, which provide an
understanding of the complex genomic and immune cell features of
response to combined chemo-immunotherapy with potential broad
clinical implications.
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Methods
Trial design, endpoints, oversight and samples analyzed. The first patient
enrollment date was 12 June 2017; the last patient enrollment date 21 June 2018.
A detailed outline of the numbers of patients available for analyses is shown in the
CONSORT diagram in Extended Data Fig. 1. Owing to biospecimen availability
and biospecimen quality, germline genomic data were evaluable for 44 patients,
and somatic genomic data were evaluable for 40 patients (Supplementary Table 1
and Extended Data Fig. 1). A data safety monitoring board reviewed the study
twice a year, and patient consent was provided for sample collection.

The full list of the inclusion and exclusion criteria is shown below:

«  Histologically and/or cytologically confirmed MPM

o Unresectable disease (defined as the participant not being a candidate for
curative surgery)

e Measurable disease, defined as at least one lesion (measurable) that can be
accurately assessed at baseline by computed tomography or magnetic reso-
nance imaging and is suitable for repeated assessment (modified RECIST for
pleural mesothelioma)

e Available unstained archived tumor tissue sample in sufficient quantity to
allow for analyses. At least 15 unstained slides or a tumor block (preferred).
Note: A fine needle aspiration sample is not sufficient to make the patient
eligible for enrollment. Given the complexity of mesothelioma pathological
diagnosis and that these will be newly diagnosed patients, it is expected that
they will have a core needle biopsy or surgical tumor biopsy as part of their
initial diagnostic workup.

o Age > 18 years

«  ECOG performance status of 0 or 1

o  Ability to understand and willingness to sign institutional review
board-approved informed consent

«  Willingness to provide archived tumor tissue and blood samples for research

e Adequate organ function as measured by the following criteria, obtained at
most 2 weeks before registration:

o  Absolute neutrophil count >1,500 per mm?

«  Hemoglobin >9.0 g dl™

o Platelets >100,000 per mm®

o Serum creatinine clearance >60ml min~' by the Cockcroft-Gault formula
or by 24-h urine collection for determination of creatinine clearance.
Note: Patients with a creatinine clearance >45ml min~' but <60 ml min~!
may be considered for enrollment provided they fulfill all other eligibility
criteria. These patients will receive pemetrexed carboplatin concurrent
with durvalumab during the combination phase of treatment. Patients
with a creatinine clearance <45ml min™' should not be enrolled.

e Albumin >2.8gdl™’

«  Total bilirubin <1.5X the upper limit of normal (ULN)

o Aspartate aminotransferase/alanine aminotransferas <2.5x ULN (<5%
ULN in patients with liver metastases)

«  Women must either be of non-reproductive potential or have a negative serum
pregnancy test upon study entry.

«  Women must not be pregnant or breastfeeding.

«  Patients are willing and able to comply with the protocol for the duration of
the study, including undergoing treatment and scheduled visits and examina-
tions, including follow-up.

«  Patients must not have involvement in the planning and/or conduct of the
study and no previous enrollment in the present study.

o Patients must not have participated in another clinical study with an investiga-
tional product during the last 4 weeks.

«  Patients must not have received any prior systemic therapy (chemotherapy,
immunotherapy, endocrine therapy, targeted therapy, biologic therapy, tumor
embolization, monoclonal antibodies or other investigational agent) for
mesothelioma.

«  No previous treatment with a PD1 or PD-L1 inhibitor, including durvalumab
or any other agent targeting immune checkpoints

o Patients must not have non-pleural mesothelioma—for example, mesothe-
lioma arising in the peritoneum, tunica vaginalis or any serosal surface other
than the pleura.

«  Patients must not have an active second malignancy other than
non-melanoma skin cancer or cervical carcinoma in situ.

«  Patients must not have a mean QT interval corrected for heart rate (QTc)
>470 ms calculated from three electrocardiograms using Frediricia’s
correction.

o Patients must not have symptomatic or uncontrolled brain metastases requir-
ing concurrent treatment, inclusive of, but not limited to, surgery, radiation
and/or corticosteroids (prednisone >10 mg or equivalent). Surgery, radiation
and/or corticosteroids (any dose >10mg of prednisone equivalent) must have
been completed 2 or more weeks before registration.

«  Patients must not have uncontrolled seizures.

«  Patients must not have current or prior use of immunosuppressive medication
within 28 d before the first dose of durvalumab, with the exceptions of intra-
nasal and inhaled corticosteroids or systemic corticosteroids at physiological
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doses, which are not to exceed 10 mg per day of prednisone or an equivalent
corticosteroid. Standard steroid premedication given before chemotherapy
or as prophylaxis for imaging contrast allergy should not be counted for this
criterion.

«  No active or prior documented autoimmune or inflammatory disorders
(including inflammatory bowel disease, diverticulitis with the exception of
diverticulosis, celiac disease, irritable bowel disease and Wegner syndrome)
within the past 2 years. Patients with vitiligo, alopecia, Grave’s disease or psoria-
sis not requiring systemic treatment (within the past 3 years) are not excluded.

«  No history of primary immunodeficiency

o No history of allogeneic organ transplant

o  No history of hypersensitivity to durvalumab, cisplatin, carboplatin, pem-
etrexed or any of their excipients

«  No uncontrolled intercurrent illness including, but not limited to, ongoing or
active infection, symptomatic congestive heart failure, uncontrolled hyperten-
sion, unstable angina pectoris, cardiac arrhythmia, active peptic ulcer disease
or gastritis and active bleeding diatheses, as well as any patient known to have
psychiatric illness/social situations that would limit compliance with study
requirements or compromise the ability of the patient to give written informed
consent.

«  No active infection, including tuberculosis (clinical evaluation including
physical examination findings, radiographic findings and positive purified
protein derivative test), hepatitis B virus (HBV) (known positive HBV surface
antigen (HBsAg) result) and hepatitis C or HIV (positive HIV 1/2 antibod-
ies as defined by a positive ELISA test). Patients with a past or resolved HBV
infection (defined as the presence of hepatitis B core antibody (anti-HBc) and
absence of HBsAg) are eligible. Patients positive for hepatitis C virus (HCV)
antibody are eligible only if polymerase chain reaction (PCR) is negative for
HCV RNA. HIV testing is not required in absence of clinical suspicion.

«  No known history of leptomeningeal carcinomatosis

o Patients must not have received live attenuated vaccination within 30 d before
study entry or within 30 d of receiving durvalumab.

o Patients must not have any condition that, in the opinion of the investigator,
would interfere with the evaluation of study treatment or interpretation of
patient safety or study results.

Imaging was performed every 6 weeks during the concurrent phase of
treatment and every 9 weeks during maintenance durvalumab. Best objective
response was evaluated by RECIST version 1.1 criteria modified for mesothelioma.
Toxicity was determined using Common Terminology Criteria for Adverse Events
version 4.03.

Secondary objectives included safety and tolerability of durvalumab and
durvalumab in combination with chemotherapy in patients with MPM; percentage
of patients who were progression-free at 24 weeks from the time of registration
(response coded based on modified RECIST 1.1 criteria for mesothelioma); PFS,
measured from the time of study registration until radiologic progression, clinical
progression or death; and best objective response rate with evaluation continued
for up to 1 year (response coded based on modified RECIST version 1.1 criteria
for mesothelioma). Exploratory objectives included assessment of tumor baseline
PD-L1 expression, the genomic and neoantigen landscape of tumors, dynamics of
circulating cell-free tumor DNA and other blood-based biomarkers.

WES. TCGA mesothelioma cohort. We obtained matched tumor-normal exome
sequencing data from 82 patients with MPM in TCGA (http://cancergenome.nih.
gov), as outlined in TCGA publication guidelines (http://cancergenome.nih.gov/
publications/publicationguidelines). WES-derived somatic mutation calls from
the TCGA PanCancer Atlas MC3 project were retrieved from the National Cancer
Institute (NCI) Genomic Data Commons (https://gdc.cancer.gov/about-data/
publications/, me3-2017). The MC3 mutation call set is the result of application
of a uniform analysis pipeline, including a standardized set of six mutation callers
and an array of automated filters to all the entire TCGA exome data®. TMB was
calculated as the number of non-synonymous mutations detected by WES.

Tissue sample characteristics and sample preparation. Formalin-fixed,
paraffin-embedded (FFPE) tumor tissue and matched peripheral blood were
collected before therapy initiation. DNA was extracted from patients’ tumors
and matched peripheral blood using the Qiagen DNA kit. Fragmented genomic
DNA from tumor and normal samples was used for Illumina TruSeq library
construction, and exonic regions were captured in solution using the Agilent
SureSelect V4 kit according to the manufacturer’s instructions, as previously
described***". Paired-end sequencing, resulting in 100 bases from each

end of the fragments for the exome libraries, was performed using Illumina
HiSeq 2000/2500 instrumentation. The mean depth of total coverage for the
pre-treatment tumors and matched normal DNA samples was 220X (166X
distinct) and 105x (90X distinct,) respectively (Supplementary Table 2). On
average, 94% of the bases in the target region had a minimum coverage of 10x;
four tumor samples (329, 351, 629 and 923) were determined to be of low purity
by mutation and copy number analyses and were excluded from all WES-based
analyses of somatic alterations, whereas their matched normal DNA samples were
included in the germline analyses.
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Somatic mutation calling, immunogenic mutation characterization and
neoantigen prediction. Somatic mutations, consisting of point mutations,
insertions and deletions, across the whole exome were identified using the
VariantDx custom software for identifying mutations in matched tumor and
normal samples, as previously described**. Mutations were annotated with the
number of tumor samples harboring identical amino acid changes in cosmic
database (v91). Somatic sequence alterations are listed in Supplementary Table
3. Sequence alterations in DNA damage repair genes were analyzed separately,
and the list of DNA damage repair genes considered is shown in Supplementary
Table 10. MHC class I and II neoantigens were derived from non-synonymous
single-base substitutions using MHCnuggets’'. Ranks of neopeptides were
determined based on their MHC binding affinity compared to 10,000 human
proteome peptides per peptide length per binding MHC allele. Sequence
alterations resulting in neopeptides ranking in the 1st percentile were considered
putatively IMMs (Supplementary Table 3).

Germline predisposition characterization. A set of cancer susceptibility genes
with alterations contributing to germline predisposition to mesothelioma was
compiled from the literature’. Non-synonymous germline alterations in the

above set were identified by applying Strelka 2.9.2 (ref. **), and the candidate
mutation set was first filtered to include positions where the genotype was of
sufficient quality and could be resolved in both normal and tumor samples of each
patient. Variants were subsequently annotated using OpenCRAVAT"’. Confirmed
pathogenic variants—hereafter termed germline deleterious mutations—including
nonsense, frameshift, splice site and missense variants, in genes with known
cancer susceptibility potential, were identified based on annotation in the ClinVar
database and published evidence of a damaging effect on protein function.

Mutation signatures. Mutation signatures were derived based on the fraction
of coding point mutations in each of 96 trinucleotide contexts and estimated the
contribution of each signature to each tumor sample using the deconstructSigs
R package (v1.8.0) with the default ‘signatures.nature2013’ settings™* (https://
cran.r—pmjcctA()rg/package:deconstructSigs).

HLA germline and somatic analyses. OptiType v1.2. was used to determine

HLA class I haplotypes™; xXHLA was used to determine HLA class II haplotypes
for HLA-DPBI1, HLA-DQB1, HLA-DRB1"; and SOAP-HLA was used to
determined class IT haplotypes for HLA-DPA1 and HLA-DQAL (ref. ). A separate
bioinformatic analysis using POLYSOLVER® was used to detect and annotate the
somatic mutations in class I HLA genes. We determined HLA class I loss in the
tumor by applying LOHHLA. We evaluated somatic loss of HLA class II genes

by review of allele-specific copy number of these loci, where minor copy number
of 0 indicated LOH. The number of unique tumor HLA class I and II alleles was
calculated by subtracting the number of heterozygous alleles with somatic LOH
from the total number of unique germline alleles. We subsequently computed an
HLA evolutionary divergence (HED) score by using Grantham distances between
protein sequences of allele pairs for each HLA-A, HLA-B and HLA-C locus®. HLA
class I allele protein sequences are obtained from the InMunoGeneTics /HLA
database®. A cumulative HED score for each sample was also computed as the
arithmetic mean of the three individual divergences, assuming equal contribution
from each locus. Germline and somatic HLA class I and II genomic variation is
summarized in Supplementary Table 5.

Genome-wide copy number analyses. We used FACETS 0.6.1 to estimate the
purity of each tumor sample, the integer allele-specific copy number profile across
the genome and the cellular fraction associated with each aberrant somatic copy
number alteration®'. The estimated allele-specific copy number profiles were
reviewed to ensure quality of fit. In four cases with very low tumor purity (329,
351, 629 and 923), the copy number states and ploidy could not be resolved; these
cases were excluded from subsequent copy-number-based analyses. Furthermore,
we investigated potential associations between copy-number-derived tumor purity
and tumor mutation and IMM load; these analyses revealed a weak association
between tumor purity and TMB-derived features when all patients were
considered, but no statistically significant association was observed among these
features in epithelioid mesotheliomas (Extended Data Fig. 10). Three cases (225,
926 and 922) harbored extensive LOH across the genome with evidence of GNH
(Fig. 4 and Extended Data Fig. 9). In each tumor sample, the number of sequence
alterations overlapping loci with total copy number of 1 was recorded. Focal copy
number changes—that is, amplifications and deletions—were determined as
genomic regions of a size smaller than 30 Mb where the assigned copy number
was 0 (homozygous deletion), or it exceeded three times the ploidy of the tumor
sample (amplifications; Supplementary Table 7). The estimated ploidy was rounded
to the closest integer level and was used as the reference for determining loss,

gain or neutral status of each copy number segment. Gain, loss or LOH in each
chromosome arm was evaluated if at least 90% of the length of the arm was covered
by segments of the given status. The statistical significance of the prevalence

of each category of alterations across the arms was evaluated by performing a
permutation experiment. In this experiment, each permutation sample was a
vector of size 39 where the total number of chromosome arms harboring gain, loss

or LOH equaled this value for one of the samples in the main cohort to match the
observed level of aneuploidy in the population.

Mutation clonality estimation. For each somatic sequence alteration, the observed
mutant and total read counts, the tumor purity and the tumor copy number at

the mutated locus were integrated using SCHISM® and as previously described™
to determine the clonality—that is, the fraction of cancer cells that harbor the
alteration (Supplementary Table 3).

Aneuploidy assessment. Several metrics characterizing the degree of genome
aneuploidy were calculated, including the fraction of genome with LOH, the
fraction of genome with allelic imbalance, the number of copy number breakpoints
and the entropy of the multinomial probability distribution corresponding to the
genome representation of different copy number levels (Supplementary Table 7)*°.
The number of copy number breakpoints was used as a proxy measure for the
extent of somatic structural alterations in each tumor.

Homologous recombination deficiency estimation. To assess the extent of HRD
in tumors, three individual and one combined metric were determined based on
the allele-specific copy number profiles by applying the R package scar-HRD 0.1.1
(ref. ©): telomeric allelic imbalance (HRD-TAI score; the count of copy number
segments with allelic imbalance that extend of telomeres); loss of heterozygosity
profiles (HRD-LOH score; the number of segments with a minimum size of
15Mb that do not span the entire chromosome); and large-scale state transitions
(HRD-LST score; the number of breakpoints between segments with minimum
size of 10 Mb where the gap between the segments does not exceed 3Mb). A
combined metric for HRD, termed HRD-sum, was defined as the sum of the three
individual metrics (Supplementary Table 7).

Evaluation of the background rate of genomic loss. To better characterize

the background rate of loss in regions of the genome with a single copy per cell
(haploid) versus euploid regions (two copies per cell, no LOH), we analyzed
somatic copy number profiles of 1,086 mesothelioma and non-small-cell lung
cancer tumors from TCGA. In each tumor, we first determined the chromosome
arms where at least 75% of the arm length was covered by the copy number state of
interest. The set of tumor samples was then narrowed down to those with at least
one arm in haploid state (n=544). Next, across all chromosome arms of a given
state, the rate of loss was determined as follows. In the haploid arms, the loss rate
was defined as the total number of bases with somatic copy number of 0 within
these arms, divided by the total length of arms in haploid state. In the diploid arms,
the loss rate was defined as the total number of bases with somatic copy number
of 0 within these arms multiplied by 2 added to the number of bases with somatic
copy number of 1, and then divided by the total length of arms in euploid state.

TCR sequencing. Intra-tumoral TCR clones were evaluated by next-generation
sequencing of the baseline tumor as well as matched baseline-resistant tumors

for cases 295, 459 and 926. TCR- CDR3 regions were amplified using the survey
ImmunoSeq assay in a multiplex PCR method using 45 forward primers specific to
TCR VP gene segments and 13 reverse primers specific to TCR Jp gene segments
(Adaptive Biotechnologies)™. Productive TCR sequences were further analyzed,
and clone counts were based on CDR3 amino acid sequences (Supplementary
Table 9). Dominant TCR clones were assessed by estimating the proportion of
TCR repertoire constituted by the top 5% of unique clones; for these analyses, TCR
repertoires were filtered for clones representing at least 0.01% of the repertoire. For
each sample, a clonality metric was estimated to quantitate the extent of mono- or
oligo-clonal expansion by measuring the shape of the clone frequency distribution.
For differential abundance analysis between baseline and on-therapy tumors, we
selected the most expanded and most regressed TCR clonotypes, corresponding

to fold changes in productive frequency of TCR clones with a false discovery rate
(FDR) <0.01 (Fisher’s exact test) and requiring at least 0.01% relative repertoire
abundance at baseline or resistance time points.

RNA sequencing. Total RNA was extracted from 10-pum FFPE sections with the
RNeasy FFPE kit (Qiagen). The quality of total RNA was assessed by calculating
the DV200 index measured with the RNA 6000 Pico Kit (Agilent Technologies).
RNA sequencing (RNA-seq) libraries were generated by ribosomal depletion
(Illumina Ribo-Zero Gold rRNA Removal Kit) followed by reverse transcription
into strand-specific cDNA libraries (NEBNext Ultra Drectional RNA Library
Prep kit for Illumina). Paired-end sequencing, resulting in 150 bases from

each end of the fragments, was performed using Illumina NovaSeq 6000 S4,
generatig an average of 200 million total reads per library. RNA-seq data were
then mapped to the human transcriptome using STAR® followed by RSEM for
isoform and gene-level quantification®. Transcripts associated with RNA genes
and mitochondrial genes and with ribosomal proteins were masked. Normalization
of raw transcript counts and differential expression analysis was performed using
DESeq2 (ref. ©).

PD-L1 and CD8 immunohistochemistry. Inmunohistochemistry for CD8/
PD-L1 dual detection was performed on FFPE sections on a Ventana Discovery
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Ultra autostainer (Roche Diagnostics) using a primary mouse anti-human CD8
antibody (1:100 dilution, clone m7103, Dako) and a rabbit anti-human anti-PD-L1
antibody (1:100 dilution, E1L3N clone, Cell Signaling Technologies), as previously
described. A minimum of 100 tumor cells were evaluated per specimen, and a
PD-L1 tumor proportion score was calculated based on the percentage of tumor
cells with PD-L1-positive staining. CD8-positive lymphocyte density was evaluated
by the average number of CD8" cells in ten representative high-power fields (x40
objective, X400 magnification).

Functional T cell assays. To identify immunogenic, mutation-derived,
neopeptide-specific, HLA class I-restricted T cell clones in the peripheral

blood, we applied the high-throughput TCR-seq-based platform MANAFEST
(Mutation-Associated NeoAntigen Functional Expansion of Specific T Cells),

as previously described****. In brief, putative neopeptides identified above

(JPT Peptide Technologies; Supplementary Table 11) were each used to

stimulate 250,000 T cells in vitro for 10 d. On day 0, T cells were isolated from
peripheral blood mononuclear cells by negative selection (EasySep, STEMCELL
Technologies). The T-cell-negative fraction was co-cultured with an equal number
of selected T cells in culture medium (IMDM/5% human serum with 50 pg ml~* of
gentamicin) with 1 pg ml™! of relevant neoantigenic peptide, 1 pg ml™! of an MHC
class I-restricted CMV, EBV and flu peptide epitope pool (CEFX, JPT Peptide
Technologies), 1 pg ml~! of pools representing the HIV-1 Gag protein (JPT Peptide
Technologies) and no peptide. On day 3, half of the medium was replaced with
fresh medium containing cytokines for a final concentration of 50 IU ml~" of IL-2
(Chiron), 25ng ml~! of IL-7 (Miltenyi) and 25ng ml~' of IL-15 (PeproTech). On
day 7, half of the medium was replaced with fresh culture medium containing
cytokines for a final concentration of 100 IU ml™" of IL-2 and 25ng ml™' of IL-7
and IL-15. On day 10, cells were harvested and washed twice with PBS, and the
CD8* fraction was isolated using a CD8*-negative enrichment kit (EasySep,
STEMCELL Technologies). DNA was extracted from each CD8-enriched culture
condition. TCR VB CDR3 sequencing was performed by the SKCCC FEST and
TCR Immunogenomics Core (FTIC) on genomic DNA from each T cell condition
using the Oncomine TCR Beta short-read assay (Illumina). DNA libraries were
pooled and sequenced on an Illumina iSeq 100 using unique dual indexes to
prevent index hopping, with an estimated recovery of ~50,000 reads per sample.
Data pre-processing was performed to eliminate non-productive TCR sequences
(sequences that did not translate into a productive protein) and to align and

trim the nucleotide sequences to obtain only the CDR3 region. Additionally, for
inclusion in our analyses, CDR3 sequences needed to begin with ‘C, end with ‘F’
or ‘W’ and have at least seven amino acids in the CDR3, which are universally
accepted parameters for delineating the CDR3 region®. Productive clonality of
each sample and productive frequency of each clone was calculated to reflect the
processed data (Supplementary Table 12). Resultant processed data files were
uploaded to our publicly available MANAFEST analysis web app (www.stat-apps.
onc.jhmi.edu) to bioinformatically identify neoantigen-specific T cell clonotypes.
To be considered antigen-specific, a T cell clonotype must have met the following
criteria: (1) significant expansion (Fisher’s exact test with Benjamini-Hochberg
correction for FDR, P<0.05) compared to T cells cultured without peptide;

(2) significant expansion compared to every other peptide-stimulated culture
(FDR <0.05); (3) an odds ratio greater than 5 compared to all other conditions;
(4) at least 30 reads in the ‘positive’ well; and (5) at least 2x higher frequency
than background clonotypic expansions as detected in the HIV-negative control
condition (Supplementary Tables 13 and 14).

Statistical analyses. OS and PFS distributions were estimated using the Kaplan-
Meier method, and Cox proportional hazard models were used to estimate the HRs
among subgroups. The CIs of ORR (defined as the percentage of patients achieving
CR or PR) were calculated based on an exact binomial distribution. ORRs were
compared among subgroups using Fisher’s exact test. Differences in genomic and
molecular features between tumors of responding and non-responding patients
were evaluated using the chi-squared test or Fisher’s exact test for categorical
variables and the Mann-Whitney test for continuous variables. The Pearson
correlation coefficient (R) was used to assess correlations between continuous
variables, and the Spearman p coefficient was calculated for non-parametric
correlations. We investigated potential correlations between the genomic features
described, and other than the expected co-linearity between non-synonymous
mutation burden and MHC class I and II mutation-associated neoantigens, we did
not identify any potential confounding relationships among features (Extended
Data Fig. 10). The median point estimates and 95% CIs for PES and OS were
estimated by the Kaplan-Meier method, and survival curves were compared by
using the non-parametric log-rank test. For the survival analyses of the TCGA
mesothelioma cohort, progression-free interval was defined as the time interval
from diagnosis to progression of disease, local recurrence, distant metastasis or
death, whichever was applicable. Statistical analyses were performed using SPSS
software (version 25.0.0 for Windows, IBM), SAS (version 9.4) and R version 3.2
and higher (http://cran.r-project.org).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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Data availability

All requests for raw and analyzed data and materials are promptly reviewed

by PrECOG and Johns Hopkins University to verify if the request is subject to

any intellectual property or confidentiality obligations. Patient-related data not
included in the paper were generated as part of clinical trials and might be subject
to patient confidentiality. All raw sequencing data, used to generate Figs. 2-5 and
Extended Data Figs. 4-10, have been deposited in the European Genome-phenome
Archive (accession number EGAS00001005426). Source data for Figs. 1-5 and
Extended Data Figs. 1-10 are provided with the paper, in the Supplementary Tables
and in Source Data files. Source data for the TCGA tumor samples were retrieved
from http://cancergenome.nih.gov. WES-derived somatic mutation calls from the
TCGA PanCancer Atlas MC3 project were retrieved from the NCI Genomic Data
Commons (https://gdc.cancer.gov/about-data/publications/mc3-2017). Source
data are provided with this paper.

References

48. Ellrott, K. et al. Scalable open science approach for mutation calling of tumor
exomes using multiple genomic pipelines. Cell Syst. 6, 271-281 (2018).

49. Jones, S. et al. Personalized genomic analyses for cancer mutation discovery
and interpretation. Sci. Transl. Med. 7, 283ra253 (2015).

50. Anagnostou, V. et al. Multimodal genomic features predict outcome of
immune checkpoint blockade in non-small-cell lung cancer. Nat. Cancer 1,
99-111 (2020).

. Shao, X. M. et al. High-throughput prediction of MHC class I and II
neoantigens with MHCnuggets. Cancer Immunol. Res. 8, 396-408 (2020).

52. Kim, S. et al. Strelka2: fast and accurate calling of germline and somatic
variants. Nat. Methods 15, 591-594 (2018).

53. Pagel, K. A. et al. Integrated informatics analysis of cancer-related variants.
JCO Clin. Cancer Inform. 4, 310-317 (2020).

54. Alexandrov, L. B. et al. Signatures of mutational processes in human cancer.
Nature 500, 415-421 (2013).

55. Szolek, A. et al. OptiType: precision HLA typing from next-generation
sequencing data. Bioinformatics 30, 3310-3316 (2014).

56. Xie, C. et al. Fast and accurate HLA typing from short-read next-generation
sequence data with xHLA. Proc. Natl Acad. Sci. USA 114, 8059-8064 (2017).

57. Cao, H. et al. An integrated tool to study MHC region: accurate SNV
detection and HLA genes typing in human MHC region using targeted
high-throughput sequencing. PLoS ONE 8, ¢69388 (2013).

58. Shukla, S. A. et al. Comprehensive analysis of cancer-associated somatic
mutations in class I HLA genes. Nat. Biotechnol. 33, 1152-1158 (2015).

59. McGranahan, N. et al. Allele-specific HLA loss and immune escape in lung
cancer evolution. Cell 171, 1259-1271 (2017).

60. Robinson, J. et al. The IPD and IMGT/HLA database: allele variant databases.

Nucleic Acids Res. 43, D423-D431 (2015).

. Shen, R. & Seshan, V. E. FACETS: allele-specific copy number and clonal
heterogeneity analysis tool for high-throughput DNA sequencing. Nucleic
Acids Res. 44, 131 (2016).

62. Niknafs, N., Beleva-Guthrie, V., Naiman, D. Q. & Karchin, R. SubClonal
hierarchy inference from somatic mutations: automatic reconstruction of
cancer evolutionary trees from multi-region next generation sequencing.
PLoS Comput. Biol. 11, 1004416 (2015).

63. Sztupinszki, Z. et al. Migrating the SNP array-based homologous
recombination deficiency measures to next generation sequencing data of
breast cancer. NPJ Breast Cancer 4, 16 (2018).

64. Carlson, C. S. et al. Using synthetic templates to design an unbiased multiplex
PCR assay. Nat. Commun. 4, 2680 (2013).

65. Dobin, A. & Gingeras, T. R. Mapping RNA-seq reads with STAR. Curr.
Protoc. Bioinformatics 51, 11 14 11-11 14 19 (2015).

66. Li, B. & Dewey, C. N. RSEM: accurate transcript quantification from
RNA-Seq data with or without a reference genome. BMC Bioinformatics 12,
323 (2011).

67. Love, M. L, Huber, W. & Anders, S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

68. Danilova, L. et al. The mutation-associated neoantigen functional expansion
of specific T cells (MANAFEST) assay: a sensitive platform for monitoring
antitumor immunity. Cancer Immunol. Res. 6, 888-899 (2018).

69. Zhang, ., Ji, Z. & Smith, K. N. Analysis of TCR p CDR3 sequencing data for
tracking anti-tumor immunity. Methods Enzymol. 629, 443-464 (2019).

5

—

6

—

Acknowledgements

We would like to thank G. Pereira and A. Curry in the Upper Aerodigestive
Biorepository for sample procurement and members of the SKCCC FEST and TCR
Immunogenomics Core Facility for assistance with the MANAFEST assays. The PrE0505
clinical trial was sponsored by AstraZeneca and PrECOG. This work was supported, in
part, by Johns Hopkins SKCCC core grant NCI CCSG P30 CA006973, Department of
Defense Congressionally Directed Medical Research Programs grant CA190755 (V.A.
and PM.E), National Institutes of Health grants CA121113 (V.A. and V.V.), CA006973
(V.V.) and R37CA251447 (K.N.S.), ECOG-ACRIN Thoracic Malignancies Integrated


http://www.stat-apps.onc.jhmi.edu
http://www.stat-apps.onc.jhmi.edu
http://cran.r-project.org
https://ega-archive.org/studies/EGAS00001005426
http://cancergenome.nih.gov
https://gdc.cancer.gov/about-data/publications/mc3-2017
http://www.nature.com/naturemedicine

ARTICLES NATURE MEDICINE

Translational Science Center grant UG1CA233259 (V.A., V.V,, Z.S. and S.R.), the
Bloomberg-Kimmel Institute for Cancer Immunotherapy (V.A, PM.E and K.N.S.), the V
Foundation (V.A. and V.V.), the IASLC Foundation (K.N.S), the Lung Cancer Foundation
of America (K.N.S.), Swim Across America (V.A. and K.N.S.), the Florence Lomax Eley
Fund (V.A., PM.F. and ].B.) and the LUNGevity Foundation (V.A., V.V. and K.N.S.).

Author contributions

V.A, PM.E, J.R.B. and S.S.R. conceived the study and contributed to the study design,
data analysis, interpretation and writing. Z.S. and S.E.D. contributed to the study design
and data analysis. H.L.K., T.P, R.S.-D, A.Z.D. and H.B. contributed to data collection
and edited the manuscript. N.N., Z.B., KN.S,, AB,, JR'W,, C.C,, LK.AS, XM.S,, H.Y.C,,
D.S., TS, PB.I, D.M.P, V.E.V. and R.C. contributed to data analysis and interpretation
and manuscript editing.

Competing interests

V.A. receives research funding to her institution from Bristol Myers Squibb and
AstraZeneca. PM.FE has received research funding to his institution from AstraZeneca,
Bristol Myers Squibb, Novartis, Corvus and Kyowa. He has also served as a consultant
for Amgen, AstraZeneca, Bristol Myers Squibb, Daiichi Sankyo, Iteos, Janssen, Mirati,
Novartis and Sanofi and as a data and safety monitoring board member for Polaris

and Flame Therapeutics. A.D. is Chief Medical Officer and Chief Executive Officer

at TTC Oncology, Chief Medical Officer at Luminary Therapeutics, Chief Medical
Officer at IGF Oncology, Chief Medical Officer at Squarex and an advisor to the Martell
Diagnostic Laboratory. K.N.S. receives research funding to her institution from Bristol
Myers Squibb, AstraZeneca and Enara Bio and holds founder’s equity in ManaT Bio.
V.E.V. is a founder of Delfi Diagnostics and Personal Genome Diagnostics, serves

on the board of directors and as a consultant for both organizations and owns Delfi
Diagnostics and Personal Genome Diagnostics stock, which are subject to certain
restrictions under university policy. Additionally, Johns Hopkins University owns
equity in Delfi Diagnostics and Personal Genome Diagnostics. V.E.V. is an inventor of
multiple licensed patents related to technologies from Johns Hopkins University. Some
of these licenses and relationships are associated with equity or royalty payments directly
to Johns Hopkins and V.E.V. V.E.V. is an advisor to Bristol Myers Squibb, Danaher,
Genentech and Takeda Pharmaceuticals. Within the last 5 years, V.E.V. has been an
advisor to Merck and Ignyta. These arrangements have been reviewed and approved

by Johns Hopkins University in accordance with its conflict of interest policies. D.P. is

a consultant for Aduro Biotech, Amgen, Bayer, Dynavax, Enara, FLX Bio, Immunomic
Therapeutics, Janssen, Merck, Rock Springs Capitol, Tizona and Trieza; is on the Board
of Directors of DNAtrix; is on the scientific advisory board of Immununica, WindMil,
Dracen, Camden Partners and Astellas; receives research support from Bristol Myers
Squibb and Compugen; and is a founder of ManaT Bio. C.C. is the founder of CM
Cherry Consulting. J.W. is a consultant for Personal Genome Diagnostics, is the founder

and owner of Resphera Biosciences and holds patents, royalties or other intellectual
property from Personal Genomic Diagnostics. R.S.-D. is a consultant for Genentech/
Roche, Bayer, Bristol Myers Squibb, Eli Lilly, AstraZeneca, NGM Biopharmaceuticals
and Takeda Science Foundation. H.B. receives research support from Millennium,
Merck, Celgene, Bristol Myers Squibb and Eli Lilly; is on the advisory board and/

or a consultant for Bristol Myers Squibb, Eli Lilly, Genentech, Celgene, Pfizer, Merck,
EMD-Serono, Boehringer-Ingelheim, AstraZeneca, Novartis, Genmab, Regeneron,
BioNTech, Cantargia AB, Amgen, Abbvie, Axiom, PharmaMar, Takeda, Huya Bio, Mirati
and Daiichi Sankyo; is on the data and safety monitoring board of the University of
Pennsylvania, CAR T Program, Takeda and Incyte; is on the scientific advisory board for
Sonnetbio (stock options), Rgenix (stock options) and Nucleai (stock options); receives
honoraria from Amgen, Pfizer and Daiichi Sankyo; and receives travel support from
Amgen, Bristol Myers Squibb, Merck, Eli Lilly, EMD-Serono and Genentech. ].B. is on
the advisory board and/or a consultant for Amgen, AstraZeneca, Bristol Myers Squibb,
Genentech/Roche, Eli Lilly, GlaxoSmithKline, Merck, Sanofi and Regeneron; receives
grant research funding from AstraZeneca, Bristol Myers Squibb, Genentech/Roche,
Merck, RAPT Therapeutics and Revolution Medicines; and is on the data and safety
monitoring board/committees of GlaxoSmithKline, Sanofi and Janssen. H.L.K. reports
personal fees from Aldeyra Therapeutics, AstraZeneca, Bayer, Boehringer-Ingelheim,
Bristol Myers Squibb, Kyowa, Merck, Paredox Therapeutics, Deciphera, Inhibrx and
Inventiva; and non-financial support from AstraZeneca, Boehringer-Ingelheim,

Merck, Paredox Therapeutics and Inventiva. H.L.K. also reports funds given to support
clinical trials at her institution from Aduro, AstraZeneca, Bayer, Bristol Myers Squibb,
Deciphera, GlaxoSmithKline, Eli Lilly, Merck, Polaris, Verastem, Blueprint, Tesaro and
Inhibrx. S.R. is a consultant for Amgen, Bristol Myers Squibb, Genentech/Roche, Merck,
AstraZeneca, Takeda, Eisai, Daiichi Sankyo, Sanofi, GlaxoSmithKline and Eli Lilly and
receives grants from Tesaro, Merck, AstraZeneca, Advaxis, Bristol Myers Squibb, Amgen,
Takeda, Genmab and GlaxoSmithKline. All other authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/s41591-021-01541-0.

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41591-021-01541-0.

Correspondence and requests for materials should be addressed to

Patrick M. Forde or Valsamo Anagnostou.

Peer review information Nature Medicine thanks Paul Baas, Dean Fennell, Linghua
Wang and the other, anonymous, reviewer(s) for their contribution to the peer review
of this work. Saheli Sadanand was the primary editor on this article and managed its
editorial process and peer review in collaboration with the rest of the editorial team.

Reprints and permissions information is available at www.nature.com/reprints.

NATURE MEDICINE | www.nature.com/naturemedicine


https://doi.org/10.1038/s41591-021-01541-0
https://doi.org/10.1038/s41591-021-01541-0
http://www.nature.com/reprints
http://www.nature.com/naturemedicine

NATURE MEDICINE ARTICLES

55 patients registered to the study at 15 academic and community cancer centers in the
United States. The full study protocol is available at
https://www.clinicaltrials.gov/ProvidedDocs/95/NCT02899195/Prot_000.pdf
First patient enrolled: June 12, 2017, Last patient enrolled: June 21, 2018

All patients were eligible and started concurrent treatment.
Analyzed (n=55 for efficacy; n =55 for toxicity; n=44 for germline genomic analyses,

n=40 for somatic genomic analyses and n=2 for functional immunologic analyses)

Discontinued treatment (n=11):
Adverse events (n=4)
Investigator decision (n=1) -
Patient withdrawal (n=1)
Disease progression (n=5)

44 patients started maintenance durvalumab
(48 patients completed six cycles of concurrent treatments)

Discontinued treatment (n=34):
Adverse events (n=1)
Investigator decision (n=2) =
Patient withdrawal (n=2)
Disease progression (n=36)

10 patients completed one year of
treatment from the first study treatment

Extended Data Fig. 1| CONSORT trial diagram for the PrEO505 study. Outline of number of patients available for analyses.
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Extended Data Fig. 2 | Analyses Overview. \WWhole exome sequencing data were analyzed to determine somatic sequence and focal copy number
changes as well as germline variants in cancer predisposing genes and HLA class | and Il haplotypes. Mutational spectra and enrichment in individual
genes and gene sets were assessed. Genome-wide copy number analyses were performed to estimate genome aneuploidy, number of copy

number breakpoints, homologous recombination deficiency as well as utilized to compute mutation cellular fractions. Computational predictions of
mutation-associated neoantigens and immunogenic mutations were coupled with analyses of the intratumoral T cell repertoire and functional analyses
of neopeptides-stimulated autologous peripheral T cells. PD-L1and CD8+T cell expression was assessed by immunohistochemistry. This figure was

developed using BioRender under a full license.
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a Treatment emergent adverse events (TEAEs)
All grades N (%) Grade 3/4 N (%)
Fatigue 37 (67.3) 4(7.3)
Nausea 31 (56.4) 0(0.0)
Anemia 31 (56.4) 11 (20)
Constipation 30 (54.5) 0(0.0)
Dyspnea 19 (34.5) 0(0.0)
Cough 18 (32.7) 0(0.0)
Decreased Appetite 16 (29.1) 1(1.8)
Hyponatremia 13 (23.6) 5(9.1)
Diarrhea 13 (23.6) 0(0.0)
Vomiting 13 (23.6) 0(0.0)
Hypomagnesemia 11 (20.0) 1(1.8)
Rash 11 (20.0) 0(0.0)
Leucopenia 5(9.1) 3 (5.5)
Hypertension 5(9.1) 3 (5.5)
Thrombocytopenia 4(7.3) 3 (5.5)
C
o _
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b Adverse events of special interest
Grade 1-2 N Grade 3-4 N
Hypothyroidism 7 0
Rash 5 0
Pruritus 3 0
AST elevation 3 0
Hyperthyroidism 3 0
Dermatitis 2 0
Neuropathy 2 0
ALT elevation 1 0
Lipase increased 1 0
Pneumonitis 1 0
d
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Extended Data Fig. 3 | Treatment emergent adverse events and outcome by platinum agent used. (a) All grades and grade 3/4 treatment emergent
adverse events; events reported in greater than 20% subjects or grade 3/4 events reported in greater than 5% of patients, worst grade reported per
patient (CTCAE Version 4.03) (b) Adverse events of special interest, investigator reported assessment and attribution as possibly, probably, or related for
selected events, worst grade overall as reported for each patient. (¢) Kaplan-Meier curves of OS according to the platinum agent used at the start of the
treatment. (d) Kaplan-Meier curves of PFS according to the platinum agent used at the start of the treatment. There was no significant difference in OS or
PFS for carboplatin vs. cisplatin-based chemotherapy (log rank p=0.18 and p=0.4 respectively). All p values are two-sided.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Distribution of mutations in genes involved in DNA damage repair. We investigated co-occurrence of mutations in DNA damage
repair (DDR) genes involved in base excision repair, DNA damage sensoring, the Fanconi anemia pathway, homologous recombination, mismatch repair,
nucleotide excision repair, non-homologous end joining and translesion DNA synthesis. Mutations were characterized by consequence (missense,
frameshift, nonsense, splice site, in-frame) and recurrence (hotspots) and loss of the wild type allele was considered in case of truncating mutations
(biallellic inactivation, marked with an ‘x"). There were no significant differences in somatic genomic alterations in the DDR gene set between tumors from
responders and non-responders. When confirmed pathogenic germline mutations in DDR genes were considered, 5 patients harboring such alterations
(629-BAP1 c.1717del, 295-BRCA2 c.6730 A>T, 628-BAP1¢.581-1G > T, 976-MSH6 ¢.3261dup and 506-BLM ¢.968 A>G) had a longer overall survival as
shown in Fig. 2. Abbreviations: TMB; tumor mutation burden, BOR; best overall response, CR; complete response, PR; partial response, SD; stable disease,
PD; progressive disease, LOH; loss of heterozygosity, HRD; homologous recombination defect, CNA; copy number aberration.
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Extended Data Fig. 5 | Inmunogenic mutation load may be linked with functional neopeptide-specific anti-tumor immune response and

therapeutic response. (a) Patients with MPM harboring a high non synonymous mutation load were more likely to achieve a radiographic response to
chemo-immunotherapy (n=40 MPM tumors, Mann Whitney p=0.086). (b) MPMs responsive to chemo-immunotherapy also harbored a more clonal
TMB (n=40 MPM tumors, Mann Whitney p=0.076). (c-d) These findings were more prominent in the epithelioid MPM group (n =29 epithelioid MPM
tumors, Mann Whitney p=0.051 for non synonymous mutation load and Mann Whitney p=0.025 for clonal mutation burden). (e,f) Immunogenic
mutations associated with HLA class | and Il neoantigens (Methods) better distinguished responders from non responders (n=40 MPM tumors, Mann
Whitney p=0.064 for class | IMMs and Mann Whitney p=0.023 for class Il IMMs). (g,h) These findings were more pronounced for patients with
epithelioid MPM (n =29 epithelioid MPM tumors, Mann Whitney p=0.035 for class | IMMs and Mann Whitney p=0.038 for class Il IMMs). The center
line in the boxplots represents the median, the upper limit of the boxplots represents the third quantile (75th percentile), the lower limit of the boxplots
represents the first quantile (25th percentile), the upper whiskers is the maximum value of the data that is within 1.5 times the interquartile range over
the 75th percentile, and the lower whisker is the minimum value of the data that is within 1.5 times the interquartile range under the 25th percentile. (i)
Survival analyses did not reveal any significant differences in overall survival between MPM tumors in the TCGA cohort with high TMB vs. those harboring
a low TMB (log rank p=0.21). (j) Analyses of progression-free survival revealed a trend towards longer PFS for patients with MPM tumors in the TCGA
cohort harboring a low TMB (log rank p=0.05). The TMB-high and low groups were defined using the 2nd quartile of TMB in the TCGA mesothelioma
cohort, which corresponds to a non-synonymous mutation burden >33 alterations/exome. All p values are two-sided. Abbreviations: IMM; immunogenic
mutation, CR; complete response, PR; partial response, SD; stable disease, PD; progressive disease.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Germline and tumor HLA class | and Il genetic variation. (a) Tumors from responders harbored a higher load of HLA class | and Il
immunogenic mutations (Methods, Mann Whitney p=0.064 and 0.023 respectively) especially in the epithelioid MPM group (Mann-Whitney p=0.035
and p=0.038 respectively). There were no differences in the degree of germline homozygosity found between responders and non-responders. HLA
class | and Il germline zygosity and somatic LOH events were combined to calculate the unique number of HLA class | and class Il alleles on cancer cells,
which did not differ between responders and non responders. Similarly, there was no evidence of biallellic inactivation of f2-microglobulin or differential
abundance of p2-microglobulin LOH events with respect to therapeutic response. (b) When sequence divergence of the allele’s peptide-binding domains
was computed for HLA class | alleles, patients with high pairwise divergence between HLA alleles and in particular in HLA-B achieved a radiographic
response (Mann Whitney p=0.06), suggesting that in high HLA divergence may be linked with an increased diversity of the neopeptide repertoire
presented and reflective of a more potent-antitumor immune response. (¢) While there were no differences in mean HLA class | divergence for patients
with epithelioid MPM (Mann Whitney p=0.3), (d) a higher HLA-B divergence was linked with radiographic response (Mann Whitney p=0.003). All

p values are two-sided and unadjusted for multiple comparisons. Abbreviations: IMM; immunogenic mutation, B2M; p2-microglobulin, LOH; loss of
heterozygosity.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | TCR clonotypic expansions to neopeptides derived from immunogenic mutations. (a) We used the MANAFEST assay, which
detects memory T cell responses and identifies antigen-specific T cell receptors to test neoantigen-specific TCR reactivity. Neopeptides derived from class
| immunogenic mutations were tested in vitro in autologous T cell cultures from peripheral blood of patient 459 that achieved an overall survival of 32.88
months after chemo-immunotherapy. Neopeptide-specific TCR clonotypic expansions were identified post stimulation with peptides derived from the
SRPK2 p.C234Y and NDUFS2 p.V412L immunogenic mutations (orange bars, y axis denotes TCR productive frequencies of CD8+ T cells after the 10-day
culture). (b) Neontigen-specific TCR clonotypic expansions were noted in autologous CD8+ T cell cultures from the peripheral blood for patient 295 that
achieved an overall survival of 21.85 months and remained event-free at the time of data lock. TCR clonotypic expansions for peptides derived from the
immunogenic mutations SCRN1p.V334A, PSD2 p.C307Y, ZNF469 p.P3471S and CD72 p.T71A (orange bars, y axis denotes TCR productive frequencies of
CD8+ T cells after the 10-day culture). Peptide pools of known HLA class I-restricted viral antigens (Methods) were utilized as positive controls and are
shown in blue bars for both cases.
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Extended Data Fig. 8 | Differences in CD8+T cell infiltration in BAPT mutant tumors. (a) Epithelioid MPMs harboring somatic BAPT inactivating
mutations had a higher intratumoral CD8+ T cell infiltration (n=33 epithelioid MPM tumors, Mann Whitney p=0.036). (b) RNA sequencing of tumor
samples with adequate tissue (n=6, 4 BAPT wild type and 2 BAPT mutant) revealed a higher expression level for GranzymeB in BAPT mutant tumors (n=6
MPM tumors, Mann Whitney p=0.0094). The center line in the boxplots represents the median, the upper limit of the boxplots represents the third
quantile (75th percentile), the lower limit of the boxplots represents the first quantile (25th percentile), the upper whiskers is the maximum value of the
data that is within 1.5 times the interquartile range over the 75th percentile, and the lower whisker is the minimum value of the data that is within 1.5 times
the interquartile range under the 25th percentile. All p values are two-sided.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Genome-wide loss of heterozygosity and genome near haploidization. (a) MPM tumors exhibited various levels of genome-wide
loss of heterozygosity. LOH in chromosomal arms 4p, 4q, 6q, 13q (containing the BRCA2, ERCC5 and LATS2 loci), 14q (containing the FANCM, MLH3 and
XRCC3 loci), and 22q (containing the CHECK2, NF2 and XRCCé6 loci) was observed at a significantly higher rate compared to background. In three tumors
(cases 506, 628, 976), LOH was widespread throughout the genome consistent with the genome near haploidization phenotype. (b) Genome-wide copy
number (top) and B-allele frequency (bottom) profiles of a tumor with GNH (976), depicting a hyper-diploid state and LOH in all chromosomes observed
at normal copy number state. Abbreviations: LOH; loss of heterozygosity, GNH; genome near haploidization. (c-e) Comparison of the background rate of
genomic loss in 1,086 mesothelioma and non-small cell lung cancer cases from TCGA showing that haploid regions of the genome consistently harbored
a lower background rate of genomic loss compared to diploid regions (Mann Whitney p=1e-09, p < 2.2e-16 and p < 2.2e-16 for mesothelioma, lung
adenocarcinoma and lung squamous cell carcinomas respectively). (f) Patients in the PrEO505 study with a radiographic response harbored a higher
number of clonal mutations within the haploid regions of their genomes (n=40 MPM tumors, Mann Whitney p=0.043). The center line in the boxplots
represents the median, the upper limit of the boxplots represents the third quantile (75th percentile), the lower limit of the boxplots represents the first
quantile (25th percentile), the upper whiskers is the maximum value of the data that is within 1.5 times the interquartile range over the 75th percentile,
and the lower whisker is the minimum value of the data that is within 1.5 times the interquartile range under the 25th percentile. All p values are two-sided
and unadjusted for multiple comparisons. Abbreviations: MESO; mesothelioma, LUAD; lung adenocarcinoma, LUSC; lung squamous cell carcinoma, CR;
complete response, PR; partial response, SD; stable disease, PD; disease progression.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Correlations between genomic and molecular features. Non parametric correlations between sequence and structural genomic
and TCR features for all patients (a) and patients with epithelioid mesothelioma (b). Correlations between tumor purity and non-synonymous missense
mutation burden and associated neoantigens were noted for all patients but not for the epithelioid mesothelioma group. An asterix indicates a p value less
than 0.05.

NATURE MEDICINE | www.nature.com/naturemedicine


http://www.nature.com/naturemedicine

natureresearch

Last updated by author(s): Sep 15, 2021

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X] A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XX X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code
Data collection  Clinical data were collected utilizing the RAVE electronic data capture (eDC) system QDR3.
Data analysis Statistical analyses were done using SAS (version 9.4), SPSS software program (version 25.0.0 for Windows, IBM) and R version 3.2 and higher,

http://www.R-project.org/).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All requests for raw and analyzed data and materials are promptly reviewed by PrECOG, LLC and the Johns Hopkins University to verify if the request is subject to
any intellectual property or confidentiality obligations. Patient-related data not included in the paper were generated as part of clinical trials and may be subject to
patient confidentiality. All raw sequencing data, utilized to generate Figures 2-5 and Extended Data Figures 4-10 have been deposited in the European Genome-
phenome Archive (EGA accession number EGAS00001005426). Source data for Figures 1-5 and Extended Data Figures 1-10 are provided with the paper, in the
Supplementary Tables and in Source Data files. Source data for the TCGA tumor samples were retrieved from http://cancergenome.nih.gov. WES-derived somatic
mutation calls from the TCGA PanCancer Atlas MC3 project were retrieved from the NCI Genomic Data Commons (https://gdc.cancer.gov/about-data/publications/
mc3-2017).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Using a one-sided 0.10 level test, with 50 patients, we will have 90% power to detect a 37% reduction in the OS hazard rate of 0.058 to 0.037
(with an accrual period of 24 months and an additional 18 months for treatment and follow-up); assuming exponential survival, this
corresponds to a 58% improvement in the median OS of 12 months to 19 months. After inflating for an ineligibility rate of 10%, the total
planned accrual is 55 patients.
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Data exclusions  No data was excluded from the analysis.
Replication This is a clinical trial. No replication was done.
Randomization  Thisis a single arm phase Il study,no randomization was done.

Blinding This is a single arm phase Il study, no blinding was done.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology g |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern

XOOXX X s
OXXOOOX

Antibodies

Antibodies used Primary mouse anti-human CD8 antibody, (Dako, catalog number m7103, clone C8/144B, 1:100 dilution) and anti-PD-L1 primary
antibody (Cell Signaling Technologies, catalog number 13684, E1L3N clone, 1:100 dilution).

Validation SDS-PAGE analysis of immunoprecipitates formed between lysates of 125I-labeled human T lymphoblasts and the antibody shows
reaction primarily with a 32 kDa polypeptide corresponding to CD8a (Mason et al., J Clin Pathol 1992:45:1084-8). For the PDL1
antibody Western blot analysis of extracts from KARPAS-299, SUP-M2, and PC-3 cells using PD-L1 (E1L3N) Rabbit mAb detects the
PDL1 protein as per the manufacturer's product insert.

Human research participants

Policy information about studies involving human research participants

Population characteristics Eligible patients must have histologically and/or cytologically confirmed unresectable malignant pleural mesothelioma with
age >=18 and have ECOG Performance Status of O or 1. Patients of either sex were included and all demographic
characteristics are described in detail in Table 1 of this manuscript.

Recruitment Patients met all of the eligibility requirements described in the protocol prior to registration. Upon determination that a
patient met eligibility criteria, the patient was registered in the study by site personnel via an electronic data capture (eDC)
system. To capture a representative population of patients with mesothelioma, patients were recruited at 15 centers across
the United States. These included both community and academic centers which with the goal of reducing selection bias, the
eligibility criteria (noted in the manuscript) were also developed to minimize bias.




Ethics oversight The United States Food and Drug Administration; HealthPartners Institute Park Nicollet Health System Institutional Review
Board.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration = NCT02899195
Study protocol The clinical trial protocol is included with this submission.

Data collection Data were collected at the 15 participating cancer centers (academic and community) in the United States. The trial was activated on
May 1, 2017 and completed accrual on June 21, 2018.
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Outcomes The primary endpoint of the study was overall survival. Overall survival was defined as the time from randomization to death from
any cause. Patients that did not have an event reported at the time of analysis were censored at their date of last follow-up.
Secondary endpoints included progression-free survival (PFS), best objective response, and toxicity. PFS was defined as the time from
randomization to documented disease progression or death from any cause, whichever occured first. Patients who did not
experienced an event of interest by the time of analysis were censored at the date they are last known to be alive and progression-
free. Best objective response was evaluated via RECIST Version 1.1 criteria modified for mesothelioma. Toxicity was determined using
the CTCAE Version 4.03 criteria.
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