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Part I

The clinical utility of T cells in
cancer





CHAPTER 2
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Abstract

Mutational load varies widely between and within malignancies and has been used as a proxy for the
immunological foreignness of human cancers. However, without well-defined reference points it is
difficult to determinewhich human tumors can be considered sufficiently foreign to the T-cell-based
immune system. We established a neoantigen prediction pipeline that processes single nucleotide
variants, indels and structural variants and established its precision in identifying T-cell-recognized
antigens. We subsequently used this pipeline to benchmark the immunological foreignness of human
cancers against that of human pathogens for which T-cell control has been established. We demon-
strate that up to 50% of tumors, spanning 25 sites of origin, are more foreign than these pathogen
benchmarks, due to the presentation of foreign antigens they have accumulated. These data sug-
gest that enhancing the activity of the endogenous tumor-specific T-cell compartment through im-
munotherapeutic strategies may be of value for a large fraction of human cancers.
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Introduction

The ability of the T-cell-based immune system to specifically recognize and destroy human can-
cers has attracted strong attention. Antibodies against the T-cell checkpoint molecules CTLA-4,
PD-1, and its ligand PD-L1, can induce tumor regression in a range of human malignancies1–7. In
addition, both infusion of autologous ex vivo-expanded tumor-infiltrating lymphocytes (TIL) and
TCR gene-modified peripheral blood lymphocytes have shown activity in melanoma8 and HPV-
associated cancers9,10. The anti-tumor activity of these therapies is at least partially mediated by
CD8+ T cells, as suggested by the predictive value of pre-treatment intratumoral CD8+ infiltrates11

and as shown by the clinical activity of purified CD8+ TIL12. Several lines of evidence indicate that
T-cell recognition of neoantigens that are formed as a consequence of somatic DNA damage are a
major driving force behind the activities of these therapies. First, T-cell responses against neoanti-
gens are observed in a large fraction of patients with highly mutated tumors6,13 and can be boosted
by immunotherapy6,14. Second, activity of both CTLA-4 and PD-1/PD-L1 blockade is preferen-
tially observed in tumors with above average mutational burden in a number of tumor types15–18.
Third, and most directly, case reports that describe the infusion of T-cell products with high levels of
neoantigen reactivity showed evidence of clinical activity and associated selective pressure against
neoantigenic mutations19–21.

The availability of genomic information on different human cancers has inspired efforts to estimate
the immunological foreignness of these cancers through in silico predictions. In a landmark paper,
Allison and Vogelstein postulated that many human tumors should carry neoantigens22. Subsequent
work has similarly used genomic data to predict the presumed neoantigen burden of different hu-
man cancers23,24, in some cases in combinationwith clinical response to checkpoint inhibitors15,25,26.
While these efforts have been very valuable to describe the relative number of predicted neoantigens
in different human cancers, the data have not been well-suited to draw quantitative conclusions as a
grounded reference point informing on the number of epitopes sufficient to allow the formation of
protective T-cell responses has been lacking.

To advance our understanding of immunological foreignness of different human cancers, we first
developed an epitope prediction pipeline (Neolution) and assessed its performance using a set of ex-
perimentally identifiedT-cell recognizedHIVepitopes. We subsequently used this pipeline to predict
neoantigens for a total of 7,290 tumors obtained from the Cancer Genome Atlas (TCGA), the Inter-
national CancerGenomics Consortium (ICGC) and theMultipleMyeloma Foundation (CoMMpass)
repositories, taking into account the consequences of single nucleotide variants (SNVs), insertions-
deletions (indels) and structural variants, and – where applicable – included other potential sources
of immunologically foreign protein sequence encoded by non-germline DNA sequences, such as
proteins encoded by oncogenic viruses and the B-cell receptor idiotype. In this manner, we trans-
formed the entire pool of genomically novel sequences of individual tumors to the foreign antigen
space (FAS), allowing for their direct comparison to a grounded, viral context. To generate such
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context, we used the same prediction pipeline to analyze proteins from three pathogens for which
T-cell control has been shown to be clinically relevant: the E6 and E7 oncogenes from the human
papilloma virus (HPV)27, the LMP-1 and LMP-2 oncogenes from the Epstein-Barr virus (EBV)28, and
the HIV-1 genome29,30.

We demonstrate that a large fraction of human cancers has evolved to express a sufficient number of
foreign antigens to allow T-cell recognition. Tumors positive for a viral integration are shown to be
especially immunologically foreign. These data provide a strong incentive for the further develop-
ment of therapeutic strategies that aim to expand (neo-)antigen-specific T-cell reactivity in not only
highly, but also modestly mutated human tumor types, especially those of viral aetiology.

Results

Robust estimates of DNA damage- and virus-derived antigen loads

To generate a pan-cancer overview of the foreign antigen space of human tumors, we selected pre-
treatment samples from 7,268 patients across 25 tissues of origin, covering 42 tumor subtypes, based
on the availability of patient-matched DNA and RNA sequencing data (Figure 2.1, Table for list of
patient identifiers and annotations). We reconstructed tumor transcripts using SNVs, indels and, for
a subset of patients from whom these data were available, large-scale gene fusion events in order
to obtain a set of candidate tumor-specific neoantigens. For both SNVs and indels, candidate pep-
tides whose genomic sequences were affected by multiple mutations were modified to reflect the
consequences of all variants (154,731 of 8,818,152 candidate peptides, 1.75%). Conversely, struc-
tural variants were analyzed in isolation as these were found not to substantially overlap with fo-
cal DNA damage (i.e. missense mutations and indels; only 9 out of 20,140 fusion events affected,
Figure S2.1A). NMD-targetability of transcripts was predicted and targeted transcripts and their as-
sociated candidate peptides were excluded, where indicated. Finally, candidate neoantigens were
annotated with the output of our four-filter epitope prediction pipeline that models the major re-
quirements for (neo-)antigen presentation individually: expression of the mutant DNA sequence,
predicted proteasomal processing, predicted HLA-binding, and self-similarity (Figure S2.1A). RNA
expression was assessed using sample-matched gene expression levels from the matched tumor,
requiring at least one mapped read to be considered expressed, unless indicated otherwise. HLA-
binding was assessed with the frequently observed HLA-A*02:01 allele for which binding affinity
predictions are most accurate31. Using a single HLA-allele rather than patient-matched HLA-alleles
allows for uniform prediction accuracy across patients. With any of four other HLA-alleles that
are also well-predicted, we did not get substantially different neoantigen loads (Figure S2.1B). From
959,792non-synonymousDNAmutation events, wepredicted 80,234 candidate peptides that passed
all four filters.
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Figure 2.1: Study setup andmethodology.
Tumor genome sequencing data and viral genome sequences were used as input for the indicated neo-antigen
prediction pipeline, yielding tumoral and viral foreign antigen loads for direct comparison.

Focal DNA damage dominates the foreign antigen space of most tumors

Previous neoantigen identification efforts have mostly focused on SNVs rather than other classes of
DNA damage like indels and gene fusions14,23,24. Frameshifting indels and loss-of-stop mutations
can result in open reading frame extensions, where novel coding sequences ultimately become ac-
cessible to RNA translation, forming an additional source of neo-epitopes 23,32. Similarly, while in-
frame gene fusion events yield immunologically novel DNA sequences that are restricted to the fu-
sion breakpoint, out-of-frame fusions additionally lead to the formation of downstream novel open
reading frames (ORFs) until an in-frame stop codon is encountered. As can be expected, peptides de-
rived from these novel ORFsweremore likely to be dissimilar from the self-ligandome and thus have
a higher probability of being T-cell recognized: of all affinity-filter-passing candidate peptides 74.0%
(95% CI: [73.5%, 74.5%]) and 61.0% (95% CI: [60.8%, 61.2%]) derived from frameshifting indels and
missense mutations, respectively, were classified as dissimilar from self. Next, we determined the
propensity of each mutation class to generate neo-epitopes by assessing the ratio between the num-
ber of neoantigens contributed by the class and the prevalence of that class, resulting in a mutation-
class-specific neoantigen yield rate. As expected, we found DNA damage types to vary significantly
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in their neoantigen yield rates (Figure 2.2A) in amanner highly consistent across tumor types (Figure
S2.2A) and HLA alleles. Loss-of-stop mutations generated 4.99-fold more neoantigens per mutation
thanmissensemutations. The neoantigen yield rate of frameshifting indels onlyminimally exceeded
that of missense mutations when accounting for NMD (1.1-fold), but yielded 3.1-fold more neoanti-
gens when omitting the NMD-filter (Figure 2.2A). In spite of this observed variation in neoantigen
yield rate between DNA damage classes, the absolute contributions of different mutation classes to
the predicted antigenome is predominantly determined by their prevalence. Specifically, due to the
high abundance of missense mutations, this class dominates the predicted antigenome for all inves-
tigated tumor types, despite its relatively modest neoantigen yield rate. This holds true both when
NMD is not taken into account (Figure 2.2B, top) and when it is by removing predicted neoantigens
derived from transcripts identified as NMD-targeted (Figure 2.2B, bottom).

Many of the mutational processes underlying tumorigenesis (e.g. UV radiation, tobacco smoke and
loss of DNA repair mechanisms) are associated with unique patterns of SNVs, termed mutational
signatures33. To assess possible differences in neoantigenicity between mutational processes, we
inferred the likelihood for SNVs to have been caused by any of the identified processes and associated
signatures for 6,504 tumor samples across 36 tumor types (methods, Table ). This calculation was
performed for each SNV individually taking into account the signature’s tendency to cause the SNV
and the total abundance of the signature. We observed small and statistically insignificant differences
inHLA-A*02:01 neoantigen yield rates between signatureswithin tumor types (lowest FDR-adjusted
p-value is 0.214 for lung squamous cell carcinoma, Figure S2.2B) indicating thatmutational processes
do not differ in their ability to yield SNV-associated HLA-A*02:01 (or other alleles, data not shown)
neoantigens.
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Figure 2.2: Neo-antigen contribution andneo-antigen yield rates of different types ofDNAdamage
A Neo-antigen yield rates (the mean number of predicted neoantigens per mutation) for five different HLA
alleles and different classes of DNA damage. Weighted mean yield rates indicated by squares, surrounding lines
denote 95% CIs.
B Proportional contribution of different types of DNA damage to the DNA damage-associated foreign antigen
loads across human tumors, both without (top) and with (bottom) the NMD-filter applied. In the bottom panel,
gene fusion and stop loss variants were assumed not to be affected by NMD.

Viral benchmarks to compare DNA-damage derived antigen loads with

Prior analyses have demonstrated that the number of predicted neoantigens correlates well with the
number of genomic alterations6,24,26. However, in absence of a benchmark for the FAS known to
suffice for T-cell recognition, it has been difficult to determine for which human tumors the foreign
antigen pool is sufficiently large to elicit T-cell reactivity. To provide such a benchmarked analy-
sis of the foreign antigen loads in human tumors, we selected three viral references that have been
shown to provide sufficient genomically foreign T-cell antigens to yield clinically meaningful re-
sponses. First, the E6 and E7 oncoproteins from human papilloma virus (HPV) which are expressed
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in cervical cancer, head and neck cancer, and ano-genital cancers, but also in premalignant neoplas-
tic lesions. Vaccination of patients with premalignant vulvar intraepithelial neoplasia with pools of
overlapping HPV16 E6 and E7 peptides has previously been demonstrated to lead to regression of
lesions in more than 80% of patients27. Thus, clinically meaningful T-cell reactivity against epitopes
within the E6 and E7 oncoproteins can apparently be induced in a large fraction of patients. Second,
the EBV LMP-1 and LMP-2 oncogenes which are causally involved in EBV-induced transformation
of a number of tissue types and the expression of these genes continues after initial cellular trans-
formation. Evidence for clinically relevant immunogenicity of LMP-1/LMP-2 is provided by the
observation that T-cell products generated against these two proteins mediate regression of a large
fraction of EBV-positive relapsed or refractory Hodgkin and non-Hodgkin lymphomas (OR of 62%,
CR of 52%; (Bollard et al., 2014; Heslop et al., 2010). Third, as a non-cancer related viral reference,
numerousCTL responses have been identified in patients infectedwithHIV34. Furthermore, reports
on both humans and non-human primates have shown a correlation between HIV-specific CD8+ T
cells and control of viremia29,30, and evidence for CTL-mediated control of HIV-1 is also provided
by the association of slow disease progression with certain HLA alleles and presence of conserved
T-cell epitopes34–37.

To use these viral gene sets as benchmarks, their predicted foreign antigen loads are required to scale
similarly to viral immunogenicity as those from human genes. As gene expression influences cell
surface antigen abundance38–40 and as such likely T-cell recognition probability, structural differ-
ences between viral and human gene expression would complicate the intercomparison of foreign
antigen loads. We compared the expression levels of the benchmark viral oncogenes and human
protein-coding genes in tissue samples maximally similar to those in the studies we used to define
our benchmarks. To the best of our knowledge, RNA sequencing data of VIN lesions used for the
HPV E6/E7 benchmark is not available, so we analyzed HPV-positive high-grade cervical intraep-
ithelial neoplasia (CIN) lesions. Here we found the average expression of HPV E6/7 to be slightly
lower (0.77-fold difference in medians, p = 0.83; Figure S2.3A) than human genes, which is unlikely
to be of discernible effect on cell surface antigen abundance as RNA expression levels vary over 4
orders of magnitude (Fig S3A). In an analogous analysis of EBV+ diffuse large B-cell lymphomas,
average expression of EBV LMP-1 and LMP-2 was found to be ~7.7-fold lower (0.13-fold difference
in medians, p = 0.2; Figure S2.3B) than human genes. The trend towards somewhat lower expres-
sion of the viral oncogenes, renders these oncogenes a reasonable and possibly slightly conservative
benchmark for the foreign antigen load known to suffice for the induction of clinically relevant T
cell reactivity.

Benchmarking the foreign antigen space ofhumanmalignancies against hu-
man pathogens

To generate a comprehensive estimate of immunological foreignness across cancer types, we com-
bined thepredictedHLA*A:02:01-neo-antigen loads resulting fromsomaticDNAdamage,with those
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of non-germline sequences in the rearranged B-cell receptor in case of B-cell malignancies and of
expressed viral genes for virus-positive cancers. For the latter class of genes, viral contributionswere
restricted to genes expressed within the top three quartiles of the human transcriptome. As we pre-
viously found neoantigen depletion to be incomplete at best (Chapter ), we analyzed HLA-A*02:01
neo-antigen predictions as a proxy for all class I neo-antigens for all patients, regardless of their HLA
repertoires.

Comparing the foreign antigen loads of human tumors to those of our viral benchmarks, we found
large overall consistency with observed clinical successes of cancer immunotherapy obtained so
far41, while simultaneously also highlighting tumor types worthy of further exploration in terms
of immunotherapeutic targeting of foreign antigens. 16 out of the 42 evaluated tumor types had
a median foreign antigen load below the lowest of the 3 benchmarks, the HPV E6/E7 oncogenes,
which were enriched for hematological and neurological tumors (Figure 2.3A). Our current analysis
provides no evidence for the average foreign antigen repertoire of these tumors to be sufficiently
sized for clinical actionability. The upper side of the foreignness spectrum is composed of cancers
with foreign antigen score that are larger than the HPV E6/E7 benchmark, comprising 53% of all
assayed samples. Here, 4/26 tumor types and 9% of analyzed samples had higher median foreign
antigen loads than the EBV LMP-1/LMP-2 proteins. In view of the profound clinical activity of T
cell products directed against these antigens, these data provide strong evidence that the repertoire
of neo-antigens present in these tumors should commonly suffice to allow strong T cell reactiv-
ity. Notably, virus-positive tumors, including HPV+-tumors, all displayed median foreign antigen
loads higher than that of theEBVLMP-1/LMP-2oncoprotein-benchmark. Foreignness benchmarks
were robust to variation of theMHC-affinity thresholds of the prediction pipeline, keeping the other
pipeline parameters constant (Figure 2.3B).
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Figure 2.3: Pan-cancer overview of immunological foreignness
A (Top) Pan-cancer foreign antigen loads contrasted to the foreign antigen load of three viral gene sets known to
allow the formation of protective T-cell responses. Tumoral foreign antigen loads are composed of neoantigens
generated through focal DNA damage, virus-derived antigens (virus-positive tumors only) and immunoglobu-
lin idiotype-derived antigens (B-cell malignancies only). Fusion gene contributions are omitted as these could
not be evaluated for all patients and their contribution wasmodest (see Figure 2.2). Dot size reflects the number
of samples on a coordinate, red lines indicate median foreign antigen load per tumor type. (Bottom) Distribu-
tions of tumoral foreignness relative to indicated viral benchmark gene sets.
B Robustness of the benchmarking of tumor foreignness to the peptide MHC-affinity threshold used in neo-
antigen predictions. Quantiles of the three viral benchmarkswithin the distributions of tumoral foreign antigen
loads are depicted.
C Distribution of microsatellite instable tumors across indicated tumor types. Only those TCGA-tumor types
in which at least one MSIH-case was detected (shown as red dots) are depicted.
D Foreign antigen loads and compositions of breast and ovarian cancers classified by presence or absence of
BRCA1-like signature characteristics in copy number profiles (Schouten et al., 2015).
E Foreign antigen contributions of focal DNA damage and immunoglobulin idiotype sequences in B-cell lym-
phomas. Black dots denote medians, black bars span the 25% and 75% percentiles. Percentage labels denote the
contribution of viral genes to the overall foreign antigen load.
F Foreign antigen contributions of focal DNA damage and either expressed HPV genes in HPV+ head and neck
and cervical tumors, or expressed EBV genes in EBV+ stomach adenocarcinomas. Black dots denote medians,
black bars span the 25% and 75% percentiles. Percentage labels denote the contribution of viral genes to the
overall foreign antigen load.

Mismatch repair deficiency enlarges tumor foreignness

Consistent with the high response rates to checkpoint blockade15,16, mismatch-repair deficient col-
orectal and non-colorectal cancers are predicted to have very high neoantigen loads, deriving from
somatic mutations in repetitive regions of the genome, termed microsatellites (Figure 2.3C). We as-
sessed the microsatellite instability (MSI)-status of all TCGA samples in our cohort with a classifier
trained on mutation type frequencies42 and found MSI in 12/29 assayed tumor types (1.8% of as-
sayed samples) and that the foreign antigen loads of 91% of MSIH-tumors are higher than that of
our upper benchmark, the full HIV genome (Figure 2.3C). This indicates that MSI-tests can be used
to directly identify highly foreign tumors across tumor types. Although mismatch-repair proficient
colon cancers had lower neoantigen loads than their mismatch-repair deficient counterparts, virtu-
ally all tested exceeded our lower HPV E6/E7 benchmark. This suggests that the low response rate
to PD-1 blockade that has been observed in this tumor type15 cannot solely be explained by a lack of
immunological foreignness, suggesting an enrichment of immune evasion mechanisms there.

Defects in homology-mediated DNA repair augment foreignness

Defects in homology-mediatedDNA repair (e.g. by loss of function of theBRCA1/2 genes) have been
associated with large-scale genomic rearrangements such as inter- and intrachromosomal gene fu-
sion events in breast and ovarian cancers43–45. These rearrangements can yield protein-coding tran-
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scripts with fusions either occurring in-frame, leading to novel junctional sequence at the boundary
of the two fused exons, or out-of-frame, generating complete stretches of novel coding sequences.
To assess whether defects in homologous recombination DNA repair are associated to the complete
foreign antigen load, we stratified patients of the TCGA breast and ovarian cancer cohorts accord-
ing to their ‘BRCA-like’ status, as assessed with a ‘BRCA1-like’ classifier trained to recognize DNA
copy number aberration profiles characteristic for BRCA1-mutants46. BRCA1-like breast cancer
was significantly more foreign than non-BRCA1-like breast cancer (1.75-fold difference in medians,
p = 5 x 10-10), reaching median foreign antigen loads equal to our lower benchmark HPV E6/E7
(Figure 2.3D, top), partially due to a higher presence of gene fusions (Figure 2.3D, bottom). Sim-
ilarly, BRCA1-like patients were significantly more foreign than non-BRCA1-likes in the ovarian
carcinoma cohort (1.5-fold difference in medians, p = 6 x 10-3), but neither group’s median reached
the lower HPV E6/7 benchmark. Consistent with our observations, an association has been found
between BRCA1/2-mutation status and elevated neo-antigen loads in high-grade serous ovarian
cancer47.

Compositionof foreign antigens informsonnovel potential therapeutic tar-
gets

As vaccination strategies in cancers with viral etiology have primarily focused on the targeting of
viral antigens, we wished to explore how the foreign antigen loads of viral oncogenes in these tu-
mors compares to that formed as a consequence of somatic mutations. Follicular B-cell lymphomas,
despite being very low in exonic non-synonymous mutations (median: 30, range: [9, 79]), get the
primary contribution to their foreignness from neoantigens originating from somatic mutations
(Figure 2.3E). Due to their low numbers, idiotype-derived antigens (median: 1, range: [0, 4]) are less
attractive therapeutic targets, compared to the more abundant DNA damage-derived neoantigens.
Similarly, the neoantigens generated by somatic mutations in the highly mutated diffuse large B-cell
lymphomas (DLBCL) easily surpass those of idiotypic sequences in these tumors, and it will be inter-
esting to establishwhether long-term responses ofDLBCL followingCD19CART-cell therapy48 are
in some cases accompanied by induction of neoantigen-specific T-cell reactivity. On the contrary,
for HPV+ cervix and head & neck and EBV+-stomach cancers, the majority of the foreign antigen
repertoire is made up by antigens of viral origin (Figure 2.3F). even when restricting the viral con-
tribution to the LMP-1/LMP-2 oncogenes

Gene fusions have been suggested as another potentially important source of foreign antigens49,50.
We detected 11426 gene fusion events in 3359 out of 6049 investigated tumor samples across 33 ma-
lignancies. Likely due to their low prevalence, the overall contribution of fusion genes to foreignness
was modest (6.8% of total foreignness; 95% CI: [6.3%, 7.2%]). This suggests low prioritization of im-
munotherapeutic solely and specifically targeting fusion gene antigens. Notable exceptions to this
include prostate, uterine and some breast cancers (Luminal B and Basal subtypes) for which fusion-
derived neoantigens increased the foreignness to surpass that of our lower HPV E6/E7 benchmark
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(Figure S2.4A).

As we found NMD to have a substantial impact on neoantigen load (Figure 2.2A), especially for anti-
gens derived from indels, a potential immunostimulatory measure would be to inhibit NMD to aug-
ment the targetable antigenome51,52. By including epitopes from NMD-flagged transcripts in our
foreignness estimates, we find that an average of 10% (95% CI: [10%, 11%]) of HLA-A*02:01 neoanti-
gens could be gained (Figure S2.4B). As expected, the highest gains were in indel-rich, mismatch-
repair deficient tumor types (colon MSIH: 32.2%, stomach MSIH: 31.2%, Figure S2.4B). The evalu-
ated kidney cancers, through their elevated indel loads, additionally showed gains of 16% (95% CI:
[14%, 18%]) in foreignness when accounting for NMD-blockade, averaged over all three evaluated
subtypes. We found up to 14% of clear cell kidney tumors to have potentially clinically impactful
increases in foreignness, as they met or surpassed the HPV E6/E7 benchmark after NMD-blockade
(Figure S2.4B).

Accounting for intratumoralheterogeneity consistently lowers foreignanti-
gen space

Clonal antigens that are presented by all tumor cells in a lesion can reasonably be expected to have
a larger contribution to tumor regression than subclonal antigens, and the observed inverse rela-
tionship between tumor heterogeneity and immunotherapy outcome provides indirect support for
the superior value of clonal antigens as T-cell targets53. We aimed to address how our foreigness
estimates would be affected when accounting for intratumoral heterogeneity.

To account for tumor heterogeneity in our antigenome estimates, we devised two ways of incor-
porating cellularity-estimates in our predicted neoantigen loads. In a first, conservative approach,
we fully restricted predicted antigenomes to those peptides that are derived from clonal mutations
(i.e. with an inferred cellularity ≥ .9553,54). In this, we assumed the contribution of viral genes to be
shared by all cells in HPV+ and EBV+ cancers due to their role in cellular transformation. We ob-
served an average 51.6% (95%CI: [50.5%, 52.7%]) decrease in these heterogeneity-aware foreign anti-
gen loads as compared to the heterogeneity-unaware foreign antigen loads presented earlier (Figure
2.4A), decreasing the number of tumor types with median foreign antigen loads equal or exceed-
ing our lower benchmark HPV E6/E7 from 12/18 to 8/18 (Figure S2.5A). The above analysis ignores
that subclonalmutations can be immunogenic and could contribute to tumor rejection, limited to the
subclones harboring them. Indeed, T-cell recognition of subclonal mutations has been reported55.
This inspires an approach in which neoantigens are weighted by the cellularity of their associated
somatic mutations. We found cellularity-weighted estimates of the foreign antigen loads to be 23.5%
lower (95% CI: [22.7%, 24.3%], when compared to heterogeneity-unaware foreign antigen loads (Fig-
ure 2.4A,B), more mildly decreasing the number of tumor types with median foreign antigen loads
equal or exceeding our lower benchmark HPV E6/E7 from 12/18 to 10/18. Interestingly, the de-
crease in foreign antigen load when accounting for ITH is not constant across tumor types. Whereas
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the antigenic mutanomes of all breast cancer subtypes and melanoma were relatively rich in nearly
clonal mutations and hence experienced only mild decreases in foreign antigen loads (median de-
creases ranging between 8.2% and 13.6%), thyroid cancer on the other side of the spectrum under-
went a median decrease of 42.2% (Figure 2.1A). Read coverage depth in next-generation sequencing
is known to influence the sensitivity of variant callers to (subclonal) mutations56. However, the vari-
ation in effect of cellularity weighting was not explained by differences in median read coverage of
variant loci (Figure S2.5B).
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Figure 2.4: Effect of tumor heterogeneity on foreign antigen loads
A. Distributions of the ratio between heterogeneity-aware and -unaware somatic mutation-derived foreign
antigen estimates. Colored lines reflect the average decrease in foreign antigen loads when either restricting the
computation of the foreign antigen loads to clonal mutations (52%, 95% CI: [50%, 53%, red), or when weighting
mutations according to their cellularity (23%, 95% CI: [23%, 24%], blue line).
B. Pan-cancer overview of foreign antigen loads inwhich neo-antigens contributed by focal DNAdamage types
are weighted by their estimated cellularity and combined with viral and idiotype antigen contributions.

Discussion

We devised an unbiased method to estimate the immunological foreignness resulting from different
formsofDNAdamage andoncogenic viral insertions inhumancancers, and thenbenchmarked these
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results against the foreignness of human pathogens for which clinically relevant T-cell recognition
has convincingly been demonstrated. The main conclusion of this work is that a substantial fraction
of human cancers expresses a sufficient number of neo-antigens to allow T cell recognition.

By establishing the precision of our epitope prediction pipeline, and by using the same prediction
pipeline on foreign genomes known to contain T cell targets, we removed concerns around the un-
known false positive rates that have complicated the interpretation of earlier antigenome landscape
efforts. One striking outcome of this benchmarking is that a substantial set of human cancers for
which no forms of immunotherapy have been approved to date (e.g. MSS colon, bile duct, MSS en-
dometrial, pancreatic, adrenocortical, and uterine cancers) do contain a larger number of predicted
neo-antigens than the HPV E6 and E7 oncogenes that have successfully been used as therapeutic
targets in premalignant disease. One interpretation of these data is that defects at other stages in the
cancer immunity cycle/cancer immunogram57,58 are interfering with T cell-mediated tumor con-
trol in these tumor types. For tumor types, such as MSS colon cancer, that do commonly encode a
number of neo-antigens that lies above that of the HPV E6 and E7 oncogenes, it will be of interest to
determine whether inefficient T cell priming, or the immunosuppressive molecules such as TGF-β,
may for instance explain the poor responsiveness to PD-1/ PD-L1 blockade.

In future efforts, the accuracy of the estimates of foreignness that we provide may be further im-
proved in several ways. First, the contribution of multi-basepair indels and gene fusion events is
potentially underestimated as sequencing and the employed variant calling methodologies to detect
these events were less robust than for SNVs59–61. Effect size of such optimization would be expected
to be most significant for tumor types that are characterized by chromosomal instability and by rel-
atively low degrees of focal DNA damage, such as BRCA1/2 deficient cancers. A second point of im-
provement will be to include the weakly compensatory interaction between MHC-binding affinity
and transcription levels in cell surface antigen abundance, as shown by mass-spectrometry of HLA-
eluted peptides38,40,62,63. However, as gene expression levels between the viral HPV and EBV bench-
marks and the tumor-associated transcripts differ only minimally, we expect the effect of inclusion
of a weighted measure of RNA expression/MHC affinity to be small. Analysis of the contribution of
subclonal versus clonal antigens to the total pool of predicted neo-antigens revealed that for tumor
types such as breast and melanoma accounting for intratumoral heterogeneity only minimally alters
the size of this pool whereas for thyroid carcinoma more than half of patients completely lost their
foreign antigen repertoire. In particular for this tumor type it will be important to understand to
what extent subclonal T cell antigens can contribute to tumor control, for instance by development
of mouse models with a fixed level of clonal and increasing levels of subclonal neo-antigens.

Based on the data from the Melief and Bollard/Rooney groups it is apparent that induction of T cell
reactivity against HPV E6/ E7 and EBV LMP1/LMP2 frequently results in regression of premalig-
nant HPV+ lesions and EBV+ lymphomas, respectively27,28. An important and incompletely resolved
question is whether these therapy-induced T cell responses are by themselves sufficient, or whether
the observed clinical responses are at least partially due to epitope spreading. In case of theHPV anti-
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gens, such a dominant role of novel T cell responses as a consequence of epitope spreading appears
less likely, as the premalignant lesions that respond to vaccination27 are unlikely to have accumu-
lated substantial numbers of somatic mutations64. Nevertheless, a better understanding of epitope
spreading in therapy-induced tumor control would be of value.

In earlier work by Turajlic and colleagues, the neo-antigen yield rate of frameshifting indels was
found to be 9-fold higher than that of non-synonymous SNVs32, whereas in our analyses these DNA
mutation types differed only minimally in this respect. The discrepancy between these data likely
stems from the omission of a model for NMD and the use of a model for thymic negative selection
of neo-antigen-reactive T cells that is strict on SNV-derived peptides but not applied to peptides
originating from indels, whereas SNV and indel-derived epitopes in our work were both passed
through the similarity-to-self filter.

We have provided a pan-cancer overview of immunological foreignness that predicts a potential
value of cancer immunotherapies that goes substantially beyond the tumor types for which T cell
checkpoint currently forms an approved strategy, and that includes common cancers such as MSS
CRC. Analysis of the mechanisms that hold back T cell reactivity in these tumors and strategies to
circumvent these mechanisms will be of major interest.
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Methods

Datasets

HIV validation, TCGA mutation calls and RNA expression was acquired and processed as described
in Chapter 4.

ICGC data

CLLE-ES (chronic lymphocytic leukemia) andMALY-DE (malignant lymphoma) projectsweredown-
loaded from ICGC release 20. Somatic mutations were annotated with RNA expression levels from
sample-matched expression data, matched on Ensembl gene identifiers.

CGCI data

Diffuse large B-cell lymphoma (DLBCL) RNA sequencing data was obtained from the NHL-DLBCL
project, provided by the Cancer Genome Characterization Initiative.

CoMMpass data

MultiplemyelomaDNAandRNAsequencingdatawas obtained from theCoMMpasswebsite (https:
//research.themmrf.org/), provided by the Multiple Myeloma Research Foundation, in Jan-
uary 2016. Somatic variants were annotated with sample-matched gene expression levels from the
provided gene expression matrix, matched on Ensembl gene identifiers.
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Genotype-Tissue Expression Project (GTEx) data

Healthy spleen and EBV-transformed lymphocyte datasets were obtained from the GTEx Portal (db-
GaP project phs000424) and used to quantify background and positive control EBV transcript ex-
pression levels. The raw data were processed as described under ’Viral gene expression’.

B-cell lymphoma idiotype data

Idiotype sequences obtained fromDiffuseLargeB-cell lymphoma (DLBCL) andFollicular lymphoma
(FL) patients were provided by the Veelken lab at the Leiden University Medical Center, The Nether-
lands. In selected DLBCL cases where two heavy or light chains were identified, both chains were
included. The FL dataset was restricted to heavy chain sequencing data.

Gene fusion calls

Gene fusion calls for the majority of TCGA donors were provided by the Verhaak lab at The Uni-
versity of Texas MD Anderson Cancer Center, USA1, identified using the structural variant caller
PRADA2. Of note, PRADA only detects sense-sense fusions, a limitation that to the best of our
knowledge applies to all fusion gene callers. To determine the amino acid sequence of gene fusions,
the canonical nucleotide sequences of both fusion partners were retrieved from Ensembl release
64 as this version of Ensembl was used for the fusion variants in the PRADA analysis. Genomic
breakpoint coordinates were converted to cDNA coordinates and mRNA features (e.g. UTRs) at the
breakpoint locations were annotated. Fusions that were deemed unlikely to result in a translatable
amino acid sequence (e.g. UTR-UTR fusions) were discarded. The nucleotide sequences of fusion
partners in the remaining fusion events were joined and translated into amino acid sequences. As
out-of-frame fusions result in the loss of the canonical stop codon, the nucleotide sequence after
the breakpoint was scanned until the first occurrence of an in-frame stop codon and the resulting
sequence was translated to protein. The resulting amino acid sequence was subsequently used in
the neo-antigen prediction pipeline described below. As the PRADA-analysis was performed on
RNASeq data, NMD-targeting of detected fusion transcripts can at best have been incomplete, but
we cannot exclude partial degradation of these fusion variant calls. For this reason, we did not apply
the NMD-filter to fusion variant calls.

Genome- and patient-level annotation

MMRstatus of tumor samples, antigenpresentation capability and sensitivity toT-cell attack, PAM50
subtyping of breast cancer samples, gene essentiality were performed as described in Chapter 4.
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Peptide-level annotation

Similarity to self-repertoire of peptides was performed as described in Chapter 4.

Somatic variant annotation

Variant effect prediction, variant oncogenicity and essentiality, variant cellularity, variant expres-
sion, neoantigen prediction, validation of the neoantigen prediction pipeline were performed as de-
scribed in Chapter 4.

Variant annotation with the likelihood of having been caused by any mutational
process

Methods to extract themutational signature ofmutational processes compute the total burden caused
by a mutational process and the mutational signatures of these processes for a large collection of
genomes. They do not compute probabilities for single mutations to have been originated by a par-
ticular process, as one would require to compare the neo-antigen yielding capabilities of different
mutational processes. We devised a methodology to do this, starting from mutational profiles and
patient specific signature loadings.

Wewant to compute the likelihood of then-th signature to have caused a somatic variant v of the ith
type/letter in the alphabet of all 192 point mutations with the analyzed strand selected such that the
reference allele is a pyrimidine and flanked by all possible nucleotide combinations (e.g. ‘ApC’, de-
noting a C to Tmutation for which the 5’ and 3’ flanking variants are adenosine and guanine, respec-
tively, employing the notation in Alexandrov et al. (2013)33). This measure should factor in the rela-
tive contribution of signaturen, fn, to the genome g inwhich the variantwas observed. The absolute
amount of mutational signature explained mutations of type i in genome g contributed by the the
n-th signature, N i

n,g , equals the forward probability of the n-the signature to cause a variant of the
i-th letter multiplied by the presence of the n-th signature in the genome g: N i

n,g = pin,g e
n
g where

eng represents the total contribution of signature n to genome g. From this, the probability for mu-

tations of type i to have been caused by then-th signature in that same genome g must be Ni
n,g∑

n′ N
i
n′,g

.

Somatic variants were assigned to the different mutational processes proportional to the likelihood
of having been caused by these probabilities, afterwhich somatic variant andneo-antigen loads could
be tallied cognizant of partial classmembership as described inChapter 4 ‘Somatic variant and neo-
epitope load tallying’.
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Neoantigen load prediction

Computing the total foreign antigen load/foreignness

Foreign antigen load was computed as the sum of the neo-antigen load and viral antigen load (where
applicable) on a sample-specific basis. For DLBCL and FL, idiotype-derived antigen loads were
added to this by adding themedians of idiotype-derived foreign antigen loads found in non-matched
DLBCL and FL patients, respectively.

Viral contribution to foreign antigen load

We noticed substantial differences in the expression levels of EBV genes and human genes in EBV+

stomach cancer. In order not to overestimate the viral contribution to the foreign antigen load, we
filtered out genes that had lower expression values than the first quartile of the humandistribution on
a per sample basis. Application of this rule had a relativelyminor impact on the antigen contributions
of HPV genes in HPV+ cervical and head and neck tumors, with all viral genes being expressed at a
higher level than the first quartile of the human protein-encoding transcriptome in the majority of
tumors (68% and 59%, respectively) were unaffected due to all viral genes being expressed to a higher
extent than the first quartile of human genes. Affected tumors lost an average of 42% (95% CI: [35%,
48%]) and 48% (95% CI: [36%, 61%]) of viral antigens due to low expression, respectively (Figure
S2.3B). In contrast, all EBV+ stomach tumors were strongly affected, as 64% (95% CI: [58%, 70%]) of
viral antigens derive from genes that are expressed at a lower level than the first quartile of human
protein-encoding transcriptome (Figure S2.3C).

Computation of heterogeneity aware neo-antigen loads

We computed two kinds of heterogeneity aware foreign antigen loads. First, the ‘clonals only’ mea-
sure, inwhichonlyneo-antigens derived fromclonalmutations are included. Second, the ‘cellularity-
weighted’ measure, in which neo-antigens are summed, weighted by the maximum likelihood cel-
lularity estimates of their corresponding mutations. For both of these measures, we assumed the
contribution of viral genes to be shared by all cells in HPV+ and EBV+ cancers due to their role in
cellular transformation. In addition, idiotypic antigen contributions were weighted as one.

Statistical analysis

Antigen prediction quality assessment, somatic variant and neo-epitope load tallyingwas performed
in as described in Chapter 4.
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Neoantigen yield rate computation

To compare the neoantigen generating propensities of different somatic variant classes, we analyze
their yield rates, defined for a class c as the number of neoantigens resulting from c divided by the
mutation load contributed by c. When comparing the yield rates of different mutation classes c,
they are computed for the aggregate of variants and neoantigens from multiple donors in a group of
genomesG:

rc,G�

∑
g∈G Np

g,c∑
g∈G Nv

g,c

which can be interpreted as the probability for a mutation of class c to yield a neoantigen. Invoking
the binomial properties of the r for values of r in the range [0, 1], we compute the 95% confidence
interval of this estimate as rc,G ± 1.96

√
1

Nn
g,c

rc,G (1− rc,G).

Data and software availability

Custom software was distributed over R and Perl packages as described in Chapter 4.
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Supplemental Items

Table 1 can be retrieved from https://doi.org/10.17632/mf39n7s2b9.1.
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Figure S2.1: Technical considerations in assessing foreignness
ADistance in base pairs between fusion gene breakpoints and focal DNA damage (SNVs and indels of max. 200
base pairs long).
BThepairwise Spearman correlation in predicted neoantigen loads between different settings of the neoantigen
prediction pipeline across all included patients. Rows are identically ordered as columns. Gene expression
filtering settings, rather than the choice of the HLA allele to use in neoantigen prediction, determine most of
the variation. This indicates the choice of HLA allele is rather unimportant.
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Figure S2.2: Relationship betweenmutational processes and foreign antigen loads across cancers.
A HLA-A*02:01 neo-antigen yield rates of different mutational events are highly similar across tumor types.
Tumor-specific average yield rates are indicated by red lines.
B As in A, Comparing neo-antigen yield rates of the indicated mutational signatures within tumor types. No
signatures are observed to be recurrently deviant from the other mutational signatures with respect to neo-
antigen yield rates.
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A (Left) Distributions of RNA expression levels of human genes and HPV-associated E6 and E7 oncogenes in
cervical intraepithelial neoplasia. (Right) Same as left panel, but depicting expression of human genes and EBV-
derived oncogenes in diffuse large B-cell lymphoma. Blue boxes represent expression levels of viral oncogenes.
B (Top) Distributions of RNA expression levels of human genes and HPV genes in cervical cancers. (Bottom) As
in top panel, but for HPV+ head and neck cancers. Blue boxes represent expression of all viral genes.
C RNA expression levels of human genes and EBV genes in EBV+ stomach tumors. Dashed line indicates lower
quartile expression level of human genes. The blue box represents expression across all EBV genes.
DRelationship between foreign antigen loads of virus-positive tumors when either only taking viral oncogenes
(E6 and E7 for HPV, LMP-1 and LMP-2 for EBV) into account, or when taking all viral genes into account for
which expression greater than the first quartile of the human genes is observed in a sample-specific manner.
Dot size reflects the number of samples on a coordinate; color denotes tumor type.
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Figure S2.4: Effect of tumor heterogeneity on foreign antigen loads.
A Relationship between the foreign antigen loads excluding fusion genes (quantile within tumor type, horizon-
tal axis) and the fractional contribution of fusion-derived antigens to the neo-antigen load. Dot size reflects
the number of samples on a coordinate. Only tumor samples for which the presence of gene fusion events was
evaluated are incorporated. Samples are colored according to their foreignness compared to the three viral
benchmarks. Tumors moving up to a higher level of foreignness, as compared to the viral benchmarks, when
including fusion-derived antigens are denoted by triangles rather than circles. Legends indicate sample size
per color group, in which black parenthesized numbers reflect the fraction of samples in each color group per
tumor type. Mean fractional contributions and associated 95% confidence intervals of fusion genes to total for-
eignness are indicated by red lines and surrounding red transparent boxes, respectively. Rank quantiles shown
on the horizontal axis are computed over the foreign antigen load excluding fusion genes, assigning tied sam-
ples identical maximal rank quantiles. Fusions genes are shown to infrequently contribute a sizeable fraction
of foreign antigen load, especially for tumors that are relatively rich in focal mutation-derived foreign antigens.
B As in A, but showing the fractional contribution of NMD-targeted neo-antigens to the tumoral foreign anti-
gen loads.
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Figure S2.5: Effect of tumor heterogeneity on foreign antigen loads.
A Pan-cancer overview of foreignness in which neo-antigens contributed by focal DNA damage types are re-
stricted to clonal mutations and combined with viral and idiotype antigen contributions, with the latter two
antigen sources assumed to be clonal.
B Absence of relationship between sample DNA sequencing depth and the degree to which the foreign antigen
load is reduced in heterogeneity aware estimates. Dot size reflects the number of samples at a coordinate. The
black line represents a LOESS local smoothing regression.
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