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disorders3,4. This has led to a high degree 
of business-level uncertainty regarding 
how such treatments should be priced and 
reimbursed5. Given these uncertainties, 
research organizations might not be easily 
able to hand off their scientific discoveries 
to biotech and pharmaceutical firms for 
downstream clinical development. As a 
result, translational research centers within 
several leading research organizations are 
presently the locus of clinical development 
for gene therapies. Whether, in the long run, 
this reconfiguration is optimal remains an 
open question. And if it is, perhaps this is a 
start of a wider change within the biotech 
ecosystem.
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 Table 2  Clinical trials for not yet approved therapies in gene therapy and mAbs from 
2012 to 2016

Clinical trials Gene therapy mAbs
mAbs
(1985–1993)

Oncolytic virus 
(2012–2016)

Total trials (phase 1, 2 or 3) 282 910 65 42

Trials involving pharmaceutical firms 13 (4) 507 (352) 27 (21) 2 (0)

Trials involving biotech firms 160 (121) 351 (229) 47 (41) 30 (24)

Trials involving research organizations 152 (117) 264 (134) 6 (3) 16 (11)

Source: Unless otherwise noted, http://clinicaltrials.gov. Clinical trials during 2012–2016 were identified based on key-
words: monoclonal antibod*, oncolytic virus, gene therapy, gene delivery, gene transfer, AAV, adenovirus vector, lentivirus 
vector, antisense, RNAi, and shRNA. We limited our analysis to those interventions for which the treatment has not yet 
been approved (e.g., any trial in 2012–2016 involving adalimumab was not included as adalimumab was approved in 
2002). The values in parenthesis are the number of trials that were initiated solely by the focal type of actors without 
collaborating with other types of actors. The data for pharmaceutical firms include the cases in which the trial is initi-
ated by a biotech unit of the pharmaceutical firm, which was created through an acquisition (e.g., MedImmune unit of 
AstraZeneca). mAbs clinical trials data during 1985–1993 were obtained from Pharmaprojects. The data includes the 
first time a clinical trial is initiated for each reported mAbs project in Pharmaprojects.

To the Editor: The Editorial in your February 
issue entitled “The problem with neoantigen 
prediction” highlighted some of the challenges 
in identifying and validating cancer neoanti-
gens—tumor-specific antigens—for person-
alized immunotherapy. This timely Editorial 
discussed some of the computational methods 
currently used to predict which somatic DNA 
mutations could give rise to neoantigens capa-
ble of eliciting an effective anti-tumor T-cell 
response when administered to patients. The 
article concluded that more research needs 
to be done before neoepitope prediction and 
validation becomes routine and personalized 
immunotherapy, a clinical reality.

Here, we wish to bring attention to the 
crucial need for experimental validation of 
mutant peptides (neopeptides) predicted to 
bind to major histocompatibility complex 

(MHC). Only a small subset of these peptides 
will be processed and presented in the context 
of MHC on the cell surface. And only a subset 
of those will be ‘neoepitopes’—recognized 
by a T-cell receptor (TCR)-bearing T cell 
and, as a result, potentially immunogenic. 
Experimental validation of therapeutically 
relevant immunogenicity is a crucial 
step in improving the odds of successful 
immunotherapy.

Over the past several decades, thousands 
of patients have been vaccinated with tumor-
associated antigens (antigens overexpressed 
by cancer cells or embryonic antigens 
reexpressed by cancer cells). Because such 
antigens were recognized by T cells from 
patients that cleared the tumor1, the hope 
has been that universal vaccines could be 
developed for specific cancers. For the most 

part, however, vaccination with such antigens 
has been ineffective. Recent work has shown 
that the T-cell repertoires of some cancer 
patients treated with immune checkpoint 
inhibitors, such as anti-CTLA-4 (cytotoxic 
T-lymphocyte antigen 4) and anti-PD1 
(programmed death receptor 1)/PD-L1, 
contain neoepitope-specific T cells, refocusing 
attention on neoantigens as potential cancer 
vaccines2–4. Genomic sequencing and 
bioinformatics provide formidable tools for 
the identification of tumor-specific non-
synonymous mutations, frameshift mutations, 
and gene rearrangements from which to 
select tumor proteins and peptides for 
immunotherapy.

As summarized in the Editorial, in silico 
methods aim to identify mutant peptides—
likely processed by the tumor cell into short 
peptides—that bind the patient’s MHC 
class I/II molecules, and that may contact 
a TCR and ultimately prove immunogenic. 
The identification of putative neoepitopes 
proceeds from DNA and/or RNA sequencing 
to predicting the MHC binding of mutation-
containing 8- to 15-amino-acid peptide 
sequences. Processing can be predicted by 
the existing algorithms, but prediction is 
preferably done by direct identification of 
peptides bound to the MHC in the tumor by 
elution followed by mass spectrometry (MS)5. 
However, the MS approach is fraught with 
sensitivity issues and the likelihood of missing 
important epitopes; at present there is no 
single high-throughput method that allows 
for a comprehensive and certain identification 
of putative neoepitopes6. Recognition of 
naturally processed peptides by CD8 T-cell 
killing remains the most sensitive and 
accurate method because a single MHC–
peptide complex suffices to mediate both 
recognition and killing by the T cell7. For 
instance, one could use T cells generated 
in HLA transgenic mice immunized with 
the reference neopeptide. Computational 
methods can be improved to more accurately 
predict MHC binding and processing and to 
predict in general terms antigenicity (e.g., the 
presence of aromatic amino acids and residues 
with bulky side chains8). These predictions 
lighten the burden of immunogenicity 
testing by reducing the number of candidate 
peptides, but establishing immunogenicity 
through empirical experimentation, although 
time- and resource-consuming, remains a 
necessary step in developing personalized 
immunotherapy.

Data obtained from large-scale analysis 
of peptides from complex viruses (dengue 
and vaccinia) predict that only ~1% will 
bind MHC (depending on the accuracy 
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recombination of human TCR genes; 
however, the peripheral repertoire actually 
contains only ~2.5 × 107 clonotypes19 (Fig. 
1b). To this, we must factor in the individual’s 
genetic and environmental experience, which 
further shapes the available T-cell repertoire. 
This influence is best exemplified by a large-
scale study of monozygotic twins discordant 
for cytomegalovirus status, in which 
differences in immunological parameters 
were largely determined by non-heritable 
factors20. The presence of a tumor could 
certainly limit the available tumor-specific 
TCR repertoire. We therefore argue that, 
at present, the composition and specificity 
of the available TCR repertoire cannot be 
determined by an in silico approach.

Lastly, we note the relative dearth of in 
silico methods for predicting MHC-II-
restricted putative neoepitopes. Activation 
and maintenance of a CD8+ T-cell response 
is dependent on concomitant activation of 
MHC-II-restricted helper T cells during 
priming21. Consistent with this, CD4+ T 
cells are known to play crucial roles in the 
anti-tumor response in vivo, and many 
reports have established that MHC-II-
restricted neoepitopes can be immunogenic 
and elicit anti-tumor protection21. Indeed, 
peripheral CD4+ T cells are substantially 
expanded in some patients responding to 

of computational tools for a given MHC 
allele, the range is from 0.07% to 10%)9,10. 
Of the ~1% binding MHC, only ~50% 
will be recognized by a T cell, but only 
30–40% are naturally processed, enabling 
target cell killing10 (Fig. 1). In a report that 
systematically interrogated patient responses 
to vaccination with predicted tumor 
neoepitopes, three melanoma patients were 
each immunized with seven peptides with in 
vitro-corroborated MHC-binding affinities 
<500 nM11. Of the 21 peptides tested, only 9 
induced a T-cell response. Three of the nine 
neoepitopes were ‘dominant’ (the responding 
T cells were present in the patient before 
immunization), four were ‘subdominant’ 
(the T cells were induced by neopeptide 
immunization), and two were ‘cryptic’ (the 
responding T cells reacted to the neoepitopes 
but not to cells expressing the corresponding 
peptides). Thus, only 30% of the tested 
peptides (7 peptides) elicited a T-cell response 
in vivo, which is intriguingly similar to the 
findings with viral peptides.

Although binding to MHC-I is currently 
the most effective computational filter for 
removing nonantigenic peptides12, methods 
that identify competing MHC alleles can also 
reduce the burden of experimental validation. 
Humans express 12 MHC alleles: 6 class I 
(HLA-A, B, and C) and 6 class II (HLA-DR, 
DP, and DQ). However, as different alleles 
compete for peptides13,14 mono-allelic 
profiling of the immunopeptidome15 may not 
recapitulate the fate of a single peptide within 
the complexity of the cell haplotype in vivo 
and computational methods may need to be 
developed to allow for the complexity of the 
system.

We must also ask whether our knowledge 
of cancer biology could be exploited for in 
silico screening. The majority of tumors are 
highly heterogeneous, and distinct regions of 
a single lesion can have different mutational 
profiles. Should we limit selection to peptides 
resulting from clonal mutations (present 
in all cancer cells in the tumor) or include 
subclonal mutations (present in only a subset 
of cells)? Evidence from non-small-cell lung 
cancer and melanoma patients treated with 
immune checkpoint inhibitors suggested that 
only T-cell responses to clonal neoepitopes 
were associated with clinical benefit and 
prolonged survival16. Thus, cancer genomic 
computational methods could guide the work 
of immunologists accordingly by focusing on 
mutations that have a variant allele fraction of 
50%  (i.e., 100% of heterozygous mutations).

Another key question is whether the same 
algorithms should be applied for cancers 
where the frequency of non-synonymous 

mutations differs markedly17. We suggest 
that, for high-mutational-burden tumors 
(e.g., melanoma, lung adenocarcinoma, and 
bladder carcinoma), algorithms should be 
used to narrow down the number of candidate 
neoepitopes, followed by experimental 
validation with emphasis on peptides of 
clonal origin. For cancers with low mutational 
burden (e.g., glioblastoma and acute myeloid 
leukemia), all predicted neoepitopes should 
be experimentally validated. An additional 
consideration is whether neoepitopes that 
induce a cross-reactive T-cell response to the 
wild-type antigen should be considered for 
vaccine development16. Arguably, whereas 
this would be advantageous if the wild-type 
antigen is expressed only by cancer cells 
(e.g., cancer-specific telomerase reverse 
transcriptase and MAGE), it could cause 
adverse events if the antigen is expressed on 
normal somatic cells.

Clearly, the patient’s existing T-cell 
repertoire determines the ability to generate 
an anti-tumor T-cell response. The complex 
process of selecting T cells restricted to 
self-MHC but tolerant to self-antigens 
occurs during ontogeny and is regulated 
by spatial, quantitative, and qualitative 
aspects of self-recognition in the thymic 
microenvironment18. In theory, ~1018 
TCR specificities could be generated by 

Figure 1  Selection and validation of mutant peptides in genomic-based personalized immunotherapy. 
(a) Bioinformatics drives the selection of candidate neoepitopes from genomic sequencing data of the 
patient’s tumor. In the case of MHC-I, a >99% reduction in the number of putative peptides occurs 
after filtering for MHC binding, potential TCR contacts, and processing in tumor cells. Peptides 
that survive the selection process need to be validated experimentally for immunogenicity. (b) The 
immunogenicity of putative neoepitopes is subject to limitations intrinsic to the available T-cell 
repertoire of the patient, whose main determinants are size and TCR diversity, which also reflects 
skewing by the antigenic experiences (e.g., infections) of the individual. MHC binder candidate 
neoepitopes: all mutant peptides predicted to bind any MHC-I allele with measurable affinity. These 
average 1% of all mutant peptides per allele, assuming six MHC-I alleles (HLA-A, B, and C) and no 
allelic competition. 
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immunotherapy22. Thus, algorithms that 
better predict MHC-II neoepitopes would 
be valuable tools to accelerate validation of 
neoantigens.

In sum, many factors that contribute 
to the selection of a therapeutically 
effective neoepitope are outside the scope 
of the predictions enabled by in silico 
approaches. Arguably, the rules of binding 
and immunogenicity currently used were 
established in viral systems analyzing 
thousands of peptides. Similar large-
scale studies on tumor mutant peptides 
have just begun5. Moreover, whereas the 
operational criteria for viral peptides reflect 
situations not influenced by the chronicity 
of the disease, tumor neoepitopes exist in 
the context of a chronic, evolving disease 
associated with immune suppression. Not 
surprisingly, it has been shown that the 
repertoire for tumor neoepitopes is larger 
in the peripheral blood of naive individuals 
than among the T cells infiltrating a tumor23. 
Experimental validation of immunogenicity24 
is, therefore, a crucial step in improving the 
odds of successful immunotherapy. Ideally, 
immunogenicity should be established using 
a combination of in vitro stimulation of 
peripheral blood T cells from normal donors 
matched to the HLA of the patient and/or 
in vivo immunization of human leukocyte 
antigen (HLA)-transgenic mice23,25,26. This 
combined approach has provided clear-cut 
results in viral systems and should be used to 
validate tumor neoepitopes in each patient. 
This was shown to be applicable to  mutant 
tumor antigen peptides27, even though the 
T cell repertoire of HLA transgenic mice 
may be wider than that of vaccinated human 
individuals with cancer28. If the peptide is 
immunogenic in this context, these TCRs 
can be engineered onto the patient’s T cells 
and reintroduced as an adoptive T-cell 
therapy. Until very recently the guiding 
principle of therapeutic cancer vaccines 
was to use conserved tumor antigens. This 
off-the shelf approach, however convenient, 
proved disappointing. Now, new approaches 
leveraging genomic and informatics tools to 
rapidly identify mutant peptides fall short 
of identifying truly immunogenic peptides. 
Thus, sacrificing time to improve efficiency 
seems unavoidable, considering that presently 
only a fraction of predicted mutant peptides 
are immunogenic. Perhaps, attention should 
be turned to developing new fast assay 
systems to better validate immunogenicity.

The advantages of a thorough validation 
are clear: to avoid formulating immunogens 
comprising multiple peptides where only 
a fraction is demonstrably immunogenic 

and recognize the cancer cell. Narrowing 
neoepitopes to those truly immunogenic 
avoids raising T-cell immunity against 
antigens of unknown function limiting the 
risk of adverse effects but also increasing 
the efficacy of vaccination since the few 
available studies show that only a fraction 
(<30%) of neoepitopes selected either through 
MHC binding or MS are immunogenic5,11. 
Importantly, immunogenic neoepitopes 
should not include peptides that are not 
processed in the tumor cell (cryptic) as the 
latter are a source of intrapeptide competition 
in the antigen-presenting cell, hindering 
the anti-tumor response29,30. Based on the 
foregoing, we advocate that resources be 
devoted to develop high-throughput methods 
that allow a more precise and rapid validation 
of predicted immunogenic neoepitopes for 
clinical use.

Of course, there is no guarantee of clinical 
efficacy, even with validated neoepitopes. To 
date, clinical efficacy of cancer vaccination 
has been documented sporadically and more 
data are needed. In the interim, research on 
personalized genomic immunotherapy would 
benefit greatly from more extensive pre-
publication sharing of negative findings with 
immunized patients. Such data may well hold 
the answers to some of the questions raised 
here.

Note added in proof: Recently Ott et al. 
reported on the immunization of six patients 
with advanced melanoma with 97 neopeptides 
(Ott, P.A. et al., Nature 547, 217-221 (2017)). A 
careful study showed that CD4 and CD8 T cell 
responses were elicited to a substantial number 
of these neoepitopes (60% for CD4 and 16% 
for CD8 T cells), although only a small subset 
of neoepitope-specific T cell lines (three) could 
be shown to recognize autologous melanoma 
cells. It would be of interest to know how the 97 
neopeptides identified in this study would fare 
against the validation scheme proposed herein. 

To the Editor: In the Commentary 
‘Greener revolutions for all’1, Flavell 
introduces quite a few radical suggestions 
that supposedly will contribute to more 
sustainable agricultural production and 
alleviation of hunger “for all.” Beyond 

supporting the often-heard call for more 
use of GMOs to increase food production, 
Flavell also believes that the current debate 
concerning GMOs is skewed and suggests, 
“Food should be judged by the products 
themselves, not how they were made.” 

Greener revolutions for all require 
transparency and diversity, not 
secrecy
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