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Abstract

Checkpoint inhibitor-based immunotherapies that target cytotoxic T lymphocyte antigen 4 

(CTLA4) or the programmed cell death 1 (PD1) pathway have achieved impressive success in the 

treatment of different cancer types. Yet, only a subset of patients derive clinical benefit. It is thus 

critical to understand the determinants driving response, resistance and adverse effects. In this 

Review, we discuss recent work demonstrating that immune checkpoint inhibitor efficacy is 

affected by a combination of factors involving tumour genomics, host germline genetics, PD1 

ligand 1 (PDL1) levels and other features of the tumour microenvironment, as well as the gut 

microbiome. We focus on recently identified molecular and cellular determinants of response. A 

better understanding of how these variables cooperate to affect tumour–host interactions is needed 

to optimize the implementation of precision immunotherapy.

Over the past several years, immune checkpoint inhibitors (ICIs), which target inhibitory 

receptors on T cells and reinvigorate antitumour immune responses (FIG. 1a), have begun to 

transform clinical cancer care. The humanized anti-cytotoxic T lymphocyte antigen 4 

(CTLA4) antibody ipilimumab has doubled 10-year survival for metastatic melanoma 

compared with historical data1–4 and was approved by the United States Food and Drug 

Administration (FDA) for clinical use in 2011. Blockade of another immune checkpoint 

molecule, programmed cell death 1 (PD1), or its ligand, PD1 ligand 1 (PDL1), was then 
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shown to provide a survival advantage in a number of different malignancies, with higher 

response rates and lower incidence of side effects than anti-CTLA4 (REFS5–11). 

Accordingly, antibodies targeting the PD1–PDL1 axis have been approved as second-line or 

first-line therapies for an ever-growing list of malignancies, including melanoma, 

lymphoma, lung cancers, renal cell cancer (RCC), head and neck squamous cell cancer 

(HNSCC), bladder cancer, liver cancer and gastro-oesophageal cancer12. However, despite 

these substantial advancements in clinical care, the majority of patients receiving ICIs do not 

derive benefit. Therefore, there exists intense interest in identifying and developing 

predictive biomarkers of ICI response, both to enable a precision medicine approach in 

cancer immunotherapy and to better understand and overcome mechanisms of resistance. 

Recent clinical trial results underscore the need for effective biomarker-based patient 

selection. For example, despite equally promising phase I/II trial results for the anti-PD1 

antibodies pembrolizumab13 and nivolumab14, phase III results showed a statistically 

significant benefit only with pembrolizumab15 and not nivolumab16,17 as first-line therapy 

for non-small-cell lung cancer (NSCLC) using the predefined biomarkers in those trials. It is 

thought that differing assays, differences in patients accrued and differences in the criteria 

for assessing intratumoural PDL1 expression as a biomarker for patient selection may have 

contributed to this unexpected discrepancy17,18. In addition to guiding clinical trial design, 

precise and accurate predictive biomarkers will be critical for personalizing patient 

immunotherapy in the clinic.

Decisions regarding which immunotherapy to use or whether a combination approach is 

warranted should ideally be guided by rational mechanistic insight to maximize disease 

control, reduce side effects and minimize cost. Furthermore, although immunotherapies on a 

whole have fewer adverse effects than chemotherapy10,15, it is crucial to identify patients 

most at risk of therapy-related toxicity so that they can be properly monitored and treated 

(BOX 1). This Review focuses on recent advances in the identification of predictive 

biomarkers for ICI response, toxicity and survival. We discuss mechanistic underpinnings of 

the interplay between tumour and host genomics, tumour microenvironment and immune 

function. There has been strikingly rapid progress in these areas. We recognize that we are 

unable to mention every study, as the literature is too vast to cover in complete detail. 

Therefore, we attempt to summarize only some of the more recent and salient observations 

in the field.

Tumour genomes and response

Tumour antigens and mutation burden.

In order to understand why some patients benefit from ICIs and others do not, it is important 

to first explore how the adaptive immune system detects and identifies tumours as foreign or 

non-self. Nearly all nucleated cells express major histocompatibility complex (MHC; 

encoded by the human leukocyte antigen (HLA) gene complex in humans) proteins on their 

cell surface. The MHC class I (MHC I) molecules bind short peptides (8–11 amino acids) 

derived from intracellular proteins for presentation on the surface of all nucleated cells to 

CD8+ T cells19–22 (FIG. 1b). Upon recognition of antigens (for example, pathogen-derived 

or tumour-derived epitopes), T cells are activated to proliferate and destroy cells presenting 
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the recognized antigen23. In general, tumour-associated antigens, that is, tumour proteins the 

immune system recognizes as non-self, can be classified into two broad categories: non-

mutated self-antigens and MHC-I-restricted and MHC class II (MHC II)-restricted 

neoantigens, which arise as the result of non-synonymous somatic mutations24–29.

Self-antigens comprise non-mutated proteins that are aberrantly expressed or overexpressed 

in tumour cells. For example, transcriptional or epigenetic reprogramming in tumour cells 

can lead to expression of proteins normally restricted to trophoblasts and male gametes, 

known as cancer–testis (CT) antigens, such as the melanoma-associated antigens 

(MAGEAs) and New York oesophageal squamous cell carcinoma 1 (NY-ESO-1). Because 

trophoblasts and male gametes generally lack expression of MHC I molecules, CT antigens 

are thought to be selectively presented to the immune system by tumour cells, suggesting 

that they may be effective targets for immunotherapy30. Lineage-specific differentiation 

markers, such as melan-A, PMEL and tyrosinase, represent another subclass of tumour self-

antigens. These proteins exhibit tissue-specific expression and are often overexpressed in 

tumours31.

While non-mutated tumour self-antigens can be targets for immunotherapy, the responses 

they elicit may be at least partially limited by central tolerance. Notably, few generalizable 

associations between tumour self-antigen expression and improved ICI response have been 

reported to date. However, a somewhat surprising relationship between increased expression 

of a particular subset of MAGEA CT antigens and poor ICI response has been reported32. 

Specifically, this eight-gene cluster, referred to as the ‘anti-CTLA4 resistance-associated 

MAGEA’ (CRMA) cluster, is associated with poor response to anti-CTLA4 but not anti-

PD1 therapy. This result was observed in two cohorts of patients with melanoma who were 

treated with ipilimumab32. While the precise mechanism underlying this association is not 

known, it is thought that CRMA expression causes a decrease or defect in autophagy, which 

in turn may interfere with antigen-processing and presentation. Notably, CRMA expression 

was predictive of an overall survival (OS) disadvantage in an immunotherapy-treated 

population, but not in the immunotherapy-naive melanoma cohort in The Cancer Genome 

Atlas (TCGA), indicating that CRMA expression is a predictive biomarker specific to anti-

CTLA4 therapy and not prognostic of disease outcome overall32. It will be important to 

determine the predictive value of this gene signature in the setting of anti-CTLA4 and anti-

PD1 combination therapy. Treatment with combined ipilimumab and nivolumab improves 

response rates, but treatment-related toxicity is also increased significantly7,33,34. To 

minimize toxicity, it is crucial to determine which patients will not benefit from or do not 

require combination therapy, and the CRMA gene expression signature might be able to 

identify these patients.

Despite the contributions of self-antigens to tumour immunity, the primary targets of many 

mouse or human tumour immune responses are tumour-specific neoantigen peptides that 

arise from somatic mutations in cancer genomes26,27,35–41 (FIG. 1b). Indeed, some of the 

best initial ICI response rates were observed in carcinogen-driven cancers such as 

melanoma1 and NSCLC5,6, which typically have high mutation burdens owing to the 

mutagenic effects of ultraviolet light and cigarette smoke, respectively42.
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It is reasonable to hypothesize that the number of non-synonymous single nucleotide 

variants (nsSNVs) in a tumour, referred to as the tumour mutation burden (TMB), may affect 

the odds of generating immunogenic peptides and thereby influence ICI response in patients. 

Indeed, in two melanoma cohorts, patients who experienced durable clinical benefit from 

ipilimumab (defined as stable or regressing disease for at least 6 months) had, on average, a 

higher pre-therapy TMB than those who did not benefit40. Furthermore, patients with a 

TMB greater than 100 mutations had a statistically significant OS advantage. A second 

study of patients with melanoma reaffirmed the association between high TMB and 

ipilimumab response43. Similar results linking TMB, response and progression-free survival 

(PFS) were observed in discovery and validation cohorts of patients with NSCLC treated 

with pembrolizumab; however, the optimal TMB cut-off for stratifying PFS in this study was 

higher41.

Following the initial observations in melanoma and NSCLC, significant associations 

between high TMB and ICI response have been reported in a variety of tumour types44 

including urothelial carcinoma11, small cell lung cancer45, independent cohorts of 

NSCLC46–48 and melanoma49–51 and human papilloma virus (HPV)-negative HNSCC52. 

Furthermore, a meta-analysis across 27 tumour types showed a positive correlation between 

average response rate and log(TMB) by linear regression analysis53. Notable outliers in this 

analysis were Merkel cell carcinoma and RCC, both of which responded better than would 

be expected on the basis of TMB alone, and mismatch repair (MMR)-proficient colorectal 

carcinoma, which responded relatively worse than TMB alone would predict. These 

observations make clear that while the association between TMB and ICI response is largely 

robust, other factors are involved. For example, it is thought that proteins from oncogenic 

viruses such as Merkel cell polyomavirus and HPV may act as immunogenic neoantigens. 

Indeed, bioinformatic analysis of TCGA data sets revealed increased cytolytic activity in 

stomach, urothelial and HNSCC cancers when tumours were infected with oncogenic 

viruses, suggesting an association between virus-driven tumours and endogenous antitumour 

immune responses54. Moreover, different tumour types may have different operative 

immune checkpoints and thus differing responses to ICIs.

While the aggregate data show a significant pan-cancer association between TMB and ICI 

response by tumour type53, clear associations on a case-by-case basis within certain tumour 

types and situations are not observed. For example, clinical studies of patients with 

RCC55,56, patients with HPV-positive HNSCC52 and patients with melanoma pretreated 

with ipilimumab (who subsequently received anti-PD1)50 show no significant pre-therapy 

association between TMB and response from inhibition of the PD1 pathway. Additionally, a 

large-scale bioinformatic analysis of 19 cancer types concluded that immune infiltration was 

associated with mutation or neoantigen burden in cancers driven by recurrent mutations but 

not in those driven by copy number alterations, such as breast and pancreatic cancer57. 

Interestingly, this study again identified RCC as a distinct outlier; it had the highest immune 

infiltration score of all cancers studied yet harboured a low mutation burden57. Furthermore, 

even when a statistically significant association exists, TMB alone does not clearly 

discriminate all responders from non-responders — there are some patients with high TMB 

who do not respond and vice versa. It has been suggested that owing to the complexity of 
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tumour–immune interactions, static biomarkers may not be sufficient to accurately predict 

response and, as such, dynamic biomarkers may be required58.

A recent comprehensive genomic analysis of matched pre-therapy and on-therapy melanoma 

tumours has begun to test the utility of dynamic biomarkers in immunotherapy. Patients in 

this study received anti-PD1 therapy and either had previously progressed on anti-CTLA4 or 

were immunotherapy-naive. Notably, pre-therapy TMB associated with OS only in the 

immunotherapy-naive group and not in the aggregate cohort. However, early (4-week) on-

therapy change in TMB (ΔTMB) was strongly associated with anti-PD1 response and OS in 

the entire cohort50. Although ΔTMB appears to be a robust indicator of anti-PD1 efficacy, its 

clinical utility may be challenging to implement. Because determination of ΔTMB requires 

an on-therapy biopsy, this metric cannot be used as a guide for initial treatment decisions; 

however, it may be helpful in making an early assessment of whether patients are responding 

to anti-PD1 therapy. Sequencing of circulating cell-free DNA (cfDNA), which is discussed 

below, is being studied as a way to monitor ΔTMB in a non-invasive manner. Other assays 

for assessing TMB are discussed in BOX 2. On its own, pre-therapy TMB can help inform 

treatment decisions but does not currently provide unambiguous sensitivity or specificity. 

However, a deeper look at the mechanisms underlying tumour–immune interactions reveals 

that TMB is likely just the ‘tip of the iceberg’ for tumour immunogenomics.

Neoantigen-based prediction: quantity, heterogeneity and quality.

It has been hypothesized that elevated TMB increases the chances of generating 

immunogenic neoantigens59. It follows that true neoantigen burden, that is, the number of 

mutations actually targeted by T cells, may have a stronger relationship with ICI response 

than does TMB. This raises the important question of how best to identify immunogenic 

neoantigens from genomic data. Traditionally, computational neoantigen predictions have 

focused on peptide binding to MHCs on the basis of anchor residue identities (typically 

positions 2 and 9 of a nonamer MHC-I-restricted peptide)27,39–41,60–65. However, 

neoantigen burden determined by this method generally performs no better than overall 

TMB in predicting ICI response or survival, and the positive predictive value of these 

predictions in functional assays is quite low40,41,43,46,62. Therefore, it is likely that features 

beyond MHC binding affinity define functionally important neoantigens. The development 

of tools and models to predict neoantigens has been reviewed in detail elsewhere65–68. Here, 

we discuss some recent studies relating neoantigen features to clinical outcomes with ICIs.

One critical feature of a neoantigen may simply be whether it is present in the majority or 

minority of cells within a tumour (FIG. 1c). In most cases, tumours evolve in a stepwise 

fashion, thereby creating a clonal hierarchy. Owing to the exquisite specificity of the 

adaptive immune system, an immunogenic neoantigen must be present within a cell for that 

cell to be targeted and eliminated by a T cell response. Therefore, it was hypothesized that 

neoantigens derived from clonal mutations (or homogeneous tumours) may elicit more 

effective tumour immune responses than neoantigens derived from subclonal mutations (or 

heterogeneous tumours) and that intratumoural heterogeneity (ITH) may therefore influence 

response to ICIs69. Indeed, by using a combination of predicted neoantigen load and ITH 

cut-offs to stratify patients, TMB-based survival predictions were improved across three 
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independent ICI-treated cohorts69. Similar results were observed in a fourth cohort of 

patients with melanoma treated with anti-PD1 in a separate study50. Notably, in this study, 

clonal neoantigen burden was predictive of survival only in patients who had not received 

prior ipilimumab therapy, even though anti-PD1 response was statistically indistinguishable 

regardless of prior ICI exposure50. This suggests that therapeutic history may influence the 

predictive power of immunotherapy biomarkers but not the efficacy of the drugs themselves 

(see also BOX 3). Importantly, it should be noted that high ITH has previously been 

associated with poor clinical outcome outside the immunotherapy setting70,71. Here, a key 

question is whether subclonal neoantigens are an indicator of the evolvability of tumours; if 

true, this would suggest that a reason for poor response to ICIs in tumours with high ITH is 

that they potentially harbour multiple mechanisms of immune evasion.

Another neoantigen property that may influence ICI response predictions is the potential for 

a peptide–MHC complex to be recognized and bound by a T cell receptor (TCR). Indeed, 

there are at least two biophysical binding events that influence peptide immunogenicity: 

peptide–MHC binding and TCR recognition of the peptide–MHC complex (FIG. 2). Current 

prediction algorithms do not take TCR recognition potential into account and therefore 

likely overestimate true neoantigen burden.

Owing to the vast intra-individual and inter-individual diversity of TCR repertoires, 

prediction of TCR binding to peptide–MHC complexes is notoriously difficult. The 

challenge can be conceptualized via one question: what qualities constitute ‘non-selfness’ of 

mutant peptides? One approach to this question has been to consider the relative 

immunogenic impact of point mutations that occur outside versus at the MHC-binding 

anchor positions. Mutations that generate novel MHC-binding sites may be more 

immunogenic on average because they enable MHC presentation of self proteome regions 

previously ‘invisible’ to the immune system. In other words, non-anchor position residues in 

these peptides may appear foreign to T cells, whereas mutations that occur outside of anchor 

positions create only a single residue of foreign sequence within peptides for which the 

immune system has likely generated tolerance (FIG. 2). In practice, such neoantigens can be 

distinguished by assessing predicted MHC binding affinity (half-maximal inhibitory 

concentration (IC50)) of the wild-type peptide relative to that of the mutant peptide, a metric 

termed the differential agretopicity index (DAI)72. High DAI values indicate that a mutation 

significantly increases peptide–MHC binding compared with the wild-type sequence, while 

a low DAI indicates unchanged or decreased MHC binding affinity. High DAI values 

correspond with a high rate of experimental neoantigen validation in a murine model of 

methylcholanthrene-induced fibrosarcoma72. Additionally, two studies found that DAI 

outperforms TMB and traditionally defined neoantigen burden for survival prediction in two 

of three previously published ICI-treated cohorts73,74. It should be noted that both 

studies73,74 applied TMB cut-off values that differed from those used in the original 

reports41,43. Nonetheless, multi-variate Cox regression demonstrated that mean DAI is 

predictive of OS in these two cohorts independent of overall TMB, age and gender73.

Another reported method for assessing neoantigen foreignness is based on sequence 

homology with experimentally validated immunogenic microbial epitopes catalogued in the 

Immune Epitope Database (IEDB)75. Considering the possible selective pressure of host–
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pathogen competition on TCR genetic loci76 and the observation that TCRs can tolerate 

considerable amino acid substitution in their cognate epitopes77,78, it was postulated that 

peptides resembling microbial sequences might have a higher likelihood of being detected as 

non-self by the evolutionarily sculpted TCR repertoire75,79. The authors developed a 

neoantigen fitness model incorporating three elements — tumour clonality, DAI and 

microbial epitope homology, which was quantified as a nonlinear function of alignment 

scores75. Performance of this model was compared with standard TMB in three independent 

cohorts of ICI-treated patients using each of the three components either alone or in 

combination. Importantly, the fitness model incorporating all three elements successfully 

predicted survival in all three cohorts75. As a control, the authors applied the same fitness 

model but did so on the basis of homology with IEDB epitopes that did not elicit T cell 

responses in vitro. As expected, predictive power was lost for the melanoma cohorts; 

however, this had no effect on survival prediction in the lung cancer cohort. This may 

highlight a limitation of using IEDB as a reference for immunologically active versus inert 

peptides, as IEDB does not account for all possible HLA contexts. Another caveat of this 

model is that the function relating alignment score to predicted TCR binding requires 

optimization of two parameters, which can vary between cancer types75,79. Thus, 

determination of unique parameters for each cancer and/or therapeutic agent may be 

required before the model can be applied more generally80. In a separate study, a machine 

learning approach incorporating nine immunogenicity features and integration of expression 

levels of gene mutations was used to develop the Neopepsee algorithm81. Application of 

Neopepsee to independent cohorts of patients with melanoma and leukaemia improved 

neoantigen prediction sensitivity and specificity compared with traditional classification 

methods. Similar to the neoantigen fitness model, one of the strongest features driving 

classification was neoepitope similarity to known pathogenic epitopes81.

Mutation signatures and microsatellite instability.

A mutation can be classified according to the specific base change that occurs and its 

surrounding sequence context. Certain mutation processes or mutagens, for example, MMR 

deficiency (MMRd) or ultraviolet light, produce specific mutational signatures42. 

Interestingly, the cigarette smoke-associated mutation signature, but not self-reported 

smoking history itself, is strongly associated with increased therapeutic response and 

extended PFS in patients with NSCLC treated with anti-PD1 therapy41. It was noted in this 

same study that mutations of genes involved in the DNA MMR pathway, as well as in other 

DNA damage repair pathways, were enriched in patients who derived durable clinical 

benefit. Subsequently, it was found that tumours with MMRd exhibiting micro-satellite 

instability (MSI) are highly sensitive to ICI therapy regardless of the tissue of origin82,83. 

Further supporting the relationship between TMB and high sensitivity to ICI is the 

observation that tumours with high MSI generate numerous neopeptides owing to the 

hypermutated phenotype82–84. Mechanistically, MSI-positive tumours are a specific type of 

high TMB tumour, with MMRd generating a high mutational load. Notably, MMRd 

generates many insertion and deletion (indel) mutations82. Some of these indels result in 

frameshifts that produce neoantigens that may be more immunogenic on average owing to 

their greater sequence divergence from self-peptides (FIG. 2). In one sense, it is not 

surprising that MMRd is associated with improved ICI response owing to increased TMB; 
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however, it is worth noting that MMRd-induced mutations tend to be predominantly 

subclonal, leading to highly heterogeneous tumours42. As discussed above, subclonal 

neoepitopes tend to be less effective in driving tumour clearance69. It is possible that the 

sheer volume of subclonal neoepitopes in MMRd tumours ensures that every cell possesses 

at least one effective immune determinant; however, it will be important to explore whether 

MMRd may also stimulate immune responses through antigen-independent mechanisms.

MSI-positive colorectal cancers (CRCs) are highly CD8+ T cell infiltrated compared with 

microsatellite stable (MSS) colon cancers85. Counterbalancing this active immune 

phenotype, MSI-positive colon tumours also express high levels of multiple immune 

checkpoint molecules including PD1, PDL1, CTLA4, lymphocyte activating 3 (LAG3) and 

the interferon-γ (IFNγ)-inducible immune inhibitory metabolic enzyme indoleamine 2,3-

dioxygenase 1 (IDO1)86. These findings suggest that both the genomics of MSI-positive 

tumours and their respective microenvironment may contribute to the high objective 

response rates commonly observed in these types of tumours. With the recent approval of 

nivolumab and pembrolizumab for the treatment of MSI-positive cancers of any histology in 

2017, PD1 blocking antibodies have become the first drug to be granted FDA approval on 

the basis of a specific tumour genetic characteristic agnostic of tumour histology87.

There are many types of mutations that cause genomic hypermutation. These include 

mutations in POLE and POLD, which encode DNA polymerases, and genes in the 

homologous recombination DNA repair pathway. Mutations in these pathways may 

theoretically increase neoantigen load and be associated with better response to ICI 

treatment. Ongoing work is attempting to determine whether these mutations predict ICI 

efficacy, in a manner similar to MMR mutations.

Insertion and deletion mutations.

The main types of mutations considered in most current analyses of TMB and ICI response 

are nsSNVs. However, indel mutations may also be a rich source of immunogenic 

neoantigens88–90 and may help explain some of the apparent anomalies in the relationship 

between TMB and ICI response. For example, as mentioned above, in MSI-positive 

tumours, indel-based neoantigens may be targeted. Interestingly, RCC has a good rate of 

response to ICIs (approximately 25%) yet only a modest TMB compared with other cancer 

types53. RCC had the highest indel mutation burden of the 19 cancer types assessed in a pan-

cancer TCGA analysis, and frameshift indel mutations were found to generate three times 

more candidate neoantigens per mutation than nsSNVs91. Despite this, no association 

between mutation burden of any kind (nsSNVs or indels) and response was found in patients 

with RCC who were treated with anti-PD1 or anti-PDL1 in separate studies55,56. Conversely, 

indel burden was positively associated with response in patients with melanoma treated with 

anti-CTLA4 or anti-PD1; however, high indel load was not associated with a survival 

advantage91. This finding underscores the fact that initial tumour response does not always 

correlate with survival advantage and highlights the need to deepen our understanding of the 

effects of different types of mutations for predicting ICI benefit.
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Somatic copy number alterations.

In addition to nsSNVs and indels, somatic copy number alterations (SCNAs) are another 

feature of the tumour genomic landscape that may impact ICI response. Another pan-cancer 

TCGA analysis found that arm and whole chromosome-level but not focal SCNAs are 

negatively associated with immune infiltration in 10 out of the 12 cancer types tested92. This 

finding was subsequently replicated in a larger study of TCGA patients93. Interestingly, a 

combined SCNA and TMB score was a better predictor of response and OS than either 

feature alone in two independent cohorts of patients with melanoma treated with anti-

CTLA492. Notably, one of these cohorts contained a unique subgroup of patients who 

showed no evidence of tumour response yet experienced a long-term survival advantage. 

The SCNA score was significantly lower in this subgroup than in patients with no survival 

advantage. TMB did not differ between these groups, suggesting that the SCNA score 

provides additional discriminatory power. Indeed, it was shown that SCNA score is a 

significant predictor of survival independent of TMB in the setting of anti-CTLA4 

melanoma therapy92. Similar results have been found in other cohorts of patients with 

melanoma treated with anti-CTLA4 (REF.94) or anti-PD1 but only when the anti-PD1-

treated patients had not progressed on prior anti-CTLA4 therapy50. While it has been 

speculated that SCNAs may interfere with neoantigen loading onto MHCs92, it is difficult at 

this time to conclude whether SCNAs play a direct mechanistic role in ICI resistance, as 

SCNAs are known to be a negative prognostic indicator for cancer outcomes in general95. 

Alternatively, it may be that SCNAs result in loss of genes needed for immune activity, such 

as the HLA genes, which reside on the commonly deleted chromosome 6. Nonetheless, it 

appears likely that SCNA burden will provide useful information in predictive models for 

ICI response.

Specific mutated genes as predictive factors.

Mutational analyses often enable subclassification of traditional histopathological tumour 

types into molecularly defined subtypes96–99. Somatic mutation of specific genes may 

influence the ability of tumour cells to succumb to or evade immune surveillance. In one 

study of patients with melanoma treated with either anti-PD1 or sequential anti-CTLA4 and 

anti-PD1 therapy, no association was detected between melanoma molecular subtype and 

ICI response50. However, in a separate study of patients with melanoma, anti-CTLA4 and 

anti-PD1 combination therapy provided a survival advantage over anti-PD1 monotherapy in 

patients with mutant, but not wild-type, BRAF7. Furthermore, significantly increased anti-

PDL1 response was observed in the luminal cluster II subtype of urothelial carcinoma11, and 

the mutant KRAS and LKB1 (also known as STK11) subtype of NSCLC was associated 

with decreased response and survival in three independent cohorts of anti-PD1-treated 

patients100. Notably, there was no significant difference in TMB between this subtype and 

NSCLC with mutant KRAS alone or mutant KRAS and TP53, suggesting that LKB1 

deficiency is an independent indicator of poor anti-PD1 response in KRAS-mutant 

NSCLC100. Additionally, inactivation of PTEN has been reported to be associated with 

resistance to ICI treatment in melanoma preclinical models and patients101 and in patients 

with uterine leiomyosarcoma102. In a study of 35 patients with RCC, it was found that loss-

of-function mutations in the PBRM1 gene, which encodes a component of the SWI/SNF 

chromatin-remodelling complex, were enriched in patients who responded to anti-PDL1 
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therapy55. In the same study, this finding was corroborated in an independent cohort of 63 

patients treated with a variety of ICI single or combination therapies55. However, a larger 

study of 305 patients found that PBRM1 mutations were associated with response to the 

vascular endothelial growth factor receptor (VEGFR) inhibitor sunitinib but not with anti-

PDL1 therapy56. The reasons for this discrepancy are not immediately apparent but may be 

due to confounding factors that were not accounted for in the first, smaller study. Moreover, 

PBRM1 mutations may be prognostic of RCC outcomes in general99,103–105.

There have been several reports of non-subtype-defining genetic mutations that are 

associated with ICI resistance or response. Mutations or deletions of genes involved in the 

IFNγ signalling pathway and antigen presentation (the so-called deletion signature106) have 

been reported in patients with melanoma and MMRd CRC with primary106,107 or 

acquired108 resistance to ICI therapy; however, the number of patients analysed in these 

studies was small. In larger cohorts of patients with melanoma and NSCLC, alterations in 

these genes were rare and were frequently detected in responders46,47,50. These 

discrepancies could be due to differences in the functional impact of the mutations detected. 

The predictive value of these mutations will need to be examined further in larger data sets.

In an examination of 19 genes recurrently mutated in melanoma98, it was discovered that 

mutations in the genes SERPINB3 and SERPINB4, which encode related protease 

inhibitors, were enriched in tumours of patients with melanoma who responded to anti-

CTLA4. SERPINB3 and SERPINB4 mutations were associated with a significant survival 

advantage that was independent of TMB, tumour stage and patient age in two independent 

cohorts109. Notably, SERPINB3 and SERPINB4 mutations are not associated with survival 

in the non-ICI-treated TCGA melanoma cohort, indicating that these mutations may be 

predictive of ICI response but not prognostic of disease outcome outside the setting of 

immunotherapy109.

Another tumour-specific genetic or epigenetic alteration that may affect ICI response is the 

aberrant expression of endogenous retroviruses (ERVs) found throughout the human 

genome. Indeed, pan-cancer analyses identified associations, both positive and negative, of 

ERV RNA expression with T cell activity54 and patient prognosis110 in various cancer types. 

Furthermore, therapies that induce expression of ERVs, such as DNA methyltransferase 

inhibitors and cyclin-dependent kinase 4 (CDK4) and CDK6 inhibitors, enhance the efficacy 

of ICIs in mouse models111,112. In the TCGA cohort of patients with RCC, ERV signatures 

that associated positively or negatively with prognosis were identified110. Furthermore, 

increased transcript expression of specific ERVs was associated with response110 and 

improved survival113 in patients with RCC treated with ICIs.

High-throughput CRISPR screening has identified a number of genes that may be associated 

with ICI response, such as PTPN2 (REF.114), APLNR115 and SWI/SNF complex genes116. 

Furthermore, there is increasing evidence that several autoimmune diseases, including 

rheumatoid arthritis, autoimmune glomerulonephritis, systemic lupus erythematosus and 

multiple sclerosis, are influenced by epistatic interactions117. Thus, it will be of great 

importance to study how epistasis influences antitumour immunity and response to ICI 

therapy.
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Patient germline genetics

Tumour mutational landscape meets host genetics: the role of HLA.

Pathogens are thought to be one of the strongest selective forces in human evolution, and the 

continuous interactions between humans and microorganisms have likely contributed to the 

tremendous immunologically related genetic variation found in human populations118–120. 

HLA genes are the most polymorphic genes in the human genome (FIG. 2), and they encode 

a critical component for immunosurveillance19,121,122.

HLA class I (HLA-I) diversity is characterized by a remarkable sequence variation in the 

peptide-binding region (that is, the pocket where antigens are bound)123,124. The human 

genome contains up to six different primary HLA-I alleles, encoded by three genes (HLAA, 

HLAB and HLAC) located on chromosome 6 (REF.19). Each of these HLA-I variants 

presents a distinct, though often overlapping, repertoire of peptides termed the human 

immunopeptidome.

Our recent analysis of more than 1,535 patients with cancer treated with ICIs found that the 

presence of a more diverse array of HLA-I molecules (HLA-I heterozygosity) in a given 

individual is associated with increased survival, possibly owing to the ability to present a 

broader range of tumour antigens to T cells125,126. Interestingly, this effect of HLA-I 

heterozygosity on increased survival after ICI seemed mostly associated with the HLAB and 

HLAC loci, presumably because the MHC encoded by HLAB binds to a greater diversity of 

peptides and HLAC is generally expressed at higher levels in antigen-presenting cells than in 

other cell types127,128. Further, the association of HLA-I heterozygosity with extended 

survival was enhanced when also considering the TMB125.

Notably, patients treated with anti-PD1 therapy who were heterozygous at all HLA-I loci 

had higher on-therapy clonality of TCRs than homozygous patients125. In other words, 

heterozygous patients were able to undergo better clonal expansion of their TCR repertoires. 

Given that only a small fraction of somatic mutations are usually immunogenic in a 

tumour26,39,62,129–131, these findings indicate that somewhat small differences in the number 

of available HLA-I molecules may influence the strength of antitumour T cell responses 

after immunotherapy.

Additionally, specific HLA-I supertypes132,133 are associated with survival after ICI therapy. 

For example, some HLAB44 supertype alleles were associated with improved survival in 

patients with melanoma receiving ICIs125. The majority of alleles in the HLAB44 supertype 

share a preference for glutamic acid (E) at anchor position 2 and polar and hydrophobic 

residues at the carboxyl terminus134. Interestingly, one of the most enriched amino acid 

mutations in melanomas is G>E, which indicates that there might be an enrichment of 

presentation of HLA-B44-restricted tumour-derived mutated epitopes in melanomas125. 

These observations highlight the need to understand how both the mutational signatures 

across cancer types and the HLA-I genotype of patients interact to impact the repertoire of 

neoepitopes presented in tumour cells. In addition to a possible enrichment of neoepitopes 

presented by HLAB44 alleles, previously identified tumour-specific antigens commonly 
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expressed in melanomas are HLA-B44-restricted, including melanoma-associated antigen 3 

(MAGEA3), which can be presented by HLAB*44:03 and HLAB*18:01 (REF.135).

During tumour progression, neoplastic cells must avoid immune destruction136–138. One 

mechanism that facilitates immune evasion is the disruption of the antigen presentation 

pathway. For example, tumours downregulate HLA-I expression139–142, acquire damaging 

mutations in HLA-I genes143, disrupt the function of the stabilizing β2-microglobulin (β2M) 

molecule108,144–148 or harbour loss of heterozygosity (LOH) of HLA-I genes, wherein the 

maternal or paternal HLA-I haplotype is somatically lost125,149–152. Perhaps not 

surprisingly, some patients with germline heterozygous HLA-I loci can harbour somatic 

LOH at the HLA-I in their tumours, which has been associated with reduced response to ICI 

therapy125. A recent report showed that loss of HLA expression may affect ICI response153. 

Moreover, as mentioned above, the relevant role of the antigen presentation machinery in 

antitumour immune response has been further confirmed in CRISPR–Cas9 screens in 

preclinical models115.

Other host immune-related genetic polymorphisms influencing response to immune 

checkpoint inhibitors.

People vary in their response to infectious diseases and can also exhibit different 

susceptibility levels to autoimmune and chronic inflammatory diseases, which is due in part 

to genetic variation in immune response genes118,154–157. Thus, it is likely that other host 

immune genetic polymorphisms have the potential to shape each individual cancer and 

contribute to the effectiveness of ICIs. Preclinical data indicate that anti-CTLA4 therapy can 

induce crystallizable fragment (Fc)γ receptor (FcγR)-dependent cytotoxicity in vitro and 

deplete intratumoural regulatory T (Treg) cells in vivo158. This resulted in an increased ratio 

of intratumoural T effector cells to Treg cells and enhanced antitumour immunity158. It was 

further shown that in patients with advanced melanoma, a single nucleotide polymorphism 

in the gene encoding the FcγR(CD16AV158F) that resulted in an increased affinity for 

immunoglobulin G (IgG) was associated with better response to anti-CTLA4 in inflamed 

tumours158. It is possible that polymorphisms in other immune-related loci (for example, 

HLA class II genes, non-classical HLA-I genes and the genes that encode antigen peptide 

transporter 1 (TAP1) and TAP2, tumour necrosis factor (TNF), nuclear factor-κB (NF-κB) 

and Janus kinase (JAK)–signal transducer and activator of transcription (STAT) family 

members) may also be associated with tumour response to ICIs. Further work investigating 

how overall host genetic variation affects response to ICIs is warranted.

The immune microenvironment

PDL1 expression.

It is expected that PDL1 should be expressed for anti-PDL1 or anti-PD1 therapy to have an 

effect. Accordingly, immunohistochemistry (IHC) assays for PDL1 protein expression have 

been developed for clinical use. Currently, the FDA has approved PDL1 IHC as a 

companion diagnostic for anti-PD1 therapy for patients with NSCLC159,160. For example, 

pembrolizumab is approved for patients with NSCLC who are PDL1+ (defined as PDL1 on 

at least 50% of tumour cells for first-line use and at least 1% for second-line use.) Despite 
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this, PDL1 expression remains an imperfect predictor of ICI response. Multiple studies in a 

variety of tumour types have found a positive correlation between PDL1 expression and ICI 

response or OS6,11,13,15,46,161–164, while others have detected no association16,52,165,166. 

The details and implications of these findings have recently been reviewed 

extensively159,160,167–169. Here, we highlight a brief overview of some outstanding issues. 

Potential reasons for the contradictory results of PDL1 biomarker studies include the use of 

different detection assays, temporal and ITH of PDL1 expression and non-standardized 

criteria and cut-offs for assessing positivity, for example, percent PDL1+ versus staining 

intensity. Furthermore, even when PDL1 expression is correlated with response, there are 

many patients with low to no detectable PDL1 expression who experience durable clinical 

benefit169. Therefore, PDL1 status is likely not a sufficiently comprehensive standalone 

biomarker for therapeutic decisions in the clinic. Importantly, a study of patients with 

NSCLC treated with combination anti-CTLA4 and anti-PD1 found that PDL1 staining and 

TMB are independent predictors of response and that a multivariable model including both 

factors improves the sensitivity and specificity of predictions46. Recently, in the Keynote 

189 phase III trial, it was reported that PDL1 levels may be predictive of response to 

pembrolizumab plus chemotherapy in the setting of first-line treatment for patients with 

NSCLC170. The investigators observed that PDL1 expression enriched for responders to the 

immunotherapy plus chemotherapy regimen at all levels of PDL1 expression; however, the 

predictive effect of PDL1 positivity decreased markedly as the PDL1 threshold was relaxed. 

As another important caveat, some studies have found that the cell type on which PDL1 is 

expressed should also be considered171. In independent cohorts of patients with 

melanoma172 and patients with urothelial carcinoma11,173, it was found that PDL1 

expression on tumour-infiltrating immune cells, but not on tumour cells themselves, was 

associated with response to anti-PD1 or anti-PDL1, respectively.

Tumour-infiltrating lymphocytes: density, phenotype and diversity.

It is thought that ICI therapy, particularly anti-PD1 and anti-PDL1, acts in part by 

reinvigorating a pre-existing tumour immune response50,174,175. Therefore, another potential 

predictor of ICI response is the density of tumour-infiltrating lymphocytes (TILs) within a 

tumour (see also BOX 4). In fact, TIL density is a strong positive prognostic indicator for 

some tumour types regardless of ICI therapy176. For example, a metric known as the 

Immunoscore, which involves quantification of CD8+ T cells at the centre and periphery of a 

tumour, is a strong predictor of OS that can complement traditional tumour–node–metastasis 

(TNM) staging or MSI status in CRC176–179. Notably, single cell sequencing has shown that 

CD4+ memory T cells are also enriched in human melanomas that respond to ICI180. In the 

context of anti-PD1 therapy, it has been reported that TIL density as measured by IHC at the 

invasive margin of a tumour, as opposed to central infiltration, is most strongly associated 

with anti-PD1 response174. This approach may be promising, but standardization has been 

difficult, and additional data on the generalizability of this assay are needed.

Immune-inflamed

The immune-inflamed profile is characterized by the presence of both CD8+ and CD4+ T 

cells in the parenchyma of the tumour; these T cells are spatially positioned in the proximity 

of tumour cells250. The inflamed tumour microenvironment is usually accompanied by the 
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expression of programmed cell death 1 ligand 1 (PDL1) on infiltrating immune cells and 

tumour cells172,250,251 and the expression of other immune checkpoint molecules86, which 

suggests that these type of tumours have pre-existing antitumour immune responses. These 

tumours have been associated with better response to ICI therapy172,174.

Immune-excluded

The immune-excluded phenotype is characterized by the presence of different immune cell 

types that cannot penetrate the parenchyma of the tumours but instead are contained in the 

stroma that surrounds the cancer cells172,250,252,253. The presence of tumour-derived WNT–

β-catenin signalling can result in T cell exclusion and resistance to ICI therapy254. more 

recently, increased transforming growth factor-β (TGFβ) signalling was shown to promote 

exclusion of CD8+ T cells from the tumour parenchyma173,255. These studies found that 

blockade of TGFβ signalling in preclinical models that allows for lymphocyte infiltration 

into the tumour converts the tumour microenvironment to a more inflamed state and makes it 

more susceptible to programmed cell death 1 (PD1)–PDL1 checkpoint blockade.

Immune-desert

The immune-desert phenotype is characterized by the absence of abundant T cells in either 

the parenchyma or the stroma of the tumour172,250,256. Not surprisingly, these tumours do 

not respond well to ICI therapy172.

Increasing evidence suggests it is not only the location and density of TILs but also their 

phenotype that impacts ICI outcomes. For example, although TIL density did not 

significantly change with anti-PD1 therapy in patients with melanoma who had previously 

progressed on anti-CTLA4, response was associated with increased levels of a T effector cell 

activity metric known as the cytolytic score (CYT)50 (calculated as the geometric mean of 

perforin 1 (PRF1) and granzyme transcript levels54). Notably, CYT is significantly 

associated with TMB on a case-by-case basis regardless of tumour type, supporting the 

notion that immune control of cancer involves T cell-mediated cytolytic responses against 

tumour neoantigens derived from nsSNVs54.

In addition to T effector activity status, other T cell phenotypic markers are associated with 

ICI response. For example, the level of PD1 expressed on the surface of TILs may be related 

to the efficacy of an anti-tumour immune response. Specifically, an analysis of TILs from 

patients with NSCLC revealed three distinct populations of CD8+ T cells on the basis of 

PD1 expression181. The intratumoural population with the highest PD1 expression was 

termed PD1Tumour (PD1T) because they were transcriptionally distinct from the more 

terminally exhausted PD1hi cells typically associated with chronic viral infections. Of the 

three isolated CD8+ T cell populations, only the PD1T cells were capable of mounting a 

cytokine response against autologous tumour cells in vitro, suggesting that this cell 

population was enriched in tumour antigen-specific T cells. Importantly, pre-therapy levels 

of PD1T cells were positively associated with anti-PD1 response181; however, these results 

remain to be tested in a validation cohort. By contrast, studies in mice indicate that T cells 

with high PD1 expression may exhibit an irreversibly exhausted phenotype as a result of Treg 

cell interactions182, chromatin remodelling183,184 or transcriptional reprogramming185–187 
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in response to chronic antigen exposure. Additionally, a study of patients with HNSCC 

found that the percentage of intratumoural T cells with high PD1 expression was directly 

associated with poor PFS188 following resection; however, these patients were not treated 

with ICI, and patient HPV status may be a confounding variable in HNSCC. Another study 

of patients with NSCLC treated with anti-PD1 identified a unique population of 

CD4+FOXP3−PD1hi T cells (4PD1hi) that accumulated in tumours and peripheral blood as a 

function of tumour burden189. Importantly, an on-therapy decrease in peripheral blood 

4PD1hi cell count was significantly associated with improved OS in this cohort189.

A unique feature of the NSCLC-associated PD1T T cells is their expression of the 

chemokine CXCL13, which specifically recruits B and T follicular helper (TFH) cells181. 

Interestingly, 4PD1hi cells had a TFH cell-like phenotype189. Whether PD1T and 4PD1hi T 

cells are mechanistically linked in the tumour microenvironment is currently unknown; 

however, an intratumoural CXCL13–TFH cell–B cell axis was previously shown to be 

associated with prolonged survival in patients with non-ICI-treated CRC190. Although it is 

generally thought that B and TFH cells are not primary components of antitumour immune 

responses, these findings suggest that this compartment of the tumour microenvironment 

may warrant further investigation in the context of ICI response.

The application of novel single cell RNA sequencing (scRNA-seq) platforms allows high-

resolution phenotypic characterization that is not possible with bulk sequencing methods. 

Unsupervised clustering of single cell transcriptome data from 32 patients with metastatic 

melanoma treated with ICIs identified two major intratumoural CD8+ T cell phenotypes: 

memory-like and exhausted180. The ratio of memory-like to exhausted TILs was strongly 

associated with response to ICIs. Furthermore, it was found that the transcription factor 

TCF7 is selectively expressed in T cells with a memory-like phenotype. As such, the ratio of 

CD8+TCF7+ to CD8+TCF7− TILs was strongly associated with response and improved 

survival in an independent cohort of patients with melanoma treated with anti-PD1, even 

when no significant differences in total T cell infiltration were detected180.

An effective T cell response involves activation and expansion of specific antigen-reactive T 

cell clones. Therefore, clonal architecture of the intratumoural or peripheral T cell repertoire 

may be another indicator of tumour immunogenicity related to ICI response. T cell 

repertoire diversity can be quantified using two complementary metrics: richness, that is, the 

number of unique TCR sequences, and clonality, that is, the equality of sequence distribution 

(where low clonality indicates equal distribution of all clones and high clonality indicates a 

skewed or oligoclonal population, with a few clones predominating)50. The relationship 

between intratumoural or peripheral T cell repertoire diversity and ICI response appears to 

be complex, as some studies find that pre-therapy94,174 or post-therapy191 TIL clonality 

levels are positively correlated with response, while others show that only on-therapy 

increases of clonality are associated with anti-PD1 response50,192. Another study of 30 

patients with melanoma found no association of TIL diversity with anti-PD1 response or 

survival but did not test for on-therapy changes193. Interestingly, a study of 29 patients with 

urothelial cancer treated with anti-PDL1 found that pre-therapy peripheral T cell clonality 

was negatively associated with PFS and OS, while intratumoural T cell clonality had no 

association with survival194. Similarly, a study of 25 patients with metastatic pancreatic 
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cancer found that peripheral T cell clonality was negatively associated with survival in 

patients treated with anti-CTLA4 but not anti-PD1 (REF.195). To further complicate matters, 

prior immunotherapy exposure may influence T cell repertoire dynamics during subsequent 

anti-PD1 administration. Specifically, an on-therapy increase of intratumoural T cell 

richness was associated with anti-PD1 response in patients with melanoma who had 

progressed on anti-CTLA4 therapy, whereas an increase in T cell clonality was associated 

with anti-PD1 response in immunotherapy-naive patients with melanoma50. These results 

suggest that more work will be required to clarify the utility of intratumoural and peripheral 

T cell diversity as indicators of ICI response.

Tumour immune microenvironment: beyond T cells.

Many other types of immune cells may affect ICI efficacy. Although none are currently 

being measured by FDA-approved assays for prediction of ICI efficacy, work is being done 

to decipher the effects of these cell types on response rates. In order to gain a more 

comprehensive view of the tumour immune microenvironment, methods for extracting 

immune cell phenotype and abundance data from RNA sequencing results have been 

developed190,196,197. Such computational immune deconvolution was applied to pre-therapy 

and on-therapy tumour samples from patients with melanoma and revealed that anti-PD1 

response was associated with an increase in CD8+ T cells and natural killer cells and a 

decrease in macrophages50. This and additional data hint at a potential inhibitory role of 

myeloid cells in ICI response198–200. A similar correlation between tumour-associated 

macrophages (TAMs) and poor anti-PD1 response was observed in an independent cohort of 

patients with melanoma201. Mechanistically, TAMs may sequester therapeutic anti-PD1 

antibodies from T cells202.

Furthermore, peripheral blood levels of a poorly differentiated population of myeloid cells, 

known as myeloid-derived suppressor cells (MDSCs), correlate with poor anti-CTLA4 

response in patients with melanoma203–206. Indeed, in a study that used immune 

deconvolution and machine learning to identify a set of parameters predictive of CYT across 

all TCGA tumour samples, one of the most critical features identified was a lack of 

MDSCs197. The other primary features of this model, known as the immunophenoscore, 

were enrichment of CD8+ T cells, γδ T cells and natural killer cells, along with depletion of 

Treg cells197. Notably, the immunophenoscore demonstrated high sensitivity and specificity 

in stratifying responders and non-responders in two independent cohorts of ICI-treated 

patients197. In an independent study of patients with RCC, a high intratumoural myeloid 

signature was associated with a nearly sixfold decrease in median PFS in patients receiving 

anti-PDL1, again highlighting the inhibitory impact of myeloid cells on ICI response56. 

Notably, coadministration of a VEGF inhibitor improved median PFS more than eightfold in 

patients with tumours with a high myeloid content56, suggesting that the myeloid signature 

may be a useful biomarker in selecting combination therapies for patients with RCC.

Specific subsets of myeloid cells may be important in regulating T cell exclusion. It was 

reported that exclusion of T cells from pancreatic carcinomas may be regulated by 

LY6ClowF4/80+ macrophages. These macrophages, which reside outside the tumour 

microenvironment, orchestrate sites of acquired T cell immune privilege, and eliminating 
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them promotes the capacity of immunotherapies to induce T cell-dependent tumour 

killing207. In summary, examination of the tumour microenvironment shows substantial 

promise as a predictive biomarker for ICI efficacy.

Transcriptomic and epigenetic signatures.

Bioinformatic analysis of RNA sequencing data has been used to uncover global tumour and 

microenvironment features associated with ICI response or resistance. One study identified a 

pre-therapy signature comprising 26 transcriptomic sub-signatures that associated with anti-

PD1 resistance in a cohort of 28 patients with melanoma51. However, this signature was not 

associated with anti-CTLA4 or anti-PD1 response in two other independent melanoma 

cohorts50,51, suggesting that it may reflect features unique to the original cohort analysed. 

Another study of patients with melanoma treated with anti-PD1 identified a pre-therapy 

RNA expression signature associated with on-therapy changes of tumour clonal 

architecture50. It was hypothesized that because changes of tumour clonal structure were 

associated with response and OS, the pre-therapy RNA signature may also be predictive of 

therapeutic outcomes. Indeed, this RNA signature associated with improved survival in two 

independent melanoma cohorts, one treated only with anti-PD1 and another treated with 

either anti-CTLA4 or anti-PD1 (REF.50). An RNA signature that has been validated in 

multiple clinical trials is the IFNγ-related inflammatory NanoString profile for 

pembrolizumab208. Preliminary data suggest that this inflammation gene signature has 

predictive value in a number of cancer types28,209. Recent work has harnessed the exquisite 

cellular resolution of single cell transcriptome profiling to identify a tumour cell 

transcriptional programme associated with T cell exclusion210. This signature was predictive 

of poor ICI response and reduced survival in multiple independent cohorts of patients with 

melanoma. Notably, in vitro experiments indicated that this T cell exclusion programme can 

be reversed by CDK4 and CDK6 inhibition, thus suggesting a potential combination strategy 

for patients with tumours expressing this transcriptional programme210.

Beyond genomic and transcriptomic signatures, epigenetic alterations may also be 

associated with response to ICIs. Using DNA methylation microarrays, an epigenetic 

signature that associates with ICI response was identified and validated in independent 

cohorts of patients with NSCLC211. Furthermore, the methylation status of a single gene, 

FOXP3, was also found to be predictive of ICI response211.

Systemic markers

Ideally, routine clinical biomarkers should be assessed in a minimally invasive manner. 

Therefore, there is great interest in developing whole blood-derived or serum-derived 

predictive biomarkers of ICI response. Importantly, peripheral blood neutrophil to 

lymphocyte ratio values greater than five were associated with decreased PFS and OS in 

multiple studies of anti-CTLA4 and anti-PD1 across a wide range of cancer types212–216. 

Several other features of peripheral blood composition have been associated with ICI 

response, including total lymphocyte count, T cell clonality, monocyte count, circulating 

Treg cell levels, cytokine levels (for example, IL-6, IL-8 and IL-10), relative eosinophil 

count, circulating monocytes or MDSCs and lactate dehydrogenase (LDH) activity. These 
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and other systemic factors have recently been reviewed comprehensively217–219. Notably, 

although typically a negative prognostic indicator in melanoma, pre-therapy levels of 

circulating VEGFC were associated with improved PFS in a cohort of 76 patients with 

melanoma treated with anti-CTLA4 and anti-PD1 combination therapy220. Additionally, 

tumour cells can release extracellular exosomes containing PDL1 on their surface221,222. An 

on-therapy increase in circulating exosomal PDL1 was associated with response in a cohort 

of 39 patients with melanoma treated with anti-PD1 (REF.221), while increased expression 

of PD1 and CD28 on exosomes was associated with improved PFS in a cohort of 59 patients 

treated with anti-CTLA4 (REF.223). Although promising in terms of feasibility, clinical 

implementation of these blood-based biomarkers will require large-scale prospective 

validation.

It is also possible that tumour genomic factors associated with ICI response may be 

determined from blood-derived cfDNA, an approach known as a liquid biopsy218. For 

example, it may be possible to determine relative TMB through sequencing analysis of 

cfDNA. Indeed, the number of mutations detected in cfDNA was positively associated with 

ICI response and OS in a trial of 69 patients representing 23 different cancer types224. 

Furthermore, retrospective analysis of cfDNA from two large-scale randomized trials (n = 

211 and 583) demonstrated that cfDNA-derived TMB is robustly associated with improved 

survival in patients with NSCLC treated with anti-PDL1225. It will be important to 

determine whether this non-invasive approach can also be used to measure relative ΔTMB at 

an early on-therapy time point (4 weeks)50 to potentially improve sensitivity and specificity 

of response predictions.

Commensal microbiota

Commensal microorganisms, collectively known as the microbiota, influence human 

immune responses in health and disease226,227. Importantly, it appears that the diversity and 

composition of the gut but not the oral microbiota can influence ICI response in mice228,229 

and humans230–234. Four independent studies in which baseline faecal samples were 

analysed have found an association between specific gut bacteria and ICI response in 

melanoma230,231,233, NSCLC, RCC and urothelial cancer232. Although there is some 

overlap between the four reports, each study identified different strains of bacteria that 

associate with response or resistance. The reasons for these variable results are not 

immediately apparent but may include differences in microbial sequencing and analysis 

techniques as well as geographic variations in the distribution of gut flora. Nonetheless, in 

each case, adoptive transfer of response-associated bacteria to germ-free or antibiotic-treated 

mice was able to confer ICI sensitivity, suggesting that the identified bacteria were sufficient 

to promote ICI response. Furthermore, increased microbiota diversity, irrespective of species 

identity, was associated with improved ICI response in humans232,233. Notably, one study 

found that the ratio of response-associated (‘good’) to resistance-associated (‘bad’) bacteria 

was able to clearly stratify responders from non-responders231; however, it remains to be 

determined whether this metric is generally applicable in independent cohorts. An important 

implication of these findings is that factors affecting the gut microbiota will likely affect ICI 

therapy response. Indeed, patients treated with antibiotics, but not proton-pump inhibitors, 

during the course of ICI therapy had decreased antitumour response232. It is not entirely 
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clear whether this decreased tumour response is due to depletion of the gut microbiota or 

simply a result of the infections that necessitated antibiotic use. Nonetheless, these results 

are tantalizing and implicate the gut microbiota as an influential factor in antitumour 

immunity and ICI response.

Conclusions

How close are we to a unified predictive model for ICI efficacy? In short, we are not there 

yet. The current understanding of the clinical response to ICI therapy unequivocally 

indicates that there cannot be a single biomarker to identify patients who will likely benefit 

from this immunotherapy. Therefore, the development of a predictive model that takes into 

account the different components that affect tumour–host interactions is needed (TABLE 1). 

Importantly, this type of quantitative model will provide a unique opportunity to evaluate the 

individual contribution of each of these elements for response to ICIs and to assess the 

presence of confounding factors. Predictive models will require a combination of different 

types of data for training and evaluation. These variables may include, for example, DNA 

sequencing data of the tumour to estimate TMB, detect presence or absence of specific 

genetic alterations, assess ITH and estimate the fraction of SCNAs; RNA sequencing data to 

evaluate whether the immune phenotype will favour sensitivity to ICIs; germline DNA 

sequencing data to detect patient genetic polymorphisms (for example, HLA diversity); and 

IHC for PDL1 expression and expression of other checkpoint molecules and features of the 

tumour microenvironment. Furthermore, these predictive models will require a continuous 

process of model update and re-evaluation as more knowledge on the molecular 

determinants of response to ICIs is unravelled. Such quantitative models for response to ICIs 

will have profound implications in the area of precision immuno-oncology. Ultimately, 

clinical use will be governed not just by the science but also by feasibility and 

reproducibility in the ‘real world’ clinical setting, cost and investment to establish 

prospective validation. The ongoing intensive work to establish and understand biomarkers 

for ICI response prediction holds great promise for maximizing patient benefit from these 

transformative therapies.

Acknowledgements

The authors thank the Chan laboratory, members of the Immunogenomics and Precision Oncology Platform and 
members of the Immunology Program at Memorial Sloan Kettering Cancer Center for helpful discussions. The 
work was supported in part by US National Institutes of Health (NIH) National Cancer Institute (NCI) Cancer 
Center Support Grant P30 CA008748.

Competing interests

T.A.C. is a co-founder of Gritstone Oncology and holds equity. T.A.C. holds equity in An2H. T.A.C. acknowledges 
grant funding from An2H, AstraZeneca, Bristol-Myers Squibb, Eisai, Illumina and Pfizer. T.A.C. has served as an 
adviser for An2H, Bristol-Myers Squibb, Eisai, Illumina and MedImmune. T.A.C. holds ownership of intellectual 
property on using tumour mutation burden to predict immunotherapy response, with a pending patent, which has 
been licensed to Personal Genome Diagnostics. J.J.H.’s spouse is a full-time employee of Regeneron 
Pharmaceuticals.

References

1. Hodi FS et al. Improved survival with ipilimumab in patients with metastatic melanoma. N. Engl. J. 
Med 363, 711–723 (2010). [PubMed: 20525992] 

Havel et al. Page 19

Nat Rev Cancer. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Schadendorf D et al. Pooled analysis of long-term survival data from phase II and phase III trials of 
ipilimumab in unresectable or metastatic melanoma. J. Clin. Oncol 33, 1889–1894 (2015). 
[PubMed: 25667295] 

3. Tsao H, Atkins MB & Sober AJ Management of cutaneous melanoma. N. Engl. J. Med 351, 998–
1012 (2004). [PubMed: 15342808] 

4. Lipson EJ & Drake CG Ipilimumab: an anti-CTLA-4 antibody for metastatic melanoma. Clin. 
Cancer Res 17, 6958–6962 (2011). [PubMed: 21900389] 

5. Brahmer JR et al. Safety and activity of anti-PD-L1 antibody in patients with advanced cancer. N. 
Engl. J. Med 366, 2455–2465 (2012). [PubMed: 22658128] 

6. Topalian SL et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N. Engl. 
J. Med 366, 2443–2454 (2012). [PubMed: 22658127] This study demonstrates the utility of PDL1 
expression as a predictive biomarker for anti-PD1 response in multiple cancer types.

7. Wolchok JD et al. Overall survival with combined nivolumab and ipilimumab in advanced 
melanoma. N. Engl. J. Med 377, 1345–1356 (2017). [PubMed: 28889792] 

8. Vokes EE et al. Nivolumab versus docetaxel in previously treated advanced non-small-cell lung 
cancer (CheckMate 017 and CheckMate 057): 3-year update and outcomes in patients with liver 
metastases. Ann. Oncol 29, 959–965 (2018). [PubMed: 29408986] 

9. Schachter J et al. Pembrolizumab versus ipilimumab for advanced melanoma: final overall survival 
results of a multicentre, randomised, open-label phase 3 study (KEYNOTE-006). Lancet 390, 1853–
1862 (2017). [PubMed: 28822576] 

10. Herbst RS et al. Pembrolizumab versus docetaxel for previously treated, PD-L1-positive, advanced 
non-small-cell lung cancer (KEYNOTE-010): a randomised controlled trial. Lancet 387, 1540–
1550 (2016). [PubMed: 26712084] 

11. Rosenberg JE et al. Atezolizumab in patients with locally advanced and metastatic urothelial 
carcinoma who have progressed following treatment with platinum-based chemotherapy: a single-
arm, multicentre, phase 2 trial. Lancet 387, 1909–1920 (2016). [PubMed: 26952546] This study 
finds that both PDL1 expression and TMB are associated with anti-PDL1 response in urothelial 
carcinoma.

12. Gong J, Chehrazi-Raffle A, Reddi S & Salgia R Development of PD-1 and PD-L1 inhibitors as a 
form of cancer immunotherapy: a comprehensive review of registration trials and future 
considerations. J. Immunother. Cancer 6, 8 (2018). [PubMed: 29357948] 

13. Garon EB et al. Pembrolizumab for the treatment of non-small-cell lung cancer. N. Engl. J. Med 
372, 2018–2028 (2015). [PubMed: 25891174] 

14. Gettinger S et al. Nivolumab monotherapy for first-line treatment of advanced non-small-cell lung 
cancer. J. Clin. Oncol 34, 2980–2987 (2016). [PubMed: 27354485] 

15. Reck M et al. Pembrolizumab versus chemotherapy for PD-L1-positive non-small-cell lung cancer. 
N. Engl. J. Med 375, 1823–1833 (2016). [PubMed: 27718847] This phase III clinical trial 
demonstrates improved efficacy of pembrolizumab over chemotherapy as first-line therapy for 
NSCLC.

16. Carbone DP et al. First-line nivolumab in stage IV or recurrent non-small-cell lung cancer. N. Engl. 
J. Med 376, 2415–2426 (2017). [PubMed: 28636851] This phase III clinical trial does not 
demonstrate improved efficacy of nivolumab over chemotherapy as first-line therapy for NSCLC.

17. Remon J, Besse B & Soria JC Successes and failures: what did we learn from recent first-line 
treatment immunotherapy trials in non-small cell lung cancer? BMC Med 15, 55 (2017). [PubMed: 
28285592] 

18. Garon EB Cancer immunotherapy trials not immune from imprecise selection of patients. N. Engl. 
J. Med 376, 2483–2485 (2017). [PubMed: 28636845] 

19. Parham P & Ohta T Population biology of antigen presentation by MHC class I molecules. Science 
272, 67–74 (1996). [PubMed: 8600539] 

20. Klein J & Sato A The HLA system. First of two parts. N. Engl. J. Med 343, 702–709 (2000). 
[PubMed: 10974135] 

21. Parham P et al. Diversity of class I HLA molecules: functional and evolutionary interactions with T 
cells. Cold Spring Harb. Symp. Quant. Biol 54, 529–543 (1989). [PubMed: 2700944] 

Havel et al. Page 20

Nat Rev Cancer. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



22. Carrington M et al. HLA and HIV-1: heterozygote advantage and B*35-Cw*04 disadvantage. 
Science 283, 1748–1752 (1999). [PubMed: 10073943] 

23. Zinkernagel RM & Doherty PC Restriction of in-vitro T cell-mediated cytotoxicity in lymphocytic 
choriomeningitis within a syngeneic or semiallogeneic system. Nature 248, 701–702 (1974). 
[PubMed: 4133807] 

24. Heemskerk B, Kvistborg P & Schumacher TN The cancer antigenome. EMBO J 32, 194–203 
(2013). [PubMed: 23258224] 

25. Coulie PG, Van den Eynde BJ, van der Bruggen P & Boon T Tumour antigens recognized by T 
lymphocytes: at the core of cancer immunotherapy. Nat. Rev. Cancer 14, 135–146 (2014). 
[PubMed: 24457417] 

26. Tran E et al. Immunogenicity of somatic mutations in human gastrointestinal cancers. Science 350, 
1387–1390 (2015). [PubMed: 26516200] 

27. Tran E et al. Cancer immunotherapy based on mutation-specific CD4+ T cells in a patient with 
epithelial cancer. Science 344, 641–645 (2014). [PubMed: 24812403] 

28. Ott PA et al. Relationship of PD-L1 and a T cell inflamed gene expression profile (GEP) to clinical 
response in a multicohort trial of solid tumors (KEYNOTE 028) [abstract 84PD]. Ann. Oncol 28 
(Suppl. 5), mdx363 (2017).

29. Sahin U et al. Personalized RNA mutanome vaccines mobilize poly-specific therapeutic immunity 
against cancer. Nature 547, 222–226 (2017). [PubMed: 28678784] 

30. Gjerstorff MF, Andersen MH & Ditzel HJ Oncogenic cancer/testis antigens: prime candidates for 
immunotherapy. Oncotarget 6, 15772–15787 (2015). [PubMed: 26158218] 

31. Kvistborg P, van Buuren MM & Schumacher TN Human cancer regression antigens. Curr. Opin. 
Immunol 25, 284–290 (2013). [PubMed: 23566921] 

32. Shukla SA et al. Cancer-germline antigen expression discriminates clinical outcome to CTLA-4 
blockade. Cell 173, 624–633 (2018). [PubMed: 29656892] This study finds that expression of a 
specific subset of CT antigens is associated with resistance to anti-CTLA4 but not anti-PD1.

33. Larkin J et al. Combined nivolumab and ipilimumab or monotherapy in untreated melanoma. N. 
Engl. J. Med 373, 23–34 (2015). [PubMed: 26027431] 

34. Postow MA et al. Nivolumab and ipilimumab versus ipilimumab in untreated melanoma. N. Engl. 
J. Med 372, 2006–2017 (2015). [PubMed: 25891304] 

35. Monach PA, Meredith SC, Siegel CT & Schreiber H A unique tumor antigen produced by a single 
amino acid substitution. Immunity 2, 45–59 (1995). [PubMed: 7600302] 

36. Robbins PF et al. A mutated beta-catenin gene encodes a melanoma-specific antigen recognized by 
tumor infiltrating lymphocytes. J. Exp. Med 183, 1185–1192 (1996). [PubMed: 8642260] 

37. Dubey P et al. The immunodominant antigen of an ultraviolet-induced regressor tumor is generated 
by a somatic point mutation in the DEAD box helicase p68. J. Exp. Med 185, 695–705 (1997). 
[PubMed: 9034148] 

38. Lennerz V et al. The response of autologous T cells to a human melanoma is dominated by 
mutated neoantigens. Proc. Natl Acad. Sci. USA 102, 16013–16018 (2005). [PubMed: 16247014] 

39. Gubin MM et al. Checkpoint blockade cancer immunotherapy targets tumour-specific mutant 
antigens. Nature 515, 577–581 (2014). [PubMed: 25428507] 

40. Snyder A et al. Genetic basis for clinical response to CTLA-4 blockade in melanoma. N. Engl. J. 
Med 371, 2189–2199 (2014). [PubMed: 25409260] This is the first clinical study to show a 
relationship between increased TMB and ICI response.

41. Rizvi NA et al. Cancer immunology. Mutational landscape determines sensitivity to PD-1 blockade 
in non-small cell lung cancer. Science 348, 124–128 (2015). [PubMed: 25765070] 

42. Alexandrov LB et al. Signatures of mutational processes in human cancer. Nature 500, 415–421 
(2013). [PubMed: 23945592] 

43. Van Allen EM et al. Genomic correlates of response to CTLA-4 blockade in metastatic melanoma. 
Science 350, 207–211 (2015). [PubMed: 26359337] 

44. Legrand FA et al. Association of high tissue TMB and atezolizumab efficacy across multiple tumor 
types. J. Clin. Oncol 36, 12000 (2018).

Havel et al. Page 21

Nat Rev Cancer. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



45. Hellmann MD et al. Tumor mutational burden and efficacy of nivolumab monotherapy and in 
combination with ipilimumab in small-cell lung cancer. Cancer Cell 33, 853–861 (2018). 
[PubMed: 29731394] 

46. Hellmann MD et al. Genomic features of response to combination immunotherapy in patients with 
advanced non-small-cell lung cancer. Cancer Cell 33, 843–852 (2018). [PubMed: 29657128] 

47. Forde PM et al. Neoadjuvant PD-1 blockade in resectable lung cancer. N. Engl. J. Med 378, 1976–
1986 (2018). [PubMed: 29658848] 

48. Hellmann MD et al. Nivolumab plus ipilimumab in lung cancer with a high tumor mutational 
burden. N. Engl. J. Med 378, 2093–2104 (2018). [PubMed: 29658845] 

49. Goodman AM et al. Tumor mutational burden as an independent predictor of response to 
immunotherapy in diverse cancers. Mol. Cancer Ther 16, 2598–2608 (2017). [PubMed: 28835386] 

50. Riaz N et al. Tumor and microenvironment evolution during immunotherapy with nivolumab. Cell 
171, 934–949 (2017). [PubMed: 29033130] This study includes comprehensive genomic, 
transcriptomic and TCR repertoire profiling of paired pre-therapy and on-therapy samples and 
finds that early on-therapy ΔTMB is more strongly associated with anti-PD1 response than is TMB 
from a single time point.

51. Hugo W et al. Genomic and transcriptomic features of response to anti-PD-1 therapy in metastatic 
melanoma. Cell 165, 35–44 (2016). [PubMed: 26997480] 

52. Hanna GJ et al. Frameshift events predict anti-PD-1/L1 response in head and neck cancer. JCI 
Insight 3, 98811 (2018). [PubMed: 29467336] 

53. Yarchoan M, Hopkins A & Jaffee EM Tumor mutational burden and response rate to PD-1 
inhibition. N. Engl. J. Med 377, 2500–2501 (2017). [PubMed: 29262275] This meta-analysis 
supports the positive relationship between TMB and ICI response across a wide range of tumour 
types.

54. Rooney MS, Shukla SA, Wu CJ, Getz G & Hacohen N Molecular and genetic properties of tumors 
associated with local immune cytolytic activity. Cell 160, 48–61 (2015). [PubMed: 25594174] In 
this study, the authors perform a comprehensive analysis of TCGA data and define an RNA 
expression-based metric called the CYT for easily inferring adaptive immune function from 
tumour expression data across tumour types.

55. Miao D et al. Genomic correlates of response to immune checkpoint therapies in clear cell renal 
cell carcinoma. Science 359, 801–806 (2018). [PubMed: 29301960] 

56. McDermott DF et al. Clinical activity and molecular correlates of response to atezolizumab alone 
or in combination with bevacizumab versus sunitinib in renal cell carcinoma. Nat. Med 24, 749–
757 (2018). [PubMed: 29867230] By identifying three different gene expression signatures among 
patients with RCC and identifying preferential treatment regimens associated with each signature, 
this paper underscores the importance of biomarker development for patient selection during trials 
and in making personalized treatment decisions in the clinic.

57. McGrail DJ et al. Multi-omics analysis reveals neoantigen-independent immune cell infiltration in 
copy-number driven cancers. Nat. Commun 9, 1317 (2018). [PubMed: 29615613] 

58. Lesterhuis WJ et al. Dynamic versus static biomarkers in cancer immune checkpoint blockade: 
unravelling complexity. Nat. Rev. Drug Discov 16, 264–272 (2017). [PubMed: 28057932] 

59. Schumacher TN & Schreiber RD Neoantigens in cancer immunotherapy. Science 348, 69–74 
(2015). [PubMed: 25838375] 

60. Segal NH et al. Epitope landscape in breast and colorectal cancer. Cancer Res 68, 889–892 (2008). 
[PubMed: 18245491] 

61. Matsushita H et al. Cancer exome analysis reveals a T cell-dependent mechanism of cancer 
immunoediting. Nature 482, 400–404 (2012). [PubMed: 22318521] 

62. van Rooij N et al. Tumor exome analysis reveals neoantigen-specific T cell reactivity in an 
ipilimumab-responsive melanoma. J. Clin. Oncol 31, e439–e442 (2013). [PubMed: 24043743] 
This report shows that a somatic mutation-derived neoantigen can function as a target of ICI-
stimulated antitumour immunity.

63. Rajasagi M et al. Systematic identification of personal tumor-specific neoantigens in chronic 
lymphocytic leukemia. Blood 124, 453–462 (2014). [PubMed: 24891321] 

Havel et al. Page 22

Nat Rev Cancer. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



64. Robbins PF et al. Mining exomic sequencing data to identify mutated antigens recognized by 
adoptively transferred tumor-reactive T cells. Nat. Med 19, 747–752 (2013). [PubMed: 23644516] 

65. Snyder A & Chan TA Immunogenic peptide discovery in cancer genomes. Curr. Opin. Genet. Dev 
30, 7–16 (2015). [PubMed: 25588790] 

66. Hackl H, Charoentong P, Finotello F & Trajanoski Z Computational genomics tools for dissecting 
tumour-immune cell interactions. Nat. Rev. Genet 17, 441–458 (2016). [PubMed: 27376489] 

67. Lee CH, Yelensky R, Jooss K & Chan TA Update on tumor neoantigens and their utility: why it is 
good to be different. Trends Immunol 39, 536–548 (2018). [PubMed: 29751996] 

68. Saini SK, Rekers N & Hadrup SR Novel tools to assist neoepitope targeting in personalized cancer 
immunotherapy. Ann. Oncol 28 (Suppl. 12), xii3–xii10 (2017). [PubMed: 29092006] 

69. McGranahan N et al. Clonal neoantigens elicit T cell immunoreactivity and sensitivity to immune 
checkpoint blockade. Science 351, 1463–1469 (2016). [PubMed: 26940869] This study is the first 
to show that consideration of ITH and tumour clonal structure can improve TMB-based 
predictions of ICI response.

70. Andor N et al. Pan-cancer analysis of the extent and consequences of intratumor heterogeneity. 
Nat. Med 22, 105–113 (2016). [PubMed: 26618723] 

71. Morris LG et al. Pan-cancer analysis of intratumor heterogeneity as a prognostic determinant of 
survival. Oncotarget 7, 10051–10063 (2016). [PubMed: 26840267] 

72. Duan F et al. Genomic and bioinformatic profiling of mutational neoepitopes reveals new rules to 
predict anticancer immunogenicity. J. Exp. Med 211, 2231–2248 (2014). [PubMed: 25245761] 

73. Ghorani E et al. Differential binding affinity of mutated peptides for MHC class I is a predictor of 
survival in advanced lung cancer and melanoma. Ann. Oncol 29, 271–279 (2018). [PubMed: 
29361136] 

74. Rech AJ et al. Tumor immunity and survival as a function of alternative neopeptides in human 
cancer. Cancer Immunol. Res 10.1158/2326-6066.CIR-17-0559 (2018).

75. Luksza M et al. A neoantigen fitness model predicts tumour response to checkpoint blockade 
immunotherapy. Nature 551, 517–520 (2017). [PubMed: 29132144] 

76. Miles JJ, Douek DC & Price DA Bias in the alphabeta T cell repertoire: implications for disease 
pathogenesis and vaccination. Immunol. Cell Biol 89, 375–387 (2011). [PubMed: 21301479] 

77. Birnbaum ME et al. Deconstructing the peptide-MHC specificity of T cell recognition. Cell 157, 
1073–1087 (2014). [PubMed: 24855945] 

78. Adams JJ et al. Structural interplay between germline interactions and adaptive recognition 
determines the bandwidth of TCR-peptide-MHC cross-reactivity. Nat. Immunol 17, 87–94 (2016). 
[PubMed: 26523866] 

79. Balachandran VP et al. Identification of unique neoantigen qualities in long-term survivors of 
pancreatic cancer. Nature 551, 512–516 (2017). [PubMed: 29132146] 

80. Sarkizova S & Hacohen N How T cells spot tumour cells. Nature 551, 444–446 (2017). [PubMed: 
29168843] 

81. Kim S et al. Neopepsee: accurate genome-level prediction of neoantigens by harnessing sequence 
and amino acid immunogenicity information. Ann. Oncol 29, 1030–1036 (2018). [PubMed: 
29360924] 

82. Le DT et al. Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. 
Science 357, 409–413 (2017). [PubMed: 28596308] 

83. Le DT et al. PD-1 blockade in tumors with mismatch-repair deficiency. N. Engl. J. Med 372, 
2509–2520 (2015). [PubMed: 26028255] References 82 and 83 identify MMR deficiency as a pan-
cancer biomarker for ICI response.

84. Germano G et al. Inactivation of DNA repair triggers neoantigen generation and impairs tumour 
growth. Nature 552, 116–120 (2017). [PubMed: 29186113] 

85. Drescher KM et al. Lymphocyte recruitment into the tumor site is altered in patients with MSI-H 
colon cancer. Familial Cancer 8, 231–239 (2009). [PubMed: 19165625] 

86. Llosa NJ et al. The vigorous immune microenvironment of microsatellite instable colon cancer is 
balanced by multiple counter-inhibitory checkpoints. Cancer Discov 5, 43–51 (2015). [PubMed: 
25358689] 

Havel et al. Page 23

Nat Rev Cancer. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



87. U.S. Food and Drug Administration. FDA approves first cancer treatment for any solid tumor with 
a specific genetic feature FDA https://www.fda.gov/newsevents/newsroom/pressannouncements/
ucm560167.htm (2017).

88. Saeterdal I et al. Frameshift-mutation-derived peptides as tumor-specific antigens in inherited and 
spontaneous colorectal cancer. Proc. Natl Acad. Sci. USA 98, 13255–13260 (2001). [PubMed: 
11687624] 

89. Saeterdal I, Gjertsen MK, Straten P, Eriksen JA & Gaudernack GA TGF betaRII frameshift-
mutation-derived CTL epitope recognised by HLA-A2-restricted CD8+T cells. Cancer Immunol. 
Immunother 50, 469–476 (2001). [PubMed: 11761441] 

90. Linnebacher M et al. Frameshift peptide-derived T cell epitopes: a source of novel tumor-specific 
antigens. Int. J. Cancer 93, 6–11 (2001). [PubMed: 11391614] 

91. Turajlic S et al. Insertion-and-deletion-derived tumour-specific neoantigens and the immunogenic 
phenotype: a pan-cancer analysis. Lancet Oncol 18, 1009–1021 (2017). [PubMed: 28694034] 

92. Davoli T, Uno H, Wooten EC & Elledge SJ Tumor aneuploidy correlates with markers of immune 
evasion and with reduced response to immunotherapy. Science 355, eaaf8399 (2017). [PubMed: 
28104840] This study identifies a negative association between arm and whole chromosome 
SCNAs and immune infiltration through a pan-cancer analysis of TCGA data.

93. Taylor AM et al. Genomic and functional approaches to understanding cancer aneuploidy. Cancer 
Cell 33, 676–689 (2018). [PubMed: 29622463] 

94. Roh W et al. Integrated molecular analysis of tumor biopsies on sequential CTLA-4 and PD-1 
blockade reveals markers of response and resistance. Sci. Transl Med 9, eaah3560 (2017). 
[PubMed: 28251903] 

95. Merkel DE & McGuire WL Ploidy, proliferative activity and prognosis. DNA flow cytometry of 
solid tumors. Cancer 65, 1194–1205 (1990). [PubMed: 2406011] 

96. The Cancer Genome Atlas Research Network. Comprehensive molecular characterization of 
urothelial bladder carcinoma. Nature 507, 315–322 (2014). [PubMed: 24476821] 

97. The Cancer Genome Atlas Research Network. Comprehensive molecular profiling of lung 
adenocarcinoma. Nature 511, 543–550 (2014). [PubMed: 25079552] 

98. The Cancer Genome Atlas Research Network. Genomic classification of cutaneous melanoma. 
Cell 161, 1681–1696 (2015). [PubMed: 26091043] 

99. The Cancer Genome Atlas Research Network. Comprehensive molecular characterization of clear 
cell renal cell carcinoma. Nature 499, 43–49 (2013). [PubMed: 23792563] 

100. Skoulidis F et al. STK11/LKB1 mutations and PD-1 inhibitor resistance in KRAS-mutant lung 
adenocarcinoma. Cancer Discov 8, 822–835 (2018). [PubMed: 29773717] 

101. Peng W et al. Loss of PTEN promotes resistance to T cell-mediated immunotherapy. Cancer 
Discov 6, 202–216 (2016). [PubMed: 26645196] 

102. George S et al. Loss of PTEN is associated with resistance to anti-PD-1 checkpoint blockade 
therapy in metastatic uterine leiomyosarcoma. Immunity 46, 197–204 (2017). [PubMed: 
28228279] 

103. Kapur P et al. Effects on survival of BAP1 and PBRM1 mutations in sporadic clear-cell renal-cell 
carcinoma: a retrospective analysis with independent validation. Lancet Oncol 14, 159–167 
(2013). [PubMed: 23333114] 

104. Pawlowski R et al. Loss of PBRM1 expression is associated with renal cell carcinoma 
progression. Int. J. Cancer 132, E11–E17 (2013). [PubMed: 22949125] 

105. Nam SJ, Lee C, Park JH & Moon KC Decreased PBRM1 expression predicts unfavorable 
prognosis in patients with clear cell renal cell carcinoma. Urol. Oncol 33, 340.e9–340.e16 
(2015).

106. Gao J et al. Loss of IFN-gamma pathway genes in tumor cells as a mechanism of resistance to 
anti-CTLA-4 therapy. Cell 167, 397–404 (2016). [PubMed: 27667683] 

107. Shin DS et al. Primary resistance to PD-1 blockade mediated by JAK1/2 mutations. Cancer 
Discov 7, 188–201 (2017). [PubMed: 27903500] 

108. Zaretsky JM et al. Mutations associated with acquired resistance to PD-1 blockade in melanoma. 
N. Engl. J. Med 375, 819–829 (2016). [PubMed: 27433843] 

Havel et al. Page 24

Nat Rev Cancer. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.fda.gov/newsevents/newsroom/pressannouncements/ucm560167.htm
https://www.fda.gov/newsevents/newsroom/pressannouncements/ucm560167.htm


109. Riaz N et al. Recurrent SERPINB3 and SERPINB4 mutations in patients who respond to anti-
CTLA4 immunotherapy. Nat. Genet 48, 1327–1329 (2016). [PubMed: 27668655] 

110. Smith CC et al. Endogenous retroviral signatures predict immunotherapy response in clear cell 
renal cell carcinoma. J. Clin. Invest 128, 4804–4820 (2018). [PubMed: 30137025] 

111. Chiappinelli KB et al. Inhibiting DNA methylation causes an interferon response in cancer via 
dsRNA including endogenous retroviruses. Cell 164, 1073 (2016). [PubMed: 27064190] 

112. Goel S et al. CDK4/6 inhibition triggers anti-tumour immunity. Nature 548, 471–475 (2017). 
[PubMed: 28813415] 

113. Panda A et al. Endogenous retrovirus expression is associated with response to immune 
checkpoint blockade in clear cell renal cell carcinoma. JCI Insight 3, 121522 (2018). [PubMed: 
30135306] 

114. Manguso RT et al. In vivo CRISPR screening identifies Ptpn2 as a cancer immunotherapy target. 
Nature 547, 413–418 (2017). [PubMed: 28723893] 

115. Patel SJ et al. Identification of essential genes for cancer immunotherapy. Nature 548, 537–542 
(2017). [PubMed: 28783722] 

116. Pan D et al. A major chromatin regulator determines resistance of tumor cells to T cell-mediated 
killing. Science 359, 770–775 (2018). [PubMed: 29301958] 

117. Rose AM & Bell LC Epistasis and immunity: the role of genetic interactions in autoimmune 
diseases. Immunology 137, 131–138 (2012). [PubMed: 22804709] 

118. Barreiro LB & Quintana-Murci L From evolutionary genetics to human immunology: how 
selection shapes host defence genes. Nat. Rev. Genet 11, 17–30 (2010). [PubMed: 19953080] 

119. Fumagalli M et al. Signatures of environmental genetic adaptation pinpoint pathogens as the main 
selective pressure through human evolution. PLOS Genet 7, e1002355 (2011). [PubMed: 
22072984] 

120. Prugnolle F et al. Pathogen-driven selection and worldwide HLA class I diversity. Curr. Biol 15, 
1022–1027 (2005). [PubMed: 15936272] 

121. Parham P The rise and fall of great class I genes. Semin. Immunol 6, 373–382 (1994). [PubMed: 
7654994] 

122. Yewdell JW & Bennink JR Immunodominance in major histocompatibility complex class I-
restricted T lymphocyte responses. Annu. Rev. Immunol 17, 51–88 (1999). [PubMed: 10358753] 

123. Parham P et al. Nature of polymorphism in Hla-a, Hla-B, and Hla-C molecules. Proc. Natl Acad. 
Sci. USA 85, 4005–4009 (1988). [PubMed: 3375250] 

124. Reche PA & Reinherz EL Sequence variability analysis of human class I and class II MHC 
molecules: functional and structural correlates of amino acid polymorphisms. J. Mol. Biol 331, 
623–641 (2003). [PubMed: 12899833] 

125. Chowell D et al. Patient HLA class I genotype influences cancer response to checkpoint blockade 
immunotherapy. Science 359, 582–587 (2018). [PubMed: 29217585] This is the first study to 
show that germline HLA-I zygosity and somatic LOH at HLA-I influence response to ICI 
immunotherapy.

126. Kvistborg P & Yewdell JW Enhancing responses to cancer immunotherapy. Science 359, 516–517 
(2018). [PubMed: 29420276] 

127. Marsh SG, Parham P & Barber LD The HLA FactsBook (Academic Press, 1999).

128. Snary D, Barnstable CJ, Bodmer WF & Crumpton MJ Molecular structure of human 
histocompatibility antigens: the HLA-C series. Eur. J. Immunol 7, 580–585 (1977). [PubMed: 
332508] 

129. Yadav M et al. Predicting immunogenic tumour mutations by combining mass spectrometry and 
exome sequencing. Nature 515, 572–576 (2014). [PubMed: 25428506] 

130. Kvistborg P et al. Anti-CTLA-4 therapy broadens the melanoma-reactive CD8+T cell response. 
Sci. Transl Med 6, 254ra128 (2014).

131. Carreno BM et al. A dendritic cell vaccine increases the breadth and diversity of melanoma 
neoantigen-specific T cells. Science 348, 803–808 (2015). [PubMed: 25837513] 

132. Sette A & Sidney J Nine major HLA class I supertypes account for the vast preponderance of 
HLA-A and -B polymorphism. Immunogenetics 50, 201–212 (1999). [PubMed: 10602880] 

Havel et al. Page 25

Nat Rev Cancer. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



133. Sidney J, Peters B, Frahm N, Brander C & Sette A HLA class I supertypes: a revised and updated 
classification. BMC Immunol 9, 1 (2008). [PubMed: 18211710] 

134. Hillen N et al. Essential differences in ligand presentation and T cell epitope recognition among 
HLA molecules of the HLA-B44 supertype. Eur. J. Immunol 38, 2993–3003 (2008). [PubMed: 
18991276] 

135. Bilsborough J et al. A MAGE-3 peptide presented by HLA-B44 is also recognized by cytolytic T 
lymphocytes on HLA-B18. Tissue Antigens 60, 16–24 (2002). [PubMed: 12366779] 

136. Schreiber RD, Old LJ & Smyth MJ Cancer immunoediting: integrating immunity’s roles in 
cancer suppression and promotion. Science 331, 1565–1570 (2011). [PubMed: 21436444] 

137. Marty R et al. MHC-I genotype restricts the oncogenic mutational landscape. Cell 171, 1272–
1283 (2017). [PubMed: 29107334] 

138. Marty R, Thompson WK, Salem RM, Zanetti M & Carter H Evolutionary pressure against MHC 
class II binding cancer mutations. Cell 175, 416–428 (2018). [PubMed: 30245014] 

139. Campoli M, Chang CC & Ferrone S HLA class I antigen loss, tumor immune escape and immune 
selection. Vaccine 20 (Suppl. 4), A40–A45 (2002). [PubMed: 12477427] 

140. Garrido C et al. MHC class I molecules act as tumor suppressor genes regulating the cell cycle 
gene expression, invasion and intrinsic tumorigenicity of melanoma cells. Carcinogenesis 33, 
687–693 (2012). [PubMed: 22219178] 

141. Garrido F, Ruiz-Cabello F & Aptsiauri N Rejection versus escape: the tumor MHC dilemma. 
Cancer Immunol. Immunother 66, 259–271 (2017). [PubMed: 28040849] 

142. Hicklin DJ, Marincola FM & Ferrone S HLA class I antigen downregulation in human cancers: T 
cell immunotherapy revives an old story. Mol. Med. Today 5, 178–186 (1999). [PubMed: 
10203751] 

143. Shukla SA et al. Comprehensive analysis of cancer-associated somatic mutations in class I HLA 
genes. Nat. Biotechnol 33, 1152–1158 (2015). [PubMed: 26372948] 

144. Benitez R et al. Mutations of the beta2-microglobulin gene result in a lack of HLA class I 
molecules on melanoma cells of two patients immunized with MAGE peptides. Tissue Antigens 
52, 520–529 (1998). [PubMed: 9894850] 

145. D’Urso CM et al. Lack of HLA class I antigen expression by cultured melanoma cells FO-1 due 
to a defect in B2m gene expression. J. Clin. Invest 87, 284–292 (1991). [PubMed: 1898655] 

146. Drake CG, Jaffee E & Pardoll DM Mechanisms of immune evasion by tumors. Adv. Immunol 90, 
51–81 (2006). [PubMed: 16730261] 

147. Gettinger S et al. Impaired HLA class I antigen processing and presentation as a mechanism of 
acquired resistance to immune checkpoint inhibitors in lung cancer. Cancer Discov 7, 1420–1435 
(2017). [PubMed: 29025772] 

148. Sade-Feldman M et al. Resistance to checkpoint blockade therapy through inactivation of antigen 
presentation. Nat. Commun 8, 1136 (2017). [PubMed: 29070816] 

149. Aptsiauri N et al. MHC class I antigens and immune surveillance in transformed cells. Int. Rev. 
Cytol 256, 139–189 (2007). [PubMed: 17241907] 

150. Koopman LA, Corver WE, van der Slik AR, Giphart MJ & Fleuren GJ Multiple genetic 
alterations cause frequent and heterogeneous human histocompatibility leukocyte antigen class I 
loss in cervical cancer. J. Exp. Med 191, 961–976 (2000). [PubMed: 10727458] 

151. McGranahan N et al. Allele-specific HLA loss and immune escape in lung cancer evolution. Cell 
171, 1259–1271 (2017). [PubMed: 29107330] This study shows that somatic LOH at HLA-I is 
an important mechanism of immune evasion during lung cancer evolution.

152. Tran E et al. T-cell transfer therapy targeting mutant KRAS in cancer. N. Engl. J. Med 375, 2255–
2262 (2016). [PubMed: 27959684] 

153. Rodig SJ et al. MHC proteins confer differential sensitivity to CTLA-4 and PD-1 blockade in 
untreated metastatic melanoma. Sci. Transl Med 10, eaar3342 (2018). [PubMed: 30021886] 

154. Cho JH & Feldman M Heterogeneity of autoimmune diseases: pathophysiologic insights from 
genetics and implications for new therapies. Nat. Med 21, 730–738 (2015). [PubMed: 26121193] 

Havel et al. Page 26

Nat Rev Cancer. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



155. Duffy D et al. Functional analysis via standardized whole-blood stimulation systems defines the 
boundaries of a healthy immune response to complex stimuli. Immunity 40, 436–450 (2014). 
[PubMed: 24656047] 

156. Parkes M, Cortes A, van Heel DA & Brown MA Genetic insights into common pathways and 
complex relationships among immune-mediated diseases. Nat. Rev. Genet 14, 661–673 (2013). 
[PubMed: 23917628] 

157. Tian C et al. Genome-wide association and HLA region fine-mapping studies identify 
susceptibility loci for multiple common infections. Nat. Commun 8, 599 (2017). [PubMed: 
28928442] 

158. Arce Vargas F et al. Fc effector function contributes to the activity of human anti-CTLA-4 
antibodies. Cancer Cell 33, 649–663 (2018). [PubMed: 29576375] This study shows that a single 
nucleotide polymorphism in the FcγR-activating receptor can affect response to anti-CTLA4 in 
inflamed tumours.

159. Topalian SL, Taube JM, Anders RA & Pardoll DM Mechanism-driven biomarkers to guide 
immune checkpoint blockade in cancer therapy. Nat. Rev. Cancer 16, 275–287 (2016). [PubMed: 
27079802] 

160. Gibney GT, Weiner LM & Atkins MB Predictive biomarkers for checkpoint inhibitor-based 
immunotherapy. Lancet Oncol 17, e542–e551 (2016). [PubMed: 27924752] 

161. Brahmer JR et al. Phase I study of single-agent anti-programmed death-1 (MDX-1106) in 
refractory solid tumors: safety, clinical activity, pharmacodynamics, and immunologic correlates. 
J. Clin. Oncol 28, 3167–3175 (2010). [PubMed: 20516446] 

162. Borghaei H et al. Nivolumab versus docetaxel in advanced nonsquamous non-small-cell lung 
cancer. N. Engl. J. Med 373, 1627–1639 (2015). [PubMed: 26412456] 

163. Motzer RJ et al. Nivolumab for metastatic renal cell carcinoma: results of a randomized phase II 
trial. J. Clin. Oncol 33, 1430–1437 (2015). [PubMed: 25452452] 

164. Ferris RL et al. Nivolumab for recurrent squamous-cell carcinoma of the head and neck. N. Engl. 
J. Med 375, 1856–1867 (2016). [PubMed: 27718784] 

165. Brahmer J et al. Nivolumab versus docetaxel in advanced squamous-cell non-small-cell lung 
cancer. N. Engl. J. Med 373, 123–135 (2015). [PubMed: 26028407] 

166. Motzer RJ et al. Nivolumab versus everolimus in advanced renal-cell carcinoma. N. Engl. J. Med 
373, 1803–1813 (2015). [PubMed: 26406148] 

167. Cogdill AP, Andrews MC & Wargo JA Hallmarks of response to immune checkpoint blockade. 
Br. J. Cancer 117, 1–7 (2017). [PubMed: 28524159] 

168. Nishino M, Ramaiya NH, Hatabu H & Hodi FS Monitoring immune-checkpoint blockade: 
response evaluation and biomarker development. Nat. Rev. Clin. Oncol 14, 655–668 (2017). 
[PubMed: 28653677] 

169. Sunshine J & Taube JM PD-1/PD-L1 inhibitors. Curr. Opin. Pharmacol 23, 32–38 (2015). 
[PubMed: 26047524] 

170. Gandhi L et al. Pembrolizumab plus chemotherapy in metastatic non-small-cell lung cancer. N. 
Engl. J. Med 378, 2078–2092 (2018). [PubMed: 29658856] 

171. Tang H et al. PD-L1 on host cells is essential for PD-L1 blockade-mediated tumor regression. J. 
Clin. Invest 128, 580–588 (2018). [PubMed: 29337303] 

172. Herbst RS et al. Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in 
cancer patients. Nature 515, 563–567 (2014). [PubMed: 25428504] 

173. Mariathasan S et al. TGFbeta attenuates tumour response to PD-L1 blockade by contributing to 
exclusion of T cells. Nature 554, 544–548 (2018). [PubMed: 29443960] 

174. Tumeh PC et al. PD-1 blockade induces responses by inhibiting adaptive immune resistance. 
Nature 515, 568–571 (2014). [PubMed: 25428505] This study demonstrates an association 
between PDL1+CD8+ T cells at the invasive tumour margin and anti-PD1 response, highlighting 
the importance of intratumoural immune cell phenotypes and localization.

175. Topalian SL, Drake CG & Pardoll DM Immune checkpoint blockade: a common denominator 
approach to cancer therapy. Cancer Cell 27, 450–461 (2015). [PubMed: 25858804] 

176. Fridman WH, Pages F, Sautes-Fridman C & Galon J The immune contexture in human tumours: 
impact on clinical outcome. Nat. Rev. Cancer 12, 298–306 (2012). [PubMed: 22419253] 

Havel et al. Page 27

Nat Rev Cancer. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



177. Galon J et al. Type, density, and location of immune cells within human colorectal tumors predict 
clinical outcome. Science 313, 1960–1964 (2006). [PubMed: 17008531] 

178. Mlecnik B et al. Integrative analyses of colorectal cancer show immunoscore is a stronger 
predictor of patient survival than microsatellite instability. Immunity 44, 698–711 (2016). 
[PubMed: 26982367] 

179. Pages F et al. International validation of the consensus Immunoscore for the classification of 
colon cancer: a prognostic and accuracy study. Lancet 391, 2128–2139 (2018). [PubMed: 
29754777] 

180. Sade-Feldman M et al. Defining T cell states associated with response to checkpoint 
immunotherapy in melanoma. Cell 175, 998–1013 (2018). [PubMed: 30388456] 

181. Thommen DS et al. A transcriptionally and functionally distinct PD-1+ CD8+ T cell pool with 
predictive potential in non-small-cell lung cancer treated with PD-1 blockade. Nat. Med 24, 994–
1004 (2018). [PubMed: 29892065] 

182. Ngiow SF et al. A threshold level of intratumor CD8+ T cell PD1 expression dictates therapeutic 
response to anti-PD1. Cancer Res 75, 3800–3811 (2015). [PubMed: 26208901] 

183. Pauken KE et al. Epigenetic stability of exhausted T cells limits durability of reinvigoration by 
PD-1 blockade. Science 354, 1160–1165 (2016). [PubMed: 27789795] 

184. Sen DR et al. The epigenetic landscape of T cell exhaustion. Science 354, 1165–1169 (2016). 
[PubMed: 27789799] 

185. Blackburn SD, Shin H, Freeman GJ & Wherry EJ Selective expansion of a subset of exhausted 
CD8 T cells by alphaPD-L1 blockade. Proc. Natl Acad. Sci. USA 105, 15016–15021 (2008). 
[PubMed: 18809920] 

186. Paley MA et al. Progenitor and terminal subsets of CD8+ T cells cooperate to contain chronic 
viral infection. Science 338, 1220–1225 (2012). [PubMed: 23197535] 

187. Schietinger A et al. Tumor-specific T cell dysfunction is a dynamic antigen-driven differentiation 
program initiated early during tumorigenesis. Immunity 45, 389–401 (2016). [PubMed: 
27521269] 

188. Kansy BA et al. PD-1 status in CD8+ T cells associates with survival and anti-PD-1 therapeutic 
outcomes in head and neck cancer. Cancer Res 77, 6353–6364 (2017). [PubMed: 28904066] 

189. Zappasodi R et al. Non-conventional inhibitory CD4+Foxp3(−)PD-1(hi) T cells as a biomarker of 
immune checkpoint blockade activity. Cancer Cell 33, 1017–1032 (2018). [PubMed: 29894689] 

190. Bindea G et al. Spatiotemporal dynamics of intratumoral immune cells reveal the immune 
landscape in human cancer. Immunity 39, 782–795 (2013). [PubMed: 24138885] 

191. Forde PM, Chaft JE & Pardoll DM Neoadjuvant PD-1 blockade in resectable lung cancer. N. 
Engl. J. Med 379, e14 (2018).

192. Inoue H et al. Intratumoral expression levels of PD-L1, GZMA, and HLA-A along with 
oligoclonal T cell expansion associate with response to nivolumab in metastatic melanoma. 
Oncoimmunology 5, e1204507 (2016). [PubMed: 27757299] 

193. Reuben A et al. Genomic and immune heterogeneity are associated with differential responses to 
therapy in melanoma. NPJ Genom. Med 2, 10 (2017). [PubMed: 28819565] 

194. Snyder A et al. Contribution of systemic and somatic factors to clinical response and resistance to 
PD-L1 blockade in urothelial cancer: an exploratory multiomic analysis. PLOS Med 14, 
e1002309 (2017). [PubMed: 28552987] 

195. Hopkins AC et al. T cell receptor repertoire features associated with survival in immunotherapy-
treated pancreatic ductal adenocarcinoma. JCI Insight 3, 122092 (2018). [PubMed: 29997287] 

196. Newman AM et al. Robust enumeration of cell subsets from tissue expression profiles. Nat. 
Methods 12, 453–457 (2015). [PubMed: 25822800] 

197. Charoentong P et al. Pan-cancer immunogenomic analyses reveal genotype-immunophenotype 
relationships and predictors of response to checkpoint blockade. Cell Rep 18, 248–262 (2017). 
[PubMed: 28052254] 

198. Weber R et al. Myeloid-derived suppressor cells hinder the anti-cancer activity of immune 
checkpoint inhibitors. Front. Immunol 9, 1310 (2018). [PubMed: 29942309] 

Havel et al. Page 28

Nat Rev Cancer. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



199. Zhu Y et al. CSF1/CSF1R blockade reprograms tumor-infiltrating macrophages and improves 
response to T cell checkpoint immunotherapy in pancreatic cancer models. Cancer Res 74, 5057–
5069 (2014). [PubMed: 25082815] 

200. Noy R & Pollard JW Tumor-associated macrophages: from mechanisms to therapy. Immunity 41, 
49–61 (2014). [PubMed: 25035953] 

201. Neubert NJ et al. T cell-induced CSF1 promotes melanoma resistance to PD1 blockade. Sci. 
Transl Med 10, eaan3311 (2018). [PubMed: 29643229] 

202. Arlauckas SP et al. In vivo imaging reveals a tumor-associated macrophage-mediated resistance 
pathway in anti-PD-1 therapy. Sci. Transl Med 9, eaal3604 (2017). [PubMed: 28490665] 

203. Meyer C et al. Frequencies of circulating MDSC correlate with clinical outcome of melanoma 
patients treated with ipilimumab. Cancer Immunol. Immunother 63, 247–257 (2014). [PubMed: 
24357148] 

204. Gebhardt C et al. Myeloid cells and related chronic inflammatory factors as novel predictive 
markers in melanoma treatment with ipilimumab. Clin. Cancer Res 21, 5453–5459 (2015). 
[PubMed: 26289067] 

205. Martens A et al. Baseline peripheral blood biomarkers associated with clinical outcome of 
advanced melanoma patients treated with ipilimumab. Clin. Cancer Res 22, 2908–2918 (2016). 
[PubMed: 26787752] 

206. Sade-Feldman M et al. Clinical significance of circulating CD33+CD11b+HLA-DR− myeloid 
cells in patients with stage IV melanoma treated with ipilimumab. Clin. Cancer Res 22, 5661–
5672 (2016). [PubMed: 27178742] 

207. Beatty GL et al. Exclusion of T cells from pancreatic carcinomas in mice is regulated by Ly6Clow 
F4/80+ extratumoral macrophages. Gastroenterology 149, 201–210 (2015). [PubMed: 25888329] 

208. Ayers M et al. IFN-gamma-related mRNA profile predicts clinical response to PD-1 blockade. J. 
Clin. Invest 127, 2930–2940 (2017). [PubMed: 28650338] 

209. Seiwert TY et al. Biomarkers predictive of response to pembrolizumab in head and neck cancer 
(HNSCC) [abstract]. Cancer Res 78 (Suppl. 13), LB–339 (2018).

210. Jerby-Arnon L et al. A cancer cell program promotes T cell exclusion and resistance to 
checkpoint blockade. Cell 175, 984–997 (2018). [PubMed: 30388455] References 180 and 210 
highlight the power of single cell RNA sequencing to identify tumour and immune cell 
phenotypes associated with ICI response.

211. Duruisseaux M et al. Epigenetic prediction of response to anti-PD-1 treatment in non-small-cell 
lung cancer: a multicentre, retrospective analysis. Lancet Respir. Med 6, 771–781 (2018). 
[PubMed: 30100403] 

212. Ferrucci PF et al. Baseline neutrophil-to-lymphocyte ratio is associated with outcome of 
ipilimumab-treated metastatic melanoma patients. Br. J. Cancer 112, 1904–1910 (2015). 
[PubMed: 26010413] 

213. Ferrucci PF et al. Baseline neutrophils and derived neutrophil-to-lymphocyte ratio: prognostic 
relevance in metastatic melanoma patients receiving ipilimumab. Ann. Oncol 27, 732–738 
(2016). [PubMed: 26802161] 

214. Bagley SJ et al. Pretreatment neutrophil-to-lymphocyte ratio as a marker of outcomes in 
nivolumab-treated patients with advanced non-small-cell lung cancer. Lung Cancer 106, 1–7 
(2017). [PubMed: 28285682] 

215. Bilen MA et al. Association between pretreatment neutrophil-to-lymphocyte ratio and outcome of 
patients with metastatic renal-cell carcinoma treated with nivolumab. Clin. Genitourin. Cancer 
16, e563–e575 (2018). [PubMed: 29402706] 

216. Jiang T et al. Pretreatment neutrophil-to-lymphocyte ratio is associated with outcome of 
advanced-stage cancer patients treated with immunotherapy: a meta-analysis. Cancer Immunol. 
Immunother 67, 713–727 (2018). [PubMed: 29423649] 

217. Buder-Bakhaya K & Hassel JC Biomarkers for clinical benefit of immune checkpoint inhibitor 
treatment-a review from the melanoma perspective and beyond. Front. Immunol 9, 1474 (2018). 
[PubMed: 30002656] 

218. Thompson JR & Menon SP Liquid biopsies and cancer immunotherapy. Cancer J 24, 78–83 
(2018). [PubMed: 29601334] 

Havel et al. Page 29

Nat Rev Cancer. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



219. Voong KR, Feliciano J, Becker D & Levy B Beyond PD-L1 testing-emerging biomarkers for 
immunotherapy in non-small cell lung cancer. Ann. Transl Med 5, 376 (2017). [PubMed: 
29057236] 

220. Fankhauser M et al. Tumor lymphangiogenesis promotes T cell infiltration and potentiates 
immunotherapy in melanoma. Sci. Transl Med 9, eaal4712 (2017). [PubMed: 28904226] 

221. Chen G et al. Exosomal PD-L1 contributes to immunosuppression and is associated with anti-
PD-1 response. Nature 560, 382–386 (2018). [PubMed: 30089911] 

222. Yang Y et al. Exosomal PD-L1 harbors active defense function to suppress T cell killing of breast 
cancer cells and promote tumor growth. Cell Res 28, 862–864 (2018). [PubMed: 29959401] 

223. Tucci M et al. Serum exosomes as predictors of clinical response to ipilimumab in metastatic 
melanoma. Oncoimmunology 7, e1387706 (2018). [PubMed: 29308314] 

224. Khagi Y et al. Hypermutated circulating tumor DNA: correlation with response to checkpoint 
inhibitor-based immunotherapy. Clin. Cancer Res 23, 5729–5736 (2017). [PubMed: 28972084] 

225. Gandara DR et al. Blood-based tumor mutational burden as a predictor of clinical benefit in non-
small-cell lung cancer patients treated with atezolizumab. Nat. Med 24, 1441–1448 (2018). 
[PubMed: 30082870] This study rigorously demonstrates that mutation burden determined from 
cfDNA is strongly associated with survival in patients with NSCLC treated with anti-PDL1, thus 
identifying a blood-based biomarker for ICI response.

226. Garrett WS Cancer and the microbiota. Science 348, 80–86 (2015). [PubMed: 25838377] 

227. Zitvogel L, Ayyoub M, Routy B & Kroemer G Microbiome and anticancer immunosurveillance. 
Cell 165, 276–287 (2016). [PubMed: 27058662] 

228. Sivan A et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates anti-PD-
L1 efficacy. Science 350, 1084–1089 (2015). [PubMed: 26541606] 

229. Vetizou M et al. Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. 
Science 350, 1079–1084 (2015). [PubMed: 26541610] References 228 and 229 were the first to 
demonstrate the impact of gut microbiota composition on ICI response in mice.

230. Chaput N et al. Baseline gut microbiota predicts clinical response and colitis in metastatic 
melanoma patients treated with ipilimumab. Ann. Oncol 28, 1368–1379 (2017). [PubMed: 
28368458] 

231. Matson V et al. The commensal microbiome is associated with anti-PD-1 efficacy in metastatic 
melanoma patients. Science 359, 104–108 (2018). [PubMed: 29302014] 

232. Routy B et al. Gut microbiome influences efficacy of PD-1-based immunotherapy against 
epithelial tumors. Science 359, 91–97 (2018). [PubMed: 29097494] 

233. Gopalakrishnan V et al. Gut microbiome modulates response to anti-PD-1 immunotherapy in 
melanoma patients. Science 359, 97–103 (2018). [PubMed: 29097493] References 231–233 
established the impact of gut microbiota composition on ICI response in humans.

234. Zitvogel L, Ma Y, Raoult D, Kroemer G & Gajewski TF The microbiome in cancer 
immunotherapy: diagnostic tools and therapeutic strategies. Science 359, 1366–1370 (2018). 
[PubMed: 29567708] 

235. Valpione S et al. Sex and interleukin-6 are prognostic factors for autoimmune toxicity following 
treatment with anti-CTLA4 blockade. J. Transl Med 16, 94 (2018). [PubMed: 29642948] 

236. Gowen MF et al. Baseline antibody profiles predict toxicity in melanoma patients treated with 
immune checkpoint inhibitors. J. Transl Med 16, 82 (2018). [PubMed: 29606147] 

237. Dubin K et al. Intestinal microbiome analyses identify melanoma patients at risk for checkpoint-
blockade-induced colitis. Nat. Commun 7, 10391 (2016). [PubMed: 26837003] 

238. Downey SG et al. Prognostic factors related to clinical response in patients with metastatic 
melanoma treated by CTL-associated antigen-4 blockade. Clin. Cancer Res 13, 6681–6688 
(2007). [PubMed: 17982122] 

239. Freeman-Keller M et al. Nivolumab in resected and unresectable metastatic melanoma: 
characteristics of immune-related adverse events and association with outcomes. Clin. Cancer 
Res 22, 886–894 (2016). [PubMed: 26446948] 

240. Sanlorenzo M et al. Pembrolizumab cutaneous adverse events and their association with disease 
progression. JAMA Dermatol 151, 1206–1212 (2015). [PubMed: 26222619] 

Havel et al. Page 30

Nat Rev Cancer. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



241. Teulings HE et al. Vitiligo-like depigmentation in patients with stage III-IV melanoma receiving 
immunotherapy and its association with survival: a systematic review and meta-analysis. J. Clin. 
Oncol 33, 773–781 (2015). [PubMed: 25605840] 

242. Horvat TZ et al. Immune-related adverse events, need for systemic immunosuppression, and 
effects on survival and time to treatment failure in patients with melanoma treated with 
ipilimumab at memorial sloan kettering cancer center. J. Clin. Oncol 33, 3193–3198 (2015). 
[PubMed: 26282644] 

243. Weber JS et al. Safety profile of nivolumab monotherapy: a pooled analysis of patients with 
advanced melanoma. J. Clin. Oncol 35, 785–792 (2017). [PubMed: 28068177] 

244. Chalmers ZR et al. Analysis of 100,000 human cancer genomes reveals the landscape of tumor 
mutational burden. Genome Med 9, 34 (2017). [PubMed: 28420421] 

245. O’Donnell T et al. Chemotherapy weakly contributes to predicted neoantigen expression in 
ovarian cancer. BMC Cancer 18, 87 (2018). [PubMed: 29357823] 

246. Naito Y et al. CD8+ T cells infiltrated within cancer cell nests as a prognostic factor in human 
colorectal cancer. Cancer Res 58, 3491–3494 (1998). [PubMed: 9721846] 

247. Pages F et al. Effector memory T cells, early metastasis, and survival in colorectal cancer. N. 
Engl. J. Med 353, 2654–2666 (2005). [PubMed: 16371631] 

248. Sato E et al. Intraepithelial CD8+ tumor-infiltrating lymphocytes and a high CD8+/regulatory T 
cell ratio are associated with favorable prognosis in ovarian cancer. Proc. Natl Acad. Sci. USA 
102, 18538–18543 (2005). [PubMed: 16344461] 

249. Zhang L et al. Intratumoral T cells, recurrence, and survival in epithelial ovarian cancer. N. Engl. 
J. Med 348, 203–213 (2003). [PubMed: 12529460] This study demonstrates the importance of 
PDL1 expressed on tumour-infiltrating immune cells as a predictor of response to anti-PDL1 
therapy in humans.

250. Chen DS & Mellman I Elements of cancer immunity and the cancer-immune set point. Nature 
541, 321–330 (2017). [PubMed: 28102259] 

251. Taube JM et al. Association of PD-1, PD-1 ligands, and other features of the tumor immune 
microenvironment with response to anti-PD-1 therapy. Clin. Cancer Res 20, 5064–5074 (2014). 
[PubMed: 24714771] 

252. Joyce JA & Fearon DT T cell exclusion, immune privilege, and the tumor microenvironment. 
Science 348, 74–80 (2015). [PubMed: 25838376] 

253. Salmon H et al. Matrix architecture defines the preferential localization and migration of T cells 
into the stroma of human lung tumors. J. Clin. Invest 122, 899–910 (2012). [PubMed: 22293174] 

254. Spranger S, Bao R & Gajewski TF Melanoma-intrinsic beta-catenin signalling prevents anti-
tumour immunity. Nature 523, 231–235 (2015). [PubMed: 25970248] 

255. Tauriello DVF et al. TGFbeta drives immune evasion in genetically reconstituted colon cancer 
metastasis. Nature 554, 538–543 (2018). [PubMed: 29443964] 

256. Thorsson V et al. The immune landscape of cancer. Immunity 48, 812–830 (2018). [PubMed: 
29628290] 

Havel et al. Page 31

Nat Rev Cancer. Author manuscript; available in PMC 2019 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Box 1 |

Biomarkers of toxicity and understanding how toxicity relates to response 

Although immune checkpoint inhibitors (ICIs) generally induce fewer toxic side effects 

than standard chemotherapy, it is still important to anticipate which patients may 

experience severe immune-related adverse events (irAEs). Low baseline interleukin 6 

(IL-6) levels and female sex are independent risk factors for development of irAEs, and 

low IL-6 levels were also associated with increased overall survival (OS) in 140 patients 

with melanoma treated with anti-cytotoxic T lymphocyte antigen 4 (CTLA4)235. Another 

study used a proteome array to identify baseline serum antibody reactivity in 78 patients 

treated with ICIs. machine learning identified baseline antibody signatures associated 

with irAEs. These signatures achieved greater than 90% sensitivity and specificity236. 

Additionally, the constitution of the gut microbiota may also be associated with ICI-

induced colitis. Baseline representation of species from the Bacteroidetes phylum was 

associated with decreased risk of ICI-induced colitis in a prospective study of 34 patients 

with melanoma treated with anti-CTLA4 (REF.237). While these are promising results, all 

these factors must be tested in larger independent cohorts to determine their general 

applicability as predictors of ICI-induced irAEs. Importantly, there have been conflicting 

reports of whether irAEs are associated with ICI response. A number of studies have 

reported a positive association between the on-therapy incidence of irAEs and response 

or OS for patients treated with anti-CTLA4 (REF.238) or anti-programmed cell death 1 

(PD1)239–241, while others found no association with OS242,243. Whether or not irAEs 

are associated with ICI response, it is important to note that many patients with irAEs 

experience clinical benefit from ICIs, even if ICI infusions are discontinued owing to 

toxicity.
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Box 2 |

Assessing tumour mutation burden in the clinic

Tumour mutation burden (TMB) can be assessed using a number of next-generation 

sequencing (NGS) platforms, including whole-exome sequencing, whole-genome 

sequencing or targeted panel sequencing. Whole-exome sequencing of tumour and 

normal paired samples enables the most accurate, unbiased identification of somatic 

mutation burden. NGS using panels that cover predefined cancer genes can also be used 

to estimate TMB11,244. Currently, US Food and Drug Administration (FDA)-approved 

NGS panels that can be used to estimate TMB include the MSK-IMPACT panel and the 

FoundationOne CDx panel, with other solutions being developed. Because TMB is a 

continuous variable, establishing cut-offs for use for immunotherapy response prediction 

will be important. These cut-offs are likely to be different for different tumour types. 

ongoing work is progressing on this front to address this issue. Harmonization of 

reporting methods also needs to be achieved. Notably, a multi-institutional effort to tackle 

this issue for TMB is currently being conducted by the Friends of Cancer Research 

Consortium.
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Box 3 |

Effects of prior cytotoxic therapies

Because immune checkpoint inhibitor (ICI) response is associated with increased tumour 

mutation burden (TMB), it is tempting to speculate that prior therapy with DNA-

damaging agents may improve response to ICIs by increasing TmB; however, sufficient 

data are not currently available to support this notion. Prior treatment with chemotherapy 

was associated with increased overall survival relative to patients with prior surgery or 

radiation therapy in an observational study of patients with head and neck squamous cell 

carcinoma treated with anti-programmed cell death 1 ligand 1 (anti-PDL1)52; however, 

larger trials of anti-programmed cell death 1 (anti-PD1) in the neoadjuvant or first-line 

settings for melanoma or non-small-cell lung cancer, respectively, have shown response 

and survival values similar to or better than those observed in heavily pretreated 

patients15,47. Importantly, prior treatment with chemotherapy may increase the 

prevalence of subclonal mutations and promote intratumoural heterogeneity69,84. As 

discussed in the main text, both of these factors are inversely associated with ICI 

response. Furthermore, analysis of neoantigens observed in ovarian tumours that relapsed 

following primary chemotherapy treatment showed that less than 5% of novel 

neoantigens were attributable to chemotherapy-associated signatures. Rather, the vast 

majority of mutations acquired upon relapse had arisen from mutational processes 

inherent to the tumours before chemotherapy exposure245. Together, these results suggest 

that chemotherapy exposure is not a predominant factor influencing neoantigen 

generation.
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Box 4 |

Tumour–immune phenotypes influence response to immune checkpoint 

inhibitors

In 1998, it was found that the exclusion of CD8+ T cells from the vicinity of tumour cells 

correlated with poor long-term clinical outcome in human colorectal carcinoma246. This 

result was validated in subsequent studies177,247–249. Similar characteristics of the 

tumour microenvironment can affect the efficacy of immune checkpoint inhibitors 

(ICIs)172,174. The overall immune infiltration of tumours can be broadly classified into 

three patterns: immune-inflamed, immune-excluded and immune-desert250.
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Predictive biomarkers

Measurable biological entities or phenotypes that are associated with response to a 

specific therapy.
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MHC class I

(MHC I). A group of cell surface molecules (major histocompatibility complex (MHC) 

molecules) present on essentially all nucleated cells that bind and present peptides of 

approximately 8–10 amino acids in length to CD8+ T cells.
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MHC class II

(MHC II). A group of cell surface molecules (major histocompatibility complex (MHC) 

molecules) expressed primarily on professional antigen-presenting cells such as dendritic 

cells and macrophages that bind and present peptides of approximately 13–25 amino 

acids in length to CD4+ T cells.
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Central tolerance

The elimination of developing self-reactive T cell clones in order to prevent 

autoimmunity.
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Static biomarkers

Biomarkers determined at a single point in time.
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Dynamic biomarkers Biomarkers

determined by the relative change in a measurement over time.
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Sensitivity

A measure of the proportion of patients who respond to therapy who were predicted to 

respond according to a biomarker, for example, biomarker-positive patients who actually 

respond divided by all patients who actually respond.
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Specificity

A measure of the proportion of patients who do not respond to therapy who were 

predicted not to respond according to a biomarker, for example, biomarker-negative 

patients who do not respond divided by all patients who do not respond.
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Positive predictive value

The probability that a biomarker-positive patient will benefit from a therapy.
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Clonal mutations

Mutations acquired early in tumorigenesis that are present in all or most clones. These 

are also sometimes referred to as truncal mutations.
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Subclonal mutations

Mutations acquired later in tumorigenesis that are present in a much smaller percentage 

of clones relative to clonal mutations.
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Somatic copy number alterations

(sCNAs). Focal or chromosome-level deletions and amplifications that arise in tumours.
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Epistatic interactions

Interactions of multiple genes that influence a phenotype.
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HLA-I supertypes

Individual human leukocyte antigen class I (HLA-I) alleles can be classified into discrete 

HLA-I supertypes on the basis of similar peptide anchor binding specificities.
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Fig. 1 |. Immune checkpoint blockade and somatic mutations.
a | T cells recognize and become activated against peptide antigens through ligation of T cell 

surface receptors. Two signals are required for T cell activation. Signal 1 is generated by the 

binding of major histocompatibility complex (MHC)-presented immunogenic peptide 

antigen to the heterodimeric T cell receptor (TCR). Signal 2, also referred to as co-

stimulation, is transduced via ligation of the T cell co-stimulatory surface receptor CD28 to 

its ligand CD80 (also known as B7–1) or CD86 (also known as B7–2) on the surface of 

professional antigen-presenting cells (APCs). Once activated, T cells begin to express co-

inhibitory cell surface receptors, such as cytotoxic T lymphocyte antigen 4 (CTLA4) and 

programmed cell death 1 (PD1). Like CD28, CTLA4 binds CD80 and CD86, but with 

significantly higher affinity. CTLA4 ligation with CD80 or CD86 blocks co-stimulation 

(signal 2) and prevents continued T cell activation. Blockade of the CTLA4–CD80 or 

CTLA4–CD86 interaction therefore promotes activation of T cells in secondary lymphoid 
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organs. Binding of PD1 to its ligand, PD1 ligand 1 (PDL1), inhibits signalling downstream 

of the TCR, thereby blocking signal 1. PDL1 is frequently expressed on tumours or in the 

tumour microenvironment. Therefore, PD1-targeted or PDL1-targeted antibody therapeutics 

can reinvigorate exhausted T cells at the tumour site. b | In tumours, mutated or aberrantly 

expressed proteins are processed via the immunoproteasome into peptides. These peptides 

can be loaded onto MHC class I (MHC I) molecules depending on the identity of their 

anchor residues (often positions 2 and 9). MHC-I-presented mutant peptides may or may not 

elicit a CD8+ T cell response depending on a number of factors including peptide sequence, 

TCR sequences and immune infiltration. A high mutation burden increases the chances of 

generating MHC-presented immunogenic neoepitopes. c | Both peptide immunogenicity and 

intratumoural clonal heterogeneity influence tumour immune responses.
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Fig. 2 |. Multiple sources of diversity converge to influence tumour immunity.
The immunological synapse, consisting of a major histocompatibility complex (MHC)-

presented peptide and a cognate T cell receptor (TCR), is the lynchpin of adaptive tumour 

immunity. Accurate predictions regarding this critical ternary complex could translate into 

predictions of immune checkpoint inhibitor (ICI) efficacy; however, each contributing 

element is characterized by vast evolutionarily sculpted diversity, rendering predictions 

challenging. Many current predictive algorithms consider only peptide–MHC binding. 

Multivariable models incorporating peptide processing, human leukocyte antigen (HLA) 

genotype and TCR repertoire analysis will be critical for improving predictions of tumour 

immunity and ICI response. a | Immunogenic neoepitopes can arise from non-synonymous 

single nucleotide variants (nsSNVs), small insertion or deletion (indel) mutations resulting 

in frameshifts or epigenetic reprogramming that allows aberrant expression of genes 

normally restricted to trophoblasts or early phases of development. Each process generates 

peptides that are foreign to the immune system; however, the fraction of amino acids per 

peptide that appears foreign to the immune system will differ. An nsSNV at a non-anchor, 
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that is, non-MHC-binding, residue will generate a peptide that differs by only a single 

residue from a wild-type peptide previously presented to the immune system during thymic 

selection. As such, it is possible that an individual may have previously developed tolerance 

for neoepitopes generated in this manner. Alternatively, if an nsSNV generates a novel 

MHC-binding site, it is likely that the immune system has never been exposed to any part of 

the resultant MHC-presented peptide and that tolerance has not been developed. The same is 

true for neoepitopes generated via indel-induced frameshifts and epigenetic reprogramming. 

b | The HLA genes are among the most polymorphic in the human genome. There are 

thousands of known HLAA, HLAB and HLAC alleles. Each individual possesses two alleles 

of each HLA gene, resulting in vast inter-individual diversity in the ability to present 

tumour-derived neoepitopes. (Note that the HLA allelic combination estimate does not take 

into account lineage disequilibrium, which may reduce the total possible combinations 

empirically observed.) c | TCRs recognize and bind HLA-presented peptide epitopes. Every 

individual possesses a unique TCR repertoire generated via the semi-random recombination 

of variable (V), diversity (D) and joining (J) gene segments within every developing T cell 

of the body. TCR diversity is further multiplied by the deletion or insertion of nucleotides at 

gene segment junctions through the activity of terminal deoxynucleotide transferase. T cell 

clones subsequently undergo positive and negative thymic selection to enrich for T cells that 

bind self-MHC molecules but do not bind self-peptides. It is thought that both HLA and 

TCR genes have evolved to bind pathogen-derived sequences. This may influence which 

tumour-derived neoepitopes are most likely to elicit a productive T cell response. APC, 

antigen-presenting cell.
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