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A B S T R A C T   

Hepatocellular carcinoma (HCC) represents the most commonly diagnosed liver cancer worldwide, and the 
overall survival of patients with unresectable disease is poor. In the last five years, immune checkpoint inhibitors 
(ICIs) have revolutionized the treatment scenario of several hematological and solid tumors, and these agents 
have been actively explored in unresectable HCC. Firstly, promising findings of phase I and II clinical studies 
reporting durable responses and a tolerable safety profile have led to the assessment of ICIs as single agents in 
phase III clinical studies; however, the latter have provided controversial results, and the activity of ICI mono-
therapy seems limited to a small subgroup of patients. Conversely, the IMbrave150 trial recently showed that, 
among patients with previously untreated unresectable HCC, treatment with atezolizumab plus bevacizumab 
resulted in significantly longer overall survival and progression-free survival compared to sorafenib mono-
therapy. In addition, the activity of several other ICIs is under investigation, as combination immunotherapy as 
well as combinations of immunotherapy with antiangiogenic agents. Nonetheless, there are currently no vali-
dated predictive biomarkers able to guide treatment choice in this setting, where the identification of specific 
predictors of response to ICIs represents a major challenge. In this review, we aim to provide a critical overview 
of recent evidence on biochemical predictors of response to ICIs in patients with unresectable HCC, especially 
focusing on PD-L1, TMB, MSI, and other emerging biomarkers.   

Introduction 

Hepatocellular carcinoma remains one of the most frequent solid 
tumors worldwide, accounting for more than 80% of all primary liver 
malignancies and representing the fourth case of cancer-related death 
throughout the world [1-3]. Unfortunately, according to estimates by 
the World Health Organization (WHO), at least one million patients will 
die from HCC over the next ten years [1, 2]. Infections with hepatitis 
viruses, especially HBV and HCV, have been historically associated with 
the onset of HCC and are the most frequent risk factors [4]; however, 
several other factors have been related to HCC occurrence, including 
environmental toxins (e.g., aflatoxin), liver cirrhosis, smoking, genetic 
disorders, and non-alcoholic fatty liver disease (NAFLD), with the latter 
recently becoming one of the main etiological factors in most Western 
countries (Fig. 1) [5, 6]. 

Treatments for HCC are stratified according to the stage of the dis-
ease and the concomitant liver dysfunction, with surgery remaining the 
mainstay of cure in early stages [7, 8]. Notably enough, the last five 

years have witnessed an outstanding development of novel therapeutic 
options for patients with advanced HCC, including multikinase in-
hibitors targeting vascular endothelial growth factor receptor (VEGFR) 
1, VEGFR2, and VEGFR3, platelet-derived growth factor receptor 
(PDGFR) alpha and beta, rapidly accelerated fibrosarcoma (RAF), and 
several other kinases, as well as immune-checkpoint inhibitors (ICIs) 
and combinations of both strategies [9, 10]. As regards the former, 
following the results of phase III randomized controlled trials, four 
targeted therapies have been approved for treatment of unresectable 
HCC [11]. In particular, these treatments include lenvatinib in treat-
ment-naïve HCC and cabozantinib, ramucirumab, and regorafenib in 
previously treated patients whose disease progressed following first-line 
systemic therapy [12-15]. 

Concurrently, notable advances in the comprehension of biology and 
immunogenicity of cancer have been achieved over the last years, 
leading to the extensive evaluation of ICIs in hematological and solid 
tumors [16-19]. In particular, antibodies blocking the interactions be-
tween Programmed Cell Death Protein 1 (PD-1) and Cytotoxic 
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T-Lymphocyte Antigen 4 (CTLA-4) have been successful in medical 
treatment of several malignancies, and thus, the treatment landscape for 
a wide range of cancers has shifted dramatically over a relatively short 
period of time, following the results of landmark clinical trials in this 
setting (Fig. 2) [20-23]. However, although ICIs have revolutionized 
anticancer treatment, a non-negligible proportion of patients do not 
achieve durable responses, and variation in the response rate to these 
agents have strongly encouraged the active search for reliable bio-
markers which could predict clinical outcomes [24-26]. 

As previously stated, the role of ICIs in unresectable HCC has been 
recently explored in several phase I to III clinical trials, reporting 
landmark as well as controversial results [27]. In fact, monotherapy 
with ICIs has shown limited efficacy, with this strategy appearing to be 
beneficial in a limited subgroup of HCC patients [28, 29]. For example, 
the CheckMate-459 phase III trial comparing nivolumab (240 mg every 
two weeks) versus sorafenib as front-line treatment did not reached its 
primary endpoint, since median overall survival (OS) was 16.4 and 14.7 
months in the experimental and the control arm, respectively (Hazard 
Ratio [HR] 0.85, 95% Confidence Interval [CI], 0.72–1.02; p = 0.0752) 
[29]. Additionally, overall response rate (ORR) was 15% in the nivo-
lumab arm and 7% in patients receiving sorafenib [29]. 

Conversely, the 2020 saw the publication of the highly anticipated 
results of the IMbrave150 trial [30]; in this phase III study, 501 treat-
ment-naïve advanced HCC patients were randomly assigned to receive 
atezolizumab (1200 mg every three weeks) plus bevacizumab (15 
mg/kg every three weeks) (n = 366) or sorafenib monotherapy (n =
165), with OS and independent review facility-assessed progression-free 
survival (PFS) assessed as primary endpoints [31]. At the time of the 
primary analysis, median PFS was 6.8 months in the combination arm 
and 4.3 months in the sorafenib group (HR 0.59, 95% CI, 0.47–0.76; 
p<0.001) [31]. Of note, 67.2% (95% CI, 61.3–73.1) of patients in the 
atezolizumab-bevacizumab and 54.6% (95% CI, 45.2–64.0) in the sor-
afenib group were alive at 12-month follow-up (HR 0.58, 95% CI, 
0.42–0.79; p<0.001) [31]. Moreover, the combination of atezolizumab 
plus bevacizumab resulted in a superior time to deterioration of patient 
reported quality of life and functioning compared to sorafenib mono-
therapy (11.2 months in the experimental arm and 3.6 months in pa-
tients treated with sorafenib, HR 0.63, 95% CI, 0.46–0.85) [30, 31]. In 
terms of safety, grade 3 or 4 toxicities were observed in 56.5% and 
55.1% of patients receiving atezolizumab plus bevacizumab and sor-
afenib, respectively. In addition, patients treated with 
atezolizumab-bevacizumab reported pain, fatigue, diarrhea, and appe-
tite loss in a lower proportion compared to sorafenib. Notably enough, 
the trial has represented something historical for the HCC medical 
community, being the first positive study over the last fifteen years to 
show an OS and PFS benefit in treatment-naïve patients for the experi-
mental arm compared to the standard of care sorafenib [30, 31]. 

Although the results of the IMbrave150 have marked an important 
step forward in the medical treatment of advanced HCC and recent years 
have seen the approval of ICIs in this setting, several questions remain. 
Among these, a large number of patients with advanced disease do not 
obtain clinical benefit and/or do not achieve durable responses – thus, 
suggesting the need of identifying reproducible and reliable predictive 

biomarkers to guide treatment choice in HCCs receiving ICIs, as mono-
therapy or in combination with other anticancer agents [32, 33]. 

Since the mechanisms behind the different responses to ICIs among 
advanced HCC patients are far from being fully elucidated, in this review 
we outline and critically discuss potential biomarkers predictive of 
response to ICIs in this setting. 

PD-L1 expression 

The evaluation of PD-L1 expression probably represents the most 
commonly used biomarker in predicting clinical outcomes of cancer 
patients receiving ICIs, since PD-L1 has been associated with response to 
PD-1/PD-L1 inhibitors and better survival in several tumor types 
[34-36]. However, it is also well-known that a wide range of issues exist 
in the evaluation of PD-L1 expression, including the use of different 
antibody clones and cut-off scores to define PD-L1 positivity or nega-
tivity, as well as the expression of PD-L1 not only on tumor cells but also 
on immune infiltrating cells [37-39]. 

As regards the specific setting of ICIs for unresectable HCC, PD-L1 
expression detected by using immunohistochemistry does not repro-
ducibly correlate with the treatment response to ICIs, as monotherapy or 
in combination with other agents. In fact, the predictive value of PD-L1 
is still unclear, with response rates consistent across all patients, 
regardless of PD-L1 expression [40]. For example, in the phase I/II 
CheckMate-040 trial investigating the role of nivolumab in HCC patients 
intolerant or refractory to sorafenib, PD-L1 expression was retrospec-
tively evaluated [41]. This analysis on 174 HCCs for which PD-L1 
expression was available used the cutoff of 1% of tumors cells express-
ing PD-L1; of note, responses were not statistically significantly associ-
ated to PD-L1 positivity or negativity, since overall response was 
observed in the 19% and the 26% of PD-L1<1% and PD-L1≥1% pa-
tients, respectively [41]. Additionally, the negative predictive value of 
the tests performed to assess the correlation between antitumor response 
and PD-L1 expression was often poor, with these studies which were not 
able to discriminate between non-responders and responders. 

In terms of prognostic value, high PD-L1 expression has been sug-
gested to be associated with lower survival and worse clinical outcomes 
in patients with advanced HCC [42]; more specifically, higher aggres-
siveness has been observed in those HCC patients whose disease showed 
high PD-L1 expression by intratumoral inflammatory as well as 
neoplastic cells [42]. 

In summary, further blood-based or tissue biomarker analysis need 
to be conducted in order to identify the real role of PD-L1 in this setting, 
and if this parameter could help to determine the subgroup of patients 
that would benefit most from ICIs [43]. In fact, current evidence sug-
gests that if on the one hand some trials observed that high PD-L1 
expression could be associated with poor outcomes, its predictive role 
remains elusive, as proven by treatment responses highlighted both, in 
patients with low or no expression of PD-L1 as well as in PD-L1 positive 
HCCs. 

Fig. 1. Progression of non-alcoholic fatty liver disease (NAFLD). A range between 15 and 30% of patients presenting with liver steatosis progress to NAFLD and 
the 12–40% of NAFLD patients develop steatohepatitis. The subsequent steps are represented by liver cirrhosis and, in the 7% of cases, hepatocellular carcinoma 
(HCC). Abbreviations: HCC: hepatocellular carcinoma; NAFLD: non-alcoholic fatty liver disease; NASH: non-alcoholic steatohepatitis. 
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TMB and MSI 

Tumor mutational burden (TMB) – frequently defined as the overall 
number of somatic non-synonimous mutations per megabase high-
lighted in cancer cells - is another promising biomarker which has been 
tested in a wide range of tumor types, where several studies have 
observed an association between TMB and more favorable responses to 
ICIs [44-46]. However, although TMB has been suggested to be a po-
tential biomarker that could identify those cancer patients who are more 
likely to benefit from immunotherapy, its role has not been prospec-
tively validated. 

As regards HCC, it is worth noting that median TMB has been re-
ported to be around 4–5 mutations / megabase, with approximately the 
5% of all HCC samples presenting more than 10 mutations / megabase 
[47]. However, as in the case of PD-L1 expression, a wide variability in 
terms of methods and kits used for the evaluation of TMB has been re-
ported, and thus, the clinical value of this assessment should be inter-
preted with caution [48]. In fact, the clinical value of TMB in HCC is still 
under debate, since most data derive from studies with small sample size 
and remarkable selection bias. In addition, variations according to 
ethnicity have been also described in HCC, as suggested by a recent 
report by Tang and colleagues, which observed higher TMB in Chinese 
patients with HCC compared to Western subjects, with proportions of 
9.3% and 1%, respectively [49]. 

In addition, TMB has been also assessed in concert with microsatel-
lite instability (MSI), another potentially meaningful predictive 
biomarker of response to immunotherapy which has been strictly asso-
ciated to defective mismatch repair system [50-52]. In fact, MSI hesi-
tates in the accumulation of random mutations and the subsequent 
neoantigen formation; these processes lead to activation of T cells and 
the expression of inflammatory cytokines, thus enhancing cancer sus-
ceptibility to immunotherapy [50-52]. Notably enough, MSI high status 
(MSI-H) is considered a quite unusual finding in HCC, with less than 3% 
of patients observed to be MSI-H [53-55]. A recent study by Ang and 
colleagues analyzed 755 HCC specimens through comprehensive 
genomic profiling in order to identify predictive biomarkers of response 
to ICIs [56]. Of note, only the 0.2% of cases presented MSI-H and TMB 
high, suggesting that “hypermutated tumor phenotypes” are rare in HCC 
– in contrast to what has been observed in other tumor types [56-58]. 
According to the results of this study, TMB was 4 mutations / megabase, 
with only the 0.8% of HCC patients presenting high TMB [56]; lastly, the 
authors explored the relationship between potential predictive bio-
markers and response to ICIs in 17 HCC patients, observing a complete 
response to the PD-1 inhibitor nivolumab in one HCC patient with 
microsatellite-low and TMB high (15 mutations / megabase) [56]. 

Overall, although TMB and MSI are considered useful as agnostic 
histologic indicator to select responders to ICIs, their role in HCC re-
mains unclear, with several methodological questions needing to be 
addressed [56, 59]. A recently published report by Wong and colleagues 
focused on some of these issues since the authors tried to evaluate TMB 

in 29 HCC patients through targeted next-generation sequencing on 
fresh and archival samples [59]. Of note, fresh samples were shown to 
present lower TMB compared to archival ones (median 2.51 mutations / 
megabase and 958.39 mutations / megabase, respectively), and 
appeared to be the optimal source of tumor DNA for TMB evaluation 
[59]. 

DDR and other gene alterations 

In recent years, the molecular landscape of several solid tumors has 
begun to emerge, offering clinicians and researchers an unprecedented 
landscape and marking the start of a new era [60-64]. Accordingly, 
molecular profiling has become increasingly significant over the past 
decade and has led to the identification of gene alterations which have 
been associated to response to ICIs [65-68]. As regards HCC, recent 
studies performing next-generation sequencing have highlighted the 
presence of somatic mutations in Epidermal Growth Factor Receptor 
(EGFR), TP53, FGFR, MET, PTCH1, PTEN, KRAS, NRAS, HRA, SMO, and 
DDR2, and these mutations have been suggested to have the potential to 
affect response to immunotherapy [69]. Additionally, also germline 
mutations may be involved in tumor response to ICIs, as suggested in the 
case of Janus-Associated Kinase (JAK) and Wnt / β-catenin signaling 
pathway. As regards the former, loss-of-function mutations in JAK1/2 
have been associated to primary resistance to ICIs, while conversely, 
JAK2 amplifications seems to enhance responses to immunotherapy 
[70-72]. As regards the latter, preclinical models have identified the key 
role played by β-catenin in promoting HCC cell survival by supporting 
EGFR signaling in the early phases of carcinogenesis, while Wnt 
signaling is involved in escaping immune surveillance [73-75]. And on 
that note, a landmark study by Harding and colleagues used 
next-generation sequencing in patients with advanced HCC, trying to 
link this technique to everyday clinical practice and to identify those 
HCC patients which are more likely to benefit from systemic therapies 
[76]. In particular, 31 subjects were treated with heterogeneous 
immunotherapeutic agents and schedules (such as anti-PD-1 mono-
therapy, anti-CTLA-4 monotherapy, anti-LAG3, etc.), ten of which pre-
sented Wnt / β-catenin mutations [76]. Among this specific subgroup of 
Wnt / β-catenin-mutated patients, no response to ICIs were observed, 
while the 50% of wild-type HCCs responded to immunotherapy [76]. 
Since these aberrations are not rare in HCC, although these studies are 
still preliminary, next generation sequencing could provide useful in-
formation in predicting response or resistance to ICIs [70, 76]. 

Lastly, DNA damage repair (DDR) gene alterations represent another 
potential biomarker, which has gained growing attention in several 
malignancies [77-80]. Since DDR alterations impair the processes of 
DNA damage repair, these genes lose their capability to maintain 
genomic stability and to contrast accumulation of spontaneous DNA 
damage [81-83]. In particular, a key role in these mechanisms is played 
by the Poly(ADP-ribose) Polymerase 1 and 2 (PARP1 and PARP2) genes, 
whose inhibition represents an extremely timely topic in current 

Fig. 2. Schematic figure representing the action of immune checkpoint inhibitors (ICIs) against tumor cells. In particular, immune checkpoint inhibits T-cell 
activation (Fig. 2A), while PD-1 inhibitors lead to T cell activation, enhancing the immune system response against cancer cells (Fig. 2B). Abbreviations: PD-1: 
programmed cell death protein 1; PD-L1: programmed death-ligand 1. 
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medical oncology [84, 85]. On the basis of these premises, several 
studies have investigated the association between TMB, MSI-H, and DDR 
gene alterations, providing the benchmark for future trials exploring 
ICIs in patients harboring these aberrations [86-88]. Nonetheless, there 
is paucity of data regarding the role of DDR in HCC, and further efforts 
are needed in this direction. 

In summary, the advent of genomic sequencing has the potential to 
provide useful information in patients with advanced disease, and 
analysis of next-generation sequencing data are expected to shed further 
light on this landscape. 

Gut microbiota 

The last decade has seen an impressive number of studies on gut 
microbiota, with part of these researches that have been selectively 
focused on the potential predictive value of microbiota in patients 
treated with ICIs [89-91]. In fact, since the gut microbiome plays a 
crucial role in the development and the regulation of innate and adap-
tive immunity, recent reports have highlighted the possible action of gut 
microbiome in mediating the efficacy of ICIs [92-94]. From an 
anatomical point of view and given the connection between liver and 
gut, it is readily apparent that this element could be particularly 
meaningful in HCC. Notably enough, gut microbiota has been suggested 
to promote HCC carcinogenesis in patients with liver cirrhosis, and 
notable interactions have been reported between immune system and 
microbiota, with the latter being able to modulate immunity itself [95, 
96]. Similarly, and based on the action of gut microbiota on immune 
system, gut microbiota has been shown a role in modulating responses to 
immunotherapy in cancer patients. However, most of studies have been 
performed on melanoma and other solid tumors, with few data available 
in literature regarding the impact of gut microbiome in HCC patients 
receiving ICIs [97, 98]. 

Recently, a study by Zheng and colleagues reported the dynamic 
variation of gut microbiome during ICIs treatment in HCC by using 
metagenomic sequencing [99]. According to the results of this report, 
fecal samples from responders showed superior taxa richness and more 
gene counts compared to fecal samples of non-responders; thus, 
although these results are preliminary, gut microbiome could have an 
important impact on clinical responses to immunotherapy in patients 
with advanced HCC, with dynamic variation features of the gut micro-
biome suggesting early predictions of outcomes in this setting [99]. 

Further studies are warranted to comprehend if gut microbiome 
could enter into clinical practice in the next years, providing critical 
information for treatment decision-making and disease-monitoring. 
Though, given the several unanswered questions, the methodological 
issues and the influence of environmental and lifestyle factors, that day 
seems still distant so far. 

Conclusions 

ICIs have gradually emerged as novel therapeutic option advanced 
HCC. However, a non-negligible proportion of patients does not respond 
to immunotherapy, and an even smaller percentage achieve durable 
responses. 

Unfortunately, no single biomarker is able to select HCC patients 
likely to benefit from immunotherapy, and the identification of pre-
dictors of response – not only used as single biomarkers but also in 
concert - is an urgent and challenging need in this setting. 

Financial & competing interests’ disclosure 

The author has no relevant affiliations or financial involvement with 
any organization or entity with a financial interest in or financial con-
flict with the subject matter or materials discussed in the manuscript. 
This includes employment, consultancies, honoraria, stock ownership or 
options, expert testimony, grants or patents received or pending, or 

royalties. 
This research did not receive any specific grant from funding 

agencies in the public, commercial, or not-for-profit sectors. 
No writing assistance was utilized in the production of this 

manuscript. 

CRediT authorship contribution statement 

Alessandro Rizzo: Conceptualization, Methodology, Software, Data 
curation, Writing - original draft, Writing - review & editing. Giovanni 
Brandi: Visualization, Supervision, Validation. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

References 

[1] A. Forner, M. Reig, J. Bruix, Hepatocellular carcinoma, Lancet 391 (10127) (2018) 
1301–1304. 

[2] J.M. Llovet, J. Zucman-Rossi, E. Pikarsky, et al., Hepatocellular carcinoma, Nat. 
Rev. Dis. Primers 2 (2016) 16018. 

[3] S. De Lorenzo, F. Tovoli, M.A. Barbera, et al., Metronomic capecitabine vs. best 
supportive care in Child-Pugh B hepatocellular carcinoma: a proof of concept, Sci. 
Rep. 8 (1) (2018) 9997. 

[4] J.W. Park, M. Chen, M. Colombo, et al., Global patterns of hepatocellular 
carcinoma management from diagnosis to death: the bridge study, Liver Int 35 (9) 
(2015) 2155–2166. 

[5] N. Personeni, L. Rimassa, Hepatocellular carcinoma: a global disease in need of 
individualized treatment strategies, J. Oncol. Pract 13 (6) (2017) 368–369. 

[6] X. Zhang, NAFLD related-HCC: the relationship with metabolic disorders, Adv. Exp. 
Med. Biol. 1061 (2018) 55–62, https://doi.org/10.1007/978-981-10-8684-7_5. 
PMID: 29956206. 

[7] A. Rizzo, A.D. Ricci, G. Brandi, Systemic adjuvant treatment in hepatocellular 
carcinoma: tempted to do something rather than nothing, Future Oncol. 16 (32) 
(2020) 2587–2589, https://doi.org/10.2217/fon-2020-0669. NovEpub 2020 Aug 
8. PMID: 32772560. 

[8] A. Noonan, T.M. Pawlik, Hepatocellular carcinoma: an update on investigational 
drugs in phase I and II clinical trials, Expert. Opin. Invest. Drugs 28 (11) (2019) 
941–949. Nov10.1080/13543784.2019.1677606. Epub 2019 Oct 12. PMID: 
31590579. 

[9] O. Waidmann, J. Trojan, Novel drugs in clinical development for hepatocellular 
carcinoma, Expert. Opin. Invest. Drugs 24 (8) (2015) 1075–1082, https://doi.org/ 
10.1517/13543784.2015.1058776. Epub 2015 Jun 24. PMID: 26108356. 

[10] J.M. Llovet, R. Montal, D. Sia, R.S. Finn, Molecular therapies and precision 
medicine for hepatocellular carcinoma, Nat. Rev. Clin. Oncol. 15 (10) (2018) 
599–616, https://doi.org/10.1038/s41571-018-0073-4. OctPMID: 30061739. 

[11] M. Bouattour, N. Mehta, A.R. He, E.I. Cohen, J.C. Nault, Systemic treatment for 
advanced hepatocellular carcinoma, Liver Cancer 8 (5) (2019) 341–358, https:// 
doi.org/10.1159/000496439. OctEpub 2019 Mar 6. PMID: 31768344; PMCID: 
PMC6873089. 

[12] M. Kudo, R.S. Finn, S. Qin, et al., Lenvatinib versus sorafenib in first-line treatment 
of patients with unresectable hepatocellular carcinoma: a randomised phase 3 non- 
inferiority trial, Lancet 391 (10126) (2018) 1163–1173, https://doi.org/10.1016/ 
S0140-6736(18)30207-1. Mar 24PMID: 29433850. 

[13] A. Rizzo, M. Nannini, M. Novelli, A. Dalia Ricci, V.D. Scioscio, M.A Pantaleo, Dose 
reduction and discontinuation of standard-dose regorafenib associated with 
adverse drug events in cancer patients: a systematic review and meta-analysis, 
Ther. Adv. Med. Oncol 12 (2020). Jul 71758835920936932. doi: 10.1177/ 
1758835920936932. PMID: 32684988; PMCID: PMC7343359. 

[14] G.K. Abou-Alfa, T. Meyer, A.L. Cheng, et al., Cabozantinib in patients with 
advanced and progressing hepatocellular carcinoma, N. Engl. J. Med. 379 (1) 
(2018) 54–63, https://doi.org/10.1056/NEJMoa1717002. Jul 5PMID: 29972759; 
PMCID: PMC7523244. 

[15] A.X. Zhu, Y.K. Kang, C.J. Yen, et al., REACH-2 study investigators. Ramucirumab 
after sorafenib in patients with advanced hepatocellular carcinoma and increased 
α-fetoprotein concentrations (REACH-2): a randomised, double-blind, placebo- 
controlled, phase 3 trial, Lancet Oncol. 20 (2) (2019) 282–296, https://doi.org/ 
10.1016/S1470-2045(18)30937-9. FebEpub 2019 Jan 18. PMID: 30665869. 

[16] A. Rizzo, V. Mollica, A.D. Ricci, et al., Third- and later-line treatment in advanced 
or metastatic gastric cancer: a systematic review and meta-analysis, Future Oncol 
16 (2) (2020) 4409–4418, https://doi.org/10.2217/fon-2019-0429. JanEpub 2019 
Dec 3. PMID: 31793342. 

[17] R.S. Herbst, P. Baas, D.W. Kim, 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 (10027) (2016) 
1540–1550, https://doi.org/10.1016/S0140-6736(15)01281-7. Apr 9Epub 2015 
Dec 19. PMID: 26712084. 

A. Rizzo and G. Brandi                                                                                                                                                                                                                        

http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0001
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0001
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0002
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0002
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0003
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0003
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0003
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0004
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0004
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0004
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0005
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0005
https://doi.org/10.1007/978-981-10-8684-7_5
https://doi.org/10.2217/fon-2020-0669
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0008
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0008
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0008
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0008
https://doi.org/10.1517/13543784.2015.1058776
https://doi.org/10.1517/13543784.2015.1058776
https://doi.org/10.1038/s41571-018-0073-4
https://doi.org/10.1159/000496439
https://doi.org/10.1159/000496439
https://doi.org/10.1016/S0140-6736(18)30207-1
https://doi.org/10.1016/S0140-6736(18)30207-1
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0013
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0013
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0013
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0013
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0013
https://doi.org/10.1056/NEJMoa1717002
https://doi.org/10.1016/S1470-2045(18)30937-9
https://doi.org/10.1016/S1470-2045(18)30937-9
https://doi.org/10.2217/fon-2019-0429
https://doi.org/10.1016/S0140-6736(15)01281-7


Cancer Treatment and Research Communications 27 (2021) 100328

5

[18] V. Mollica, A. Rizzo, R. Montironi, et al., Current strategies and novel therapeutic 
approaches for metastatic urothelial carcinoma, Cancers (Basel) 12 (6) (2020) 
1449, https://doi.org/10.3390/cancers12061449. Jun 2PMID: 32498352; PMCID: 
PMC7352972. 

[19] K. Nosaki, H. Saka, Y. Hosomi, et al., Safety and efficacy of pembrolizumab 
monotherapy in elderly patients with PD-L1-positive advanced non-small-cell lung 
cancer: pooled analysis from the KEYNOTE-010, KEYNOTE-024, and KEYNOTE- 
042 studies, Lung Cancer 135 (2019) 188–195. Sepdoi: 10.1016/j. 
lungcan.2019.07.004. Epub 2019 Jul 8. PMID: 31446994. 

[20] F. Massari, V. Mollica, A. Rizzo, L. Cosmai, M. Rizzo, C. Porta, Safety evaluation of 
immune-based combinations in patients with advanced renal cell carcinoma: a 
systematic review and meta-analysis, Expert Opin. Drug. Saf. 19 (10) (2020) 
1329–1338. Octdoi: 10.1080/14740338.2020.1811226. Epub 2020 Sep 8. PMID: 
32799582. 

[21] A.H. Ingles Garces, L. Au, R. Mason, J. Thomas, J. Larkin, Building on the anti- 
PD1/PD-L1 backbone: combination immunotherapy for cancer, Expert Opin. 
Invest. Drugs. 28 (8) (2019) 695–708. Augdoi: 10.1080/13543784.2019.1649657. 
Epub 2019 Aug 6. PMID: 31359805. 

[22] J.J. Adashek, G. Genovese, N.M. Tannir, P. Msaouel, Recent advancements in the 
treatment of metastatic clear cell renal cell carcinoma: a review of the evidence 
using second-generation p-values, Cancer Treat. Res. Commun. 23 (2020), 100166. 
Jan 3doi: 10.1016/j.ctarc.2020.100166. Epub ahead of print. PMID: 31935623. 

[23] L. Barrueto, F. Caminero, L. Cash, C. Makris, P. Lamichhane, R.R. Deshmukh, 
Resistance to checkpoint inhibition in cancer immunotherapy, Transl. Oncol. 13 
(3) (2020), 100738, https://doi.org/10.1016/j.tranon.2019.12.010. MarEpub 
2020 Feb 27. PMID: 32114384; PMCID: PMC7047187. 

[24] M.S. Houssaini, M. Damou, N. Ismaili, Advances in the management of non-small 
cell lung cancer (NSCLC): a new practice changing data from asco 2020 annual 
meeting, Cancer Treat. Res. Commun. 25 (2020), 100239. Nov 14doi: 10.1016/j. 
ctarc.2020.100239. Epub ahead of print. PMID: 33271494. 

[25] N. Andreatos, G. Iyer, P. Grivas, Emerging biomarkers in urothelial carcinoma: 
challenges and opportunities, Cancer Treat. Res. Commun. 25 (2020), 100179. 
May 16doi: 10.1016/j.ctarc.2020.100179. Epub ahead of print. PMID: 32920502. 

[26] A. Rizzo, A.D. Ricci, G. Brandi, Recent advances of immunotherapy for biliary tract 
cancer, Expert. Rev. Gastroenterol. Hepatol. (2020), https://doi.org/10.1080/ 
17474124.2021.1853527. Nov 20.Epub ahead of print. PMID: 33215952. 

[27] M. Kudo, Scientific rationale for combined immunotherapy with PD-1/PD-L1 
Antibodies and VEGF inhibitors in advanced hepatocellular carcinoma, Cancers 
(Basel) 12 (5) (2020) 1089, https://doi.org/10.3390/cancers12051089. Apr 
27PMID: 32349374; PMCID: PMC7281246. 

[28] P. Federico, A. Petrillo, P. Giordano, et al., Immune Checkpoint Inhibitors in 
Hepatocellular Carcinoma: current Status and Novel Perspectives, Cancers (Basel) 
12 (10) (2020) 3025, https://doi.org/10.3390/cancers12103025. Oct 18PMID: 
33080958; PMCID: PMC7603151. 

[29] T. Yau, J. Park, R. Finn, et al., CheckMate 459, A randomized, multi-center phase 
III study of nivolumab (NIVO) vs sorafenib (SOR) as first-line (1L) treatment in 
patients (pts) with advanced hepatocellular carcinoma (aHCC), Ann. Oncol. 30 
(2019) v874–v875. 

[30] R.K. Kelley, Atezolizumab plus Bevacizumab - a landmark in liver cancer, N. Engl. 
J. Med. 382 (20) (2020) 1953–1955, https://doi.org/10.1056/NEJMe2004851. 
May 14PMID: 32402168. 

[31] R.S. Finn, S. Qin, M. Ikeda, et al., IMbrave150 investigators. Atezolizumab plus 
Bevacizumab in Unresectable Hepatocellular Carcinoma, N. Engl. J. Med. 382 (20) 
(2020) 1894–1905, https://doi.org/10.1056/NEJMoa1915745. May 14PMID: 
32402160. 

[32] J. Lei, D. Zhang, C. Yao, S. Ding, Z. Lu, Development of a predictive immune- 
related gene signature associated with hepatocellular carcinoma patient prognosis, 
Cancer Control 27 (1) (2020), 1073274820977114, https://doi.org/10.1177/ 
1073274820977114. Jan-DecPMID: 33269615. 

[33] M. Pinter, R.K. Jain, D.G. Duda, The current landscape of immune checkpoint 
blockade in hepatocellular carcinoma: a Review, JAMA Oncol (2020). Oct 22. doi: 
10.1001/jamaoncol.2020.3381. Epub ahead of print. PMID: 33090190. 

[34] M. Reck, Pembrolizumab as first-line therapy for metastatic non-small-cell lung 
cancer, Immunotherapy 10 (2) (2018) 93–105, https://doi.org/10.2217/imt-2017- 
0121. FebEpub 2017 Nov 17. PMID: 29145737. 

[35] M. Reck, D. Rodríguez-Abreu, A.G. Robinson, et al., Updated Analysis of 
KEYNOTE-024: pembrolizumab versus platinum-based chemotherapy for 
advanced non-small-cell lung cancer with PD-L1 tumor proportion score of 50% or 
greater, J. Clin. Oncol. 37 (7) (2019) 537–546, https://doi.org/10.1200/ 
JCO.18.00149. Mar 1Epub 2019 Jan 8. PMID: 30620668. 

[36] L. Paz-Ares, A. Spira, D. Raben, et al., Outcomes with durvalumab by tumour PD-L1 
expression in unresectable, stage III non-small-cell lung cancer in the PACIFIC trial, 
Ann. Oncol. (2020). Mar 21:S0923-7534(20)36374-2. doi: 10.1016/j. 
annonc.2020.03.287. Epub ahead of print. PMID: 32209338. 

[37] M. Ilie, V. Hofman, M. Dietel, J.C. Soria, P. Hofman, Assessment of the PD-L1 status 
by immunohistochemistry: challenges and perspectives for therapeutic strategies in 
lung cancer patients, Virchows Arch 468 (5) (2016) 511–525. Maydoi: 10.1007/ 
s00428-016-1910-4. Epub 2016 Feb 25. PMID: 26915032.</bib. 

[38] A. Rizzo, V. Mollica, A. Cimadamore, et al., Is there a role for immunotherapy in 
prostate cancer? Cells 9 (9) (2020) 2051, https://doi.org/10.3390/cells9092051. 
Sep 8PMID: 32911806; PMCID: PMC7564598. 

[39] S. Zhang, X. Bai, F. Shan, The progress and confusion of anti-PD1/PD-L1 
immunotherapy for patients with advanced non-small cell lung cancer, Int. 
Immunopharmacol. 80 (2020), 106247. Mardoi: 10.1016/j.intimp.2020.106247. 
Epub 2020 Jan 31. PMID: 32007710. 

[40] Z. Macek Jilkova, C. Aspord, T Decaens, Predictive factors for response to PD-1/ 
PD-L1 checkpoint inhibition in the field of hepatocellular carcinoma: current status 
and challenges, Cancers (Basel) 11 (10) (2019) 1554, https://doi.org/10.3390/ 
cancers11101554. Oct 14PMID: 31615069; PMCID: PMC6826488. 

[41] A.B. El-Khoueiry, B. Sangro, T. Yau, et al., Nivolumab in patients with advanced 
hepatocellular carcinoma (CheckMate 040): an open-label, non-comparative, 
phase 1/2 dose escalation and expansion trial, Lancet 389 (10088) (2017) 
2492–2502, https://doi.org/10.1016/S0140-6736(17)31046-2. Jun 24Epub 2017 
Apr 20. PMID: 28434648; PMCID: PMC7539326. 

[42] J. Calderaro, B. Rousseau, G. Amaddeo, M. Mercey, C. Charpy, C. Costentin, et al., 
Programmed death ligand 1 expression in hepatocellular carcinoma: relationship 
With clinical and pathological features, Hepatology 64 (6) (2016) 2038–2046, 
https://doi.org/10.1002/hep.28710. 

[43] Abd El Aziz M.A., Facciorusso A., Nayfeh T., et al. Immune checkpoint inhibitors 
for unresectable hepatocellular carcinoma. Vaccines (Basel). 2020 Oct 19;8(4):616. 
doi: 10.3390/vaccines8040616. PMID: 33086471; PMCID: PMC7712941. 

[44] R.M. Samstein, C.H. Lee, A.N. Shoushtari, et al., Tumor mutational load predicts 
survival after immunotherapy across multiple cancer types, Nat. Genet 51 (2) 
(2019) 202–206. Febdoi: 10.1038/s41588-018-0312-8. Epub 2019 Jan 14. PMID: 
30643254; PMCID: PMC6365097. 

[45] A.D. Ricci, A. Rizzo, G. Brandi, Immunotherapy in biliary tract cancer: worthy of a 
second look, Cancer Control. 27 (3) (2020), https://doi.org/10.1177/ 
1073274820948047. Jul-Aug1073274820948047. doi:PMID: 32806956. 

[46] T.A. Chan, M. Yarchoan, E. Jaffee, C. Swanton, S.A. Quezada, A. Stenzinger, 
S. Peters, Development of tumor mutation burden as an immunotherapy 
biomarker: utility for the oncology clinic, Ann. Oncol. 30 (1) (2019) 44–56, 
https://doi.org/10.1093/annonc/mdy495. Jan 1PMID: 30395155; PMCID: 
PMC6336005. 

[47] D.J. Pinato, N. Guerra, P. Fessas, et al., Immune-based therapies for hepatocellular 
carcinoma, Oncogene 39 (18) (2020) 3620–3637, https://doi.org/10.1038/ 
s41388-020-1249-9. AprEpub 2020 Mar 10. PMID: 32157213; PMCID: 
PMC7190571. 

[48] D.M. Merino, L.M. McShane, D. Fabrizio, et al., TMB Harmonization Consortium. 
Establishing guidelines to harmonize tumor mutational burden (TMB): in silico 
assessment of variation in TMB quantification across diagnostic platforms: phase I 
of the Friends of Cancer Research TMB Harmonization Project, J. Immunother. 
Cancer 8 (1) (2020), https://doi.org/10.1136/jitc-2019-000147. 
Mare000147PMID: 32217756; PMCID: PMC7174078. 

[49] X. Tang, L. Fan, G. Chen, W. Guo, F. Qiu, J. Wang, et al., Higher level of tumor 
mutational burden and 11q13 amplification in Chinese hepatocellular carcinoma 
patients, Cancer Res. (2018), https://doi.org/10.1158/1538-7445.Am2018-4349, 
78(13 Supplement):4349. 

[50] M. Baretti, D.T. Le, DNA mismatch repair in cancer, Pharmacol. Ther. 189 (2018) 
45–62. Sepdoi: 10.1016/j.pharmthera.2018.04.004. Epub 2018 Apr 15. PMID: 
29669262. 

[51] L. Chang, M. Chang, H.M. Chang, F. Chang, Microsatellite Instability: a Predictive 
Biomarker for Cancer Immunotherapy, Appl. Immunohistochem. Mol. Morphol. 26 
(2) (2018) e15–e21, https://doi.org/10.1097/PAI.0000000000000575. FebPMID: 
28877075. 

[52] R.J. Hause, C.C. Pritchard, J. Shendure, S.J. Salipante, Classification and 
characterization of microsatellite instability across 18 cancer types, Nat. Med 22 
(11) (2016) 1342–1350, https://doi.org/10.1038/nm.4191. NovEpub 2016 Oct 3. 
Erratum in: Nat Med. 2017 Oct 6;23 (10 ):1241. Erratum in: Nat Med. 2018 Apr 10; 
24(4):525. PMID: 27694933. 

[53] Y. Kazachkov, B. Yoffe, V.I. Khaoustov, H. Solomon, G.B. Klintmalm, E. Tabor, 
Microsatellite instability in human hepatocellular carcinoma: relationship to p53 
abnormalities, Liver 18 (3) (1998) 156–161. Jundoi: 10.1111/j.1600-0676.1998. 
tb00143.x. PMID: 9716224. 

[54] R. Togni, N. Bagla, P. Muiesan, et al., Microsatellite instability in hepatocellular 
carcinoma in non-cirrhotic liver in patients older than 60 years, Hepatol. Res 39 (3) 
(2009) 266–273. Mardoi: 10.1111/j.1872-034X.2008.00455.x. Epub 2008 Nov 5. 
PMID: 19054153. 

[55] C. Goumard, C. Desbois-Mouthon, D. Wendum, et al., Low levels of microsatellite 
instability at simple repeated sequences commonly occur in human hepatocellular 
carcinoma, Cancer Genomics Proteomics 14 (5) (2017) 329–339, https://doi.org/ 
10.21873/cgp.20043. Sep-OctPMID: 28871000; PMCID: PMC5611519. 

[56] C. Ang, S.J. Klempner, S.M. Ali, et al., Prevalence of established and emerging 
biomarkers of immune checkpoint inhibitor response in advanced hepatocellular 
carcinoma, Oncotarget 10 (40) (2019) 4018–4025, https://doi.org/10.18632/ 
oncotarget.26998. Jun 18PMID: 31258846; PMCID: PMC6592287. 

[57] J. Guinney, R. Dienstmann, X. Wang, et al., The consensus molecular subtypes of 
colorectal cancer, Nat Med 21 (11) (2015) 1350–1356, https://doi.org/10.1038/ 
nm.3967. NovEpub 2015 Oct 12. PMID: 26457759; PMCID: PMC4636487. 

[58] M. Svrcek, O. Lascols, R. Cohen, et al., MSI/MMR-deficient tumor diagnosis: which 
standard for screening and for diagnosis?, Diagnostic modalities for the colon and 
other sites: Differences between tumors, Bull Cancer 106 (2) (2019) 119–128, 
https://doi.org/10.1016/j.bulcan.2018.12.008. FebEpub 2019 Feb 1. PMID: 
30713006. 

[59] C.N. Wong, P. Fessas, K. Dominy, et al., Qualification of tumour mutational burden 
by targeted next-generation sequencing as a biomarker in hepatocellular 
carcinoma, Liver Int (2020), https://doi.org/10.1111/liv.14706. Oct 23Epub 
ahead of print. PMID: 33098208. 

[60] B.E. Slatko, A.F. Gardner, F.M. Ausubel, Overview of Next-Generation Sequencing 
Technologies, Curr. Protoc. Mol. Biol. 122 (1) (2018) e59, https://doi.org/ 
10.1002/cpmb.59. AprPMID: 29851291; PMCID: PMC6020069. 

A. Rizzo and G. Brandi                                                                                                                                                                                                                        

https://doi.org/10.3390/cancers12061449
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0019
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0019
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0019
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0019
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0019
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0020
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0020
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0020
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0020
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0020
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0021
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0021
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0021
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0021
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0022
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0022
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0022
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0022
https://doi.org/10.1016/j.tranon.2019.12.010
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0024
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0024
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0024
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0024
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0025
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0025
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0025
https://doi.org/10.1080/17474124.2021.1853527
https://doi.org/10.1080/17474124.2021.1853527
https://doi.org/10.3390/cancers12051089
https://doi.org/10.3390/cancers12103025
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0029
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0029
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0029
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0029
https://doi.org/10.1056/NEJMe2004851
https://doi.org/10.1056/NEJMoa1915745
https://doi.org/10.1177/1073274820977114
https://doi.org/10.1177/1073274820977114
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0033
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0033
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0033
https://doi.org/10.2217/imt-2017-0121
https://doi.org/10.2217/imt-2017-0121
https://doi.org/10.1200/JCO.18.00149
https://doi.org/10.1200/JCO.18.00149
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0036
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0036
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0036
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0036
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0037
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0037
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0037
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0037
https://doi.org/10.3390/cells9092051
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0039
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0039
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0039
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0039
https://doi.org/10.3390/cancers11101554
https://doi.org/10.3390/cancers11101554
https://doi.org/10.1016/S0140-6736(17)31046-2
https://doi.org/10.1002/hep.28710
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0044
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0044
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0044
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0044
https://doi.org/10.1177/1073274820948047
https://doi.org/10.1177/1073274820948047
https://doi.org/10.1093/annonc/mdy495
https://doi.org/10.1038/s41388-020-1249-9
https://doi.org/10.1038/s41388-020-1249-9
https://doi.org/10.1136/jitc-2019-000147
https://doi.org/10.1158/1538-7445.Am2018-4349
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0050
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0050
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0050
https://doi.org/10.1097/PAI.0000000000000575
https://doi.org/10.1038/nm.4191
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0053
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0053
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0053
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0053
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0054
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0054
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0054
http://refhub.elsevier.com/S2468-2942(21)00027-7/sbref0054
https://doi.org/10.21873/cgp.20043
https://doi.org/10.21873/cgp.20043
https://doi.org/10.18632/oncotarget.26998
https://doi.org/10.18632/oncotarget.26998
https://doi.org/10.1038/nm.3967
https://doi.org/10.1038/nm.3967
https://doi.org/10.1016/j.bulcan.2018.12.008
https://doi.org/10.1111/liv.14706
https://doi.org/10.1002/cpmb.59
https://doi.org/10.1002/cpmb.59


Cancer Treatment and Research Communications 27 (2021) 100328

6

[61] J. Zucman-Rossi, A. Villanueva, J.C. Nault, J.M. Llovet, Genetic landscape and 
biomarkers of hepatocellular carcinoma, Gastroenterology 149 (5) (2015). 
Oct1226-1239.e4doi: 10.1053/j.gastro.2015.05.061. Epub 2015 Jun 20. PMID: 
26099527. 

[62] A. Massa, C. Varamo, F. Vita, et al., Evolution of the experimental models of 
cholangiocarcinoma, Cancers (Basel) 12 (8) (2020) 2308, https://doi.org/ 
10.3390/cancers12082308. Aug 17PMID: 32824407; PMCID: PMC7463907. 

[63] S.E. Levy, R.M. Myers, Advancements in next-generation sequencing, Annu. Rev. 
Genomics Hum. Genet. 17 (2016) 95–115. Aug 31doi: 10.1146/annurev-genom- 
083115-022413. Epub 2016 Jun 9. PMID: 27362342. 

[64] M.R. Stratton, P.J. Campbell, P.A. Futreal, The cancer genome, Nature 458 (7239) 
(2009) 719–724, https://doi.org/10.1038/nature07943. Apr 9PMID: 19360079; 
PMCID: PMC2821689. 

[65] A. Astolfi, M. Nannini, V. Indio, et al., Genomic database analysis of uterine 
leiomyosarcoma mutational profile, Cancers (Basel) 12 (8) (2020) 2126, https:// 
doi.org/10.3390/cancers12082126. Jul 31PMID: 32751892; PMCID: 
PMC7464219. 

[66] M.F. Berger, E.R. Mardis, The emerging clinical relevance of genomics in cancer 
medicine, Nat. Rev. Clin. Oncol. 15 (6) (2018) 353–365, https://doi.org/10.1038/ 
s41571-018-0002-6. JunPMID: 29599476; PMCID: PMC6658089. 

[67] N.A. Brown, K.S.J Elenitoba-Johnson, Enabling Precision Oncology Through 
Precision Diagnostics, Annu. Rev. Pathol 15 (2020) 97–121, https://doi.org/ 
10.1146/annurev-pathmechdis-012418-012735. Jan 24PMID: 31977297. 

[68] A. Rizzo, A.D. Ricci, S. Tavolari, G. Brandi, Circulating tumor DNA in biliary tract 
cancer: current evidence and future perspectives, Cancer Genomic. Proteomic. 17 
(5) (2020) 441–452, https://doi.org/10.21873/cgp.20203. Sep-OctPMID: 
32859625; PMCID: PMC7472453. 

[69] D.A. Dominguez, X.W. Wang, Impact of next-generation sequencing on outcomes in 
hepatocellular carcinoma: how precise are we really? J. Hepatocell. Carcinoma 7 
(2020) 33–37, https://doi.org/10.2147/JHC.S217948. 

[70] M.R. Green, S. Monti, S.J. Rodig, P. Juszczynski, T. Currie, E. O’Donnell, et al., 
Integrative analysis reveals selective 9p24.1 amplification, increased PD-1 ligand 
expression, and further induction via JAK2 in nodular sclerosing Hodgkin 
lymphoma and primary mediastinal large B-cell lymphoma, Blood 116 (17) (2010) 
3268–3277, https://doi.org/10.1182/blood-2010-05-282780. 

[71] S. Gupta, C.M. Vanderbilt, P. Cotzia, J.A. Arias Stella 3rd, J.C. Chang, Y. Chen, et 
al., JAK2, PD-L1, and PD-L2 (9p24.1) amplification in metastatic mucosal and 
cutaneous melanomas with durable response to immunotherapy, Hum Pathol 88 
(2019) 87–91, https://doi.org/10.1016/j.humpath.2018.08.032. 

[72] D.S. Shin, J.M. Zaretsky, H.E. Escuin-Ordinas, A. Garcia-Diaz, S. Hu-Lieskovan, 
A. Kalbasi, et al., Primary resistance e to PD-1 blockade mediated by JAK1/2 
mutations, Cancer Discov. 7 (2) (2017) 188–201, doi: 10.1158/2159- 8290.CD-16- 
1223. 

[73] E. Kim, A. Lisby, C. Ma, N. Lo, U. Ehmer, K.E. Hayer, E.E. Furth, P. Viatour, 
Promotion of growth factor signaling as a critical function of β-catenin during HCC 
progression, Nat. Commun. 10 (1) (2019) 1909, https://doi.org/10.1038/s41467- 
019-09780-z. Apr 23PMID: 31015417; PMCID: PMC6478918. 

[74] X. Tian, C. Zhao, J. Ren, Z.M. Ma, Y.H. Xie, Y.M. Wen, Gene-expression profiles of a 
hepatitis B small surface antigen-secreting cell line reveal upregulation of 
lymphoid enhancer-binding factor 1, J. Gen. Virol. 88 (Pt 11) (2007) 2966–2976, 
https://doi.org/10.1099/vir.0.83108-0. NovPMID: 17947518. 

[75] X. Tian, J. Li, Z.M. Ma, C. Zhao, D.F. Wan, Y.M. Wen, Role of hepatitis B surface 
antigen in the development of hepatocellular carcinoma: regulation of lymphoid 
enhancer-binding factor 1, J. Exp. Clin. Cancer Res. 28 (1) (2009) 58. Apr 29doi: 
10.1186/1756-9966-28-58. PMID: 19402906; PMCID: PMC2678988. 

[76] J.J. Harding, S. Nandakumar, J. Armenia, et al., Prospective genotyping of 
hepatocellular carcinoma: clinical implications of next-generation sequencing for 
matching patients to targeted and immune therapies, Clin. Cancer Res 25 (7) 
(2019) 2116–2126. Apr 110.1158/1078-0432.CCR-18-2293. Epub 2018 Oct 29. 
PMID: 30373752; PMCID: PMC6689131. 

[77] M.J. O’Connor, Targeting the DNA damage response in cancer, Mol. Cell 60 (4) 
(2015) 547–560. Nov 19doi: 10.1016/j.molcel.2015.10.040. PMID: 26590714. 

[78] I. Brandsma, E.D.G. Fleuren, C.T. Williamson, C.J. Lord, Directing the use of DDR 
kinase inhibitors in cancer treatment, Expert Opin. Invest. Drugs 26 (12) (2017) 
1341–1355. Decdoi: 10.1080/13543784.2017.1389895. Epub 2017 Oct 14. PMID: 
28984489; PMCID: PMC6157710. 

[79] A.D. Ricci, A. Rizzo, G. Brandi, The DNA damage repair (DDR) pathway in biliary 
tract cancer (BTC): a new Pandora’s box? ESMO Open 5 (5) (2020) https://doi. 
org/10.1136/esmoopen-2020-001042. Sepe001042PMID: 32994319; PMCID: 
PMC7526276. 

[80] P.A. Jeggo, L.H. Pearl, A.M. Carr, DNA repair, genome stability and cancer: a 
historical perspective, Nat. Rev. Cancer 16 (1) (2016) 35–42. Jandoi: 10.1038/ 
nrc.2015.4. Epub 2015 Dec 15. PMID: 26667849. 

[81] A.M. Weber, A.J. Ryan, ATM and ATR as therapeutic targets in cancer, Pharmacol. 
Ther. 149 (2015) 124–138. Maydoi: 10.1016/j.pharmthera.2014.12.001. Epub 
2014 Dec 13. PMID: 25512053. 
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