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Abstract

:

This systematic review aimed to assess the prognostic significance of programmed cell death-ligand 1 (PDL-1) and programmed cell death protein 1 (PD-1) in hepatocellular carcinoma (HCC). Medline, EMBASE, and Cochrane Library database searches were conducted, revealing nine relevant cohort studies (seven PDL-1 and three PD-1). Our meta-analysis showed that PD-1/PDL-1 was a marker of poor survival, regardless of the assessment method (PD-1 overall survival (OS): hazard ratio (HR) 2.40; 95% confidence interval (CI), 1.30–4.42; disease-free survival (DFS): HR 2.12; 95% CI, 1.45–3.10; PDL-1: OS: HR 3.61; 95% CI, 2.75–4.75; and DFS: HR 2.74; 95% CI, 2.09–3.59). Additionally, high level of PD-1/PDL-1 expression was associated with aging, multiple tumors, high alpha-fetoprotein levels, and advanced Barcelona Clinic Liver Cancer stage. This high level significantly predicted a poor prognosis for HCC, suggesting that anti-PD-1 therapy is plausible for patients with HCC. Furthermore, HIF-1 induces PD-1 expression, and PD1lowSOCS3high is associated with a better prognosis. Taken together, combination therapy may be the key to effective immunotherapy. Thus, exploring other markers, such as HIF-1 and SOCS3, along with PD-1/PDL-1 immunotherapy, may lead to improved outcomes.
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1. Introduction


Hepatocellular carcinoma (HCC) accounts for 85–90% of all primary liver cancers, with hepatitis B (HBV) or C (HCV) infection, alcohol consumption, and metabolic syndrome being the main risk factors [1]. Although various therapies are available for HCC treatment, such as local ablation, surgical resection, liver transplantation, chemotherapy, and oncolytic virotherapy, the biggest issues associated with HCC treatment are recurrence, metastasis, and frequent medication resistance [2,3,4]. The poor prognosis for HCC is primarily attributable to late-stage diagnosis, which has limited effective therapeutic options. HCC may be considered a paradigm for inflammation-induced malignancies because chronic inflammation generates a stromal environment that promotes hepatocyte changes and an immunosuppressive milieu that promotes liver cancer progression [5]. Immunotherapy is a promising treatment option for this type of cancer. Recently, immune checkpoint inhibitors (ICIs) have been shown to be highly effective in the treatment of lung, breast, bladder, and non-small cell lung cancers [6,7,8]. Programmed death protein 1 (PD-1), a glycoprotein receptor on the cell surface, is generally expressed in activated T cells, B cells, and natural killer (NK) cells. The primary PD-1 ligand, programmed death-ligand 1 (PDL-1), binds to PD-1 and inhibits antitumor immunity by triggering T-cell death and depletion [9,10].



PD-1/PDL-1 has been identified as a viable target for the development of potent anticancer therapies for HCC [11] and in models for comprehending the various physiological roles of inhibitory receptors. Signals from the PD1 pathway help regulate T-cell activation, T-cell destiny and activities, T-cell tolerance, and the return to immunological homeostasis [12,13] (Figure 1). However, high and sustained expression of PD1 and its ligands is ubiquitous during chronic infections and cancer. Thus, blocking the PD1 pathway can improve T-cell activity and lower the viral load and tumor burden [14,15]. The use of monoclonal antibodies to block PDL-1/PD-1 interaction represents a watershed moment in anticancer immunotherapy [16]. Furthermore, the United States Food and Drug Administration (FDA) approved sorafenib (Nexavar) and nivolumab (OPDIVO, Bristol-Myers Squibb Co.) as the first anti-PDL-1/PD-1 antibodies for the treatment of HCC in 2007 and 2017, respectively, confirming that ICIs may play a key role in HCC treatment and offer hope for patients with cancer [17,18].



However, the specific mechanism and characteristics of PD-1/PDL-1 expression, its relationship with prognosis, and the role of the tumor microenvironment (TME) and ICI in immunotherapy have not been well explored in HCC. Therefore, although PD-1/PDL-1 antibodies show promising outcomes in cancer treatment, only a small proportion of patients respond to treatment [19]. Thus, this is the first systematic review and meta-analysis undertaken to better understand the mechanisms and pathways concerning the involvement of PD-1/PDL-1 in HCC immunotherapy, ICI, and TME.
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Figure 1. Schematic diagram for anti-programmed death protein 1 (PD-1) and anti-programmed death-ligand 1, 2 (PDL-1, PDL-2)-mediated immunotherapy for HCC. Antigen-presenting cells (APCs) acquire antigen (Ag) produced by cancer cells and deliver it to T cells to activate T-cell receptors (TCRs). Moreover, cancer cells may deliver Ag to activated T cells within the framework of MHC. During T-cell activation, PD-1 receptors are expressed on T cells and suppress immunological responses via the interaction with PD-L1 and PD-L2 on APCs and PD-L1 on cancer cells, consequently blocking the PD-1/PD-L1/PD-L2 pathway using a monoclonal antibody (mAb). Modified from [20]. 
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2. Materials and Methods


2.1. Search Strategy


This study was conducted in accordance with the preferred reporting criteria for systematic reviews and meta-analyses (PRISMA) and registered with PROSPERO (ID: CRD42023327021). Four major electronic databases, namely, MEDLINE, EMBASE, Web of Science, and the Cochrane Library, were searched for relevant English-language papers published through to May 2022. The electronic search was followed by a manual search of references through cross-referencing key papers. The database of the retrieved materials was managed using EndNote X20 (Thomson Reuters, New York, NY, USA). Clinical trials regarding PDL-1 and PD-1 were hand-searched on the using the database of clinicaltrails.gov, date 31st May 2022. The keywords used were “Hepatocellular carcinoma”, “Programmed death protien 1”, “Programmed death ligand 1”, “Immune check point inhibitors”, “Monoclonal antibodies”.




2.2. Criteria for Inclusion and Exclusion


Studies were included if all of the following six eligibility criteria were met: (1) they addressed the association of PD-1/PDL-1 in HCC; (2) they included sufficient information concerning PD-1/PDL-1; (3) clinicopathological parameters were discussed; (4) they showed an association between anti-PD-1/PDL-1, cancer progression, TME, and immune checkpoints; (5) they were written in English; and (6) appropriate consent had been obtained from the patients.



Studies were excluded if they met any of the following three exclusion criteria: (1) they comprised duplicate studies, reviews, case reports, letters, or conference proceedings; (2) the PD-1/PDL-1 association was not clearly described; or (3) they lacked sufficient data.




2.3. Data Extraction and Assessment of Study Quality


The data were independently extracted by two authors (MJA and SYY). Disagreements were resolved through consensus during the process. Meta-data were extracted from all studies in terms of nine categories: reference, year, country, patients (number), sample source, assessment method, cut-off, outcome, and follow-up. Clinical trial data were systematically collected and segregated based on phases I, II, and III.




2.4. Statistical Analysis


The Review Manager software (version 5.4; Cochrane Collaboration, Copenhagen, Denmark) was used for the statistical analysis. The association between PD-1/PDL-1 and survival were assessed using pooled HRs with 95% CIs (>1 HR value indicated low survival and vice versa). The Mantel–Haenszel pooled OR with 95% CI and the combined effective value was used to determine the association between PD-1/PDL-1 and various clinicopathological markers. An I2 score <50% suggested that there was no heterogeneity among the studies.





3. Results


3.1. Eligible Studies


The retrieval approach described in the Methods section (Section 2) initially yielded 849 studies, of which 151 were excluded based on duplicates and 593 were excluded based on their titles and abstracts. After reviewing the full texts of the remaining articles, an additional 96 were excluded owing to missing, irrelevant, irretrievable, or duplicate data, leaving nine studies for inclusion. Studies were selected in accordance with the PRISMA flowchart (Figure 2).




3.2. Characteristics of the Studies Included


Nine studies were selected for final analysis. These studies were conducted in three countries and published between 2011 and 2021 (Table 1). Six studies utilized the IHC score method with a mean cut-off score > 3. Of these, two utilized ELISA, and one used flow cytometry. The total number of patients was 1284, ranging from 42 to 285, and the diagnoses included tumor stages I–IV (Table 1).




3.3. Survival Analysis of PD-1 and PDL-1


Based on these nine studies, we evaluated the correlation between PD-1 and PDL-1 expression in 1284 patients. We identified seven studies related to PDL-1 and three related to PD-1 expression. Meta-analysis revealed a significant correlation between high and low PD-1/PDL-1 expression in both the overall survival (OS) and disease-free survival (DFS) for PD-1 (OS: hazard ratio (HR) 2.40; 95% confidence interval (CI), 1.30–4.42, p = 0.005; DFS: HR 2.12; 95% CI, 1.45–3.10; p = 0.0001), and for PDL-1 (OS: HR 3.61; 95% CI, 2.75–4.75; p ≤ 0.00001; DFS: HR 2.74; 95% CI, 2.09–3.59; p < 0.00001) (Figure 3 and Figure 4). Patients with high PD-1/PDL-1 expression showed poorer prognoses compared to their counterparts. High heterogeneity was observed for PD-1 OS (I2 = 63%); whereas, for DFS, the heterogeneity was I2 = 0%. However, for PDL-1, both the OS and DFS showed low heterogeneity (I2 = 40% and I2 = 0%, respectively).




3.4. Correlations between PD-1/PDL-1 and Clinicopathological Parameters


The correlations between PD-1 expression and age, sex, tumor size, and tumor number showed less heterogeneity (I2 ≤ 50%), while the correlations between PDL-1 expression and age, sex, tumor size, alpha-fetoprotein (AFP), tumor multiplicity, HBV history, and TNM stage showed less heterogeneity among the studies (I2 ≤ 50%). On the other hand, the meta-analysis results showed that, apart from AFP (OR 4.63; 95% CI, 1.13–19.09; p = 0.03) and tumor number (OR 1.89; 95% CI, 1.08–3.33; p = 0.003) in PD-1 and age (OR 1.95, 95% CI:1.24, 3.06, p = 0.004), tumor size (OR 2.08; 95% CI, 1.46–2.98, p < 0.0001) in PDL-1, the correlations between PD-1/PDL-1 expression and clinicopathological features were not statistically significant (p > 0.05). The relationship between high PD-1/PDL-1 levels and the clinicopathological features is shown in Table 2 and Table 3.




3.5. PD-1/PDL-1 and Other Markers


Co-overexpression of PDL-1 and hypoxia-inducible factor 1-alpha (HIF-1α) was found to be an independent prognostic factor for OS and DFS, and patients with high expression of both PDL-1 and HIF-1α had the worst prognosis compared with others. PDL-1 and HIF-1α exhibited high expression rates in HCC tissue at 41.11% (37/90) and 43.33% (43/90), respectively [22]. PDL-1 and SOCS3 were independent prognostic factors for OS, and patients with high PDL-1 expression (HR 5.275; 95% CI, 2.506–13.082; p < 0.001) and low SOCS3 expression (HR 0.210; 95% CI 0.093–0.475; p < 0.001) had a significantly poor prognosis.





4. Discussion


This systematic review and meta-analysis compared the expression levels of PD-1/PDL-1 in 1284 patients across nine retrospective cohort studies, comprising six studies concerning PDL-1 and three studies concerning PD-1. Patients with high PD-1/PDL-1 expression had poor survival and aggressive clinicopathological characteristics. We also attempted to understand the TME of HCC and collected information to address reoccurrence issues. To our knowledge, this is the first comprehensive systematic review and meta-analysis evaluating the correlation between PD-1/PDL-1 and HCC.



4.1. PD-1/PDL-1 Survival Assessment


Relevant studies on PD-1/PDL-1 expression in HCC were identified. The low inclusion rate (1.06%) was due to the rigorous process used to identify all studies on PD-1/PDL-1 expression in HCC. High expression of both PD-1 and PDL-1 resulted in a poor prognosis. A similar scenario has been reported in other cancers, such as breast cancer, cervical cancer, gastric cancer, nasopharyngeal carcinoma, non-small cell lung carcinoma, and renal cell carcinoma [31,32,33,34,35,36]. Furthermore, clinicopathological analysis showed that only AFP and tumor number were significantly associated with PD-1 expression, whereas PDL-1 expression was significantly correlated with age and tumor size. All other parameters may also be related to PD-1/PDL-1 expression, however, a larger cohort is required to explore this.




4.2. PD-1/PDL-1 and Tumor Microenvironment


The density and diversity of tumor-infiltrating immune cells are linked to prognosis and therapy efficacy prediction. Understanding the differences in immune cell composition between primary and metastatic TME may thus be a crucial element influencing the responsiveness to various immunotherapy methods [37,38]. Furthermore, immune cell composition within the TME varies substantially amongst individuals with the same cancer type, indicating that mapping the composition of immunological infiltrates and their functional status within the TME is important for both diagnosis and treatment strategy design [39]. The TME can be classified as cold (non-T-cell inflamed) or hot (T-cell inflamed), depending on the amounts of proinflammatory cytokine production and T-cell infiltration [14,40]. Hot tumors have high levels of therapeutic tumor-infiltrating lymphocytes (TILs) and cytokines, as well as high PDL-1 expression, whereas cold tumors have almost no PDL-1 expression and no T-cell infiltration [41]. In general, hot tumors respond better to immunotherapy, such as anti-programmed death-ligand (PD-L)1/PD-1 therapy [42]. The TME of HCC contains HCC-associated antigen-presenting cells (APCs), regulatory T cells (Tregs), natural killer T cells (NKTs), myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs), and TILs (Figure 5) [43].



TILs are crucial components of immune cells in the TME, as they participate in tumorigenesis and tumor progression, and play a key role in anti-tumor immune therapy [44]. High levels of PD-1 expression were found in liver TILs in HBV-related HCC, with this expression being correlated with portal vein tumor thrombosis, suggesting that PD-1 expression in liver tissues may be a useful prognostic marker for HBV-related HCC (Figure 6). The correlation between a high number of PD-1+ TILs and a high number of both CD4+ and CD8+ TILs suggests that PD-1+ TILs can reflect the existence of an endogenous host immune response to tumors, which is a specific pre-existing TME immune phenotype [45]. Similarly, it has been reported that a combination of a lack of PDL-1 expression and CD8+ TIL density predicts favorable survival in patients with stage III non-small cell lung cancer [40]. Gabrielson et al. reported the cumulative role of intratumoral CD3+ and CD8+ T cells and PDL-1 as prognostic markers for HCC [46]. An indirect comparison of patients with advanced squamous non-small cell lung cancer showed that, for patients with low/negative PDL-1 expression, pembrolizumab had superior OS (HR 0.43, 95% CI 0.24–0.76; p < 0.01/HR 0.74, 95% CI 0.40–1.38; p = 0.35) and better progression-free survival (HR 0.80, 95% CI 0.51–1.26; p = 0.33/HR 0.46, 95% CI 0.28–0.75; p < 0.01) than atezolizumab [47].



The expression of PD-1 on T cells can be induced through the upregulation of PDL-1 on tumor cells, as well as by other molecules. Some studies have demonstrated that PDL-1-positive tumor cells have notable immune cell infiltration in HCC, including CD3+ TILs (representing total T cells), CD8+ TILs (representing cytotoxic T cells), and TAMs (Figure 6) [29,48,49]. These findings suggest that adaptive immune resistance mechanisms may play a role. Several other studies have reported that PD-1 expression is linked to T-cell exhaustion. Thus inhibiting the PD-1 pathway could reverse this phenotype and restore antitumor immunity [50,51,52].
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Figure 6. An illustration depicting the interaction between TILs and immune/cancer cells in the tumor microenvironment. Cancer cells, TAMs, and MDSCs release IL-10 and TGF-, while TAMs, TANs, and CAFs release CCL2, which recruits and boosts Tregs, while limiting CD8+ T-cell activity inside the tumor bed. Cancer cells can also directly affect the immune response through overproducing prostaglandin E2, adenosine, PD-L1, or B7-H7, or through lowering MHC-I surface expression. MSDCs and TAMs release IL10, which induces a CD4+ Th2 response with B-cell activation, both of which are effective cancer immunosurveillance mechanisms. Mature DCs stimulate CD4+ T-cell activity by increasing MHC 1 expression, whereas immature DCs decrease CD4+ T-cell activity through secreting IL-10. B7-H7, B7 homolog 7; CAFs, cancer-associated fibroblasts; CCL, C–C motif chemokine ligand; CD, cluster of differentiation; DCs, dendritic cells; IL, interleukin; MDSCs, myeloid-derived suppressor cells; MHC, major histocompatibility complex; PD-L1, programmed death-ligand 1; TANs, tumor-associated neutrophils; TAMs, tumor-associated macrophages; TGF, transforming growth factor; Tregs, regulatory T cells (modified from [53]). 
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4.3. PD-1/PDL-1 Immune Check Point Inhibitors


Blocking PD-1 has been shown to have strong antitumor effects against melanoma and Hodgkin’s lymphoma, and the use of anti-PD-1 antibodies in immunotherapy has been approved by the United States FDA [54]. Monoclonal antibodies (mAbs), also known as checkpoint inhibitors (ICIs), are a class of drugs that inhibit the interaction of PD-1 and PD-L1, and thereby address the disadvantages associated with conventional anticancer therapy. Hundreds of clinical trials for anti-PD-1 and PD-L1 ICI are now ongoing. Some of them have progressed to phase III clinical trials and are benefiting a large pool of patients. We hand searched the clinical trials associated with HCC ICI [20]. Various clinical trials have targeted immune checkpoint inhibitors in HCC (Table 4, Table S1 and Table S2).




4.4. Combination Therapy


4.4.1. Hypoxia-Inducible Factors


Hypoxia is a common characteristic of many solid cancers, including HCC [55]. Recently, it has been reported that hypoxia contributes to immune escape in cancer via a multifaceted mechanism [56]. Among them, hypoxia-inducible factors (HIFs) are major role players which are composed of an O2-regulated HIF-1α, HIF-2α, or HIF-3α subunits, and constitutively expressed HIF-1β subunit. HIF-α subunits undergo O2-dependent prolyl hydroxylation, which leads to protein breakdown and O2-dependent asparaginyl hydroxylation, which inhibits coactivator recruitment [57]. HIF-1α is a major transcription factor involved in the hypoxic response of cancer cells and activates hundreds of genes that play vital roles in angiogenesis, proliferation, glucose metabolism, invasion, and metastasis, and in resistance to radiation and chemotherapy in HCC [58,59,60,61,62]. HIF-1α positively regulates PD-L1 levels, suggesting that HIF-1α and hypoxia-induced elevation of PD-L1 expression comprise a mechanism of immune evasion by tumor cells [20,63]. HIF-1α binds directly to the transcriptionally active hypoxia response region in the PD-L1 proximal promoter, hence activating the production of PD-L1. It has also been shown that HIF-1α upregulates PDL-1 expression on MDSCs and tumor cells, contributing to cancer immune evasion. Under hypoxic conditions, inhibiting PD-L1 improves MDSC-mediated T-cell activation, accompanied by decreased IL-6 and IL-10 expression in MDSCs [64]. A combinational therapy with HIF-1α inhibitors in conjunction with PDL-1 blockade may be beneficial for patients with HCC and co-overexpression (Figure 7) [22].




4.4.2. Suppressor of Cytokine Signaling 3 (SOCS3)


In addition, patients with HCC with low PDL-1 and high SOCS3 expression had a better prognosis based on their pT stage (p < 0.05). The co-expression of low PDL-1 and high SOCS3 may be a superior independent prognostic marker for patients with HCC. For example, Dai et al. showed that SOCS3 was useful for the diagnosis, staging, histological subtyping, prognosis, and therapeutic response in several types of cancer in the context of immuno-oncology via multiple mechanisms, and that genetic or epigenetic alterations in SOCS3 frequently predict a poor prognosis. SOCS3 expression and changes in the tumor-cell immune infiltration were predicted through the presence of immunosuppressive cells (MDSCs, CAFs, M2-TAMS, and Tregs) that promote T-cell exclusion [65]. Therefore, frequent follow-up of more patients co-expressing PDL-1 and SOCS3 could provide future insights. More studies are needed to determine whether a combination treatment of a SOCS3 stimulator and a PDL-1 blocker are advantageous for patients with HCC [25].



In Summary, immunotherapy has become popular in recent years, and identifying precise histological and genetic indicators of response to ICIs is now challenging in a variety of tumor forms, including HCC [66]. There have been a lot of novel systemic treatments for HCC utilizing ICI, but only a few subset of HCC patients appears to benefit from immunotherapy, underlining the need for a better knowledge of response factors [67]. Efforts to identify the predictive biomarkers, ICI inhibitor efficacy, and survival analysis are continuously being made [67,68,69]. To address this paradigm shift of HCC treatment, the overall picture of the PD-1/PDL-1 landscape was assessed. Our findings revealed that both PD-1 and PDL-1 are poor prognostic factors for HCC patient survival, with insights about the composition of the TME (cold vs. hot tumors), ongoing clinical trials for HCC immunotherapy utilizing PD-1/PDL-1 inhibitors, and possible combination therapies.



To our knowledge, this is the first systematic review and meta-analysis exploring the prognostic effects of PD-1/PDL-1 in HCC. While aiming to present the current landscape and future insights in relation to this matter, this study had some limitations. First, only studies published in English were searched. Second, the number of relevant studies identified was limited, with only three studies concerning PD-1 and only seven studies concerning PDL-1; thus, there may have been publication bias. Third, all the studies were conducted in East Asian countries. Consequently, we were unable to provide a global cohort. Despite these limitations, this study provides the first step in exploring PD-1/PDL-1 in combination with other markers, such as SOSC3 and HIF-1α. We consider that combination therapy is likely to be critical for immunotherapy in treating HCC, and that future research involving larger cohorts is needed to investigate this further.






5. Conclusions


We concluded that high PD-1/PDL-1 expression was a marker of a poor prognosis in HCC. PD-1 expression in the TILs of liver tissues may be a useful prognostic marker for HBV-related HCC. Various anti-PD-1/PDL-1 therapies are available. Exploring them in conjunction with other markers, such as SOCS3 and HIF-1α, may lead to improved HCC-related outcomes. Further studies are required to explore these aspects.
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Figure 2. PRISMA flow chart of the search and selection procedure. 
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Figure 3. Subgroup hazard ratios assessing PD-1 expression. (a) Overall survival and (b) disease-free survival in patients with hepatocellular cancer [26,27,29]. [image: Ijms 24 06495 i001] The location of the square shows the risk ratio, while the size of the square represents the individual effect of research; [image: Ijms 24 06495 i002] the black line depicts the study’s confidence interval at 95%; [image: Ijms 24 06495 i003] the edge of the diamond denotes the 95% confidence interval for the pooled hazard ratio. 
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Figure 4. Subgroup hazard ratios assessing PDL-1 expression. (a) Overall survival, and (b) disease-free survival in patients with hepatocellular cancer [21,22,23,24,25,26,28,30]. [image: Ijms 24 06495 i001] The location of the square shows the risk ratio, while the size of the square represents the individual effect of research; [image: Ijms 24 06495 i002] the black line depicts the study’s confidence interval at 95%; [image: Ijms 24 06495 i003] the edge of the diamond denotes the 95% confidence interval for the pooled hazard ratio. 
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Figure 5. Schematic diagram representing the tumor microenvironment in hepatocellular carcinoma hot vs. cold tumor. Hot (T-cell-inflamed) tumors have significant immunological activity and significant T-cell infiltration, whereas cold (non-T-cell-inflamed) tumors are devoid of inflammation and T cells. A high expression of PDL-1, TILs and cytokines is typically associated with a hot tumor. They contain more CD8+ lymphocytes and tumor-associated macrophages (TAMs) than myeloid-derived suppressor cells (MDSCs) and cancer-associated fibroblasts (CAFs). In contrast, the TME from cold tumors is linked with low CD8+ and elevated CAFs. 
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Figure 7. The majority of solid tumors acquire hypoxia as a result of disorganized vascularization, which deprives the tumor of optimum oxygen supply and results in increased cellular proliferation and metabolic rate. Hypoxia activates and stabilizes essential transcription factors, the hypoxia-inducible transcription factors (HIFs). HIF-1α and HIF-2α regulate the expression of several genes involved in cancer. HIFs enhance tumor growth by increasing angiogenesis, immunosuppression, EMT, and metabolic reprogramming, as well as by promoting malignant cell survival, motility, proliferation, and plasticity, and by enhancing treatment resistance and escape from a nutrient-deprived environment. Hypoxia also upregulates PD-L1 expression in cancer cells and MDSCs via HIF-1α and HIF-2α. By attaching to its receptor (PD-1), PD-L1 functions as a pro-tumorigenic factor that develops immunological tolerance within the tumor microenvironment, and suppresses antitumor immune responses by inhibiting the activity of tumor-specific TILs. Together, HIF-1α and PDL-1 inhibition decrease tumor formation and progression. More research is required to identify how additional variables in the tumor microenvironment, including cytokines, chemokines, growth factors, hormones, and therapeutic drugs, may impede the antitumor efficacy of HIF-1α inhibitors and anti-PDL-1 therapy in combination. 
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Table 1. Main characteristics of studies included in the meta-analysis.
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Reference

	
Year

	
Country

	
Patients (n)

	
Sample Source

	
Assessment

Method

	
Cut-Off

	
Outcome

	
Follow-Up

(Months)






	
Peng et al. [21]

	
2021

	
China

	
126

	
Tumor tissue

	
IHC

	
≥3

	
OS, DFS *

	
84




	
Dai et al. [22]

	
2018

	
China

	
90

	
OS, DFS *

	
228




	
Chang et al. [23]

	
2017

	
Korea

	
146

	
DFS *

	
33




	
Jung et al. [24]

	
2017

	
Korea

	
85

	
OS, DFS *

	
-




	
Chen et al. [25]

	
2020

	
China

	
74

	
Tumor tissue

	
IHC

	
≥4

	
OS, DFS *

	
-




	
Zeng et al. [26]

	
2011

	
China

	
141

	
Tumor tissue

	
IHC

	
≥2

	
OS, DFS †

	




	
Li et al. [27]

	
2017

	
China

	
285

	
Serum

	
ELISA

	
>10 ng/mL

	
OS **

	
36




	
Finkelmeier et al. [28]

	
2016

	
Germany

	
215

	
>0.8 ng/mL

	
OS *

	
10




	
Xiaoli Liu et al. [29]

	
2019

	
China

	
122

	
PMBC

	
Flow cytometry

	
12.8% CD8+ Cells

	
OS, PFS **

	
14.75








Abbreviations: CD8, cluster of differentiation 8; DFS, disease-free survival; ELISA, enzyme-linked immunosorbent assay; IHC, immunohistochemistry; PD-1, programmed death protein 1; PDL-1, programmed death ligand-1; PMBC, peripheral blood mononuclear cell; OS, overall survival. * PDL-1 expression only, ** PD-1 expression only, † Both PD-1 and PDL-1 expressions studied.
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Table 2. Clinicopathological characteristics and pooled ORs associated with PD-1 expression.
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Characteristics

	
Studies (n)

	
Participants (n)

	
Pooled OR (95% CI)

	
p-Value

	
Heterogeneity




	
I2 (%)

	
p-Value

	
Model






	
Sex (Male vs. Female)

	
3

	
407

	
1.39 [0.81, 2.37]

	
0.23

	
0

	
0.60

	
Fixed




	
Age (<50 vs. >50)

	
3

	
417

	
1.12 [0.73, 1.71]

	
0.61

	
26

	
0.26

	
Fixed




	
BCLC Stage (A vs. B)

	
2

	
229

	
0.52 [0.04, 7.27]

	
0.62

	
92

	
0.0005

	
Random




	
HBV History (Present vs. Absent)

	
2

	
261

	
1.25 [0.26, 5.94]

	
0.68

	
77

	
0.001

	
Random




	
AFP (ng/mL) (≤25 vs. ≥25)

	
6

	
646

	
4.63 [1.13, 19.09]

	
0.03 *

	
86

	
0.001

	
Random




	
Tumor Size (≤5 vs. ≥5)

	
6

	
646

	
0.58 [0.29, 1.16]

	
0.12

	
0

	
0.57

	
Fixed




	
Tumor Number (Single vs. Multiple)

	
4

	
451

	
1.89 [1.08, 3.33]

	
0.003 *

	
10

	
0.33

	
Fixed








Abbreviations: AFP, alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; CI, confidence interval; HBV, Hepatitis B virus; OR, odds ratio. * Statistically significant data.
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Table 3. Clinicopathological characteristics and pooled ORs associated with PDL-1 expression.
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Characteristics

	
Studies (n)

	
Participants (n)

	
Pooled OR (95% CI)

	
p-Value

	
Heterogeneity




	
I2 (%)

	
p-Value

	
Model






	
Sex (Male vs. Female)

	
6

	
656

	
1.95 [1.24, 3.06]

	
0.004 *

	
50

	
0.08

	
Fixed




	
Age (<50 vs. >50)

	
6

	
656

	
1.21 [0.88, 1.67]

	
0.25

	
30

	
0.21

	
Fixed




	
BCLC Stage (A vs. B)

	
3

	
283

	
1.04 [0.11, 9.85]

	
0.97

	
90

	
<0.0001

	
Random




	
HBV History (Present vs. Absent)

	
5

	
498

	
1.04 [0.63, 1.70]

	
0.88

	
0

	
0.49

	
Fixed




	
Child Pugh Score (5 vs. 6)

	
2

	
261

	
0.84 [0.42, 1.67]

	
0.62

	
0

	
0.80

	
Fixed




	
AFP (ng/mL) (≤25 vs. ≥25)

	
6

	
646

	
0.85 [0.61, 1.18]

	
0.33

	
38

	
0.16

	
Fixed




	
Tumor Size (≤5 vs. ≥5)

	
6

	
646

	
2.08 [1.46, 2.98]

	
<0.0001 *

	
75

	
0.001

	
Fixed




	
Tumor Number (Single vs. Multiple)

	
4

	
451

	
1.16 [0.73, 1.86]

	
0.52

	
50

	
<0.11

	
Fixed




	
Tumor Stage (I + II vs. III + IV)

	
3

	
264

	
1.39 [0.70, 2.75]

	
0.35

	
0

	
0.54

	
Fixed




	
Cirrhosis (Positive vs. Negative)

	
3

	
305

	
0.34 [0.12, 0.95]

	
0.84

	
23

	
0.27

	
Fixed








Abbreviations: AFP, alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; CI, confidence interval; HBV, Hepatitis B virus; OR, odds ratio. * Statistically significant data.
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Table 4. Phase III clinical trials of immune checkpoint inhibitors for HCC.






Table 4. Phase III clinical trials of immune checkpoint inhibitors for HCC.





	
Clinical Setting

	
Regimen

	
Starting Date

	
Estimated Study Completion Date

	
Patients

	
Trial Name/Number






	
First-line systemic

	
Atezolizumab–cabozantinib

	
10 June 2018

	
1 December 2023

	
740

	
COSMIC-312/NCT03755791




	
SHR-1210-apatinib

	
10 June 2019

	
June 2022

	
543

	
NA/NCT03764293




	
Durvalumab–tremelimumab

	
11 October 2017

	
27 August 2024

	
1504

	
HIMALAYA/NCT03298451




	
Pembrolizumab–envatinib

	
31 December 2018

	
31 December 2023

	
794

	
LEAP-002/NCT03713593




	
Tislelizumab

	
28 December 2017

	
May 2022

	
674

	
RATIONLALE-301/

NCT03412773




	
Sintilimab-IBI305

(anti-VEGF)

	
11 February 2019

	
December 2022

	
595

	
ORIENT-32/

NCT03794440




	
Adjuvant resection/ablation

	
Nivolumab

	
18 April 2018

	
16 December 2025

	
545

	
CheckMate-9DX/

NCT03383458




	
Durvalumab–bevacizumab

	
29 April 2019

	
31 May 2024

	
908

	
EMERALD-2/

NCT03847428




	
Pembrolizumab

	
28 May 2019

	
30 June 2025

	
950

	
KEYNOTE-937/

NCT03867084




	
Atezolizumab–bevacizumab

	
31 December 2019

	
16 July 2027

	
668

	
IMbrave-050/

NCT04102098




	
Adjuvant TACE

	
Durvalumab or

Durvalumab–bevacizumab

	
30 November 2018

	
19 August 2024

	
724

	
EMERALD-1/

NCT03778957




	
Pembrolizumab–lenvatinib

	
22 May 2020

	
31 December 2029

	
950

	
LEAP-012/

NCT04246177




	
Nivolumab or Nivolumab–ipilimumab

	
15 September 2020

	
29 January 2024

	
26

	
CheckMate-74W/

NCT04340193




	
Adjuvant TACE beads

	
Nivolumab

	
8 May 2019

	
June 2026

	
522

	
TACE-3/NCT04268888
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