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PD-1 and PD-L1 are crucial regulators of immunity expressed on the surface of T cells and tumour cells, respectively. Cancer cells frequently use PD-1/PD-L1 to evade immune detection; hence, blocking them exposes tumours to be attacked by activated T cells. The synergy of PD-1/PD-L1 blockade with type I interferon (IFN) can improve cancer treatment efficacy. Type I IFN activates immune cells boosts antigen presentation and controls proliferation. In addition, type I IFN increases tumour cell sensitivity to the blockade. Combining the two therapies increases tumoral T cell infiltration and activation within tumours, and stimulate the generation of memory T cells, leading to prolonged patient survival. However, limitations include heterogeneous responses, the need for biomarkers to predict and monitor outcomes, and adverse effects and toxicity. Although treatment resistance remains an obstacle, the combined therapeutic efficacy of IFNα/β and PD-1/PD-L1 blockade demonstrated considerable benefits across a spectrum of cancer types, notably in melanoma. Overall, the phases I and II clinical trials have demonstrated safety and efficiency. In future, further investigations in clinical trials phases III and IV are essential to compare this combinatorial treatment with standard treatment and assess long-term side effects in patients.
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Introduction

Cancer cells frequently exploit the Programmed Cell Death 1 (PD-1) signalling pathway to evade immune surveillance. Antibodies (Abs) that target PD-1 and its ligand PD-L1 can rescue exhausted T cells and revive immune responses against cancer cells. To date, anti-PD-1 Abs (camrelizumab cemiplimab, dostarlimab, nivolumab, pembrolizumab, prolgolimab, sintilimab, tislelizumab, toripalimab and zimberelimab) and anti-PD-L1 Abs (atezolizumab, avelumab, and durvalumab) have been approved for treating Hodgkin lymphoma, urothelial, hepatocellular, oesophagal, renal cell carcinomas, malignant pleural mesothelioma, head and neck, colorectal, skin, non-small cell lung, gastric, gastroesophageal junction, bladder, cervical and endometrial cancers (1).

Effective control of tumours by PD-1/PD-L1 therapy is associated with a higher level of tumour-infiltrating lymphocytes (TILs) (2). However, anti-PD1/PDL1 therapy benefits only a subset of patients. (3), i.e. PD-1/PD-L1 blockade therapy may not be sufficient to (re-) activate tumour-specific T lymphocytes (even in the presence of TILs) leading to intrinsic resistance (4). Furthermore, after initial responses, a large group of responders may develop acquired resistance. Major histocompatibility complex (MHC) dysfunction has been identified as one of the main resistance mechanisms to PD-1/PD-L1 therapy because antigen presentation in the tumour microenvironment (TME) is primarily accomplished via the MHC class I pathway. Consequently, tumours can evade T cell killing through inactivating the MHC class I complex. In other words, the presence of putative tumour rejection antigens provided by dendritic cells (DCs) to cross-priming CD8+ T lymphocytes results in less anticancer activity and inefficacy of PD-1/PD-L1 blockade (3).

IFN type I (IFNα, IFNβ, IFNω, IFNε, and IFNк) has multiple anti-tumour activities, such as direct tumour cell killing and the stimulation of immune cells including DCs and CD8+ T cells (5–7). To date, IFNα/β have been approved for the clinical treatment of multiple malignancies (e.g., Kaposi’s sarcoma, melanoma and renal cell carcinoma). However, monotherapy of recombinant IFNα/β is not well tolerated when administered systemically (causing a range of side effects in humans including fatigue, fever, muscle aches, depression, and liver damage) (8). To overcome monotherapy challenges with either IFNα/β or PD-1/PD-L1 blockade therapies; a combination of these two immunotherapies has been proposed to circumvent the resistance to PD-1/PD-L1 therapies and improve patient outcomes. For example, in patients with immune cell-poor melanomas, stimulating type I IFN puts forwards a rational approach to boost the therapeutic benefits of PD-1/PD-L1 inhibition (9).

This review gathered and systematically analyses the latest developments in combining PD-1/PD-L1 blockade with type I IFN application in preclinical and clinical stages to shed light on the current status and future research.





Type I IFN reinvigorates immune cells: mechanism of action

Inducing efficient tumour-specific cytotoxic T-cell responses is one of the objectives of anticancer therapies. DC can stimulate cross-priming with CD8+ T cells, known as cross-presentation by which antigen-presenting cells present tumour-associated antigens on their MHC class-I molecule (5). Type I IFN stands among the most potent activators for DC-induced cross-priming. Preclinical evidence suggests that type I IFN-stimulated cross-priming of DC against tumour-associated antigen is crucial for cancer immunosurveillance and can be used to effectively increase anti-tumour CD8+ T-cell responses (5). Mechanistically, type I IFNs promote the production of IP-10/CXCL10, a chemokine for attracting effector T cells to the TME. Type I IFNs also induces overexpression of MHC class I on tumour cells enhancing the effector response of anti-tumour CD8+ T cell in the TME (10). However, Type I IFN expression is limited or repressed within the TME. For instance, reduced cGAS-STING pathway signalling in certain tumour cells and the enhanced degradation of DNA and antigen within the TME can inhibit innate sensing and type I IFN production (11). Thereby, the intravenous application of IFNα/β might be an option to overcome limited expression in the TME. For example, in melanoma patients, peritumoral injection of IFNβ is known for recruiting CD8+ cytotoxic T cells, into the TME. This finding may elucidate the therapeutic advantages of IFNβ in melanoma treatment (12). Furthermore, IFNβ favours a shift in the phenotypes of tumour-associated macrophages from M2 to M1 phenotype, thereby reducing the proportion of Tregs among TILs within the TME (13). In murine melanoma, IFNβ increases the effects of anti-PD-1 Abs against melanoma by preferentially drawing effector cells, rather than Tregs, to tumour sites (13).





Current status

Combining PD-1/PD-L1 blockade with type I IFN presents potential benefits, including the activation of innate and adaptive immune cells, enhancement of antigen presentation on DCs, induction of PD-L1 expression on tumour cells, and sensitising cancer cells to PD-1/PD-L1 blockade (14) (Figure 1). Several preclinical and clinical studies have demonstrated that combining PD-1/PD-L1 blockade with IFN shows a therapeutically synergistic effect by increasing intratumoral T cell infiltration and activation, generating memory T cells, and prolonging the survival of both animals and patients (14, 15) (Tables 1, 2).




Figure 1 | Schematic overview of cellular interaction after combinational treatment with type I IFN and PD-1/PD-L1 blockade. The treatment with anti-PD-1/PD-L1 Abs saves CD8+ T cells from exhaustion while targeting IFNα to the tumour microenvironment promotes the release of IP-10 from antigen-positive tumour cells increases T cell infiltration and improves CD4+ T cell function for anti-tumour immunity. Furthermore, MHC class I are upregulated on cancer cells increasing antitumor CD8+ T cell response. Also, IFNα activates DC-induced cross-priming by releasing IL-6.




Table 1 | Preclinical studies utilizing a combination of PD-1/PD-L1 blockade with type I IFN in cancer therapy.




Table 2 | Clinical trials of a combination of PD-1/PD-L1 blockade with type I interferon in cancer therapy.



To date, the phases I and II clinical trials (~130 patients in total) determined the optimal dose and showed that the combinatorial treatment of PD-1/PD-L1 blockade with IFNα/β is safe and efficient for particularly melanoma and to some extent for renal carcinoma patients (Table 2). Yet, further clinical phases III and IV trials are required to compare this combinatorial treatment with standard treatment and also to assess the side effects in the long term in patients. Later, other cancer types can also be evaluated in Phase III clinical trials for the effectiveness of this combinational treatment in larger populations.





Limitations and future prospects

Despite the determination of optimal dose and adverse effects of the combined type I IFN and PD-1/PD-L1 blockade therapy in phase I and II clinical trials (Table 2), challenges and limitations still include the need for biomarkers to predict and monitor treatment outcomes, understanding the tumour response across different cancer types and patients and more investigation on the optimal dose, timing and the potential toxicity and adverse events in later stages clinical trials (14). To address these limitations, the following suggestions might be considered.

Since the 1990s, clinical cancer research using DC-based vaccination has demonstrated validated safety and feasibility. However, DC vaccinations are still a new strategy for acute myeloid leukaemia (5-year overall survival rate >30%). Limitations include weak immune responses, time-consuming processes and high costs (27). Therefore, DC vaccination combined with immune checkpoint blockades such as PD-1 Abs may enhance DC-mediated activation of NK and T cells and prevent Treg stimulation (27, 28). In 2018, a phase II clinical trial indicated that activated autologous DC paired with PD-1 blockade (pembrolizumab) has a positive effect in patients with advanced solid tumours (ORR ~22%). This approach enabled the release of the brake on active T cells by inhibiting the PD-1/PD-L1 checkpoint leading to increased immune responsiveness and tumour elimination (29). In addition, both preclinical and clinical studies have indicated that combining DC vaccination and IFNα can reinvigorate the immune response against cancer cells, leading to improved outcomes (30). Thus, a combination of PD-1/PD-L1 checkpoint inhibitors with DC vaccines (reinvigorated by IFNα) might be a viable strategy to stimulate the patient’s immune system against the tumour in advance (30).

In contrast to general positive perception towards combined type I IFN and PD-1/PD-L1 blockade, one study debated that sustained type I IFN signalling may contribute to resistance to PD-1/PD-L1 blockade, by inducing nitric oxide synthase 2 (NOS2) expression in tumour and DCs, leading to T cell dysfunction and Treg accumulation (31). Also, resistance to anti-PD-1 monotherapy in melanoma patients was correlated with the induction of a type I IFN signature (31). Hence, this controversy may require more investigation in future.

Overall, the prospective effectiveness of a combined PD-1/PD-L1 blockade with type I IFN in cancer treatment depends on numerous factors including the type and dose of IFNα/β, the timing and duration of treatment, the tumour type and stage of cancer, the genetic and epigenetic alterations of tumour cells, the immune status of patients, and the interactions with other therapeutic interventions. Additional preclinical and clinical studies are crucial to elucidate the optimal conditions and underlying mechanisms of this combination strategy.





Conclusion

PD-1 serves as a receptor on T cells whereas PD-L1 is a ligand present in cancer cells or antigen-presenting cells, the latter of which exposes antigens to T cells. The binding of PD-1 and PD-L1 sends a signal that reduces the activity and survival of T cells. By blocking PD-1/PD-L1 interaction, the immune response against cancer cells can be enhanced.

Type I IFN represents a family of cytokines that exhibit dual roles in cancer immunity, manifesting both beneficial and detrimental effects. On one hand, type I IFN can increase the expression of antigens and co-stimulatory molecules on cancer cells and antigen-presenting cells, thereby increasing their visibility to T cells. Type I IFN can also stimulate the production and function of T cells and other immune cells, such as NK cells and DCs. On the other hand, type I IFN can induce the expression of PD-L1 inhibiting T cell function. Type I IFN also activates the NOS2 enzyme, which through the production of nitric oxide, can suppress T cell activity and promote the accumulation of Treg, subsequently followed by suppression of other immune cells.

Overall, the phases I and II clinical trials have demonstrated safety and efficiency, particularly for melanoma patients and to some extent for renal carcinoma patients. Further investigations in clinical trials phases III and IV are still needed to compare this combinatorial treatment with standard treatment and assess long-term side effects in patients. Later, other cancer types can also be evaluated in Phase III clinical trials for the effectiveness of this combinational treatment in larger populations.
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IFNo induces PD-1 expression in antigen-specific CD8" T cells and on TCR-engaged mouse T cells through the IFN-
responsive factor 9.

Anti-PD-1-blockade Ab along with poly (I:C) treatment regressed the established mouse melanomas, and increased
survival time when compared to poly (I:C) treatment alone (126 + 16 vs. 97 + 13 days). But anti-PD-1 Ab alone did not
demonstrate any effect. As a result, targeting type I IFNs in conjunction with blocking the PD-L1-PD-1 signalling pathway
can be a strategy for extending immune surveillance.

Peritoumorally administered IFNB increases PD-1 expression on TILs, boosts anti-PD-1 Ab’s anti-tumour immune
response, and reduces mRNA expression and Th2-related chemokine production, thereby suppressing Treg recruitment.
While the combination treatment with anti-PD-1 Ab increased the therapeutic impact of IFNp.

Co-culture of melanoma cells with immune cells increases tumour cell PD-L1 expression. The interferon-related secretome
also promotes PD-L1 expression.

IFNo-derived AcTaferon-targeting melanoma displayed more potent antitumor activity (>1,000-fold) compared to wild-
type IFNc. Combined with anti-PD-L1 Ab blockade complete tumour regression was observed without toxicity.

Treatment of tumours with CD20-targeted AcTaferon (coupled hIFNa2-Q124R9 to PD-L1 Ab targeting mCD20)
significantly shrunk tumour growth compared to anti-PD-L1 Ab treatment alone (P < 0.0001). Accordingly, combinational
treatment may convert nonresponding tumours into responders.

Local delivery of IENG. restores antigen presentation but upregulates PD-L1 dampening subsequent T-cell activation. To
overcome therapy resistance. The fusion protein of IFNo-anti-PD-L1 can create feedforward synergistic effects activating
IFNAR signalling in host cells.

IFNo-2b treatment of DC increased the surface expression of PD-LI, the release of IL-6, whereas decreased IL-12
production. IFNo:-2b inhibits DC stimulation by inducing STAT3/p38-mediated expression of PD-L1.

IFNB upregulates the expression of PD-1 on NK cells (5-fold) and increased the expression of PD-L1 on neural progenitor
cells (6 to 13-fold). Concurrent treatment of NK- and neural progenitor cells with IFNp before coculture caused NK cells
to release intracellular TRAIL and lowered cytotoxicity.

Anti-PD-L1-mIFNa. promotes IP-10 release from antigen-positive tumour cells, increasing T cell infiltration, and
improving effector T cell function for anti-tumour immunity. Also, it upregulates MHC class I on tumour cells, increasing
the response of the antitumour CD8" T cells. Hence, the anti-PD-L1-mIFNo. moiety can be a useful method for reducing
tumour resistance to PD-L1 inhibition.

The combination of PD-1 inhibition with pegylated-IFNo: had a synergistic effect, increased the efficacy of PD-1 Ab and
restored CD8" T cell cytotoxicity. i.e., improved T-cell infiltration and significantly extended mouse survival compared to
control or single agent (p<0.01). Pegylated-IFNo. induces tumour cells to secrete the chemokine CCL4 and recruits
cytotoxic CD8" T cells to infiltrate the TME, consequently overcoming immune responses by increasing PD-1 expression
in CD8" T cells via the IFNARI-JAK1-STATS3 signalling pathway.
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The combined safe dose was determined to be 3x10° units. The rate of complete
tumour response was ~22% (95% CI), higher than nivolumab alone (~9%). Overall,
IFNB does not increase the rate of immune-related adverse events and may even
enhance nivolumab’s anti-melanoma effects.

The combinatorial treatment was well-tolerated and showed promising efficacy in the
treatment of melanoma. Additionally, the treatment was found to have a positive impact
on the T-cell repertoire enhancing the immune response against melanoma cells.

The standard dose (2 mg/kg) of pembrolizumab plus pegylated IFNo-2b (1 ug/kg/
week) was identified as the maximum tolerated dose. However, a poor tolerability
profile and minimal antitumor activity were observed.

The combinational treatment pembrolizumab (2 mg/kg) and pegylated-IFN (3 ug/kg)
per week showed to be an active and safe option for patients with the objective
response rate (ORR) ~23%.

The combinatorial treatment was largely well-tolerated, with side effects being mild or
moderate. The overall response rate was 61%, with 14 patients having a complete or
partial response. The pathologic response rate was 78%, indicating significant tumour
shrinkage with a median disease-free survival (~22 months) and a 2-year overall
survival rate (74%). Overall, the treatment was considered efficient with
hypophosphatemia and fatigue as side effects.

Prior pegylated IFN0-2b therapy improved the efficacy of subsequent adjuvant
pembrolizumab and increased recurrence-free survival (median 8.5 vs. 4.5 months).

C

al stage

Phase I, IENB plus nivolumab in metastatic melanoma
(9 patients).

Phase I, a combination treatment of neoadjuvant
ipilimumab (3 mg/kg or 10 mg/kg) and high dose IFNo.-2b
in patients with advanced melanoma (30 patients).

Phase Tb, combining pembrolizumab with either pegylated
IFMa:-2b for the treatment of advanced melanoma or renal
cell carcinoma (17 patients)

Phase Ib/I1, a combination of pembrolizumab and
pegylated-TFNo-2b in metastatic melanoma (PD-1-naive
melanoma) (26 patients)

Phase Ib/I1, neoadjuvant pembrolizumab (200 mg
intravenously every 3 weeks) and high-dose TFNo-2b
(intravenously 20 MU/m?/day, 5 days/week for 4 weeks,
followed subcutaneously 10 MU/m*/day, 3 days/week for 2
weeks) were given to resectable stage 111 melanoma in two
cycles before surgery (30 patients).

Clinical retrospective analysis for melanoma (25 patients)

Reference

(6)

(22)

(23)

(24)

(25)

(26)





