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Abstract
Hepatitis B virus (HBV) reactivation is a clinically significant challenge in disease management. This review explores the immunological mechanisms underlying HBV reactivation, emphasizing disease progression and management. It delves into host immune responses and reactivation’s delicate balance, spanning innate and adaptive immunity. Viral factors’ disruption of this balance, as are interactions between viral antigens, immune cells, cytokine networks, and immune checkpoint pathways, are examined. Notably, the roles of T cells, natural killer cells, and antigen-presenting cells are discussed, highlighting their influence on disease progression. HBV reactivation’s impact on disease severity, hepatic flares, liver fibrosis progression, and hepatocellular carcinoma is detailed. Management strategies, including anti-viral and immunomodulatory approaches, are critically analyzed. The role of prophylactic anti-viral therapy during immunosuppressive treatments is explored alongside novel immunotherapeutic interventions to restore immune control and prevent reactivation. In conclusion, this comprehensive review furnishes a holistic view of the immunological mechanisms that propel HBV reactivation. With a dedicated focus on understanding its implications for disease progression and the prospects of efficient management strategies, this article contributes significantly to the knowledge base. The more profound insights into the intricate interactions between viral elements and the immune system will inform evidence-based approaches, ultimately enhancing disease management and elevating patient outcomes. The dynamic landscape of management strategies is critically scrutinized, spanning anti-viral and immunomodulatory approaches. The role of prophylactic anti-viral therapy in preventing reactivation during immunosuppressive treatments and the potential of innovative immunotherapeutic interventions to restore immune control and proactively deter reactivation.

Keywords: Hepatitis B virus reactivation; Immunological mechanisms; Disease progression; Management strategies; Immune response

Ma H, Yan QZ, Ma JR, Li DF, Yang JL. Overview of the immunological mechanisms in hepatitis B virus reactivation: Implications for disease progression and management strategies. World J Gastroenterol 2024; In press

Core Tip: Hepatitis B virus (HBV) reactivation poses a substantial clinical challenge, demanding a nuanced understanding of immunological mechanisms for effective management. This comprehensive review navigates the intricate landscape of HBV reactivation, spotlighting the delicate balance between host immune responses and viral factors. Emphasis is placed on the roles of T cells, natural killer cells, and antigen-presenting cells in disease progression, alongside the repercussions on severity, hepatic flares, liver fibrosis, and hepatocellular carcinoma. Critical analysis of management strategies, spanning anti-viral and immunomodulatory approaches, informs evidence-based practices. Prophylactic anti-viral therapy’s role during immunosuppression and the potential of innovative immunotherapies are explored, contributing significantly to informed disease management and improved patient outcomes.

INTRODUCTION
Hepatitis B virus (HBV) infection is a significant global health challenge, affecting two billion individuals worldwide. It is a major cause of chronic liver diseases, including Cirrhosis and hepatocellular carcinoma, and 820000 individuals succumbed to diseases associated with HBV in 2019. In 2016, it was estimated that over 86 million individuals in China were afflicted with chronic HBV infection, accounting for approximately 6.1% of the total population[1]. HBV is primarily transmitted through contact with infected blood bodily fluids or from mother to child during childbirth. The infection can lead to a broad spectrum of outcomes, ranging from asymptomatic carrier states to acute hepatitis, chronic hepatitis, and even death in severe cases[2]. Chronic HBV infection poses a particularly concerning scenario, as it can lead to long-term complications such as primarily targeting the liver, leading to inflammation, liver fibrosis, cirrhosis, and an increased risk of liver cancer[3]. Developing effective prevention strategies, including vaccination and anti-viral treatments, has significantly contributed to reducing the burden of HBV infection, although challenges remain, especially in regions with high prevalence rates. While advancements in anti-viral therapies have improved outcomes for many patients, the virus can persist in a latent state within the body, posing the risk of reactivation[4,5].
HBV reactivation is characterized by the sudden reappearance or upsurge of HBV DNA in the bloodstream of individuals who had previously had inactive or resolved HBV infection. The reactivation, also known as flare or exacerbation, of hepatitis B is distinguished by a sudden increase in serum alanine aminotransferase (ALT) levels. Typically, the term “it” denotes a sudden elevation in serum ALT levels that surpasses 5-10 times the upper limit of normal or exceeds 3 times the initial baseline level. Mutations in the HBV genome, immunosuppressive therapy, and viral or drug-induced injury are common reactivation causes. The leading factor contributing to acute liver injury in individuals with chronic hepatitis B (CHB) in Eastern areas has been identified. It has been predicted that around 250 million individuals are affected by CHB[6-8]. The leading cause of HBV reactivation is an imbalance between the host’s immune response and virus replication. This phenomenon is of particular concern in individuals undergoing immunosuppressive therapies, such as chemotherapy or transplantation, chronic inflammatory diseases, and those with compromised immune systems[9,10].
According to prior research, HBV reactivation after chemotherapy has been shown in multiple studies, with a median of 4 months (range, 1-9 months) separating the start of reactivation from the end of chemotherapy. In patients with chronic HBV who have positive serum hepatitis B surface antigen (HBsAg), the rate of HBV reactivation ranges from 24-88%, while in those with positive HBcAb, it ranges from 3%-22%. There is a 23%-71% mortality rate in cases of HBV reactivation[11,12]. The rate of HBV reactivation in cancer patients with a history of HBV infection following chemotherapy or immunosuppressive medication was found to be 25%, ranging from 4% to 68%. Around 65% of these individuals experienced disease progression, potentially leading to hepatic failure, necessitating either liver transplantation or death[13]. A new research study conducted in Egypt investigated the occurrence of HBV reactivation in patients who were positive for HBsAg and undergoing treatment with direct-acting anti-virals for the hepatitis C virus. The study revealed that 28.6% of the patients experienced HBV reactivation, although only 10.0% exhibited liver hepatitis[14,15].
Therefore, understanding the immunological mechanisms underlying HBV reactivation is crucial for developing effective management strategies to mitigate its potential impact on disease progression and patient outcomes. The immune system plays a central role in controlling HBV infection and contributing to the potential for reactivation[16]. Dissecting these mechanisms provides insights into the delicate balance between viral suppression and immune responses, which, when disrupted, can lead to HBV reactivation and its associated complications. By unraveling the intricate interplay between viral factors, immune cells, and signaling pathways, researchers and clinicians understand how reactivation occurs and its implications for disease advancement[17]. Furthermore, insights into the immunological underpinnings of HBV reactivation offer opportunities to develop targeted and personalized management strategies. Leveraging this understanding, healthcare professionals can tailor therapeutic interventions to bolster the immune response and prevent reactivation in vulnerable populations[18]. This knowledge can guide the design of prophylactic anti-viral therapies for individuals undergoing immunosuppressive treatments, reducing the risk of HBV reactivation and its potential impact on liver function. Additionally, insights into immunomodulatory mechanisms can inform the exploration of novel therapeutic approaches that restore immune control over HBV, potentially leading to innovative immunotherapies[19]. Thus, comprehending the immunological intricacies of HBV reactivation not only enhances our understanding of disease progression but also empowers the medical community to devise more effective and targeted strategies for its management[20,21].
This review explores the intricate immunological mechanisms underlying HBV reactivation and its profound implications for disease progression and management. With a primary focus on immunological aspects, the review delves into the dynamic interactions between host immune responses and HBV reactivation, shedding light on the intricate processes that govern this phenomenon. By dissecting the roles of various immune cells, cytokine networks, and signaling pathways, the review seeks to elucidate the underlying mechanisms contributing to HBV reactivation, providing a foundation for understanding its impact on disease severity. Moreover, the review highlights the potential of immunomodulatory strategies and anti-viral interventions in effectively managing HBV reactivation, aiming to inform evidence-based approaches that enhance patient care and outcomes.

POSSIBLE IMMUNOLOGICAL MECHANISMS OF HBV REACTIVATION
HBV reactivation is characterized by the sudden return or increase in the concentration of HBV DNA in the serum of individuals who have previously experienced resolved or dormant chronic HBV infection. The administration of either anti-cancer drugs, immunosuppressive medicines, or biological therapy can initiate this occurrence. CD8 T cell exhaustion resulting from the overexpression of PD-1 is observed in persistent viral infections, such as chronic hepatitis B[22,23] (Figure 1).

HBV reactivation and innate immunological response in the host
The innate immune responses serve as the initial barrier of immunological protection against viral, bacterial, and tumorous pathogens. Soluble factors such as complement components, chemokines, and cytokines constitute integral components of the innate immune system. Granulocytes, dendritic cells (DCs), macrophages, mast cells, and natural killer (NK) cells play crucial roles as effector cells in various biological processes. The initiation of an effective innate immune response typically occurs when pathogen-associated molecular pattern (PAMP) molecules interact with pattern recognition receptors (PRRs)[24,25]. This interaction triggers the production of chemokines and pro-inflammatory cytokines and the activation of innate immune cells. Consequently, this immune response eliminates viral pathogens[26]. Immune system dysfunction plays a pivotal role in HBV reactivation, with impaired host immune responses against HBV-infected cells as a central mechanism.

Interferons type I and HBV reactivation: Interferons type I (IFN-1) plays a crucial role in orchestrating the immune response during the reactivation of HBV. When viral components are recognized by PRRs such as Toll-like receptors (TLRs), retinoic acid-inducible gene I (RIG-I)-like receptors, and melanoma differentiation-associated protein 5, in liver cells known as hepatocytes and hepatic DCs, it leads to a reduced response to PAMPs and a compromised production of IFN-I, which include IFN-alpha and IFN-beta[27,28]. According to a report by Faure-Dupuy and Baumert[29], it has been found that HBV infection leads to an increase in the expression of microRNA-146a (miR-146a) in liver cells. This increase in miR-146a subsequently inhibits the expression of RIG-I-like receptors. According to Faure-Dupuy and Baumert[29], IFN-I production is suppressed.
Furthermore, Wang et al[30] revealed that HBsAg, hepatitis B e antigen (HBeAg), hepatitis B x, and HBV virions possess the capability to impede the synthesis of IFN-β, hence reducing mitochondrial anti-viral signaling (MAVS) and disrupt the link between MAVS and RIG-I. The study conducted by Yang et al[31] demonstrates that IFN-I can directly reduce HBV infection by activating IFN-stimulated genes upon binding to the IFN receptor. This activation subsequently impedes viral replication. Nevertheless, HBV can substantially impair the signal transduction triggered by IFN-I and attenuate the immunological responses facilitated by IFN-I[31].
Moreover, the work conducted by He et al[32] demonstrates that the regulatory effects of IFN-α on HBV covalently closed circular DNA (cccDNA) can be linked to its capacity to disrupt the methylation and succinylation of histone H3 lysine residues, which is mediated by the general control non-depressible (GCN5) enzyme. As mentioned above, the disruption finally results in eradicating HBV cccDNA. The effect of IFN-α on the regulation of HBV cccDNA can be attributed to its ability to disrupt the methylation succinylation process of histone H3 Lysine, which is facilitated by GCN5[32]. According to Wei et al[33], the researchers have noticed that MX dynamin-like GTPase 2 exhibits an inhibitory effect on converting relaxed circular DNA into cccDNA of the HBV. This inhibitory effect indirectly leads to a decrease in the quantity of cccDNA. Bratulic et al[34] demonstrated that IFN-α can induce the synthesis of soluble constituents that can successfully rival HBV in their affinity for heparin glycosaminoglycans, hence hindering the HBV infection process. This finally results in the augmentation of adaptive immune responses. However, chronic HBV infection can result in the impairment of IFN-I signaling. This impairment allows the virus to evade the host’s immune defenses and contributes to reactivation.

DCs and HBV reactivation: DCs play a pivotal role in shaping the immune response during HBV reactivation by bridging the gap between innate and adaptive immunity[35]. Previous studies conducted by Soto et al[36] have shown compelling evidence suggesting that persons diagnosed with CHB demonstrate a significant reduction in the quantity of peripheral blood DCs in comparison to individuals without the condition. A decline follows the decrease in DCs’ functional capacity, directly leading to the impairment of HBV-specific T-cell activity. As professional antigen-presenting cells, DCs are essential for initiating and directing immune responses upon encountering viral antigens[37,38]. During HBV reactivation, infected hepatocytes release viral antigens captured by DCs, which then migrate to secondary lymphoid tissues to present these antigens to T cells. Feola et al[39] revealed that DCs activate CD8+ cytotoxic T lymphocytes (CTLs) by presenting HBV-derived peptides in the context of primary histocompatibility complex class I (MHC-I) molecules. This primes CTLs to recognize and eliminate HBV-infected cells, contributing to viral control.
However, DCs can exhibit functional impairment in chronic HBV infection, including reduced antigen presentation capacity and altered cytokine production (Table 1). These deficits can hinder the activation of effective anti-viral T-cell responses, potentially leading to viral persistence and reactivation[40]. Tang et al[41] conducted an in vitro investigation wherein DCs obtained from healthy individuals were cultivated with HBV DNA. The study revealed decreased functionality of DCs when exposed to HBV DNA. However, the addition of lamivudine resulted in a reduction of HBV DNA levels and a subsequent recovery of DC function. These findings show a direct impact of HBV on the functionality of DCs[41].
Furthermore, the role of DCs in HBV reactivation extends beyond antigen presentation. DCs secrete cytokines and chemokines that modulate the immune response’s direction and magnitude. For instance, DCs release interleukin-12 (IL-12) and IL-18, promoting the differentiation of T helper 1 (Th1) cells that enhance anti-viral immune responses[42,43]. However, the immunosuppressive cytokine IL-10 produced by DCs can inhibit immune activation and lead to immune tolerance, facilitating viral persistence. Additionally, DCs can interact with other immune cells, such as NK cells and regulatory T cells (Tregs), influencing their activity and contributing to the delicate balance between immune control and tolerance[44,45]. Further research is necessary to investigate the mechanisms underlying DC impairment resulting from HBV reactivation.

Reactivation of HBV in macrophages and monocytes: Macrophages and monocytes, key innate immune system components, play intricate and interrelated roles in HBV reactivation. These versatile phagocytic cells are pivotal in recognizing, engulfing, and eliminating viral particles and infected cells. Monocytes, circulating precursors of macrophages, are recruited to sites of infection, where they differentiate into tissue-resident macrophages specialized in responding to viral threats[46]. Upon encountering HBV antigens, monocytes and macrophages initiate a cascade of immune responses. Macrophages release pro-inflammatory cytokines, such as IL-1 beta (IL-1β), IL-6, and tumor necrosis factor-alpha (TNF-α), creating an inflammatory microenvironment that attracts and activates other immune cells[47,48] (Table 1). Macrophages play a significant role in antigen presentation, wherein they present viral peptides to adaptive immune cells, specifically CD4+ and CD8+ T cells, to elicit targeted immune responses[49].
Macrophages help to contain viral replication and reduce viral load by phagocytosing infected hepatocytes. Monocytes and macrophages are also involved in the phagocytosis and clearance of viral particles and infected hepatocytes, contributing to viral containment. By phagocytosing infected hepatocytes, macrophages help to contain viral replication and reduce viral load[50,51]. The dynamic interplay between macrophages and monocytes in HBV reactivation extends beyond their direct anti-viral functions. HBV has evolved strategies to modulate the polarization and activity of these immune cells. While macrophages exhibit plasticity between M1 (pro-inflammatory) and M2 (anti-inflammatory) phenotypes, chronic HBV infection may promote an immunosuppressive M2-like phenotype, which could contribute to impaired viral clearance and immune evasion[52]. Monocytes and macrophages are also key players in initiating and maintaining inflammation-induced tissue damage. Their interactions with hepatic stellate cells (HSCs) and other liver-resident cells can contribute to fibrosis, a hallmark of chronic HBV infection[53,54].

Neutrophils and HBV reactivation: Neutrophils, prominent members of the innate immune system, play a complex and multifaceted role in HBV reactivation. These rapid-response immune cells are attracted to sites of infection in response to chemotactic signals and are involved in both antimicrobial and inflammatory functions (Table 1). Neutrophils release antimicrobial proteins and reactive oxygen species, killing viral particles and infected hepatocytes[55]. However, excessive neutrophil activation can lead to tissue damage and inflammation, potentially exacerbating liver injury. Neutrophils also contribute to immune surveillance by forming neutrophil extracellular traps (NETs), web-like structures composed of DNA and antimicrobial proteins, which can capture and neutralize pathogens, including HBV[56]. For example, Maronek and Gardlik[57] explained that patients diagnosed with liver cirrhosis demonstrate a reduced capacity of neutrophils to discharge NETs. This impairment concomitates a decline in CD69 and CD80 expression.
Moreover, the study conducted by Ramakrishnan et al[58] showed that antigens linked to HBV, namely HBeAg and hepatitis B core antigen (HBcAg), exhibit the ability to diminish the release of NETs through the inhibition of p38 mitogen-activated protein kinase (MAPK) and ERK activation, as well as autophagy. Utilizing this mechanism facilitates the evasion of the immune response by the HBV, therefore enhancing its reproduction and ensuring its prolonged survival[58]. The intricate balance between neutrophils’ beneficial anti-viral effects and their potential to induce tissue damage underscores their role in the delicate immune response during HBV reactivation, highlighting the need for a comprehensive understanding to inform potential therapeutic strategies that harness their anti-viral potential while minimizing detrimental effects.

NK cells and HBV reactivation: Impairment of NK cells has been recognized as a significant factor in the reactivation of HBV infection. NK cells play a crucial role in the body’s defense against viral infections and tumors, primarily by identifying and eliminating infected or malignant cells. However, during HBV reactivation, the activity and function of NK cells can be compromised, leading to inadequate immune responses and allowing the virus to replicate and increase. This impairment may result from various factors, including HBV-induced changes in the expression of activating receptors on NK cells and the production of inhibitory cytokines that dampen NK cell function[59,60]. Poor prognosis and survival in individuals with liver cancer have been associated with the persistence of CHB infection and the development of hepatocellular carcinoma (HCC). As Chu et al[61] reported, hepatic NK cell activity is reduced, and NK cell receptors are expressed abnormally. According to the findings of Zhang et al[62], the levels of activating receptors such as NKp30, NKp46, and NK group 2 member D, as well as cytokines such as IFN- and TNF-, are significantly decreased in those who have been diagnosed with chronic hepatitis B (Table 1)[63-69]. These receptors include NKG2A, IL-10, T cell immunoglobulin, and mucin domain-containing protein 3 (Tim-3)[62,63].
Furthermore, in the context of CHB infection, Marotel et al[70] observed a correlation between the poor functionality of NK cells and the reduced expression of CD122. CD122 is the shared β chain of the IL-2 receptor found on CD56dim NK cells. You et al[71] explained. The precise effects of circulating antigens associated with HBV, such as Hepatitis B surface antigen (HBsAg) and HBeAg, on suppressing NK cells remain uncertain. Researchers have observed the limitation of NK cell cytotoxicity and cytokine production by HBsAg and HBeAg. This limitation occurs through interference with the activation of STAT1, nuclear factor-kappa B (NF-κB), and p38 MAPK[71]. Cao et al[72] showed that the reduction in STAT3 expression induced by HBsAg is associated with degranulation and cytokine production in people diagnosed with HBeAg-negative chronic hepatitis B. Monocytes treated with HBsAg can transform NK cells into regulatory NK cells that produce IL-10. This transformation is facilitated by signals from PD-L1 and MHC class I and E, and it plays a role in the persistence of chronic hepatitis B infection[72]. The study by Kar et al[73] revealed that exosomes derived from patients with CHB have a role in the transportation of HBV nucleic acids to NK cells. This process suppresses NK cell activity during HBV infection, achieved through inhibiting several signaling pathways, including RIG-I, NF-κB, and p38 MAPK (Figure 1).

HBV reactivation and adaptive immunological response in the host
T-lymphocytes and HBV reactivation: T-lymphocytes (T cells), central players in adaptive immunity, profoundly influence the dynamics of HBV reactivation through their multifaceted roles in viral clearance and immune regulation. HBV-infected hepatocytes are easily identifiable and eliminated by CD8+ CTLs. CTLs directly induce apoptosis in infected cells by recognizing viral peptides displayed on MHC-I molecules[74,75]. During acute HBV infection and reactivation, robust CTL responses are associated with viral control and recovery. However, chronic HBV infection can lead to T-cell exhaustion and functional impairment (Table 1), allowing the virus to persist[76]. According to Jin and Bi[66], a microarray study shows that HBV significantly increases the expression of Bcl-2-like protein 11 in HBV-specific CD8+ T cells, pointing to a critical mechanism for CD8+ T cell depletion during CHB infection. Inhibitory receptors such as PD-1, CTLA-4, CD244 (2B4), Tim-3, and lymphocyte activation gene 3 are present on exhausted HBV-specific CD8+ T cells, and these receptors closely resemble the transcriptional patterns of CD8+ T cells[66,77].
Furthermore, Tregs, a subset of CD4+ T cells, play a role in maintaining immune tolerance and preventing excessive inflammation. While their role is critical for immune homeostasis, the expansion of Tregs during chronic HBV infection can hinder effective anti-viral immune responses and contribute to viral persistence (Table 1). CD4+ T helper (Th) cells also coordinate immune responses[37,38,78]. Previous research shows that HBV-related antigens, namely HBcAg and HBsAg, can increase CD4+ T cell production of inhibitory molecules. Chuang et al[67] found that HBcAg enhanced PD-1 expression on CD4+ T cells, disrupting their function via JNK, ERK, and PI3K/AKT signaling pathways[79]. Moreover, the expression of human protein inhibitors of activated STAT1 (dependent on ERK and p38 MAPK signaling pathways) increased in CHB patients, making standard therapies ineffectual. CD4+ T cells develop into Foxp3+ Treg cells, which release inhibitory cytokines IL-10 and TGF-β, leading to a decline in HBV-specific CD8+ T cells[80]. According to Churiso et al[69], CD4+ T cells directly influence HBV clearance by regulating CD8+ T cells. IFN- is secreted by Th1 cells to activate macrophages and CTLs, boosting anti-viral activity. Th2 and Th17 cells may promote inflammation (Table 1), contributing to liver damage. Furthermore, the balance between different subsets of T cells shapes the immune response during HBV reactivation.

B-lymphocytes and HBV reactivation: B-lymphocytes (B cells), prominent components of the adaptive immune system, contribute to the complex immunological landscape of HBV reactivation through their roles in antibody production, immune regulation, and memory formation. Upon encountering viral antigens, B cells undergo activation, leading to the differentiation of plasma cells that secrete antibodies specific to HBV components. These antibodies, including anti-HBs and anti-HBc, can neutralize viral particles and contribute to viral clearance[81]. A prior study indicated a decrease in HBsAg-specific B cells in CHB patients. CHB patients also had deficient anti-HB production (Table 1). It was found that HBsAg-specific B cells in CHB patients had a CD21-CD27-atypical memory B cell (atMBC) phenotype with high levels of inhibitory receptors like PD-1, BTLA, and CD22[82,83]. AtMBCs in CHB patients have decreased survival, proliferation, and cytokine production and cannot develop into antibody-producing plasma cells, resulting in reduced humoral immune responses. Vanwolleghem et al[68] discovered that HBcAg binding to B cells leads to increased expression of inhibitory receptors FcRL4 and FcRL5, dysfunctional phenotypes, and suppressed B cell proliferation (Table 1) and activation via B cell receptor and TLR signaling[68,84].
Furthermore, Ma et al[85] revealed that B cells also play a role in immune regulation and memory formation during HBV reactivation. Regulatory B cells (Bregs) have immunosuppressive functions and can modulate immune responses to prevent excessive inflammation. Bregs produce anti-inflammatory cytokines and interact with Tregs, influencing the balance between pro-inflammatory and anti-inflammatory immune pathways. Likewise, HBeAg can stimulate the activation of B cells by promoting the production of B-cell activating factors through the secretion of IL-6 and IFN-γ. It is indicated that IL-6, in turn, can play a role in fighting against HBV by inducing the decay of cccDNA, reducing HBV transcription, and downregulating the NTPC receptor[86].
Moreover, B cells contribute to the formation of memory responses. Lam et al[87] reported that memory B cells generated during acute HBV infection could provide rapid and robust antibody responses upon re-exposure to the virus, contributing to subsequent immune control. However, chronic HBV infection can lead to B cell dysfunction, impaired antibody responses, and immune tolerance.

IMPLICATIONS FOR HBV DISEASE PROGRESSION
Exacerbations in liver inflammation
The escalation of hepatic inflammation is a crucial factor that highlights the possibility of severe consequences, such as fulminant hepatitis (FH). The reactivation of HBV elicits a renewed phase of viral replication and the subsequent release of viral antigens, hence inducing an intensified immune response. The activation of the immune system leads to the migration of immune cells, including macrophages, neutrophils, and T cells, into the liver[88,89]. According to Shi et al[90], it was found that liver injury occurring during a spontaneous exacerbation is likely influenced by an increased population of T cells that exhibit reactivity towards HBeAg and HBcAg, which demonstrate cross-reactivity at the T-cell level. These cells then release a wide range of pro-inflammatory cytokines and chemokines. Kawagishi et al[91] reported study showed elevated levels of pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6.
Furthermore, Liu et al[93] have shown that chemokines such as CCL2 (MCP-1), CXCL8 (IL-8), and CXCL10 (IP-10) are consistently found in liver inflammation associated with HBV reactivation. These chemokines play crucial roles in attracting immune cells to the liver parenchyma. The resultant inflammatory milieu exacerbates hepatocellular damage and liver inflammation, leading to potentially severe clinical outcomes[92,93].
Moreover, the heightened liver inflammation that occurs after the reactivation of the HBV is of concern due to its correlation with FH. FH is a term used to describe the development of hepatic encephalopathy, which characterizes a severe clinical manifestation of hepatitis, including abrupt onset, rapid progression, complex clinical presentations, and unfavorable prognostic outcomes. It may cause 5%-18% of FH in Europe, 13%-15% in Bangladesh and India, and 22% in Sudan. HBV accounts for approximately 7% of United States FH cases[92]. The study by Xu et al[94] sheds light on the alarming phenomenon of FH resulting from HBV reactivation. Their research delves into the mechanisms underlying this severe condition, emphasizing the critical role of immune responses in HBV reactivation-related liver damage. Through a comprehensive analysis of clinical cases and molecular studies, Smith et al[87] elucidate the intricate interplay between viral factors, host immune responses, and the hepatic microenvironment, contributing to the development of FH. Their findings underscore the urgent need for vigilant monitoring and proactive management strategies in patients at risk of HBV reactivation, particularly those undergoing immunosuppressive treatments or chemotherapy[95]. The early onset of acute liver failure is attributed to the destructive effects of HBV reactivation-induced immunological responses, which are accompanied by the substantial release of inflammatory mediators. This situation can result in hepatic encephalopathy, coagulopathy, and multi-organ failure[96].

Liver fibrosis and cirrhosis
Liver fibrosis and Cirrhosis are complex clinical phenomena that the reactivation of HBV can further aggravate. The reactivation of HBV initiates a cascade of immunological reactions that facilitate the attraction and stimulation of various immune cells, such as macrophages, T cells, and neutrophils, within the milieu of the liver[49,97]. According to Lee et al[98], these immune cells release cytokines, chemokines, and profibrotic mediators that cause HSCs to change phenotypically into myofibroblast-like cells. The excessive synthesis and accumulation of extracellular matrix components by the activated HSCs contribute to fibrotic scarring. The chronic activation of the immune system resulting from HBV reactivation leads to the continuous presence of immune cells and the ongoing production of inflammatory mediators, which produce an environment favorable for the sustained development of fibrosis[46,47,99].
Moreover, in their study, Jagdish et al[100] discussed the complex immunological mechanisms and intricate feedback loops that contribute to the pathophysiological processes of liver fibrosis and Cirrhosis in the context of HBV reactivation, according to examination by Peiseler et al[101], immune cell activation and the subsequent release of cytokines not only promote fibrogenesis but also maintain a state of chronic inflammation. A self-sustaining cascade of inflammation and fibrosis starts due to the persistent immunological responses, which trigger the release of additional pro-inflammatory cytokines and chemokines. Furthermore, as understood by Gherlan et al[102], the presence of immune-suppressive components, such as Tregs, can reduce the efficiency of anti-viral immune responses and promote the growth of fibrosis by creating an immunologically tolerable environment. In people with HBV reactivation, the progression of liver fibrosis and cirrhosis is caused by a complex dynamic involving the ongoing interaction of immune activation, fibrogenesis, and immune suppression[102,103]. Comprehending the complex immunological mechanisms involved is of utmost importance to facilitate the formulation of precise therapy strategies that might effectively disrupt these processes and impede the progression of liver fibrosis and Cirrhosis in the context of HBV reactivation[104].

HCC
The pathogenesis of HCC is closely linked to the fundamental involvement of chronic inflammation in oncogenesis. Chronic HBV infection represents a significant risk factor for HCC, a liver cancer. The risk is further exacerbated by HBV reactivation, which sustains a continuous cycle of persistent inflammation, contributing to the development of HCC. In chronic carriers with HCC receiving chemotherapy, reported rates of HBV reactivation range from 4% to 67%[105]. According to a recent study, the administration of anti-cancer therapy for HCC has been associated with HBV’s reactivation. In a study by Midorikawa et al[106], 1609 patients who underwent hepatectomy were examined. This study revealed a significant independent association between HBV reactivation and reduced overall and recurrence-free survival. Moreover, Shiri et al[107] recommend delaying the planned therapy for HCC until the impaired liver function has been restored in cases of reactivation. Two prospective studies have shown that the reactivation of HCC has resulted in delayed or prematurely terminated treatment regimens.
During the process of HBV reactivation, there has been a significant rise in viral replication, leading to the release of viral antigens. This, in turn, triggers robust immunological responses. However, the continuous activation of the immune system can lead to the release of pro-inflammatory cytokines and chemokines[108]. This creates an environment that is conducive to DNA damage and the transformation of cells. According to Feitelson et al[109], prolonged exposure to viral antigens and persistent immune responses create an environment that promotes genetic mutations and epigenetic alterations in hepatocytes. This makes the hepatocytes more vulnerable to malignant transformation.
Furthermore, the significance of chronic inflammation in HCC linked with HBV reactivation is further emphasized by activating pivotal signaling pathways. The study conducted by Sivasudhan et al[110] demonstrated that the activation of the NF-κB and MAPKs signaling pathways, frequently observed in chronic inflammation cases, exert a substantial influence on the progression of HCC. The pathways mentioned above influence cell survival, proliferation, and the circumvention of apoptosis, all of which are vital facets of tumor progression. The enduring immunological responses and inflammatory mediators can promote oxidative stress and DNA damage, intensifying carcinogenic potential[111,112]. In addition, Chekol et al[113] have highlighted that the inflammatory response can lead to the production of immunomodulatory substances, including Tregs and anti-inflammatory cytokines. These substances may hinder immune surveillance and promote immunological tolerance. This allows modified hepatocytes to avoid immune detection and subsequent immune response.

MANAGEMENT STRATEGIES FOR HBV REACTIVATION
Anti-viral treatment
The primary objective of existing therapeutic interventions for HBV reactivation is to inhibit viral replication and reinstate immunological regulation. Nucleoside and nucleotide analogs (NAs) are fundamental in treating HBV. The medications mentioned, namely lamivudine, entecavir, tenofovir, and adefovir, act as competitive inhibitors of HBV reverse transcriptase, thereby interfering with the synthesis of viral DNA[114]. NAs demonstrate significant anti-viral properties, resulting in the long-term inhibition of viral activity and decreased HBV DNA levels. The decrease in viral load mitigates hepatic inflammation and contributes to preventing HBV reactivation relapse. It is of utmost significance that the implementation of efficient anti-viral medication has the potential to impede the advancement of liver fibrosis and Cirrhosis, offering a pivotal means of managing individuals who are susceptible to severe liver disease resulting from HBV reactivation[115,116]. In addition to their anti-viral properties, the immunomodulatory capacities of NAs, as revealed by Zheng et al[25], are involved in regulating immunological reactions during the reactivation of HBV. Nucleic acid-based therapies have been observed to lower viral load, reducing viral antigen exposure effectively. Consequently, this reduction in viral antigen exposure leads to a subsequent decrease in immune activation triggered by antigens. Therefore, this mitigates the inflammation commonly associated with the reactivation of HBV[117].
Furthermore, nanoparticles (NAs) can augment the functionality of several immune cells, including NK cells, T cells, and DCs, hence facilitating the development of anti-viral immune responses. The simultaneous effect of NAs encompasses inhibiting viral replication and promoting immunological homeostasis restoration[118]. Nevertheless, it is crucial to acknowledge that although NAs exhibit significant efficacy, they generally do not result in a comprehensive eradication of the viral infection. Sustained viral suppression and relapse prevention often need the ongoing administration of these medications over an extended period[119].

Entecavir: Using Entecavir, an NA, has become a key strategy in managing HBV reactivation. The anti-viral actions of this substance are exerted through the inhibition of HBV DNA polymerase, resulting in the efficient suppression of viral replication (Table 2). Entecavir, a potent and specific inhibitor, effectively decreased the amounts of HBV DNA, resulting in enhanced liver function and reduced hepatic inflammation related to HBV reactivation[120]. This treatment option’s high genetic barrier to resistance makes it an appealing selection for extended therapeutic interventions, especially in patients susceptible to recurring HBV reactivation[121]. Moreover, the anti-viral effectiveness of Entecavir has a significant role in reducing the advancement of liver fibrosis and decreasing the likelihood of consequences, including Cirrhosis and hepatocellular cancer. Nevertheless, although Entecavir has exhibited significant anti-viral efficacy, its effectiveness can vary depending on specific patient attributes, HBV genotypes, and previous treatment experiences[122,123]. Like any therapeutic intervention, it is essential to conduct a thorough patient assessment and develop individualized treatment plans to optimize the efficacy of Entecavir in managing HBV reactivation.

Tenofovir: Tenofovir, an NA, has been identified as a fundamental intervention in managing HBV reactivation. The strong inhibitory activity of this compound on the DNA polymerase of the HBV efficiently hampers the reproduction of the virus (Table 2), resulting in a quick decrease in viral load and relief from liver inflammation associated with the infection[124]. According to Mizushima et al[125], the efficacy of tenofovir in individuals with HBV reactivation, regardless of their prior treatment history, can be due to its extensive anti-viral activity and strong resistance barrier. In addition, a study by Hsu et al[126] has shown that using tenofovir can effectively reverse liver fibrosis and cirrhosis, leading to persistent viral suppression. This highlights the importance of tenofovir in preventing the development of severe liver diseases. The availability of both oral and injectable forms of medication allows for greater flexibility in tailoring treatment to meet each patient’s unique preferences and needs[126].
Nevertheless, it is crucial to consider the potential renal and bone health consequences that may arise from using tenofovir. In a study, Fu et al[127] proposed that tenofovir possesses strong anti-viral properties and beneficial resistance characteristics, making it an essential component in treating HBV reactivation. This highlights the significance of tailoring treatment approaches to individual patients to maximize outcomes’ effectiveness.

Adefovir: The potential use of adefovir, an NA, as a therapeutic intervention for the reactivation of HBV has been investigated, particularly in situations where alternative treatment options may be impractical or insufficient. The mechanism of action involves the inhibition of HBV DNA polymerase (Table 2), resulting in decreased viral replication and subsequent reduction in viral load[128]. The anti-viral activity of adefovir has demonstrated effectiveness in suppressing HBV reactivation and enhancing liver function. Nevertheless, this treatment has been linked to an elevated susceptibility to resistance in contrast to more contemporary anti-viral medications such as entecavir and tenofovir. The aforementioned highlights the significance of meticulous patient selection, consistent monitoring, and the potential utilization of combination therapy to mitigate resistance development[129]. With more advanced anti-viral drugs emerging, adefovir’s potential utility in managing HBV reactivation may be restricted to particular situations, underscoring the importance of tailored treatment strategies to get the best possible results[130].

Lamivudine: Lamivudine’s early chain termination-induced HBV replication reduction was discovered in 1995. The medication successfully treated HBV reactivation in a non-Hodgkin’s lymphoma patient in 1998. Lamivudine reduces HBV replication within days to weeks of starting treatment, with moderate side effects (Table 2). The conventional treatment for HBV replication is extensively used due to its efficacy, few side effects, high tolerance, and once-daily dosing. While most patients responded well to lamivudine, the treated group had mortality rates of 18% to 40%[131,132]. The study found that non-responders had decompensated liver disease before therapy. The effectiveness of Lamivudine may be diminished in severe hepatic damage. Thus, HBV reactivation, indicated by higher HBV-DNA levels, should be treated immediately. The therapy duration is unclear. Anti-viral drugs reduce reactivation rates. However, a study found a 24% reactivation rate three months after lamivudine cessation[133].
After immunosuppressive therapy, six months of treatment is advised. However, some authors recommend a year-long treatment to prevent HBV reactivation. Drug-resistant mutant strains of HBV constitute a significant concern with extended treatment. Viral resistance is the re-emergence of serum HBV DNA after viremia clearance, even with anti-viral therapy. The incidence of lamivudine-resistant strains with tyrosine-methionine-aspartate (YMDD) mutations increases with treatment duration[134]. These symptoms usually appear after six months of treatment. The prevalence of these symptoms is 15% in the first year, 38% in the second, 56% in the third, and 65% in the fifth year of treatment. While multiple studies have shown that the YMDD mutant virus does not affect clinical outcomes, one found a greater rate of hepatitis flares and other severe adverse effects in the fifth and sixth years of treatment. Mutations that confer lamivudine resistance caused these outcomes[135,136]. The influence on chronic HBV management is apparent; however, the effects on HBV reactivation therapy are unclear (Table 2)[137-143].

Immune-modulating therapy
The potential efficacy of immune-modulating medications, such as interferon-based therapy, in managing HBV reactivation is encouraging. These therapies can enhance immune surveillance and facilitate viral clearance. Interferons are a class of cytokines that elicit anti-viral responses, augmenting the immune system’s capacity to identify and counteract viral infections[140,144]. In the setting of HBV reactivation, therapies based on interferon can elicit immune responses that are both innate and adaptive. The activation of NK cells, DCs, and macrophages is observed, enhancing their ability to identify and eliminate cells infected with HBV[12,145]. In addition, interferons can augment the antigen presentation capability of DCs, promoting T-cell solid responses that specifically target infected hepatocytes. By coordinating a diverse immune response, therapies based on interferon can effectively suppress viral replication (Table 2), impede the advancement of HBV reactivation, and potentially facilitate the resolution of viral infection[146].
Recently, a growing interest has been in utilizing TLR agonists as vaccine adjuvants or immune modulators. This interest stems from their capacity to stimulate the production of IFN, pro-inflammatory cytokines, and chemokines, which can potentially elicit anti-HBV effects. In PHH, TLR1/2 and TLR3 agonists decrease HBV replication (Table 2). Another study found that oral TLR7 agonist GS-9620 (vesatolimod) and nucleos(t)ide analogs increased T cell and NK cell responses and reduced NK cell suppression of T cells in chronically infected patients[139,147].

Personalized treatment approaches
The significance of tailored treatment strategies for persons encountering HBV reactivation cannot be overemphasized, given that the efficacy of therapies can differ considerably depending on patient-specific variables. Individuals’ immunological profiles are paramount in assessing and predicting treatment outcomes. Certain patients may exhibit strong immune responses that can be effectively utilized to manage the reactivation of HBV. In contrast, others may necessitate more intensive immune modulation to get the desired effects[148]. Genetic variables additionally influence treatment variability. The presence of genetic differences has the potential to impact drug metabolism, immunological responses, and the likelihood of experiencing adverse effects. As a result, it is crucial to customize treatment approaches to optimize outcomes[149,150].
Moreover, the presence of many genotypes of HBV introduces an additional level of intricacy. Various genotypes display varied levels of virulence and may demonstrate distinct responses to anti-viral or immune-based treatments. Therefore, it is imperative to include the HBV genotype when designing personalized treatment plans to maximize interventions for the individual viral strain[151].
Precision medicine and biomarker research have witnessed significant progress, presenting encouraging prospects for customizing treatment based on specific patient characteristics. Biomarkers, including viral load, liver function tests, and specific immune cell subsets, can offer valuable insights into the patient’s response to therapy and facilitate informed decisions regarding treatment modifications[152]. Genetic testing can detect genetic variants that could influence the results of treatment or the metabolism of drugs, thereby facilitating the selection of the most suitable therapies[153]. Furthermore, viral genotyping might provide valuable insights in selecting appropriate anti-viral medicines and forecasting their effectiveness against certain strains of HBV. Incorporating these individualized characteristics into treatment determinations can optimize treatment results, mitigate unfavorable consequences, and increase patients’ overall quality of life[110,154]. The progress of personalized medicine can significantly impact the management of HBV reactivation by introducing patient-specific treatment approaches. This advancement can substantially improve clinical outcomes and enhance treatments.

FUTURE DIRECTIONS AND RESEARCH GAPS
Despite considerable progress in elucidating the complex immunological mechanisms behind the reactivation of HBV, specific knowledge gaps hinder a thorough comprehension of its pathophysiology. A significant deficiency exists in the exact coordination of immune responses during the reactivation of HBV and its subsequent implications for the course of the disease. The involvement of immune cells, including T cells, B cells, and innate immune components, has been widely recognized. However, there is ongoing research to determine the precise sequence of events, factors that influence immunological dominance, and the interactions that occur within the intricate hepatic milieu[155]. Furthermore, there is a need for more significant investigation into the mechanisms that govern the shift from regulated viral replication to reactivation and the subsequent effects on immune responses. Examining alternative avenues is necessary to identify specific immunological checkpoints or regulatory pathways that can be altered for therapeutic benefit. Bridging these information gaps is essential in developing precise therapies that aim to avoid the reactivation of HBV and minimize its potentially severe consequences[156].
Moreover, the impact of genetic and epigenetic variables on immune responses and disease course in HBV reactivation has not been thoroughly investigated. Genetic variants among individuals may influence the characteristics and efficacy of immune responses, offering a plausible explanation for the observed variability in patient outcomes. The influence of epigenetic changes, including DNA methylation and histone acetylation, on immune cell activity and their potential impact on the progression of HBV reactivation is a subject of interest[157]. Furthermore, the influence of comorbidities, such as obesity, diabetes, or co-infections, on immune responses during HBV reactivation has yet to be well investigated. The complete understanding of how these parameters intersect with immune systems can enhance our understanding of the illness spectrum and inform the development of customized treatment methods. The imperative to improve our comprehension of HBV reactivation and its related difficulties becomes increasingly significant as research progresses and novel technologies emerge[158,159].
Future research efforts in HBV reactivation should prioritize numerous prospective avenues to enhance our comprehension and therapeutic approaches. One potential approach involves investigating innovative immune-based treatments that use the complex interaction between immune cells and viral elements in the context of HBV reactivation. The exploration of immune checkpoint inhibitors, adoptive T-cell treatments, and customized immune cells designed to target HBV-infected hepatocytes specifically provide novel strategies for augmenting immune responses and achieving long-term viral suppression[160]. Furthermore, exploring the potential of tailored immunotherapies that leverage patient-specific immune profiles has significant opportunities for enhancing treatment outcomes. To effectively advance the development of innovative therapeutic strategies, it is imperative to conduct comprehensive studies investigating the dynamics of immune cell populations, cytokine profiles, and immunological checkpoint expression during HBV reactivation[161].
Another field of prospective investigation pertains to elucidating the complex intercommunication between the gastrointestinal tract and liver, commonly called the gut-liver axis, within the framework of HBV reactivation. Recent research indicates that increasing evidence supports the notion that the gut microbiota and their metabolic byproducts significantly impact liver immunity and inflammation. Examining the impact of the gut-liver axis on immune responses during HBV reactivation holds promise for shedding fresh light on the etiology of the illness and identifying possible targets for therapeutic intervention[162]. Moreover, gaining insight into the impact of changes in the composition and functioning of gut microbiota on the immunological dysregulation found in HBV reactivation provides opportunities for novel therapies, such as manipulating the gut microbiome to bolster anti-viral immune responses. Adopting a multidisciplinary approach can illuminate aspects of HBV reactivation that have not been thoroughly investigated before and may present innovative therapeutic approaches[163].
Likewise, it is necessary to thoroughly analyze the effects of HBV reactivation on the overall immune system. Although the liver is known to be a primary site for HBV infection and reactivation, there is a lack of comprehensive research on its impact on immune cell distribution, functioning, and memory responses throughout the body[164]. Examining the effects of HBV reactivation on the immunological landscape outside of the liver may yield valuable insights into immune aging and immune exhaustion and potentially inform the formulation of preventive measures against immunosuppression in several scenarios[165]. By incorporating state-of-the-art methodologies like single-cell RNA sequencing and advanced imaging modalities into these inquiries, it is possible to reveal novel understandings regarding the broader consequences of HBV reactivation and establish a foundation for comprehensive treatment interventions[166].

CONCLUSION
In conclusion, this in-depth review article has illuminated the complex immunological mechanisms behind HBV reactivation and their consequences for the disease and treatment approaches. The immunological components examined highlight the complexity of HBV reactivation, particularly the interaction between viral and host immune responses. These mechanisms underscore the need for close monitoring in high-risk populations by contributing to various clinical presentations, from asymptomatic instances to severe liver damage. Furthermore, understanding the immunopathogenesis of HBV reactivation points to effective treatment approaches. Anti-viral treatments that target particular immunological pathways and novel immunomodulatory drugs that may lessen the severity of reactivation and enhance patient outcomes are under development. The information compiled in this review article offers a vital basis for directing clinical practice, improving our comprehension of HBV reactivation dynamics, and encouraging the creation of more efficient management strategies in an era characterized by the development of immunotherapies.
Moreover, the consequences of this review go beyond the field of medicine. They emphasize the significance of treating HBV reactivation holistically, combining immunomodulation techniques with anti-viral treatments. Furthermore, they emphasize the necessity of continued research endeavors to unearth additional complexities in the immunological pathways underlying HBV reactivation. We will be better able to anticipate and stop reactivation occurrences due to this knowledge, which will also help us comprehend the whole picture of viral-host interactions in chronic HBV infection. Conclusively, this review’s synthesis of immunological insights and their clinical implications is an essential tool for healthcare professionals, researchers, and clinicians. It will help those at risk of HBV reactivation receive better care and achieve better results.
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Figure 1 Reactivation mechanism of hepatitis B virus. Immune control phase: B cells produce antibodies against hepatitis B virus (HBV) and prevent the transmission of HBV infection among hepatocytes; HBV covalently closed circular DNA is persistent in hepatocytes; HBV-specific T-cells limit viral replication via both cytopathic effects and non-cytopathic cytokine pathways. Immunological suppression phase: HBV DNA replicates again due to treatment-induced loss of immunological control; T-cells and B-cells are suppressed or destroyed by immunosuppressive therapies. HBV mutations cause immunological escape from T cells specific to HBV, and HBV DNA replicates again. When HBV DNA actively amplifies in vivo, HBV reactivation takes place. T-cells, the immune system’s reconstruction, and the active immunological phase target HBV-DNA and infected hepatocytes. The damaged hepatocytes release aspartate aminotransferase and alanine aminotransferase. cccDNA: Covalently closed circular DNA; HBV: Hepatitis B virus; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase.

Table 1 Mechanisms of immune cell response in hepatitis B virus reactivation
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	Impaired antiviral response, increased viral persistence
	[40,65]

	Macrophages
	Dysregulated cytokine secretion (IL-1β, IL-6, and TNF-α)
	Altered immune balance, increased inflammation
	[49]

	Neutrophils
	Impaired chemotaxis, reduced phagocytosis
	Ineffective pathogen clearance, prolonged viremia
	[55]

	Adaptive immune cell responses

	CD8+ T cells
	Exhaustion (CD8+ T cells), reduced cytotoxic activity
	Inadequate viral control, viral persistence
	[66]

	CD4+ T cells
	Decreased help for B and CD8+ T cells
	Impaired adaptive immune response
	[67]

	B cells
	Altered antibody production
	Reduced neutralizing antibodies, prolonged viremia
	[68]

	Regulatory T cells
	Dysfunction, reduced suppression
	Dysregulated immune response, increased inflammation
	[69]


IL: Interleukin; CTL: CD8+ cytotoxic T lymphocyte; TNF-α: Tumor necrosis factor-alpha; IFN: Interferons.

Table 2 Strategies for the management of hepatitis B virus reactivation
	Therapy
	Model
	Mechanism
	Efficacy
	Success rate, %
	Resistance
	Ref.

	Anti-viral therapy
	
	
	
	

	Nucleos(t)ide
	Lamivudine
	Inhibits viral DNA synthesis
	High
	80%
	Low
	[30]

	
	Entecavir
	Potent viral DNA polymerase
	High
	90%
	Rare
	[120]

	
	Adefovir
	Inhibits viral DNA polymerase
	Moderate
	70%-80%
	Occasional
	[128]

	
	Tenofovir
	Inhibits viral DNA synthesis
	High
	90%
	Rare
	[124]

	Monoclonal antibodies
	Anti-HBV antibodies
	Viral neutralization
	Moderate
	70%
	Occasional
	[137]

	Combination therapy
	Tenofovir + emtricitabine
	Inhibits viral DNA synthesis
	High
	95%
	Low
	[138]

	Immune-modulating therapy
	
	
	
	

	
	Toll-like receptor agonists
	Immune activation
	Moderate
	70%
	Variable
	[139]

	
	Interferon
	Antiviral and immune activation
	High
	80%
	Occasional
	[140]

	Personalized treatment approaches
	
	
	

	
	Tailored
	Targeted antiviral therapy based on genomic profile
	Variable
	75%-90%
	Variable
	[141]

	
	Treatment
	
	
	
	

	Combination therapy
	Nucleos(t)ide + immune-modulating therapy
	Antiviral + immunomodulation
	High
	90%-95%
	Low
	[142]

	Monoclonal antibodies
	Individualized treatment
	Targeted viral neutralization based on antibody profiling
	Varies
	60%-80%
	Occasional
	[143]
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