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Résumé (version française)

En 2017, le sepsis a été reconnu comme un problème majeur de santé publique par l'Organisation mondiale de la santé. Le sepsis est à l'origine de plus de 50 millions de cas par an correspondant à 20% de la mortalité globale mondiale. Les patients atteints de la COVID-19 en soin critiques peuvent développer une détresse respiratoire aigüe et/ou des dysfonctions d'organes. Ainsi, par définition ces patients peuvent être considérés comme des patients avec un sepsis d'origine virale. Une majorité des patients sepsis qui survivent à la phase inflammatoire vont entrer dans une phase d'immunosuppression. L'immunosuppression postsepsis entraine une mortalité, une morbidité plus importante ainsi qu'un risque plus élevé d'infections secondaires et/ou de réactivations virales. L'immunosuppression post-sepsis est caractérisée par une altération des cellules du système immunitaire inné et adaptatif. Une altération de la présentation des antigènes, une dysfonction des macrophages et cellules dendritiques, une augmentation des cellules myéloïdes immatures, une apoptose et une altération fonctionnelle des lymphocytes T sont les principales caractéristiques de l'immunosuppression post-sepsis. Des thérapies immunostimulantes ont été évaluées dans des petits essais cliniques ou dans des cas d'études afin de restaurer l'homéostasie immunitaire des patients. Les protéines recombinantes IFN-γ et GM-CSF ciblent plutôt l'immunité innée tandis que l'IL-7, les inhibiteurs des points de contrôle immunitaire anti-PD-L1/anti-PD-1 et la thymosine alpha 1 stimulent l'immunité adaptative. Ces études ont montré des effets bénéfiques de ces thérapies au niveau immunitaire et/ou des caractéristiques cliniques des patients.

Actuellement ces essais cliniques n'ont pas dépassé la phase II. La cytokine IL-7 est particulièrement intéressante pour traiter l'immunosuppression post-sepsis. L'IL-7 est capable de stimuler la prolifération des lymphocytes T, d'améliorer leur fonctionnalité et de prévenir leur apoptose. En effet, une phase I a montré une augmentation du nombre de lymphocytes totaux, CD4+ et CD8+ pendant au moins deux semaines, ainsi qu'une amélioration de la prolifération et de l'activation de ces deux populations immunitaires après un traitement avec de l'IL-7, en plus de son innocuité, chez des patients en choc septique. Transgene a développé une nouvelle virothérapie basée sur le virus atténué de la vaccine, le MVA (modified vaccinia virus Ankara) dans le but de délivrer la cytokine IL-7 dans une majorité d'organes et diversifier 

Abstract (English version)

Sepsis was recognized as a global health priority by the World Health Organization in 2017. It is responsible for 11 million deaths worldwide which corresponds to 20% of all global deaths. As critically ill COVID-19 patients develop acute respiratory failure and/or organ dysfunctions, by definition, these patients can be considered as viral sepsis patients. Most of patients surviving the first inflammatory phase enter in a prolonged immunosuppressive state.

Immunosuppression of sepsis patients increases their mortality, morbidity and the occurrence of secondary infections and/or viral reactivations. Sepsis-induced immunosuppression is characterized by alterations of both innate and adaptive immunity. Impaired antigen presentation, macrophage and dendritic cell dysfunction, increased number of immature myeloid cells, apoptosis and exhaustion of T lymphocytes are the main features of sepsisinduced immunosuppression. Immunostimulating therapies have been assessed to treat sepsisinduced immunosuppression in small clinical trials or case studies. IFN-γ and GM-CSF targets mostly the innate immunity while IL-7, immune checkpoint inhibitors anti-PD-1/anti-PD-L1 and thymosin α1 stimulates mostly the adaptive immunity of patients. These therapies demonstrated beneficial effects on immunity of septic patients, and some appeared to have improved clinical outcomes. Yet, most of these trials are early phase I/II trials. IL-7 is an interesting cytokine capable of increasing proliferation and function of T lymphocytes as well as preventing sepsis-induced apoptosis of these cells. A phase I study reported an increased number of both CD4+ and CD8+ T lymphocytes for at least two weeks and improved proliferation and activation of T lymphocytes from septic shock patients after recombinant IL-7 therapy. In addition, the cytokine demonstrated a good safety profile. Transgene developed a virotherapy based on the non-propagative modified vaccinia virus Ankara (MVA) to deliver the IL-7 cytokine in a broad range of organs and to broaden its mechanism of action. MVA has been evaluated in numerous clinical trials, including in immunosuppressed patients and has been used in the smallpox eradication campaign during the seventies. Because the MVA is capable of inducing innate immunity, the MVA encoding the IL-7 cytokine should have a broader mechanism of action than the non-vectorized IL-7. Thus, a recombinant MVA encoding the human IL-7 cytokine fused to an IgG2 Fc fragment, the MVA-hIL-7-Fc, was developed to restore both innate and adaptive immunity of immunosuppressed sepsis patients.

The aim of my PhD thesis was to contribute to the characterization of the mechanism of action of the MVA-hIL-7-Fc. In a first study, I contributed to the characterization of the mechanism of action of MVA-hIL-7-Fc in naive and septic mouse models. We showed that both murine and human cells produced a functional, biologically active, dimeric and glycosylated hIL-7-Fc after MVA-hIL-7-Fc infection. A single intravenous injection of MVA-hIL-7-Fc in naive mice resulted in more favorable pharmacokinetics and higher number of activated CD4+ and CD8+ lymphocytes in spleen and lung than after an intramuscular injection. In addition, intravenous injection of empty MVA induced the release of chemokines and cytokines in blood of naive mice and an increased number of activated immune cells and particularly Natural killer cells. An increased number of myeloid cells and an improved polyfunctionality of T lymphocytes were observed in spleen and lung of naive mice after MVA-hIL-7-Fc injection. Importantly, side-by-side comparison of MVA-hIL-7-Fc with the recombinant hIL-7-Fc counterpart, showed a higher increase in number of immune cells (B, T lymphocytes, Natural killer cells and myeloid cells) and superior functionality of T lymphocytes after one single injection of MVA-hIL-7-Fc than the recombinant hIL-7-Fc in both naive and septic mice. MVA-hIL-7-Fc injection resulted in more favorable pharmacokinetics and improved survival of septic mice. In a second study, we aimed at determining the mechanism of action associated to the hIL-7-Fc arming ex vivo on human cells from septic shock and critically ill COVID-19 patients. A previous biodistribution study reported that after an intravenous injection, MVA reaches the liver, lung and spleen of mice. In addition, MVA is known to induce apoptosis of infected cells and does not infect all peripheral mononuclear cells.

Therefore, we decided to use an indirect approach to analyze the effect of the MVA-expressed hIL-7-Fc on immune cells. Human cells (monocytes and hepatocytes) were infected with the MVA-hIL-7-Fc, or with an empty MVA and cell supernatants containing the secreted hIL-7-Fc were harvested for in vitro and ex vivo studies. Both monocytes and hepatocytes infected by the MVA-hIL-7-Fc secreted a dimeric, glycosylated, and functional hIL-7-Fc. Supernatant from primary hepatocytes contained higher hIL-7-Fc quantities than other cells and were kept for further ex vivo studies. The immune status of septic shock and critically ill COVID-19 patients was verified at day 3 or 4 post intensive care unit admission. Both cohorts displayed features of immunosuppression illustrated by an impaired proliferation and cytokine production by CD4+ and CD8+ T lymphocytes. The MVA-secreted hIL-7-Fc restored T lymphocyte function of both septic shock and critically ill COVID-19 patients. The MVA-secreted hIL-7-Fc triggered the IL-7 pathway in CD3+ lymphocytes from both cohorts. In addition, the hIL-7-Fc supernatant demonstrated the capacity to improve ex vivo IFN-γ and/or TNF-α production by T lymphocytes as well as proliferative capacity of CD4+ and CD8+ lymphocytes from both septic shock and critically ill COVID-19 patients. In a third study, an exploratory analysis study was conducted to decipher the mechanism of action related to the sensing of the empty MVA and the MVA-hIL-7-Fc by innate immunity in vitro on human cells. After verification of MVA infectivity in human cell lines from pulmonary, hepatic and monocytic origins, we compared the secretion of typically MVA-induced cytokines (IFN-β, IL-6, IL-1β et TNF-α) and chemokines (CXCL8/IL-8, CXCL10/IP-10, CCL2/MCP-1, CCL3/MIP-1α) in supernatant of cell lines and primary cells from the same origin. In hepatocytes and monocytes, the secretion of innate mediators was reduced in cell lines compared to primary cells. We further analyzed the innate immune response triggered by MVA-hIL-7-Fc or empty MVA infection in primary monocytes, hepatocytes, and pulmonary cells from different donors by quantification of secreted cytokines/chemokines in cell supernatant and by transcriptomic analysis of cells. Both MVA-hIL-7-Fc and empty MVA infections resulted in increase in classically MVA-induced cytokines/chemokines at both mRNA and protein levels by pulmonary cells and monocytes while hepatocytes responded in a lesser extent. Along with the increased expression of T cell activation genes (e.g., CD2, Bcl-2), IFN-γ secretion by primary monocytes was increased upon MVA-hIL-7-Fc infection.

Both human and murine studies contributed to the characterization of the MVA-hIL-7-Fc mechanism of action. The MVA-hIL-7-Fc showed the capacity to stimulate both innate (monocytes, Natural killer cells) and adaptive cells (T lymphocytes) and to improve their functions. These data support the clinical development of MVA-hIL-7-Fc to restore immune homeostasis of immunosuppressed septic patients. A consensus conference was held in 1991 in order to homogenize the definition and the clinical diagnosis of sepsis. The first definition of sepsis defined sepsis as a result of a systemic inflammatory response syndrome (SIRS) to infection. SIRS is defined when two of the following criteria are diagnosed: a body temperature below 36°C or above 38°C, heart beats above 90 beats per minute, a respiratory rate above 20 per minutes and a white blood cell count above 12,000 cell/mm 3 or below 4,000 cell/mm 3 . When organ failure was added to the sepsis definition, it was termed as severe sepsis. Septic shock was defined as sepsis-induced persisting hypotension which could result in a worsening of severe sepsis [START_REF] Bone | Definitions for sepsis and organ failure and guidelines for the use of innovative therapies in sepsis. The ACCP/SCCM Consensus Conference Committee[END_REF].

In 2001, an international sepsis definition conference gave rise to a review of strengths and weaknesses of the definition of sepsis and related diseases. In addition to a lack of specificity and sensibility of the SIRS definition, the definition of sepsis did not consider the host response to infection. In case of patients with trauma or burn, systemic inflammation can occur without infection and criteria definition did not evaluate the host response. Despite lack of strong epidemiological data, additional criteria were added to discriminate sepsis from SIRS.

For instance, inflammatory parameters such as the plasma C reactive protein or procalcitonin are used to classify patients into a sepsis. No changes were made for definitions of others sepsis related diseases [START_REF] Levy | SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions Conference[END_REF].

Since 2001, scientific advances have helped the scientific community to better understand the physiopathology of sepsis including cell biology, biochemistry, immunology, and physiology. Major advances in the management and epidemiology of sepsis have also been achieved. Sepsis is a dysregulated host response to an infection although the SIRS definition refers to an inflammatory syndrome without considering the possible variability of the host immune profile. Because of a too broad definition, lacking specificity, numerous clinical studies have enrolled very heterogeneous "sepsis" patients pointing to the urgent need for a novel, more strict definition of the sepsis syndrome. In 2016, 19 experts from the European Society of Intensive Care Medicine and the Society of Critical Care Medicine reexamined the definition of sepsis and related illness. The experts defined sepsis as "life-threatening organ dysfunction caused by a dysregulated host response to infection" which corresponds to the sepsis-3 definition. A new definition of septic shock was added. Patients are diagnosed with septic shock when clinical parameter including circulatory and cellular abnormalities are expected to lead to increased mortality. Patients with persisting hypotension requiring vasopressors to maintain a mean arterial pressure above 65 mmHg and with serum lactate levels remaining above 2 mmol/l despite volume replacement, are diagnosed as septic shock patients. The term "severe sepsis" was removed from the definition due to the repetitive aspect (Singer et al., 2016). The experts discussed also about the pathobiology aspects of sepsis. Sepsis syndrome is determined by pathogen factors (origin of infection for instance) as well as by host variability including sex, origin, age, comorbidities, and environment which can evolve over time.

Critically ill coronavirus disease 2019 patients are viral sepsis patients

In December 2019, first cases of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections were reported in Wuhan, China. The disease caused by the SARS-CoV-2 is named coronavirus disease 2019 and has had a significant impact on the whole world. SARS-CoV-2 is an enveloped coronavirus with single-stranded RNA and member of Betacoronavirus genus and Sarbecovirus subgenus [START_REF] Zhou | A pneumonia outbreak associated with a new coronavirus of probable bat origin[END_REF]. SARS-CoV-2 is the third coronavirus responsible for a severe disease in humans and spread for the last twenty years. The first coronavirus was SARS-CoV which originated in China and resulted in the 2002-2003 SARS-CoV outbreak [START_REF] Zhong | Epidemiology and cause of severe acute respiratory syndrome (SARS) in Guangdong, People's Republic of China, in February, 2003[END_REF]. The second coronavirus was the coronaviruscaused Middle East respiratory syndrome (MERS) which originated from Saudi Arabia in 2012 [START_REF] Zaki | Isolation of a novel coronavirus from a man with pneumonia in Saudi Arabia[END_REF]. Patients infected by the SARS-CoV-2 may be asymptomatic or affected by a wide spectrum of symptoms. Around 81% of patients have mild disease, 14% with severe disease and 5% with critical disease defined by respiratory failure, septic shock and/or multiple organ dysfunction [START_REF] Wiersinga | Pathophysiology, Transmission, Diagnosis, and Treatment of Coronavirus Disease 2019 (COVID-19): A Review[END_REF]. A recent, systematic review and meta-analysis analyzed the prevalence of COVID-19 related sepsis among adults hospitalized in intensive care units (ICU) [START_REF] Karakike | Coronavirus Disease 2019 as Cause of Viral Sepsis: A Systematic Review and Meta-Analysis[END_REF]. According to the sepsis-3 definition, 77.9% of COVID-19 adult patients in the ICU develop viral sepsis and acute respiratory distress syndrome (ARDS) followed by septic shock, the most commonly dysfunctional organ being the lung [START_REF] Karakike | Coronavirus Disease 2019 as Cause of Viral Sepsis: A Systematic Review and Meta-Analysis[END_REF].

In this introduction, only critically ill COVID-19 patients will be described, they are classified as "viral septic patients".

b. Epidemiology

Recognition of sepsis as a global health priority by the World Health Organization

In 2017, the World Health Organization (WHO) has recognized sepsis as a global health priority. Expert panels discussed about specific actions to reduce the global burden of sepsis (Reinhart et al., 2017):

-Develop processes to improve prevention, diagnosis, and treatment of sepsis -Improve infection prevention including sanitation, access to clean water -Develop strategies for management of sepsis at international level -Increase public awareness of sepsis -Train healthcare workers to recognize und understand sepsis -Promote research to enhance diagnosis, prevention, and treatment of sepsis Many actions point to the urge to better understand sepsis in order to enhance prevention, diagnosis, or treatments of the syndrome related diseases at the global, international level. The study of sepsis epidemiology is essential to estimate the incidence and mortality worldwide. However, epidemiological data remain at the level of estimations and are limited due to the lack of heterogeneity of earlier sepsis definition but also of standardization of management implemented in different ICUs in different countries. Data from 2016 and data before 2016 did not apply the same definition of sepsis and septic shock, which introduced an important heterogeneity in studies on epidemiology.

Sepsis incidence worldwide

In 2016, a global burden sepsis study conducted by Fleischmann et al.,estimated up to 19.4 million cases of hospital-treated sepsis annually while 50 million cases were estimated by the more recent study [START_REF] Fleischmann | Hospital Incidence and Mortality Rates of Sepsis[END_REF]Rudd et al., 2020). This increase could be explained by an underestimation (extrapolation from population-level data) in the study of 2016. In addition, the increasing data inclusion of low-income countries for the study published in 2020 may explain the increase in sepsis cases. As shown in figure 1, the sepsis incidence was variable according to the geographic location. The highest age-standardized incidence was observed in location with the lowest socio-demographic index (SDI), meaning that the highest incidence is found in low-income countries. The highest burden was found in regions that had the lowest Health Access and Quality index and less means to prevent, diagnose, or treat sepsis.

Those are sub-Saharan Africa, Oceania, South Asia, east Asia, and southeast Asia (Rudd et al., 2020). Concerning the number of cases in France, Dupuis et al., reported an increased incidence of sepsis and septic shock in France, from 206 to 243 and from 135 to 171 cases per 100,000 population respectively between 2010 and 2015 [START_REF] Dupuis | Sepsis and septic shock in France: incidences, outcomes and costs of care[END_REF].

In addition, COVID-19 pandemic has increased the global burden of sepsis worldwide.

For example, during the lockdown between March and May 2020, a peak of 102, 110, 67 and 47 COVID-19 patients per million in ICU were reported in France, Belgium, Italy and United Kingdom respectively (https://ourworldindata.org/). Additional studies are required to estimate the global burden of sepsis due to the COVID-19 pandemic.

Overall, the number of sepsis cases worldwide is high and corresponds to 680 cases per 100,000 population (Rudd et al., 2020).

Mortality

The mortality related to sepsis or septic shock is an important cause of death in ICU. The global burden study of sepsis conducted by Rudd et al.,estimated 11 million of deaths related to sepsis in 2017 corresponding to 20% of global death worldwide. Some studies estimated that the mortality rate due to underlaying septic shock was between 38 and 47% [START_REF] Shankar-Hari | Understanding Long-Term Outcomes Following Sepsis: Implications and Challenges[END_REF]Vincent et al., 2019). Indeed, septic shock is the most severe case of sepsis. Caution should be taken because the mortality rate can differ depending on the time-point of mortality. The short-term and long-term mortality rates are different. Despite the heterogeneity between the different studies and the resulting interpretations, the mortality rate seems to decrease over the years as a consequence of an improvement in the management of septic shock patients (Vincent et al., 2019). In light of the study from 2020, the improved management is only observed in high-income countries. Few or nonexistent data are available from earlier studies, likely underestimating mortality rate of septic shock patients in low or middle-income countries (Rudd et al., 2020). Some studies estimated the long-term mortality related to sepsis or septic shock after hospital discharge. After hospital discharge the long-term mortality rate following sepsis or septic shock is variable among the different studies performed and was estimated between 25 to 75% up to five years post-ICU [START_REF] Cuthbertson | Mortality and quality of life in the five years after severe sepsis[END_REF][START_REF] Schmidt | Long-Term Survival Following Sepsis[END_REF][START_REF] Rahmel | Long-term mortality and outcome in hospital survivors of septic shock, sepsis, and severe infections: The importance of aftercare[END_REF]. In any case, up to five years after illness onset, patients with sepsis had higher rate of death than non-sepsis patients [START_REF] Wang | Long-term mortality after community-acquired sepsis: a longitudinal population-based cohort study[END_REF].

The mortality rate of critically ill COVID-19 in ICU remains high and was estimated between 20 and 40% in different meta-analysis or multicenter studies [START_REF] Tan | Global Impact of Coronavirus Disease 2019 Infection Requiring Admission to the ICU: A Systematic Review and Metaanalysis[END_REF][START_REF] Armstrong | Mortality in patients admitted to intensive care with COVID-19: an updated systematic review and meta-analysis of observational studies[END_REF]COVID-ICU group, 2021;[START_REF] Gupta | Factors Associated With Death in Critically Ill Patients With Coronavirus Disease 2019 in the US[END_REF]. Nevertheless, a recent multicenter and national study evaluated the impact of COVID-19 pandemic on non-COVID sepsis patients' mortality [START_REF] Unterberg | The impact of the COVID-19 pandemic on non-COVID induced sepsis survival[END_REF]. The severity of sepsis patients during the pandemic was higher than before the pandemic. However, when the mortality was adjusted with SOFA scores no difference between before and during the pandemic was observed in terms of mortality rate [START_REF] Unterberg | The impact of the COVID-19 pandemic on non-COVID induced sepsis survival[END_REF].

To summarize, sepsis patients have an elevated risk of death. Mortality rate of sepsis is estimated between 20 to 40% while septic shock mortality is around 45%. After ICU discharge the long-term mortality remained high, around 50%. Adapted from [START_REF] Hotchkiss | Sepsis and septic shock[END_REF] Risk factors for developing sepsis are summarized in table 1. Age of patients is one of the factor. With age the incidence and mortality related to sepsis increases. A prospective multicenter study reported that septic patients aged 80 years or older had higher mortality rate compared to non-septic patients between 65 and 79 years [START_REF] Martin-Loeches | Risk factors for mortality in elderly and very elderly critically ill patients with sepsis: a prospective, observational, multicenter cohort study[END_REF].

Risk factors

Another extreme is neonates for which the incidence and mortality due to sepsis is high (Rudd et al., 2020;[START_REF] Weiss | Global Epidemiology of Pediatric Severe Sepsis: The Sepsis Prevalence, Outcomes, and Therapies Study[END_REF]. Surgery, intubation for mechanical ventilation or catheterization which are invasive procedures, increase the risk for developing a sepsis. Indeed, some ICU-acquired infections are linked to those invasive procedures. A number of comorbidities are associated with high risk factors including chronic illness or diseases associated with impaired immunity or immunosuppression. In case of cancer, patients are typically immunosuppressed resulting from the cancer therapy or the illness itself. In addition to immunosuppression most cancers are associated with organ dysfunctions.

Immunosuppression or organ dysfunction related to cancer increase deeply risks for developing sepsis [START_REF] Williams | Hospitalized cancer patients with severe sepsis: analysis of incidence, mortality, and associated costs of care[END_REF]. Diabetes is one of the most common comorbidity. Due to impaired immune responses, diabetes is associated with an increased risk for infection or sepsis.

Chronic organ dysfunction with a state of low-grade chronic inflammation is also considered as a risk factor [START_REF] Van Vught | Incidence, Risk Factors, and Attributable Mortality of Secondary Infections in the Intensive Care Unit After Admission for Sepsis[END_REF]. Many other chronic diseases are associated with higher risk for developing sepsis due to their associated organ dysfunction. Severe sepsis was shown to be a major cause of admission and mortality for human immunodeficiency virus (HIV) patients in hospital [START_REF] Japiassú | Sepsis is a major determinant of outcome in critically ill HIV/AIDS patients[END_REF]. For hospitalized patients, reducing length of stay and reducing invasive procedure (such as mechanical ventilation or catheterization) can prevent sepsis [START_REF] Hotchkiss | Sepsis and septic shock[END_REF].

Origin of infection

Sepsis infection can be classified in two classes according to the acquisition of infection: community-acquired (patients with infections acquired outside of the hospital) and hospitalacquired infections (patients without infection on admission, developing an infection 48h or more after hospital admission). Many studies have also investigated the site of infection.

Pulmonary infections are the most predominant source of infection, followed by intraabdominal and urinary tract infections [START_REF] Abe | Variations in infection sites and mortality rates among patients in intensive care units with severe sepsis and septic shock in Japan[END_REF][START_REF] Angus | Severe sepsis and septic shock[END_REF][START_REF] Sakr | Sepsis in Intensive Care Unit Patients: Worldwide Data From the Intensive Care over Nations Audit[END_REF].

Other sites of infections have been reported such as skin or soft tissue, cardiovascular and central nervous system.

Etiology of sepsis

In addition to the site of infection, different etiologies of sepsis have been described: bacterial, viral and fungal [START_REF] Dolin | Characterization of Pathogenic Sepsis Etiologies and Patient Profiles: A Novel Approach to Triage and Treatment[END_REF][START_REF] Sakr | Sepsis in Intensive Care Unit Patients: Worldwide Data From the Intensive Care over Nations Audit[END_REF][START_REF] Grondman | Biomarkers of inflammation and the etiology of sepsis[END_REF].

Bacterial sepsis represents 40 to 60% of infected patients with sepsis. Bacterial sepsis patients with positive isolates are infected mostly with Gram-negative bacteria (corresponding to 60-70% of patients with positive cultures) including Pseudomonas aeruginosa, klebsiella species, Enterobacter species and Escherichia coli (E. coli). While Staphylococcus aureus and Streptococcus pneumonia are the most common Gram-positive bacteria (corresponding to 45-50% of patients with positive culture) occurring during sepsis. Moreover, Sakr et al., reported that around half of patients with positive culture had polymicrobial sepsis. Methicillin-resistant Staphylococcus aureus is a growing concern in ICU due to increased percentage of sepsis etiology and excessive antibiotic treatment. Before COVID-19 pandemic, a low prevalence of viral sepsis was reported (<5%). Nevertheless, diagnosis of viruses is more challenging. Since culture-negative culture rate is generally high (up to 30%), viral sepsis might represent a higher proportion of sepsis patients and might be underdiagnosed [START_REF] Ljungström | Respiratory viral infections are underdiagnosed in patients with suspected sepsis[END_REF]. A Southeast Asian study showed that viral pathogens were detected in adult patients using wide set of diagnostic tests (Southeast Asia Infectious Disease Clinical Research Network, 2017).

The most common viral pathogens described are influenza and dengue virus [START_REF] Grondman | Biomarkers of inflammation and the etiology of sepsis[END_REF]. Further studies are needed to estimate the proportion of viral sepsis before and during COVID-19 pandemic. A previous study estimated the prevalence of sepsis in COVID-19 patients [START_REF] Karakike | Coronavirus Disease 2019 as Cause of Viral Sepsis: A Systematic Review and Meta-Analysis[END_REF] but no study estimated the prevalence of viral sepsis, and in particular COVID-19 in sepsis etiologies. Then, approximately 10 to 20% of sepsis are caused by fungi. Most of fungi as sepsis origin are attributed to Candida species and Aspergillus [START_REF] Grondman | Biomarkers of inflammation and the etiology of sepsis[END_REF][START_REF] Angus | Severe sepsis and septic shock[END_REF][START_REF] Dolin | Characterization of Pathogenic Sepsis Etiologies and Patient Profiles: A Novel Approach to Triage and Treatment[END_REF][START_REF] Sakr | Sepsis in Intensive Care Unit Patients: Worldwide Data From the Intensive Care over Nations Audit[END_REF].

Cost

With approximately 50 million of patients with sepsis per year worldwide, management of sepsis in ICU is challenging daily. Sepsis represents a high burden in ICUs associated with longer stay in hospital. In US hospitals the average length of stay for septic patients is almost 75% greater than for most other conditions [START_REF] Hall | Inpatient care for septicemia or sepsis: a challenge for patients and hospitals[END_REF]. Paoli et al., reported a mean of hospital length of stay of 10 (+/-12.4 as standard deviation) and 12.6 (+/-15.5) for severe sepsis and septic shock patients respectively (Paoli et al., 2018). Between 2011 and 2017, the number of admissions of patients with sepsis increased by approximately 50 % in the US [START_REF] Singer | Sepsis hysteria: excess hype and unrealistic expectations[END_REF]. With increasing number of admissions and long length of stay, sepsis management in hospital is expensive. Despite the heterogeneity of the different performed studies, a review analyzed the hospital-related cost of sepsis among publications from 2005 to 2015. Authors reported between $13,292 and $75,015 as mean of total hospital cost per patient. A difference was observed between non-survivors and survivors, with a hospital cost of $20,537 and $34,855 respectively [START_REF] Arefian | Hospital-related cost of sepsis: A systematic review[END_REF]. Annually, US$20 billion is spent in the USA for hospital care for patients with sepsis including septic shock patients for whom a longer stay in ICU and higher cost is required (Vincent et al., 2019). In France, a retrospective study from 2010 to 2015 estimated a median hospital stay cost of €11,400 for patients with sepsis and €16,439 for septic shock patients [START_REF] Dupuis | Sepsis and septic shock in France: incidences, outcomes and costs of care[END_REF].

Patients surviving to sepsis are discharged from hospital. Among survivors, one-third of patients die after one year, but one out of six patients suffer from persistent impairment.

Impairment includes patient ability to function independently, cognitive impairment and mental health problems including anxiety, posttraumatic stress, or depression. In addition, within 90 days of discharge 40% of patients are re-admitted in hospital [START_REF] Prescott | Enhancing Recovery From Sepsis: A Review[END_REF]. Cost related to sepsis are underestimated. Persistent impairments occurring after hospital discharge are not reported in economic studies. Sepsis and related diseases are burden for ICU and hospital in many aspects: economical, management, diagnosis, and treatments.

c. Clinical score: sequential organ failure assessment

As defined in sepsis-3 definition, organ dysfunction is a feature of sepsis diagnosis. Organ dysfunctions are identified by a specific scoring: The Sequential Organ Failure Assessment (SOFA) score. Patients with not known preexisting organ dysfunction have a score of zero which is the baseline SOFA score. An organ dysfunction can be identified with a SOFA score higher or equal to 2 (Table 2).

Table 2: Sequential Organ Failure Assessment (SOFA) score

From Singer et al., 2016. All organs can be affected during sepsis although six organs are usually evaluated for practical reasons: the respiratory, hematological, hepatic, cardiovascular, neurological and renal systems (Table 2). A SOFA score corresponds to a clinical aspect of a specific organ. For instance, hypoxemia which is a decrease in the arterial partial pressure of oxygen (PaO2) is a specificity of pulmonary dysfunction in septic patients, it clinically corresponds to an increased respiratory rate. For hematological dysfunction, a coagulation disorder is identified in sepsis patients with low platelet count. Liver abnormalities are reflected by an increased in bilirubin levels and release of other liver enzymes. The cardiovascular system can be affected during sepsis and is associated with an arterial hypotension and an unusually low volume of blood plasma named hypovolemia. Cerebral dysfunction in sepsis is identified by an altered mental state evaluated by the Glasgow Coma scale which includes confusion and disorientation.

Finally, renal dysfunctions are characterized by oliguria (decreased urine output) and increased creatinine. Even minor increased in creatinine concentration is associated with poor prognosis [START_REF] Lelubre | Mechanisms and treatment of organ failure in sepsis[END_REF]Singer et al., 2016).

d. Summary of recommendations and management of sepsis and septic shock patients

In order to manage sepsis and septic patients, a Surviving Sepsis Campaign (SSC) was created in 2004 to help and guide physicians. In 2021, the committee members updated the guidelines [START_REF] Evans | Surviving sepsis campaign: international guidelines for management of sepsis and septic shock 2021[END_REF]. In figure 2 From Surviving Sepsis Campaign (https://www.sccm.org/SurvivingSepsisCampaign/Home) Some of the recommendations of the SSC are presented on the figure, they illustrate that sepsis and septic shock are medical emergencies. Specifically, the recommendations encourage physician to act as quickly as possible to obtain blood cultures before administration of antibiotics, to initiate resuscitation quickly if necessary and begin vasopressors if clinically relevant.

Microbiological diagnosis and antibiotic therapy

For patients with suspected sepsis or septic shock but not confirmed, the committee recommends continuously searching for alternatives diagnoses and stop antibiotics if another cause of sepsis is detected or strongly suspected (infectious syndrome that does not benefit from antimicrobials). Identification of microbiological origin of infection is important to improve patient treatment. The committee recommends routine microbiological cultures. In patients suspected of sepsis or septic shock before initiation of antimicrobial therapy, routine microbiologic culture should be performed in potential sources of infection including blood, cerebrospinal fluid, urine, wounds, respiratory secretions. For patients with septic shock or sepsis, the SSC recommends administration of intravenous antimicrobials immediately, if possible, within one hour after recognition. Daily microbiological tests for de-escalation of antimicrobial therapy are necessary to optimize dose and duration [START_REF] Evans | Surviving sepsis campaign: international guidelines for management of sepsis and septic shock 2021[END_REF].

Fluid management

Administration of fluids to patients with sepsis or septic shock is a common therapy for resuscitation of patients. Appropriate administrations of fluids to patients can help to treat arterial hypotension. The fluid of choice recommended by the committee is crystalloids for resuscitation and volume replacement in patients with sepsis and septic shock. A minimum of 30ml/kg of intravenous crystalloids should be injected within 3 hours. Using hydroxyethyl starches for intravascular volume replacement are not recommended [START_REF] Evans | Surviving sepsis campaign: international guidelines for management of sepsis and septic shock 2021[END_REF].

Vasoactive agents

A low mean arterial pressure (MAP) reflects an organ dysfunction. If hypotension persists despite fluid administration, vasopressors can be necessary. To maintain a MAP of 65 mmHg which is the targeted threshold, vasoactive therapies can be administered to patients with sepsis or septic shock. To treat hypotension, norepinephrine is recommended by the SSC [START_REF] Evans | Surviving sepsis campaign: international guidelines for management of sepsis and septic shock 2021[END_REF].

Mechanical ventilation

During sepsis or septic shock, the respiratory system can be altered leading to an organ dysfunction. In some cases, alteration of respiratory system can be worsened up to an ARDS. Mechanical ventilation can be necessary for ARDS. The SSC recommends using a low tidal volume ventilation (6 ml/kg) and an upper limit of plateau pressure of 30 cm H2O. They also recommend using prone ventilation in adult patients affected by sepsis induced ARDS for more than 12 hours daily [START_REF] Evans | Surviving sepsis campaign: international guidelines for management of sepsis and septic shock 2021[END_REF].

Glucose control

For glucose management a specific protocol is recommended for patients with sepsis in ICU. At glucose level of >= 180 mg/dL (10mmol/L), The SSC recommends initiating insulin therapy.

Red blood cell transfusion

A restrictive transfusion strategy for red blood cell transfusion is recommended by the SSC. Red blood cells transfusion should not be determined by hemoglobin concentration only but the clinical status of sepsis and/or septic shock patients should be considered such as acute myocardial ischemia, severe hypoxemia, and hemorrhage.

Venous thromboembolism prophylaxis

In absence of contraindications, a pharmacologic prophylaxis using low-molecularweight heparin over unfractionated heparin for venous thromboembolism is recommended.

Pro and anti-inflammatory responses during sepsis a. Introduction

Currently, immune response to sepsis is defined by a concomitant pro and antiinflammatory response which can evolve towards an immunosuppressive state. Infection triggers an hyperinflammatory phase leading in severe cases to organ failure and early mortality. Most of patients surviving this first phase enter a prolonged immunosuppression state. The intensity of the inflammatory and immunosuppression phase can vary between patients depending on different factors such as comorbidities, host genetic factors or the nature of the pathogen. Patients display different immune trajectories with distinct duration and intensity (Figure 3). The immunosuppression state increases susceptibility to secondary infections, poor organ recovery and delayed mortality. In this state, most cells of the innate and adaptive immune system display a marked immunosuppression (Hotchkiss et al., 2013;[START_REF] Monneret | How Clinical Flow Cytometry Rebooted Sepsis Immunology[END_REF]Venet and Monneret, 2018). 

b. Induction of an inflammatory phase by innate immunity

Activation of the innate immune system is mediated by pattern recognition receptors (PRRs) expressed by immune, endothelial and epithelial cells which recognize conserved structures among pathogens denominated pathogen associated molecular pattern (PAMPs).

Moreover, PPRs are able to recognize danger associated molecular patterns (DAMPs), endogenous molecules released from damaged cells [START_REF] Takeuchi | Pattern recognition receptors and inflammation[END_REF].

The global signaling pathway of DAMPs and PAMP recognition by PRRs is summarized in figure 4. Ten types of toll-like receptors (TLR) exist either as homodimers or heterodimers. Some of TLRs are localized at the plasma membrane (TLR1, 2, 4, 5, 6 and 11) recognizing different type of ligands (Lipoprotein, Lipopolysaccharide (LPS), peptidoglycans…) depending on the nature of the infecting pathogen (bacteria or viruses). They recognize external circulating damage signals or pathogen components. Some TLRs are localized into the cells in the endolysosome (TLR3, 8, 9 and 10) and are responsible for the recognition of nucleic acid from bacteria or viruses (e.g., SARS-CoV-2). In addition, some DAMPs are recognized by specific TLRs. For instance, high mobility group box 1 (HMGB1) or S100 protein (including S100A8 and S100A9) can act as endogenous ligand of TLR4 acting as DAMPs. TLRs play an important role in sepsis by initiating the immune response following recognition of pathogens. Human and animal studies demonstrated an increased expression of TLR2 and 4 on macrophages during sepsis [START_REF] Tsujimoto | Role of Toll-like receptors in the development of sepsis[END_REF]. Other studies reported an increased mortality of sepsis patients with specific genetic polymorphism of TLR [START_REF] Netea | Genetic variation in Toll-like receptors and disease susceptibility[END_REF][START_REF] Wurfel | Toll-like receptor 1 polymorphisms affect innate immune responses and outcomes in sepsis[END_REF].

As an example, TLR4 gained interest since it recognizes LPS, a component of gram-negative bacteria. An agonist of TLR4 was assessed in severe sepsis patients but failed to improve 28day mortality in a phase III study [START_REF] Opal | Effect of eritoran, an antagonist of MD2-TLR4, on mortality in patients with severe sepsis: the ACCESS randomized trial[END_REF]. The cytoplasmic nucleotide oligomerization domain (NOD) like receptors (NLR) such as NOD1 or NOD2 are responsible for the recognition of peptidoglycan from bacteria (such as dglutamyl-meso-diaminopimelic acid (iE-DAP) and muramyl dipeptide (MDP)). Among NLR, NLRP1 and 3 proteins, with a pyrin domain, can form a complex named inflammasome and trigger maturation of cytokines . A recent study demonstrated that a genetic polymorphism in NLRP3 was responsible for the suppression of NLRP3 expression and was associated with an improved survival of septic patients [START_REF] Lu | A gain-of-function NLRP3 3'-UTR polymorphism causes miR-146a-mediated suppression of NLRP3 expression and confers protection against sepsis progression[END_REF]. This study shows the important role of NRLP3 in development of sepsis.

The retinoic acid inducible gene (RIG-I) like receptors (RLR) are composed of a cytoplasmic receptor such as retinoic acid inducible gene 1 (RIG-1), the melanomadifferentiation associated gene 5 (MDA-5) and laboratory of genetic and physiologic gene 2 (LGP2). They recognize RNA from viruses. Receptor for advanced glycosylation end-productspecific (RAGE) can interact with HMGB1 or S100A7/A8/A9 [START_REF] Hotchkiss | Sepsis and septic shock[END_REF][START_REF] Raymond | Microbial recognition and danger signals in sepsis and trauma[END_REF][START_REF] Takeuchi | Pattern recognition receptors and inflammation[END_REF]. and CXC-chemokine ligand 10 (CXCL10) [START_REF] Hotchkiss | Sepsis and septic shock[END_REF][START_REF] Van Der Poll | The immunopathology of sepsis and potential therapeutic targets[END_REF], Torres et al., 2021).

The recognition of

The inflammatory phase in sepsis aims at eliminating pathogens but may lead to an exacerbated and harmful response. Activation and release of inflammatory mediators following PAMPs and DAMPs recognition result in interconnected cellular responses: uncontrolled cytokine release, complement activation, coagulation, alteration of endothelial barrier and organ failure.

Uncontrolled cytokine release IL-6, IL-1β, IL-8 and TNF-α were reported to be increased in plasma of patients after onset of sepsis [START_REF] Bozza | Cytokine profiles as markers of disease severity in sepsis: a multiplex analysis[END_REF][START_REF] Blackwell | Sepsis and cytokines: current status[END_REF][START_REF] Waage | The complex pattern of cytokines in serum from patients with meningococcal septic shock. Association between interleukin 6, interleukin 1, and fatal outcome[END_REF][START_REF] Matsumoto | The clinical importance of a cytokine network in the acute phase of sepsis[END_REF]. Compared to bacterial sepsis, the inflammatory phase of critically ill COVID-19 patients is characterized by a moderate cytokine release. Concentration of TNF-α, IL-6 and IL-8 in plasma of these patients is lower than in non-COVID sepsis patients with ARDS or without ARDS after ICU admission [START_REF] Kox | Cytokine Levels in Critically Ill Patients With COVID-19 and Other Conditions[END_REF]. Particularly, a meta-analysis reported that IL-6 plasma concentration was 27 times higher in patients with sepsis than in severe or critical COVID-19 patients [START_REF] Leisman | Cytokine elevation in severe and critical COVID-19: a rapid systematic review, meta-analysis, and comparison with other inflammatory syndromes[END_REF]. A longitudinal study compared the plasma concentration of pro-inflammatory cytokines in both bacterial sepsis and critically ill COVID-19 patients. In bacterial sepsis patients, a peak of IL-1β, IL-6, IL-8 and TNF-α was observed one day after ICU admission and cytokine levels decreased over the following days.

IL-6 and IL-1β plasma concentrations in bacterial sepsis patients at day 1 were significantly higher than in COVID-19 patients. After day 1, concentration of the four cytokines was similar between the two cohorts. In contrast, critically ill COVID-19 patients displayed an increased concentration of these cytokines over time, in particular TNF-α (Loftus et al., 2021). These studies suggest that the physiopathology of severe COVID-19 infection is characterized by a moderate cytokine release (Remy et al., 2020a;[START_REF] Remy | Severe immunosuppression and not a cytokine storm characterizes COVID-19 infections[END_REF]Loftus et al., 2021;Monneret et al., 2020;[START_REF] Dong | Lessons Learned Comparing Immune System Alterations of Bacterial Sepsis and SARS-CoV-2 Sepsis[END_REF]. This inflammatory response is initiated by the infected host to limit the infection but eventually leads to a dysregulated response leading to a pathological state. Some proinflammatory cytokines are released to control the infection. Excessive cytokine production triggers the activation of the complement system, coagulation, and endothelial cell activation.

Complement activation

Complement activation is triggered by the recognition of DAMPs or PAMPs by PRRs.

During sepsis, activation of complement induces release of complement anaphylatoxin proteins such as C3 and C5a. These proteins play a key role in the modulation of the immune system. It mediates the inflammation and activate immune cells. Anaphylatoxin protein can activate inflammation by inducing oxidative burst in macrophages, eosinophils, and neutrophils. In addition, these proteins can induce vasodilatation mediated by histamine production [START_REF] Merle | Complement System Part II: Role in Immunity[END_REF]. The complement system is an essential component of the immune system, but an uncontrolled activation can damage tissue resulting in organ dysfunction. Studies showed that C5a levels was high in plasma of patients with sepsis [START_REF] Ward | The harmful role of c5a on innate immunity in sepsis[END_REF][START_REF] Hotchkiss | Sepsis and septic shock[END_REF]. C5a acts as chemo attractant for neutrophils, monocytes, and macrophages. It induces an oxidative burst with the formation of reactive oxygen and release of granular enzymes leading to tissue damage. With the stimulation of pro-inflammatory cytokine and chemokine release, the inflammatory response and the cytokine release are amplified. The link between coagulation and complement activation is illustrated in figure 5. Neutrophil dysfunction, development of systemic inflammation, disseminated intravascular coagulation (DIC) and multiple organ failures were reported as potential consequences of C5a release during sepsis [START_REF] Ward | The harmful role of c5a on innate immunity in sepsis[END_REF][START_REF] Hotchkiss | Sepsis and septic shock[END_REF].

Coagulation

Sepsis is characterized by an activation of the coagulation system. The hypercoagulable state occurring in sepsis is associated with fibrin deposition, neutrophil extracellular trap (NET) formation and endothelial injury (Figure 5). Initiation of the coagulation protease cascade is mediated by tissue factor. Tissue factor was reported to be produced by macrophages, monocytes and neutrophils following activation by pro-inflammatory cytokines. After cascade activation of tissue factor and other coagulation factors, thrombin is generated and converts fibrinogen into strand of fibrin which could lead to microvascular thrombosis. The formation of thrombus contributes to tissue hypotension and is worsened by vasodilatation leading to organ dysfunction [START_REF] Okamoto | Sepsis and disseminated intravascular coagulation[END_REF][START_REF] Levi | Coagulation and sepsis[END_REF]. In severe COVID-19 patients, fibrin degradation products such as D-Dimer were found to be in higher quantities than in general ICU patients (Osuchowski et al., 2021[START_REF] Leisman | Cytokine elevation in severe and critical COVID-19: a rapid systematic review, meta-analysis, and comparison with other inflammatory syndromes[END_REF]. Expression of endogenous pro and anticoagulant proteins is altered during sepsis: increased levels of tissue factor and plasminogen activator inhibitor 1 are observed while antithrombin, tissue factor pathway inhibitor and C protein expression are reduced.

Consumption of factors that regulate the generation of thrombin contributes to the development of DIC [START_REF] Hotchkiss | Sepsis and septic shock[END_REF][START_REF] Van Der Poll | The immunopathology of sepsis and potential therapeutic targets[END_REF].

Maintenance of vascular integrity is mediated by platelets. In case of sepsis, platelets play a role in the development of coagulation. Excessive platelet activation is involved in organ injury during sepsis. Platelet formation can be induced by inflammatory mediators. Expression of P-selectin on the membrane of activated platelets drives the adherence of platelet to endothelial cells and leukocytes and induce tissue factor expression on monocytes. Activation of platelets can indirectly stimulate fibrin formation leading to microvascular thrombosis. In addition, platelets can induce the recruitment of immune cells and inflammatory mediators exacerbating inflammation and formation of thrombin [START_REF] Hotchkiss | Sepsis and septic shock[END_REF][START_REF] Van Der Poll | The immunopathology of sepsis and potential therapeutic targets[END_REF][START_REF] Okamoto | Sepsis and disseminated intravascular coagulation[END_REF].

Coagulation and inflammation are associated with the release of NETs. NETs correspond to DNA, histones and serine proteases released by neutrophils during viral and bacterial clearance. Neutrophils contribute to innate defense by entrapping pathogens with NETs. NETs can contribute to coagulation and thrombus formation by aggregating platelet or fibrin clots [START_REF] Denning | DAMPs and NETs in Sepsis[END_REF]. Increased levels of NETs were associated with sepsis severity and organ dysfunction [START_REF] Czaikoski | Neutrophil Extracellular Traps Induce Organ Damage during Experimental and Clinical Sepsis[END_REF][START_REF] Maruchi | Plasma myeloperoxidase-conjugated DNA level predicts outcomes and organ dysfunction in patients with septic shock[END_REF].

Interaction between coagulation and the complement system can exacerbate the inflammatory state during sepsis. The conversion of C3 and C5 into C3a and C5a respectively can be induced by thrombin and fibrinolytic protease. C5a can activate the expression of tissue factor by endothelial cells (Figure 5).

Alteration of endothelial barrier

Sepsis is characterized by a disruption of the integrity of the endothelial barrier. The endothelial barrier covers the vascular system separating blood compartment and tissues.

Integrity of the endothelial barrier is determined by the endothelial cytoskeleton, the glycocalyx and intercellular adhesion molecules. Following inflammation, immune cells and platelets adhere to the endothelial tissue and are recruited to the site of infection. Migration and binding to the endothelial barrier results in leakage of vascular fluids. In sepsis hyperinflammation exacerbates these mechanisms leading to an altered endothelial barrier.

The glycocalyx which maintains tight junction, is altered in sepsis resulting in an increase in the endothelial permeability. Being on the surface of endothelial cells, glycocalyx can be targeted by inflammatory mediators and immune cells. In addition, the ubiquitous nature of glycocalyx in organs explains the endothelial activation and damage of tissues distant from the original site of infection. Sepsis associated inflammation of glycocalyx can contribute to acute kidney injury (AKI), respiratory and hepatic dysfunction [START_REF] Chelazzi | Glycocalyx and sepsis-induced alterations in vascular permeability[END_REF]Hotchkiss et al., 2016;[START_REF] Van Der Poll | The immunopathology of sepsis and potential therapeutic targets[END_REF].

Organ failure

Sepsis is a systemic inflammation which can affect all organs of the body. Activation of the inflammatory phase mediated by the recognition of DAMPs or PAMPs leads to cytokine release in the general circulation. The release of pro-inflammatory cytokines activates the release of complement proteins, increases the concentration of tissue factor contributing to hypercoagulable state and DIC which can lead to multiple organ failures. Thrombus formation results in hypotension and is amplified by vasodilatation, release of NETs and trapped platelets.

Alteration of the endothelial barrier due to inflammation and a decreased junction between cells contributes to an impaired tissue oxygenation, itself exacerbated by tissue hypoperfusion.

Endothelial barrier dysfunction may lead to multiple organ failures including AKI, respiratory and hepatic dysfunction. In worse case, hyperinflammatory phase and underlaying mechanisms contribute to organ failure that may lead to early death [START_REF] Chelazzi | Glycocalyx and sepsis-induced alterations in vascular permeability[END_REF][START_REF] Hotchkiss | Sepsis and septic shock[END_REF][START_REF] Van Der Poll | The immunopathology of sepsis and potential therapeutic targets[END_REF].

c. Management of the early phase of sepsis: anti-inflammatory therapies

Over the last three decades more than one hundred clinical trials have tried to manage the early phase of sepsis by targeting the inflammatory phase during sepsis or septic shock. Many strategies have been tested: corticosteroids; anti-endotoxin therapies; anti-inflammatory therapies targeting pro-inflammatory cytokines such as TNF-α, IL-1 or compounds targeting the complement system or thrombosis (Table 3). Many clinical trials failed to demonstrate efficacy on patients' outcomes. However, retrospective subgroup analysis has in some instances shown beneficial effect in specific subgroups of sepsis patients. For instance, in sepsis patients with elevated IL-6 levels, anti-TNF-α treatments reduced 28-day mortality of patients while it had no effect in overall, non-selected sepsis patients [START_REF] Panacek | Efficacy and safety of the monoclonal anti-tumor necrosis factor antibody F(ab')2 fragment afelimomab in patients with severe sepsis and elevated interleukin-6 levels[END_REF]. Similarly, survival of sepsis patients with features of macrophage activation syndrome treated with Anakinra IL-1 receptor antagonist was improved when compared with placebo [START_REF] Shakoory | Interleukin-1 Receptor Blockade Is Associated With Reduced Mortality in Sepsis Patients With Features of Macrophage Activation Syndrome: Reanalysis of a Prior Phase III Trial[END_REF]. More recently in severe and critical COVID-19, the clinical trial of Anakinra guided by soluble urokinase plasminogen receptor (suPAR) plasma levels resulted in reduced mortality and improved clinical status of COVID-19 patients with a suPAR plasma concentration ≥ 6ng/ml [START_REF] Kyriazopoulou | Early treatment of COVID-19 with anakinra guided by soluble urokinase plasminogen receptor plasma levels: a double-blind, randomized controlled phase 3 trial[END_REF]. Stratification of patients according to their immunological status is required to improve clinical trials. Anti-inflammatory therapies may be beneficial in patients in inflammatory phase and in contrast may be harmful in immunosuppressed septic patients.

Table 3: Meta-analysis or clinical trials assessing therapies targeting the inflammatory phase of sepsis.

d. Mechanisms involved in the immunosuppressive phase

Patients who survive to the initial inflammatory phase can shift towards an immunosuppressive state. Increasing studies have reported the existence of both an antiinflammatory and immunosuppressive state during sepsis. Reduced response to antigens, inability to clear infection and risk of nosocomial infections are features of an immunosuppressive state. Some pathophysiologic mechanisms contributing to the immunosuppression of immune cells are described in the literature: an increased apoptosis, epigenetic modification, endotoxin tolerance and immunometabolic reprogramming (Venet and Monneret, 2018;Torres et al., 2021).

Apoptosis

Apoptosis contributes to the depletion of immune cells such as natural killer (NK) cells, B cells, CD4+, CD8+ T cells and dendritic cells (DCs) (Hotchkiss et al., 2001;[START_REF] Hotchkiss | Depletion of dendritic cells, but not macrophages, in patients with sepsis[END_REF][START_REF] Venet | Early assessment of leukocyte alterations at diagnosis of septic shock[END_REF][START_REF] Forel | Phenotype and functions of natural killer cells in critically-ill septic patients[END_REF][START_REF] Tulzo | Early circulating lymphocyte apoptosis in human septic shock is associated with poor outcome[END_REF]. The sepsis-induced apoptosis occurs through two pathways [START_REF] Hotchkiss | Accelerated lymphocyte death in sepsis occurs by both the death receptor and mitochondrial pathways[END_REF] which are illustrated in figure 6. The extrinsic pathway is triggered by the binding of inducers on death receptors (such as Fas or TNF related apoptosis-inducing ligand (TRAIL)) leading to the activation of caspases (caspase-8 and caspase-10). In turns, caspase-8 and caspase-10 induce activation of caspase-3 and caspase-7 leading to apoptosis. The intrinsic "mitochondrial" pathway is initiated by intrinsic stimulus which activate B-cell lymphoma-2 (Bcl-2) homology domain 3 (BH3) leading to activation of Bcl-2 homologous antagonist killer (BAK) and Bcl-2 associated X protein (BAX).

Activated BAX and BAK trigger mitochondrial outer membrane permeabilization and activation of the apoptosome leading to activation of Caspase-9, then caspase-3 and caspase-7 resulting in apoptosis [START_REF] Ichim | A fate worse than death: apoptosis as an oncogenic process[END_REF]. In sepsis patients, caspase-8 and caspase-9 were found to be increased in CD3+ lymphocytes. Apoptosis markers (Annexin V and 7aminoactinomycin D) are increased in CD4+ and CD8+ T cells, B cells (CD20+) and NK cells (CD56+) [START_REF] Hotchkiss | Accelerated lymphocyte death in sepsis occurs by both the death receptor and mitochondrial pathways[END_REF]. The depletion of B and T cells impairs the adaptive immune response during sepsis. Since cells from adaptive immunity interacts with the innate cells, the loss of B and T cells affects the innate immune response during sepsis leading to immunoparalysis. 

Epigenetic modification

Epigenetic modification is a key mechanism occurring during sepsis. The immune response is regulated by epigenetic-linked transcriptional modification. Epigenetic modification aims at regulating the expression state of a particular gene into transcriptionally active or silent states by the modification of the gene loci organization on chromatin. Epigenetic modification involves post-translational modification of histone protein in the chromatin (acetylation, methylation, ubiquitinylation or phosphorylation) or methylation of DNA [START_REF] Zhang | Epigenetic regulation of the innate immune response to infection[END_REF]. For instance, transcriptional repressed marks were found to be increased in gene involved in processing and presenting of antigens by immune cells of septic patients [START_REF] Weiterer | Sepsis induces specific changes in histone modification patterns in human monocytes[END_REF]. For the adaptive response, a study demonstrated that the protein arginine N-methyltransferase 4 (PRMT4) was involved in lymphocyte apoptosis in experimental sepsis models [START_REF] Lai | Protein arginine N-methyltransferase 4 (PRMT4) contributes to lymphopenia in experimental sepsis[END_REF].

Endotoxin tolerance

Endotoxin tolerance is defined as a loss of responsiveness to LPS following a first challenge with LPS or endotoxin and is an important mechanism contributing to the immunosuppressive state of septic patients. This state of tolerance reprograms the inflammatory response leading to a reduced pro-inflammatory cytokine production in response to LPS challenge. Endotoxin tolerance was observed both in vitro and in vivo in animals as well as in humans [START_REF] Biswas | Endotoxin tolerance: new mechanisms, molecules and clinical significance[END_REF]. In addition, a decreased expression of genes encoding pro-inflammatory and chemokines was reported (Allataz-Frager et al., 2013;[START_REF] Shalova | Human monocytes undergo functional re-programming during sepsis mediated by hypoxia-inducible factor-1α[END_REF]. Studies showed that monocytes of septic patients display a reduced capacity to produce pro-inflammatory cytokines such as TNF-α, IL-1α, IL-6 and IL-12 following a second challenge [START_REF] Cavaillon | Bench-to-bedside review: endotoxin tolerance as a model of leukocyte reprogramming in sepsis[END_REF]. This state of tolerance contributes to sepsisinduced immunosuppression.

Immunometabolic paralysis

During sepsis, glycolysis and oxidative phosphorylation are affected by the metabolism dysfunction. Leucocytes from patients with sepsis display a decreased oxygen consumption (Beliklova et al., 2007;[START_REF] Cheng | Broad defects in the energy metabolism of leukocytes underlie immunoparalysis in sepsis[END_REF] and reduced transport of fatty acid [START_REF] Cheng | Broad defects in the energy metabolism of leukocytes underlie immunoparalysis in sepsis[END_REF]. Indeed, immune cells of sepsis patient display impaired ability to respond to secondary stimulation illustrated by a decreased cytokine production [START_REF] Cheng | Broad defects in the energy metabolism of leukocytes underlie immunoparalysis in sepsis[END_REF]. Transcriptomic analysis showed that metabolism associated pathways (including tricarboxylic acid, aerobic respiration, respiratory electron transport chain, cellular respiration pathway) were downregulated in immunocompromised patients (sepsis patients under immunosuppressive therapy or with active malignant disease) compared to "immunocompetent" sepsis patients [START_REF] Cheng | Using RNA-Seq to Investigate Immune-Metabolism Features in Immunocompromised Patients With Sepsis[END_REF]. Proteomic analysis of monocytes from septic patients indicated that septic shock induces changes in the proteome of monocytes illustrated by an upregulation of glycolysis enzymes and decreased in proteins related to oxidative phosphorylation (Azambuja [START_REF] Rodrigues | Proteomics reveals disturbances in the immune response and energy metabolism of monocytes from patients with septic shock[END_REF].

e. Immunosuppression: consequences on innate and adaptive immunity

Immune cells from both arms are affected by sepsis-induced immunosuppression: immature neutrophils, myeloid-derived suppressor cells, monocytes/macrophages, dendritic cells, innate type lymphocytes for the innate immunity, B and T lymphocytes for the adaptive immunity. Figure 7 illustrates the immune alterations reported to-date during sepsis immunosuppressive state. 

Innate immunity

Immature neutrophils

Neutrophils are key cells of the innate immune response and represent the first line of defense upon infection. In response to sepsis, emergency granulopoiesis occurs which increases the release of immature neutrophils [START_REF] Manz | Emergency granulopoiesis[END_REF]). An autopsy examination showed that neutrophils are found in renal blood vessels and are infiltrated in lung tissues of septic patients with organ dysfunction [START_REF] Brown | Neutrophils in development of multiple organ failure in sepsis[END_REF]. The proportion of immature neutrophils phenotypically identified by their low expression of CD10 and CD16 is increased during sepsis and associated with early mortality [START_REF] Guérin | Circulating immature granulocytes with T-cell killing functions predict sepsis deterioration[END_REF]. Immature neutrophils display impaired functions in sepsis patients leading to an impaired capacity of pathogenic clearance: a decreased chemotaxis response was described with a reduced expression of C-X-C motif chemokine receptor (CXCR) 1 and CXCR2 which normally regulates the recruitment of neutrophils to the sites of damaged/inflamed tissues. In addition, during the first week following sepsis, reduced oxidative burst and low lactoferrin content were observed [START_REF] Demaret | Marked alterations of neutrophil functions during sepsis-induced immunosuppression[END_REF]. On the other hand, the excessive formation of NETs is related to organ damage and dysfunction [START_REF] Denning | DAMPs and NETs in Sepsis[END_REF]. Similar observations than reported in bacterial sepsis 

Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) were initially described in cancer. These cells are immature myeloid cells which develops during chronic and acute inflammatory states.

MDSCs are an heterogenous population of immature myeloid cells with immunosuppressive function on innate and adaptive immunity. MDSCs expand upon activation by various inflammatory mediators such as PAMPs (e.g., LPS, endotoxins), DAMPs (e.g., HMGB1) or cytokines (e.g., granulocyte-macrophage colony stimulating factor (GM-CSF), IL-6). MDSCs suppress the activity of immune cells through different mechanisms: degradation of L-arginine, production of reactive oxygen and reactive nitrogen species, release of immunosuppressive cytokines (IL-10, transforming growth factor β (TGF-β)) and activation of regulatory T cells (Treg). Two subsets of MDSCs have been identified: granulocytic-MDSCs and monocytic-MDSCs [START_REF] Schrijver | Myeloid-Derived Suppressor Cells in Sepsis[END_REF]. In sepsis patients, an increased number of circulating MDSCs was reported and associated with immunosuppression [START_REF] Uhel | Early Expansion of Circulating Granulocytic Myeloid-derived Suppressor Cells Predicts Development of Nosocomial Infections in Patients with Sepsis[END_REF][START_REF] Mathias | Human Myeloid-derived Suppressor Cells are Associated With Chronic Immune Suppression After Severe Sepsis/Septic Shock[END_REF][START_REF] Hollen | Myeloid-derived suppressor cell function and epigenetic expression evolves over time after surgical sepsis[END_REF][START_REF] Waeckel | Delayed persistence of elevated monocytic MDSC associates with deleterious outcomes in septic shock: a retrospective cohort study[END_REF]. Uhel et al., described that genes involved in MDSCs suppressive function including S100A12, S100A9, MMP8 and ARG1 were upregulated in the blood of septic patients. M-MDSCs appear to be increased in the global ICU patient's population while G-MDSCs are preferentially expanded in septic patients and associated with subsequent nosocomial infections. Recently, Hollen et al., reported that the number of MDSCs remained elevated in sepsis patients over 42 days after onset of sepsis although MDSCs were found to suppress T cell function only two weeks after sepsis onset. Similarly, increased MDSCs frequency was reported in critically ill COVID-19 patients [START_REF] Sacchi | Early expansion of myeloid-derived suppressor cells inhibits SARS-CoV-2 specific T-cell response and may predict fatal COVID-19 outcome[END_REF][START_REF] Reizine | SARS-CoV-2-Induced ARDS Associates with MDSC Expansion, Lymphocyte Dysfunction, and Arginine Shortage[END_REF][START_REF] Coudereau | Emergence of immunosuppressive LOX-1+ PMN-MDSC in septic shock and severe COVID-19 patients with acute respiratory distress syndrome[END_REF]. A higher number of MDSCs was found in patients with ARDS compared to patients with moderate pneumonia and was correlated to lymphopenia [START_REF] Reizine | SARS-CoV-2-Induced ARDS Associates with MDSC Expansion, Lymphocyte Dysfunction, and Arginine Shortage[END_REF]. The increased number of MDSCs suggests driving-inflammatory emergency myelopoiesis in both septic and critically ill COVID-19 patients (Schulte-Schrepping et al., 2020). The increased proportion of MDSCs contributes to the immunosuppressive phenotype of sepsis patients.

Monocytes and macrophages

Monocytes and macrophages play a key role during inflammation and pathogen challenge. A major feature of sepsis is the reduced capacity of monocytes to produce proinflammatory cytokines after a secondary bacterial challenge, known as endotoxin tolerance (see above). The state of endotoxin tolerance is identified also by the enhanced capacity of monocytes to release anti-inflammatory cytokines such as IL-10 and IL-1 receptor antagonist (IL-1RA) [START_REF] Cavaillon | Bench-to-bedside review: endotoxin tolerance as a model of leukocyte reprogramming in sepsis[END_REF]. Moreover, monocytes from septic patients display a reduced antigen presentation capacity illustrated by a reduced expression of human leukocyte antigen DR isotype (HLA-DR). Low expression of HLA-DR on monocyte (mHLA-DR) is used as a surrogate marker of monocyte unresponsiveness [START_REF] Wolk | Impaired antigen presentation by human monocytes during endotoxin tolerance[END_REF]Monneret and Venet, 2016). Number of studies have shown that a reduced mHLA-DR expression is correlated with poor outcomes such as a higher incidence of nosocomial infections and an increased mortality [START_REF] Landelle | Low monocyte human leukocyte antigen-DR is independently associated with nosocomial infections after septic shock[END_REF][START_REF] Ward | The harmful role of c5a on innate immunity in sepsis[END_REF][START_REF] Leijte | Monocytic HLA-DR expression kinetics in septic shock patients with different pathogens, sites of infection and adverse outcomes[END_REF][START_REF] Bodinier | Monocyte Trajectories Endotypes Are Associated With Worsening in Septic Patients[END_REF][START_REF] Roquetaillade | Monitoring of circulating monocyte HLA-DR expression in a large cohort of intensive care patients: relation with secondary infections[END_REF]. The expression of HLA-DR on monocytes of critically ill COVID-19 patients was investigated and reported as decreased and associated with severity [START_REF] Benlyamani | Monocyte HLA-DR Measurement by Flow Cytometry in COVID-19 Patients: An Interim Review[END_REF][START_REF] Kox | Cytokine Levels in Critically Ill Patients With COVID-19 and Other Conditions[END_REF][START_REF] Wilk | A single-cell atlas of the peripheral immune response in patients with severe COVID-19[END_REF][START_REF] Jeannet | Severe COVID-19 is associated with deep and sustained multifaceted cellular immunosuppression[END_REF]. Nevertheless, critically ill COVID-19 patients display a lower reduced expression of mHLA-DR than patients with septic shock or bacterial sepsis. In addition, studies showed that nonclassical monocytes (CD14-CD16+, known as inflammatory monocytes) are depleted in the blood of severe COVID-19 patients [START_REF] Carapito | Identification of driver genes for critical forms of COVID-19 in a deeply phenotyped young patient cohort[END_REF][START_REF] Schulte-Schrepping | Severe COVID-19 Is Marked by a Dysregulated Myeloid Cell Compartment[END_REF]COMBAT consortium, 2022) and could migrate from the blood to the lung [START_REF] Sánchez-Cerrillo | COVID-19 severity associates with pulmonary redistribution of CD1c+ DCs and inflammatory transitional and nonclassical monocytes[END_REF].

In addition, Brauns et al., described a functional reprogramming of monocytes in critical and severe COVID-19 patients. The TLR-induced cytokine production by CD14+ monocytes was impaired and associated with a reduced polyfunctionality [START_REF] Brauns | Functional reprogramming of monocytes in patients with acute and convalescent severe COVID-19[END_REF]. This suggests that monocytes from critical COVID-19 patients may enter in a tolerized state as observed in bacterial sepsis patients.

Dendritic cells

Dendritic cells (DCs) are professional antigen presenting cells (APCs) which link the innate immunity with the adaptive immunity via their capacity to induce activation and differentiation of naive T lymphocytes. In sepsis, a reduced count of DCs was reported in both spleen and blood of patients [START_REF] Hotchkiss | Depletion of dendritic cells, but not macrophages, in patients with sepsis[END_REF][START_REF] Grimaldi | Profound and persistent decrease of circulating dendritic cells is associated with ICU-acquired infection in patients with septic shock[END_REF][START_REF] Guisset | Decrease in circulating dendritic cells predicts fatal outcome in septic shock[END_REF].

Both plasmacytoid DC (pDC) and conventional DC (cDC) numbers are decreased in the blood of septic patients. Moreover, DC functions are also impaired during sepsis as shown by a reduced antigen presentation and reduced cytokine production which both contribute to the development of sepsis-induced immunosuppression [START_REF] Bouras | Contribution of Dendritic Cell Responses to Sepsis-Induced Immunosuppression and to Susceptibility to Secondary Pneumonia[END_REF][START_REF] Poulin | Understanding the Cellular Origin of the Mononuclear Phagocyte System Sheds Light on the Myeloid Postulate of Immune Paralysis in Sepsis[END_REF].

Similarly, a diminished number of DCs (including pDcs and cDCs) was characterized in critically ill COVID-19 patients (COMBAT consortium, 2022;[START_REF] Wilk | A single-cell atlas of the peripheral immune response in patients with severe COVID-19[END_REF][START_REF] Carapito | Identification of driver genes for critical forms of COVID-19 in a deeply phenotyped young patient cohort[END_REF][START_REF] Turnbull | Dysregulation of the leukocyte signaling landscape during acute COVID-19[END_REF]. In addition, a study documented reduced DC counts in lung of patients with severe COVID-19 infection [START_REF] Liao | Single-cell landscape of bronchoalveolar immune cells in patients with COVID-19[END_REF].

Innate type lymphocytes

Innate type lymphocytes are responsible for the initiation of the inflammatory response.

These include NK cells, innate lymphoid cells (ILCs), natural killer T (NKT) and mucosalassociated invariant T (MAIT) cells.

NK cells play a key role in the immune response to cancer, viral or bacterial infections via the production of various cytokines and chemokines. During sepsis, a reduced number of NK cells was observed compared to healthy individuals and their functions are impaired [START_REF] Forel | Phenotype and functions of natural killer cells in critically-ill septic patients[END_REF][START_REF] Venet | Early assessment of leukocyte alterations at diagnosis of septic shock[END_REF][START_REF] Souza-Fonseca-Guimaraes | Toll-like receptors expression and interferon-γ production by NK cells in human sepsis[END_REF][START_REF] Carvelli | Imbalance of Circulating Innate Lymphoid Cell Subpopulations in Patients With Septic Shock[END_REF].

NK cell cytotoxicity function is reduced in septic patients. Like endotoxin tolerance in monocytes, ex vivo IFN-γ production by NK cells is decreased following stimulation with TLR agonists. Since NK cells are responsible for anti-viral response, impaired NK functionality can lead to viral reactivation [START_REF] Souza-Fonseca-Guimaraes | Toll-like receptors expression and interferon-γ production by NK cells in human sepsis[END_REF][START_REF] Chiche | Interferon-γ production by natural killer cells and cytomegalovirus in critically ill patients[END_REF]. A reduced number of NK cells was also reported in critically ill COVID-19 patients which may contribute to immunosuppression (COMBAT consortium, 2022[START_REF] Wilk | A single-cell atlas of the peripheral immune response in patients with severe COVID-19[END_REF][START_REF] Turnbull | Dysregulation of the leukocyte signaling landscape during acute COVID-19[END_REF][START_REF] Kuri-Cervantes | Comprehensive mapping of immune perturbations associated with severe COVID-19[END_REF] Other innate type lymphocytes have been understudied in sepsis. The number of circulating ILCs was reported to be reduced in sepsis patients [START_REF] Carvelli | Imbalance of Circulating Innate Lymphoid Cell Subpopulations in Patients With Septic Shock[END_REF][START_REF] Cruz-Zárate | Innate Lymphoid Cells Have Decreased HLA-DR Expression but Retain Their Responsiveness to TLR Ligands during Sepsis[END_REF] and in severe COVID-19 patients [START_REF] Silverstein | Innate lymphoid cells and COVID-19 severity in SARS-CoV-2 infection[END_REF]Garcia et al., 2020;[START_REF] Kuri-Cervantes | Comprehensive mapping of immune perturbations associated with severe COVID-19[END_REF] and associated with severity. Concerning MAIT cells, a reduced number was also described in septic [START_REF] Grimaldi | Specific MAIT cell behaviour among innate-like T lymphocytes in critically ill patients with severe infections[END_REF] and severe COVID-19 patients (COMBAT consortium 2022, Parrot et al., 2020;[START_REF] Kuri-Cervantes | Comprehensive mapping of immune perturbations associated with severe COVID-19[END_REF] and was associated with poor outcomes. Nevertheless, NKT cells number does not appear altered during sepsis [START_REF] Grimaldi | Specific MAIT cell behaviour among innate-like T lymphocytes in critically ill patients with severe infections[END_REF].

Adaptive immunity B cells

B cells are in the center of the adaptive immune response and responsible for the production of immunoglobulins. B cells are APCs and can mediate activation of immune cells by the production of cytokines. Sepsis-induced apoptosis of B cells was observed in spleen and in blood of patients illustrated by an increased proportion of Annexin V positive cells (Hotchkiss et al., 2001;[START_REF] Tulzo | Early circulating lymphocyte apoptosis in human septic shock is associated with poor outcome[END_REF]. In addition, sepsis patients display a reduced number of circulating B cells [START_REF] Gustave | Septic Shock Shapes B Cell Response toward an Exhausted-like/Immunoregulatory Profile in Patients[END_REF][START_REF] Venet | Early assessment of leukocyte alterations at diagnosis of septic shock[END_REF][START_REF] Monserrat | Early alterations of B cells in patients with septic shock[END_REF][START_REF] Shankar-Hari | Activation-Associated Accelerated Apoptosis of Memory B Cells in Critically Ill Patients With Sepsis[END_REF]. Sepsis-induced immunosuppression contributes to increase the number of exhausted B cells [START_REF] Suzuki | Reduced Immunocompetent B Cells and Increased Secondary Infection in Elderly Patients With Severe Sepsis[END_REF][START_REF] Gustave | Septic Shock Shapes B Cell Response toward an Exhausted-like/Immunoregulatory Profile in Patients[END_REF] and to reduce ex vivo their activity and proliferation capacity [START_REF] Gustave | Septic Shock Shapes B Cell Response toward an Exhausted-like/Immunoregulatory Profile in Patients[END_REF]. In addition, Gustave et al., reported a decreased CMH II expression on circulating B cells which was correlated with the reduced expression of HLA-DR on monocytes on the same patients and an increased mortality.

Reduced HLA-DR on B cells may be related to a reduced antigen presentation capacity. Suzuki et al., reported a reduced number of naive B cells [START_REF] Suzuki | Reduced Immunocompetent B Cells and Increased Secondary Infection in Elderly Patients With Severe Sepsis[END_REF], while no difference was observed in other studies [START_REF] Shankar-Hari | Activation-Associated Accelerated Apoptosis of Memory B Cells in Critically Ill Patients With Sepsis[END_REF][START_REF] Gustave | Septic Shock Shapes B Cell Response toward an Exhausted-like/Immunoregulatory Profile in Patients[END_REF]. An apoptotic depletion of memory B cells (including class-switch and IgM memory B cells) was observed in some sepsis patients [START_REF] Shankar-Hari | Activation-Associated Accelerated Apoptosis of Memory B Cells in Critically Ill Patients With Sepsis[END_REF] while no difference was reported in other studies [START_REF] Gustave | Septic Shock Shapes B Cell Response toward an Exhausted-like/Immunoregulatory Profile in Patients[END_REF][START_REF] Suzuki | Reduced Immunocompetent B Cells and Increased Secondary Infection in Elderly Patients With Severe Sepsis[END_REF]. Duan et al., demonstrated that the reduction in mature B cells (including memory B cells and antibody secreting cells) was higher in nonsurvivors compared to survivors after onset of sepsis and was related to lower immunoglobulin concentration (including IgA, IgG and IgM) [START_REF] Duan | Impaired B-Cell Maturation Contributes to Reduced B Cell Numbers and Poor Prognosis in Sepsis[END_REF]. Similarly in severe COVID-19 patients a reduced circulating number of B cells was observed (COMBAT consortium, 2022;[START_REF] Wilk | A single-cell atlas of the peripheral immune response in patients with severe COVID-19[END_REF] and gene expression of HLA class was downregulated in B cells [START_REF] Wilk | A single-cell atlas of the peripheral immune response in patients with severe COVID-19[END_REF]. A meta-analysis comparing the count of B cells in mild versus severe COVID-19 patients reported that the lymphopenia was linked to patient outcomes (Huang et al., 2020b;[START_REF] Huang | Lymphopenia in severe coronavirus disease-2019 (COVID-19): systematic review and meta-analysis[END_REF]. However, studies reported a selective B cell plasmablast expansion in severe COVID-19 patients showing the capacity of B cells to trigger a specific humoral response against SARS-CoV-2 (COMBAT consortium, 2022;Osuchowski et al., 2021;[START_REF] Kuri-Cervantes | Comprehensive mapping of immune perturbations associated with severe COVID-19[END_REF]. 

Lymphopenia

An important feature of sepsis is lymphopenia. Lymphopenia is the result of T lymphocyte apoptosis and has been reported in many studies. In spleen and blood of sepsis patients, a loss of T lymphocyte count was reported (Le [START_REF] Tulzo | Early circulating lymphocyte apoptosis in human septic shock is associated with poor outcome[END_REF]Hotchkiss et al., 2001;Hotchkiss et al., 1999;[START_REF] Venet | Early assessment of leukocyte alterations at diagnosis of septic shock[END_REF][START_REF] Monserrat | Clinical relevance of the severe abnormalities of the T cell compartment in septic shock patients[END_REF][START_REF] Drewry | Persistent lymphopenia after diagnosis of sepsis predicts mortality[END_REF] and apoptosis affects both CD4+ and CD8+ T lymphocyte subsets. In addition, lymphopenia is associated with poor outcomes (Le [START_REF] Tulzo | Early circulating lymphocyte apoptosis in human septic shock is associated with poor outcome[END_REF][START_REF] Drewry | Persistent lymphopenia after diagnosis of sepsis predicts mortality[END_REF][START_REF] Daix | Multicentric Standardized Flow Cytometry Routine Assessment of Patients With Sepsis to Predict Clinical Worsening[END_REF]. Drewry et al., reported that persistent lymphopenia at day 4 predicted early and late mortality (Figure 8). Patients with absolute lymphocyte count lower than 0.6x10 3 cells/μl displayed higher morality at day 28 and 1 year [START_REF] Drewry | Persistent lymphopenia after diagnosis of sepsis predicts mortality[END_REF]. T cell exhaustion T cell exhaustion was described initially in chronic infections or in cancer. T cell exhaustion occurs following persistent antigen exposure and/or inflammation. An altered state that displays specific features such as progressive impaired effector function, upregulation, and co-expression of multiple inhibitory receptors, altered expression of transcription factors and metabolic dysfunction. Different mechanisms can be responsible for T cell exhaustion:

Continuous exposure to antigen is a first mechanism leading to T cell exhaustion. Upregulation of inhibitory receptors can also induce T cell exhaustion such as programmed cell death protein 1 (PD-1), T cell immunoglobulin domain and mucin domain-containing protein 3 (TIM3), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), lymphocyte activation gene 3 protein (LAG3) and many others. Release of immune mediators can be responsible for the induction of T cell exhaustion which includes immunosuppressive cytokines (e.g., IL-10, TGF-β) or proinflammatory cytokines (e.g., type I interferon or IL-6). Finally, Treg can suppress T cell functions contributing to the exhausted state of T lymphocytes. Particularly, the proportion of Treg can be increased during chronic infections [START_REF] Wherry | Molecular and cellular insights into T cell exhaustion[END_REF]. In sepsis, all of these mechanisms may play a role in T cell exhaustion (Hotchkiss et al., 2013).

Phenotype alterations: inhibitory receptor expression and activation markers

A first hallmark of T cell exhaustion is the upregulation of inhibitory receptors. Boomer et al., investigated the expression of inhibitory receptors in spleen and lung of sepsis patients (Boomer et al., 2011). In spleen, both CD4+ and CD8+ T cells displayed increased expression of activation marker CD69 while only CD4+ T cells presented an increased expression of CD25 (IL-2 receptor). The proportion of CD4+ T cells expressing PD-1 was found to be increased while the percentage of cells expressing CTLA-4 was increased only for CD8+ T cells. In lung the expression of PD-1 by CD4+ T cells was higher in sepsis patients than in transplant or cancer patients (Boomer et al., 2011). In another study, the same group reported that circulating CD4+ T cells from sepsis patients display overexpression of activation markers such as CD25 and CD69. In this study, during the first week after onset of sepsis, patients displayed higher expression of inhibitory receptors such as TIM-3, LAG-3, and PD-1 on CD4+ T cells compared to healthy volunteers. Both CD4+ and CD8+ T cells presented higher expression of CTLA-4 [START_REF] Boomer | A prospective analysis of lymphocyte phenotype and function over the course of acute sepsis[END_REF]. Overall, the expression of inhibitory receptors was more pronounced on CD4+ than on CD8+ T cells. Other studies have showed similar results in blood of sepsis patients. Increased percentages of CD4+ T cells expressing PD-1 or PD-L1 were reported [START_REF] Guignant | Programmed death-1 levels correlate with increased mortality, nosocomial infection and immune dysfunctions in septic shock patients[END_REF][START_REF] Zhang | Upregulation of programmed death-1 on T cells and programmed death ligand-1 on monocytes in septic shock patients[END_REF][START_REF] Tomino | Increased PD-1 Expression and Altered T Cell Repertoire Diversity Predict Mortality in Patients with Septic Shock: A Preliminary Study[END_REF]. On CD8+T cells only PD-1 expression was increased [START_REF] Zhang | Upregulation of programmed death-1 on T cells and programmed death ligand-1 on monocytes in septic shock patients[END_REF]. In addition, Guignant et al., found a negative correlation between the reduced proliferation of CD4+ T cells and the PD-1 or PD-L1 overexpression on CD4+ T cells in septic shock patients. More importantly, the increased inhibitory receptor expression was correlated with mortality and nosocomial infections following septic shock [START_REF] Guignant | Programmed death-1 levels correlate with increased mortality, nosocomial infection and immune dysfunctions in septic shock patients[END_REF]. Mouillaux et al., described an increased proportion of CD127 low PD-1 high cells in septic shock patients that is a phenotype of exhausted cells already described in other clinical context of chronic infection or cancer [START_REF] Mouillaux | TCR activation mimics CD127lowPD-1high phenotype and functional alterations of T lymphocytes from septic shock patients[END_REF]. In critically ill COVID-19 patients, an increased expression of inhibitory receptors was also reported. Overexpression of inhibitory markers such as PD-1, TIM-3 and CTLA-4 was found to be increased on CD4+ and/or CD8+ T cells [START_REF] Diao | Reduction and Functional Exhaustion of T Cells in Patients With Coronavirus Disease 2019 (COVID-19)[END_REF][START_REF] Sattler | SARS-CoV-2-specific T cell responses and correlations with COVID-19 patient predisposition[END_REF][START_REF] Zheng | Elevated exhaustion levels and reduced functional diversity of T cells in peripheral blood may predict severe progression in COVID-19 patients[END_REF]COMBAT consortium, 2022;Bidar et al., 2022). At the prodromal stage of the disease, inhibitory receptor expression was low while during clearly symptomatic and ICU period, PD-1 and TIM-3 expressions increased on CD8+ T cells [START_REF] Diao | Reduction and Functional Exhaustion of T Cells in Patients With Coronavirus Disease 2019 (COVID-19)[END_REF]. These data suggest that exhaustion markers are associated with the severity of the disease.

In animal models of sepsis, overexpression of inhibitory receptors has also been reported.

In a single-hit model of sepsis, mice were infected with Candida albicans to mimic fungal sepsis. In this model, PD-1 expression on CD4+ T cells from the animal spleen was increased on day 3, 5 and 7 following infection and on day 3 and 5 for CD8+ T cells. In a two-hit mouse model, sepsis was induced by CLP and 3 days post-CLP surviving mice were infected with Candida albicans. At day 3 following CLP (before Candida infection) both CD4+ and CD8+ T cells from spleen displayed an increased expression of PD-1. An increased expression of PD-1 on CD8+ T cells was described 2 days following Candida challenge while CD4+ T cells displayed increased PD-1 expression at day 6 and 9 [START_REF] Chang | Blockade of the negative co-stimulatory molecules PD-1 and CTLA-4 improves survival in primary and secondary fungal sepsis[END_REF]. The same group reported an increase in CTLA-4 expression on CD4+ and CD8+ T cells from spleen of mice at day 4 and 7 following sepsis induction by CLP [START_REF] Inoue | Dose-dependent effect of anti-CTLA-4 on survival in sepsis[END_REF].

Overall, all these studies reinforce the observation that T lymphocytes display an exhausted phenotype in sepsis and critically ill COVID-19 patients (as well as in currently used animal models).

Altered T cell receptor repertoire

Another feature of lymphocyte alterations is the loss of TCR diversity. Venet et al., showed that septic shock patients display a reduced TCR diversity at day 1 following ICU admission compared to healthy volunteers. At day 7, the TCR diversity tended to increase compared to day 1 but a low TCR diversity was still observed in septic shock patients. However, the number of circulating lymphocytes remained low over time [START_REF] Venet | Decreased T-cell repertoire diversity in sepsis: a preliminary study[END_REF]. Similarly, another study reported a reduced TCR diversity one day after ICU admission and recovery of TCR diversity at day 7 [START_REF] Tomino | Increased PD-1 Expression and Altered T Cell Repertoire Diversity Predict Mortality in Patients with Septic Shock: A Preliminary Study[END_REF]. Using RNA sequencing, the TCR diversity was investigated in "immunocompetent" and "immunocompromised" (patients under immunosuppressive therapy or with active malign disease) sepsis patients.

Immunocompromised sepsis patients displayed a reduced TCR diversity compared to "immunocompetent" sepsis patients [START_REF] Cheng | Using RNA-Seq to Investigate Immune-Metabolism Features in Immunocompromised Patients With Sepsis[END_REF]. In a recent study, a reduced TCR diversity in central and effector memory CD8+ cells was described in critically ill COVID-19 patients and found similar in sepsis patients (COMBAT consortium, 2022).

In CLP mouse model, mice challenged with epitopes from pathogens displayed an impaired antigen specific CD4+ T cell response which was correlated with change in Vβ clonotype heterogeneity [START_REF] Cabrera-Perez | Alterations in antigen-specific naive CD4 T cell precursors after sepsis impairs their responsiveness to pathogen challenge[END_REF].

Functional alterations

Another feature of sepsis-induced immunosuppression is the alteration of lymphocyte function of both CD4+ and CD8+ T cells. One function of lymphocytes is to produce cytokines such as IFN-γ, TNF-α and IL-2 contributing to the mounting of an immune response following infection. During sepsis, cytokine production by lymphocytes is reduced reflecting their exhausted state. Boomer et al., documented lymphocyte dysfunctions in spleen of sepsis patients who died during their medical care in ICU. Ex vivo stimulation of splenocytes with a TCR stimulation, showed that splenocytes from sepsis patients produced significantly less cytokines than non-septic patients such as IFN-γ, TNF-α, IL-6 and IL-10 at 5 hours and 22 hours after stimulation. Using ELISpot assay, IFN-γ production following TCR stimulation was reduced in non-survivor septic patients compared to survivors (Mazer et al., 2021a). Using intracellular staining of cytokines, both polyfunctional IFN-γ+ TNF-α+ IL-2+ CD4+ and CD8+ producing cells were found to be reduced in septic shock patients compared to healthy volunteers [START_REF] Letessier | Decreased intra-lymphocyte cytokines measurement in septic shock patients: A proof of concept study in whole blood[END_REF]. In critical COVID-19 patients, T lymphocytes display also impaired functions [START_REF] Remy | Severe immunosuppression and not a cytokine storm characterizes COVID-19 infections[END_REF], Loftus et al., 2021;Bidar et al., 2022). In two studies, ex vivo IFN-γ production following TCR stimulation of PBMCs was analyzed in both bacterial sepsis and critically ill COVID-19 patients [START_REF] Remy | Severe immunosuppression and not a cytokine storm characterizes COVID-19 infections[END_REF]Loftus et al., 2021). Remy et al., described a more reduced IFN-γ production in critical COVID-19 patients than in septic patients after ICU admission. The suppressed IFN-γ production was sustained 3 weeks after ICU admission [START_REF] Remy | Severe immunosuppression and not a cytokine storm characterizes COVID-19 infections[END_REF]. Similarly, Bidar et al., described a recovery of ex vivo IFN-γ production after TCR stimulation at day 20 supporting the previous study (Bidar et al., 2022). In a longitudinal analysis of both cohorts, both critically ill COVID-19 and sepsis patients displayed a reduced number of IFN-γ producing cells at day 1, 4 and 7 following admissions but in COVID-19 patients the decline was higher than in bacterial sepsis patients (Loftus et al., 2021).

Decreased T lymphocyte proliferation is an additional feature of sepsis-induced immunosuppression. Venet et al., reported a reduced proliferation affecting both CD4+ and CD8+ T cells in septic shock patients (Venet et al., 2012). An increased percentage of CD4+ cells expressing PD-1 was negatively correlated with the decreased lymphocyte proliferation [START_REF] Guignant | Programmed death-1 levels correlate with increased mortality, nosocomial infection and immune dysfunctions in septic shock patients[END_REF]. Similarly, the proliferation of T lymphocytes from critically ill COVID-19 patients was reduced after TCR stimulation (Bidar et al., 2022).

In sepsis animal models, studies also reported lymphocyte alterations [START_REF] Muenzer | Characterization and modulation of the immunosuppressive phase of sepsis[END_REF][START_REF] Carson | Impaired CD4+ T-cell proliferation and effector function correlates with repressive histone methylation events in a mouse model of severe sepsis[END_REF]. For instance, following TCR stimulation ex vivo IFN-γ production by splenocytes from septic mice was reduced 4 days following CLP [START_REF] Muenzer | Characterization and modulation of the immunosuppressive phase of sepsis[END_REF].

Metabolic dysfunction

Metabolism reprogramming is a feature of dysfunctional lymphocytes during sepsis. In healthy individuals, resting T cells (or memory T cells) oxidize glucose-derived pyruvate (oxidative phosphorylation), lipids and amino acids to produce energy for immune surveillance.

Upon activation, T cells shift toward glycolysis, glutamine oxidation and lipid synthesis to produce biosynthetic precursors required for cell growth and proliferation (Figure 9). Despite a sufficient oxygen availability for the oxidative phosphorylation, activated T cells use glycolysis for growth and proliferation. This metabolic switch is named the Warburg effect. Upon activation, CD28 can activate the phosphatidylinositol-3-Kinase (PI3K)/Akt/mechanistic target of rapamycin (mTOR) pathway which promotes glycolysis. In addition, Akt can trigger trafficking of the glucose transporter Glut1 to the cell membrane to prevent internalization.

Anergic T cells fail to receive co-stimulation leading to a reduced stimulation of the PI3K/Akt/mTOR pathway, reduced glycolysis and finally reduced T cell proliferation [START_REF] Maciver | Metabolic Regulation of T Lymphocytes[END_REF].

In septic shock patients, nonactivated T cells displayed reduced oxidative phosphorylation and glycolysis. Upon TCR stimulation, the capacity of T lymphocytes to induce glycolysis and oxidative phosphorylation was also decreased compared to healthy controls. In addition, a decreased Glut1 expression on CD4+ T cells upon activation was associated with a decreased proliferation of CD4+ T cells. T lymphocytes from septic shock patients failed to induce the mTOR pathway [START_REF] Venet | IL-7 Restores T Lymphocyte Immunometabolic Failure in Septic Shock Patients through mTOR Activation[END_REF]. Similarly, other studies demonstrated that leucocytes of septic patients displayed metabolic alterations using transcriptomic [START_REF] Cheng | Broad defects in the energy metabolism of leukocytes underlie immunoparalysis in sepsis[END_REF][START_REF] Cheng | Using RNA-Seq to Investigate Immune-Metabolism Features in Immunocompromised Patients With Sepsis[END_REF] or proteomic [START_REF] Rodrigues | Proteomics reveals disturbances in the immune response and energy metabolism of monocytes from patients with septic shock[END_REF] analysis. Thus, septic shock patients display features of exhausted T lymphocytes with a catabolic profile and reduced capacity to promote effector function upon activation. A specific CD4+ cells subset: regulatory T cells A particular subset of CD4+ T cells are Treg cells which contribute to immunosuppression during sepsis. An increased proportion of circulating Treg cells known as CD4+CD25+CD127-Foxp3+ cells was documented in patients with sepsis. The increase in Treg proportion occurs during the first days following ICU admission [START_REF] Venet | Increased circulating regulatory T cells (CD4(+)CD25 (+)CD127 (-)) contribute to lymphocyte anergy in septic shock patients[END_REF][START_REF] Zorio | Assessment of sepsis-induced immunosuppression at ICU discharge and 6 months after ICU discharge[END_REF][START_REF] Leng | Increased proportion of CD4(+)CD25(+)Foxp3(+) regulatory T cells during early-stage sepsis in ICU patients[END_REF][START_REF] Hein | The relationship between CD4+CD25+CD127-regulatory T cells and inflammatory response and outcome during shock states[END_REF]. This increase may be due to a lower number of effector T cells [START_REF] Venet | Increased circulating regulatory T cells (CD4(+)CD25 (+)CD127 (-)) contribute to lymphocyte anergy in septic shock patients[END_REF]. In addition, an elevated proportion of Treg cells was correlated with the reduced lymphocyte apoptosis in septic shock patients suggesting an immunosuppressive effect of Treg on other lymphocyte subsets [START_REF] Venet | Increased circulating regulatory T cells (CD4(+)CD25 (+)CD127 (-)) contribute to lymphocyte anergy in septic shock patients[END_REF]. Another study reported that patients with a high Treg proportion had the lowest expression of mHLA-DR on day 3-4 post ICU admission (<5000 antibodies bound per cells) [START_REF] Zorio | Assessment of sepsis-induced immunosuppression at ICU discharge and 6 months after ICU discharge[END_REF].

Similarly in spleen of septic patients an elevated proportion of Treg cells was reported (Boomer et al., 2011). In critically ill COVID-19 patients, the proportion of Treg cells seems also to be increased [START_REF] Jeannet | Severe COVID-19 is associated with deep and sustained multifaceted cellular immunosuppression[END_REF], but additional studies are needed to show their immunosuppressive effect.

In murine model of sepsis, proportion of Treg cells was found to be increased in spleen of mice following CLP induction [START_REF] Venet | Increased circulating regulatory T cells (CD4(+)CD25 (+)CD127 (-)) contribute to lymphocyte anergy in septic shock patients[END_REF][START_REF] Hein | The relationship between CD4+CD25+CD127-regulatory T cells and inflammatory response and outcome during shock states[END_REF].

g. Clinical consequences of immunosuppression: secondary infections and viral reactivations

Patients with sepsis have a higher risk to develop secondary infections or nosocomial infections due to the underlaying immunosuppression. Secondary infections and viral reactivations are the only clinical sign of immunosuppression.

The risk of hospital death was 5.7 higher for patients with secondary infection in the study by [START_REF] Zhao | Incidence, risk factors and impact on outcomes of secondary infection in patients with septic shock: an 8-year retrospective study[END_REF]. Van Vught et al., reported that 13.5% of patients with sepsis were affected by one or two infections in ICU. The study analyzed sites of ICU-acquired infections showing catheter-related bloodstream infection, ventilator-associated pneumonia, and abdominal infection as the most common ICU-acquired infections [START_REF] Van Vught | Incidence, Risk Factors, and Attributable Mortality of Secondary Infections in the Intensive Care Unit After Admission for Sepsis[END_REF].

Opportunistic bacterial, fungal infections and viral reactivation occurring normally in immunosuppressed patients are the underlaying cause of secondary infections. The first causative pathogen is bacteria. Secondary bacterial infections include Pseudomonas species or enterococci which are weakly virulent in immunocompetent patients. Fungal infections are also described in secondary infection of patients with sepsis. Invasive candidiasis occurs in septic patients caused mostly by Candida albicans. Moreover, invasive aspergillosis has also been described [START_REF] Koch | Patterns in Bacterial-and Viral-Induced Immunosuppression and Secondary Infections in the ICU[END_REF][START_REF] Van Vught | Incidence, Risk Factors, and Attributable Mortality of Secondary Infections in the Intensive Care Unit After Admission for Sepsis[END_REF]. Similarly in critical COVID-19 patients, secondary infections with opportunistic bacteria [START_REF] Sang | Secondary infection in severe and critical COVID-19 patients in China: a multicenter retrospective study[END_REF][START_REF] Bruyn | Secondary infection in COVID-19 critically ill patients: a retrospective single-center evaluation[END_REF] and fungus [START_REF] Sang | Secondary infection in severe and critical COVID-19 patients in China: a multicenter retrospective study[END_REF][START_REF] Chiurlo | Invasive fungal infections in patients with COVID-19: a review on pathogenesis, epidemiology, clinical features, treatment, and outcomes[END_REF] have been reported. Despite a minor proportion of virus being responsible for the initial infection during sepsis, one common complication is the reactivation of latent virus pre-existing in patients. The reactivation can cause further mortality and morbidity. Latent virus reactivated during sepsis include herpes simplex virus (HSV), cytomegalovirus (CMV), and Epstein-Barr virus (EBV) [START_REF] Van Vught | Incidence, Risk Factors, and Attributable Mortality of Secondary Infections in the Intensive Care Unit After Admission for Sepsis[END_REF][START_REF] Koch | Patterns in Bacterial-and Viral-Induced Immunosuppression and Secondary Infections in the ICU[END_REF][START_REF] Zhao | Incidence, risk factors and impact on outcomes of secondary infection in patients with septic shock: an 8-year retrospective study[END_REF]. A study reported that 68% of patients with septic shock displayed herpes reactivation with concurrent CMV and EBV reactivations which was independently associated with an increased mortality [START_REF] Ong | Epidemiology of Multiple Herpes Viremia in Previously Immunocompetent Patients With Septic Shock[END_REF]. Similarly, in critically ill COVID-19 patients, an increased proportion of patients with viral reactivations (HSV, CMV) was described and associated with poor outcomes [START_REF] Gatto | Cytomegalovirus blood reactivation in COVID-19 critically ill patients: risk factors and impact on mortality[END_REF][START_REF] Imlay | Risk Factors for Cytomegalovirus Reactivation and Association With Outcomes in Critically Ill Adults With Sepsis: A Pooled Analysis of Prospective Studies[END_REF][START_REF] Fuest | Risk factors for Herpes simplex virus (HSV) and Cytomegalovirus (CMV) infections in critically-ill COVID-19 patients[END_REF].

The multiple studies carried over the last years have established that the immunosuppression state of septic patients increases hospital burden (e.g., increase in hospital length of stay, generate higher cost). In addition, immunosuppression increases mortality and morbidity of septic patients as well as secondary infections including both opportunistic infections and viral reactivations. Hence, immunostimulating-based therapies represent potent novel therapeutic approaches with the goal to stimulate and restore immune cell functions in sepsis patients. Return to immune homeostasis will allow sepsis patients to clear the original infection more effectively or to avoid secondary infections and potentially to reduce the late mortality.

Immunostimmulating therapies for the treatment of sepsis-induced immunosuppression a. Introduction of the use of biomarkers for patients' stratification

The current sepsis definition does not consider the heterogeneity of patients and the underlaying physiopathology. Heterogeneity of sepsis patients is quite large and includes parameters such as: etiology of the sepsis including the site (organ) the origin (hospital-acquired versus community-acquired) of infection, the nature of the infectious agent (bacterial versus non-bacterial); clinical characteristics of the patients such as age, comorbidities, genetic factors;

the immune status of patients (whether in the dominant inflammatory or immunosuppressive phase). Nowadays, there is a consensus on the need to classify patients into subgroups with shared features to improve treatment and clinical trial designs as well as outcomes in the field of sepsis (van der Poll et al., 2021). Some biomarkers related to the immunosuppressive phase of sepsis will be discussed in the Discussion section.

b. Immunotherapy in preclinical models of sepsis

Immunostimulating therapies have been assessed in septic animal models. In this section I will highlight studies performed in septic mice but not in an exhaustive manner since my PhD project was mainly focus on human studies. The most studied immunostimulating therapies in murine models of sepsis include GM-CSF, immune checkpoint inhibitors, IL-15, and IL-7. Of note, pre-clinical immunotherapy studies in septic mice using IL-7 will be developed in the Discussion section.

A variety of experimental models of sepsis have been described: intravascular infusion of endotoxin, live bacteria injection, bacterial peritonitis (e.g., cecal slurry), cecal ligature puncture CLP, soft tissue infection, pneumonia model (e.g., Pseudomonas aeruginosa), meningitis model and fungal sepsis model (e.g., Candida albicans) (Poli- [START_REF] Poli-De-Figueiredo | Experimental models of sepsis and their clinical relevance[END_REF]. The CLP model is the most frequently used and is considered as gold standard model to induce polymicrobial sepsis. In addition, phases of hyperinflammation and immunosuppression have been well studied and characterized in the CLP-induced sepsis model [START_REF] Dejager | Cecal ligation and puncture: the gold standard model for polymicrobial sepsis?[END_REF]. Rodent models are the most used preclinical animal models [START_REF] Poli-De-Figueiredo | Experimental models of sepsis and their clinical relevance[END_REF]. Some studies have assessed therapies using the single-hit model (with only one infection responsible for sepsis induction) or the two-hit model (sepsis is first induced and animals are thereafter challenged with a secondary infection).

GM-CSF was evaluated by Gennari et al., in two models of murine sepsis. The first model is induced by blood transfusion, burn injury and bacterial gavage of mice while the second model of sepsis is induced by blood transfusion and CLP. In both models, GM-CSF injected before sepsis or burn induction, improved survival of mice compared to the control group. In addition, in the GM-CSF-treated mice, a reduced number of bacteria in the mesenteric lymph node, in the liver and in the spleen were observed compared to untreated mice [START_REF] Gennari | Granulocyte macrophage colony-stimulating factor improves survival in two models of gutderived sepsis by improving gut barrier function and modulating bacterial clearance[END_REF]. Similarly, another study showed beneficial effects of GM-CSF in a posttraumatic sepsis model. Mice were traumatized by surgical amputation and GM-CSF or saline solution were injected to mice for 5 days. Then, sepsis was induced by CLP. Authors reported an enhanced survival in the GM-CSF-treated group. Following GM-CSF treatment, macrophages from septic mice displayed improved functions illustrated by an increased superoxide anion and TNF-α production. In addition, a decreased bacterial proliferation was observed in GM-CSF treated mice [START_REF] Austin | The beneficial effects of immunostimulation in posttraumatic sepsis[END_REF]. More recently, Frydrych et al., assessed GM-CSF to enhance survival of obese septic mice in a single-hit model. Authors reported that the mortality rate of obese CLP-induced sepsis mice was higher than lean CLP-induced sepsis mice. GM-CSF improved survival of obese septic mice compared to the untreated group. Moreover, obese septic mice treated with GM-CSF displayed enhanced phagocytic activity of blood monocytes and ROS generation of both neutrophils and monocytes in the blood [START_REF] Frydrych | GM-CSF Administration Improves Defects in Innate Immunity and Sepsis Survival in Obese Diabetic Mice[END_REF].

Immune checkpoint inhibitors have been evaluated in murine sepsis models. Anti-PD-1

antibodies in CLP mice prevented the loss of lymphocytes (both CD4+ and CD8+ cells), B cells, DCs and NK cells. PD-1 blockade reduced sepsis-induced apoptosis of T and B cells.

After anti-PD-1 treatment, septic mice displayed an increased expression of Bcl-xL, an antiapoptotic protein while a loss of Bcl-xL expression was observed in septic mice. In addition, anti-PD-1 treatment improved survival of septic mice compared to untreated control mice [START_REF] Brahmamdam | Delayed administration of anti-PD-1 antibody reverses immune dysfunction and improves survival during sepsis[END_REF]. Another larger study reported the beneficial effect of anti-PD-1, anti-PD-L1 and anti-CTLA-4 in two models of sepsis: a single-hit model, fungal sepsis induced by Candida albicans injection; the other model, a two-hit model induced first by CLP followed by Candida albicans infection [START_REF] Chang | Blockade of the negative co-stimulatory molecules PD-1 and CTLA-4 improves survival in primary and secondary fungal sepsis[END_REF]. Authors found that blockade of PD-1 or PD-L1 or CTLA-4 improved survival of septic mice in both models illustrated by 2 and 3-fold improvement compared to untreated septic mice. In addition, anti-PD-1 antibody increased IFN-γ production by CD4+ and CD8+ T cells in the single-hit model of fungal sepsis while anti-PD-L1 increased IFN-γ production in the two-hit model of sepsis. Blockade of PD-1 or PD-L1 enhanced MHC II expression on DCs and macrophages in the two-hit model. Other studies reported similar positive effects on survival and immune functions of septic mice following blockade of immune checkpoint inhibitors [START_REF] Zhang | PD-L1 blockade improves survival in experimental sepsis by inhibiting lymphocyte apoptosis and reversing monocyte dysfunction[END_REF]Chen et al., 2020). Cell-based therapies are emerging therapy to treat sepsis and have been studied in preclinical sepsis models (e.g., mesenchymal stem cell therapy). These therapies may also improve immune cell function. However, cell-based therapies will not be presented in this introduction.

Of note, ex vivo human studies assessing rhIL-7 on immune cells from sepsis/septic shock or critically ill COVID-19 patients will be presented in the Discussion section.

c. Immunotherapy in sepsis clinic

In the sepsis clinic, a handful only of immunotherapies has been assessed in early clinical trials. These are IL-7, IFN-γ, GM-CSF, immune checkpoint inhibitors (anti-PD-1/PD-L1) and thymosin α1. 

IFN-γ

IFN-γ is a cytokine playing a role in tissue homeostasis, host immune response against pathogens and immunosurveillance of tumors. IFN-γ is mainly produced by innate type lymphocytes (NK cells and ILCs) and by adaptive cells such as Th1 cells and CD8+ cytotoxic T cells. One important function of IFN-γ is the activation of monocytes which increases their phagocytotic, antigen-presentation capacity and pro-inflammatory cytokine production [START_REF] Ivashkiv | IFNγ: signalling, epigenetics and roles in immunity, metabolism, disease and cancer immunotherapy[END_REF]. Impaired function of T lymphocytes during sepsis contributes to its reduced production (Boomer et al., 2011). IFN-γ received Food and Drug Administration (FDA)

approval for clinical application in chronic granulomatous disease to reduce the severity and frequency of infections [START_REF] Gallin | Interferon-gamma in the management of infectious diseases[END_REF].

A pioneer study in 1997, evaluated the effect of IFN-γ on 9 patients with sepsis-induced immunosuppression characterized by a low mHLA-DR. IFN-γ was injected by subcutaneous (s.c) route 100 mg per day for a mean of 6 days. It resulted in an immediate increase in mHLA-DR expression in all patients without adverse effects and improved ex vivo TNF-α production following LPS stimulation [START_REF] Döcke | Monocyte deactivation in septic patients: restoration by IFN-gamma treatment[END_REF]. A number of case studies have also later assessed IFN-γ therapy in sepsis patients. Lukaszewicz et al., described 2 case studies of septic patients with secondary infections. Following IFN-γ 100μg s.c administration for 5 days, an increased mHLA-DR expression and improved clinical status of both septic shock patients were documented [START_REF] Lukaszewicz | Monocytic HLA-DR expression in intensive care patients: interest for prognosis and secondary infection prediction[END_REF]. Nalos et al., reported IFN-γ immuno-adjuvant effect in a methicillin-sensitive Staphylococcus aureus sepsis patient. Following IFN-γ administration, clinical improvement of the patient lead to his discharge from ICU. IFN-γ administration was followed by an increased expression of HLA-DR on CD4+ and CD4-cells.

In addition, it induced an increase in MHC class I gene expression and a shift from Th2 to Th1/Th17 phenotype [START_REF] Nalos | Immune effects of interferon gamma in persistent staphylococcal sepsis[END_REF].

More recently an open-label multicenter study reported an IFN-γ immune-adjuvant effect on 17 sepsis or septic shock adult and 2 pediatric septic shock patients [START_REF] Payen | Multicentric experience with interferon gamma therapy in sepsis induced immunosuppression. A case series[END_REF]. Authors evaluated two cohorts, one from Lariboisière University hospital and one from Radboud University hospital. In the first cohort authors reported an increased mHLA-DR expression above the 8000 AB/C in 9 out of 13 patients following IFN-γ treatment (s.c injection of 100µg/day for 3 days and maximum 5 days).

Microbial culture became negative in all patients. After ICU discharge, 4 patients died. In the second cohort 3 out of 4 patients displayed an increased mHLA-DR expression during IFN-γ treatment (s.c injection of 100µg/day for maximum 7 days) while the last one rapidly increased mHLA-DR expression followed by a decreased associated with clinical worsening and death.

Overall, 2 patients died in this second cohort. In addition, IFN-γ administration did not induced increase in IL-6 and IL-10 plasma concentration. Overall, IFN-γ was well tolerated and may have enhanced patients' survival based on historical high mortality rate described in this specific type of patients [START_REF] Payen | Multicentric experience with interferon gamma therapy in sepsis induced immunosuppression. A case series[END_REF]. IFN-γ has also been proposed to enhance clinical outcomes and immunological functions in invasive fungal infections. Delsing et al., evaluated IFN-γ therapy in 8 patients with invasive Candida and/or Aspergillus infections. After administration, patients displayed partially restored immune functions with increased expression of mHLA-DR and improved ex vivo cytokine production involved in antifungal defense [START_REF] Delsing | Interferon-gamma as adjunctive immunotherapy for invasive fungal infections: a case series[END_REF]. Especially, a case report of a woman with extensive abdominal mucormycosis and unresponsive to traditional therapy was treated with IFN-γ in combination with nivolumab (anti-PD-1 antibody). Following administration of the combination immunotherapy, the patient displayed increased absolute lymphocyte count, mHLA-DR expression and decreased PD-1 expression on T cells and was finally discharge from ICU [START_REF] Grimaldi | Nivolumab plus interferon-γ in the treatment of intractable mucormycosis[END_REF]. More recently, a case study reported the use of IFN-γ in combination with nivolumab to rescue mixed mould and bacterial superinfection in a 38-year-old female patient admitted for necrotizing fasciitis and septic shock [START_REF] Lukaszewicz | Nivolumab and interferon-γ rescue therapy to control mixed mould and bacterial superinfection after necrotizing fasciitis and septic shock[END_REF].

Combination of both immunotherapies improved immune features with increased mHLA-DR and reduced PD-1 expression on T lymphocyte and more globally the patient clinical status.

Finally, the patient was discharge from hospital.

Similarly in critically ill COVID-19 patients a number of case studies have been reported.

Secondary infections may develop in critical COVID-19 patients due to the underlaying immunosuppression. Two studies reported IFN-γ compassionate use in critical COVID-19

patients with superinfections [START_REF] Grimm | Case Report: Interferon-γ Rescues Monocytic Human Leukocyte Antigen Receptor (mHLA-DR) Function in a COVID-19 Patient With ARDS and Superinfection With Multiple MDR 4MRGN Bacterial Strains[END_REF][START_REF] Dickel | Case Report: Interferon-γ Restores Monocytic Human Leukocyte Antigen Receptor (mHLA-DR) in Severe COVID-19 With Acquired Immunosuppression Syndrome[END_REF]. One critical COVID-19

patient with ARDS and infected by 3 different bacteria strains was treated with IFN-γ. The day following the therapy, mHLA-DR expression sharply increased. Despite improved mHLA-DR expression, the patient died from refractory ARDS [START_REF] Dickel | Case Report: Interferon-γ Restores Monocytic Human Leukocyte Antigen Receptor (mHLA-DR) in Severe COVID-19 With Acquired Immunosuppression Syndrome[END_REF]. In another case report, expressing PD-1 decreased and remained stable. After three weeks, improved CD4+ cells activation and CD8+ proliferation were documented. Unfortunately, the patient developed septic shock and died ten weeks after immunotherapy initiation [START_REF] Serris | Case Report: Immune Checkpoint Blockade Plus Interferon-Γ Add-On Antifungal Therapy in the Treatment of Refractory Covid-Associated Pulmonary Aspergillosis and Cerebral Mucormycosis[END_REF].

Number of case series have reported beneficial effect of IFN-γ on clinical status or on immunological parameters in other immunocompromised patients suffering from invasive fungal infection or bacterial superinfection in ICU (e.g., hematological malignancies, chronic granulomatous disease, HIV-infected, transplant patients) and in clinical trials (e.g., trauma, burn injuries, HIV-infected patients) but will not be presented here.

Overall, these case studies provide promising preliminary data which awaits to be consolidated in larger, randomized clinical trials in septic patients with established immunosuppression. Such trials have been initiated e.g., using mHLA-DR expression for patients' stratification. Recombinant IFN-γ is currently being evaluated in a phase II randomized clinical trial (PROVIDE study, NCT03332225, recruitment completed). In addition, a randomized phase II study is recruiting patients for recombinant IFN-γ evaluation in patients with candidemia (NCT04979052).

GM-CSF

GM-CSF is a hematopoietic growth factor with pleiotropic functions. GM-CSF promotes differentiation of immature precursors into macrophages, DCs and polymorphonuclear neutrophils and regulate functions of mature myeloid cells such as phagocytosis, HLA-DR expression and production of cytokines. In inflammatory conditions, GM-CSF play an important role in infection or anti-tumor immunity. GM-CSF is produced by hematopoietic cells (e.g., lymphocytes, NK cells, macrophages) and nonhematopoietic cells (e.g., fibroblasts, endothelial and epithelial cells) [START_REF] Zhan | The Pleiotropic Effects of the GM-CSF Rheostat on Myeloid Cell Differentiation and Function: More Than a Numbers Game[END_REF]. Impaired antigen presentation and reduced mHLA-DR expression are a hallmark of sepsis-induced immunosuppression and associated with poor outcomes [START_REF] Landelle | Low monocyte human leukocyte antigen-DR is independently associated with nosocomial infections after septic shock[END_REF][START_REF] Leijte | Monocytic HLA-DR expression kinetics in septic shock patients with different pathogens, sites of infection and adverse outcomes[END_REF][START_REF] Bodinier | Monocyte Trajectories Endotypes Are Associated With Worsening in Septic Patients[END_REF][START_REF] Roquetaillade | Monitoring of circulating monocyte HLA-DR expression in a large cohort of intensive care patients: relation with secondary infections[END_REF]. GM-CSF therapy could enhance monocyte functions and mHLA-DR expression [START_REF] Mathias | A Review of GM-CSF Therapy in Sepsis[END_REF].

Nierhaus et al., investigated 5µg/kg/day of GM-CSF injected by s.c route for 3 days in 9

severe sepsis patients. Authors reported increased mHLA-DR expression, LPS-stimulated TNF-α production ex vivo and whole blood cell count one day following initiation of GM-CSF therapy. In addition, no change in inflammatory markers was observed during GM-CSF treatment. However, no effect on clinical status of patients were documented [START_REF] Nierhaus | Reversal of immunoparalysis by recombinant human granulocyte-macrophage colony-stimulating factor in patients with severe sepsis[END_REF].

A randomized controlled trial evaluated the effect of GM-CSF, administered by continuous infusion for 72h at a dose of 125µg/m 2 on clearance of severe infections and on leukocyte functions in nonneutropenic sepsis patients including transplant patients receiving immunosuppressive therapy. Authors analyzed the potential effect of GM-CSF on leukocyte cell surface molecules on 18 patients in comparison with 15 placebo control patients. Following GM-CSF therapy, the β2 integrin adhesion molecule CD11b and its activated form, that is responsible for the transendothelial migration of myeloid cells, was upregulated on circulating neutrophils and macrophages. In addition, CD11b recruitment on neutrophils and monocytes was decreased in response to ex vivo TNF-α stimulation in all patients. GM-CSF therapy improved the TNF-α -induced CD11b expression on both cells. Moreover, GM-CSF treatment restored HLA-DR expression on monocytes. Besides functional restoration, the recovery of infection in the GM-CSF treated group was significantly more important than in patients receiving no treatment [START_REF] Rosenbloom | Effect of granulocyte-monocyte colony-stimulating factor therapy on leukocyte function and clearance of serious infection in nonneutropenic patients[END_REF].

A randomized clinical trial assessed GM-CSF therapy injected by s.c route at a dose of 3µg/kg/day for 4 days in nontraumatic abdominal sepsis patients including 28 treated patients and compared with 30 controls. White blood cells and neutrophils counts were found to be increased after GM-CSF administration and returned to normal level. Patients treated with GM-CSF presented clinical improvement with reduced rate of infectious complications, duration of antibiotic therapy and length of stay in ICU or hospital. Authors estimated that GM-CSF therapy resulted in significant savings in direct medical costs approximated to 23% [START_REF] Orozco | Molgramostim (GM-CSF) associated with antibiotic treatment in nontraumatic abdominal sepsis: a randomized, doubleblind, placebo-controlled clinical trial[END_REF].

GM-CSF therapy was also evaluated in a randomized phase II clinical trial in severe sepsis with respiratory dysfunction. In addition to conventional therapy, 10 patients received 5 consecutive daily infusions of GM-CSF (3µg/kg body weight) while 8 patients were assigned to placebo control group. Increased number of circulating neutrophils and reduced alveolar neutrophils were reported following GM-CSF administration. Circulating granulocytes displayed enhanced superoxide production while alveolar leukocyte phagocytic function tended to increase following GM-CSF therapy. In addition, oxygenation was improved in patients treated with GM-CSF after 5 days. No toxicity effect on organ dysfunction was reported, GM-CSF therapy seemed to be well tolerated [START_REF] Presneill | A randomized phase II trial of granulocyte-macrophage colony-stimulating factor therapy in severe sepsis with respiratory dysfunction[END_REF].

A mHLA-DR-guided randomized clinical trial reported a beneficial effect of GM-CSF therapy in immunosuppressed septic patients. Immunosuppression of the recruited patients was determined using HLA-DR expression on monocytes (above 8,000 antibodies bound per cell).

One group of patients was treated with GM-CSF (19 patients), the other received placebo ( 19patients) for 8 days. Both groups displayed comparable baseline mHLA-DR expression. GM-CSF was injected by s.c route at a dose of 4µg/kg body weight per day for 5 days followed by either 8µg/kg body weight if mHLA-DR ≤ 15,000 AB/C at day 5, or 4µg/kg body weight if mHLA-DR > 15,000. The GM-CSF therapy restored mHLA-DR expression in all patients. In addition, GM-CSF administration resulted in increased neutrophil and monocyte counts within 2 or 4 days after therapy initiation while both CD4+ and CD8+ T cells count increased after 4 or 6 days. In addition, GM-CSF therapy restored ex vivo TLR2/4-induced proinflammatory cytokines production (TNF-α, IL-6 and IL-8). Despite no significant effect on 28-day mortality, GM-CSF therapy reduced time of mechanical ventilation, length of stay in intrahospital and ICU and reduced severity illness [START_REF] Meisel | Granulocyte-macrophage colony-stimulating factor to reverse sepsis-associated immunosuppression: a double-blind, randomized, placebo-controlled multicenter trial[END_REF].

Recently, a randomized controlled trial investigated GM-CSF therapy injected intravenously at 250µg for 6h daily for 5 days in 30 decompensated cirrhosis patients with sepsis. Authors reported that GM-CSF significantly decreased G-MDSCs at day 1 and 3 post treatment and Foxp3+ Treg cells at day 1 compared to untreated patients. mHLA-DR expression was also increased at day 1 after GM-CSF treatment initiation. In addition, survival of GM-CSF treated patients was improved compared to untreated patients [START_REF] Sehgal | Granulocyte-Macrophage Colony-Stimulating Factor Modulates Myeloid-Derived Suppressor Cells and Treg Activity in Decompensated Cirrhotic Patients With Sepsis[END_REF].

GM-CSF therapy has been also investigated in RCT in other critically ill patients and immunosuppressed surgical patients and demonstrated improved mHLA-DR expression and function of neutrophils or monocytes and sometimes associated with enhanced clinical status.

These studies will not be presented in this introduction.

Overall, clinical studies reported a beneficial effect of GM-CSF on clinical end points such as infection recovery, oxygenation, illness severity or hospital length of stay. GM-CSF also restored neutrophil and monocyte functions. The capacity of the GM-CSF to reduce suppressive cells (Treg, MDSCs) was so far reported in a single more recent study [START_REF] Sehgal | Granulocyte-Macrophage Colony-Stimulating Factor Modulates Myeloid-Derived Suppressor Cells and Treg Activity in Decompensated Cirrhotic Patients With Sepsis[END_REF]. Nevertheless, larger clinical trials are required to confirm these results. In that respect, a French multicenter clinical trial evaluating GM-CSF in patients with septic shock was initiated several years ago but publication of results is still awaited (GRID trial, NCT02361528).

In severe COVID-19 patients, clinical trials evaluating GM-CSF are registered. Partner

Therapeutic is currently assessing inhaled GM-CSF to treat COVID-19 patients at different stages of the disease (moderate and severe) in different international centers (NCT04707664, NCT04326920, NCT04411680, NCT04400929, all completed). GM-CSF is expected to restore alveolar macrophage functions and particularly host defense against pathogens in the lung. One of these clinical trials was announced in a previous published letter (Bosteels et al., 2020, NCT04326920), however no results have yet been published in international journals. Yet, a press release announced that in this trial, GM-CSF was well tolerated and improved oxygenation of patients after 5 days of treatment with inhaled GM-CSF in combination to standard of care in patients with acute hypoxic respiratory failure requiring supplemental oxygen. In addition, patients treated with GM-CSF displayed increase in activation of CD8+ SARS-CoV-2-specific T cells. In Germany, a multicenter randomized phase II clinical trial is currently recruiting patients with COVID-19 pneumonia. The aim of the study is to prevent progression into ARDS with need for mechanical ventilation as primary endpoint (NCT04569877).

Anti-PD-1/PD-L1

Immune checkpoint receptors are specific receptor located predominantly on T cells that recognize complementary ligands on APCs such as DCs, monocytes and macrophages. After antigen presentation by MHC class I or II receptors by APCs, checkpoint ligands can modulate T cell responses to this antigen. As described in the second part of this introduction, immune checkpoints are upregulated on T cells of septic patients. In addition, studies have reported that these molecules were found to be also increased on monocytes and DCs in septic shock or severe sepsis patients [START_REF] Guignant | Programmed death-1 levels correlate with increased mortality, nosocomial infection and immune dysfunctions in septic shock patients[END_REF][START_REF] Boomer | A prospective analysis of lymphocyte phenotype and function over the course of acute sepsis[END_REF][START_REF] Zhang | Upregulation of programmed death-1 on T cells and programmed death ligand-1 on monocytes in septic shock patients[END_REF]. Increased immune checkpoint expression on immune cells contributes to the exhausted phenotype of T cells and immunosuppressed state of septic patients. Immune checkpoint inhibitors could represent an interesting therapy to reverse the immunosuppressed phenotype of immune cells.

First, ex vivo studies demonstrated beneficial effects of immune checkpoint inhibitors on immune functions of cells from septic patients. Chang et al., showed that lymphocytes from septic patients displayed an increased apoptosis. When stimulated ex vivo with anti-PD-1 or anti-PD-L1 antibodies, these lymphocytes display reduced apoptosis compared with isotype antibody control incubation. In addition, immune checkpoint inhibitors enhanced ex vivo cytokine production (IFN-γ and IL-2) by lymphocytes [START_REF] Chang | Targeting the programmed cell death 1: programmed cell death ligand 1 pathway reverses T cell exhaustion in patients with sepsis[END_REF]. Another study described that ex vivo stimulation with anti-PD-L1 and anti-PD-1 antibodies was able to improve phagocytic activity of both neutrophils and monocytes and restored CD8+ and NK cell functions of septic patients [START_REF] Patera | Frontline Science: Defects in immune function in patients with sepsis are associated with PD-1 or PD-L1 expression and can be restored by antibodies targeting PD-1 or PD-L1[END_REF].

Secondly, clinical trials investigated anti-PD-1 (nivolumab) or anti-PD-L1 in septic patients' cohort. A first case report described the use of nivolumab in combination with IFN-γ treatment in a patient with invasive mucormycosis and unresponsive to conventional therapy [START_REF] Grimaldi | Nivolumab plus interferon-γ in the treatment of intractable mucormycosis[END_REF].

Combination of both therapies improved clinical status and immunological parameters (absolute lymphocyte count, mHLA-DR) of the patient. Finally, the patient was discharged from ICU 80 days after admission. Hotchkiss et al., evaluated single ascending doses of anti-PD-L1 (10, 30, 100, 300 and 900mg, n=4 per dose n=4 placebo) in septic patients with low absolute lymphocyte count in a randomized placebo-controlled phase Ib study. Anti-PD-L1

antibodies were well tolerated with no drug-induced cytokine storm. Treated patients displayed dose-dependent increase in receptor occupancy (>80% over the period) and full receptor occupancy was achieved for 28 days in patients treated with 900mg anti-PD-L1 antibody. An increased expression of mHLA-DR was observed in all treated patients but with a higher increase in the two highest doses which persisted for 28 days (Hotchkiss et al., 2019a).

In a phase Ib study the same group investigated the safety, tolerability, pharmacodynamics, and pharmacokinetics of nivolumab in 31 septic patients with low absolute lymphocyte count (NCT02960854). Two doses of nivolumab were tested 480mg (n=15) and 960mg (n=16). Both doses were well tolerated, no unexpected safety findings and no cytokine storm were reported. The pharmacokinetic profile of nivolumab displayed receptor occupancy > 90% for 28 days. In addition, the mHLA-DR expression increased during the therapy (Hotchkiss et al., 2019b).

In a Japanese study, two doses of nivolumab were evaluated in immunosuppressed septic patients with low lymphocyte count (n=13 for 480mg; n=19 for 960mg). A single dose of 960mg of nivolumab was well tolerated and sufficient to maintain nivolumab concentration in serum of septic patients. Both doses of nivolumab increased mHLA-DR expression and lymphocyte count over time [START_REF] Watanabe | Pharmacokinetics, Pharmacodynamics, and Safety of Nivolumab in Patients With Sepsis-Induced Immunosuppression: A Multicenter, Open-Label Phase 1/2 Study[END_REF]. Additional clinical trials are warranted to show beneficial effects of immune checkpoint inhibitors on clinical outcomes of septic patients.

Only one clinical trial has been registered (NCT04268537) to evaluated nivolumab in critical COVID-19 patients. However, the current recruiting status is unknown, and no data have been published. Small Chinese studies investigated the effect of Tα1 in septic patients. These were summarized by Pei et al. [START_REF] Pei | Thymosin alpha 1 treatment for patients with sepsis[END_REF]. Overall, only 2 studies from the 6 small studies described an improved survival rate of sepsis or severe sepsis patients after Tα1 therapy while Tα1 enhanced clinical status (length ICU stay or mechanical ventilation) or immunological parameters (lymphocyte count or mHLA-DR expression) of sepsis or septic shock patients in the other studies [START_REF] Pei | Thymosin alpha 1 treatment for patients with sepsis[END_REF]. The efficacy of Tα1 was investigated in a multicenter singleblinded randomized clinical trial in severe sepsis [START_REF] Wu | The efficacy of thymosin alpha 1 for severe sepsis (ETASS): a multicenter, singleblind, randomized and controlled trial[END_REF]NCT00711620). Authors investigated Tα1 therapy in 181 patients treated with Tα1 and 180 controls. In addition to the safety profile of the therapy, Tα1 therapy reduced 28-day mortality (mortality rate of 26% in Tα1-treated patients versus 35% in untreated patients) of severe sepsis patients. Higher increase in mHLA-DR expression was observed in the treated group of patients [START_REF] Wu | The efficacy of thymosin alpha 1 for severe sepsis (ETASS): a multicenter, singleblind, randomized and controlled trial[END_REF]. The recruitment of septic patients in a double-blinded randomized phase III study evaluating Tα1 therapy has been completed (NCT02867267), results are awaited.

In critical COVID-19 patients, Tα1 therapy has been investigated. In two studies, no beneficial effect of Tα1 therapy was reported on 28-day mortality of critically ill COVID-19 patients [START_REF] Liu | Efficacy of Thymosin Alpha 1 in the Treatment of COVID-19: A Multicenter Cohort Study[END_REF][START_REF] Sun | The effect of thymosin α1 on mortality of critical COVID-19 patients: A multicenter retrospective study[END_REF]. In the study published by able to improve thymic output with an increased TCR diversity in the Tα1 group [START_REF] Liu | Thymosin Alpha 1 Reduces the Mortality of Severe Coronavirus Disease 2019 by Restoration of Lymphocytopenia and Reversion of Exhausted T Cells[END_REF].

Overall, in septic patients, early data appear to be encouraging and support the investigation of Tα1 therapy in larger clinical trials to confirm previous studies. However, in critical COVID-19 patients, beneficial effect of Tα1 therapy remains unclear and additional larger clinical trials to assess the potential effect on both mortality and other clinical outcomes have to be foreseen.

d. Interleukin-7 in immunotherapies

Gene and protein expression

Interleukin-7 is a secreted protein encoded by the IL7 gene of 72kb located on the chromosome 8. The protein is composed of 177 amino acids with a calculated mass of 17kDa without glycosylation while with glycosylation the apparent mass of IL-7 is 25kDa [START_REF] Goodwin | Human interleukin 7: molecular cloning and growth factor activity on human and murine B-lineage cells[END_REF]. The IL-7 protein is composed of a four-helix bundle around a compact hydrophobic core [START_REF] Kroemer | Prediction of the three-dimensional structure of human interleukin-7 by homology modeling[END_REF]. Expression of IL-7 has been studied in human and mice using human tissues or IL-7

reporter mice. IL-7 is expressed in a broad range of tissues (Figure 11) which includes lymphoid organs: thymus [START_REF] Moore | Analysis of cytokine gene expression in subpopulations of freshly isolated thymocytes and thymic stromal cells using semiquantitative polymerase chain reaction[END_REF][START_REF] Goodwin | Human interleukin 7: molecular cloning and growth factor activity on human and murine B-lineage cells[END_REF][START_REF] Mazzucchelli | Visualization and identification of IL-7 producing cells in reporter mice[END_REF][START_REF] Shalapour | Commensal microflora and interferon-gamma promote steady-state interleukin-7 production in vivo[END_REF], lymph nodes [START_REF] Link | Fibroblastic reticular cells in lymph nodes regulate the homeostasis of naive T cells[END_REF][START_REF] Onder | IL-7-producing stromal cells are critical for lymph node remodeling[END_REF], bone marrow (BM) [START_REF] Mazzucchelli | Visualization and identification of IL-7 producing cells in reporter mice[END_REF][START_REF] Hara | Identification of IL-7-producing cells in primary and secondary lymphoid organs using IL-7-GFP knock-in mice[END_REF][START_REF] Milford | TSLP or IL-7 provide an IL-7Rα signal that is critical for human B lymphopoiesis[END_REF] and spleen [START_REF] Goodwin | Human interleukin 7: molecular cloning and growth factor activity on human and murine B-lineage cells[END_REF][START_REF] Hara | Identification of IL-7-producing cells in primary and secondary lymphoid organs using IL-7-GFP knock-in mice[END_REF]. The highest level of IL-7 is found in thymus and is produced by thymic stromal cells in the medulla and the cortex [START_REF] Kim | Seeing is believing: illuminating the source of in vivo interleukin-7[END_REF]. In lymph nodes, fibroblastic reticular cells are an important source of IL-7 (Link et al., 2011). IL-7 expression is also detected in non-lymphoid organs: intestine [START_REF] Watanabe | Interleukin 7 is produced by human intestinal epithelial cells and regulates the proliferation of intestinal mucosal lymphocytes[END_REF][START_REF] Madrigal-Estebas | Human small intestinal epithelial cells secrete interleukin-7 and differentially express two different interleukin-7 mRNA Transcripts: implications for extrathymic T-cell differentiation[END_REF][START_REF] Shalapour | Commensal microflora and interferon-gamma promote steady-state interleukin-7 production in vivo[END_REF][START_REF] Hara | Identification of IL-7-producing cells in primary and secondary lymphoid organs using IL-7-GFP knock-in mice[END_REF], liver [START_REF] Golden-Mason | Expression of interleukin 7 (IL-7) mRNA and protein in the normal adult human liver: implications for extrathymic T cell development[END_REF][START_REF] Sawa | Hepatic interleukin-7 expression regulates T cell responses[END_REF], skin and particularly by keratinocytes [START_REF] Heufler | Interleukin 7 is produced by murine and human keratinocytes[END_REF][START_REF] Shalapour | Commensal microflora and interferon-gamma promote steady-state interleukin-7 production in vivo[END_REF][START_REF] Hara | Identification of IL-7-producing cells in primary and secondary lymphoid organs using IL-7-GFP knock-in mice[END_REF] and brain [START_REF] Moors | Interleukin-7 (IL-7) and IL-7 splice variants affect differentiation of human neural progenitor cells[END_REF]. From Barata et al., 2019. IL-7 is expressed in a broad range of organs including non-lymphoid organs (gut, liver, skin, brain) and lymphoid organs (lymphatic vessels, lymph nodes, thymus, spleen, and bone marrow).

Concentration of IL-7 in serum is low (between 2 to 8 pg/ml) generating competition between T cells for their access to the cytokine [START_REF] Mackall | Harnessing the biology of IL-7 for therapeutic application[END_REF]). An elevated concentration of IL-7 in serum was correlated with various T cell depletion conditions. In pediatric and adult human HIV-infected CD4-depleted patients, a strong inverse correlation between circulating IL-7 levels and CD4+ counts was reported. Similar results were observed in CD4-depleted patients receiving cancer chemotherapy. However, a weaker correlation was observed in patients with idiopathic CD4 depletion [START_REF] Fry | A potential role for interleukin-7 in T-cell homeostasis[END_REF]. In other studies, a negative correlation between circulating IL-7 levels and CD4+ T cells count was also reported in HIV-infected patients [START_REF] Llano | Interleukin-7 in plasma correlates with CD4 T-cell depletion and may be associated with emergence of syncytium-inducing variants in human immunodeficiency virus type 1-positive individuals[END_REF][START_REF] Napolitano | Increased production of IL-7 accompanies HIV-1-mediated T-cell depletion: implications for T-cell homeostasis[END_REF]. Venet et al., documented that circulating IL-7 levels in septic shock patients were increased between day 1 and 4 after ICU admission (Venet et al., 2012). Similarly, in severe COVID-19 patients elevated circulating IL-7 levels were inversely correlated with the number of T cells [START_REF] Adamo | Profound dysregulation of T cell homeostasisand function in patients with severe COVID-19[END_REF]. In addition, Huang et al., reported that plasma IL-7 levels in ICU COVID-19 patients were higher than in non-ICU patients (Huang et al., 2020a). IL-7Rα is differentially expressed during the maturation of B and T cells (Figure 12, Barata et al.). IL-7 is not expressed by hematopoietic stem cells while the common lymphoid progenitor display IL-7Rα [START_REF] Kondo | Identification of clonogenic common lymphoid progenitors in mouse bone marrow[END_REF]. IL-7Rα is expressed on pro-B cells and large pre-B cells while more mature B cells do not express IL-7Rα. IL-7Rα is expressed on pre-T cells, double negative 1-2 (DN1-2) cells and single-positive thymocytes while DN3-4 thymocytes express low level of IL-7Rα. However, double-positive (DP) thymocytes do not express IL-7Rα. IL-7Rα is expressed on most mature T lymphocytes depending on their activation status. Effector CD8+ T cells with high CD127 expression were found to differentiate into memory T cells [START_REF] Kaech | Selective expression of the interleukin 7 receptor identifies effector CD8 T cells that give rise to long-lived memory cells[END_REF]. Nevertheless, the IL-7Rα expression on CD8+ T lymphocytes was shown to be altered with aging [START_REF] Kim | Altered IL-7Ralpha expression with aging and the potential implications of IL-7 therapy on CD8+ T-cell immune responses[END_REF]. Immune cells that express IL-7Rα are ILCs which depend on IL-7 for survival [START_REF] Martin | Interleukin-7 Availability Is Maintained by a Hematopoietic Cytokine Sink Comprising Innate Lymphoid Cells and T Cells[END_REF][START_REF] Yang | IL-7-dependent maintenance of ILC3s is required for normal entry of lymphocytes into lymph nodes[END_REF] and CD56 bright NK cells [START_REF] Michaud | IL-7 enhances survival of human CD56bright NK cells[END_REF]. Boomer et al., reported that CD127 expression was reduced on splenic CD4+ and CD8+
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T cells from severe sepsis patients (Boomer et al., 2011). However, no difference of CD127 expression on circulating T lymphocyte was observed between septic patients and healthy control [START_REF] Boomer | A prospective analysis of lymphocyte phenotype and function over the course of acute sepsis[END_REF]. Similarly, Venet et al., reported no difference of CD127 expression on T lymphocyte of septic shock patients compared to healthy control (Venet et al., 2012).

Soluble IL-7Rα or sCD127

Soluble CD127 (sCD127) corresponds to the soluble form of IL-7Rα lacking the transmembrane domain. sCD127 production might be the result of alternative splicing [START_REF] Goodwin | Cloning of the human and murine interleukin-7 receptors: demonstration of a soluble form and homology to a new receptor superfamily[END_REF][START_REF] Korte | Expression analysis and characterization of alternatively spliced transcripts of human IL-7Ralpha chain encoding two truncated receptor proteins in relapsed childhood all[END_REF]. sCD127 can bind to IL-7 with similar affinity than the membrane receptor form [START_REF] Goodwin | Cloning of the human and murine interleukin-7 receptors: demonstration of a soluble form and homology to a new receptor superfamily[END_REF]. However, the role of sCD127 is not fully understood. A first in vitro study reported that sCD127 stimulation reduced IL-7 mediated proliferation, Bcl-2 and STAT5 expression in CD8+ T cells suggesting an antagonist effect of sCD127 on IL-7 activity [START_REF] Crawley | Soluble IL-7R alpha (sCD127) inhibits IL-7 activity and is increased in HIV infection[END_REF]. Other studies documented that sCD127 increased IL-7 activity in murine and human models with enhanced IL-7-induced proliferation [START_REF] Lundström | Soluble IL7Rα potentiates IL-7 bioactivity and promotes autoimmunity[END_REF][START_REF] Côté | Complexed soluble IL-7 receptor α and IL-7 increase IL-7-mediated proliferation and viability of CD8⁺ T-cells in vitro[END_REF]. More recently, in healthy mice sCD127 improved IL-7-induced T cell proliferation and increased T cell number [START_REF] Aloufi | Soluble CD127 potentiates IL-7 activity in vivo in healthy mice[END_REF]. However, additional studies are warranted to decipher the exact role of sCD127.

IL-7 signaling IL-7 signaling is summarized in figure 13. Following IL-7 binding to its receptor, the phosphoinositide 3-kinase (PI3K) and JAK-signal transducer and activator of transcription (STAT) pathway are activated. In addition, it induces downregulation of the cyclin-dependent kinase inhibitor p27 and increase the level of cell division cycle 25A (CDC25A) [START_REF] Kittipatarin | Cdc25A-driven proliferation regulates CD62L levels and lymphocyte movement in response to interleukin-7[END_REF] to induce proliferation. Upon IL-7Rα activation, JAK1 and JAK3 phosphorylate each other. Once phosphorylated, JAK3 phosphorylates the tyrosine 449 residue of IL-7Rα, leading to the recruitment of the transcription factor STAT5. Thereafter, STAT5 is phosphorylated by JAK1 and/or JAK3 leading to STAT5 translocation into the nucleus [START_REF] Mackall | Harnessing the biology of IL-7 for therapeutic application[END_REF]. STAT5 translocation induces expression of targeted genes that regulate survival and proliferation of T cells. IL-7 signaling induces regulation of Bcl-2 family members.

Increased expression of anti-apoptotic proteins such as Bcl-2 (Hernández-Caselles et al., 1995;[START_REF] Kim | The trophic action of IL-7 on pro-T cells: inhibition of apoptosis of pro-T1, -T2, and -T3 cells correlates with Bcl-2 and Bax levels and is independent of Fas and p53 pathways[END_REF] and myeloid cell leukemia sequence 1 (MCL-1) [START_REF] Dzhagalov | The anti-apoptotic Bcl-2 family member Mcl-1 promotes T lymphocyte survival at multiple stages[END_REF] is mediated by IL-7 signaling. Simultaneously, IL-7 induces decreased expression of proapoptotic proteins such as BAX [START_REF] Kim | The trophic action of IL-7 on pro-T cells: inhibition of apoptosis of pro-T1, -T2, and -T3 cells correlates with Bcl-2 and Bax levels and is independent of Fas and p53 pathways[END_REF][START_REF] Khaled | Withdrawal of IL-7 induces Bax translocation from cytosol to mitochondria through a rise in intracellular pH[END_REF], BIM [START_REF] Li | Interleukin-7 regulates Bim proapoptotic activity in peripheral T-cell survival[END_REF] and Bcl-2-antagonist of cell death (BAD) [START_REF] Li | Interleukin-7 inactivates the pro-apoptotic protein Bad promoting T cell survival[END_REF]. In addition, IL-7 modulates the expression of a ubiquitin ligase casitas B-lineage lymphoma b (CBL-B) which is a negative regulator of T cell activation [START_REF] Pellegrini | Adjuvant IL-7 antagonizes multiple cellular and molecular inhibitory networks to enhance immunotherapies[END_REF]. expression in human is characterized by normal quantities of B cells while the mutation leads to a reduced T and NK cell number [START_REF] Puel | Defective IL7R expression in T(-)B(+)NK(+) severe combined immunodeficiency[END_REF]. However, IL-7 can improve survival and proliferation of pro-B cells in humans [START_REF] Johnson | Murine and human IL-7 activate STAT5 and induce proliferation of normal human pro-B cells[END_REF]. IL-7 increased the proliferation of pro-B cells in co-cultures containing human BM stroma or adult BM hematopoietic stem cells or cord blood despite the fact that B cell progenitors' development does not require IL-7 [START_REF] Parrish | IL-7 Dependence in human B lymphopoiesis increases during progression of ontogeny from cord blood to bone marrow[END_REF]. IL-7 may have an effect on peripheral B cells. Indeed, a transient reduction in B cell counts was observed after IL-7 therapy in human (Sportès et al., 2010;[START_REF] Lee | hIL-7-hyFc, A Long-Acting IL-7, Increased Absolute Lymphocyte Count in Healthy Subjects[END_REF] returning to normal level days/weeks after initiation of the therapy. In addition, an increased proportion of immature translational B cells in patients infected with HIV-1 was correlated with high levels of IL-7 in serum [START_REF] Malaspina | Idiopathic CD4+ T lymphocytopenia is associated with increases in immature/transitional B cells and serum levels of IL-7[END_REF][START_REF] Malaspina | Appearance of immature/transitional B cells in HIV-infected individuals with advanced disease: correlation with increased IL-7[END_REF] suggesting that increased levels of IL-7 may modulate human B cells maturation. Taken together, in humans, IL-7 may have an essential role in the maturation of B cells to be fully characterized.

T cells

Unlike B cells, IL-7 is required for T cell development. Defects in IL-7 receptor in human leads to profound dysfunction of T lymphopoiesis [START_REF] Puel | Defective IL7R expression in T(-)B(+)NK(+) severe combined immunodeficiency[END_REF][START_REF] Cunningham-Rundles | Molecular defects in T-and B-cell primary immunodeficiency diseases[END_REF]. In IL-7 -/-mice, a reduction of 10 to 20-fold of T cell number in peripheral blood and lymphoid organs was reported with a 90% reduction in thymic cellularity [START_REF] Moore | Inhibition of gamma delta T cell development and early thymocyte maturation in IL-7 -/-mice[END_REF][START_REF] Freeden-Jeffry | Lymphopenia in interleukin (IL)-7 gene-deleted mice identifies IL-7 as a nonredundant cytokine[END_REF]. Thus, IL-7 is required for normal development of T cells in BM and thymus. IL-7 was shown to be essential for homeostatic expansion of naive CD4+ and CD8+ T cells in lymphopenic hosts. Tan et al., reported that in absence of IL-7, homeostatic proliferation of naive T cells was completely abolished, and their survival was reduced [START_REF] Tan | IL-7 is critical for homeostatic proliferation and survival of naive T cells[END_REF]. In addition, IL-7 is required for CD8+ T cells survival in normal hosts. However, IL-7 was found to be only partially involved in memory T cell homeostasis [START_REF] Schluns | Interleukin-7 mediates the homeostasis of naïve and memory CD8 T cells in vivo[END_REF].

NK cells

CD127 is mostly expressed on CD56 bright NK cells, a noncytotoxic cytokine-producing NK cell subset. In addition, IL-7 improves survival of CD56 bright NK cells, illustrated by an increased Bcl-2 expression [START_REF] Michaud | IL-7 enhances survival of human CD56bright NK cells[END_REF]. Studies documented that IL-7 has redundant function in NK generation and maturation [START_REF] Ranson | IL-15 is an essential mediator of peripheral NK-cell homeostasis[END_REF][START_REF] Vosshenrich | A thymic pathway of mouse natural killer cell development characterized by expression of GATA-3 and CD127[END_REF]. Ex vivo stimulation with IL-7 on purified CD56 bright NK cells from HIV or hepatitis C virus (HCV) -infected patients, improved IFN-γ secretion, STAT5, CD69 and Bcl-2 expression of CD56 bright NK cells [START_REF] Judge | CD56(bright) NK IL-7Rα expression negatively associates with HCV level, and IL-7-induced NK function is impaired during HCV and HIV infections[END_REF]. Similarly, ex vivo IL-7 stimulation increased cytotoxicity ability, Bcl-2 expression, and survival of CD56 bright NK cells from multiple sclerosis patients [START_REF] Su | Interleukin-7 expression and its effect on natural killer cells in patients with multiple sclerosis[END_REF]. Thus, IL-7 seems to play a key role in NK cell function and homeostasis.

Innate lymphoid cells

Innate lymphoid cells (ILCs) are a family of lymphoid cells with a key role in eliminating external pathogens, remodeling of tissues, and stimulating immune defense at multiple mucosal sites [START_REF] Serafini | Transcriptional regulation of innate lymphoid cell fate[END_REF]. IL-7 is indispensable for all ILC subset development [START_REF] Sonnenberg | Innate lymphoid cells in the initiation, regulation and resolution of inflammation[END_REF]. In IL-7R-IL15R-mice, reduction in ILC1 was observed suggesting a synergetic effect of IL-7 and IL-15 for ILC1 maintenance [START_REF] Robinette | IL-15 sustains IL-7R-independent ILC2 and ILC3 development[END_REF]. ILC2 in adipose tissue depends on IL-7 for survival [START_REF] Moro | Innate production of T(H)2 cytokines by adipose tissue-associated c-Kit(+)Sca-1(+) lymphoid cells[END_REF]. In addition, preservation of lymph node requires IL-7 for maintenance of ILC3 [START_REF] Yang | IL-7-dependent maintenance of ILC3s is required for normal entry of lymphocytes into lymph nodes[END_REF].

Analog of IL-7: Thymic stromal lymphopoietin (TSLP)

TSLP is a pleiotropic cytokine, analog of IL-7. The TSLP receptor is composed of a heterodimeric complex including IL-7Rα, CD127 and thymic stromal lymphopoietin receptor (TSLPR) chain. TSLP is expressed by gut epithelial cells, lung epithelial cells, skin keratinocytes, monocytes/macrophages and DCs [START_REF] Varricchi | Thymic Stromal Lymphopoietin Isoforms, Inflammatory Disorders, and Cancer[END_REF][START_REF] Marković | Modulation of Signaling Mediated by TSLP and IL-7 in Inflammation, Autoimmune Diseases, and Cancer[END_REF]. TSLP is produced in response to pathogen stimuli or injury by epithelial cells at barrier surface (lung, gut, and skin). In addition, TSLP plays a role in differentiation and 

Healthy volunteers

A study in healthy volunteers was published to assess the pharmacokinetics, pharmacodynamics, and safety of NT-I7. The hIL-7-hyFc was well tolerated after s.c or intramuscular (i.m) injection. In a dose-dependent manner, the hIL-7-hyFc increased absolute lymphocyte counts, mostly T cells. Authors reported a half-life of 52.3h in the 20μg/kg s.c. group, 26.8h in 60μg/kg s.c group and 63.3h 60μg/kg i.m group while the half-life of rhIL-7

without hyFc is between 10 and 20h [START_REF] Lee | hIL-7-hyFc, A Long-Acting IL-7, Increased Absolute Lymphocyte Count in Healthy Subjects[END_REF].

Infectious diseases

The More importantly, rhIL-7 therapy was well tolerated, only transient local reaction at injection site were reported [START_REF] Lévy | Enhanced T cell recovery in HIV-1-infected adults through IL-7 treatment[END_REF].

Similarly, Sereti et al.,assessed 4 different doses of rhIL-7 (CYT99 007, single s.c injection of 3, 10, 30 or 60µg/kg rhIL-7) in a multicenter phase I study in 18 HIV-1 infected patients receiving antiretroviral therapy and with low CD4+ cell counts. In blood of patients, rhIL-7 injection induced a dose-dependent increase in rhIL-7 concentration. On day 1 and 2, authors observed a decrease in circulating CD4+ and CD8+ T cell count while on day 14 an increase in both CD4+ and CD8+ T cell count was reported compared to baseline. On day 14, authors reported an increase in central memory CD4+ and CD8+ T cell count. In the rhIL-7 treated group, improved proportion of both CD4+ and CD8+ Ki67+ cells were observed on day 1 with a peak on day 4 and in a dose-dependent manner. In addition, injection of rhIL-7 led to transient downregulation of CD127 in both CD4+ and CD8+ cells. They found that rhIL-7 therapy was well tolerated (Sereti et al., 2009).

In a phase I/IIa study, the glycosylated rhIL-7 (CYT107, 3 weekly s.c injection of 10, 20

or 30µg/kg rhIL-7) was investigated in 26 chronically HIV-1 infected patients with low CD4+ cell count and antiretroviral therapy. Similar to other studies, an increase in both CD4+ and CD8+ T cells and also naive and central memory subsets was reported. Authors observed a decreased PD-1 expression on both CD4+ and CD8+ cells from baseline at day 28 and day 77.

Interestingly, authors observed an increased thymic output and number of recent thymic emigrants CD4+ cells after rhIL-7 therapy. In addition, rhIL-7 tented to enhance TCR repertoire in patients with low TCR diversity [START_REF] Lévy | Effects of recombinant human interleukin 7 on T-cell recovery and thymic output in HIV-infected patients receiving antiretroviral therapy: results of a phase I/IIa randomized, placebo-controlled, multicenter study[END_REF].

A clinical trial evaluated the use of rhIL-7 (CYT107, 3 weekly s.c injection of 20µg/kg for 3 weeks) after an antiretroviral therapy intensification in 29 HIV-infected patients with the aim of decreasing HIV DNA in peripheral blood mononuclear cells (PBMC) as primary endpoint. Despite an increase in CD4+ and CD8+ T cell counts, rhIL-7 in combination with antiretroviral therapy intensification failed to decrease the HIV DNA content in PBMCs [START_REF] Katlama | Treatment intensification followed by interleukin-7 reactivates HIV without reducing total HIV DNA: a randomized trial[END_REF].

With HIV persistence as primary endpoint, Vandergeeten et al., reported that a single s.c injection of rhIL-7 at a dose of 3 to 60µg/kg (rhIL-7 probably from RevImmune) promoted HIV persistence during antiretroviral therapy in a phase I study [START_REF] Vandergeeten | Interleukin-7 promotes HIV persistence during antiretroviral therapy[END_REF].

A phase II multicenter study aimed at determining the effect of rhIL-7 (CYT107) repeated cycles of injection on the restoration of CD4+ T cell counts of 107 HIV-infected patients. A first injection cycle of 3 weekly s.c injection of rhIL-7 at 20µg/kg at weeks 0, 1 and 2 was initiated and second cycle was administered if CD4 count fell to < 550 cells/µl. Only 4 grades 4 events were reported and rhIL-7 neutralizing antibodies in 38% of patients while no impact on CD4 T cell restoration were observed. Thus, authors concluded that repeated cycle of rhIL-7 was well tolerated and can enhance and sustain CD4+ cells restoration of HIV-infected patients [START_REF] Thiébaut | Repeated Cycles of Recombinant Human Interleukin 7 in HIV-Infected Patients With Low CD4 T-Cell Reconstitution on Antiretroviral Therapy: Results of 2 Phase II Multicenter Studies[END_REF].

A more recent study enrolled 7 HIV-infected patients to determine if the rhIL-7 therapy (CYT107, 3 s.c injections of 10µg/kg of rhIL-7) could improve MAIT cells count compared to 7 non-infected individuals. The rhIL-7 therapy increased the relative and absolute levels of MAIT cells, particularly in the CD8+ subset, in infected patients which was decreased on baseline compared to non-infected patients. This study suggests a role of IL-7 on MAIT cells proliferation and could be investigated in larger cohorts of patients [START_REF] Sortino | IL-7 treatment supports CD8+ mucosa-associated invariant T-cell restoration in HIV-1-infected patients on antiretroviral therapy[END_REF]. To conclude, rhIL-7 seems to be an interesting candidate to improve T lymphocyte count and functions in HIV-infected patients.

Recombinant hIL-7 therapy has been investigated in progressive multifocal leukoencephalopathy (PML) associated with idiopathic CD4+ lymphocytopenia (CD4+ count < 300 cells/μL on 2 or more occasions in absence of potential consequence of immunodeficiency). PML is a demyelinating disorder of the brain caused by the JCV virus, which can affect immunocompromised individuals, and is associated with high mortality rate.

Some case studies have assessed rhIL-7 in PML-infected patients with idiopathic CD4+ lymphocytopenia. A first case study reported PML-infected patients treated with antivirals including brincidofovir (CMX001) and rhIL-7. Following ischemic cerebrovascular accident, patients developed specific symptoms of JCV infection. After confirmation of JCV viral load in patient serum, combination of antivirals was initiated. After two weeks without improvement, CMX001 was administered followed by rhIL-7 (CYT107, no information on the site of injection or dose) three weeks later. Serum viral load of JCV decreased one week after CMX001 initiation associated with stabilized neurological function. In addition, rhIL-7 therapy improved CD4+ cell counts [START_REF] Patel | A case of progressive multifocal leukoencephalopathy and idiopathic CD4+ lymphocytopenia[END_REF].

In another case study, rhIL-7 (CYT107, 3 s.c injection of 20 μg/kg rhIL-7) was able to improve CD4+ and CD8+ T cell count and to expand CD4+ central memory and effector memory CD8+ cells in another PML-infected patient. While no specific-JCV CD4+ proliferating cells were detected before rhIL-7, a strong proliferation of this subset was observed within one week after rhIL-7 initiation. In addition, the percentage of specific-JCV IFN-γ producing T cells was increased for up to 30 days. Eighteen months after rhIL-7

treatment, authors reported regression of brain lesions and improved clinical status [START_REF] Gasnault | Efficacy of recombinant human interleukin 7 in a patient with severe lymphopenia-related progressive multifocal leukoencephalopathy[END_REF].

Lajaunie et al., reported the use of rhIL-7 (CYT107) in 64 cases of PML patients including 9 patients from case studies already published (e.g., [START_REF] Alstadhaug | Treatment of progressive multifocal leukoencephalopathy with interleukin 7[END_REF]. The rhIL-7 was injected by s.c route (20% of patients in studies before 2015) and i.m route (80% of patients, in studies after 2015) at a dose of 10 to 20µg/kg/week for a total of 3 to 4 injections in PML patients with underlaying conditions such as HIV, hematological malignancies, primary immunodeficiencies, solid organ transplantation and chronic inflammatory disease. Local injection reaction and flu-like symptoms and PML-immune reconstitution inflammatory syndrome were the main side effects of rhIL-7 therapy. A survival rate of 54.7% at 12-month was observed with no difference depending on the underlaying cause. In addition, rhIL-7

therapy was associated with at least 50% increase in absolute lymphocyte CD4+ count and decrease in JCV DNA load in cerebrospinal fluid after one month of therapy [START_REF] Lajaunie | Outcome of progressive multifocal leukoencephalopathy treated by Interleukin-7[END_REF] Case studies demonstrated beneficial effects of rhIL-7 to improve lymphocyte functions and clinical status of PML-infected patients associated with idiopathic CD4+ lymphocytopenia.

However, additional studies with larger cohorts of patients are warranted to confirm these interesting results. Currently, a NT-I7 is investigated in early phase I study to improve T cell counts in 12 lymphopenic PML-infected patients (Table 4).

CYT107 was also evaluated in HBV and HCV infected patients in combination with antiviral therapy (HBV: NCT01027065, unknown recruitment status; HCV: NCT01025596, completed recruitment, NCT01024894 and NCT01025297 unknown recruitment status).

However, no results have been published.

CYT107 is currently investigated in patients with refractory nontuberculous mycobacteria lung disease (Table 4).

Oncology

A first study investigated 4 different doses of rhIL-7 (CYT 99 007 at 3, 10, 30, or 60 μg/kg) injected by s.c route every 3 days for 8 doses in 12 patients with metastatic melanoma or sarcoma. Authors observed increased CD4+ and CD8+ T cell counts in a dose-dependent manner for 21 days. However, rhIL-7 infected at 3μg/kg had no effect on T cells counts. Authors reported the most important effects with the highest rhIL-7 dose of 60μg/kg. An increase in 3to 7-fold was observed at day 21 in both CD4+ and CD8+ T cells for this dose. In addition, an increase in naive CD4+ and CD8+ T cells at day 28 in group of patients receiving the highest dose of rhIL-7 was also reported. Interestingly, rhIL-7 therapy decreased the proportion of CD4+ Treg cells. After BM biopsies analysis, authors found that the proportion of mature B cells was increased. Importantly, rhIL-7 was well tolerated [START_REF] Rosenberg | IL-7 administration to humans leads to expansion of CD8+ and CD4+ cells but a relative decrease of CD4+ T-regulatory cells[END_REF].

A phase I study conducted a dose escalation of rhIL-7 therapy (CYT 99 007, 3, 10, 30, and 60μg/kg/dose daily for 2 weeks) injected by s.c route in 16 patients with refractory malignancies. As primary endpoint, the safety was validated since rhIL-7 therapy induced mild to moderate adverse effects. Strong increase in circulating CD4+ and CD8+ T cell counts with a peak at day 21 were reported after rhIL-7 treatment and in dose-dependent manner. For B cells, authors reported a moderate expansion of immature/translational B cells and slight decrease in mature B cells which return to baseline at day 28. Interestingly, an increased cellularity of BM by day 14 with increased expansion of early pre-B cells was also observed in most of patients illustrating a maturation process (Sportès et al., 2010).

In the ELYPSE-7 study, rhIL-7 (CYT107) was evaluated in a RCT phase IIa trial which aimed at restoring lymphocyte count in lymphopenic metastatic breast cancer. The rhIL-7 was injected by s.c route at a dose of 10 µg/kg/week for 3 consecutive weeks. The goal of this clinical trial was to determine if rhIL-7 administration could be more efficient when administered before and/or during chemotherapy with 5 patients per group. In addition, rhIL-7 induced an increase in T cell count whether administered before or during chemotherapy.

However, for both CD4+ and CD8+ cells the increase was greater when rhIL-7 was administered before chemotherapy. In addition, both naive and memory CD4+ and CD8+ cells were found to be increased following rhIL-7 therapy. Overall, rhIL-7 therapy was well tolerated but no effect on progression free survival or overall survival was reported [START_REF] Trédan | ELYPSE-7: a randomized placebo-controlled phase IIa trial with CYT107 exploring the restoration of CD4+ lymphocyte count in lymphopenic metastatic breast cancer patients[END_REF].

Another strategy is to use rhIL-7 as an adjuvant to improve immunotherapy such as in cancer vaccine or cell therapy settings. In pediatric and adult patients with metastatic or relapsed sarcomas, rhIL-7 (CYT107, s.c injection of 20µg/kg rhIL-7 weekly for a total of 5 doses) was assessed in combination with autologous infusion of lymphocyte and matured DCs. rhIL-7

improved circulating T cell and NK cell counts while decreasing frequency of Treg cells.

However, no beneficial effect of rhIL-7 was reported on overall survival [START_REF] Merchant | Adjuvant Immunotherapy to Improve Outcome in High-Risk Pediatric Sarcomas[END_REF].

More recently, a phase II study investigated the effect of rhIL-7 (CYT107) in addition to sipuleucel-T (sip-T) therapy in patients with metastatic castration-resistant prostate cancer NT-I7/GX-I7 is currently under investigation in different types of cancer alone or in combination with immune checkpoint inhibitors in 12 recruiting clinical trials (Table 4).

CYT107 is currently assessed in patients with advanced inoperable or metastatic urothelial carcinoma in combination with Atezolizumab.

Transplantation settings IL-7 may be beneficial in T-Cell depleted (TCD) allogeneic hematopoietic stem cell transplantation (allo-HSCT) patients to enhance T cell survival and proliferation. Allo-HSCT therapy is commonly used to treat a variety of non-malignant and malignant disorders.

However, delayed immune recovery after allo-HSCT increase risks for infection and relapse [START_REF] Jenq | Allogeneic haematopoietic stem cell transplantation: individualized stem cell and immune therapy of cancer[END_REF]. A phase I clinical trial to assess escalating dose (10, 20 and which was low at baseline [START_REF] Perales | Recombinant human interleukin-7 (CYT107) promotes T-cell recovery after allogeneic stem cell transplantation[END_REF] Currently, a phase I is recruiting patients to assess rhIL-7 (CYT107) in cord blood transplant patients in order to promote T cell recovery (Table 4).

Idiopathic CD4 lymphocytopenia

In a phase I/IIa study patients with idiopathic CD4 lymphocytopenia were treated with rhIL-7 (CYT107) to restore lymphocyte count. In this trial, rhIL-7 was injected by s.c route at 3, 10 or 20µg/kg once per week for 3 doses. The safety of CYT107 was confirmed in the 9 patients with idiopathic CD4 lymphocytopenia. The number of circulating T cells and NK cells were increased at week 3 and 5 respectively following the first rhIL-7 injection compared to baseline. However, 2 patients had no increase in CD8+ T cell number. Cell cycling in both CD4+ and CD8+ cells was improved at week 2 showed by Ki-67 expression while no effect on Bcl-2 expression was detected. The rhIL-7 therapy was associated with increased number of CD3+ cells in BM and gut mucosa compared to baseline [START_REF] Sheikh | Administration of interleukin-7 increases CD4 T cells in idiopathic CD4 lymphocytopenia[END_REF].

In all published studies, mainly CYT107 has been investigated. Injection of CYT107 by s.c route was well tolerated in most of patients, mainly local and transient reaction at the site of injection were reported. No major toxicities were documented in almost all patients. However, in current ongoing clinical trials, CYT107 is injected by i.m route (Table 4). In all studies, rhIL-7 improved the T cell count of both CD4+ and CD8+ T cells. In most of studies rhIL-7 was able to enhance proliferative capacity (e.g., increased Ki67 or Bcl-2 expression) or cytokine production of lymphocytes (e.g., increased IFN-γ). In addition, in some studies an increased number of naive or central memory T cells or thymic input was also documented after rhIL-7

therapy. Therefore, rhIL-7 can improve T lymphocyte counts and functions in different pathologies. However, few studies reported beneficial effect on clinical status or mortality rate of patients. In some studies, a too small number of patients or a lack of placebo control do not enable to conclude about clinical endpoints. Larger studies are warranted to consolidate these preliminary encouraging data.

IL-7 in sepsis and COVID-19 clinical immunotherapies

Immunostimulating approaches are potent strategies to improve immune functions of immunosuppressed septic and critically ill COVID-19 patients. IL-7 is particularly interesting to restore lymphocyte count in lymphopenic ICU patients. As described in cancer, infectious diseases and transplant patients, rhIL-7 was well tolerated and enhanced T lymphocyte counts and functions.

A double-blind, placebo-controlled phase II trial investigated CYT107, the glycosylated rhIL-7, in septic shock patients with severe lymphopenia from 4 sites (2 in France, 2 in the US, NCT02640807, NCT02797431). The rhIL-7 was injected by i.m route at 10μg/kg twice a week.

Afterwards, one group of patients received 10μg/kg once a week (low-frequency) and one group received 10μg/kg twice a week (high-frequency) for a total of 4 weeks. Lungs and abdomens were the most common infection sites in both placebo and rhIL-7 treated patients. CYT107 was well tolerated, and no inflammation was reported. As observed in other clinical trials, rhIL-7

increased the absolute lymphocyte count (including CD4+ and CD8+ cells) of both groups over the course of the study (Figure 14). At day 29, both groups displayed 3.5-to 4.5-fold increase in lymphocyte counts. In addition, the increased number of lymphocytes persisted at least 2 weeks after the end of rhIL-7 therapy in all patients. The percentage of Ki-67+ CD4+ or CD8+ cells was improved within the 4 to 7 days after rhIL-7 initiation illustrating the capacity of the rhIL-7 to increase cell cycling of lymphocytes (Figure 14). Following rhIL-7 injection, IL-7Rα, CD127 was downregulated on both CD4+ and CD8+ cells. However, no effect was reported on monocyte or B cell counts. Despite no statistical significance, the incidence of secondary infection and mortality were lower in the CYT107 group (30% vs 40% for the incidence of secondary infection and 20% vs 29% for the mortality rate) compared to the placebo group (Francois et al., 2018). Recently, a case study reported beneficial effect of rhIL-7 in a non-immunocompromised patient with intractable fungal wound sepsis. Compassionate use of rhIL-7 (CYT107) given by i.m route was initiated when the clinical status of the patient continued to worsen. rhIL-7 was well tolerated after one dose of 3μg/kg and was continued at a dose of 10µg/kg every 3-4 days for a total of 7 injections. The clinical status of the patient improved 4-7 days following rhIL-7

initiation with decreased infection spread, decreased fungal proliferation, and improved wound healing. In addition, a 6-fold increase in absolute lymphocyte count was observed. Importantly, rhIL-7 was associated with enhanced lymphocyte functions illustrated by an increased IFN-γ production [START_REF] Turnbull | IL-7 Immunotherapy in a Nonimmunocompromised Patient With Intractable Fungal Wound Sepsis[END_REF].

Case studies have evaluated the activity of rhIL-7 in lymphopenic critically ill COVID- was reported confirming the safety of the rhIL-7. Lymphocyte counts were 2-fold higher in the rhIL-7-treated group compared to the control group. At day 30 secondary infection incidence was lower in the rhIL-7-treated group (58%) than in the untreated group (85%). Despite encouraging results on the lymphocyte count and the incidence of secondary infection, no major difference for the 30-day mortality rate was reported (42% in rhIL-7-treated group vs 46% in the control group) [START_REF] Laterre | Association of Interleukin 7 Immunotherapy With Lymphocyte Counts Among Patients With Severe Coronavirus Disease 2019 (COVID-19)[END_REF].

Overall, all clinical trials and case series demonstrated that rhIL-7 is well tolerated, and mainly local injection site reaction were reported. In contrast to other clinical trial rhIL-7 was mostly injected by i.m route in sepsis or COVID-19 patients. In all studies, rhIL-7 enhanced T lymphocyte counts. Some studies reported beneficial effects of rhIL-7 on proliferation or cytokine production capacities of T lymphocytes. Despite promising data from the two larger studies, no significant effect on mortality or on incidence of secondary infections of patients was documented.

However, clinical trials investigating rhIL-7, CYT107 (NCT04927169, NCT04407689, NCT04379076 NCT04426201 NCT04442178) in severe and lymphopenic COVID-19 patients are now terminated and results are awaited. In sepsis patients, CYT107 injected by intravenous (i.v) route was investigated in a phase II study (NCT03821038, completed). For hIL-7-hyFc, NT-I7 safety is currently assessed in a phase I study in mild and elderly with mild or asymptomatic COVID-19 (Table 4).

Despite encouraging results, rhIL-7 requires multiple injections to improve immune functions of patients. Moreover, rhIL-7 mostly targets the adaptive arm of immunity. Hence, novel approaches should be developed to circumvent the need for multiple injections of IL-7 as well as to broaden the mode of action of recombinant IL-7-based therapies. [START_REF] Meyer | Mapping of deletions in the genome of the highly attenuated vaccinia virus MVA and their influence on virulence[END_REF]. The complete genomic analysis of MVA showed that MVA genome encodes 117 genes in which 25 are mutated or encoding truncated proteins. Most of deleted or mutated genes are related to immune evasion and host-virus interaction. For instance, poxvirus immune evasion genes such as C19L encoding TNF receptor homolog, N1L that inhibits signaling to NF-kB or B8R that inhibits IFN-γ are deleted or fragmented in MVA genome compared to other poxviruses. Loss of serpin gene SPI-1 in MVA genome may affect host range including human cells. However, most genes encoding structural, membrane and core proteins are conserved among orthopoxviruses. Excepted the A36R gene deletion that may affect virulence and extracellular enveloped virion formation in MVA (EEV, see below the replication). In addition, deletion of amino acids in A4L gene may alter intracellular mature virions (IMV) formation [START_REF] Antoine | The complete genomic sequence of the modified vaccinia Ankara strain: comparison with other orthopoxviruses[END_REF].

Cytoplasmic replication of MVA

The entire replication and life cycle of MVA (and vaccinia virus) occurs within the cytoplasm of cells (Figure 15). MVA can infect any cells by fusion with the membrane or endocytosis [START_REF] Moss | Poxvirus entry and membrane fusion[END_REF] (e.g., human cells) is blocked at late times in the step of virion morphogenesis [START_REF] Sutter | Nonreplicating vaccinia vector efficiently expresses recombinant genes[END_REF][START_REF] Drexler | Highly attenuated modified vaccinia virus Ankara replicates in baby hamster kidney cells, a potential host for virus propagation, but not in various human transformed and primary cells[END_REF]. When CEVs detach from the cell membrane they become extracellular enveloped virions (EEV). In non-permissive cells (e.g., human cells) the replication is blocked in the step of virion morphogenesis.

c. Biodistribution and cell tropism of MVA

Although MVA entry into cells occurs through membrane fusion or endocytosis, the tropism of MVA is different in permissive (e.g., chicken eggs fibroblasts) or non-permissive cells (e.g., human cells) [START_REF] Moss | Poxvirus entry and membrane fusion[END_REF]. In this introduction to MVA, analysis of the literature will be focused on the biodistribution and cell tropism in non-permissive cells.

Tissue distribution

Some studies have investigated the tissue distribution of MVA according to the injection route. Ramírez et al., compared the expression of MVA-luciferase after intraperitoneal (i.p) injection at 2x10 6 plaque forming units (PFU) or 1x10 7 PFU/mice. Luciferase activity was detected in the liver, the spleen, and ovaries of mice at 4h post-inoculation (p.i), decreased 6h p.i until 48h and reached background level (Ramírez et al., 2000a).

A larger study investigated the tissue distribution of MVA after different routes of injection. Authors evaluated the expression of luciferase activity after i.p, s.c, intragastric (i.g), intranasal (i.n), intrarectal (i.r), intravaginal (i.va) injection of MVA-luciferase at 5x10 7 PFU/mice in non-lymphoid organs (ovaries, lungs, small intestine, rectum) and draining and non-draining lymph nodes (LN) and spleen. Following i.p injection, almost all tissues expressed luciferase 6h p.i except the small intestine, rectum, and nasal-associated lymph tissue (NALT). In contrast, luciferase expression was only detected in peripheral lymph nodes (inguinal/paraaortic/iliac LN, cervical LN and hilus LN), the spleen and the lung after s.c injection. In addition, 48h p.i luciferase activity returned to background levels in all tissues. In mice inoculated by i.g route luciferase activity was undetectable in the gut and associated lymph nodes. Only expression in NALT was reported explained by a regurgitation of stomach content after gastric intubation. However, after i.r or i.va injection no luciferase activity was observed.

I.n injection of MVA-luciferase induced an expression of luciferase in NALT, lungs, and the draining lymph node that drain lungs while no expression in the spleen or other tissues was detected. Following nasal inoculation, no activity in the central nervous system was reported [START_REF] Ramirez | Tissue distribution of the Ankara strain of vaccinia virus (MVA) after mucosal or systemic administration[END_REF].

Fend et al., compared the i.v and s.c injection of MVA encoding the green fluorescent protein (GFP) and MVA-luciferase in mice. Higher percentages of GFP positive cells in the spleen were reported following i.v injection compared to s.c injection. In addition, 6h p.i luciferase activity was detected in the spleen, the liver, the lung, and the draining LN of mice while s.c injection of MVA-luciferase failed to reach these tissues [START_REF] Fend | Intravenous injection of MVA virus targets CD8+ lymphocytes to tumors to control tumor growth upon combinatorial treatment with a TLR9 agonist[END_REF] GFP at a MOI of 5. As previously observed, T cells were uninfected while APCs were most susceptible to MVA-GFP infection (with 50-70% of GFP+ cells for monocytes and 20-50% for B cells) followed by 5% of NK cells. Authors reported a higher percentage of GFP+ monocytes than percentage of MVA-antigen expression in monocytes likely explained by the phagocytosis of other infected PBMCs by uninfected monocytes [START_REF] Flechsig | Uptake of antigens from modified vaccinia Ankara virus-infected leukocytes enhances the immunostimulatory capacity of dendritic cells[END_REF]. Human DCs are also targeted by MVA. Pascutti et al., reported in vitro that human monocyte-derived DCs displayed upregulated expression of CD86 and HLA-DR in response to MVA infection [START_REF] Pascutti | Interplay between modified vaccinia virus Ankara and dendritic cells: phenotypic and functional maturation of bystander dendritic cells[END_REF].

The MVA tropism has also been investigated in mice. Following in vitro infection of murine splenocytes with MVA-GFP at a MOI of 10, professional APCs were the main target illustrated by 31% of GFP+ in CD11c+ DCs, 20% of GFP+ in CD11c-monocytes and 8.5% of GFP+ in B cells while T cells displayed lower GFP expression (between 3.6 and 6.9%).

Moreover, 50% of all GFP+ cells were CD11c+ DCs. Authors compared these results with an i.v injection of MVA-GFP in mice at 3x10 8 PFU. A peak of GFP+ cell count in the spleen of mice 9h p.i was documented, the number declined to undetectable levels by 24h p.i. In contrast to in vitro studies, mainly CD11c+ DCs cells were GFP positive (with 12.8% of GFP+ among CD11c+ cells) [START_REF] Liu | Dendritic cells are preferentially targeted among hematolymphocytes by Modified Vaccinia Virus Ankara and play a key role in the induction of virus-specific T cell responses in vivo[END_REF]. The injection route may impact the nature and proportion of MVA-infected cells in organs. Fend et al., compared the percentage of GFP+ cells in spleen, liver, and lung of mice after i.v and s.c injection of an MVA-GFP. Higher percentage of CD103+ DCs, CD11b+ DCs, plasmacytoid DCs, macrophages, monocytes and neutrophils expressing GFP were detected in the spleen of i.v injected mice compared to s.c injection.

However, the opposite was observed in the lung and the liver with mostly higher percentage of GFP observed in all cell subpopulations within these 2 organs after s.c injection of MVA-GFP.

In addition, CD11b+ DCs, monocytes and macrophages were also the preferentially targeted cells by MVA following s.c injection [START_REF] Fend | Intravenous injection of MVA virus targets CD8+ lymphocytes to tumors to control tumor growth upon combinatorial treatment with a TLR9 agonist[END_REF].

In non-human primates (NHP), intradermal injection of MVA-GFP induced a GFP expression in the skin with a maximum signal around 20h p.i. The main targeted cells in skin were granulocytes, and monocytes/macrophages [START_REF] Rosenbaum | Molecular and Cellular Dynamics in the Skin, the Lymph Nodes, and the Blood of the Immune Response to Intradermal Injection of Modified Vaccinia Ankara Vaccine[END_REF].

Finally, Altenburg et al., conducted a larger ex vivo/in vitro and in vivo study on the cellular tropism of MVA in mice, human cells, NHP, and ferrets using an MVA-GFP. Human

PBMCs were inoculated with the MVA-GFP using increasing MOIs (0.01 to 100) and GFP fluorescence was analyzed 24 hours p.i. CD11c+ HLA-DR high DCs and monocytes displayed the highest level of GFP expression. In these cells, an increased GFP expression was associated with an increase in MOI. CD20+ HLA-DR+ B cells were easily infected with MVA-GFP as well as CD56+ NK cells (although with less efficiency) while no GFP expression was detected in CD3+ lymphocytes. Similarly, when mouse lung explants were infected ex vivo with MVA-GFP, APCs were predominantly infected and particularly DCs. After respiratory administration (intranasal, intratracheal or aerosol administration depending on the animal model) of MVA-GFP, DCs and alveolar macrophages were mostly targeted in mice, ferrets, and NHP. Following inoculation of MVA-GFP by i.m route in mice, myocytes and interdigitating cells with macrophages morphology were found to express GFP [START_REF] Altenburg | Modified Vaccinia Virus Ankara Preferentially Targets Antigen Presenting Cells In Vitro, Ex Vivo and In[END_REF] Taken together these studies demonstrate that APC and particularly DCs and monocytes/macrophages are the main targeted cells in human and mouse.

d. Innate immunity induction by MVA

Upon MVA infection, innate immunity is triggered by the induction of type I IFN and chemokines following the recognition of MVA by PRR. All studies agree that MVA induces a stronger immune response than conventional vaccinia virus due to the loss of genes involved in immune evasion [START_REF] Antoine | The complete genomic sequence of the modified vaccinia Ankara strain: comparison with other orthopoxviruses[END_REF][START_REF] Price | Modified Vaccinia virus Ankara: innate immune activation and induction of cellular signalling[END_REF]. 1 and CXCL1 concentrations were detected and were also higher on day 2 p.i compared with a later time of analysis (i.e., on day 3). Particularly, MCP-1 was detected at the highest concentration in BAL fluid of inoculated mice. Primary human monocytes infected with MVA displayed high concentration of MCP-1 (up to 3000 pg/ml) at 6h and 24h p.i. Finally, authors demonstrated that MCP-1 plays a key role in the chemotaxis of leucocytes into the lung using CCL2-deficient mice [START_REF] Lehmann | Modified vaccinia virus ankara triggers chemotaxis of monocytes and early respiratory immigration of leukocytes by induction of CCL2 expression[END_REF]. The same group showed that in IFN type I receptor (Ifnra1-/-) deficient mice MCP-1 was not induced neither at the mRNA nor at the protein level suggesting that MCP-1 expression is mediated by type I IFN receptor. However, MVA-induced MCP-1 expression was not dependent on TLR2 [START_REF] Lehmann | CCL2 expression is mediated by type I IFN receptor and recruits NK and T cells to the lung during MVA infection[END_REF].

In another study, the cytokine and chemokine profiles were analyzed in human circulating monocytes. Quantitative RT-PCR analysis showed that MVA-infected monocytes displayed upregulation of IP-10, TNF-α, IL-6 and IL-12p35 mRNA compared to uninfected monocytes 6h p.i. However, downregulation of IL-8 was described. In the same study, authors reported a decrease in CD14 expression on monocytes while the co-stimulatory molecule CD86 and HLA-DR were increased 24h p.i with MVA. This suggests that MVA infection induces an activation of monocytes [START_REF] Flechsig | Uptake of antigens from modified vaccinia Ankara virus-infected leukocytes enhances the immunostimulatory capacity of dendritic cells[END_REF].

In addition, a gene expression analysis in human MVA-infected macrophages was performed by Royo et al. MVA infection was associated with modulation of genes related to immune signaling and activation. Upregulation of IFβ1, TNFα, CXCR5, CXCR6 and interferoninduced transmembrane protein 1 genes was observed in MVA-infected macrophages 6h p.i.

MVA induced an increased expression of TNF-α, IFN-α, IFN-β and interferon-stimulated gene (ISG) mRNA 6h p.i in infected macrophages while IL-1, IL-6 and IL-7 mRNA expression were downregulated. In addition to increased IFN-β mRNA upregulation, increased protein release was found in supernatant of MVA-infected macrophages. However, TLR signaling (myeloid differentiation primary response 88 Myd88, TLR4 and TLR7) was downregulated in MVAinfected macrophages. After incubation of naive macrophages with supernatant from infected macrophages (containing IFN-β), the phagocytic capacity of macrophages was 100-times higher than compared to untreated macrophages. This suggests that IFN-β produced upon MVA infection may play a role in improving the phagocytic capacity of infected APC [START_REF] Royo | Differential induction of apoptosis, interferon signaling, and phagocytosis in macrophages infected with a panel of attenuated and nonattenuated poxviruses[END_REF].

Zimmerling et al., investigated the role of the inflammasome in IL-1β induction upon

MVA infection. MVA infection induced IL-1β production in murine DC and BM derived macrophages. In both murine cells, Myd88 and TLR3/TIR-domain containing adapter inducing interferon beta (TRIF) were required for IL-1β production while caspase1-containing inflammasome was necessary only in some conditions. In addition, authors reported that MVA induced IL-1β production via the inflammasome in human ThP1 cells [START_REF] Zimmerling | Interleukin-1β receptor expressed by modified vaccinia virus Ankara interferes with interleukin-1β activity produced in various virus-infected antigen-presenting cells[END_REF].

Unfortunately 

e. Impact of the injection route on immune responses

As discussed above, tissue distribution of MVA is different according to the injection route. For instance, by i.r or i.va injections no luciferase activity was detected in studied organs while i.p and s.c injections of the MVA-luciferase reached more organs [START_REF] Ramirez | Tissue distribution of the Ankara strain of vaccinia virus (MVA) after mucosal or systemic administration[END_REF].

In addition to targeted tissues, the immune response can be different depending on the MVA administration route. A preclinical study compared the i.v and i.m route for the injection of an MVA-based HIV vaccine in mice and rhesus macaques. Authors found that the the i.v injection of the MVA-based vaccine induced stronger T cell responses than the i.m route [START_REF] Hanke | Immunogenicities of intravenous and intramuscular administrations of modified vaccinia virus Ankara-based multi-CTL epitope vaccine for human immunodeficiency virus type 1 in mice[END_REF].

As presented above Fend et al., conducted a comparative study of i.v and s.c injection and showed that MVA injected by the i.v route reached more organs than the s.c route. In an orthotopic renal carcinoma model, authors reported higher infiltrated CD3+CD8+ lymphocytes in the tumor-implanted kidney of mice treated with the MVA-MUC1 injected intravenously than after s.c injection. I.v injection of the MVA-MUC1 induced better T cell responses specific of MUC1 antigen than s.c injection illustrated by a higher T cell production of IFN-γ [START_REF] Fend | Intravenous injection of MVA virus targets CD8+ lymphocytes to tumors to control tumor growth upon combinatorial treatment with a TLR9 agonist[END_REF].

In a mousepox model induced by intranasal injection of ectromelia virus (the causative pathogen of smallpox in mice), MVA immunization was investigated by Lauterbach et al. Only the i.v administration of MVA protected all mice from death while almost all i.n. treated mice died. Interestingly, higher proportions of activated CD4+ and CD8+ cells, CD8+ and NK cells expressing granzyme B were detected in mice immunized intravenously with MVA. I.v injection of MVA was also associated with a strong production of chemokines MCP-1, MCP-3, CCL5 and cytokines IL-6, IL-18 and IFN-γ in mice serum. In contrast, in serum of i.n.

immunized MVA mice, cytokines below detection levels or not different form controls were reported. Moreover, i.v immunized mice displayed higher vaccinia-specific IgG levels associated with a stronger neutralizing capacity than the i.n. immunized animals [START_REF] Lauterbach | Immune requirements of post-exposure immunization with modified vaccinia Ankara of lethally infected mice[END_REF].

Most of vaccines are injected through s.c or i.m routes. However, a recent study demonstrated the improved efficacy of the i.v route for administration of a vaccine against a major infectious disease. Administration of the bacillus Calmette-Guérin (BCG) vaccine by the i.v route had superior ability to protect NHP against mycobacterium tuberculosis infection compared to an intradermal or aerosol delivery [START_REF] Darrah | Prevention of tuberculosis in macaques after intravenous BCG immunization[END_REF].

Another study assessed an MVA-based immunotherapy using the i.v route. In cancer mouse models, the MVA-CD40L expressing tumor-associated antigens injected intravenously improved the tumor growth control and expansion of antigen-specific CD8+ T cells in tumors [START_REF] Medina-Echeverz | Synergistic cancer immunotherapy combines MVA-CD40L induced innate and adaptive immunity with tumor targeting antibodies[END_REF].

In a phase I open-label clinical trial, i.v administration of MVA-Brachyury-TRICOM, a recombinant vector-based therapeutic cancer vaccine developed to improve the immune response against brachyury, was well tolerated. The cancer vaccine demonstrated T cell responses against brachyury and other tumor-associated cascade antigens. Importantly, no deleterious side-effects were reported in this first of its kind clinical trial [START_REF] Demaria | Phase 1 open-label trial of intravenous administration of MVA-BN-brachyury-TRICOM vaccine in patients with advanced cancer[END_REF].

Currently, two clinical trials completed the recruitment of healthy volunteers to assess an MVA-based vaccine injected by different route of injection, including the i.v route, to prevent malaria (NCT03084289, NCT03707353). Overall, these recent studies support the use of i.v route for MVA-based immunotherapy or vaccine to optimally stimulate immune responses.

f. Clinical development of recombinant MVAs: prophylactic and therapeutic vaccination

MVA presents attractive assets for its use in vaccination or in immunotherapy. First, MVA is safe and well tolerated since it has been used in an important number of individuals for both smallpox vaccination (Volz and Sutter, 2017) and in clinical trials including HIVinfected individuals [START_REF] Thompson | DNA/MVA Vaccination of HIV-1 Infected Participants with Viral Suppression on Antiretroviral Therapy, followed by Treatment Interruption: Elicitation of Immune Responses without Control of Re-Emergent Virus[END_REF]. MVA can be delivered through multiple injection routes and can infect wide range of organs or cells. Among other characteristics, its genome can include large inserts with up to more than 10kb that enables expression of multiple recombinant genes [START_REF] Boukhebza | Therapeutic vaccination to treat chronic infectious diseases Current clinical developments using MVA-based vaccines[END_REF]. In addition, recombinant gene expression can be modulated with different poxviral promoters of variable strengths [START_REF] Alharbi | Poxviral promoters for improving the immunogenicity of MVA delivered vaccines[END_REF]. One important asset is its cytoplasmic replication which avoids host genomic insertion. The loss of host range genes contributes to the inability of MVA to propagate in human cells and therefore its safety profile. Indeed, during MVA replication, viral genes are expressed that enable the recombinant gene expression, but no viral particles can be produced in non-permissive cells including in humans [START_REF] Sutter | Nonreplicating vaccinia vector efficiently expresses recombinant genes[END_REF][START_REF] Drexler | Highly attenuated modified vaccinia virus Ankara replicates in baby hamster kidney cells, a potential host for virus propagation, but not in various human transformed and primary cells[END_REF]. The MVA platform has been widely used to develop both prophylactic and therapeutic recombinant vaccines eliciting robust humoral and cellular immune responses against bacterial, viral or cancer antigens [START_REF] Gómez | The poxvirus vectors MVA and NYVAC as gene delivery systems for vaccination against infectious diseases and cancer[END_REF][START_REF] Boukhebza | Therapeutic vaccination to treat chronic infectious diseases Current clinical developments using MVA-based vaccines[END_REF][START_REF] Sasso | New viral vectors for infectious diseases and cancer[END_REF].

At the time of writing, in the clinical trial database (https://www.clinicaltrials.gov/) more than 270 completed clinical studies using MVA are reported. In table 5, recruiting clinical trials using MVA are presented. Currently, 28 clinical trials are assessing recombinant MVA (rMVA) vaccines administered as single product, or in combination (typically with standard-of-care or other) or as booster (typically with other vaccines in prime-boost scenarios or standard of care) to treat or prevent infectious diseases or cancer. The below section details some of these clinical trials. The cases of rMVA expressing cytokines will be discussed in the Discussion section. 

Prophylactic vaccination

The initial application of MVA was its use during the smallpox eradication campaign during the seventies. In 2013, MVA vaccine (Imvanex) was licensed in Europe by Bavarian Nordic for immunization against smallpox in adults and in specific situations according to official recommendations of European Medicines Agencies (EMA). Since May 2022, cases of monkeypox have been reported from countries where the disease is not endemic and increasing cases in endemic countries have been also documented. Therefore, EMA recommended to use Imvanex to protect adults from monkeypox.

In other indications, specific rMVAs have been assessed to prevent infectious diseases such as HIV, malaria, tuberculosis, influenza, Ebola, HCV, respiratory syncytial virus, Measles, yellow fever, CMV and COVID-19 infections (clinical trial database). In July 2020, a rMVAbased prophylactic vaccine received marketing authorization in European Union by the EMA for MVA-BN Filo and Ad26.ZEBOV. This vaccine is indicated for preventive immunization against Ebola virus in individuals aged one year and above. MVA-BN-Filo is a rMVA from Bavarian Nordic which encodes glycoproteins from the Ebola virus, Sudan virus, and Marburg virus, and the nucleoprotein from the Tai Forest virus while the Ad26.ZEBOV is an adenovirus type 26 which encodes Ebola virus glycoprotein. Ad26.ZEBOV is injected and followed by MVA-BN Filo administration 8 weeks later as booster. Both vaccines are injected by the i.m route.

Therapeutic vaccination against infectious diseases and cancer

Among MVA-based therapies, therapeutic vaccination against infectious diseases and cancer are developed [START_REF] Gómez | The poxvirus vectors MVA and NYVAC as gene delivery systems for vaccination against infectious diseases and cancer[END_REF][START_REF] Boukhebza | Therapeutic vaccination to treat chronic infectious diseases Current clinical developments using MVA-based vaccines[END_REF][START_REF] Sasso | New viral vectors for infectious diseases and cancer[END_REF]. In cancer, some MVA-based candidates are still assessed as shown in table 5. Some cancer vaccines are in combination with immune checkpoint inhibitors (e.g., pembrolizumab) or cytokine superagonist (e.g., IL-15) to improve the anti-tumoral effect of the combined therapy. Moreover, MVA-based vectors are used to treat HBV, HIV or human papillomavirus (HPV) infected individuals (see Table 5). These therapeutic vaccines typically aim at initiating de novo and/or boosting functional pre-existing T cell responses. In contrast to prophylactic vaccines, they are seldom focus on the induction of antibodies.

Overall, it is important to note the very high safety profile of rMVAs which have been tested in the clinic and typically administered by the i.m or s.c routes. Yet, in spite of encouraging data, both in the oncology and infectious disease fields, only one recombinant MVA vaccine has yet reached the market (see above prophylactic Ebola vaccine). It will be particularly interesting to follow the recent development of rMVAs used by the i.v route which one would expect to be more potent that the rMVAs administered by more classical routes.

Rational and thesis objectives

Transgene has launched four years ago the ImmunResQ program which aims at developing vectorized immunotherapies to treat critically ill immunosuppressed patients. The first positioning of the program will be the treatment of immunosuppressed sepsis patients. The lead candidate of ImmunResQ is based on the non-propagative MVA encoding the human IL-7 cytokine fused to an IgG2 Fc fragment, the MVA-hIL-7-Fc. IL-7 has been selected to arm the MVA as this cytokine is an attractive candidate to restore T lymphocyte functions which, as discussed earlier, are typically impaired in sepsis-induced immunosuppression. Importantly, clinical trials have already demonstrated the safety profile of rhIL-7 in infectious diseases, oncology as well as in septic shock patients (see above in the review of literature).

We selected MVA as a vector to deliver the IL-7 cytokine for several reasons. MVA is a well-known and broadly used delivery platform that display a very high safety profile (see description in the Introduction section). An attractive characteristic of MVA is its capacity to induce the innate arm of immunity [START_REF] Boukhebza | Therapeutic vaccination to treat chronic infectious diseases Current clinical developments using MVA-based vaccines[END_REF]. Hence, the MVA vector was selected to stimulate the innate arm of immunity and broaden the mechanism of action (MOA) of the IL-7 cytokine. In addition, the IL-7 cytokine was fused to an IgG2 Fc fragment to improve in vivo its half-life. In human, IgG2 binds to FcRn receptor in acidic endosome triggering the recycling of the IgG2 antibody for a long half-life [START_REF] Bruhns | Mouse and human FcR effector functions[END_REF][START_REF] Liu | Pharmacokinetics of monoclonal antibodies and Fc-fusion proteins[END_REF]. IgG2 isotype is known to display a lower affinity to all human Fcγ receptors (except FcRn) than other IgG isotypes [START_REF] Bruhns | Mouse and human FcR effector functions[END_REF]. Therefore, the IgG2 Fc fragment is expected to have a limited effect on immune cells. Overall, we anticipated a more favorable pharmacokinetics of the IL-7 cytokine mediated both by the MVA vector and the Fc fragment than a non-vectorized soluble rhIL-7, an advantage which will allow to reduce the number of injections. Finally, we opted for the i.v injection route. Because of its broad tropism and compared with more classical routes such as i.m or s.c, the i.v injection of MVA-hIL-7-Fc is expected to deliver its payload, i.e, hIL-7-Fc, more rapidly and in a broader number of organs. The IL-7 cytokine will be secreted by cells of the injected host precluding (or reducing) the induction of antibodies directed against the IL-7 cytokine.

Figure 17 illustrates the expected MOA of MVA-hIL-7-Fc. In the future clinical development, MVA-hIL-7-Fc will be injected by the i.v route and is expected to infect a broad range of organs by endocytosis or membrane fusion. The hIL-7-Fc is anticipated to be expressed by the different infected organs/cells and secreted broadly within the body. On the one hand, hIL-7-Fc should have a direct (e.g., lymphocytes, NK cells) or indirect (e.g., myeloid cells) effect on immune cells. On the other hand, the MVA vector should be sensed by the innate immune system and induce activation of innate immune cells (e.g., monocyte/macrophages, DCs and NK cells) together with secretion of cytokines/chemokines anticipated to contribute to the MOA of MVA-hIL-7-Fc.

The aim of my PhD thesis was to contribute to the characterization of the MOA of MVA-hIL-7-Fc. In a first part, we aimed at characterizing the global MOA of MVA-hIL-7-Fc in mouse models (naive mice and two sepsis models). I contributed to a lesser extent to this part [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF]. In a second part, the aim was to determine the MOA specifically related to the hIL-7-Fc arming ex vivo using human cells from immunosuppressed septic patients [START_REF] Crausaz | A novel virotherapy encoding human interleukin-7 improves ex vivo T lymphocyte functions in immunosuppressed patients with septic shock and critically ill COVID-19[END_REF]. In a third part, an exploratory study was conducted to decipher the MOA related to the sensing of the empty MVA and the MVA-hIL-7-Fc by the innate immunity in vitro using human cells (unpublished data). Adapted from Perrine Martin's drawing. After i.v injection of MVA-hIL-7-Fc, MVA will infect broad range of organs by endocytosis or membrane fusion and predominantly lung, liver, and spleen. The secreted hIL-7-Fc will be widely distributed within the whole body. hIL-7-Fc will have a direct (e.g., lymphocytes, NK cells) or indirect (e.g., myeloid cells) effect on immune cells. MVA will be sensed by the innate immune system and contribute to the activation and production of innate soluble mediators. Therefore, MVA-hIL-7-Fc is expected to act on both innate and adaptive immunity and contribute to immune-restoration of immunosuppressed patients. 

Results

Preclinical assessment of MVA-hIL-7-Fc in mouse models of sepsis

Background

Immunosuppression of sepsis patients increases mortality and morbidity of patients as well as the occurrence of secondary infections and contributes to high hospital burden.

Therefore, novel immune-stimulating therapy are required to restore the immune homeostasis of sepsis patients.

Description of the study and main results

A novel virotherapy based on the non-propagative and safe MVA vector encoding the hIL-7 fused to an IgG2 Fc fragment, the MVA-hIL-7-Fc was developed by Transgene to improve both innate and adaptive immune responses of immunosuppressed septic patients.

First, we aimed at characterizing functionality and biochemical properties of MVA-secreted hIL-7-Fc in murine and human cells. The hIL-7-Fc secreted by MVA-hIL-7-Fc-infected cells was shown to be dimeric, glycosylated and biologically active. Secondly, it was important to choose the route by which the MVA-hIL-7-Fc will be injected. We showed that the i.v injection of MVA-hIL-7-Fc resulted in higher hIL-7-Fc pharmacokinetics and superior numbers of activated CD4+ and CD8+ T cells in spleen and lung of naive mice than the i.m route. Using the i.v injection route, a first aim of the study was to compare biological activities of MVA-hIL-7-Fc with those induced by the empty MVA vector. Data showed that the MVA vector induced a significant immune cell activation, particularly of NK cells and the release of innate mediators in blood of naive mice. In addition, we could demonstrate that MVA-hIL-7-Fc also contributed to an increase in myeloid cell number and polyfunctionality of T cells in both spleen and lung of naive mice. The second aim of the study was to compare side-by-side the MVA-hIL-7-Fc and the non-vectorized soluble rhIL-7-Fc (exact counterpart of the MVA-expressed hIL-7-Fc). In both naive and CLP mice, MVA-hIL-7-Fc induced more robust increases of various immune cell counts (e.g., T, B and NK cells and myeloid subpopulations) and functions (e.g., cytokine production) than the rhIL-7-Fc. Importantly, the vectorized hIL-7-Fc conferred survival advantages in a more robust manner than the rhIL-7-Fc.

Conclusion

MVA-vectorized hIL-7-Fc displays numerous favorable biological activities compared to the soluble rhIL-7-Fc counterpart. Importantly, an i.v injection of MVA-hIL-7-Fc was shown to result in higher pharmacokinetics and number of activated immune cells. Overall, this study supports the clinical development of MVA-hIL-7-Fc to restore immune homeostasis in immunosuppressed septic patients. A novel virotherapy encoding human interleukin-7 improves ex vivo T lymphocyte functions in immunosuppressed patients with septic shock and critically ill COVID-19

Ex vivo

Morgane Crausaz 

Introduction

Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to infection (1). In a recent study about global burden of disease, 50 million of cases were reported in 2017, leading to 11 million deaths worldwide [START_REF] Rudd | Global, regional, and national sepsis incidence and mortality, 1990-2017: analysis for the global burden of disease study[END_REF]. Sepsis is a major public health issue and is associated with a significant economic cost and long hospital and intensive care unit (ICU) stays [START_REF] Vincent | Frequency and mortality of septic shock in Europe and north America: a systematic review and meta-analysis[END_REF][START_REF] Paoli | Epidemiology and costs of sepsis in the united states-an analysis based on timing of diagnosis and severity level[END_REF]. In 2017, the World Health Organization recognized sepsis as a global health priority [START_REF] Reinhart | Recognizing sepsis as a global health priority -a WHO resolution[END_REF].

As patients with critically ill coronavirus disease 2019 (COVID-19) develop organ injury, coagulation, and respiratory failure after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection; by definition; this disease can be classified as viral sepsis [START_REF] Osuchowski | The COVID-19 puzzle: deciphering pathophysiology and phenotypes of a new disease entity[END_REF]. Thus, the current pandemic significantly increased the burden of sepsis worldwide. Bacterial and viral (i.e., sepsis share similarity in the immune response to the pathogen [START_REF] Remy | Severe immunosuppression and not a cytokine storm characterizes COVID-19 infections[END_REF][START_REF] Remy | Immunotherapies for COVID-19: lessons learned from sepsis[END_REF][START_REF] Monneret | Coronavirus disease 2019 as a particular sepsis: a 2-week follow-up of standard immunological parameters in critically ill patients[END_REF]. Following infection, an hyperinflammation phase first developed, leading to early mortality and organ dysfunctions [START_REF] Hotchkiss | Sepsis-induced immunosuppression: from cellular dysfunctions to immunotherapy[END_REF][START_REF] Venet | Advances in the understanding and treatment of sepsis-induced immunosuppression[END_REF]. A majority of patients surviving this first phase enter thereafter in a prolonged immunosuppression state, increasing susceptibility to a second infection and poor organ recovery and contributing to a delayed mortality [START_REF] Hotchkiss | Sepsis-induced immunosuppression: from cellular dysfunctions to immunotherapy[END_REF][START_REF] Venet | Advances in the understanding and treatment of sepsis-induced immunosuppression[END_REF][START_REF] Torres | Sepsis-induced immunosuppression[END_REF]. The injury-induced immunosuppression affects both innate and adaptive immunity. Immune dysfunctions including impaired antigen presentation, increased number of immature myeloid cells, and immune alterations affect all lymphocyte subsets [START_REF] Venet | Advances in the understanding and treatment of sepsis-induced immunosuppression[END_REF][START_REF] Van Der Poll | The immunology of sepsis[END_REF].

In particular, T lymphocytes are affected by sepsis-induced apoptosis with a decreased number of both CD4+ and CD8+ T cells [START_REF] Hotchkiss | Sepsis-induced apoptosis causes progressive profound depletion of b and CD4 + T lymphocytes in humans[END_REF][START_REF] Hotchkiss | Apoptotic cell death in patients with sepsis, shock, and multiple organ dysfunction[END_REF][START_REF] Boomer | Immunosuppression in patients who die of sepsis and multiple organ failure[END_REF]. In addition to lymphopenia, patients display impaired T lymphocyte function and altered phenotype described as lymphocyte exhaustion with increased co-inhibitory molecule expression and increased proportion of regulatory T cells [START_REF] Venet | Advances in the understanding and treatment of sepsis-induced immunosuppression[END_REF][START_REF] Van Der Poll | The immunology of sepsis[END_REF][START_REF] Boomer | Immunosuppression in patients who die of sepsis and multiple organ failure[END_REF]. Decreased proliferation capacities and reduced cytokines production ex vivo were observed in both patients with septic shock and critically ill COVID-19 [START_REF] Remy | Severe immunosuppression and not a cytokine storm characterizes COVID-19 infections[END_REF][START_REF] Loftus | Overlapping but disparate inflammatory and immunosuppressive responses to SARS-CoV-2 and bacterial sepsis: An immunological time course analysis[END_REF][START_REF] Venet | IL-7 restores lymphocyte functions in septic patients[END_REF](19).

Immunostimulating cytokine-based therapies have recently emerged as a novel therapeutic option to specifically treat patients in the sepsis-induced immunosuppression phase. They aim at stimulating the innate or adaptive immunity to restore immunehomeostasis [START_REF] Torres | Sepsis-induced immunosuppression[END_REF][START_REF] Van De Veerdonk | A guide to immunotherapy for COVID-19[END_REF]. Among these therapies, IL-7-based formulations are actively developed. IL-7 is a particularly relevant cytokine as it possesses significant effects on T-cell proliferation and survival, upregulation of the anti-apoptotic Bcl-2 protein, and maintenance of T cells steady metabolism [START_REF] Barata | Flip the coin: IL-7 and IL-7R in health and disease[END_REF][START_REF] Chen | Interleukin-7 biology and its effects on immune cells: Mediator of generation, differentiation, survival, and homeostasis[END_REF]. In addition, recombinant human IL-7 (rhIL-7) administration was shown to harbor a good safety profile in different clinical trials in oncology [START_REF] Tredan | ELYPSE-7: a randomized placebo-controlled phase IIa trial with CYT107 exploring the restoration of CD4+ lymphocyte count in lymphopenic metastatic breast cancer patients[END_REF][START_REF] Sportès | Phase I study of recombinant human interleukin-7 administration in subjects with refractory malignancy[END_REF], chronic infectious diseases [START_REF] Thiebaut | Repeated cycles of recombinant human interleukin 7 in HIV-infected patients with low CD4 T-cell reconstitution on antiretroviral therapy: Results of 2 phase II multicenter studies[END_REF][START_REF] Levy | Enhanced T cell recovery in HIV-1-infected adults through IL-7 treatment[END_REF][START_REF] Sereti | IL-7 administration drives T cell-cycle entry and expansion in HIV-1 infection[END_REF], and, more recently, in the treatment of patients with septic shock [START_REF] Francois | Interleukin-7 restores lymphocytes in septic shock: the IRIS-7 randomized clinical trial[END_REF]. In these patients, rhIL-7 administration induced a rapid and transient decreased expression of the IL-7 receptor, CD127, an increase in T lymphocyte count and in the proliferative capacity of both CD4+ and CD8+ T cells. The rhIL-7 is currently under investigation in a clinical trial (NCT04442178) including patients with lymphopenic COVID-19, and preliminary data have demonstrated a beneficial effect on T-cell count in case studies [START_REF] Monneret | Immune monitoring of interleukin-7 compassionate use in a critically ill COVID-19 patient[END_REF][START_REF] Mazer | Interleukin-7 reverses lymphopenia and improves T-cell function in coronavirus disease 2019 patient with inborn error of toll-like receptor 3: A case report[END_REF]. However, multiple successive injections of the rhIL-7 used in these trials are required due its short circulating half-life.

We have developed a novel IL-7-based virotherapy to circumvent the need for multiple injections of the cytokine and to broaden its mechanism of action. Specifically, we have used the well-established non-propagative Modified Virus Ankara (MVA) platform [START_REF] Volz | Modified vaccinia virus Ankara: History, value in basic research, and current perspectives for vaccine development[END_REF] to deliver the IL-7 cytokine in a broad range of organs in the treated host. A recombinant MVA, the MVA-hIL-7-Fc, was engineered to encode a human IL-7 fused to the human IgG2-Fc fragment to improve the in vivo half-life of the encoded hIL-7. The MVA-hIL-7-Fc was extensively characterized in naïve mice and in a murine model of sepsis and shown to enhance innate and adaptive immunity as well as to confer survival advantages in two distinct models of sepsis-induced immunosuppression. Side-by-side comparison with a rhIL-7-Fc counterpart illustrated a superior capacity of the vectorized formulation to increase a large array of immune cells numbers (T lymphocytes, B and NK cells, and cells from the myeloid lineage) and functions (e.g., increased capacity to trigger T-cell differentiation and to induce cytokine-producing cells) (32).

To further support the clinical development of the MVA-hIL-7-Fc in the clinic, we assessed here the capacity of the hIL-7-Fc produced by the MVA-hIL-7-Fc to improve ex vivo T lymphocyte functions from immunosuppressed patients with septic shock and COVID-19.

Materials and methods

Clinical approval, patients, and healthy volunteers' characteristics

This exploratory study was conducted on blood samples from patients admitted to the ICU of Edouard Herriot hospital (Hospices Civils de Lyon, Lyon, France). All patients were included into two prospective observational studies: IMMUNOSEPSIS4 (for patients with septic shock) and RICO (REA-IMMUNO-COVID; for patients with COVID-19). Patients with septic shock from IMMUNOSEPSIS4 cohort were identified according to the diagnostic criteria of the Third International Consensus Definitions for Sepsis (Sepsis-3 definition) and Septic Shock (1). Septic shock diagnosis was defined on the basis of the combination of an identifiable site of infection, evidence of a systemic inflammatory response, and vasopressor therapy needed to elevate mean arterial pressure ≥65 mmHg despite adequate fluid resuscitation and lactate >2 mmol/L (18 mg/dl). Patients were excluded if under 18 years of age or presented with aplasia or pre-existent immunosuppression. The Sepsis-related Organ Failure Assessment (SOFA) score and the Simplified Acute Physiology Score (SAPS II) were used to evaluate the presence of organ dysfunctions and initial severity, respectively. Clinical and biological parameters were collected, including demographic characteristics, date and cause of ICU admission, status at day 28 after inclusion, and type of infection. This project was approved by Institutional Review Board for ethics ("Comitéde Protection des Personnes Ouest II", no. RCB: 2019-A00210-57). This study is registered on clinicaltrials.gov (NCT04067674). Patients with COVID-19 over 18 years admitted in ICU with a pulmonary infection with SARS-CoV-2 confirmed by Reverse Transcription-Polymerase Chain Reaction (RT-PCR) testing were included in the RICO cohort. All patients with COVID-19 received dexamethasone (6 mg/day). This study was approved by the Institutional Review Board for ethics ("Comitéde Protection des Personnes Ile de France 1", no. RCB: 2020-A01079-30) and is registered on clinicaltrials.gov (NCT04392401). Oral information and written non-opposition to inclusion in both studies were mandatory before any blood sample and were recorded in patients' clinical files. Peripheral blood of patients for both immune status analysis and functional assays was collected 3 or 4 days after ICU admission for both cohorts because the immunosuppression state of patients is established at those time points [START_REF] Hotchkiss | Sepsis-induced immunosuppression: from cellular dysfunctions to immunotherapy[END_REF]. The immune status of patients was analyzed by measuring the CD4+ T lymphocyte count and the human leucocyte antigen DR (HLA-DR) expression on monocytes (expressed as numbers of antibodies bound per cell AB/C) as previously described (33). Peripheral blood from 36 healthy volunteers (HVs) was provided by the blood bank of Lyon (Etablissement francais du sang (EFS) de Lyon, France). According to the Etablissement franc ̧ais du sang(EFS) standardized procedures for blood donation and to the provisions of the article R.1243-49 and following the French public health code, a written non-opposition to the use of donated blood for research purposes was obtained from HVs. Personal data of donors were anonymized at the time of blood donation.

Engineering of the MVA-hIL-7-Fc

The engineering of the MVA-hIL-7-Fc has been previously described (32). It is based on the highly attenuated MVA (34). Briefly, a synthetic gene coding for the fusion of the human IL-7 sequence and the human IgG2-Fc synthetized by GeneArt (Regensburg, Germany) was inserted within the MVA genome. The recombinant MVA-hIL-7-Fc and the MVATGN33.1 (empty MVA used as negative control) were produced on primary chicken embryo fibroblasts (CEFs), and viral titers in plaqueforming unit (PFU) were assessed on the continuous DF-1 cell line (American Type Culture Collection (ATCC), CRL-12203).

Cell culture and infections

DF-1 cell line was cultured as previously described (35). Primary CEFs were prepared from chicken embryo obtained from fertilized eggs (Charles River SPAFAS, Hungary) as previously described (35). HepG2 (HB-8065, ATCC, Manassas, Virginia) and ThP1 (TIB-202, ATCC) cell lines were cultured at 37°C/5%CO 2 in Eagle's Minimum Essential Medium (ATCC) and in RPMI 1640 medium (Gibco, Waltham, Massachusetts), respectively, and supplemented with 10% fetal bovine serum (FBS) (Gibco), 2 mM L-glutamine (Gibco), penicillin (80 U/ml)/ streptomycin (80 mg/L) (Gibco). Primary human hepatocytes (HEP701LN) were purchased from Biopredic international (Saint Greǵoire, France) and cultured as recommended by the manufacturer. Peripheral blood mononuclear cells (PBMCs) were purified from HV blood using SepMate (STEMCELL) and Ficoll Paque density gradient (GE Healthcare, Boston, Massachusetts). Primary monocytes were purified from PBMCs using CD14+ microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and cultured in RPMI 1640 media as for ThP1 cell line.

HepG2 cells were infected at a multiplicity of infection (MOI) of 5 with the MVA-hIL-7-Fc or the MVATGN33.1, whereas primary human hepatocytes were infected at a MOI of 1.5 and 5. The ThP1 cell line was infected at a MOI of 3, 10, and 30, and primary human monocytes were infected at MOI of 10 and 30 with both viruses. Supernatants were harvested 24 h following infection.

ELISA quantification of the hIL-7-Fc produced by the MVA-hIL-7-Fc

The hIL-7-Fc produced in supernatants of infected cells was quantified using the human IL-7 DuoSet ELISA Development System from R&D Systems (Minneapolis, Minnesota) according to the manufacturer's instructions. The IL-7 concentration of each sample was calculated using a standard curve established with the IL-7 standard provided by R&D Systems.

Western blot analysis

Deglycosylation of proteins was performed using PNGase F (New England Biolabs, Ipswich, Massachusetts) according to the manufacturer's instruction and using supernatants from MVA-hIL-7-Fc-infected primary human monocytes, primary human hepatocytes, HepG2, and ThP1 cells. Treated samples were loaded on a Criterion TGX Stain Free gel 4-15% (Bio-Rad, Hercules, California) at final IL-7 quantities of 0.5, 1.9, 1.9, and 0.4 ng, respectively. Proteins were transferred to Polyvinylidene fluoride (PVDF) membrane (Bio-Rad) using Transblot Turbo system (Bio-Rad) and turbo midi high-molecular weight preset program. Antibody binding was performed overnight at +4°C using IBind Flex Western system (Invitrogen, Carlsbad, California) following the manufacturer's instruction. A primary rabbit anti-human IL-7 (Abcam, clone EPR6265, Cambridge, UK) antibody and an anti-rabbit immunoglobulin HRP-conjugated (Dako, Nowy Sacz, Poland) antibody were used to detect IL-7. Horseradish peroxidase (HRP) activity was detected using the ECL Prime Western blotting Detection reagent (Amersham GE Healthcare, Boston, Massachusetts). Chemiluminescence was recorded with a Molecular Imager ChemiDOC XRS (Bio-Rad). hIL-7-Fc bioactivity assessment on the PB-1 cell line IL-7-Fc functionality was assessed as previously described using the Pre-B murine 1 (PB-1) cell line (DSMZ-German Collection of Microorganisms and cell cultures, Braunschweig, Germany) dependent of IL-7 for growth [START_REF] Van Laarhoven | Interferon gamma immunotherapy in five critically ill COVID-19 patients with impaired cellular immunity: A case series[END_REF]. Dilutions of supernatant from primary hepatocytes, primary human monocytes, HepG2, and ThP1 cells infected with the MVA-hIL-7-Fc were normalized to assess the same range of hIL-7-Fc concentration. hIL-7-Fc concentration from 0.1 to 10 ng/ml containing supernatant was assessed. In addition, similar dilutions of the corresponding MVA-N33.1 control supernatants were evaluated. Supernatants were incubated for 72 h with PB-1 cells. Cellular proliferation was measured using MTT [3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma, Darmstadt, Germany] at Optical density (OD) of 570 nm on a Spark microplate reader (TECAN, Männedorf, Switzerland). Assays were performed in duplicates.

Supernatants and rhIL-7 used for ex vivo stimulation

Supernatants from primary human hepatocytes were assessed ex vivo on immune cells from patients or HVs. Supernatants from primary human hepatocytes infected with the MVA-hIL-7-Fc were diluted to reach a final concentration of hIL-7-Fc of 100 ng/ml. Supernatants from uninfected cells or from cells infected with the empty MVA were evaluated at the same dilution as for the MVA-hIL-7-Fc supernatants. The rhIL-7 produced in E.coli and purchased from R&D Systems was used as positive control at a concentration of 100 ng/ml.

PBMCs isolation and preparation

PBMCs were plated after isolation from fresh whole blood or were frozen for further assay. For assessment of lymphocyte proliferation, fresh PBMCs were purified using the EasySep direct human PBMCs isolation kit purchased from STEMCELL (Vancouver, Canada) and were used directly. For ELISpot assay, PBMCs were isolated by Ficoll-Paque density gradient centrifugation and were washed three times with Phosphate-buffered saline (PBS) (Gibco) supplemented with 2% FBS and frozen in 90% human AB plasma (Sigma) and 10% Dimethyl sulfoxide (DMSO) (Sigma) at a concentration between 1 and 5 million cells per tube. After thawing, PBMCs were rested 24 h at 37°C before plating. Fresh or frozen PBMCs were cultured in RPMI 1640 supplemented with 2 mM Lglutamine, penicillin (80U/ml)/streptomycin (80 mg/L), and 10% human AB plasma (Sigma).

Cytokine production assessment by ELISpot assay

Quantification of IFN-g-and TNF-a-producing cells was performed using a Human IFN-g/TNF-a Double-Color ELISpot kit purchased from CTL ImmunoSpot (Shaker Heights, Ohio) following the manufacturer's instruction. PBMCs were plated at 1.25 × 10 4 and/or 2.5 × 10 4 cells per well and stimulated with anti-CD3 (clone HIT3a, BD Biosciences, Franklin Lakes, New Jersey) and anti-CD28 (clone CD28.2, BD Biosciences) antibodies at 1 mg/ml each. To assess activity of the hIL-7-Fc in supernatant, PBMCs were incubated either with diluted supernatants from MVA-hIL-7-Fc-or MVATGN33.1-infected or -uninfected cells or directly with the rhIL-7 in addition to anti-CD3 and anti-CD28 antibodies. Following development, images were captured and analyzed on ImmunoSpot S5 MicroAnalyzer and ImmunoSpot software. ELISpot results are represented as numbers of single-TNF-a spots or single-IFN-g spots or double-IFN-g-TNF-a spots per millions of PBMCs.

Intracellular staining of cytokine

Fresh peripheral blood was collected using heparinized anticoagulant tubes. Whole blood was stimulated for 3 h using a Duractive 1 stimulation kit (Beckman Coulter, Brea, California) containing phorbol myristate acetate and ionomycin to determine T lymphocyte capacities to produce IFN-g, TNF-a, and IL-2 according to the manufacturer's instruction. To assess hIL-7-Fc, diluted supernatants from MVA-hIL-7-Fc-or empty MVAinfected cells or -uninfected cells were added to Duractive 1 stimulating agent for 3 h. Intracellular staining of CD4+ and CD8 + T cells was performed using Duraclone IF T activation (Beckman Coulter) containing lyophilized antibodies and Perfix-nc kit (Beckman Coulter) according to manufacturer's instruction. Lyophilized antibodies from the Duraclone IF T activation kit are composed of anti-CD3 AlexaFluor 750 (clone UCHT1), anti-CD4 Pacific Blue (clone 13B8.2), anti-CD8 AlexaFluor 700 (clone B9.1), anti-IFN-g fluorescein isothiocyanate (FITC) (clone 45.15), anti-TNF-a R phycoerythrin (PE) (clone PM2), and anti-IL-2 R PE-cyanine 7 (PE-Cy7) (clone MQ1-17H12). Cells were analyzed using CantoII flow cytometer (BD Biosciences), and data were analyzed using the FlowJo software (BD Life Sciences, Ashland, Oregon).

Assessment of lymphocyte proliferation

To assess T lymphocyte proliferation, PBMCs (1 × 10 6 cells/ ml) were stimulated through TCR using anti-CD2-CD3-CD28 antibody-coated beads (Miltenyi Biotec; ratio of beads/cells, 1:1) or phytohemagglutinin (PHA; Thermo Scientific, Waltham, Massachusetts) at 4 mg/ml. To assess activity of hIL-7-Fc in supernatants, PBMCs of patients with septic shock and COVID-19 and HVs were incubated with diluted supernatants from MVA-hIL-7-Fc-or empty MVA-infected or -uninfected cell supernatants or directly with the rhIL-7 in addition to anti-CD2-CD3-CD28 antibody-coated beads.

After 3 days of incubation, an EdU from Click-it kit (Invitrogen) was added in culture media at 10 mM for 2 h at 37°C. PBMCs were stained with anti-human CD3 PerCP Cy5-5 (Clone UCHT1, BD Biosciences), anti-human CD4 BV510 (Clone SK3, BD Biosciences), and anti-human CD8 FITC (Clone SK1, BD Biosciences). Cells were then fixed with 50 ml of fixation buffer for 15 min at room temperature and then washed with PBS containing 1% of fetal bovine serum. Cells were permeabilized with 50 ml of Click-it saponin-based solution and incubated for 15 min at room temperature (RT). The Click-it mix including Edu buffer additive, copper, PBS, and Alexa Fluor 647 azide was prepared and added on cells for 30 min at RT. CD3+, CD4+, and CD8+ T-cell proliferation was analyzed by measuring the incorporation of EdU-AF647 into cells. Cells were analyzed on CantoII flow cytometer, and data were analyzed using the FlowJo software.

STAT5 phosphorylation staining

Signal transducer and activator of transcription 5 (STAT5) phosphorylation after stimulation with supernatants containing hIL-7-Fc or not was assessed on whole blood of patients with septic shock and COVID-19 and HVs. Whole blood of patients was stimulated for 10 min using diluted supernatants from MVA-hIL-7-Fc-or empty MVA-infected or -uninfected cells or directly with the rhIL-7. Whole blood cells were stained with anti-human CD3 PE-Cy7 (Clone SK7, BD Biosciences) and antihuman CD45 APC-H7 (Clone 2D1, BD Biosciences). Fixation, red blood cell lysis, and permeabilization steps were performed using Perfix-Expose kit (Beckman Coulter) as recommended by the manufacturer. After permeabilization, cells were stained with anti-human pSTAT5 (Clone 47/Stat5 (pY694), BD Biosciences). Canto II flow cytometer was used to analyze cells and data were analyzed using the FlowJo software.

Statistical analysis

Results are represented as Tukey box plots or bar plots. For Tukey box plots, the line in the middle of the box corresponds to the median value. Bottom and top of the box represent the first and the third quartiles, respectively. Lower and higher extremities of the whiskers, respectively, represent the lowest data still within 1.5 interquartile range of the lower quartile and the highest data still within 1.5 interquartile range of the upper quartile. For bar plots, the top of the bar corresponds to the median value with the interquartile range. For others, the mean ± the standard deviation (SD) are represented. For clinical characteristics analysis, the Fisher exact test was used to compare categorical variables and the Mann-Whitney test to compare continuous variables. Non-parametric Mann-Whitney unpaired tests were used to assess the difference between patients and HVs. The non-parametric Friedman test was performed followed by Dunn post hoc pairwise multiple comparisons to compare all conditions. All statistical analyses were performed using Prism software (GraphPad, San Diego, California). Significance was accepted at p-value < 0.05.

Results

MVA-hIL-7-Fc-infected cells secrete a dimeric, glycosylated, and biologically active hIL-7-Fc Following intravenous (IV) injection of MVA in mice, Fend et al. have shown, in a biodistribution study, that MVA is detected in the lungs, the liver, and the spleen of animals and particularly in antigen-presenting cells (APCs) (37). We have previously shown that an IV injection of the MVA-hIL-7-Fc in mice provides optimal pharmacokinetic and immune activities of the expressed . These data support the use of the IV route for future clinical development of the product. To mimic an IV injection of the MVA-hIL-7-Fc in vitro, human hepatic or monocytic cell lines (HepG2 or ThP1, classically used cell lines when studying hepatocytes or monocytes, respectively) or primary cells were infected by the MVA-hIL-7-Fc, and properties of the secreted hIL-7-Fc were analyzed.

The hIL-7-Fc was detected in supernatants of all four transduced cells albeit to different levels (Figure 1A). The lowest quantities of hIL-7-Fc were detected in the supernatant of ThP1 cells (8.2,10.9,and 26.3 ng/ml for MOI of 3,[START_REF] Hotchkiss | Sepsis-induced immunosuppression: from cellular dysfunctions to immunotherapy[END_REF][START_REF] Mazer | Interleukin-7 reverses lymphopenia and improves T-cell function in coronavirus disease 2019 patient with inborn error of toll-like receptor 3: A case report[END_REF]respectively), whereas infected primary monocytes produced higher levels (64.2 and 83.9 ng/ml for MOI of 10 and 30, respectively). In a notable contrast, much higher levels of the protein were detected in hepatic cells: 235.5 ng/ml in the supernatant of HepG2 cells (analyzed only after MOI of 5) and 260 ng/ml in supernatants of primary hepatocytes (MOI of 5). No hIL-7-Fc was detected in supernatant following infection with an empty MVA in all cell types (data not shown).

To determine the glycosylation and the dimerization level of the hIL-7-Fc produced in cell supernatants after MVA-hIL-7-Fc infection, a Western blot analysis was performed (Figure 1B). Supernatants were treated under reducing or non-reducing conditions with or without PNGase treatment. For all supernatants, a band of approximately 45 kDa was observed under reducing condition with the PNGase treatment corresponding to the theoretical molecular weight of the monomeric deglycosylated protein (i.e., 43 kDa, predicted from the primary structure). A band of approximately 55 kDa corresponding to the monomeric glycosylated hIL-7-Fc with four expected N-glycosylation sites (three on the IL-7 and one on the Fc sequence) was detected for all cell types. Under nonreducing condition, a band of approximately 100 kDa corresponding to the glycosylated dimer (dimerization through Fc fragment) was detected.

Bioactivity assessment of the secreted cytokine was performed using the PB-1 cell line dependent of IL-7 for growth [START_REF] Van Laarhoven | Interferon gamma immunotherapy in five critically ill COVID-19 patients with impaired cellular immunity: A case series[END_REF] (Figure 1C). Regardless the initial concentration, the same range of hIL-7-Fc concentration (and its empty MVA supernatant control, data not shown) was used to determine the effective dose 50 (ED 50 ). Infections with the MVA-hIL-7-Fc of all cell types produced a biologically active protein. For cells from the liver origin, HepG2 cell and primary hepatocyte supernatants displayed an hIL-7-Fc with an ED 50 of 3 and 0.91 ng/ml, respectively. Secreted hIL-7-Fc from infected ThP1 cells and primary monocytes displayed an ED 50 of 1.0 and 1.6 ng/ml. Minor differences of activity were detected between the cell types and are in the range obtained with the commercialized rhIL-7 from E. coli (ED 50 of 0.1-0.5 ng/ml) and with the counterpart rhIL-7-Fc tested in our earlier study (ED 50 of 0.68 ng/ml) (32). Difference of activities might be explained by the lack of standardization of this cellular assay. No activity was detected when empty MVA supernatants from the different cell types were assessed.

Overall, whether produced in established cell lines or in primary cells from monocytic and hepatic origin, the MVAexpressed and -secreted hIL-7-Fc display comparable bioactivity and biochemical characteristics. In contrast, levels of produced hIL-7-Fc differ sharply, primary hepatocytes producing the highest protein concentration. To next evaluate immune activities of the MVA-secreted hIL-7-Fc on immune cells of sepsis patients, only supernatants from primary hepatocytes were tested.

Patients with septic shock and COVID-19 display T lymphocyte dysfunctions

Fifteen patients with septic shock and 30 patients with COVID-19 in ICU were enrolled. Clinical characteristics are presented in the Table 1. The median age of all patients was 65 years old (Interquartile range (IQR) [54][55][56][57][START_REF] Imlay | Risk Factors for Cytomegalovirus Reactivation and Association With Outcomes in Critically Ill Adults With Sepsis: A Pooled Analysis of Prospective Studies[END_REF][59][60][61][62][63][64][65][66][START_REF] Dong | Lessons Learned Comparing Immune System Alterations of Bacterial Sepsis and SARS-CoV-2 Sepsis[END_REF][68][START_REF] Zhan | The Pleiotropic Effects of the GM-CSF Rheostat on Myeloid Cell Differentiation and Function: More Than a Numbers Game[END_REF][70][71][72][73]). Patients with COVID-19 and septic shock presented no statistical difference regarding clinical characteristics including sex, body mass index, and comorbidities. At ICU admission, severity was more pronounced in the septic shock cohort compared with the COVID-19 cohort illustrated by significantly higher clinical scores including SAPS II and SOFA scores (for the SAPS II score, 60 [45.5-69] versus 26.5 [23.2-38.5], p < 0.001; for the SOFA score, 12 [START_REF] Remy | Severe immunosuppression and not a cytokine storm characterizes COVID-19 infections[END_REF][START_REF] Remy | Immunotherapies for COVID-19: lessons learned from sepsis[END_REF][START_REF] Monneret | Coronavirus disease 2019 as a particular sepsis: a 2-week follow-up of standard immunological parameters in critically ill patients[END_REF][START_REF] Hotchkiss | Sepsis-induced immunosuppression: from cellular dysfunctions to immunotherapy[END_REF][START_REF] Venet | Advances in the understanding and treatment of sepsis-induced immunosuppression[END_REF][START_REF] Torres | Sepsis-induced immunosuppression[END_REF][START_REF] Van Der Poll | The immunology of sepsis[END_REF][START_REF] Hotchkiss | Sepsis-induced apoptosis causes progressive profound depletion of b and CD4 + T lymphocytes in humans[END_REF] versus 3.5 [1][START_REF] Rudd | Global, regional, and national sepsis incidence and mortality, 1990-2017: analysis for the global burden of disease study[END_REF][START_REF] Vincent | Frequency and mortality of septic shock in Europe and north America: a systematic review and meta-analysis[END_REF][START_REF] Paoli | Epidemiology and costs of sepsis in the united states-an analysis based on timing of diagnosis and severity level[END_REF][START_REF] Reinhart | Recognizing sepsis as a global health priority -a WHO resolution[END_REF][START_REF] Osuchowski | The COVID-19 puzzle: deciphering pathophysiology and phenotypes of a new disease entity[END_REF][START_REF] Remy | Severe immunosuppression and not a cytokine storm characterizes COVID-19 infections[END_REF][START_REF] Remy | Immunotherapies for COVID-19: lessons learned from sepsis[END_REF], p < 0.0001). Nevertheless, higher proportion of secondary nosocomial infections was reported in the COVID-19 group than in patients with bacterial sepsis (36.67% versus 13.3%). The 28-day mortality and ICU length of stay were greater in the COVID-19 group than in the septic shock cohort, but no statistical difference was found (for 28-day non-survivors 16.67% versus 6.7% and for the days in ICU a median of 15 versus 5).

ICU patients with septic shock and COVID-19 display characteristics of injury-induced immunosuppression at day 3 or 4 after ICU admission as shown in the Table 1. Most patients display a decreased HLA-DR expression on monocyte (mHLA-DR) (median of 6,793 [START_REF] Paoli | Epidemiology and costs of sepsis in the united states-an analysis based on timing of diagnosis and severity level[END_REF]239]) and a marked CD4+ T lymphopenia (median of 275 [188-595] CD4+ cells/ml) compared with normal values (>15,000 AB/C for mHLA-DR; 336-1,126 CD4+ cells/ml).

B C A FIGURE 1
Quantification, biological activity, and Western blot analysis of the MVA-secreted hIL-7-Fc in cell supernatants following in vitro infection with the MVA-hIL-7-Fc. Primary human hepatocytes, HepG2 cells, primary human monocytes, and ThP1 cells were infected in vitro by the MVA-hIL-7-Fc (M-hIL-7-Fc) or empty MVA (M-empty) and culture supernatants harvested at 24 (h) (A) ELISA quantification of hIL-7-Fc. Different multiplicities of infection (MOI) of the MVAs were used depending on the cells infected. The detection range of the standard was detected between 7.18 and 500 pg/ml. (B) Western blot analysis of the MVA-produced hIL-7-Fc following PNGase treatment (N-glycosylation analysis) and under reducing condition (dimerization analysis). (C) The biological activity of hIL-7-Fc was evaluated using serial dilutions of supernatants containing hIL-7-Fc on pre-B cell line PB-1. Data are represented as means ± standard deviations of biological duplicates.

We next evaluated circulating T lymphocyte functionality in patients at day 3 or 4 after ICU admission compared with controls through their capacity to produce effector cytokines and to proliferate following TCR stimulation.

As shown in Figure 2A, when measuring the number of cells producing TNF-a and/or IFN-g by ELISpot, we observed that the numbers of cells producing only TNF-a or only IFN-g were significantly decreased in patients compared with HVs (for single TNF-a, a median of 200 [80-240] and 1,500 [880-2,650] and, for single IFN-g, a median of 120 [80-211.1] and 880 270] for patients and HVs, respectively, p < 0.001). The number of cells producing both IFN-g and TNF-a was also significantly reduced in patients compared with HVs (0 [0-80] and 180 for patients and HVs, respectively, p < 0.05).

These results were confirmed through intracellular cytokine staining in CD4+ T cells. Percentages of total IFN-g-, IFN-g-TNFa-, and IFN-g-TNF-a-IL-2-producing CD4+ T cells in patients were significantly decreased compared with HVs (12.5% [7.7-17.3] versus 22.8% [16.8-32.3], 3% [1.8-4.1] versus 4.3% [3.2-5.7], and 7.8% [3.3-13.1] versus 17.9% [11.0-20.3], for patients and HVs, respectively; p < 0.01), whereas the percentage of CD4+ T cells negative for these three cytokines was significantly increased after stimulation (Figure S1A). In contrast to CD4+ T cells, no significant difference was observed between patients and HVs for CD8+ T cells (Figure S1B).

Finally, we evaluated T-cell proliferative capacity following stimulation. As shown in Figure 2B, the percentage of proliferative Edu+ CD3+ T cells was significantly lower after TCR or PHA stimulation in patients compared with HVs (15.7% [7.5-29.5] versus 31.5% [24.1-40.3], and 41.4% [33.0-47.2] versus 49.2% [47. 1-56.2] for patients and HVs, respectively; p < 0.01). As in the analysis of cytokine production, proliferation of both CD4+ and CD8+ T cells was analyzed (Figure 2C). The population of Edu+ CD4+ cells was significantly decreased after TCR stimulation in patients compared with HVs (17.3% [7.6-26.1] versus 29.8% [23.2-38.1] for patients and HVs, respectively; p < 0.01), whereas only a trend was observed after stimulation with PHA. For CD8+ cells, the proliferation capacity was significantly decreased after .0] versus 55. 8% [51.6-63.2] in presence of PHA, 22.5% [8.2-3.9] versus 36.1% [29.5-46.5] in presence of TCR stimulation, for patients and HVs, respectively; p < 0.01).

Overall, these results show that functionality of T lymphocytes was altered after bacterial and viral sepsis in accordance with the development of injury-induced immunosuppression. Sepsisinduced T lymphocyte alterations were characterized by a decreased cytokine production (mainly of IFN-g and/or TNF-a, mostly for CD4+ T cells) and a decreased proliferation capacity (for both CD4+ and CD8+ T cells).

The MVA-secreted hIL-7-Fc initiates signaling pathway of IL-7 through the phosphorylation of STAT5

The binding of IL-7 to its receptor initiates an intracellular signaling pathway through the phosphorylation of the STAT5 11 [5-30] 5 [START_REF] Paoli | Epidemiology and costs of sepsis in the united states-an analysis based on timing of diagnosis and severity level[END_REF][START_REF] Reinhart | Recognizing sepsis as a global health priority -a WHO resolution[END_REF][START_REF] Osuchowski | The COVID-19 puzzle: deciphering pathophysiology and phenotypes of a new disease entity[END_REF][START_REF] Remy | Severe immunosuppression and not a cytokine storm characterizes COVID-19 infections[END_REF][START_REF] Remy | Immunotherapies for COVID-19: lessons learned from sepsis[END_REF][START_REF] Monneret | Coronavirus disease 2019 as a particular sepsis: a 2-week follow-up of standard immunological parameters in critically ill patients[END_REF][START_REF] Hotchkiss | Sepsis-induced immunosuppression: from cellular dysfunctions to immunotherapy[END_REF][START_REF] Venet | Advances in the understanding and treatment of sepsis-induced immunosuppression[END_REF][START_REF] Torres | Sepsis-induced immunosuppression[END_REF][START_REF] Van Der Poll | The immunology of sepsis[END_REF][START_REF] Hotchkiss | Sepsis-induced apoptosis causes progressive profound depletion of b and CD4 + T lymphocytes in humans[END_REF][START_REF] Hotchkiss | Apoptotic cell death in patients with sepsis, shock, and multiple organ dysfunction[END_REF][START_REF] Boomer | Immunosuppression in patients who die of sepsis and multiple organ failure[END_REF] 15 0.055

Immunological parameters

HLA-DR on monocyte (AB/cell) 6,793 [START_REF] Paoli | Epidemiology and costs of sepsis in the united states-an analysis based on timing of diagnosis and severity level[END_REF]239] 4,905 [3,311-7,686] 8,296 [5,445-11, (pSTAT5). We investigated whether the hIL-7-Fc produced after MVA-hIL-7-Fc infection can initiate this pathway in primary cells from healthy donors and patients. pSTAT5 expression in CD3+ T cells was analyzed by flow cytometry. In all experiments, the commercially available rhIL-7 protein produced in E.coli was used as positive control. As expected, the rhIL-7 significantly increased the MFI of pSTAT5 in CD3+ T cells of HVs (Figure S2A) and patients (Figure 3A) compared with the unstimulated condition (MFI of 1,043 [753-1,353] versus 30.7 [12.7-75.7], p < 0.001, for HV, 1,297 [872-1m524] versus 333 [232-407], p < 0.001, for patients). Then, we assessed the effects of supernatants of cells infected with MVA on HVs and patients' cells. The MVA-secreted hIL-7-Fc increased pSTAT5 expression (769 [602-1,217]) in HVs compared with unstimulated condition, whereas the empty MVA supernatant had no effect (Figure S2A). Similar effects were observed when whole blood of patients was stimulated with the MVA supernatant containing hIL-7-Fc (MFI of 1,175 [848-1,600] versus 333 for hIL-7-Fc supernatants and unstimulated condition, respectively, p < 0.001; Figure 3A). Thus, the hIL-7-Fc produced after MVA infection can efficiently initiate IL-7 intracellular signaling in T lymphocytes from patients with sepsis and controls.

The MVA-secreted hIL-7-Fc enhances ex vivo T lymphocyte functions of patients with septic shock and critically ill COVID-19 at day 3 or 4 after ICU admission

The activity of cell supernatants containing the hIL-7-Fc was assessed on T lymphocytes from patients with septic shock and COVID-19. Cytokine production and T-cell proliferation after TCR stimulation were evaluated.

We confirmed that the rhIL-7 increased the numbers of single-TNF-a-, single-IFN-g-, and double-IFN-g-TNF-aproducing cells in patients (3.2-fold [1.3-4.5], p < 0.05; 3.0fold [1.8-5.0], p < 0.01; and 3.6-fold [2.3-8.5], respectively) compared with TCR stimulation alone, as expected (Figure 3B). Then, supernatants from MVA infection were assessed on patients' cells. Compared with TCR stimulation alone, stimulation with the hIL-7-Fc supernatant led to a fold increase of 4.7 of the number of PBMCs, producing only TNF-a (p < 0.001), and to a 4.6-fold increase of single-IFN-g spots (p < 0.001). Supernatant from empty MVA induced a minor production of single TNF-a, but a significant difference was observed in favor of the hIL-7-Fc supernatant (p < 0.01). No effect of supernatants from cells infected with the empty MVA on single-IFN-g production was observed. The number of PBMCs producing both TNF-a and IFN-g was significantly increased after MVA-secreted hIL-7-Fc stimulation (4.9-fold more than TCR stimulation alone, p < 0.001). The empty MVA supernatant induced a minor production of IFN-g-TNF-a (1.5-fold more than TCR stimulation alone). Thus, for all parameters, the MVA-secreted hIL-7-Fc enhanced cytokine production in PBMCs from patients with viral and bacterial sepsis. CD4+ and CD8+ T lymphocytes were analyzed by intracellular flow cytometry staining to determine if the MVA supernatant containing hIL-7-Fc could enhance cytokine production in both subpopulations (Figures S3A-C). No effect was observed on CD8+ T cells (data not shown). The hIL-7-Fc supernatant significantly increased the percentage of IFN-g-TNF-a-IL-2-producing CD4+ cells, whereas only a trend was observed for IFN-g-or IFN-g-TNF-a-producing CD4+ cells.

Using Edu incorporation, the proliferation of T lymphocytes from patients was measured by flow cytometry (Figure 3C). As positive control, we confirmed that the rhIL-7 significantly increased the percentages of CD3, CD4, and CD8-Edu+ proliferating cells (30.6% [21.8-35.0], p < 0.05; 29.43% [25.5-36.5], p < 0.05; 34.3% [22.5-40.1], p < 0.01, respectively). The percentage of CD3-Edu+ proliferating cells increased significantly following MVA-secreted hIL-7-Fc stimulation compared with TCR stimulation alone (37.6% [32. 4-46.1] versus 15.6% [7.5-29.5], respectively; p < 0.001). The empty MVA supernatant increased slightly the percentage of proliferating cells compared with TCR stimulation alone (25.8% [14.9-34.6], p < 0.05). The proliferation was significantly higher for the hIL-7-Fc supernatant compared with the empty MVA one. CD4+ and CD8 + T cells were analyzed to determine if the product could enhance proliferation capacities of both subpopulations (Figure 3D). The MVA supernatant containing hIL-7-Fc significantly increased the percentage of CD4-Edu+ or CD8-Edu+ compared with the TCR stimulation alone (37.0% [34.0-46.5] versus 17.3% [7.6-27.1] for CD4+ cells; 42.3% [27.9-49.2] versus 18.8% [8.4-32.7] for CD8+ cells; p < 0.001). A slight difference was observed after stimulation with empty MVA compared with TCR stimulation alone for both CD4+ and CD8+ T cells (26.4% [15.3-32.9] for CD4+ and 29.5% [17.1-44.2] for CD8+ cells) but a significant difference between the hIL-7-Fc and the empty MVA supernatant was observed (p < 0.01 for CD4+ cells and p < 0.05 for CD8+ cells).

Overall, these data indicate that hIL-7-Fc contained in the supernatant of MVA-hIL-7-Fc-infected cells can improve cytokine production and proliferation of T lymphocytes from both patients with septic shock and COVID-19.

The MVA-secreted hIL-7-Fc enhances ex vivo lymphocytes functions of HVs Interestingly, the secreted hIL-7-Fc was shown to also boost lymphocyte functions of healthy donors. IFN-g and TNF-a productions were evaluated by ELISpot following the stimulation of PBMCs with hIL-7-Fc supernatant from MVAinfected cells (Figure S2B). A significant increase of the number of single-TNF-a-, single-IFN-g-, and double-IFN-g-TNF-aproducing cells was observed following the stimulation of PBMCs with hIL-7-Fc supernatant (increases of 4.7-fold, 6.2fold, and 10.1-fold more, respectively, compared with TCR stimulation alone; p < 0.001). Increase of triple IFN-g-TNF-a-IL-2 producing CD4+ cells was also observed by intracellular staining of cytokines (Figure S2C). In addition, the percentage of CD3+ Edu+, CD4+ Edu+, and CD8+ Edu+ cells was significantly increased following the MVA-secreted hIL-7-Fc stimulation compared with TCR stimulation alone (50.2% [47.9-52.7] versus 34.2% [26.1-41.8] for CD3+ T cells, 48.6% [47.6-52.0] versus 33.3% [24.6-39.5] for CD4+ cells, and 53.9% [52. 1-58.8] versus 37.7% [33.0-48.4] for CD8+ cells; p < 0.001) (Figures S2D,E).

Overall, these data indicate that the hIL-7-Fc produced following MVA infection can enhance T lymphocyte function of healthy individuals illustrated by an improved capacity of cytokine production and cell proliferation.

Discussion

The novel virotherapy MVA-hIL-7-Fc is being developed for the purpose of restoring immune-homeostasis in ICU patients with severe sepsis, who are in an established state of immunosuppression. In this bridging, proof-of-concept study, we assessed the capacity of the MVA-secreted hIL-7-Fc to restore ex vivo adaptive immune functions in two cohorts of immunosuppressed ICU patients: patients with septic shock with mainly a bacterial etiology (bacterial sepsis) and patients with COVID-19. The secreted hIL-7-Fc restored ex vivo immune defects of T lymphocytes in both cohorts as illustrated by an improved capacity of T cells to produce IFN-g and/or TNF-a and improved proliferation capacity of both CD4+ and CD8+ T cells.

We have developed an innovative strategy to deliver in a broad range of organs the IL-7 cytokine with the goal to restore both innate and adaptive immunity of immunosuppressed patients with bacterial sepsis and COVID-19. Our virotherapy is based on the non-propagative MVA platform [START_REF] Volz | Modified vaccinia virus Ankara: History, value in basic research, and current perspectives for vaccine development[END_REF]. Safety of the MVA vector has been well established in both healthy individuals and chronically infected patients (38, 39) [e.g., HIV-infected patients ( 40)]

Here, we assessed the immune-stimulating activity of the MVA-secreted hIL-7-Fc ex vivo on T lymphocytes of immunosuppressed patients with septic shock and COVID-19. First, we evaluated the capacity of the MVA-secreted hIL-7-Fc to trigger the IL-7 signaling pathway evidenced by an increased expression of the phosphorylated STAT5 in T lymphocytes (41). The MVA-secreted hIL-7-Fc initiated the signaling pathway of the IL-7 by inducing the expression of the pSTAT5 in CD3+ T lymphocytes in both ICU patients with septic shock and COVID-19. In patients with septic shock, Demaret et al. (42) reported an increase expression of the phosphorylated STAT5 in CD4+ effector cells of patients with sepsis following stimulation with a rhIL-7. Second, we investigated the capacity of the MVA-secreted hIL-7-Fc to boost T lymphocyte functions of the two sepsis cohorts. Decreased IFN-g production by T lymphocytes is a hallmark of exhausted T lymphocytes [START_REF] Hotchkiss | Sepsis-induced immunosuppression: from cellular dysfunctions to immunotherapy[END_REF][START_REF] Boomer | Immunosuppression in patients who die of sepsis and multiple organ failure[END_REF]43). Our data showed that the hIL-7-Fc-containing supernatant harbored the capacity to restore the production of IFN-g and/or TNF-a cytokines by T lymphocytes from both patients with septic shock and COVID-19. Our observation is concordant with the enhanced IFN-g production by lymphocytes reported in ex vivo studies using rhIL-7 for immunosuppressed patients with septic shock [START_REF] Venet | IL-7 restores lymphocyte functions in septic patients[END_REF]44,[START_REF] Hotchkiss | Sepsis-induced immunosuppression: from cellular dysfunctions to immunotherapy[END_REF] and, more recently, also for patients with critically ill COVID-19 [START_REF] Loftus | Overlapping but disparate inflammatory and immunosuppressive responses to SARS-CoV-2 and bacterial sepsis: An immunological time course analysis[END_REF]19). IFN-g is an important cytokine, and its ex vivo production by T lymphocytes has been shown to be reduced in sepsis [START_REF] Boomer | Immunosuppression in patients who die of sepsis and multiple organ failure[END_REF]. IFN-g plays a role in the activation of monocytes and increases their antigen-presentation and phagocytic capacities (46). As such, IFNg is proposed as an immunoadjuvant therapy in sepsis [START_REF] Torres | Sepsis-induced immunosuppression[END_REF]. Recently, in case series, multiple injections of IFN-g were shown to increase mHLA-DR expression and improve clinical status of most treated immunosuppressed patients with sepsis (47). In two case series including critically ill COVID-19, a rapid decline in SARS-CoV-2 viral load and/or clinical improvement were observed following multiple injection of 49). Thus, increased production of IFN-g following stimulation with the MVA-secreted hIL-7-Fc is an asset. The increase of lymphocyte-driven production of TNF-a observed with the hIL-7-Fc-containing supernatant is original. In recent study in patients with COVID-19 and sepsis, ex vivo stimulation with lipopolysaccharides to trigger TNF-a production by monocytes in presence of rhIL-7 failed to improve the cytokine production [START_REF] Remy | Severe immunosuppression and not a cytokine storm characterizes COVID-19 infections[END_REF]44). TNF-a is an important cytokine stimulating APCs to produce pro-inflammatory cytokine and promoting immune responses against pathogens (50). In addition, the MVA-secreted hIL-7-Fc was found to significantly improve the proliferation of both CD4+ and CD8+ T cells, which is another aspect of injury-induced immunosuppression. Although it is known that ex vivo stimulation with rhIL-7 can enhance the proliferative capacity of T lymphocyte from sepsis patients [START_REF] Venet | IL-7 restores lymphocyte functions in septic patients[END_REF], it has only been recently documented for patients with COVID-19 [START_REF] Venet | IL-7 restores lymphocyte functions in septic patients[END_REF]19). However, T-cell responses were only assessed using TCR stimulation. It might be interesting to assess antigen-specific T-cell stimulation. It would illustrate that specific T responses could be restored by hIL-7-Fc as well. Overall, the present results confirmed that a MVA-driven virotherapy expressing an hIL-7-Fc is effective at enhancing T lymphocyte-mediated adaptive immunity in both ICU patients with septic shock and COVID-19. These results are aligned with our previous observations made in septic mice in which a single injection of the MVA-hIL-7-Fc enhanced the polyfunctionality of T lymphocytes especially illustrated by a significant increased number of IFN-g-producing cells (32).

Interestingly, Fend et al. (37) demonstrated that, following the IV injection of an MVA-luciferase in mice, the MVA was mostly detected in the lung, the liver, and the spleen of animals. Here, we transduced primary cells and cell lines from hepatic and monocytic origin with the MVA-hIL-7-Fc to mimic an IV injection in vivo and characterized the produced and secreted hIL-7-Fc. Our data showed that the detected hIL-7-Fc in all four cells supernatant displayed a similar feature, i.e., was dimeric, glycosylated, and biologically active. These data are concordant with previous observations made following infection of a pneumocyte human cell line and primary murine hepatocytes with the MVA-hIL- . Taken together, these data indicate that an IV injection of the MVA-hIL-7-Fc, expected to result in infection of a variety of organs and cells, will deliver a homogeneous and broadly functional hIL-7-Fc.

In our study, we assessed the activity of the MVA-secreted hIL-7-Fc on T lymphocytes of ICU sepsis patients infected or not with SARS-CoV-2. It was important to verify that T lymphocytes were dysfunctional in both cohorts. We confirmed the profound lymphopenia affecting the two cohorts with less than 500 CD4+ cells/ml as previously described [START_REF] Remy | Immunotherapies for COVID-19: lessons learned from sepsis[END_REF](51)(52)(53). In addition, we observed a significant decreased of IFN-g-and/or TNF-a-producing cells in both types of patients. Our data are concordant with recent studies describing a reduced capacity of IFN-g and/or TNF-a production by T lymphocytes in similar patients [START_REF] Remy | Severe immunosuppression and not a cytokine storm characterizes COVID-19 infections[END_REF][START_REF] Loftus | Overlapping but disparate inflammatory and immunosuppressive responses to SARS-CoV-2 and bacterial sepsis: An immunological time course analysis[END_REF]19,44). As we observed in our study, these studies also reported an altered proliferation of both CD4+ and CD8+ T cells in both cohorts of patients [START_REF] Venet | IL-7 restores lymphocyte functions in septic patients[END_REF]19,54).

Limitations

This study presents some limitations. The observed effects should be consolidated in a larger number of patients. Our study focused on the hIL-7-Fc produced in supernatants of infected primary hepatocytes. It should be expanded to the evaluation of supernatants obtained from monocytes infected by the MVA-hIL-7-Fc. In addition, as patients received different treatments during their ICU stay (e.g., corticosteroids and antibiotics) depending on sepsis origin, putative impact of treatments on hIL-7-Fc effect could be assessed in further studies. In addition, hIL-7-Fc effect on T-cell apoptosis is another aspect that would deserve additional exploration (41). Last, because hIL-7-Fc supernatants were only assessed on T-cell sampled during first days in ICU, it will be of utmost importance in further study to evaluate the capacity of the hIL-7-Fc to boost T lymphocyte function in convalescent patients.

Conclusions

This bridging study aimed at assessing the capacity of a novel MVA-based IL-7 expressing virotherapy to restore adaptive immunity of immunosuppressed ICU patients with septic shock and COVID-19. Our results show that the hIL-7-Fc produced by the MVA-hIL-7-Fc initiates the IL-7 signaling pathway through the phosphorylation of STAT5 and restored ex vivo T lymphocyte functions of these patients. These data are supportive of the clinical development of the MVA-hIL-7-Fc for the benefit of ICU patients with septic shock and COVID-19.

RICO study group

The names of the individual members of the RICO study group as listed below should be searchable through their individual PubMed records:

-Hospices Civils de Samples were analyzed on a MESO QuickPlex SQ 120 reader. All samples were quantified in duplicates or triplicates and the mean of replicates is represented. Statistical analysis was performed according to the material and methods described in the article.

3) Results

The Th1 and Th2 cytokine profiles after 3 days of PBMC culture are presented in figure 18.

MVA-secreted hIL-7-Fc significantly increased the production of IFN-γ compared to TCR alone stimulated cells (1480pg/ml versus 304pg/ml, p < 0.01) while only a trend increase was reported for rhIL-7 (1185pg/ml). No effect of empty MVA or uninfected cell supernatants was observed (406pg/ml and 589pg/ml). Although hIL-7-Fc supernatant induced a significant IL-1β production compared to TCR alone (333pg/ml versus 253pg/ml, p < 0.01), no difference was observed compared with empty MVA supernatant (335pg/ml) suggesting that the induction of IL-1β production may be related to the infection by the MVA vector. MVA secreted hIL-7-Fc significantly increased the IL-10 production compared to TCR alone (73pg/ml versus 27pg/ml, p < 0.001) and other conditions (47 pg/ml, 42 pg/ml and 45pg/mg for empty MVA, uninfected cells supernatant and rhIL-7 respectively). Although not significant (trend only), a TNF-α production appeared induced by both rhIL-7 and MVA secreted hIL-7-Fc compared to TCR alone (956pg/ml, 890pg/ml versus 506pg/ml). Empty MVA and uninfected cell supernatants did not contribute to the production of TNF-α (476pg/ml and 526pg/ml). For other cytokines, no difference was observed between TCR stimulation and hIL-7-Fc containing supernatants or rhIL-7. An unexpected increase in IL-6 production after stimulation with uninfected cell supernatant compared to all other conditions was detected probably due to two outlier patients.

4) Conclusion

MVA-secreted hIL-7-Fc improved IFN-γ, TNF-α and IL-10 production after TCR stimulation similarly to or in more robust way than the rhIL-7 counterpart. In view of the well described effect of IL-7 on T cell activities, our data further support that the MVA-produced hIL-7-Fc is functional and capable of enhancing T lymphocyte function of septic shock and critically ill COVID-19 patients. In contrast, IL-1β production was increased after stimulation with both empty MVA and hIL-7-Fc supernatants. IL-1β is typically produced by innate cells and particularly monocytes/macrophages in response to pathogen stimuli or inflammation [START_REF] Madej | Different Regulation of Interleukin-1 Production and Activity in Monocytes and Macrophages: Innate Memory as an Endogenous Mechanism of IL-1 Inhibition[END_REF]. Our data suggest that other soluble mediators related to MVA infection might stimulate the monocyte-driven production of IL-1β. In the foreseen clinical development MVA-hIL-7-Fc will be injected by the i.v route.

After an i.v injection, rMVA was described to reach more organs than the s.c injection and associated with enhanced T cell responses [START_REF] Fend | Intravenous injection of MVA virus targets CD8+ lymphocytes to tumors to control tumor growth upon combinatorial treatment with a TLR9 agonist[END_REF]. In addition, i.v injection of MVA-hIL-7-Fc resulted in higher pharmacokinetics and superior counts of total and activated T cells in both spleen and lungs of naive mice than the i.m route [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF]. Because MVA infection is known to induce apoptosis of cells [START_REF] Guerra | Distinct gene expression profiling after infection of immature human monocyte-derived dendritic cells by the attenuated poxvirus vectors MVA and NYVAC[END_REF][START_REF] Zhang | Direct comparison of antigen production and induction of apoptosis by canarypox virus-and modified vaccinia virus ankara-human immunodeficiency virus vaccine vectors[END_REF][START_REF] Royo | Differential induction of apoptosis, interferon signaling, and phagocytosis in macrophages infected with a panel of attenuated and nonattenuated poxviruses[END_REF], we could not directly infect cells by the MVA-hIL-7-Fc in our studies. Therefore, as described earlier, we used a surrogate model which consisted of the use of supernatants from MVA-hIL-7-Fc-infected human cells rather than infecting the cells directly. These supernatants are expected to contain the secreted hIL-7-Fc as well as potentially other immune mediators of innate immunity in particular linked to the MVA backbone. Fend et al., showed that i.v injection of a MVA-luciferase in mice resulted in the MVA reaching the liver, the lung and the spleen (mainly APCs) of animals [START_REF] Fend | Intravenous injection of MVA virus targets CD8+ lymphocytes to tumors to control tumor growth upon combinatorial treatment with a TLR9 agonist[END_REF]. To mimic the i.v injection of MVA-hIL-7-Fc, we infected in vitro cell lines representative of the different organs expected to be targeted in vivo.

Therefore, the classically used HepG2, ThP1 and A549 cell lines were chosen as cells of hepatic, monocytic and pulmonary origins respectively. In published studies mostly APCs or

PBMCs have been used in in vitro infections with MVA. To our knowledge, no data on the kinetics of infection of MVA-GFP in HepG2 or A549 cells have yet been reported. Thus, we performed a kinetics analysis of infection and tested different MOIs using the MVA-GFP in the three cell lines. These preliminary data aimed at guiding the choice of optimal conditions to be subsequently used in in vitro infections with the MVA-hIL-7-Fc.

2) Materials and Methods

Cell culture

The human hepatic HepG2 (HB-8065 ATCC, from hepatocellular carcinoma), the human monocytic ThP1 (TIB-202 ATCC, from acute monocytic leukemia) and the human lung epithelial A549 (CCL-185 ATCC, from lung carcinoma) cell lines were cultured at 37°C/5%CO2 in Eagle's Minimum Essential Medium (ATCC), in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco) and in Dulbecco's Modified Eagle Medium (DMEM) medium (Gibco) respectively, and supplemented with 10% fetal bovine serum (FBS) (Gibco), 2 mM L-glutamine (Gibco), penicillin (80 U/ml)/streptomycin (80 mg/l) (Gibco) and addition of 1X MEM non-essential amino acids (Gibco) in DMEM medium.

Engineering of MVAs

MVA-GFP and MVATGN33.1 viruses were kindly provided by the Vectorology Lab of Transgene. Both vectors are based on the highly attenuated MVA [START_REF] Meyer | Mapping of deletions in the genome of the highly attenuated vaccinia virus MVA and their influence on virulence[END_REF]. For the MVA-GFP a gene encoding enhanced green fluorescent protein (GFP) under p11K7.5 promoter was inserted within the MVA genome. The recombinant MVA-GFP and the MVATGN33.1

(empty MVA used as negative control) were produced on primary chicken embryo fibroblasts (CEF), and viral titers expressed in PFU were assessed on the continuous DF-1 cell line (CRL-12203, ATCC) [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF].

Infections and GFP expression analysis

HepG2 and ThP1 cell lines were infected at a MOI of 1.1, 3.3, 10 and 30 with both MVA-GFP and empty MVA while A549 cell line was infected at a MOI of 0.1, 1 and 3. Uninfected cells were also cultured as control. Cells and viruses were plated at the same time. Then, cells were harvested at 6, 24 and 48h p.i. HepG2 and A549 cells were detached from plates using TrypLE select buffer (Gibco). Cells were stained with 1/1000e live/dead violet (excitation 405nm) (Thermo Scientific), fixed with 50µl Cytofix buffer (BD Biosciences) and washed using phosphate-buffered saline (PBS) (Gibco) containing 1%FBS. GFP and live/dead expressions were analyzed using a CantoII flow cytometer (BD Biosciences). Percentages of GFP and live cells (negative live/dead population cells) were analyzed using DIVA software (BD Biosciences).

3) Results

The three cell lines expressed the GFP protein in a MOI-dependent manner (Figure 19).

As expected, the highest MOIs yielded the highest percentage of cells expressing the GFP protein. At 6h p.i all cells expressed the GFP protein (except at MOI 1.1 for ThP1 cells) and the percentage increased in all conditions at 24h p.i. For both HepG2 and ThP1 cells, a peak of GFP expression was reached at 24h in all conditions. A decrease in GFP expression was observed at 48h p.i for MVA-infected ThP1 cells while it remained stable for HepG2 cells. A higher percentage of GFP+ cells was observed in HepG2 cells compared to ThP1 cells.

Specifically, more than 80% of HepG2 cells were infected at MOI 3.3, 10 and 30 from 24h p.i.

A maximum of 80% of GFP+ ThP1 cells was detected at MOI 30 at 24h p.i while in other conditions levels below 50% were observed. For A549 cells the GFP expression peaked at 24h

and remained stable at 48h p.i at MOI of 0.3 and 1. At MOI of 3 almost all A549-infected cells expressed the GFP protein at 48h p.i. As expected, no GFP was detected in MVA-infected cells or uninfected cells.

All cells underwent MVA-induced apoptosis as observed with a reduced viability at high MOI after both MVA-GFP or empty MVA infections. In addition, the viability decreased at later time. 

4) Conclusion

The aim of this study was to explore the kinetics of infection of the MVA-GFP at different MOI in the three cell lines representative of cells expected to be targeted in vivo by the MVA-hIL-7-Fc after an i.v injection. Our data show that MVA can infect the three cell lines. GFP expression was the highest with the highest MOI and peaked mostly at 24h p.i in all cells.

Therefore, the 24h time point p.i was selected in subsequent studies with the MVA-hIL-7-Fc (except for HepG2 cells in the next section, following additional experiments performed and not shown in this manuscript). MVA-induced apoptosis was higher at 48h p.i in all cell lines and particularly in ThP1 cells for which a strong decrease in GFP expression was observed confirming that an appropriate balance between protein expression and cell apoptosis needs to be considered when using rMVAs.

b. Innate immunity study upon MVA infection in cells from targeted organs

1) Introduction

One attractive asset of MVA is its capacity to induce strong innate immune responses due to the loss of genes involved in immune evasion [START_REF] Antoine | The complete genomic sequence of the modified vaccinia Ankara strain: comparison with other orthopoxviruses[END_REF][START_REF] Price | Modified Vaccinia virus Ankara: innate immune activation and induction of cellular signalling[END_REF].

Several studies investigated the induction of innate responses upon MVA infection in both DCs and monocytes/macrophages (see the Review of literature section). MVA infection induces production of type I interferons (IFN-α, IFN-β) as well chemokines MCP-1, MIP-1α, MIP-1β, IL-8, IP-10, and pro-inflammatory cytokines TNF-α, IL-6. However, to our knowledge no study has specifically investigated markers of innate immunity at the levels of cells expected to be targeted by MVA following an injection by the i.v route. Here, we aimed at assessing in vitro the innate immune response of cells from three organs expected to be targeted by MVA following an i.v injection using experimental conditions (MOI and harvesting time) for which the hIL-7-Fc concentration is the highest (See section above, Figure 1 of the article on human data)

First, we compared the profile of secreted cytokines/chemokines induced by both MVA-hIL-7-Fc and empty MVA infections using cell lines counterparts of primary cells to define whether cell lines would be representative of induction seen with primary cells. As this was not the case, we selected to work with primary hepatocytes, monocytes, and pulmonary cells from two or three different donors to determine the profile of MVA-induced cytokines/chemokines by two approaches: quantification of secreted molecules by MSD technology and mRNAs by 3'RNA-sequencing.

2) Materials and Methods

Cell culture

HepG2, ThP1 and A549 cell lines were cultured as described in the previous section. Primary human hepatocytes were purchased from Biopredic international and cultured as recommended by the manufacturer. PBMCs were purified from healthy donors' blood (provided by the Etablissement Français du sang) using SepMate (STEMCELL) and Ficoll Paque density gradient (GE Healthcare). Primary monocytes were purified from PBMCs using CD14+ microbeads (Miltenyi Biotec) and cultured in RPMI 1640 media as for ThP1 cell line.

Cryopreserved primary human pulmonary alveolar epithelial cells were purchased from Accegen. Pulmonary cells were cultured in DMEM medium supplemented with a supplement kit provided by Accengen (containing: FBS, epidermal growth factor, hydrocortisone, Lglutamine, Insulin-Transferrin-Selenium, and antibiotic-antimycotic solution) and in gelatincoated flasks.

Engineering of MVAs

Two batches of MVA-hIL-7-Fc (research batch MVATG18897 and MVATG19791) were used in this section and kindly provided by the Vectorology Lab of Transgene. For both MVATG18897 and MVATG19791 viruses, a synthetic gene coding for the fusion of the hIL-7 sequence and the sequence of the human IgG2-Fc was synthesized by GeneArt. The IgG2 Fc sequence was degenerated to remove sequence homologies with IgG1 Fc. A Kozak sequence (ACC) was added before the ATG starting codon, and a 3'-TTTTTNT transcriptional terminator sequence was added immediately after the stop codon. In both viruses, the hIL-7-Fc gene was under early late pH5R promotor. The only difference in the MVATG19791 is the nucleotidic sequence of the hIL-7 and IgG2 Fc genes which were optimized for human use. The MVATG18897 was used to compare the innate immune response between cell lines and primary cells while the MVATG19791 was used for the innate study (cytokine dosing and transcriptomic analysis) in the three primary human cells. Empty MVA (MVATGN33.1) was used as negative control. The production of the three viruses was described in the previous section.

Infections

Infection conditions of the different human cell lines and primary cells were described in Section 2 above in the study of septic shock and critically ill COVID-19 patients (Crausaz et al., 2022: Figure 1 of the article). Based on these earlier analysis, one infection condition was chosen for each cell line or primary cell for which the hIL-7-Fc supernatant concentration was the highest. All cells were infected with MVA-hIL-7-Fc. Empty MVA and uninfected cells were used as controls. Adherent cells (HepG2; A549, hepatocytes, pulmonary cells) were plated and 24h later the different viruses were added on cells. While non-adherent cells (ThP1 and monocytes) were simultaneously plated with the different viruses. HepG2, ThP1 and A549 cells were infected at a MOI of 1.5, 30 and 5 respectively and supernatants collected at 24h p.i for ThP1 and A549 cells and 48h p.i for HepG2 cells. Primary monocytes were infected at a MOI of 30 while primary hepatocytes and primary pulmonary cells were infected at MOI of 5. For primary cells, both cell pellets (for RNA extraction) and supernatants (for cytokines/chemokines dosing) were harvested at 24h p.i.

Cytokine and chemokine quantification

Pro-inflammatory cytokine and chemokine concentrations were assessed in cell culture supernatant from infected and uninfected cells using the human U-Plex multiplex electrochemiluminescence assay from MSD (see above material and methods following the second published article). The following molecules were quantified: IFN-β, IFN-γ, IL-1β, IL-6, IL-8 (CXCL8), IP-10 (CXCL10), MCP-1 (CCL2), MIP-1α (CCL3) and TNF-α. IFN-α2a was only dosed in the first part of this study when cell lines and primary cells were compared. All samples were quantified in duplicates or triplicates and the mean of replicates is represented.

mRNA extraction, 3'mRNA sequencing and transcriptomic analysis

Cell pellets from primary monocytes, hepatocytes, and pulmonary cells were collected after infections and mRNAs extracted from cell pellets using the RNEasy mini kit (Qiagen)

according to the manufacturer's instructions. Quantification, quality control of mRNA and 3' mRNA sequencing were performed by Integragen. The quality of the purified RNAs was evaluated using Agilent RNA 6000 Nano Kit, Agilent 2100 Bioanalyzer System and 2100

Expert Software to ensure that at least 25 % of the RNA fragments were longer than 200 nt (DV200 > 25 %) as required for subsequent 3' mRNA sequencing. Briefly, 10ng of total RNA were fragmented and 3'-end of mRNA captured using a reverse transcription primer poly(T) containing an UMI (Unique Molecular Identifier). Libraries were sequenced on NovaSeq 6000 platform yielding pairs of 100bp long reads.

The transcriptomic analysis was performed by the bioinformatic team of Transgene.

Paired reads were processed by a custom bioinformatic pipeline written with Python Snakemake workflow [START_REF] Köster | Snakemake--a scalable bioinformatics workflow engine[END_REF]. Briefly, the UMI sequence was extracted from read 1 while the sequence of the 3' end of the RNA fragment captured was extracted from read 2. After quality-based trimming and quality control, read 2 were mapped with Spliced

Transcripts Alignment to a Reference (STAR) software [START_REF] Dobin | STAR: ultrafast universal RNA-seq aligner[END_REF] against a custom genome containing human full genome (GRCh38 assembly) plus MVATG19791 genome as an artificial extra-chromosome. Reads were then deduplicated using the program dedup from the set of UMI-tools [START_REF] Smith | UMI-tools: modeling sequencing errors in Unique Molecular Identifiers to improve quantification accuracy[END_REF] with the method "percentile". Finally, deduplicated reads were quantified using Python HTSeq-count framework [START_REF] Anders | HTSeq--a Python framework to work with highthroughput sequencing data[END_REF]. Readcount data per sample were then normalized using DESeq2 [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF] and a gene was considered differentially expressed if the fold change between two conditions was above 2 and the adjusted p-value below 0.1 (Benjamini-Hochberg correction for multiple testing). Gene Ontology (GO) enrichment analysis was performed using the set of differentially expressed genes (DEG) as defined above, either up or downregulated, with the function enrichGO from the R package clusterProfiler. Only the "biological process" category was selected in the GO enrichment analysis. The heatmap was generated with the R package Pheatmap.

3) Results

Comparison of innate mediator secretion in cell lines and primary cells

The study aimed at assessing the innate immune response of the different cell types expected to be targeted in vivo following an i.v injection with the MVA-hIL-7-Fc. MVA-hIL-7-Fc and empty MVA infections were performed in surrogate in vitro cell-based assays. We also compared the induced innate immune responses between cell lines and primary cells. After infection, supernatants of infected and uninfected cells were harvested to quantify the following cytokines and chemokines: IFN-α2a, IFN-β, IFN-γ, IL-1β, IL-6, IL-8, IP-10 (CXCL10), MCP-1 (CCL2), MIP-1α (CCL3) and TNF-α. In all supernatants IFN-α2a was under the detection limit (data not shown). As for other molecules, no conclusion could be drawn due to the small number of analyzed donors, the lack of homogeneity among the three donors and/or low levels of secreted molecules. For primary monocytes, both MVA infections triggered pro-inflammatory cytokine secretion which included and chemokines such as IL-8, IP-10 and MIP-1α [START_REF] Paoli | Epidemiology and costs of sepsis in the united states-an analysis based on timing of diagnosis and severity level[END_REF].5-, 10-fold for IP-10 and 51-, 68-fold for MIP-1α, each MVA-hIL-7-Fc and empty MVA respectively). A higher production was observed for the empty MVA. In contrast, an increase in IFN-γ level was observed only after MVA-hIL-7-Fc infection (5.8-fold). Contrasting to other molecules, MCP-1 secretion was reduced following both MVA infections (2.2-, 1.3-fold for MVA-hIL-7-Fc and empty MVA). Only two donors of primary pulmonary cells were analyzed.

Both MVA infections were associated with an increased secretion of all cytokines and chemokines compared to uninfected cells [START_REF] Venet | Advances in the understanding and treatment of sepsis-induced immunosuppression[END_REF]-fold for IFN-γ, 75-, 82-fold for TNF-α, 14-, 14-fold for IL-1β, 39-, 43-fold for IL-6, 14-, 15-fold for IL-8, 22-, 21fold for IP-10, 2-, 2-fold for MCP-1 and 5. . No difference between the armed MVA and the empty MVA was observed.

Secondly, we compared the induced immune response between the three organs. However, for pulmonary cells the separation between uninfected and infected cells was less important than for hepatocytes or monocytes. In addition, we observed a low heterogeneity among the different donors and duplicates. Overall, these data show that each cell types displayed a specific profile of gene expression upon infection. As described in figure 26A, analysis of hIL-7-Fc mRNA expression indicated that the hIL-7-Fc gene was expressed. On ordinate, -log10 of the adjusted p-value is represented.

We further performed a GO over representation analysis using the same comparisons.

First, comparisons of MVA-hIL-7-Fc versus uninfected cells and empty MVA versus uninfected cells were performed (Figure 28). Upon MVA-hIL-7-Fc and empty MVA infections in hepatocytes, upregulated DEG were associated to the following GO terms: "histone modification", "peptidyl-lysine modification", "chromatin organization" or "histone methylation" compared to uninfected cells. GO terms associated to "response to bacterium/virus", "cytokine-mediated signaling pathway", "defense response to virus" were found in upregulated DEG in both MVA-infected pulmonary cells. As an example, upregulated DEG associated with the 5 most enriched GO terms are presented in the network plot (Figure 28C). In "cytokine-mediated signaling pathway" and "response to virus" GO terms, genes of cytokines, chemokines or type I IFN were overexpressed in pulmonary cells upon MVA-hIL-7-Fc infection (similar results were obtained with empty MVA, data not shown). In primary monocytes, GO terms associated to upregulated DEG following MVA-hIL-7-Fc and empty MVA infections were similar: "intracellular receptor signaling pathway", "response to unfolded protein/topologically incorrect protein", "cell cycle phase transition" and "response to virus".

No GO enrichment was found for downregulated DEG in pulmonary cells upon infection with both MVAs. On the contrary, primary hepatocytes and monocytes displayed GO term enrichment related to metabolism in downregulated DEG: "generation of precursor metabolites and energy", "aerobic respiration", "oxidative phosphorylation", "ATP metabolic process".

Comparison of MVA-hIL-7-Fc versus empty MVA infection resulted in no DEG in primary hepatocytes and pulmonary cells while in monocytes up and downregulated DEG were found.

Upon MVA-hIL-7-Fc infection, upregulated DEG were related to the IL-7 arming and protein translation/folding (Figure 29A): "T cell activation", "regulation of T cell activation", "leukocyte cell-cell adhesion", "protein folding", "response to unfolded protein". Infection by MVA-hIL-7-Fc induced an upregulation of genes involved in IL-7 pathway or T cell activation (e.g., BCL2, CD2) as illustrated in the network plot (Figure 29B). GO enrichment analysis showed that downregulated DEG related to "response to endoplasmic reticulum stress", "Golgi vesicle transport", "response to topologically incorrect protein" were enriched upon MVA-hIL-7-Fc infection (Figure 29C). Expression of genes potentially involved in innate immune response to MVA were specifically visualized among the different cell types and conditions using an heatmap representation (Figure 30). The hierarchical clustering showed a similar pattern of expression for three distinct groups: one including TLR family genes (except TLR3) and NLRP3 inflammasome; one including genes associated to cytokines/chemokines and members of innate sensing pathways; the last one including IFNG, CCL2/MCP-1 and TLR3 genes. All TLR genes were downregulated upon both MVA infections in primary monocytes except for TLR3 no difference was observed. In hepatocytes and pulmonary cells, expression of these genes was not different among all conditions. In contrast, the expression of chemokine and/or cytokine genes was increased after both MVA infections in primary monocytes (e.g., CCL4/MIP-1β, CCL3/MIP-1α, TNF, IFNB1, CXCL10/IP-10, CXCL8/IL8). Interestingly, the expression of DDX58 and IFIH1 genes corresponding to MDA-5 and RIG-1 helicases respectively was increased in infected monocytes compared to uninfected cells while no difference for CGAS or STING1 genes was observed. In pulmonary cells, both MVA infections resulted in increased expression of IFNB1, CXCL10/IP-10, CXCL8/IL-8, IL-6, CCL2/MCP-1 genes which are also typical MVA-induced cytokines/chemokines. In addition, IFIH1 gene coding for the RIG-1 helicase was observed in infected-pulmonary cells. In hepatocytes, both MVA infections resulted in reduced CCL2/MCP-1 gene expression. In conclusion, a specific pattern of gene expression was observed among the three cell types upon both MVA infections. While only upregulated DEG genes related to histone modification were found in hepatocytes, in pulmonary cells both MVA infections resulted in upregulation of genes related to response to virus and cytokine-mediated signaling pathways.

In monocytes both MVA infections induced an upregulation of genes related to intracellular receptor signaling pathway and response to virus. Downregulation of genes related to metabolism were found in hepatocytes and monocytes upon both MVA infections.

Interestingly, only monocytes displayed DEG when MVA-hIL-7-Fc and empty MVA infections were compared. Genes related to T cell activation and IL-7 pathway were enriched upon MVA-hIL-7-Fc infection in monocytes. Importantly, genes specific to innate immune response (cytokines/chemokines and/or sensing pathways) were upregulated upon both MVA infections in pulmonary cells and monocytes while in hepatocytes only MCP-1 gene expression was reduced upon MVA infections.

4) Conclusion

In this exploratory study, we aimed at investigating markers of innate immune response to MVA-hIL-7-Fc and empty MVA infections in human cell types from hepatic, pulmonary and monocytic origins. The innate mediator secretion in response to MVA was low in cell lines compared to primary cells. Using primary cells, we showed that primary hepatocytes responded to both MVA infections by a low cytokine/chemokine production and no DEG associated to innate immune response. In striking contrast, both primary monocytes and pulmonary cells displayed increased levels of typical MVA-induced innate mediators detected in supernatants and in gene expression analysis (observed for both armed and unarmed MVA). However, no specific activity of the hIL-7-Fc arming was observed in pulmonary cells while in monocytes, MVA-hIL-7-Fc infection resulted in increased expression of T cell activation related genes. At the protein level, empty MVA infection induced higher increase in cytokines and chemokines (except for IFN-γ) than MVA-hIL-7-Fc. Along with the increased expression of T cell activation genes, IFN-γ secretion by primary monocytes was increased upon MVA-hIL-7-Fc infection.

Discussion and perspectives

Sepsis was recognized by the WHO as a global health priority in 2017 (Reinhart et al., 2017). Sepsis is responsible for 11 million deaths worldwide which corresponds to 20% of all global deaths (Rudd et al., 2020). During the last twenty years, global efforts have been done

to understand the physiopathology of sepsis and particularly the host response to the original infection. A dominant hyperinflammatory response takes place during the acute phase to control the infection, and in some patients an exacerbation of this phase may lead to organ failure and in worse cases to early death. An immunosuppressive phase occurs concomitantly to regulate this initial excessive inflammation although it is sub-dominant during the early phase. This immunosuppressive state becomes predominant in most of sepsis patients surviving the first hyperinflammatory phase. Sepsis patients with immunosuppression are at risk of developing secondary infections or viral reactivations. A persistent immunosuppression has been described to be associated with increased length of stay in ICU resulting in increased costs and high hospital burden (Torres et al., 2021;Venet and Monneret, 2018). The injury-induced immunosuppression affects both innate and adaptive immunity. Impaired antigen presentation by monocytes/macrophages and DCs, increased number of immature myeloid cells as well as impaired function and sepsis-induced apoptosis of lymphocytes are the main features of the dysregulated host immune response during the immunosuppressive phase (Venet and Monneret, 2018). Therefore, immunotherapies and particularly those stimulating the immune system have recently emerged to treated sepsis-induced immunosuppression. IFN-γ and GM-CSF are promising candidates to enhance mostly the innate arm of immunity while anti-PD-1/anti-PD-L1 antibodies, thymosin α1 and IL-7 are interesting molecules to restore the adaptive arm of immunity (Torres et al., 2021;Venet and Monneret, 2018). These therapeutics have been assessed in small sepsis phase I and II clinical trials or in case series. Despite overall good safety profile and encouraging immunological effects, most of these molecules failed to show signs of improved clinical endpoints (e.g., lower mortality or incidence of secondary infections).

Among these therapies, IL-7 displays attractive features including its capacity to improve T lymphocyte survival and function, to upregulate anti-apoptotic protein such as Bcl-2 combined with a good safety profile as documented in infectious diseases or oncology clinical trials [START_REF] Roquetaillade | IL-7 and Its Beneficial Role in Sepsis-Induced T Lymphocyte Dysfunction[END_REF]. Particularly, in septic shock patients rhIL-7 was reported to improve the T lymphocyte count and the proliferative capacity of both CD4+ and CD8+ T cells (Francois et al., 2018). Recently, case series suggested a beneficial effect of rhIL-7 on lymphocyte counts in critically ill COVID-19 patients [START_REF] Laterre | Association of Interleukin 7 Immunotherapy With Lymphocyte Counts Among Patients With Severe Coronavirus Disease 2019 (COVID-19)[END_REF]Monneret et al., 2020;[START_REF] Mazer | Interleukin-7 Reverses Lymphopenia and Improves T-Cell Function in Coronavirus Disease 2019 Patient With Inborn Error of Toll-Like Receptor 3: A Case Report[END_REF]. In these studies, successive multiple injections of rhIL-7 are typically required due to the short circulating half-life of the cytokine (CYT107 from Revimmune).

MVA-hIL-7-Fc was developed by Transgene to broaden IL-7 MOA and circumvent the need for multiple injections. It is expected to stimulate both innate and adaptive immunity. My PhD project consisted of three parts. In a first part [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF], we demonstrated that MVA-secreted hIL-7-Fc was dimeric, glycosylated and biologically active using primary murine hepatocytes and pulmonary A549 human cells. After a single i.v injection, MVA-hIL-7-Fc enhanced innate and adaptive immunity illustrated by an increased number of total and activated T and NK cells and enhanced polyfunctionality of T cells in both naive and septic mice. Importantly, it conferred survival advantage in CLP and Candida albicans sepsis models.

We documented that the MVA vector alone displays an intrinsic capacity to broadly activate immune cells in particular NK cells and to induce pro-inflammatory cytokines including IFNγ. Comparison with a non-vectorized soluble rhIL-7-Fc counterpart showed that MVA-hIL-7-Fc displays a stronger and longer-lasting capacity to increase number of T, B, NK cells as well as myeloid cells and to enhance T cell functions (e.g., cytokine production or T cell differentiation).

In a second part [START_REF] Crausaz | A novel virotherapy encoding human interleukin-7 improves ex vivo T lymphocyte functions in immunosuppressed patients with septic shock and critically ill COVID-19[END_REF] In a third part, an exploratory study aimed at characterizing the MOA related to the sensing of MVA-hIL-7-Fc and empty MVA by the innate immunity in in vitro human models.

Using a surrogate MVA-GFP, we showed that rMVA was capable of infecting cell lines from hepatic, monocytic and pulmonary origins with high infectivity. The comparison of cell lines and primary cells showed a reduced capacity of cell lines to secrete cytokines and chemokines in response to both MVA infections. Interestingly, both MVA-hIL-7-Fc and empty MVA infections resulted in increased expression of cytokines (IFN-β, IL-6, IL-1β et TNF-α) and chemokines (IL-8, IP-10, MCP-1, MIP-1α) at both protein and mRNA levels in primary pulmonary cells and monocytes. On the contrary, primary hepatocytes responded poorly to both MVA infections. These data showed that the induction of innate immunity is mostly mediated by the MVA backbone. In addition, infection of primary monocytes by MVA-hIL-7-Fc resulted in a robust expression of hIL-7-Fc and an increase in T cell specific activation genes (eg., CD2, BCL2) as well as IFN-γ secretion illustrating the effect of the hIL-7-Fc arming. Overall, we expect that an i.v injection of MVA-hIL-7-Fc will infect a broad range of organs in which the induction of innate immunity will be different.

MOA of MVA-hIL-7-Fc on adaptive immunity

In both murine and ex vivo human studies [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF], Crausaz et al., 2022), we showed that MVA-hIL-7-Fc is capable of improving T lymphocyte functions. Although the MVA backbone did contribute to some of the seen effects in mice, this activity is mainly linked to the hIL-7-Fc arming.

Human ex vivo studies. Our observations are consistent with earlier studies which have shown beneficial effect of rhIL-7 produced in E. coli using immune cells from septic or COVID-19 patients.

In septic shock patients, Venet et al., investigated rhIL-7 activity on PBMCs of patients collected at day 3 or 4 post ICU admission. Similar to our study, authors documented an improved proliferation and cytokine production by T cells from septic shock patients. In addition, rhIL-7 activated its intracellular pathway illustrated by increased pSTAT5 and Bcl-2 expression in CD3+ T cells (Venet et al., 2012). Although we did not analyze Bcl-2 expression, we expect that the MVA-secreted hIL-7-Fc will increase its expression in human T lymphocytes since we observed an increase in Bcl-2 expression in naive and septic mice treated with MVA-hIL-7-Fc. Another group assessed rhIL-7 on PBMCs of septic patients with multi-drug resistant bacterial sepsis 24 or 48h post ICU admission. Among the 24 septic patients, 62.5% responded to rhIL-7 treatment as shown by an increased number of IFN-γ producing cells measured by ELISPOT assay [START_REF] Thampy | Restoration of T Cell function in multi-drug resistant bacterial sepsis after interleukin-7, anti-PD-L1, and OX-40 administration[END_REF]. The same group reported that rhIL-7 displayed greater effect on severely immunosuppressed septic patients who did not survive as shown by a 172% increase in the number of IFN-γ producing cells compared to TCR stimulation (Mazer et al., 2021a). In our study, we did not observe a difference between survivor and non-survivor patients. This difference between the two studies could be explained by a lower number of enrolled patients in our study and/or the severity of patients. [START_REF] Remy | Severe immunosuppression and not a cytokine storm characterizes COVID-19 infections[END_REF]. In our study, septic shock and critically ill COVID-19 patients displayed similar levels of T lymphocyte dysfunctions (proliferation, cytokine production) and functions were restored to similar levels for the two cohorts [START_REF] Crausaz | A novel virotherapy encoding human interleukin-7 improves ex vivo T lymphocyte functions in immunosuppressed patients with septic shock and critically ill COVID-19[END_REF]. The difference between the two studies on the patients' ICU admission were stimulated with rhIL-7 in addition to TCR stimulation. In both cohorts and with similar magnitude, rhIL-7 improved IFN-γ production by T lymphocytes over time (Loftus et al., 2021). Combined together our study which analyzed patients' samples at day [START_REF] Hubrack | In vitro Interleukin-7 treatment partially rescues MAIT cell dysfunction caused by SARS-CoV-2 infection[END_REF]. Studying the impact of the MVA-hIL-7-Fc on T cell immunometabolic failure and on function of MAIT cells would be of interest in future studies.

Overall, almost all studies demonstrate that rhIL-7 is able to improve IFN-γ production and proliferative capacity of T lymphocytes of both septic and critically ill COVID-19 patients.

Our observations are consistent with these observations and confirmed the functionality and capacity of the hIL-7-Fc produced by our MVA observed earlier in mice [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF].

Overall, the MVA-secreted hIL-7-Fc can improve T lymphocyte function of septic patients with bacterial or viral origins. Our proof-of-concept human study further supports the clinical development of the MVA-hIL-7-Fc in the ICU clinic.

Mice studies. The MOA of MVA-expressed hIL-7-Fc was also evaluated in septic mice.

While we compared side-by-side its activities and those of the non-vectorized soluble hIL-7-Fc counterpart [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF] it is interesting to position our results regarding to studies which have used rIL-7 in septic mice. These studies typically used the s.c route, injected multiple times the cytokine (here the glycosylated rhIL-7 CYT107) at early time following surgery (e.g., 90 minutes post CLP) in single-hit models. Hence, caution needs to be taken when comparing these data with ours. For example, Unsinger et al., in a CLP mice model and reported a broad range of activities and immune improvements. Similar to us an increase in splenic T cell counts, IFN-γ production and Bcl-2 expression by T cells as well as splenic CD8+ T cell proliferation was observed. Naive, central memory and effector memory CD4+ and CD8+ cell counts were also enhanced in lymph nodes 24h after rhIL-7 treatment (Unsinger et al., 2010). In our study, we only documented an increased number of splenic central memory and effector memory CD8+ T cells 3 days post MVA-hIL-7-Fc injection [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF].

Unsinger et al., studied additional effects that we have not analyzed with MVA-hIL-7-Fc.

Authors reported an enhanced expression of leucocyte adhesion markers on both CD4+ and CD8+ cells and the capacity of rhIL-7 to prevent loss of the host's delayed type hypersensitivity (DTH) response to antigenic challenge in CLP mice (Unsinger et al., 2010). The same group assessed the value of rhIL-7 on neutrophil recruitment and innate immune response to sepsis in CLP mice and observed an increased number of peritoneal IL-17-producing γδ T cells and IL-17 production. Mechanistic studies point to the role of activated macrophages producing IP-10 in the stimulation of γδ T cells and IL-17 production. Neutrophils were then recruited to the site of infection following the induction of CXCL1 production mediated by IL-17 [START_REF] Kasten | Interleukin-7 (IL-7) treatment accelerates neutrophil recruitment through gamma delta T-cell IL-17 production in a murine model of sepsis[END_REF]. It would be of interest in further studies to assess the capacity of the MVA-hIL-7-Fc to improve neutrophil recruitment and bacterial clearance since most of causative pathogens of sepsis are bacteria [START_REF] Sakr | Sepsis in Intensive Care Unit Patients: Worldwide Data From the Intensive Care over Nations Audit[END_REF].

A particularly distinctive feature of MVA-hIL-7-Fc is its capacity to enhance polyfunctionality of T cells and particularly IFN-γ producing cells (single, double, triple producers) after a single i.v injection. In studies assessing rhIL-7 in septic mice, only single IFN-γ-producing T cells was shown to be increased. Although most of observed effects on T lymphocytes are mediated by the hIL-7-Fc arming, an increase in polyfunctional T cells was also observed after empty MVA injection in naive mice. It has been previously shown that MVA backbone can trigger indirectly the activation of T cells by cross-presentation of DCs [START_REF] Boukhebza | Therapeutic vaccination to treat chronic infectious diseases Current clinical developments using MVA-based vaccines[END_REF].

Two-hit sepsis models have also been developed to mimic the situation of a patient surviving the first phase of sepsis and later confronted to a second infection in ICU. Two studies documented a beneficial immunological activity of rhIL-7 in the two-hit model of sepsis (e.g, increased T cell counts, improved T cell functionality).The survival rate of rhIL-7-treated mice was higher than in untreated mice suggesting a protective role of rhIL-7 against secondary infections [START_REF] Unsinger | Interleukin-7 ameliorates immune dysfunction and improves survival in a 2-hit model of fungal sepsis[END_REF][START_REF] Shindo | Interleukin 7 immunotherapy improves host immunity and survival in a two-hit model of Pseudomonas aeruginosa pneumonia[END_REF]. Assessing the protective effect of MVA-hIL-7-Fc in two-hit sepsis models should be considered in the future. In the two-hit sepsis model of Pseudomonas aeruginosa pneumonia and the single-hit model induced by CLP, rhIL-7

increased the number of splenic γδ T cells [START_REF] Kasten | Interleukin-7 (IL-7) treatment accelerates neutrophil recruitment through gamma delta T-cell IL-17 production in a murine model of sepsis[END_REF][START_REF] Shindo | Interleukin 7 immunotherapy improves host immunity and survival in a two-hit model of Pseudomonas aeruginosa pneumonia[END_REF] An attractive feature of MVA-hIL-7-Fc is its capacity to reverse the impaired IFN-γ production by both CD4+ and CD8+ T cells which was observed both in mouse and human studies [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF][START_REF] Crausaz | A novel virotherapy encoding human interleukin-7 improves ex vivo T lymphocyte functions in immunosuppressed patients with septic shock and critically ill COVID-19[END_REF]. IFN-γ is an important cytokine playing a role in tissue homeostasis, host immune response against pathogens and immunosurveillance for tumors. Specifically, an important function of IFN-γ is the activation of monocytes which results in an increase in their phagocytic, antigen-presentation capacity and pro-inflammatory cytokine production [START_REF] Ivashkiv | IFNγ: signalling, epigenetics and roles in immunity, metabolism, disease and cancer immunotherapy[END_REF]. Therefore, IFN-γ was proposed as an immunostimulating therapy in immunosuppressed sepsis patients. IFN-γ received FDA approval for clinical application in chronic granulomatous disease to reduce the severity and frequency of infections [START_REF] Gallin | Interferon-gamma in the management of infectious diseases[END_REF]. Recently, an open-label multicenter study investigated IFN-γ in 17

immunosuppressed sepsis or septic shock adults and 2 pediatric septic shock patients with low expression of mHLA-DR. Authors reported in almost all patients an increase in monocyte HLA-DR expression after IFN-γ therapy [START_REF] Payen | Multicentric experience with interferon gamma therapy in sepsis induced immunosuppression. A case series[END_REF]. Other case series showed beneficial effect of IFN-γ on immune functions and/or clinical outcomes in septic or septic shock patients [START_REF] Döcke | Monocyte deactivation in septic patients: restoration by IFN-gamma treatment[END_REF][START_REF] Lukaszewicz | Monocytic HLA-DR expression in intensive care patients: interest for prognosis and secondary infection prediction[END_REF][START_REF] Nalos | Immune effects of interferon gamma in persistent staphylococcal sepsis[END_REF]. Similarly in critically ill COVID-19 patients IFN-γ improved mHLA-DR expression and induced a rapid decline in SARS-CoV-2 viral load and/or clinical improvement [START_REF] Grimm | Case Report: Interferon-γ Rescues Monocytic Human Leukocyte Antigen Receptor (mHLA-DR) Function in a COVID-19 Patient With ARDS and Superinfection With Multiple MDR 4MRGN Bacterial Strains[END_REF], Dickel et al., 2021[START_REF] Van Laarhoven | Interferon gamma immunotherapy in five critically ill COVID-19 patients with impaired cellular immunity: A case series[END_REF].

In summary, the MOA of MVA-hIL-7-Fc on adaptive immunity is characterized by an improved T lymphocyte count including both CD4+ and CD8+ subsets as shown in the murine study. Both human and murine data documented an enhanced cytokine production (IFN-γ single, double and triple producing cells in mice and IFN-γ and/or TNF-α production in human T cells) and proliferative capacity of T lymphocytes (e.g., Bcl-2 expression in mice and increased proportion of proliferative T cells in human) after MVA-hIL-7-Fc treatment.

MOA of MVA-hIL-7-Fc on innate immunity

An interesting feature of MVA is its capacity to induce innate immunity. As reviewed in the Introduction/Review of literature, the sensing of MVA by the innate immunity triggers the secretion of type I IFN (IFN-α, IFN-β) as well as chemokines MCP-1, MIP-1α, MIP-1β, IL-8, IP-10, and pro-inflammatory cytokines TNF-α, IL-6. In both human and mice studies, MVA-hIL-7-Fc demonstrated the capacity to stimulate innate immunity [START_REF] Crausaz | A novel virotherapy encoding human interleukin-7 improves ex vivo T lymphocyte functions in immunosuppressed patients with septic shock and critically ill COVID-19[END_REF][START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF].

Human in vitro studies. We compared the release of innate mediators in three cell types (monocytes, hepatocytes, and pulmonary cells) expected to be targeted in vivo following an i.v injection of MVA-hIL-7-Fc. The comparison of primary human cells and human cell lines showed a reduced response to MVA infection with a limited cytokine and chemokine secretion in cell lines compared to primary cells. Interestingly, a study by Alexopoulos et al., reported that HepG2 cells displayed a reduced innate immune response to inducers of inflammation compared to primary hepatocytes using a high-throughput proteomic assay [START_REF] Alexopoulos | Networks inferred from biochemical data reveal profound differences in toll-like receptor and inflammatory signaling between normal and transformed hepatocytes[END_REF]. We quantified innate immune mediators in supernatants from primary cells of monocytic, hepatic and pulmonary origins obtained from two or three donors and infected with MVA-hIL-7-Fc or empty MVA. Interestingly, each cell type responded with a specific, distinct innate immune signature to the infections (see Results section). In particular, in primary monocytes, both MVAs induced a panel of cytokines and chemokines although a higher secretion was associated with empty MVA. In earlier studies using MVA-infected primary monocytes or ThP1 cells, a similar profile of increased cytokines/chemokines (except for MCP-1), than the one we observed, was reported at the protein and/or the mRNA level [START_REF] Lehmann | Modified vaccinia virus ankara triggers chemotaxis of monocytes and early respiratory immigration of leukocytes by induction of CCL2 expression[END_REF][START_REF] Flechsig | Uptake of antigens from modified vaccinia Ankara virus-infected leukocytes enhances the immunostimulatory capacity of dendritic cells[END_REF][START_REF] Royo | Differential induction of apoptosis, interferon signaling, and phagocytosis in macrophages infected with a panel of attenuated and nonattenuated poxviruses[END_REF]. In our studies, a decreased secretion of MCP-1 was observed in primary monocytes after both empty MVA and MVA-hIL-7-Fc infections.

In contrast, Lehmann et al., reported a high MCP-1 concentration in supernatant from MVAinfected primary human monocytes 24h p.i [START_REF] Lehmann | Modified vaccinia virus ankara triggers chemotaxis of monocytes and early respiratory immigration of leukocytes by induction of CCL2 expression[END_REF]. The difference between Lehmann et al., and our observation may be explained by different experimental conditions.

Authors used a low MOI (between 0.025 and 0.5) while in our study a MOI of 30 was used to infect primary monocytes. We used high MOI as our first goal was to generate supernatant containing the highest concentration of MVA-secreted hIL-7-Fc to be used in the MOA studies related to the secreted hIL-7-Fc (See Results section). The kinetics of released cytokines could be different using other condition of infections (e.g., different MOI and time of culture/infection). Therefore, additional studies are warranted to more deeply investigate the release of MVA-induced innate mediators with different kinetics of infection and MOI. In order to consolidate and expand our observations obtained with the MSD technology, we performed an early exploratory study based on transcriptomic analysis. When we analyzed genes corresponding to cytokines/chemokines in infected-cell supernatants, we observed that both pulmonary cells and monocytes overexpressed these genes upon MVA infections while in hepatocytes no difference was observed compared with uninfected cells. As observed by Royo et al., at 24h p.i TLR genes were downregulated in MVA-infected monocytes [START_REF] Royo | Differential induction of apoptosis, interferon signaling, and phagocytosis in macrophages infected with a panel of attenuated and nonattenuated poxviruses[END_REF]. Interestingly, we showed that genes of MDA-5 and RIG-I helicases were overexpressed in infected-monocytes while no difference was observed for cGAS or STING genes. In pulmonary cells, the RIG-I gene was overexpressed upon MVA infection. It would be interesting to determine if these helicases are required or not for MVA sensing in monocytes and pulmonary cells using KO models. As observed at the protein level, only monocytes responded differentially to MVA-hIL-7-Fc and empty MVA. Along with the increased IFN-γ secretion, IL-7-related/T cell activation genes (e.g., Bcl-2, CD2) in primary monocytes were increased upon MVA-hIL-7-Fc infection. These data suggest an effect of the hIL-7-Fc arming on the innate arm of immunity (i.e., monocytes).

Mice studies. Interestingly, cells from myeloid lineage were increased after MVA-hIL-7-Fc injection in both naive (spleen and lung) and CLP mice (spleen). However, this effect seemed to be mediated by both the MVA backbone and its hIL-7-Fc arming since a more limited increase was reported after injection of empty MVA. In addition, both empty MVA and MVA-hIL-7-Fc increased the number of NK cells as well as activated NK cells in spleen of naive and CLP mice [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF]. Medina-Echeverz et al., reported an increased proportion of NK cells after i.v injection of rMVA or rMVA expressing CD40L in spleen, blood, and lung of tumor-bearing mice. Interestingly, splenic NK cells displayed an increased expression of CD69 activation marker after injection of either MVA injections [START_REF] Medina-Echeverz | Synergistic cancer immunotherapy combines MVA-CD40L induced innate and adaptive immunity with tumor targeting antibodies[END_REF].

Systemic administration of different replicating viruses (e.g., vaccinia virus) in mice was shown to induce NK cell proliferation and trafficking at site of infection as well as in other organs such as spleen and lung [START_REF] Salazar-Mather | NK cell trafficking and cytokine expression in splenic compartments after IFN induction and viral infection[END_REF][START_REF] Daniels | Murine cytomegalovirus is regulated by a discrete subset of natural killer cells reactive with monoclonal antibody to Ly49H[END_REF][START_REF] Prlic | Characteristics of NK cell migration early after vaccinia infection[END_REF]. In naive mice, we observed that the MVA vector induced a peak of circulating IL-10, IL-1β, TNF-α, IL-21, IL-6, IP-10, KC/GRO, MCP-1 and IFN-γ observed between 2 and 6h p.i illustrating the sensing of the MVA backbone by the host immune system [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF]. Most of these chemokines and cytokines have been described as released mediators of the innate immune response to MVA in mice. Interestingly, i.v injection of MVA-hIL-7-Fc in NHP induced an increase in circulating IFN-γ, IP-10, MIP-1α and IL-6 in the first hours p.i which returned to basal level after 24h (Coupet et al., in press). Some of these innate mediators have also been detected after MVA inoculation by other injection routes. For example, in healthy volunteers, i.m injection of MVA expressing HIV antigens induced an increase in circulating IL-1β, IP-10, TNF-α and IL-6 24h p.i [START_REF] Sanchez | Immune Profiles Identification by Vaccinomics After MVA Immunization in Randomized Clinical Study[END_REF].

In summary, our data show that MVA-hIL-7-Fc is sensed by the host innate immune system. As a part of its MOA and as demonstrated in our murine study [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF] as well as in a more recent study in NHP (Coupet et al., in press), MVA-hIL-7-Fc showed the capacity to stimulate and increase monocyte count as well as NK cell number. After an i.v injection, MVA-hIL-7-Fc will infect a broad range of organs and different cell types in which a number of them (including lung cells) will sense the MVA vector as documented in our in vitro studies. Different cell types will trigger different profiles of cytokines/chemokines providing a broad innate immune response and an important differentiating feature of our vectorized hIL-7-Fc compared with currently used non-vectorized soluble rhIL-7.

MVA vector to deliver host directed therapy

Host-directed therapy (HDT) aims at increasing host defense mechanisms or modulate inflammation in order to improve clinical outcomes. HDT can modulate specific mechanisms that are required for pathogen replication persistence or can improve the immune response by inhibiting or stimulating mechanisms necessary for the host defense. In infectious diseases, an interesting feature of HDT is the reduced probability to induce therapy resistance compared to pathogen-directed drugs (e.g., antimicrobials or antiviral drugs) (Kaufmann et al., 2017;[START_REF] Zumla | Host-directed therapies for infectious diseases: current status, recent progress, and future prospects[END_REF].

In the ImmunResQ program, MVA was used to deliver an immune HDT (hIL-7-Fc) in a broad range of organs with the goal to restore the host immune response in immunosuppressed patients, in particular in sepsis clinic. Along with smallpox vaccination, rMVA are commonly used for prophylactic and therapeutic vaccination in various infectious diseases and cancer [START_REF] Gómez | The poxvirus vectors MVA and NYVAC as gene delivery systems for vaccination against infectious diseases and cancer[END_REF][START_REF] Boukhebza | Therapeutic vaccination to treat chronic infectious diseases Current clinical developments using MVA-based vaccines[END_REF][START_REF] Sasso | New viral vectors for infectious diseases and cancer[END_REF]. Some of rMVA have been Cytokines are also co-expressed in vaccines against infectious diseases using MVA as vector. As an example, for the treatment of tuberculosis, a rMVA was used to co-express Mycobacterium tuberculosis (M. tb) antigen and the IL-15 cytokine as molecular adjuvant.

Perera et al., showed that a rMVA-based tuberculosis vaccine expressing IL-15 induced high IgG antibody titers against M. tb as well as high specific CD8+ T cell responses [START_REF] Perera | A multi-valent vaccinia virus-based tuberculosis vaccine molecularly adjuvanted with interleukin-15 induces robust immune responses in mice[END_REF]. Similarly, a reduction in parasitemia associated with a strong humoral response were described in mice vaccinated with a malaria rMVA-based vaccine co-expressing the IL-15 cytokine [START_REF] Parra | Co-expression of Interleukin-15 Enhances the Protective Immune Responses Induced by Immunization with a Murine Malaria MVA-Based Vaccine Encoding the Circumsporozoite Protein[END_REF]. Abaitua et al., investigated In contrast, few studies have used rMVA to solely deliver an HDT (i.e., without coexpressing specific cancer-or infectious disease -specific immunogens) and particularly cytokines. In most of published studies, rMVAs express cytokines to improve immunogenicity of the rMVA vector in order to prevent smallpox. Chavan et al., developed a rMVA expressing CCL20 or GM-CSF to improve MVA immunogenicity and particularly APC recruitment, maturation, and antigen presentation. Authors reported a peak of GM-CSF expression 6h p.i of the rMVA while the detected peak of CCL20 was detected after 1h p.i in mice serum. Both rMVAs improved the proportion of MVA-specific CD8+ T cells after a single intraperitoneal injection of 1x10 6 PFU as well as MVA-specific antibodies titers compared to nonadjuvanted rMVA [START_REF] Chavan | Expression of CCL20 and granulocyte-macrophage colony-stimulating factor, but not Flt3-L, from modified vaccinia virus ankara enhances antiviral cellular and humoral immune responses[END_REF]. The IL-15 cytokine, stimulating both CD8+ memory T cell and NK cell functions, was used to improve immunogenicity of rMVA or the Wyeth strain of vaccinia virus. IFN-γ production by virus-specific CD4+ or CD8+ cells was increased 4 weeks p.i in mice after prime/boost vaccination with both viruses expressing IL-15. Prime/boost immunization with MVA-IL-15 induced 4-fold higher neutralizing antibody titers than the nonadjuvanted MVA after 6 months of initial vaccination [START_REF] Perera | Development of smallpox vaccine candidates with integrated interleukin-15 that demonstrate superior immunogenicity, efficacy, and safety in mice[END_REF]. Hence, to our knowledge the use of rMVA to deliver a cytokine-HDT for an application not aimed at increasing MVA immunogenicity or at co-expressing immunogens is novel.

Another important novelty in our approach is the use of the i.v injection route. As we aim at triggering a fast and potent effect of the encoded hIL-7-Fc in a particularly dramatic clinical setting (e.g., septic shock patients in ICU) we postulated that this injection route would favor a better pharmacokinetics and broader immune stimulation (in multiple organs and cells) than more classical routes. We demonstrated the superiority of the i.v route versus the i.m route in mice [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF] in terms of these two criteria. In a general manner, the i.v route is seldom used for injection of vaccines, including viral vector-based vaccines. Consideration such as potential toxicity (due to the expected broad distribution of products using this route)

have limited the use of this route. Interestingly, a more recent study by DeMaria et al., reported a good safety profile of MVA-BN-Brachyury-TRICOM vaccine injected by the i.v route in patients with advanced solid tumor in a phase I study. In addition, encouraging signs of vaccine activity (induction of immunogen-specific T cells) were also observed [START_REF] Demaria | Phase 1 open-label trial of intravenous administration of MVA-BN-brachyury-TRICOM vaccine in patients with advanced cancer[END_REF].

Currently, two additional clinical trials using a rMVA injected by the i.v route are ongoing. The recruitment of healthy volunteers to assess a rMVA-based malaria vaccine injected by i.v route is now completed (NCT03084289, NCT03707353). It will be important to closely follow these developments as they are supportive of using the i.v route for MVA-hIL-7-Fc in our first-inhuman clinical study.

The vectorization of hIL-7-Fc HDT using MVA confers attractive features compared to non-vectorized cytokines. The vectorized hIL-7-Fc showed a superior capacity to induce broader and longer-lasting immune activation in both spleen and lung of healthy and septic mice than the non-vectorized formulation. MVA-hIL-7-Fc injection resulted in higher circulating hIL-7-Fc levels and was able to increase the number of cells from myeloid lineage and NK cells. While the vectorized hIL-7-Fc favored induction of IFN-γ-producing cells, the soluble hIL-7-Fc formulation was found to increase TNF-α-producing cells. In addition, MVA-hIL-7-Fc conferred survival advantages in septic mouse models [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF]. Therefore, the preclinical study in mice supports the vectorized hIL-7-Fc compared to the non-vectorized formulation.

A potential limiting feature of the use of rMVAs is that a proportion of adult human population has a pre-existing immunity against the vector due to the smallpox vaccination campaign during the seventies. A systematic review reported a long-lasting immunity (> 20 years) with a persistence of neutralizing antibodies after smallpox vaccination. Particularly, neutralizing antibodies persist in individuals vaccinated in childhood. Authors estimated that around 20% of the population may have residual vaccine-induced immunity [START_REF] Kunasekaran | Evidence for Residual Immunity to Smallpox After Vaccination and Implications for Reemergence[END_REF]. However, the impact of pre-existing immunity on the efficacy of rMVA is still unclear. In animal models, some studies reported that pre-existing immunity had no effect on the humoral antibody response and/or cellular-mediated immunity or could impact either one or the other (Ramírez et al., 2000b;[START_REF] Sharpe | Induction of simian immunodeficiency virus (SIV)-specific CTL in rhesus macaques by vaccination with modified vaccinia virus Ankara expressing SIV transgenes: influence of pre-existing anti-vector immunity[END_REF][START_REF] Altenburg | Effects of pre-existing orthopoxvirus-specific immunity on the performance of Modified Vaccinia virus Ankara-based influenza vaccines[END_REF][START_REF] Kannanganat | Preexisting vaccinia virus immunity decreases SIV-specific cellular immunity but does not diminish humoral immunity and efficacy of a DNA/MVA vaccine[END_REF]. Recently, a phase IIb investigated a rMVA vaccine expressing influenza antigen in combination with annual influenza vaccine in elderly volunteers aged over 65 years expected to have pre-existing immunity. Authors reported an increased vaccine-specific T cell response 21 days post vaccination, but no increase in influenza specific antibody responses was observed compared to placebo. A lack of adjuvant effect or a poor response in elderly was concluded [START_REF] Butler | Efficacy and Safety of a Modified Vaccinia Ankara-NP+M1 Vaccine Combined with QIV in People Aged 65 and Older: A Randomised Controlled Clinical Trial (INVICTUS)[END_REF]. Therefore, the potential impact of pre-existing immunity of MVA-hIL-7-Fc should be evaluated in further clinical studies by the systematic documentation of antibodybaseline levels in sepsis patients. Moreover, knowing that MVA will ultimately induce neutralizing antibodies, the number of administrations of the MVA-hIL-7-Fc may have to be limited. Early data collected in the NHP study (Coupet et al., in press) indicate that anti-MVA neutralizing antibodies start to be detected about 5 days post i.v injection of MVA-hIL-7-Fc.

Our current clinical design is based on 2 injections of the MVA performed 5 days apart.

Interestingly, MVA-based vaccines developed by Transgene have been injected multiple times in patients with cancer or chronic HCV infection. These studies documented encouraging results with favorable impact on the primary clinical endpoint of the study and/or induction of immunogen-specific T cells following multiple injections of MVA-based therapeutic vaccines [START_REF] Di Bisceglie | Efficacy of immunotherapy with TG4040, peg-interferon, and ribavirin in a Phase 2 study of patients with chronic HCV infection[END_REF][START_REF] Tosch | Viral based vaccine TG4010 induces broadening of specific immune response and improves outcome in advanced NSCLC[END_REF].

Considerations for MVA-hIL-7-Fc clinical trial

The proof-of-concept studies of MVA-hIL-7-Fc in both human and animals (mice and NHP) models support its clinical development. Some considerations are required before launching the clinical trial. In sepsis clinic, numerous therapeutics have been assessed targeting the inflammatory phase, only a handful targeting the immunosuppressive phase of sepsis.

Currently no marketed product is available to treat sepsis-induced immunosuppression. In that phase of the disease, most of clinical trials are in early development phases (phase I/II). All immunostimulating molecules targeting this phase (e.g, IFN-γ, GM-CSF, IL-7, anti-PD-1/PD-L1, Tα1) are repositioned products that are on the market or are being developed in oncology or infectious diseases and consist of recombinant proteins or monoclonal antibodies. In contrast the MVA-hIL-7-Fc is a first-in-class product as it was designed specifically for the treatment of sepsis-induced immunosuppression. Our product introduces a novel platform, a viral vector, in the field of sepsis. It is possible that an injection of a viral vector to deliver a cytokine in immunosuppressed patients may worry physicians. A first step will be to communicate and explain to physicians the concept of "virotherapy" characterizing our approach. It will be key to explain that MVA is a safe non-replicative virus, widely used not only in healthy subjects (for the development of preventive vaccines) but also in immunosuppressed patients (such as in cancer patients under chemotherapies). In addition, it may be more optimal for our phase I to collaborate with clinical centers which are familiar with immunotherapies. With the recent wide use of mRNA technology and viral vectors (e.g., Adenovirus from chimpanzee, AZD1222 from AstraZeneca) in the development and marketing of COVID-19 vaccines, we could expect that acceptance will be easier.

An attractive feature of MVA-hIL-7-Fc is its capacity to reach the lung which is the main site of infection in sepsis [START_REF] Sakr | Sepsis in Intensive Care Unit Patients: Worldwide Data From the Intensive Care over Nations Audit[END_REF]. We showed that MVA-hIL-7-Fc injection increased total, activated, and functional lymphocytes in the lung of septic or naive mice [START_REF] Lélu | Viral Delivery of IL-7 Is a Potent Immunotherapy Stimulating Innate and Adaptive Immunity and Confers Survival in Sepsis Models[END_REF]. It was reported by Lehmann et al., that MVA induced CCL2/MCP-1 secretion contributing to the recruitment of leucocytes into the lung of infected naive mice [START_REF] Lehmann | Modified vaccinia virus ankara triggers chemotaxis of monocytes and early respiratory immigration of leukocytes by induction of CCL2 expression[END_REF]. However, careful monitoring of immune responses/inflammation induced by the MVA-hIL-7-Fc in the lung of sepsis patients should be performed in the future clinical development.

There is a very important and recognized heterogeneity in the sepsis clinic (including etiology of the infection, nature of the infectious agent, host' immune responses, etc...) (van der Poll et al., 2021). It is obvious that the most optimal selection of patients will be required to increase chances of success of our development. All clinical trials developed over the last 30 years in the sepsis clinic have failed in great part due to a lack of patient's stratification.

Currently, the sepsis-3 definition does not consider the heterogeneity of patients and the underlaying physiopathology. Many biomarkers have been investigated in sepsis physiopathology. Pierrakos et al.,identified 258 biomarkers of sepsis in their narrative review published in 2020 [START_REF] Pierrakos | Biomarkers of sepsis: time for a reappraisal[END_REF]. The use of biomarkers could help the physician to determine the right subset of patients (e.g, immunosuppressed patients, patients with immune defects related to the MVA-hIL-7-Fc MOA), the appropriate time of therapy administration, the most adapted therapy to use as well as to follow therapy efficacy more efficiently. For the clinical development of MVA-hIL-7-Fc, biomarkers of sepsis-induced immunosuppression will be the most relevant. In this section, I will only discuss some examples of biomarkers that could be of interest for the clinical development of MVA-hIL-7-Fc although many other are described.

MVA encodes a hIL-7-Fc cytokine which targets mostly T lymphocytes. Therefore, biomarkers related to lymphocyte alterations seem to be more rationale to identify immunosuppressed septic patients in which the therapy may benefit. Lymphopenia is a long term established feature of sepsis-induced immunosuppression. Studies have demonstrated that lymphopenia is associated with poor prognosis and might predict mortality [START_REF] Drewry | Persistent lymphopenia after diagnosis of sepsis predicts mortality[END_REF][START_REF] Tulzo | Early circulating lymphocyte apoptosis in human septic shock is associated with poor outcome[END_REF], Daix et al., 2018). The competitive soluble rhIL-7 CYT107 (developed by RevImmune) has been investigated in severe lymphopenic septic shock patients (Francois et al., 2018, NCT03821038, NCT02797431). Clearly, one of the inclusion criteria of patients in our phase I trial will be the lymphopenia defined by a specific threshold of circulating T lymphocyte count.

Although MVA encodes a cytokine targeting the adaptive side of immunity, we showed that the MVA vector stimulates innate immune cells and particularly monocytes. Hence, the inclusion of immunosuppressed septic patients also displaying innate immune alterations may be worthwhile to enroll in our trial. A relevant measure will be that of HLA-DR expression on monocytes of patients. Reduced mHLA-DR expression has been independently associated with nosocomial infection in septic shock patients [START_REF] Landelle | Low monocyte human leukocyte antigen-DR is independently associated with nosocomial infections after septic shock[END_REF][START_REF] Roquetaillade | Monitoring of circulating monocyte HLA-DR expression in a large cohort of intensive care patients: relation with secondary infections[END_REF].

In addition, this biomarker became more recently widely studied and accepted as a marker for sepsis-induced immunosuppression [START_REF] Monneret | How Clinical Flow Cytometry Rebooted Sepsis Immunology[END_REF]. In addition, low mHLA-DR expression has been used to select patients in GM-CSF and IFN-γ-based sepsis clinical trials or case series [START_REF] Meisel | Granulocyte-macrophage colony-stimulating factor to reverse sepsis-associated immunosuppression: a double-blind, randomized, placebo-controlled multicenter trial[END_REF][START_REF] Döcke | Monocyte deactivation in septic patients: restoration by IFN-gamma treatment[END_REF][START_REF] Payen | Multicentric experience with interferon gamma therapy in sepsis induced immunosuppression. A case series[END_REF]. While the current testing method, based on flow cytometry, is not a typical routine analysis in hospital settings, it could be standardized [START_REF] Demaret | Inter-laboratory assessment of flow cytometric monocyte HLA-DR expression in clinical samples[END_REF].

Another approach is to use functional assays to select patients. Functional tests are the gold standard since they directly measure the capacity of cells to respond to stimulation. In septic patients, a decrease in IFN-γ production by T cells is a feature of immunosuppression.

Mazer et al., documented that impaired IFN-γ production following TCR stimulation was associated with sepsis mortality (Mazer et al., 2021a). During my work, we showed that both septic shock and critically ill COVID-19 patients displayed reduced ELISpot IFN-γ production by T lymphocytes and that the MVA-secreted hIL-7-Fc improved this function [START_REF] Crausaz | A novel virotherapy encoding human interleukin-7 improves ex vivo T lymphocyte functions in immunosuppressed patients with septic shock and critically ill COVID-19[END_REF]. Therefore, ELISpot assay to quantity the capacity of T cells to produce IFN-γ could be used to select patients. Moreover, inclusion of T cell ELISpot IFN-γ measure in the immune monitoring of our clinical trial would be useful to determine evidence of activity of MVA-hIL-7-Fc. However, the main limitation of including functional tests for patients' selection is the lack of automatization and the necessary time to perform the assays which should deliver results within hours and not days (not an issue for immune monitoring which is not constraint by time issues).

Widely applied in other fields, implementation of transcriptomic or proteomic analysis to try and define signatures associated with (or predictive of) sepsis-induced immunosuppression is currently conducted. As an example, Davenport et al., identified two distinct sepsis gene signatures SRS1 and SRS2 using peripheral blood. SRS1 signature identifies patients with an immunosuppression phenotype which include genes associated to endotoxin tolerance, T cell exhaustion and downregulation of HLA-DR. Authors found that the SRS1 gene signature was associated with a higher mortality than SRS2 [START_REF] Davenport | Genomic landscape of the individual host response and outcomes in sepsis: a prospective cohort study[END_REF]. Another promising tool to stratify critically ill patients in ICU is the Immune Profiling Panel (IPP) using 16 biomarkers patients [START_REF] Tawfik | Immune Profiling Panel: A Proof-of-Concept Study of a New Multiplex Molecular Tool to Assess the Immune Status of Critically Ill Patients[END_REF]. The IPP-based approach if successful, would be useful to stratify patients according to their immune status.

In conclusion, a lot of efforts are ongoing to define biomarkers allowing either a prognostic enrichment or a predictive enrichment of patients for optimal inclusion in novel therapeutic trials in sepsis. Regardless of the nature of the therapeutic, these biomarkers need yet today to be validated in large prospective studies ideally taking place in different geographical locations. They would need to be rapidly implemented "at the patient's bedside"

i.e., with a simplified enough and affordable technology in hospital settings.

Perspectives

Concerning scientific perspectives, data on gene expression and cytokine/chemokine release in the three cell types following MVA-hIL-7-Fc infection are preliminary and requires additional experiments to be confirmed and if possible expanded. For example, it would be worth investigating different kinetics of infection or MOI in the three cell types to fully characterize the response to an MVA infection. Additional studies to determine the effect of the vectorized hIL-7-Fc on immunometabolic function of T cells or other subtypes of cells such as MAIT cells which play an important role in mucosal immunity of septic patients, would be interesting to implement [START_REF] Trivedi | Mucosal-associated invariant T (MAIT) cells mediate protective host responses in sepsis[END_REF]. Further studying the impact of the expressed hIL-7-Fc on NK cell functionality would be interesting since NK cells play a key role in antiviral immunity (Björkström et al., 2021). Although the IgG2 Fc displays a low affinity for Fcγ receptors, the potential immunomodulatory effect of this Fc fragment and its impact on IL-7 cytokine conformation should be performed in further studies.

Apart from sepsis-induced immunosuppression, the MVA-hIL-7-Fc could have different applications. Cancer and sepsis share common immunosuppressive mechanisms. Both are initiated by an antigenic stimulation which leads to immunosuppression to regulate the excessive inflammation. Both cancer and sepsis physiopathologies are characterized by an increase in T cell exhaustion associated with a decreased T cell function and increased expression of immune checkpoint receptors on T cells. In addition, the emergence of immunosuppressive cells such as Treg and MDSC contribute to the immunosuppressed phenotype of both types of patients [START_REF] Hotchkiss | Parallels between cancer and infectious disease[END_REF]. Therefore, rhIL-7 activity has been also investigated in cancer patients [START_REF] Trédan | ELYPSE-7: a randomized placebo-controlled phase IIa trial with CYT107 exploring the restoration of CD4+ lymphocyte count in lymphopenic metastatic breast cancer patients[END_REF][START_REF] Merchant | Adjuvant Immunotherapy to Improve Outcome in High-Risk Pediatric Sarcomas[END_REF][START_REF] Pachynski | IL-7 expands lymphocyte populations and enhances immune responses to sipuleucel-T in patients with metastatic castration-resistant prostate cancer (mCRPC)[END_REF]. MVA-hIL-7-Fc could be a valuable immunotherapy in oncology, in particular if administered directly in the tumor.

Another therapeutic option for the MVA-hIL-7-Fc is to treat immunosenescent patients.

With age, a gradual deterioration of immune function appears. Immunosenescence affects multiple cells including T lymphocytes [START_REF] Nguyen | Interleukin-7 and Immunosenescence[END_REF]. Due to its function on induction of naive CD4+ and CD8+ T lymphocyte proliferation, IL-7 is a potential candidate to rejuvenate the adaptive immune system of immunosenescent patients. Interestingly, immunosuppressed septic patients display characteristics of immunosenescence not systematically related to age.

These features include a low-grade chronic inflammation, loss of naive T cells, thymic atrophy, and decreased proliferation of T cells [START_REF] Monneret | How Clinical Flow Cytometry Rebooted Sepsis Immunology[END_REF][START_REF] Martín | Sepsis and Immunosenescence in the Elderly Patient: A Review[END_REF]. We showed in an early work that MVA-secreted hIL-7-Fc is capable of improving ex vivo T lymphocytes functions of hip fracture immunosenescent patients in the ImmunResQ program (Marton C, French society of immunology congress 2021). This data could be further consolidated in the future.
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  le mécanisme d'action de la cytokine IL-7. Le vecteur MVA a été très largement étudié dans de nombreux essais cliniques, incluant des patients immunodéprimés, et a été utilisé pendant la campagne de vaccination contre la variole dans les années 70. Comme le vecteur MVA a la capacité d'induire une réponse immunitaire innée, le vecteur MVA exprimant la cytokine IL-7 devrait avoir un mécanisme d'action plus large qu'une cytokine IL-7 non vectorisée. Ainsi, un vecteur MVA codant pour la cytokine IL-7 humaine fusionnée à un fragment d'immunoglobuline IgG2 Fc, le MVA-hIL-7-Fc a été développé pour restaurer à la fois le système immunitaire inné et adaptatif des patients sepsis immunodéprimés. L'objectif de ma thèse était de contribuer à la caractérisation du mécanisme d'action du MVA-hIL-7-Fc. Une première étude avait pour but de caractériser le mécanisme d'action du MVA-hIL-7-Fc dans des modèles de souris naïves et septiques. Nous avons tout d'abord montré que les cellules humaines et murines infectées avec le MVA-hIL-7-Fc produisaient une hIL-7-Fc fonctionnelle et active. Puis dans des souris naïves, nous avons vu que lorsque le MVA-hIL-7-Fc était injecté par voie intraveineuse, une meilleure pharmacocinétique et un nombre plus important de lymphocytes CD4+ et CD8+ activés dans les poumons et la rate étaient observés en comparaison avec une injection par voie intramusculaire. De plus, nous avons vu que le vecteur MVA vide était capable d'activer les cellules immunitaires innées, particulièrement les cellules Natural killer et d'induire la sécrétion de cytokines et chimiokines dans le sang des souris naïves. Le nombre de cellules myéloïdes et la polyfonctionalité des lymphocytes T étaient augmentés dans la rate et les poumons après une injection du MVA-hIL-7-Fc dans des souris naïves. De plus, la comparaison du MVA-hIL-7-Fc avec la protéine hIL-7-Fc soluble a montré que le MVA-hIL-7-Fc induisait une augmentation plus importante du nombre de cellules immunitaires (lymphocytes B, T Natural killer et cellules myéloïdes) et une fonctionnalité des lymphocytes T plus robustes et de plus longue durée que la protéine hIL-7-Fc à la fois dans des souris naïves et septiques. Une meilleure survie des souris septiques a également été observée après une seule injection de MVA-hIL-7-Fc en comparaison avec une seule injection de protéine hIL-7-Fc. Dans une deuxième étude, le mécanisme d'action associé à l'armement hIL-7-Fc a été évalué dans un modèle ex vivo de cellules de patients sepsis immunodéprimés incluant des patients en choc septique et des patients atteints de COVID-19 admis en réanimation. Il a été précédemment montré que le MVA était retrouvé majoritairement dans le foie, la rate et le poumon des souris injectées par voie intraveineuse. De plus le MVA induit l'apoptose in vitro des cellules qu'il infecte et n'infecte pas toutes les cellules mononucléées du sang périphérique. Ainsi, nous avons choisi d'utiliser un modèle indirect dans lequel nous avions étudié l'activité de l'hIL-7-Fc produite par des cellules humaines. Des cellules humaines (monocytes et hépatocytes) ont été infectées avec le MVA-hIL-7-Fc, le MVA vide et les surnageants de ces cellules ont été collectés pour la réalisation des études in vitro et ex vivo. Nous avons montré que l'hIL-7-Fc produite dans les surnageants d'hépatocytes et de monocytes est dimérique, glycosylée et fonctionnelle. Les surnageants d'hépatocytes contenant la plus grande quantité d'hIL-7-Fc en comparaison avec les surnageants des autres cellules ont été sauvegardé pour la réalisation des études ex vivo. Le statut immunitaire des patients en choc septique et des patients atteints de COVID-19 a été vérifié à jour 3 ou 4 après l'admission en soin intensifs. Les deux cohortes présentaient des caractéristiques d'immunosuppression comme une diminution de la production de cytokines et de la prolifération des lymphocytes T. Nous avons ensuite montré que l'hIL-7-Fc dans les surnageants était capable de restaurer les fonctions des lymphocytes T des deux cohortes. D'une part, l'hIL-7-Fc produite par le MVA était capable d'activer la voie de signalisation de l'IL-7 dans les lymphocytes T des patients en choc septique et COVID-19. D'autre part, l'hIL-7-Fc améliora la production d'IFN-γ et/ou de TNF-α par les lymphocytes T ainsi que la prolifération des lymphocytes CD4+ et CD8+ dans les deux cohortes de patients. Une troisième étude avait pour but de caractériser le mécanisme d'action du MVA-hIL-7-Fc et du MVA vide sur l'immunité innée dans un modèle in vitro de cellules humaines. Nous avons d'abord vérifié l'infectivité du MVA dans des lignées cellulaires de poumon, de foie et de monocyte. Puis nous avons comparé la sécrétion de cytokines (IFN-β, IL-6, IL-1β et TNFα) et chimiokines (CXCL8/IL-8, CXCL10/IP-10, CCL2/MCP-1, CCL3/MIP-1α) typiquement induites par le MVA d'après la littérature, dans des lignées cellulaires et des cellules primaires de même origine. Que ce soit par les hépatocytes ou les monocytes, la sécrétion de ces médiateurs de l'immunité innée était réduite voire inexistante après infection dans les lignées cellulaires comparé aux cellules primaires. Nous avons ensuite regardé la réponse innée suite à l'infection des deux MVA dans 2 à 3 donneurs de cellules primaires de poumon, foie et de monocyte à la fois par la quantification des cytokines/chimiokines sécrétées dans les surnageants et par une analyse du transcriptome des cellules. Le MVA-hIL-7-Fc et le MVA vide induisaient une augmentation de ces cytokines et chimiokines à la fois au niveau protéique et des ARNm par les cellules primaires de poumon et de monocytes alors que les hépatocytes ne répondaient peu ou pas. Suite à l'infection avec le MVA-hIL-7-Fc, les gènes associés à l'activation des cellules T (ex : CD2, Bcl-2) étaient différentiellement exprimés dans les monocytes et la production d'IFN-γ augmentées dans les surnageants. Ces études humaines et murines ont permis de caractériser le mode d'action du MVA-hIL-7-Fc. Le MVA-hIL-7-Fc a montré la capacité de stimuler à la fois les cellules immunitaires innées (monocytes, Natural killer) et adaptatives (lymphocytes T) et d'améliorer leur fonction. Ces données supportent le développement clinique du MVA-hIL-7-Fc pour restaurer l'homéostasie immunitaire des patients sepsis immunodéprimés.

  PD-1: programmed cell death protein PD-L1: programmed cell death ligand 1 PFU: plaque-forming unit p: transforming growth factor β TIM3: T cell immunoglobulin domain and mucin domain-containing protein 3 TIR: TLR3/TIR-domain containing adapter inducing interferon beta TRIF: Toll/IL1 receptor (TIR)-domain containing adapter inducing interferon beta TLR: toll-like receptors TNF: tumor necrosis factor TRAIL: TNF related apoptosis-
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 1 Figure 1: Age-standardized incidence of sepsis per 100,000 population in 2017 in function of sociodemographic index (SDI) by location and causes of sepsis.

  , an example of infographics "The hour-1 bundle" made by the SSC is presented and shows the emergency of sepsis and septic shock requiring rapid diagnosis and treatment. The committee provides recommendations concerning microbial diagnosis, antibiotic therapy and clinical management of septic patients and septic shock including fluid resuscitation and mechanical ventilation. However, those recommendations can be improved with additional studies and updated in the future. They classified recommendations according to quality of studies. Only the strong recommendations are presented here.
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 2 Figure 2: The hour-1 bundle from Surviving Sepsis Campaign (SSC).
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 3 Figure 3: Immune trajectories in sepsis.

C

  -type lectin receptors (CLR) are transmembrane proteins that recognize β-Glucan from fungi such as Dectin-1 or Dectin-2. Macrophage-inducible calcium-dependent lectin (Mincle) protein as CLRs recognizes spliceosome-associated protein 130 (SAP130), a nuclear protein released from necrotic dying cells acting as DAMP.
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 4 Figure 4: Transmembrane and cytoplasmic receptors recognizing pathogen associated molecular patterns (PAMPs) and danger associated molecular patterns (DAMPs) trigger an inflammatory response.

  DAMPs or PAMPs by PRRs leads to activation of multiple signaling pathways involved in gene expression of inflammation, adaptive response and metabolism. Activation of PRRs results in phosphorylation of mitogen-activated protein kinases (MAPKs) or Janus kinase (JAKs) or signal transducer and activators of transcription (STATs) and nuclear translocation of nuclear factor κB (NF-κB). Activation of NF-κB induces the expression of inflammatory cytokines (e.g., tumor necrosis factor (TNF), interleukin 1β (IL-1β), IL-12 and IL-18) and type I interferon (IFN). The release of these cytokines triggers induction of other inflammatory cytokines such as IL-6, IL-8, IFN-γ and CC-chemokine ligand 2 (CCL2), CCL3
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 5 Figure 5: Related activation of coagulation and complement leads to excessive activation resulting in an increased inflammatory state in sepsis.
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 6 Figure 6: Extrinsic and intrinsic "mitochondrial" apoptotic signaling pathway.
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 7 Figure 7: Innate and adaptive immune alterations during sepsis.

  patients have been described in critically ill COVID-19 patients. Neutrophilia with increased immature CD10 low CD16 low neutrophils, emergency myelopoiesis and impaired functionality were described in severe COVID-19 patients (Covid-19 Multi-omics Blood Atlas (COMBAT) consortium, 2022; Schulte-Schrepping et al., 2020).

  key mediators of the adaptive immune response. They recognize MHC and costimulatory molecules that trigger their differentiation into effector cells using their antigen-recognizing T cell receptor (TCR). T lymphocytes are composed of two subsets: CD4+ and CD8+ T cells. CD4+ T cells can recognize exogenous antigens presented by MHC class molecules. CD4 T helper cells are subdivided into different types according to their specific function and cytokine production. CD8+ T lymphocytes recognize endogenous antigens presented by MHC class I molecules and can kill target cells by the induction of apoptosis via release of specific proteins (perforin and granzyme). During sepsis, both CD4+ and CD8+ T lymphocytes are affected by the sepsis-induced immunosuppression. Particularly, lymphopenia, T cell exhaustion, phenotyping alterations, altered T cell receptor repertoire, functional alterations and metabolic dysfunction are the main features of T lymphocytes during immunosuppression.
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 8 Figure 8: Persistent lymphopenia at day 4 predicts early and late mortality.
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 9 Figure 9: Metabolic regulation in resting and activated lymphocytes.

  Another promising immunostimulating therapy to reverse immunosuppression post sepsis is IL-15. IL-15 is expressed by a wide range of cells including monocytes, macrophages, DCs, fibroblasts, epithelial cells but not by T cells. IL-15 plays a role in the maturation and homeostasis of naive CD8 T cells, memory T cells, NK cells and for DCs priming[START_REF] Patidar | Interleukin 15: A key cytokine for immunotherapy[END_REF].Inoue et al., reported that IL-15 injected 30 min, 24 h, and 48 h after the sepsis induction, improved survival in two models of sepsis: one induced by CLP and the other by Pseudomonas aeruginosa inhalation.[START_REF] Inoue | IL-15 prevents apoptosis, reverses innate and adaptive immune dysfunction, and improves survival in sepsis[END_REF]. IL-15 therapy prevented CD4+, CD8+, NK cells and DCs from sepsis-induced apoptosis illustrated by reduced TUNELpositive cells. Similarly, IL-15 was shown to modulate expression of the Bcl-2 family protein in favor of immune cells protection from apoptosis by reducing Puma and BIM pro-apoptotic protein expression and inducing Bcl-2 anti-apoptotic protein expression. In addition, IL-15 therapy increased cell proliferation of CD8+ and NK cells with an increased Ki67 expression, a surrogate marker of proliferation, in both sham and CLP mice. In another peritonitis septic model, cecal slurry, IL-15 was tested in both young and aged mice[START_REF] Saito | IL-15 Improves Aging-Induced Persistent T Cell Exhaustion in Mouse Models of Repeated Sepsis[END_REF]. IL-15 increased percentage of CD4+ T cells in the blood of aged septic mice while percentage of naive CD4+ T cells was increased in both IL-15 treated young and aged septic mice. In addition, IL-15 therapy prevented T cell exhaustion in aged septic mice, illustrated by a decreased PD-1 expression on CD4+ and CD8+ T cells compared to untreated mice. Frequency of circulating macrophages and their phagocytic activity were increased after IL-15 treatment in aged septic mice compared to untreated mice. Despite encouraging immune restoration of aged septic mice by IL-15 therapy, survival of aged septic mice was improved by IL-15 but did not reach statistical significance.
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 1010 Figure 10: Summary of immunostimulating therapies and their effects on immune cells of septic patients.

  IFN-γ administration (s.c injection 100μg daily for 3 days) resulted in a rapid increase in mHLA-DR expression, recovery of invasive bloodstream infection in a multidrug-resistant superinfected COVID-19 patient with ARDS and the patient was finally discharge from ICU[START_REF] Grimm | Case Report: Interferon-γ Rescues Monocytic Human Leukocyte Antigen Receptor (mHLA-DR) Function in a COVID-19 Patient With ARDS and Superinfection With Multiple MDR 4MRGN Bacterial Strains[END_REF]. Severe COVID-19 pneumonia can require extended mechanical ventilation which increases susceptibility of secondary ventilated-associated pneumonia (VAP). In case series with VAP in COVID-19 patients, Nguyen et al., described an increased mHLA-DR expression in all patients and increased lymphocyte count in most of them after IFN-γ injection (100μg daily for 5 days). Half of patients improved their respiratory condition and were finally discharge from ICU(Nugyen et al., 2021). One study reported IFN-γ therapy (100µg by s.c route thrice weekly) in 5 immunocompromised critically ill COVID-19 patients with previous transplantation or known immunodeficiency. In addition to a safe administration, after IFN-γ therapy the viral load of SARS-CoV-2 decreased and most of patients recovered[START_REF] Van Laarhoven | Interferon gamma immunotherapy in five critically ill COVID-19 patients with impaired cellular immunity: A case series[END_REF]. Very recently, a critically ill COVID-19 patient with pulmonary aspergillosis and cerebral mucormycosis was treated with IFN-γ (100mg s.c injection 3 times a week for 1 month) in combination with nivolumab (2 intravenous injection at 3mg/kg) and antifungal therapy. After 2 weeks of treatment, the percentage of both CD4+ and CD8+ cells

Thymosin α 1

 1 Thymosin α1 (Tα1) is a peptide secreted by thymic epithelial cells and was originally isolated from thymus. Tα1 can modulate T cell mediated immune responses via differentiation and maturation of T cells. Tα1 activates innate effector cells such as DCs and macrophages.Tα1 can upregulate the expression of TLR2 and TLR9 on DCs contributing to an improved differentiation and activations of DCs. In addition, Tα1 was shown to induce the production of IL-2, IL-10, IL-12, IFN-α and IFN-γ production[START_REF] Dominari | Thymosin alpha 1: A comprehensive review of the literature[END_REF]. Therefore, Tα1 may reverse the immunosuppression of sepsis patients by stimulating innate and adaptive immune cells.

  It is expected to have 3 N-glycosylation sites (Asparagine position 70, 91, 116) and one O-glycosylation site (Threonine 110) (Uniprot prediction).
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 11 Figure 11: Localization of IL-7 production in the human body.

IL- 7

 7 binds to its membrane receptor composed of a heterodimeric complex with the IL-7Rα, known as CD127, (encoded by IL7R gene) and the common γ-chain, known as CD132, (encoded by the IL2RG gene) shared with the receptors for IL-2, IL-4, IL-9, IL 
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 12 Figure 12: IL-7 is required for the development of B, T, and innate lymphoid cells.
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 13 Figure 13: IL-7 signaling pathway leads to increase survival and proliferation of T cells.

Table 4 :

 4 Ongoing clinical trials assessing rhIL-7 (https://www.clinicaltrials.gov/) Eighteen clinical trials using rhIL-7 are currently ongoing and recruiting patients according to clinicaltrials.gov. CY107 is a glycosylated rhIL-7 developed by RevImmune and NT-I7 is a rhIL-7 fused to a hybrid IgD/IgG4 fragment crystallizable developed by NeoImmuntech. rhIL-7 is injected mostly by intramuscular (i.m) route and in one clinical trial by subcutaneous (s.c) route. PML: progressive multifocal leukoencephalopathy; HIV: human immunodeficiency virus; NSCLC: Non-Small Cell Lung Cancer; HPV: human papillomavirus; HNC: Head and neck cancer; COVID-19: coronavirus disease 19; Pembrolizumab: anti-PD-1; Atezolizumab: anti-PD-L1; Nivolumab: anti-PD-1; Bevacizumab: anti-Vascular Endothelial Growth Factor; CAR: Chimeric Antigenic Receptor; HBV: hepatitis B, HBA: hepatitis A.

  recombinant IL-7 has been evaluated in clinical trials to treat HIV-infected patients with reduced CD4+ T cell counts. In a phase I/IIa, Lévy et al., assessed two doses of the nonglycosylated rhIL-7 produced in E. coli (CYT99 007, s.c injection of 3 or 10µg/kg 3 times per week over a 16-day period rhIL-7) in 14 HIV-1 infected patients with low CD4+ cell count (between 100 and 400 CD4+ cells/μL). At day 28 following the beginning of rhIL-7 therapy, an increase in CD4+ and CD8+ cell counts with a dose-dependent manner were reported. For the highest dose (10μg/kg), an increase of 212% and 206% from baseline were observed in CD4+ and CD8+ cell count at day 28. In addition, T cell count remained high for up to 45 weeks after rhIL-7 therapy ending. Naive and central memory CD4+ and CD8+ T cell counts were increased at day 28 with the highest dose of rhIL-7 while only CD4+ subsets were increased with both doses of rhIL-7. Despite no difference of T cell proliferation, rhIL-7 therapy increased frequency of CD4+ or CD8+ Ki67 positive cells with the highest dose of rhIL-7.

(

  mCRPC) patients. Sip-T is a therapeutic autologous cellular vaccine directed against prostatic acid phosphatase (PAP) which was approved by FDA in 2010. The study aimed at combining sip-T therapy with rhIL-7 to improve immune response of mCRPC patients and clinical outcomes. Twenty-six patients received sip-T and rhIL-7 (injected by s.c route at 10µg/kg weekly for 4 total doses) while 28 patients received only sip-T therapy. Importantly, rhIL-7 therapy was well tolerated. As observed in previous study, rhIL-7 therapy induced an improvement of T lymphocyte (both CD4+ and CD8+ cells) count at week 6 and 11 and CD56 bright NK cells count at week 6 compared to the control group. High dimensional cyTOF analysis in 8 patients of both cohorts showed that rhIL-7 decreased PD-1 expression on CD4+ and CD8+ cells at week 6 while a higher PD-L1 expression was observed on CD4+, CD8+ and NK cells. Despite no response detected from IFN-γ ELISpot, intracellular cytokine production including IFN-γ, TNF-α, IL-2 and IL-6 by CD4+ T cells was increased following rhIL-7 therapy. However, antigen-specific T cell proliferation and humoral IgG and IgG/IgM responses increased over time in patients treated with rhIL-7. Finally, prostate acid phosphatase doubling times of > 6 months was higher in the rhIL-7-treated group suggesting a beneficial clinical effect of rhIL-7[START_REF] Pachynski | IL-7 expands lymphocyte populations and enhances immune responses to sipuleucel-T in patients with metastatic castration-resistant prostate cancer (mCRPC)[END_REF].

  30µg/kg) of glycosylated rhIL-7 (CYT107, s.c injection weekly for 3 doses) in 12 TCD allo-HSCT patients was performed. Overall, rhIL-7 therapy was well tolerated, only one patient developed acute skin graft-versus-host disease. In all lymphopenic patients, rhIL-7 administration increased 6.1fold CD4+, and 4.3-fold CD8+ T cells count compared to baseline. For both CD4+ and CD8+ cells, rhIL-7 improved the absolute number of effector memory cells. No effect on thymic output neither Bcl-2 or Ki-67 expression was reported. An increase in T cell response to PHA was detected in 7 patients. In addition, rhIL-7 therapy enhanced TCR diversity in 7 patients

Figure 14 :

 14 Figure 14: rhIL-7 (CYT107) improves both CD4+ and CD8+ lymphocyte count and proliferation.

  19 patients.Monneret et al., compassionate use in a lymphopenic critically ill COVID-19 patient without comorbidities. The patient developed ARDS during ICU stay followed by VAP. In addition, immunological parameters analysis from day 0 to day 24 post-ICU admission revealed that the patient was deeply lymphopenic and displayed reduced mHLA-DR expression. Thus, rhIL-7 therapy was initiated. Only transient skin rash was reported during the treatment. Both lymphocyte count and mHLA-DR expression were improved after rhIL-7 therapy initiation followed by a negative PCR. The clinical status of the patient improved with the end of mechanical ventilation on day 40. Unfortunately, acute kidney injury was diagnosed on day 45 leading to patient death on day 46(Monneret et al., 2020).Another case study described that rhIL-7 therapy was associated with a clinical improvement and T lymphocyte functions in a lymphopenic critically ill COVID-19 patient. A first dose of rhIL-7 (CY107) was given by i.m route at a dose of 3µg/kg and continued at 10 µg/kg for 2 additional doses. The patient displayed altered T lymphocyte functions illustrated by a suppressed IFN-γ production by T cells. After rhIL-7 therapy, the clinical status of the patient improved with discontinued mechanical ventilation on day 15. In addition, the absolute lymphocyte count increased 10-fold associated with an improved IFN-γ production. The level of IL-6 in serum was decreased after rhIL-7 therapy. The patient was discharged to home on day 24. Despite no comorbidities diagnosed, the patient displayed loss of function of a specific gene involved in TLR3 responses associated with dysfunctional type I interferon antiviral response which may have been linked to COVID-19 severity[START_REF] Mazer | Interleukin-7 Reverses Lymphopenia and Improves T-Cell Function in Coronavirus Disease 2019 Patient With Inborn Error of Toll-Like Receptor 3: A Case Report[END_REF].A case study described rhIL-7 compassionate use in 12 critically ill COVID-19 with severe lymphopenia in comparison with 13 control patients. No exacerbation of inflammation

4 .

 4 Vectorized immunotherapy: Modified Vaccinia Virus Ankara a. History and origin of MVAModified vaccinia virus Ankara (MVA) is a highly attenuated strain of vaccinia. The ancestor vaccinia virus strain Ankara was initially produced on the skin of calves and donkeys at the Turkish vaccine Institute of Ankara. In 1953, this strain was brought in Germany. Herrlich and Mayr cultivated the strain on the chorioallantois membranes of embryonated chicken eggs and therefore developed the chorioallantois vaccinia virus Ankara (CVA). Following 371 passages of CVA in primary chicken embryo fibroblasts (CEF), Mayr and Munz reported that MVA displayed an infection phenotype with restricted host cell tropism. In 1968 after the 516 th on CEF, it was renamed Modified vaccinia virus Ankara. Originally, MVA was generated for smallpox eradication vaccination campaign to obtain a safer vaccine. In 1970, the first clinical trial in 107 individuals for primary vaccination demonstrated that minor local reaction developed at the site of infection. In addition, no smallpox-related symptoms were reported.However, no circulating antibodies directed against the hemagglutination by conventional vaccinia virus were reported. Thus, a secondary immunization associated with typical skin reaction of smallpox vaccination supported the further clinical development of MVA as smallpox vaccine. Until 1980, MVA vaccine was administrated in more than 120 000 humans without severe adverse effect. In 1979, the WHO recommended to stop the vaccination against smallpox in all countries. In addition, in 1980 global eradication of smallpox was officially certified by the WHO(Volz and Sutter, 2017).b. Genome and replication of MVAGenome of MVA MVA belongs to the family of poxviridae and genus orthopoxvirus. MVA is a large enveloped and double-stranded linear DNA virus. The sequence of the DNA virus is composed of 178kbp encoding more than 100 proteins. Genome analysis using restriction enzymes revealed 6 major deletions in the MVA genome compared with CVA. MVA genome is characterized by a loss of 30kpb which corresponds to 15% of the ancestral genome. Three deletions are located in the left terminal region, two in the central conserved region and one in the right terminal region of the MVA genome

  . After virus entry early genes are transcribed and translated into proteins involved in host-cell interactions and in viral DNA synthesis. It occurs in a juxtanuclear factory area known as "poxvirus factories" enclosed by the rough endoplasmic reticulum. Subsequently, intermediate and late viral genes are transcribed to produce structural proteins, enzymes and early transcription factors which are incorporated into virus particles. Viral DNA is incorporated into mature virions which mature into IMVs. IMVs are wrapped by a double membrane derived from the trans-Golgi to form intracellular enveloped virions (IEV). IEVs are pushed to cell surface by polymerization of actin filament and fused with the host cell membrane and form cell-associated enveloped virions after loss of their outer membrane. They become EEVs by detaching from the cell membrane. Upon passage of MVA on CEF culture, MVA lost the capacity to replicate into human cells. MVA replication in non-permissive cells
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 15 Figure 15: Modified vaccinia virus life cycle.

  Induction of innate responses by monocytes/macrophages Lehmann et al., conducted chemotaxis study in human monocytes, in the monocytic human ThP1 cell line and in mice. MVA-infected ThP1 cells released soluble chemotaxis factors. After protein analysis, authors reported an upregulation of growth regulated oncogene GRO (known also as CXCL1/CXCL2/CXCL3), IL-8 (CXCL8), monocyte chemoattractant protein 1 MCP-1 (CCL2), macrophage inflammatory proteins MIP-1β (CCL4), eotaxin 2 (CCL24) and interferon gamma-induced protein 10 IP-10 (CXCL10) in cell supernatants compared to uninfected cells. MVA infection transiently induced MCP-1, macrophage inflammatory protein-1α MIP-1α (known as CCL3), MIP-1β and IP-10 mRNA in ThP1infected cells with a peak of expression observed at 6h p.i. Similarly, authors found that in bronchoalveolar lavage (BAL) fluid of mice inoculated by the i.n route, MIP-1α, MIP-1β, MCP-
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 16 Figure 16: Infection of monocytes/macrophages and DCs results in innate mediator secretion.

Table 5 :

 5 Ongoing clinical trials assessing MVA (https://www.clinicaltrials.gov/). Twenty-eight clinical trials using MVA are currently ongoing/recruiting patients. Routes of injection are presented: intramuscular (i.m.), subcutaneous (s.c.), intratumoral (i.t.) or inhalation. MVA is used alone, in combination or as prime or boost to prevent or treat infectious disease or cancer. CMV: cytomegalovirus, SARS-CoV-2: severe acute respiratory syndrome coronavirus 2, MERS: Middle East Respiratory Syndrome, RSV: Respiratory syncytial virus, HIV: human immunodeficiency virus, HPV: human papillomavirus, HBV: Hepatitis B virus ChAd: chimpanzee adenovirus; GAd: Great Ape adenovirus, Ad26: adenovirus type 2, FPV: fowl pox virus.
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 17 Figure 17: MVA-hIL-7-Fc expected mechanism of action.

  Lélu K, Dubois C, Evlachev A, Crausaz M, Baldazza M, Kehrer N, Brandely R, Schlesinger Y, Silvestre N, Marchand J-B, Bastien B, Leung-Theung-Long S, Unsinger J, Martin P, and Inchauspé G. Viral delivery of IL-7 is a potent immunotherapy stimulating innate and adaptive immunity and confers survival in sepsis models. J Immunol (2022) 209:99-117. doi: 10.4049/jimmunol.2101145 In this study, I contributed to the in vitro characterization of MVA-hIL-7-Fc in primary murine hepatocytes and human A549 cell line (Figure 1 of the article) as well as to discussions with colleagues along the course of the project.

  assessment of MVA-hIL-7-Fc on human cells from septic shock and critically ill COVID-19 patients Crausaz M, Monneret G, Conti F, Lukaszewicz A-C, Marchand J-B, Martin P, Inchauspé G and Venet F. A novel virotherapy encoding human interleukin-7 improves ex vivo T lymphocyte functions in immunosuppressed patients with septic shock and critically ill COVID-19. Front. Immunol. (2022) 13:939899. doi: 10.3389/fimmu.2022.939899 Background Both critically ill COVID-19 and sepsis patients share similarities in the immune response induced by the infecting pathogens. MVA-hIL-7-Fc showed potent activities on both innate and adaptive immunities and conferred survival advantages in murine sepsis models. Ex vivo human studies are warranted to characterize its activity on human cells from septic patients.Description of the study and main resultsFollowing an i.v injection, MVA is expected to infect a broad range of organs including liver, lung and spleen. It is known that MVA does not infect all PBMCs (e.g., lymphocytes) and induces apoptosis of infected cells. Thus, we chose an indirect approach using a surrogate human model to analyze the effect of the MVA-expressed hIL-7-Fc on immune cells. Human cells were infected with MVA-hIL-7-Fc or with an empty MVA and cell supernatants were harvested for in vitro and ex vivo studies. First, we aimed at characterizing in vitro MVAsecreted hIL-7-Fc properties in primary cells and cell lines from hepatic and monocytic origins.All tested MVA-infected human cells secreted a dimeric, glycosylated, and functional hIL-7-Fc. Primary human hepatocytes displayed higher hIL-7-Fc quantities in supernatant than other cells. Secondly, it was important to determine the immune status of both septic shock and critically ill COVID-19 patients prior to analyzing effects the secreted hIL-7-Fc. Whole blood from 15 septic shock and 30 COVID-19 patients at 3-or 4-days post ICU admission and 36 healthy donors was collected. Both septic shock and critically ill COVID-19 patients displayed features of immunosuppression as illustrated by a reduced cytokine production and proliferation of both CD4+ and CD8+ T cells. We next assessed whether the MVA-secreted hIL-7-Fc could improve T cell functions of both cohorts. Cell supernatants containing hIL-7-Fc triggered the IL-7 pathway illustrated by increased STAT5 phosphorylation in CD3+ lymphocytes of both patient's cohorts and healthy donors. The MVA-secreted hIL-7-Fc enhanced IFN-γ and/or TNF-α production as well as T lymphocyte proliferation after TCR stimulation in both septic shock and critically ill COVID-19 patients. Conclusion This bridging study demonstrated the capacity of MVA-hIL-7-Fc to restore ex vivo T lymphocyte functions in immunosuppressed critically ill COVID-19 and septic shock patients. Along with the preclinical evaluation in mice, this study supports the clinical development of the novel MVA-hIL-7-Fc-based virotherapy to restore immune homeostasis of sepsis patients.
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 2 FIGURE 2 Patients with septic shock and COVID-19 in ICU are immunosuppressed and share T lymphocyte dysfunctions. The cytokine production and proliferation capacities of immune cells from patients (P) with septic shock and COVID-19 collected 3 or 4 days following ICU admission as well as and healthy volunteers (HVs) were analyzed using functional assays. (A) Numbers of single-TNF-a, single-IFN-g, and double-IFN-g-TNF-a spots per millions of PBMCs produced following overnight stimulation with anti-CD3 and anti-CD28 antibodies measured by ELISpot assay using PBMCs of patients with septic shock (n = 7) and COVID-19 (n = 6) or HVs (n =12). (B) Percentages of Edu+ CD3+ T cells following 3 days of PBMCs culture with anti-CD2-CD3-CD28 antibody-coated beads or phytohemagglutinin (PHA) at 4 mg/ml measured by flow cytometry in septic shock (n = 7) and COVID-19 (n = 9) patients or HVs (n = 16). (C) Percentages of Edu+ CD4+ or Edu+ CD8+ cells following 3 days of PBMCs culture with anti-CD2-CD3-CD28 antibody-coated beads (ratio 1:1) measured by flow cytometry in patients with septic shock (n = 7) and COVID-19 (n = 9) and HVs (n = 16). Data are represented as Tukey box plot. The non-parametric Mann-Whitney test was performed to compare HVs and patients. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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 3 FIGURE 3 The MVA-secreted hIL-7-Fc restores ex vivo T lymphocyte function of patients with septic shock and COVID-19 at day 3 or 4 after ICU admission. (A) Total median of fluorescence (MFI) of pSTAT5 in CD3+ T cells measured by flow cytometry. Whole blood cells of patients with septic shock (n = 6) and COVID-19 (n = 11) were stimulated for 10 min with diluted supernatant from MVA-hIL-7-Fc (M-hIL-7-Fc-SN) and empty MVA (M-empty-SN) infection and rhIL-7 at 100 ng/ml as positive control. (B) Number of single-TNF-a, single-IFN-g, and double-IFN-g-TNF-a spots per millions of PBMCs. PBMCs of patients with septic shock (n = 7) and COVID-19 (n = 8) were stimulated overnight with anti-CD3 and anti-CD28 antibodies (basal condition of cytokine production) in addition to M-hIL-7-Fc-SN or M-empty-SN or rhIL-7 at 100 ng/ml. Number of spots were normalized using the basal condition. Percentage of Edu+ CD3+ T cells (C) and of Edu+ CD4+ or Edu+ CD8+ T cells (D), measured by flow cytometry. PBMCs of patients with septic shock (n = 7) and COVID-19 (n = 9) were stimulated for 3 days using anti-CD2-CD3-CD28 antibody-coated beads (ratio 1:1) in addition to M-hIL-7-Fc-SN or M-empty-SN or rhIL-7 at 100 ng/ml. Data are represented as Tukey box plot. The non-parametric Friedman test followed by Dunn post hoc test for multiple comparisons was performed to compare all the conditions. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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 183 Figure 18: MVA-secreted hIL-7-Fc enhances T cells related cytokine production.

Figure 19 :

 19 Figure 19: MVA-GFP infection results in GFP expression in all cell lines albeit with a different cell viability.

Figure 20 :

 20 Figure 20: MVA-hIL-7-Fc and/or empty MVA infections result in higher cytokine and chemokine levels in primary hepatocytes than in HepG2 cells.

Figure 21 :

 21 Figure 21: MVA-hIL-7-Fc and/or empty MVA infections result in higher cytokine and chemokine levels in primary monocytes than in ThP1 cells.
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 22 Figure 22: MVA-hIL-7-Fc and empty MVA infections of A549 cells result in modulation of IFN-β, IL-1β, IL-6, IL-8, IP-10, MCP-1 and MIP-1α levels.

Figure 23 :

 23 Figure 23: The innate immune response upon MVA-hIL-7-Fc and empty MVA infection differs between the three cell types.

Figure 24 :

 24 Figure 24: The innate immune response upon MVA-hIL-7-Fc and empty MVA infection differs between the three cell types.

  Due to a slight impact of the different medium used in the culture of the different cell types on cytokine/chemokine quantification, only a qualitatively analysis can be assessed. Overall, low levels of cytokines and chemokines (except for IL-8) were produced by hepatocytes compared to monocytes or pulmonary cells. The innate immune response induced in the three cell types by the two MVAs differs suggesting that each organ is characterized by a specific and local pattern of cytokine/chemokine secretion related to either the unarmed MVA and/or MVA-hIL-7-Fc infection.Overall, these data confirmed that in primary monocytes both MVA infections induce an increase in IFN-β, TNF-α, IL-1β, IL-6, IL-8, IP-10, MIP-1α while a reduced secretion of MCP-1 was observed. Empty MVA infection was associated with higher increase levels of all tested cytokines/chemokines than after MVA-hIL-7-Fc infection. IFN-γ secretion was only induced upon MVA-hIL-7-Fc infection. In primary hepatocytes, the lack of homogeneity among donors and/or the low level of produced cytokines/chemokines did not allow to conclude on the modulation of these innate immunity mediators. Only a decrease in MCP-1 secretion was observed after both MVA-hIL-7-Fc and empty MVA infections in these cells. Interestingly, both MVA-hIL-7-Fc and empty MVA infections resulted in increase in all analyzed cytokines/chemokines secreted by pulmonary cells.Comparison of transcriptome following MVA-hIL-7-Fc or empty MVA infections in different donors of primary monocytes, hepatocytes, and pulmonary cellsThe aim of our study was to determine differentially expressed genes (DEG) upon MVA-hIL-7-Fc or empty MVA infection in the three cell types and analyze specifically gene expression associated to the innate immune response. Unbiased principal component analysis (PCA) revealed a clear separation independent of the cell type between infected and uninfected cells (Figure25).

Figure 25 :

 25 Figure 25: Principal Component Analysis reveals a clear separation of infected and uninfected cells from hepatic, pulmonary or monocytic origins.

Figure 26 :

 26 Figure 26: MVA-hIL-7-Fc infection results in increased expression of hIL-7-Fc gene and IL7R gene is differentially expressed among the three cell types.

Figure 27 :

 27 Figure 27: The hIL-7-Fc arming induces a modulation of gene expression only in monocytes.

Figure 28 :

 28 Figure 28: Each cell type displays a specific GO term enrichment.

Figure 29 :

 29 Figure 29: MVA-hIL-7-Fc infection results in upregulation of genes involved in T cell activation in monocytes.

Figure 30 :

 30 Figure 30: Pulmonary cells and monocytes overexpress genes associated with innate immunity upon MVA-hIL-7-Fc and empty MVA infections.

  , I studied the MOA of MVA-hIL-7-Fc in surrogate human models using cells from septic shock and critical COVID-19 patients. MVA-secreted hIL-7-Fc was shown to be glycosylated, dimeric and functional in both human cell lines and human primary cells from monocytic and hepatic origins. The immune status of septic shock and critically ill COVID-19 patients was analyzed at day 3 or 4 post ICU admission. Both cohorts displayed features of immunosuppression illustrated by a reduced capacity of T lymphocytes to produce cytokine (IFN-γ and/or TNF-α) and a reduced proliferation of both CD4+ and CD8+ lymphocytes. Interestingly, hIL-7-Fc containing-supernatants from cells infected by MVA-hIL-7-Fc displayed the capacity ex vivo to trigger the IL-7 pathway in T lymphocytes from patients of both cohorts. In addition, MVA-secreted hIL-7-Fc enhanced T lymphocyte functions as shown by the increased capacity to produce IFN-γ and/or TNF-α and an enhanced proliferative capacity of both CD4+ and CD8+ T lymphocytes for both studied cohorts.

  characteristics could be explained by the different time of sampling (ICU admission versus day 3-4 post-admission) and the severity of sepsis as Remy et al., enrolled all sepsis patients while we enrolled only septic shock patients. Another original and recent study assessed the capacity of rhIL-7 to improve IFN-γ production by lymphocytes longitudinally in both hospitalized COVID-19 and bacterial sepsis patients. Patients' PBMC obtained from day 1, 4 and 7 post

  which reside in the intestinal mucosa and play a role in the first defense against pathogens during sepsis (Andreu-Ballester et al., 2013). Early unpublished data showed that MVA-hIL-7-Fc can increase the number of splenic γδ T cells in a single-hit CLP model (Collaboration with Pr R Hotchkiss).

  engineered to co-express immune HDTs. For example, rMVA expressing co-stimulatory molecules or cytokines to improve the specific targeted tumor immune response in cancer or to boost vaccination in infectious diseases have been described. A rMVA expressing MUC1, and the IL-2 cytokine (TG4010) was developed by Transgene to induce cellular immune responses against tumor cells expressing MUC1 in patients with non-small cell lung cancer. TG4001, a rMVA expressing HPV proteins and IL-2 is currently under investigation in a phase II in combination with Avelumab (anti-PD-L1 antibody) to treat patients with metastatic HPV-16 positive advanced malignancies (NCT03260023). Recently, a rMVA expressing the costimulatory CD40 ligand and tumor-associated antigens developed by Bavarian Nordic demonstrated an improved survival and growth control associated with an expansion of tumorspecific CD8+ T cells in mice with different tumor models (Medina-Echeverz et al., 2019).

  rMVA or DNA vectors expressing IFN-γ and IL-12 in combination with MVA encoding the envelop protein of HIV1 in different immunization schedules. Both MVA-IFN-γ and MVA-IL-12 induced a peak of cytokine production 6h p.i in mice serum. Co-administration of MVA-IFN-γ or MVA-IL-12 with a rMVA encoding HIV1 antigens resulted in 2-or 3-fold increase in HIV-specific CD8+ T cell responses. When priming was performed with DNA vectors, it was further enhanced. However, co-administration of MVA-IFN-γ and MVA-IL-12 has no synergistic or additive effect on HIV specific CD8+ T cell responses[START_REF] Abaitua | Improving recombinant MVA immune responses: potentiation of the immune responses to HIV-1 with MVA and DNA vectors expressing Env and the cytokines IL-12 and IFN-gamma[END_REF].

(

  mRNA) focused on immune parameters which are directly evaluated from patients' whole blood. The mRNA expression is semi-quantified using the FilmArray technology a fully automated multiplex-nested quantitative Polymerase chain reaction (qPCR) in less than one hour. The 16 biomarkers target monocyte anergy, antigen presentation, lymphocyte exhaustion, cytokines, and regulatory pathways. The clinical evaluation of IPP on 20 septic shock patients resulted in modulation of immune genes that could differentiate three different profiles: healthy volunteers, intermediate mHLA-DR septic shock patients and low mHLA-DR septic shock

  

  

  

  

  

  

  

Table 4 :

 4 Ongoing clinical trials assessing rhIL-7 (https://www.clinicaltrials.gov/) ................

Table 5 :

 5 Ongoing clinical trials assessing MVA (https://www.clinicaltrials.gov/). ..............

Table 1 : Risk factors for developing sepsis.

 1 

  In subgroup analysis, Tα1 administration significantly reduced the 28-day mortality and improved lung injury (PaO2/FiO2) of patients with reduced lymphocyte count, higher clinical score (SOFA, Apache II), PaO2/FiO2 < 196 and older than 64 years[START_REF] Wu | Thymosin α1 therapy in critically ill patients with COVID-19: A multicenter retrospective cohort study[END_REF].

	In another study, Tα1 therapy was evaluated in 36 immunosuppressed severe COVID-19
	patients with exhausted T cells and compared with 40 controls. Tα1 therapy reduced the
	mortality rate of severe and critically ill COVID-19 (11.1% in the Tα1 group versus 30% in the
	control group). In addition, authors reported that Tα1 administration restored lymphocyte count
	of patients with CD8+ and CD4+ cell count lower than 400 cells/μl and 650 cells/μl
	respectively. Patients treated with Tα1 displayed lower expression of checkpoint inhibitors PD-
	1 and TIM-3 on CD8+ cells compared to the untreated group. Authors reported that Tα1 was

Liu et al., Tα1 therapy was associated with poor clinical outcomes. On the other hand, Wu et al., evaluated Tα1 in severe and critically ill COVID-19 patients in a multicenter retrospective study (102 patients treated with Tα1 and 232 controls). Authors observed a moderate effect of Tα1 on 28-day mortality in an adjusted model (14,7% of mortality in untreated versus 7,8% in Tα1-treated patients).

  . Taken together, these studies show that s.c, i.p and i.v routes reach more organs.

	Cell tropism
	Both human and murine studies have demonstrated that MVA targets mostly APCs and
	in particular DCs, monocytes and macrophages. Sánchez-Puig et al., assessed in vitro the MVA
	tropism on human PBMCs. PBMCs of healthy donors were infected with MVA-GFP at a
	multiplicity of infection (MOI, corresponding to the ratio of virus added per cell) of 10 for 7h.
	The percentage of GFP positive cells was analyzed by flow cytometry. Both CD4+ and CD8+
	cells were poorly infected (0,4 and 0,9% of GFP+ cells respectively). Authors reported that
	monocytes displayed high levels of fluorescence associated with 70% of GFP+ cells. In
	addition, 3.5%, and 4% of GFP+ cells for B cells and NK cells respectively were detected

[START_REF] Sánchez-Puig | Susceptibility of different leukocyte cell types to Vaccinia virus infection[END_REF]

.

Chahroudi et al., 

conducted similar experiments on human PBMCs.

GFP expression was found in 72% of monocytes, 46% of B cells and 3% of T cells after PBMC infection with MVA-GFP at a MOI of

10 (Chahroudi et al., 2005)

, confirming that monocytes among PBMCs are the main target of MVA. Flechsig et al., infected human PBMCs with MVA-

  Waibler et al., investigated MVA-triggered type I IFN responses in murine DCs. I.v inoculation of MVA at 1x10 7 PFU, induced a peak of IFN-α at 350 pg/ml in serum of mice 6h p.i, levels returned thereafter to background level 24h after inoculation. Similarly, BM pDC secreted high IFN-α levels (up to 1500 pg/ml) after in vitro infection with MVA, while low

	levels of IFN-α (300pg/ml) were detected in supernatant from infected-BM myeloid DCs. Using
	mice deficient for TLR or related component of TLR signaling, authors found that IFN-α
	secretion was slightly reduced but not abrogated showing that MVA sensing is independent of
	TLR signaling in DCs (Waibler et al., 2007).
	Induction of innate responses by dendritic cells
	Similarly, DCs are key contributors of innate immune response upon MVA infection. Liu
	et al., documented a rapid IFN-α secretion in supernatant of both murine BM DC and splenic
	DC upon MVA infection (Liu et al., 2008).
	Similar to mRNA analysis of macrophages by Royo et al., mRNA expression was
	performed in human monocyte-derived DCs 6h p.i with MVA. TNF, IFN-β, ISG, IL-12 and
	Oligoadenylate-Synthetase like (OASL) mRNA were upregulated in MVA-infected DC. These

, the study conducted by Delaloye et al., on innate immune sensing pathway of MVA in monocytes, was retracted by the journal editor in 2022. Thus, novel studies are warranted to determine the pathway by which MVA is sensed in monocytes.

data show that human MVA-infected DCs trigger innate immune responses

[START_REF] Guerra | Distinct gene expression profiling after infection of immature human monocyte-derived dendritic cells by the attenuated poxvirus vectors MVA and NYVAC[END_REF]

.

  1,2 , GuillaumeMonneret 2,3 , Filippo Conti 2 , Anne-ClaireLukaszewicz 2,4 , Jean-Baptiste Marchand 5 , Perrine Martin 1 † , Geneviève Inchauspe ´1 and Fabienne Venet 3,6 * on behalf of the RICO study group Primary hepatocytes were transduced with the MVA-hIL-7-Fc or an empty MVA, and cell supernatants containing the secreted hIL-7-Fc were harvested for in vitro and ex vivo studies. Whole blood from ICU patients [septic shock= 15, 
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Centre International de Recherche en Infectiologie (CIRI), Inserm U1111, CNRS, UMR5308, Ecole Normale Supe ´rieure de Lyon, Universite ´Claude Bernard-Lyon 1, Lyon, France A majority of patients with sepsis surviving the first days in intensive care units (ICU) enter a state of immunosuppression contributing to their worsening. A novel virotherapy based on the non-propagative Modified Virus Ankara (MVA) expressing the human interleukin-7 (hIL-7) cytokine fused to an Fc fragment, MVA-hIL-7-Fc, was developed and shown to enhance innate and adaptive immunity and confer survival advantages in murine sepsis models. Here, we assessed the capacity of hIL-7-Fc produced by the MVA-hIL-7-Fc to improve ex vivo T lymphocyte functions from ICU patients with sepsis. Interferon-g (IFN-g) and/or Tumor necrosis factor-a (TNF-a) productions and

TABLE 1

 1 Demographic, clinical, and immunological data of patients with septic shock and COVID-19.

	Parameters	All patients (n = 45)	Patients with septic	Patients with	P-value
			shock (n = 15)	COVID-19 (n = 30)	
	Age (years)	65 [54-73]	73 [64-77]	62 [53-69]	0.012
	Gender, feminine n (%)	21 (46.7)	7 (46.7)	14 (46.7)	1
	Body mass index (kg/m3)	29.8 [23.8-34.0]	26.6 [23.1-35.2]	30.2 [25.3-33.9]	0.911
	Comorbidities n (%)	27 (65.8)	10 (66.7)	17 (56.7)	0.747
	SAPS II score	35 [24.2-55.2]	60[45.5-69]	26.5 [23.2-38.5]	<0.0001
	SOFA score	7 [1.75-11.25]	12 [7-14]	3.5 [1-8]	0.0002
	Site of infection n (%)				NA
	Pulmonary	31 (68.9)	1 (6.7)	30 (100)	
	Abdominal	5 (11.1)	5 (33.33)	0 (0)	
	Others	9 (20)	9 (60)	0 (0)	
	28 days non-survivors n (%)	6 (13.3)	1 (6.7)	5 (16.67)	0.646
	Secondary nosocomial infections n (%)	13 (28.9)	2 (13.3)	11 (36.67)	0.164
	Days in ICU				

  Blood samples of 15 patients with septic shock and 30 patients with COVID-19 were analyzed in the study. Categorical data are presented as numbers and percentages. Continuous data are presented as medians and interquartile ranges [Q1-Q3]. Sequential organ failure assessment (SOFA) and simplified acute physiology score (SAPS) II were calculated during the first 24 h after ICU admission. Absolute CD4+ T-cell count and HLA-DR expression on monocytes (mHLA-DR, corresponding to anti-HLA-DR antibodies bound per monocytes AB/C) were determined on day 3. The references values of our labs are mHLA-DR> 15,000 AB/C; CD4+ cells/ml, 336-1,126. Fisher exact test was used to compare categorical variables and Mann-Whitney test to compare continuous variable.

				027]	0.0373
	Absolute CD4+ T-cell count (cells/ml)	275 [188-595]	479 [233-819]	238 [155-490]	0.057

  Mazer et al., enrolled any sepsis patients independent of disease severity while we selected only septic shock patients in our

	study.
	Immune enhancing effects of rhIL-7 have also been documented in other studies in
	critically ill COVID-19 patients. In agreement with our observations, it is now well established
	that a status of immunodepression in ICU critically ill COVID-19 patients takes place. A recent
	study documented an exhausted T cell phenotype in these patients at ICU admission illustrated
	by an increased expression of PD-1 and PD-L1 on both CD4+ and CD8+ cells, a reduced
	proliferation and IFN-γ production by T lymphocytes compared to healthy controls. Ex vivo
	treatment by rhIL-7 increased the proportion of proliferative CD4+ and CD8+ lymphocytes and

IFN-γ secretion in stimulated cell supernatants

(Bidar et al., 2022)

.

Remy et al., performed a 

broader study including critically ill COVID-19 but also sepsis and critically ill non-sepsis patients after ICU admission. While sepsis patients displayed impaired T lymphocyte functions, the number of IFN-γ producing cells was lower in critically ill COVID-19 patients compared with the other two groups. Although authors did not compare side-by-side the two cohorts, rhIL-7 seemed to improve IFN-γ producing cell number in septic patients with similar magnitude as in critically ill COVID-19 patients

  be initiated at that moment. Yet, ex vivo data indicate that an immune restoration could be beneficial when applied as early as day 1. Caution needs to be taken in over-interpreting ex vivo studies which cannot address potential toxicity of products if administered too early (i.e., during the dominant hyperinflammatory phase of sepsis). In any case, an ex vivo longitudinal study beyond day 3-4 post ICU admission of the MVA-secreted hIL-7-Fc activity would be interesting to define the window of application of our product.Other studies have opened interesting avenues of exploration, showing beneficial effects of rhIL-7 on additional immune functions. Venet et al., evaluated the role of rhIL-7 on the immunometabolism of T cells in septic shock patients. T cell immunometabolic dysfunctions and particularly mTOR alterations were observed in the studied cohort. Following rhIL-7 stimulation, a 123% increase in mTOR activation in CD4+ T cells compared to untreated T cells was observed. Authors reported an increase in Glut1 expression and glucose entry in CD4+ cells which was associated with an improved proliferation capacity after rhIL-7 treatment. This study suggests that rhIL-7 can enhance T cell immunometabolic failure of septic shock patients

	3-4 post-
	ICU admission and other published studies which focused on samples from admission day up

to day 7 indicate, at least ex vivo, that treatment with rhIL-7 is beneficial over a large period of time (several days). Published data have now described that an immunosuppression state is established by day 3-5 in severe ICU sepsis patients suggesting that immunostimulating interventions should

[START_REF] Venet | IL-7 Restores T Lymphocyte Immunometabolic Failure in Septic Shock Patients through mTOR Activation[END_REF]

. Others started to study MAIT cells which play a key role as sentinels against pathogen infections via the release of pro-inflammatory cytokines and cytolytic mediators. Interestingly, Hubrack et al., showed that ICU COVID-19 patients displayed a more reduced frequency of circulating MAIT cells compared to healthy controls and mild COVID-19 patients. In mild COVID-19 patients, a decreased proportion of MAIT cells expressing granzyme B or perforin was observed compared to healthy individuals. Authors reported that rhIL-7 was able to improve the frequency of MAIT cells expressing perforin of mild COVID-19 patients. This study suggests that rhIL-7 may enhance MAIT cell functions of critically ill COVID-19 patients since they were severely affected by MAIT cell depletion than mild COVID-19 patients
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In cells from hepatic origin (Figure 20), low levels of molecules or levels under the limit of detection were observed in supernatants from HepG2 cells compared to primary hepatocytes.

In addition, no major difference between the three conditions was detected for HepG2 cells. A trend toward increased levels of TNF-α concentration after both MVA-hIL-7-Fc and empty MVA infections compared to uninfected cells (1.8-and 2.2-fold for MVA-hIL-7-Fc and empty MVA respectively) was observed in primary hepatocytes. MVA-hIL-7-Fc induced an increase in IFN-γ production compared to empty MVA and uninfected hepatocytes (4.8-fold). However, infection with both MVAs was associated with decreased levels of IP-10, MCP-1 and MIP-1α compared to untreated primary hepatocytes [START_REF] Remy | Immunotherapies for COVID-19: lessons learned from sepsis[END_REF].9-fold for MCP-1 and 2.1-, 1.6-fold for MIP-1α, MVA-hIL-7-Fc and empty MVA respectively). A decrease in IL-8 and IFN-β concentrations was detected in supernatant of hepatocytes after empty MVA infection (1.3-fold for both IL-8 and IFN-β). For IL-1β and IL-6, no difference was observed with any of the tested conditions.

In cells from monocytic origin (Figure 21), as observed with hepatic cells, ThP1 cells produced lower levels of all molecules (except for MCP-1) than observed with primary monocytes. Both MVA-hIL-7-Fc and empty MVA infections induced an increase in IFN-β, TNF-α, IL-8, IP-10, MCP-1 and MIP-1α levels in supernatant of infected-ThP1 cells 191-fold for IP-10, 183-, 161-fold for MCP-1 and 17-, 17-fold for MIP-1α, each MVA-hIL-7-Fc and empty MVA respectively). IL-6, IL-1β and IFN-γ levels were under the limit of detection in supernatant from ThP1 cells whether infected or not. Increases in IFN-β, IFN-γ, TNF-α, IP-10 and MIP-1α production after both MVAs infections were observed in primary monocytes. However, they were associated with higher increases in IFN-γ and IP-10 following MVA-hIL-7-Fc (6.3-, 3.9fold for IFN-γ and 10-, 4.8-fold for IP-10) and higher levels of IFN-β, TNF-α, IL-6, IL-8 and MIP-1α upon empty MVA infection (2.3-, 4.2-fold for IFN-β, 37-, 48-fold for TNF-α, 1.6-, 4.9fold for IL-6, 1.1-, 2.3-fold for IL-8 and 20-, 36-fold for MIP-1α). Trend towards increase in IL-1β in supernatant from primary monocytes infections compared to uninfected cells were observed (2.3-and 3-fold for MVA-hIL-7-Fc and empty MVA respectively).

In pulmonary A549 cells (Figure 22), both MVA-hIL-7-Fc and empty MVA infections induced secretion of IFN-β, IL-8, IP-10 (2.5-, 2.5-fold for IFN-β, 5.1-, 5.2-fold for IL-8 and 10-, 11.3-fold for IP-10) and to a lesser extent IL-1β (2-fold for both MVAs) while reduced MCP-1 levels were detected following both infections (2.5-fold for both MVAs). Only empty MVA was able to increase IFN-γ levels (2.6-fold). MIP-1α production was induced by empty MVA infection while only a slight increase was observed after MVA-hIL-7-Fc infection (1.4-, 2.2fold).

Overall, MVA-hIL-7-Fc and empty MVA infections resulted in a modulation of the secretion of typical MVA-induced cytokines/chemokines but to a lesser extent in cell lines compared to primary cells. In primary hepatocytes, both MVA-hIL-7-Fc and empty MVA infections induced an increase in TNF-α secretion and a decrease in IP-10, MCP-1 and MIP-1α levels. In these cells, only MVA-hIL-7-Fc infection resulted in increased IFN-γ secretion. In primary monocytes, both MVA-hIL-7-Fc and empty MVA induced a classical profile of MVAinduced cytokine/chemokine secretion: IFN-β, IFN-γ, TNF-α, IL-1β, IL-6, IP-10 and MIP-1α.

In contrast, a decrease in MCP-1 levels was observed upon both MVA infections.

Innate immune response following MVA-hIL-7-Fc and empty MVA infections of primary monocytes, hepatocytes, and pulmonary cells from different donors

The aim of this second study was to evaluate the induction of cytokines and chemokines secretion upon MVA-hIL-7-Fc and empty MVA infections of primary monocytes, hepatocytes, and pulmonary cells from different donors to reinforce observations made in the previous study.

The three cell types were infected with MVA-hIL-7-Fc and empty MVA and supernatants harvested to quantify the same panel of molecules as in the previous study (except IFN-α2a since levels were under limit of detection). In figure 23, IFN-β, IFN-γ, TNF-α, IL-1β, IL-6 quantification in supernatants from the three cell types is presented while that of IL-8, IP-10, MCP-1 and MIP-1α is displayed in figure 24.

Annexes

Poster: "A novel virotherapy encoding human interleukin 7 enhances ex vivo lymphocyte functions in immunosuppressed septic shock and critically ill COVID-19 patients" -ISICEM Brussels, 2022 Abstract Sepsis is responsible for 11 million deaths worldwide. Most of patients with bacterial or viral sepsis (e.g., surviving the inflammatory phase enter in an immunosuppressive phase. Both innate and adaptive immunity are impaired during sepsis-induced immunosuppression showing the need for new stimulating therapies targeting both pathways to restore the immune homeostasis of sepsis patients. Transgene developed a virotherapy based on the Modified Vaccinia Virus Ankara (MVA) to deliver the IL-7 cytokine in a broad range of organs and to broaden its mechanism of action. In addition to its safety profile, the MVA was chosen for its capacity to stimulate innate immunity. Thus, a recombinant MVA encoding the human IL-7 cytokine fused to an IgG2 Fc fragment was engineered to restore both innate and adaptive immunity of immunosuppressed sepsis patients. My PhD thesis aimed at characterizing the mechanism of action of the MVA-hIL-7-Fc. Studies in murine models of sepsis showed that one single intravenous injection of MVA-hIL-7-Fc resulted in improved survival of two sepsis mouse models. Side-by-side comparison with a recombinant hIL-7-Fc counterpart demonstrated a superior capacity of the vectorized hIL-7-Fc to increase immune cell numbers (B, T lymphocytes, Natural killer cells and monocytes) and functions of T lymphocytes (cytokine production and proliferation). Additional in vitro studies showed that MVAsecreted hIL-7-Fc was dimeric, glycosylated and biologically active in different human cell types. In an ex vivo human model, the MVA-secreted hIL-7-Fc was shown to improve cytokine production and proliferation of T lymphocytes from septic shock and critically ill COVID-19 patients in intensive care units. In vitro human studies showed a differential innate immune response among the different cell types corresponding to different organs upon MVA-hIL-7-Fc. Primary monocytes and pulmonary cells secreted cytokines and chemokines in response to both MVA-hIL-7-Fc and empty MVA infections while hepatocytes responded in a lesser extent. Therefore, these studies support the clinical development of MVA-hIL-7-Fc to treat sepsis-induced immunosuppression.

Keywords : interleukin-7, virotherapy, modified virus Ankara, T lymphocytes, immunosuppression, sepsis, COVID-19, immunostimulation Résumé Le sepsis est responsable chaque année de 11 millions de morts dans le monde. La majorité des patients avec un sepsis d'origine bactérienne ou virale (ex : COVID-19) et survivant à la phase inflammatoire, entrent dans une phase d'immunosuppression contribuant à leur aggravation clinique. Aussi bien l'immunité innée qu'adaptative sont altérées au cours de l'immunosuppression post sepsis, ainsi de nouvelles thérapies immunostimulantes ciblant ces deux voies sont nécessaires pour restaurer l'homéostasie immunitaire des patients sepsis. Transgene a développé une virothérapie basée sur le virus atténué de la vaccine, le Modified Vaccinia Virus Ankara (MVA) pour délivrer la cytokine IL-7 dans une majorité d'organes et diversifié le mécanisme d'action de la cytokine IL-7. En plus de son innocuité, le vecteur MVA a été choisi pour sa capacité à stimuler le système immunitaire inné. Ainsi, un vecteur MVA codant pour la cytokine IL-7 humaine fusionnée à un fragment d'immunoglobuline IgG2 Fc, le MVA-hIL-7-Fc, a été développé pour restaurer à la fois le système immunitaire inné et adaptatif des patients sepsis immunodéprimés. Le but de mon projet de thèse était de contribuer à la caractérisation du mécanisme d'action du MVA-hIL-7-Fc. Des études dans des modèles murins ont montré qu'une seule injection intraveineuse du MVA-hIL-7-Fc permettait d'augmenter la survie de deux modèles de souris septiques. De plus, la comparaison avec la protéine recombinante hIL-7-Fc montra une capacité supérieure de la forme vectorisée de l'IL-7 à augmenter le nombre de cellules immunitaires (lymphocytes T, B, cellules Natural Killer, monocytes) en plus de l'amélioration des fonctions des lymphocytes T (production de cytokines et prolifération). Ensuite, nous avons montré que l'hIL-7-Fc produite par le MVA in vitro était dimérique, glycosylée et fonctionnelle dans différents types cellulaires humains. Dans un modèle humain ex vivo, nous avons montré que l'hIL-7-Fc produite par le MVA était capable de restaurer à la fois la production de cytokines et la prolifération des lymphocytes CD4+ et CD8+ des patients en choc septique et COVID-19 en soins intensifs. Des études in vitro humaines ont montré une réponse immunitaire innée différente selon le type cellulaire correspondant à différent organes suite à l'infection avec le MVA-hIL-7-Fc. Les monocytes et les cellules pulmonaires primaires étaient capable de sécréter des cytokines/chimiokines après infection avec le MVA-hIL-7-Fc ou le MVA vide, alors que les hépatocytes ne répondaient pas ou peu. Ainsi ces études dans des modèles murins et humains soutiennent le développement clinique du MVA-hIL-7-Fc pour traiter l'immunosuppression post sepsis.

Mots-clés: interleukine 7, virothérapie, virus atténué de la vaccine, lymphocytes T, immunosuppression, sepsis, COVID-19, immunostimulation Thèse préparée au sein de Transgene SA et de l'EA7426 Physiopathologie de l'immunosuppression associée aux réponses inflammatoires systémiques (PI3)