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METHODS

This retrospective observational study was conducted in critically ill patients with COVID-19 treated with baricitinib 4 mg/day. Plasma concentrations were measured at predose (C0), 1 h (C1) and 3 h (C3) after the drug intake. PK and area under the curve (AUC) were estimated using non-compartmental pharmacokinetic analysis.

RESULTS

Seven patients contributed to 22 baricitinib plasma concentration measurements after a median [range] of 3 days [START_REF] Marconi | Efficacy and Safety of Baricitinib for the Treatment of Hospitalised Adults with COVID-19 (COV-BARRIER): A Randomised, Double-Blind, Parallel-Group, Placebo-Controlled Phase 3 Trial[END_REF][START_REF] Trøseid | Efficacy and Safety of Baricitinib in Hospitalized Adults with Severe or Critical COVID-19 (Bari-SolidAct): A Randomised, Double-Blind, Placebo-Controlled Phase 3 Trial[END_REF] of treatment. Median baricitinib plasma concentrations were 2.2 ng/mL [1.4-8.0], 24.0 ng/mL [4.9-37.3] and

BACKGROUND

Despite tremendous improvements in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infectious disease (COVID-19) management, few treatments improve survival in critically ill patients. Among them, the oral selective Janus Kinase 1/2 (JAK1/2) inhibitor baricitinib has shown a survival benefit in mechanically ventilated COVID-19 patients [START_REF] Ely | Efficacy and Safety of Baricitinib plus Standard of Care for the Treatment of Critically Ill Hospitalised Adults with COVID-19 on Invasive Mechanical Ventilation or Extracorporeal Membrane Oxygenation: An Exploratory, Randomised, Placebo-Controlled Trial[END_REF][START_REF] Marconi | Efficacy and Safety of Baricitinib for the Treatment of Hospitalised Adults with COVID-19 (COV-BARRIER): A Randomised, Double-Blind, Parallel-Group, Placebo-Controlled Phase 3 Trial[END_REF] but is not without adverse drug reactions [START_REF] Trøseid | Efficacy and Safety of Baricitinib in Hospitalized Adults with Severe or Critical COVID-19 (Bari-SolidAct): A Randomised, Double-Blind, Placebo-Controlled Phase 3 Trial[END_REF]. Surprisingly, data regarding baricitinib pharmacokinetics (PK) are scarce even in usual rheumatology indications and do not exist in the COVID-19 setting. However, some variables may modify baricitinib PK such as weight and renal function [START_REF] Kim | Pharmacokinetics, Pharmacodynamics, and Proposed Dosing of the Oral JAK1 and JAK2 Inhibitor Baricitinib in Pediatric and Young Adult CANDLE and SAVI Patients[END_REF][START_REF] Wang | Physiologically-Based Pharmacokinetic Modelling to Investigate Baricitinib and Tofacitinib Dosing Recommendations for COVID-19 in[END_REF], both parameters being highly dynamic in critically ill patients. The pharmacokinetic pathway of baricitinib is characterized by a rapid absorption orally, with a median time to peak concentrations of 1 hour and bioavailability around 79%. Baricitinib is widely distributed in tissues (Vd 76 L) and is mainly excreted unchanged in urine and feces. Renal elimination is the main mechanism of baricitinib clearance, with less than 10% eliminated by hepatic metabolism. Baricitinib is a substrate of drug transporters which may impact its PK profile and may be involved in drug-drug interactions [START_REF] Jorgensen | A Review of Pharmacology, Safety, and Emerging Clinical Experience in COVID-19[END_REF].

As baricitinib is a life-saving therapy of a severe acute infection, it is crucial to further study its PK in this context. The aim of our study is to describe real-life baricitinib plasma exposure in critically ill COVID-19 patients.

METHODS

We performed a retrospective observational study in patients treated in a polyvalent intensive care unit (ICU) in western France. Critically ill COVID-19 patients, as assessed by a SARS-CoV 2 positive retrotranscription polymerase chain reaction (RT-PCR), admitted between October 2021 and May 2022 were eligible. Only those who received baricitinib as a COVID-19 therapeutic and for whom blood concentration measurements were performed were included. Patients were informed of the study and were offered the option of declining to participate. However, as we performed a retrospective analysis of previously collected data, written informed consent was not required. The study protocol received approval from the local Ethics Committee (n° 22-137).

The therapeutic COVID-19 protocol consisted of 6 to 12 mg/day of dexamethasone (depending on inflammatory parameters) for 10 days following admission, and baricitinib was prescribed after a collegial discussion between critical care and infectious disease physicians. In this case, 4 mg of baricitinib was administered daily for 14 days, orally or in the gastric tube for intubated patients. Other medications included 3 rd generation cephalosporin in case of suspicion of co-infection, proton pump inhibitor when clinically indicated and respiratory organ support with facial mask, high flow nasal cannula or tracheal intubation when indicated. Baricitinib plasma concentrations were measured at trough (C0), 1 hour (C1) and when possible, 3 hours (C3) after the drug intake. After centrifugation (10 min, 2000 g, 10°C) of heparinized blood samples, the plasma samples were sent (frozen) to the Rennes University Hospital pharmacology laboratory for analysis. Concentrations were measured using a validated liquid-chromatography tandem mass spectrometry method (LC-MS/MS) adapted from [START_REF] Veeraraghavan | Simultaneous Quantification of Baricitinib and Methotrexate in Rat Plasma by LC-MS/MS: Application to a Pharmacokinetic Study[END_REF]. Briefly, 100 µL of plasma were mixed with 300 µL of precipitant solution (acetonitrile-zinc sulphate in water (0.05 M), 1:1 v/v) and 100 µL of internal standard diluted in acetonitrile (H 8 deuterated imatinib). Samples were vortexed for 1 min and centrifuged for 5 min at 3000g 4°C. A volume of 5µL of the supernatant was injected in a LC-MS/MS system composed of an Acquity UPLC-H-Class and a Xevo TQ-XS (Waters, Milford, USA). The quantification range was 0.5 to 100 ng/mL. When three concentration time-points were available between two administrations, AUC was estimated using non-compartmental pharmacokinetic analysis (PK Solver). Non-parametric descriptive statistics (median, range) were used to describe the data, and the Mann Whitney test was used to compare groups.

RESULTS

During the study period, 56 patients were admitted for COVID-19 confirmed by RT-PCR. Of these, 12 received baricitinib but for organizational reasons, only 7 had drug concentrations measurements. The baseline characteristics, co-medication, and outcomes are reported in Table 1. The median age was 65 years [range 63-72], the median SAPS II was 44 [range 38-48], the median PaO2/FiO2 ratio was 172 mmHg [range 160-190]; 3 patients were mechanically ventilated and the others had high flow nasal cannula support. The median body mass index (BMI) was 28.6 kg/m² [28.1-33.9] and the median glomerular filtration rate (GFR) was 108 mL/min [105-127] (Cockcroft formula). None of the patients died. Baricitinib blood measurements were performed at steady state after a median of 3 days [2-3] of treatment.

The median baricitinib plasma concentrations were 2.2 ng/mL [1.4-8.0], 24.0 ng/mL [4.9-37.3] and 14.1 ng/mL [8.3-15.1] for the trough (C0), C1 and C3 concentrations, respectively. High inter-patient variability was observed especially for C0 and C1 (coefficient of variation of 62.5% and 47.7% respectively) (Figure 1). Overall exposure between two administrations could be estimated by calculating the AUCs for 4 patients. The median AUC0-24h was 188.8 ng.h/mL [141. 3-236.3]. Overall, 2 patients who received baricitinib had liver function test perturbation that eventually led to baricitinib cessation. Both had baricitinib trough concentrations higher than the median and appeared to have atypical pharmacokinetic profiles with similar C1 and C3 concentrations, although no difference in plasma concentrations was observed between patients with or without liver cytolysis (p=0.32 for C0 and 0.19 for C1) (Table 1). Liver function tests subsequently corrected without other implications for patient management. The only patient with altered renal function (GFR of 74 mL/min) had the highest baricitinib trough concentration (Table 1).

DISCUSSION

Baricitinib is approved for chronic inflammatory disease such as rheumatoid arthritis, alopecia areata and atopic dermatis, and PK data are available for rheumatology indications. Since the pandemic, baricitinib has been approved to treat severe forms of COVID-19, however, no real life PK data are available in the case of acute inflammation such as COVID-19. While the pandemic situation is currently improving, the drug still helpful in case of severe forms that still exist in vulnerable patients that are at high risk of PK variability [START_REF] Toussi | Therapeutics for COVID-19[END_REF].

To the best of our knowledge, this is the first description of baricitinib plasma exposure in critically ill COVID-19 patients. All patients received the same drug dosage (4 mg daily) that is the usual dosage used in the context of rheumatology indications. However, baricitinib PK may be different in critically ill COVID-19 patients. In our cohort, we observed high interpatient variability in C0, C1 and C3 plasma concentrations and to a lesser extent in AUC0-24h. Median C1, trough concentrations and AUC, were lower than values observed in rheumatoid arthritis (RA) patients (i.e. 6.9 ng/mL, 53.4 ng/mL, 477.6 ng.h/mL for C0, Cmax, and AUC0-24h respectively in RA [START_REF] Jorgensen | A Review of Pharmacology, Safety, and Emerging Clinical Experience in COVID-19[END_REF]. This may be explained by a higher distribution volume in critically ill patients (e.g. due to vascular filling) and to the high median BMI of our patient population. However, the small size of our cohort does not allow verifying this hypothesis and no association was found between BMI and exposure. Influence of body weight on baricitinib PK was suggested by Kim et al. in pediatrics. They reported that weight and renal function significantly influenced volume of distribution and clearance, and that higher body weight was associated with lower exposure, which is consistent with our hypothesis [START_REF] Kim | Pharmacokinetics, Pharmacodynamics, and Proposed Dosing of the Oral JAK1 and JAK2 Inhibitor Baricitinib in Pediatric and Young Adult CANDLE and SAVI Patients[END_REF]. In healthy volunteers, Cmax and AUC lower than in RA were reported suggesting an impact of chronic but not acute inflammation (COVID-19) on the exposure [START_REF] Posada | Prediction of Transporter-Mediated Drug-Drug Interactions for Baricitinib[END_REF][START_REF] Shi | The Pharmacokinetics, Pharmacodynamics, and Safety of Baricitinib, an Oral JAK 1/2 Inhibitor, in Healthy Volunteers[END_REF]. The only patient of our cohort with significant renal failure had the highest trough concentration which is consistent with a lower clearance and the elimination pathway of the drug.

Interestingly, PK of ruxolitinib, which is also a JAK1/2 inhibitor, is well described in hematological patients. Noteworthily, ruxolitinib exposure is highly increased in patients with renal or hepatic impairment or when co-administrated with CYP3A4 inhibitors [START_REF] Chen | Pharmacokinetics and Pharmacodynamics of Orally[END_REF]12]. In opposition to baricitinib, this treatment failed to demonstrate mortality reduction in mechanically ventilated COVID-19 patients [13].

Comparative PK studies of baricitinib and ruxolitinib in a critical-care setting would be of interest. Contrary to ruxolitinib, baricitinib is not extensively metabolized by the liver, so less exposure variability due to liver impairment or CYP450-mediated drug-drug interactions is expected. Nevertheless, our data suggest that PK variability and atypical PK profiles still occur with baricitinib and that one drug dosage is unlikely to fit all patients.

The main limitation of our study is the small number of patients for whom the AUC could be calculated due to the small number of sampling time-points available for each patient. In addition, the noncompartmental method used to estimate AUC could overestimate the actual value due to lack of concentration time points in the terminal elimination phase of the PK profile. Moreover, no population PK modeling was available in this population as an alternative to estimate the patients' individual PK parameters. The size of our cohort did not allow assessing accurately the exposure/effect relationship of baricitinib in critically ill COVID-19 patients but despite relatively low plasma concentrations, all patient had positive evolution of the disease. Further studies are needed to determine whether a threshold of plasma exposure is associated with clinical outcomes in COVID-19 and whether therapeutic drug monitoring of baricitinib could contribute to optimize the drug response. 

CONCLUSION

  In conclusion, we observed a high inter-patient PK variability as well as relatively low trough concentrations and AUCs of baricitinib in critically ill COVID-19 patients. Further concentrationcontrolled studies of baricitinib in the critical care setting should be performed to decipher the exposureeffect relationship in the COVID-19 indication. Administered Ruxolitinib (INCB018424 Phosphate) in Renal and Hepatic Impairment Patients. Clin. Pharmacol. Drug Dev. 2014, 3, 34-42, doi:10.1002/cpdd.77. 12. Shi, J.G.; Chen, X.; Emm, T.; Scherle, P.A.; McGee, R.F.; Lo, Y.; Landman, R.R.; McKeever, E.G.; Punwani, N.G.; Williams, W.V.; et al. The Effect of CYP3A4 Inhibition or Induction on the Pharmacokinetics and Pharmacodynamics of Orally Administered Ruxolitinib (INCB018424 Phosphate) in Healthy Volunteers. J. Clin. Pharmacol. 2012, 52, 809-818, doi:10.1177/0091270011405663. 13. Rein, L.; Calero, K.; Shah, R.; Ojielo, C.; Hudock, K.M.; Lodhi, S.; Sadaka, F.; Bellam, S.; Palma, C.; Hager, D.N.; et al. Randomized Phase 3 Trial of Ruxolitinib for COVID-19-Associated Acute Respiratory Distress Syndrome. Crit. Care Med. 2022, 50, 1701-1713, doi:10.1097/CCM.0000000000005682.

Figure :

 : Figure : Plasma concentrations of baricitinib in critically ill COVID-19 patients (n=7). The four patients with three baricitinib concentrations available are displayed with empty forms. Patients with delayed Tmax are displayed in bold lines.
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 This study provides original data on baricitinib plasma concentrations observed in critically ill patients with COVID-19  High inter-patient variability of baricitinib plasma exposure was observed  The results of this observational study incite to further investigate the use of therapeutic drug monitoring to optimize the drug response BMI: body mass index; SAPS II: Simplified Acute Physiology Score (The SAPS II is a severity score used in critical care medicine, ranging from 0 to 163, used to calculate predicted admission mortality) ; SOFA: Sequential Organ Failure Assessment; PaO2/FiO2: Partial pressure of oxygen in arterial blood/Fraction of inspired oxygen; ASAT: Aspartate aminotransferase; ALAT: Alanine aminotransferase; H0: concentration measured at predose; H1: concentration measured one hour after drug uptake; H3: concentration measured three hours after drug uptake; ICU: intensive care unit