
Stebbing et al., Sci. Adv. 2021; 7 : eabe4724     1 January 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 15

C O R O N A V I R U S

JAK inhibition reduces SARS-CoV-2 liver infectivity 
and modulates inflammatory responses to reduce 
morbidity and mortality
Justin Stebbing1*, Ginés Sánchez Nievas2, Marco Falcone3, Sonia Youhanna4, Peter Richardson5, 
Silvia Ottaviani1, Joanne X. Shen4, Christian Sommerauer6, Giusy Tiseo3, Lorenzo Ghiadoni3, 
Agostino Virdis3, Fabio Monzani3, Luis Romero Rizos7,8, Francesco Forfori9, 
Almudena Avendaño Céspedes7,8, Salvatore De Marco10, Laura Carrozzi9, Fabio Lena11,  
Pedro Manuel Sánchez-Jurado7,8, Leonardo Gianluca Lacerenza11, Nencioni Cesira12, 
David Caldevilla Bernardo13, Antonio Perrella12, Laura Niccoli14, Lourdes Sáez Méndez15, 
Daniela Matarrese16, Delia Goletti17, Yee-Joo Tan18, Vanessa Monteil19, George Dranitsaris20, 
Fabrizio Cantini14, Alessio Farcomeni21, Shuchismita Dutta22, Stephen K. Burley22, Haibo Zhang23, 
Mauro Pistello24, William Li25, Marta Mas Romero7, Fernando Andrés Pretel26,  
Rafaela Sánchez Simón-Talero27, Rafael García-Molina7, Claudia Kutter6, James H. Felce28,  
Zehra F. Nizami28, Andras G. Miklosi28, Josef M. Penninger29,30, Francesco Menichetti3, 
Ali Mirazimi19,31, Pedro Abizanda7,8, Volker M. Lauschke4*

Using AI, we identified baricitinib as having antiviral and anticytokine efficacy. We now show a 71% (95% CI 0.15 to 
0.58) mortality benefit in 83 patients with moderate-severe SARS-CoV-2 pneumonia with few drug-induced adverse 
events, including a large elderly cohort (median age, 81 years). An additional 48 cases with mild-moderate pneu-
monia recovered uneventfully. Using organotypic 3D cultures of primary human liver cells, we demonstrate that 
interferon-2 increases ACE2 expression and SARS-CoV-2 infectivity in parenchymal cells by greater than fivefold. 
RNA-seq reveals gene response signatures associated with platelet activation, fully inhibited by baricitinib. Using 
viral load quantifications and superresolution microscopy, we found that baricitinib exerts activity rapidly through the 
inhibition of host proteins (numb-associated kinases), uniquely among antivirals. This reveals mechanistic actions 
of a Janus kinase-1/2 inhibitor targeting viral entry, replication, and the cytokine storm and is associated with ben-
eficial outcomes including in severely ill elderly patients, data that incentivize further randomized controlled trials.

INTRODUCTION
The novel severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pandemic has become the biggest public health challenge of this 
century with more than 1 million fatalities and 34 million cases of 
coronavirus disease 2019 (COVID-19) across all countries in the first 
10 months since it emerged (1–4). It is essential that more effective 
treatments are found before a vaccine is developed and made widely 
available (5, 6). We previously reported that use of artificial intelligence 
(AI) based on a knowledge graph of more than 1 billion relationship 
edges enabled the rapid identification of the once daily orally admin-

istered drug, baricitinib, approved as a treatment for adult rheumatoid 
arthritis (RA), as a potential therapeutic (7–11). Baricitinib was pre-
dicted to have a dual mode of action, reducing viral infectivity through 
the inhibition of numb-associated kinases (NAKs) and, thus, viral 
endocytosis and its better known well-described anti-inflammatory 
mechanism through blockade of Janus kinase 1/2 (JAK1/2) (12–14).

In severe cases, the so-called “cytokine storm” can result in pro-
found lung damage and the development of acute respiratory distress 
syndrome (ARDS), the leading cause of death in COVID-19 (15, 16). 
SARS-CoV-2 infection also results in damage to many other organs 
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including the kidneys, brain, and vasculature via mechanisms in-
cluding endothelial cell disruption and intussusceptive angiogenesis 
(17, 18). Plasma levels of the proinflammatory cytokine interleukin-6 
(IL-6) signaling predominantly through JAK/STAT (signal transducer 
and activator of transcription) have been reported to be a prognostic 
indicator of mortality (19, 20), and using samples from a random-
ized phase 2b trial in RA (4), we demonstrated that baricitinib re-
duces IL-6 levels in a dose-dependent manner (21), the first time 
this has been shown in patients. Therapeutics capable of clearing 
the virus and reducing the cytokine-mediated inflammation may be 
beneficial. Purported antiviral agents have, at best, a small impact 
on disease remission in hospitalized patients and, in some cases, show 
no differences in viral loads compared to control arms (22). Dexa-
methasone, known to modulate inflammation-mediated lung injury, 
resulted in lower mortality among those who were receiving either 
invasive mechanical ventilation or oxygen alone at randomization 
(23). In many cases, patients are unable to withstand the exuberant 
inflammation associated with ARDS. Furthermore, high viral loads 
cause disseminated end-organ compromise through vascular endo-
theliitis, thrombosis, and other associated effects (17, 24).

In this situation, an assessment of the efficacy of baricitinib would 
include demonstration of reduced viral infectivity and associated end-
organ damage and control of the excessive cytokine-mediated in-
flammation. Here, we explore the clinical effect of baricitinib therapy 
patients and matched controls from two European cohorts. Since 
COVID-19 is associated with multisystem organ damage, we also 
investigated whether the cytokine-mediated inflammation could induce 
the expression of the SARS-CoV-2 receptor angiotensin-converting 
enzyme 2 (ACE2) (25, 26) in extrapulmonary systems. We show that 
type-1 interferons (IFNs), specifically IFN-2, whose levels are in-
creased in patients with severe COVID-19 (27), increase ACE2 expres-
sion in three-dimensional (3D) cultures of primary human liver cells, 
resulting in increased viral load, and that this induction is fully inhib-
ited by clinically relevant concentrations of baricitinib.

RESULTS
Clinical results
A total of 601 patients were enrolled in the University of Pisa (n = 179) 
and Albacete Hospital (n = 422) cohorts, between mid-March and 
mid-April 2020, when these regions were the global epicenters of 
the pandemic, under severe capacity constraints. Of these, 37 patients 
were treated with baricitinib in the Pisa cohort and 46 were treated 
in the Albacete cohort, all of European descent; eighty-three con-
trols were included using propensity score–matching systems, both 
in the Italian and in the Spanish cohorts, as per the CONSORT dia-
gram (Fig. 1).

Tables 1 and 2 present baseline data of participants from Pisa 
and Albacete, respectively, showing clinical characteristics immedi-
ately following admission, and Table 3 presents propensity score–
matched population data from both sites, comprising the group taking 
baricitinib and the control group. Male sex was predominant, and 
the Albacete patients were older than those from Pisa (80.9 versus 
66.0 years) in treated groups. Most individuals received concomitant 
“antiviral therapy” with hydroxychloroquine and lopinavir/ritonavir, 
antibiotics, corticosteroids, and low–molecular weight heparin 
(LMWH). In the merged matched population, the primary compos-
ite end point of death or invasive mechanical ventilation occurred 
in 14 (16.9%) patients in the baricitinib-treated group compared to 

29 (34.9%) in the control group (P < 0.001) (Table 3). In the multi-
variate Cox regression analysis adjusted for all the covariates included 
in the matching of the two cohorts, baricitinib was independently 
associated as a protective variable with the primary outcome [hazard 
ratio (HR) 0.29; 95% confidence interval (CI) 0.15 to 0.58; P < 0.001] 
(Table 4). Figure 2 presents the Kaplan-Meier curves for the primary 
outcome in the treated and control groups in the merged cohorts. 
Baricitinib’s favorable effect appeared “early” and was maintained until 
termination of the follow-up (P < 0.0001). Further analyses including 
only participants who received five or more baricitinib doses yielded 
similar results as those presented. Analyses of the propensity score–
matched cohorts from the University of Pisa (fig. S3A) and Albacete 
Hospital (fig. S3B) are shown independently. Similar curves and sta-
tistics can be observed, compared with the final merged cohort (Fig. 2).

Safety issues with baricitinib
A major role of observational studies is to provide relevant informa-
tion regarding toxicity. Seven (19%) individuals from Pisa reported 
transaminitis [2× to 5× upper limit of normal (ULN)] within 72 hours 
of commencing baricitinib, leading to cessation of the drug in four 
of these patients. In three patients and in our previously published 
small series (21), we continued to treat despite this and the liver 
function abnormalities self-resolved. One patient developed a severe 
lymphocytopenia (<500 cells/mm3) during treatment, leading to drug 
discontinuation. A total of five (14%) individuals from Pisa developed 
infectious complications during baricitinib treatment as follows: one 
bacteremia due to Enterococcus faecalis arising from the urinary tract, two 
episodes of central venous catheter–related bacteremia due to coagulase-
negative staphylococci, one urinary tract infection by New Delhi 
metallo-beta-lactamase (NDM)–producing Klebsiella pneumoniae, 
and one severe facial herpes simplex infection. In the unmatched 

Fig. 1. CONSORT flow diagram for University of Pisa and Albacete Hospital cohorts. 
PS, propensity score.
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control group, a total of 21 (14.8%) patients developed an infection: 
8 bloodstream infections, 8 urinary tract infections, and 5 with 
pneumonia. In the propensity score–matched control group, six 
(16.2%) episodes of infection occurred: one bacteremia due to 
Enterobacter aerogenes arising from the urinary tract, one bactere-
mia by NDM-producing K. pneumoniae, three urinary tract infec-

tions (due to Escherichia coli, E. faecalis, and K. pneumoniae), and one 
pneumonia by Pseudomonas aeruginosa.

Apart from transaminitis, adverse events were difficult to ascribe 
to baricitinib because of rapidly evolving clinical/capacity constraints. 
We did not observe any signs of coagulopathy or thrombosis caused 
by baricitinib in any of our patients, although this has been described 

Table 1. Characteristics of patients receiving or not receiving baricitinib in the unmatched and matched study population from the University of Pisa 
(Italy). All data are medians with the interquartile range or number of participants (%). COPD, chronic obstructive pulmonary disease; PaO2/FiO2, ratio of arterial 
oxygen partial pressure to fractional inspired oxygen; ALT, alanine aminotransferase; ARB, angiotensin-receptor blocker; AST, aspartate aminotransferase; SOFA, 
sequential organ failure assessment; ULN, upper limit of normal. 

Baricitinib group (n = 37) Control group (n = 142) PS matched control group (n = 37)

Age 66.0 (48.0–84.0)** 76.5 (62.5–83)** 65 (40–90)

Male sex 27 (73) 95 (66.9) 26 (70.3)

Interval between symptom onset and 
admission

6 (3.5–9) 7 (3–8) 7 (4–7.5)

Coexisting conditions

  Hypertension 16 (43.2) 79 (55.9) 18 (48.6)

  Cardiovascular disease 9 (24.3) 56 (39.4) 6 (16.2)

  Solid cancer 6 (16.2) 22 (15.5) 9 (24.3)

  Diabetes 7 (18.9) 32 (22.5) 8 (21.6)

  COPD 1 (2.7)* 27 (19.0)* 0 (0.0)

  Chronic kidney failure 2 (5.4) 16 (11.3) 1 (2.7)

Charlson comorbidity index 2 (0–4) 2 (1–5) 1 (0–6)

Medications at baseline

  ACE inhibitor or ARB 9 (24.3) 43 (30.4) 9 (24.3)

  Direct oral anticoagulant or warfarin 5 (13.5) 24 (16.9) 1 (2.7)

SOFA score 3 (1–5) 3 (2–4) 3 (2–4)

Baseline PaO2/FiO2 242 (143–341) 254 (200–298) 252 (169–335)

Noninvasive mechanical ventilation 17 (45.9)*** 19 (13.4)*** 13 (35.1)

Baseline laboratory tests

  C-reactive protein (mg/dl) 5.7 (0.0–18.0) 8.3 (3.7–16.1) 11.2 (0.0–25.4)

  Lymphocyte count 1010 (400–1620) 830 (580–1160) 740 (145–1335)

  ALT (U/liter) 39 (13–65) 25 (16–45) 28 (0–58)

  AST (U/liter) 43 (12–74) 33 (24–50) 32 (10–54)

  ALT > 3× ULN 1 (2.7%) 8 (5.6%) 1 (2.7%)

  AST > 3× ULN 1 (2.7%) 11 (7.7%) 2 (5.4%)

  Total bilirubin (mg/dl) 0.51 (0.31–0.71) 0.49 (0.35–0.77) 0.48 (0.08–0.88)

Concomitant treatment

  Hydroxychloroquine 34 (91.9)* 102 (71.8)* 34 (91.9)

  Other antibiotics 33 (89.2) 109 (76.8) 34 (91.9)

  Proteases inhibitors 30 (81.1)* 89 (62.7)* 29 (78.4)

  LMWH (enoxaparin) 36 (97.3)*** 98 (69)*** 36 (97.3)

  Steroids 27 (73.0)** 65 (45.8)** 28 (75.7)

Primary outcome 5 (13.5)*** 66 (46.5)*** 13 (35.1)*

  Invasive mechanical ventilation 4 (10.8) 19 (13.4) 9 (24.3)

  Died without intubation 1 (2.7) 47 (33.1) 4 (5.4)

 *P < 0.05     **P < 0.01     ***P < 0.001
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Table 2. Characteristics of patients receiving or not receiving baricitinib in the unmatched and matched study population from the Albacete Hospital 
(Spain). IMV, invasive mechanical ventilation. All data are means (SD) or number of participants (%). 

Baricitinib group (n = 46) Control group (n = 376) PS matched control group (n = 46)

Age 80.9 (5.8) 82.7 (6.3) 80.6 (6.3)

Male sex 30 (65.2) 201 (53.5) 30 (65.2)

Interval between symptom onset and 
admission

7.4 (5.2) 7.3 (4.9) 7.3 (5.1)

Coexisting conditions

  Hypertension 34 (73.9) 296 (78.7) 35 (76.1)

  Cardiovascular disease 18 (39.1) 167 (44.4) 15 (32.6)

  Solid cancer 2 (4.3) 20 (5.3) 1 (2.2)

  Diabetes 21 (45.7) 139 (37.0) 14 (30.4)

  COPD 11 (23.9) 84 (22.3) 12 (26.1)

  Chronic kidney failure 5 (10.9) 64 (17.0) 6 (13.0)

Charlson comorbidity index 2.9 (2.3) 2.0 (1.9) 3.2 (2.8)

Medications at baseline

  ACE inhibitor or ARB 24 (52.2) 196 (52.3) 26 (56.5)

  Direct oral anticoagulant or warfarin 8 (17.4) 65 (17.3) 4 (8.7)

  Antiaggregants 14 (30.4) 121 (32.2) 15 (32.6)

  Statins 23 (50.0) 158 (42.0) 21 (45.7)

  Insulin 9 (19.6) 42 (11.2) 4 (4.3)

  Oral hypoglycemic agents 15 (32.6) 109 (29.0) 13 (28.3)

  Antidepressants 10 (21.7) 123 (32.7) 11 (23.9)

  Inhaled therapy for COPD 12 (26.1) 95 (25.3) 15 (32.6)

Baseline PaO2/FiO2 284 (109) 280 (107) 282 (96)

Baseline laboratory tests

  D-dimer (g/liter) 6944 (18,052) 6182 (26,894) 5443 (16,872)

  Lactate dehydrogenase (U/liter) 387 (136) 372 (288) 370 (166)

  C-reactive protein (mg/liter) 147.2 (98.6) 137.6 (118.0) 141.8 (145.8)

  Ferritin (ng/ml) 1357 (1094)** 878 (975)** 1039 (927)

  Leucocyte count (per l) 9414 (4790) 8986 (4711) 7690 (3675)

  Lymphocyte count (per l) 987 (905) 967 (777) 934 (517)

  Hemoglobin (g/dl) 13.7 (2.1) 13.2 (2.1) 13.7 (3.2)

  Fibrinogen (mg/dl) 395 (78) 378 (175) 375 (70)

  Creatinine (mg/dl) 1.2 (0.5) 1.3 (0.91) 1.1 (0.5)

  AST (U/liter) 35.5 (23.4) 41.4 (40.3) 40 (46)

  Gamma-glutamyltransferase (U/liter) 63.3 (49.5) 54.2 (74.3) 65.5 (119.2)

  ALT (U/liter) 33.8 (25.3) 30.8 (57.3) 31.0 (25.5)

ALT (U/liter) after treatment, at discharge 47.5 (45.8) – –

ALT > 2× ULN after treatment, at discharge 5 (9.1) – –

ALT > 3× ULN after treatment, at discharge 3 (5.5) – –

Chest x-ray

  Interstitial pattern 46 (100) 345 (93.0) 44 (95.7)

  Opacities 38 (82.6)* 233 (63.7)* 32 (69.6)

  Severity score 3.4 (2.1)** 2.2 (2.2)** 2.4 (2.1)

Concomitant treatment
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as a potential toxicity associated with longer-term use in RA (12–14). 
However, most were anticoagulated with LMWH.

In the Spanish cohort, a transaminitis of 2× ULN was observed 
after baricitinib treatment in eight (17%) patients and at 3× ULN in 

Baricitinib group (n = 46) Control group (n = 376) PS matched control group (n = 46)

  Hydroxychloroquine 45 (97.8)* 321 (85.4)* 46 (100)

  Antibiotics 46 (100) 365 (97.1) 45 (97.8)

  Lopinavir/ritonavir 39 (84.8) 288 (76.8) 42 (91.3)

  LMWH (enoxaparin) 46 (100)** 322 (85.6)** 46 (100)

  Glucocorticoids 44 (95.7)*** 266 (70.7)*** 42 (91.3)

  Anakinra 18 (39.1)*** 29 (7.7)*** 10 (21.7)

Primary outcome (mortality or IMV) 9 (19.6)** 157 (41.8)** 16 (34.8)

 *P < 0.05     **P < 0.01     ***P < 0.001

Table 3. Common characteristics of patients receiving or not 
receiving baricitinib in the propensity score–matched populations 
from the University of Pisa and the Albacete Hospital. PS, propensity 
score matching. All data are means (SD) or number of participants (%). 

Baricitinib group 
(n = 83)

PS control 
group (n = 83)

Age 74.0 (12.5) 74.1 (13.6)

Male sex 43 (51.8) 42 (50.6)

Coexisting conditions

  Hypertension 50 (60.2) 53 (63.9)

  Cardiovascular disease 27 (32.5) 21 (25.3)

  Solid cancer 8 (9.6) 10 (12.0)

  Diabetes 28 (33.7) 22 (26.5)

  COPD 12 (14.5) 12 (14.5)

  Chronic kidney failure 7 (8.4) 7 (8.4)

Charlson comorbidity index 2.7 (2.3) 2.8 (2.7)

Medications at baseline

  ACE inhibitor or ARB 33 (39.8) 35 (42.2)

Baseline PaO2/FiO2 268 (101) 266 (86)

Baseline laboratory tests

  C-reactive protein (mg/liter) 86.0 (100.6) 82.2 (123.9)

  Lymphocyte count (per l) 1052 (831) 40 (46)

  ALT (U/liter) 38.7 (26.5) 34.6(29.9)

Concomitant treatment

  Hydroxychloroquine 79 (95.2) 80 (96.4)

  Antibiotics 79 (95.2) 79 (95.2)

  Lopinavir/ritonavir 69 (83.1) 71 (85.5)

  LMWH 82 (98.8) 82 (98.8)

  Glucocorticoids 71(85.5) 70 (84.3)

Primary outcome 14 (16.9)* 29 (34.9)*

Time to outcome 19.9 (9.1)** 13.1 (9.7)**

 *P < 0.01     **P < 0.001

Table 4. Multivariate Cox regression analyses for the primary 
outcome in the propensity score–matched populations from the 
University of Pisa and the Albacete Hospital. Selection bias was 
addressed by propensity score analysis. Briefly, this is a two-phase 
technique used to estimate a treatment effect in comparative groups 
selected by nonrandom means. In the first phase of a propensity score 
analysis, variables that influence selection to group assignment are used 
to model the probability of receiving treatment (or of being in the 
reference group, in this case, the baricitinib group). The resulting 
probability is the propensity score. In the second phase, the propensity 
score is used to adjust for preexisting group differences in the analysis of 
the relevant outcomes. There are several ways to use propensity scores 
such as stratification variables, matching patients on the basis of their 
propensity score, or their use as a weighting or adjustment variable 
during multivariate analysis. In the current study, each baricitinib patient 
was matched to a control patient on the basis of comparable propensity 
scores. Assuming that all relevant covariates are included in the 
propensity score model, the group effect observed in a propensity score 
analysis represents an unbiased estimate of the true treatment effect. 

HR (95% CI) P

Baricitinib 0.29 (0.15–0.58) 0.0001

Age 1.01 (0.98–1.04) 0.470

Male sex 1.13 (0.54–2.34) 0.750

Hypertension 1.31 (0.52–3.32) 0.572

Diabetes 0.51 (0.23–1.17) 0.113

Chronic obstructive 
lung disease 0.51 (0.17–1.54) 0.230

Cardiovascular disease 1.41 (0.68–2.92) 0.351

Chronic kidney disease 1.45 (0.51–4.15) 0.491

Solid cancer 1.18 (0.49–2.87) 0.709

Charlson comorbidity 
index 1.03 (0.90–1.17) 0.680

Baseline PaO2/FiO2 1.00 (1.00–1.00) 0.823

Lymphocyte count 
(per l) 1.00 (1.00–1.00) 0.657

ALT 1.01 (1.00–1.03) 0.026

Hydroxychloroquine 2.77 (0.28–27.41) 0.384

Lopinavir/ritonavir 1.18 (0.38–3.61) 0.776

Glucocorticoids 1.79 (0.60–5.34) 0.299

LMWH 0.10 (0.01–1.33) 0.081

Antibiotics 2.34 (0.29–18.90) 0.427
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four (9%) patients; the drug was not stopped in any individual based 
on this, and abnormalities normalized despite the continuation of 
treatment. Other adverse events probably or possibly related to 
baricitinib were observed in nine (20%) patients: two oral candidiasis, 
one bacteremia for Enterococcus faecium, one bacterial pneumonia 
with negative cultures, three new atrial fibrillation (all had previous 
heart disease), one hypertensive episode, one episode of heart failure 
in the presence of known heart disease, one case of urinary obstruc-
tion, one episode of diarrhea, and one gastrointestinal bleed in an 
individual with gastric malignancy. In the unmatched control group 
from Albacete (n = 376), we observed 17 (4.5%) urinary tract infec-
tions and one herpes zoster reactivation. Other complications were 
gastrointestinal (nausea, vomiting, or diarrhea) in 30.7%, hepatic in 
4.5%, renal in 21.1%, neurologic in 9.8%, cutaneous in 4%, and ar-
rhythmias in 5.1%.

IFNs sensitize 3D primary human liver cultures to  
SARS-CoV-2 infections by inducing ACE2
Organotypic 3D cultures of primary human liver cells are susceptible 
to infection with SARS-CoV-2 as previously reported (21), with vi-
rus signals being enriched in proximity to ACE2 proteins (Fig. 3A). 
Thus, we evaluated the effect(s) of cytokines on ACE2 expression. 
To evaluate cytokine effects on human liver cells, we focused on IFNs 
(IFN-2, IFN-, and IFN-), interleukins (IL-1, IL-6, IL-10, and 
IL-18), and tumor necrosis factor– (TNF), serum levels of which are 
increased in patients with moderate-to-severe disease (15, 16, 28). 
We detected greater than fivefold induction of ACE2 expression after 
16 hours of exposure with IFN-2 and IFN-, whereas IFN-, TNF, 
and the other interleukins tested did not induce ACE2 in liver mi-
crotissues (Fig. 3B). As IFN-2 serum levels in patients exceed those 
of IFN-, we focused our subsequent analyses on IFN-2. Coexposure 
of liver spheroids to IFN-2 in combination with other cytokines did 
not significantly amplify IFN-mediated ACE2 induction (Fig. 3C). On 
the basis of these data, we thus hypothesized that increased levels of 
IFN-2 in patients with severe SARS-CoV-2 infection can stimulate ACE2 
expression in parenchymal cells and further increase virulence.

Next, we evaluated the effects of IFN-2–mediated induction of 
ACE2 on viral load and found that IFN-2 increased viral copy 
numbers in 3D organotypic liver cultures by approximately twofold 
(Fig. 3D). Exposure to therapeutically relevant concentrations of 
baricitinib (800 nM) fully abolished ACE2 induction by IFN-2 and 
efficiently blocked the increased infectivity in cytokine-treated 3D 
liver microtissues even beyond the levels observed in non–cytokine-
exposed samples (Fig. 3, D and E), in agreement with our previ-
ous report (21). In contrast, in lung organoids, IFN-2 did not 
induce ACE2 even at higher concentrations and had opposite, i.e., 
mild antiviral, effects (50 ng/ml compared to 10 ng/ml for liver 
spheroids; Fig. 3, F and G), suggesting that IFN effects differ be-
tween pulmonary organs and liver. Furthermore, baricitinib did not 
reduce viral levels in monkey kidney epithelial cells (Vero cells) and 
human adenocarcinomic alveolar basal epithelial cells (A549 cells) 
(fig. S4). These results demonstrate that infection and replication 
mechanisms in primary cells and cell lines are distinctly different 
and incentivize the use of organotypic culture systems for studies of 
infectious disease biology.

Baricitinib efficiently blocks IFN signaling
To gain a detailed understanding of the molecular effects of barici-
tinib, we sequenced primary liver spheroids using RNA sequencing 
(RNA-seq), resulting in the first comprehensive map of IFN response 
genes in human hepatocytes. In infected and noninfected liver spher-
oids, IFN-2 significantly induced a total of 407 and 696 genes, re-
spectively [log2 fold change (FC) > |1| and false discovery rate (FDR) < 
0.05; Fig. 4A]. Genes that were differentially expressed irrespective 
of infection (n = 271) were strongly enriched in viral defense path-
ways, antigen presentation, and endosomal trafficking (Fig. 4B). IFN 
strongly regulated genes associated with platelet activation (29), but 
this effect was blunted by viral infection, demonstrating intricate 
pathway-specific fine-tuning of host gene expression by SARS-CoV-2.

Baricitinib reversed IFN-induced gene expression changes (Fig. 4C). 
Genes that were highly induced upon IFN treatment were signifi-
cantly down-regulated by baricitinib, including the IFN-stimulated 
genes (ISG) 15 and 20, chemokines (CCL8 and CXCL10), major his-
tocompatibility complex components (CD74, LAG3, and LAMP3), 
and several members of the IFN-induced protein (IFIT) family. In 
contrast, baricitinib reverses the IFN-mediated inhibition of immuno-
receptor signaling (SYK), metabolic remodelers (BCAT1 and KSR2), 
and transcriptional regulators (SOX4 and TLE2; Fig. 4, D and E). 
The only genes that escaped baricitinib action were serum amyloid 
A1 (SAA1) and its paralog SAA2, whose expression levels were decreased 
upon IFN treatment and even further reduced upon baricitinib.

Baricitinib binds to host NAKs
Ligand binding studies as carried out by Sorrell et al. (30) documented 
that all three of these closely related enzymes are effectively inhibited 
by baricitinib [BIKE Kd (dissociation constant) = 39.8 nM; AAK1 
Kd = 17.2 nM; GAK Kd = 134.4 nM] (figs. S1 and S2). While the 
most relevant NAK in the inhibition of viral entry is unclear, BIKE 
(BMP-2-inducible protein kinase) was not expressed in liver cells, 
suggesting that AAK1 (AP2-associated protein kinase 1) and GAK 
(cyclin G-associated kinase) are sufficient to mediate viral entry. To 
disentangle the effects of baricitinib on replication and viral entry, 
we evaluated viral loads 4 hours after infection using baricitinib 
concentrations close to the relevant Kd values (100 nM). dSTORM 
superresolution microscopy revealed anti-nucleocapsid protein 

Fig. 2. Kaplan-Meier analysis of the propensity score–matched cohorts from 
Pisa University and Albacete Hospital cohorts. 
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immunoreactivity clusters throughout the infected samples (Fig. 5A). 
In contrast, virus signals were almost absent in baricitinib-treated sam-
ples (Fig. 5B). The density of anti-nucleocapsid staining in baricitinib- 
treated spheroids was almost absent and in baricitinib-treated sam-
ples (P < 0.001) and reduced to levels found in noninfected con-
trols, demonstrating that baricitinib efficiently blocked viral entry 
at nanomolar concentrations (Fig. 5C). These results were corrob-
orated by quantitative polymerase chain reaction (qPCR) analyses, 
which showed significant reductions in intracellular viral loads, irre-
spective of IFN-mediated ACE2 induction (Fig. 5D). Combined, these 
data corroborate a dual-effect model for baricitinib in which the 
compound (i) inhibits the induction of IFN response genes, such as 
ACE2, resulting in reduced infectivity during the cytokine storm, and 
(ii) blocks viral entry by inhibition of NAKs (Fig. 5E).

Model building was also used to assess the potential impact of se-
lected point mutations that occur with differing frequencies naturally, 
on baricitinib binding to BIKE (Ala58➔Asp, Ala58➔Val, Arg134➔Gln, 
Arg134➔Leu, Glu131➔Gln, Glu131➔Lys, and Ala135➔Thr), and mod-
eled baricitinib binding to both AAK1 (Ala72➔Thr and Gly132➔Val) 

and GAK (Glu124➔Val, Gly128➔Glu, and Gln129➔Arg). None of these 
point mutations appear likely to destabilize the structure of the ki-
nase catalytic domain (i.e., disrupt packing in the hydrophobic core). 
In addition, none of these point mutations appear likely to disrupt 
baricitinib binding (table S1). All of the hydrogen bonds and van der 
Waals interactions observed between the drug and wild-type BIKE 
appear to be preserved for each point mutant (fig. S2A). The same 
holds true for the predicted hydrogen bonds and van der Waals in-
teractions between the drug and mutant forms of AAK1 (fig. S2B) 
and the drug and mutant forms of GAK (fig. S2C), respectively.

DISCUSSION
Effective and well-tolerated treatments for patients infected with the 
novel coronavirus have proved elusive. Here, we link antiviral and 
anticytokine activities of baricitinib in hospitalized patients with 
COVID-19 pneumonia and in spheroid models of SARS-CoV-2 in-
fection. During the pandemic’s exponential phase, in investigator-
led studies in both Italy and Spain, the treatment of hospitalized 
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Fig. 3. Baricitinib inhibits cytokine-mediated increased infectivity of SARS-CoV-2 in organotypic primary human liver culture. (A) Immunofluorescence confocal 
imaging of a liver spheroid 48 hours after infection with SARS-CoV-2. Viral spike protein is shown in red, ACE2 in green, and DAPI (4′,6-diamidino-2-phenylindole) in blue. 
Arrows indicate examples of where spike protein and ACE2 signals are in close proximity. (B) Liver spheroids were treated with different cytokines (10 ng/ml), and the fold 
increase in ACE2 transcript levels are shown relative to controls (indicated by the solid line). Note that IFN-2 and IFN- significantly induce ACE2 levels. N = 2 technical 
replicates. (C) Combinatorial cytokine exposure does not result in increased ACE2 induction compared to IFN-2 alone. “Other cytokines” corresponds to IFN-, IFN-, 
TNF, IL-1, IL-6, IL-10, and IL-18. (D) IFN-α2 increases viral load in hepatocyte spheroids, and this effect is fully inhibited by baricitinib. N = 2 to 3 biological replicates. 
(E) IFN-2–mediated induction of ACE2 is fully prevented by baricitinib. N = 3 biological replicates. All cytokine concentrations were 10 ng/ml unless stated otherwise. 
(F) ACE2 in lung organoids is not induced even by very high concentrations of IFN-α2 (50 ng/ml). N = 3 biological replicates. (G) By contrast, IFN-α2 slightly reduces viral 
load in lung organoids. N = 3 biological replicates. Error bars indicate SEM. A.U., arbitrary units; DMSO, dimethyl sulfoxide.
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patients with COVID-19 using the JAK/STAT pathway inhibitor 
baricitinib has been associated with clinical improvement, findings that 
require assessment in randomized trials (31). The inclusion of a large 
cohort with a median age of 81 years merits particular attention here.

Baricitinib was generally well tolerated with a reduction in in-
flammation and substantially improved outcomes. In the matched 
populations, 16.9% of the baricitinib-treated patients died and/or 
progressed to invasive mechanical ventilation, compared to 34.9% 
in the standard-of-care group (P < 0.001; Fig. 2). Note that baricitinib’s 
effects were evident from the first treatment days and maintained 
over follow-up (Fig. 2). Although most recommended treatment 
regimens support the use of 4 mg for 14 days, lower doses and shorter 
durations may be beneficial for certain populations including elder-
ly patients described here. It is also remarkable from our data that in 
the propensity score–matched populations from both sites, most of 
the participants received similar treatment regimens with hydroxy-
chloroquine, lopinavir/ritonavir, LMWH, and glucocorticoids. In Cox 
proportional hazard analyses, these treatments did not affect sur-
vival, while baricitinib was beneficial in univariate, multivariate, 
and time-related analyses (Table 4).

The main toxicities observed were hepatic, infectious, gastro-
intestinal, and cardiovascular, although in most cases, a definite caus-
ative relationship with baricitinib use could not be ascertained. An 
elevation in plasma transaminases occurred in some patients, and 
as previously observed, continuation of baricitinib was possible with 
resolution of liver function abnormalities. A recent case report in an 
87-year-old severely unwell patient from Foggia, Italy showed that 
its use was associated with rapid clinical improvement in stark con-
trast to her infected husband and son who did not receive baricitinib 
and died (32). While these reports are inconclusive, in aggregate, 
these data strongly support the continued investigation of baricitinib 
for COVID-19  in ongoing randomized control trials, including 
ACTT-II (NCT04401579), where baricitinib is given in combination 
with remdesivir, TACTIC-R (NCT04390464), and others including 
NCT04373044. Multivariate analyses that we performed showed no 
differences in corticosteroid type (prednisolone, dexamethasone, hydro-
cortisone, or methylprednisolone), duration, dose, and outcome.

Age appears the most relevant risk factor for adverse outcomes 
related to COVID-19 (16). In patients with COVID-19 pneumonia, 
immune dysfunction is present, even in mild cases (25), and immune 

Fig. 4. Baricitinib reverses IFN-mediated gene expression signature alterations. (A) Venn diagram depicting the overlap of differentially expressed genes upon 
IFN-2 (10 ng/ml) in SARS-CoV-2–infected and uninfected liver spheroids. (B) Circle plots illustrating significantly deregulated genes falling into specific Reactome termi-
nologies in infected and noninfected samples (FDR < 0.05). Circle diameter is indicative for the number of genes per category. (C) Heatmap representation of IFN-responsive 
genes (n = 832). z scores of normalized TPMs (transcripts per million mapped reads) are plotted (purple, high; white, low). (D) Volcano plot showing the differentially ex-
pressed genes in all infected samples upon treatment with baricitinib. Blue and red dots indicate genes that are significantly up- and down-regulated upon IFN treatment. 
Note that with the exception of SAA1/2, baricitinib results in inverse changes to gene expression compared to IFN, thus ameliorating IFN-induced gene expression alter-
ations. (E) Heatmap visualization of genes for which significant effects on gene expression were detected for baricitinib and IFN.
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responses in older adults are slower, less coordinated, and less effi-
cient, so-called immunosenescence (33). Until now, there have been 
no clinical trials or post-authorization studies that have demonstrated 
efficacy or safety of commonly used drugs in much older adults 
hospitalized with COVID-19, an especially vulnerable and susceptible 
population, and age is often an exclusion criterion in trials, as is frailty.

One concern in early disease is amelioration of the antiviral ac-
tivity of type-1 IFNs, which signal through JAK/STAT pathways. 
Our study using viral infection assays in liver spheroids confirms 
that ACE2 is an ISG, supporting previous data (34). This induction 
should increase viral infectivity rather than reduce it. This was ob-
served in human hepatocytes, which normally express low levels of 
this receptor, in contrast to endothelial cells where ACE2 is abun-
dantly expressed and contributes to the local control of perfusion. 
This, in turn, suggests that extrapulmonary effects of COVID-19 may 
be mediated by type-1 IFN–mediated increases in ACE2 expression, 
both on endothelial and parenchymal cells, resulting in endotheliitis 
(24) and liver injury in up to 60% of severely ill patients (35). While 
deficiency in type-1 IFN immunity is associated with life-threatening 
COVID-19 pneumonia (36), induction of IFNs and ISGs is detected 
in some critically ill patients (37). In aggregate with our findings in 
liver spheroids, these data suggest that type I IFNs play an important 
bivalent role in COVID pathobiology that requires tight regulation 
and lead us to hypothesize that JAK/STAT inhibitors could be ben-
eficial early in the course of the disease by reducing IFN-I–induced 
ACE2 expression. Notably, we found important qualitative differences 

between the response of liver spheroids, where IFNs induced ACE2 
and increased infectivity, and lung organoids, where ACE2 and vi-
ral load were not affected by IFN signaling. Vascular endothelial cells 
express high levels of ACE2 (38); however, while endothelial cells are 
highly responsive to IFN signaling (39), whether ACE2 constitutes 
an IFN response gene remains to be elucidated. Combined, these 
data suggest that the effects of baricitinib might differ between or-
gan systems, and we could speculate that the anti-inflammatory ef-
fects might be most beneficial in those tissues in which ACE2 is an 
IFN response gene, including liver. It will be interesting to see wheth-
er further systematic analyses of the effect of IFNs on ACE2 expression 
and infectivity across human tissues will confirm these hypotheses.

To further validate our data in early patients and strengthen the 
safety database, we also present results for an additional 48 patients with 
mild-moderate pneumonia treated at two hospitals in Italy (Table 5 and 
table S1); a transient transaminitis was observed in two individuals, and 
all patients recovered uneventfully, with the most common drug-induced 
adverse event in 131 baricitinib-treated individuals presented here.

The susceptibility of liver spheroids to SARS-CoV-2 infection was, 
at first, unexpected to us but ties in with the transaminitis observed. 
Note that SARS-CoV-2 can productively infect human gut entero-
cytes, as shown using human small intestinal organoids (40). We have 
analyzed ACE2 expression in available proteomics and RNA-seq 
data and detected low-level ACE2 transcripts or protein with average 
FPKM (fragments per kilobase of transcript per million mapped reads) 
data across three donors of 0.95 (41). These levels are consistent 

Fig. 5. Baricitinib blocks viral entry of SARS-CoV-2. Superresolution dSTORM microscopy of short-term (4 hours) infected liver spheroids stained for nucleocapsid 
treated with vehicle control (A) or baricitinib (100 nM) (B). (C) Relative mean fluorescence intensities (MFIs) for regions with dimensions of 20 m by 20 m of infected and 
treated organoids and secondary antibody–only controls; five regions per 3D tissue culture. Bars are means ± SD; ***P < 0.001 two-tailed Student’s t test. Ab, antibody; ns, 
not significant. (D) qPCR analysis of viral load in organotypic primary human liver culture following short-term (4 hours) infections corroborates inhibition of viral entry. 
(E) Suggested mechanism of dual baricitinib antiviral action on viral entry and inflammatory signaling. Baricitinib inhibits on viral entry by inhibition of the NAKs AAK1 
and GAK. In addition, baricitinib blocks inflammatory JAK/STAT signaling, resulting in reduced expression of the IFN target gene and SARS-CoV-2 receptor ACE2. A plas-
macytoid dendritic cell is shown on the left, and a hepatocyte is shown on the right.
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Table 5. Baseline demographic, clinical, and laboratory characteristics of patients with COVID-19 treated with either baricitinib or with standard 
COVID-19 therapy and results at 2 weeks from the Hospital of Prato. Standard univariate statistical tests were performed to compare baricitinib-treated 
patients to age- and sex-matched controls. These consisted of the Mann-Whitney U test for pairwise comparisons, the Wilcoxon test for paired data, and Fisher’s 
exact test for categorical variables. Kaplan-Meier product-limit estimation and the log-rank test were used to perform a survival analysis between groups. A dose 
of 4 mg daily of baricitinib was given for 14 days. SpO2, peripheral capillary oxygen saturation; SBP, systolic blood pressure; DBP, diastolic blood pressure; WBC, 
white blood cells; MEWS, modified early warning score; CVD, cardiovascular disease; NA, not applicable; IQR, interquartile range; ICU, intensive care unit. 

Features at baseline (all patients 
received hydroxychloroquine and 
lopinavir/ritonavir)

Baricitinib group Control group* P value

Patient number, N (%) 23 (100) 18 (100)

Male/female, N (%) 20/3 (87/13) 14/4 (78/22) 0.679

Age years, median (IQR) 62.5 (57.75–72.25) 64.1 (55.7–70.1) 0.776

Days interval from symptoms onset 
and therapy starting 6 (4–6.25) 5.5 (4–5.25) 0.924

Cough, N (%) 17 (73.9) 15 (83.3) 0.709

Dyspnea, N (%) 20 (86.9) 14 (77.8) 0.679

Sputum production, N (%) 7(30.4) 9 (50) 0.334

Headache, N (%) 8 (34.8) 7 (38.9) 0.757

Diarrhea, N (%) 5 (21.7) 5 (27.8) 0.524

Ageusia/anosmia, N (%) 9 (39.1) 8 (44.4) 0.860

Hypertension, N (%) 5 (21.7) 6 (33.3) 0.489

Diabetes, N (%) 6 (26) 4 (22.2) 1.000

COPD, N (%) 5 (21.7) 4 (22.2) 1.000

CVD, N (%) 4 (17.4) 2 /11.1) 0.679

Malignancy, N (%) 1 (4.3) 1 (5.5) 1.000

Fever (°C) 38 (37.5–38.6) 37.9 (37.6–38.9) 0.912

Respiratory rate (N/min) 18 (16.5–23.2) 21 (18–24) 0.524

SpO2 (%) 94 (90–95.5) 92 (91–93) 0.357

PaO2/FiO2, median (IQR) 293 (199–296) 271.4 (264–283) 0.356

Pulse rate, median (IQR) 84 (72.3–89.1) 88 (86–94.5) 0.129

SBP mm/Hg, median (IQR) 110 (100–130) 105 (98–115.6) 0.789

DBP mm/Hg, median (IQR) 70 (60–84) 65.5 (60–68.5) 0.589

WBC (×109/liter), median (IQR) 7.6 (5.7–10.4) 7.9 (7.1–8.6) 0.757

Neutrophils (×109/liter), median (IQR) 6,3 (4.2–7.8) 7.1 (6.4–8.1) 0.224

Lymphocytes (×109/liter), median (IQR) 0.6 (0.5–1.1) 0.72 (0.6–0.8) 0.524

Hemoglobin (g/liter), median (IQR) 116 (102–133.2) 127 (108–136) 0.565

Platelets (×109/liter), median (IQR) 207 (174–232) 368 (340–415) 0.002

ALT (IU/liter), median (IQR)† 27.6 (22.7–53.1) 44 (36–50) 0.176

AST (IU/liter), median (IQR) 31 (25.2–47.3) 44 (34.7–48) 0.235

ALT (IU/liter) > upper normal limit N (%) 8 (34.7) 9 (50) 0.358

ALT (IU/liter) > upper normal limit, 
median (IQR) 50 (45.5–62.7) 55 (45–68) 0.707

AST (IU/liter) > upper normal limit N/% 10 11 0.350

AST (IU/liter) > upper normal limit, 
median (IQR) 51.5 (44.5–76.5) 67 (55–80) 0.302

Creatinine (mg/dl), median (IQR) 1.0 (0.9–1.3) 1.1 (0.9–1.2) 0.789

CRP (mg/dl), median (IQR) 9.12 (5.9–16.5) 4.3 (1.5–5.2) 0.001

Procalcitonin (ng/ml), median (IQR) 0.5 (0.3–1.0) 1.1 (0.8–2.2) 0.589

IL-6 (pg/ml)‡, median (IQR) 29.2 (7.1–39.4) 24.2 (5.2–27.6) 0.189

Continued on the next page
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with previous data indicating low but detectable levels of ACE2 in 
liver cells (42). We have also interrogated the The Cancer Genome 
Atlas with the UALCAN database and found low levels of ACE2 tran-
scripts in peritumoral liver cells in hepatocellular carcinoma data.

The demonstration that baricitinib inhibited viral infectivity in vitro, 
as well as having an overall anti-inflammatory effect in vivo, confirms 
predictions arising from the use of AI and the comprehensive bio-
medical knowledge graph (7–9). It also demonstrates that compiling 
such an AI-enriched database, with its associated algorithms, enables the 
identification of relationships, in this case, the ability of a single approved 
drug to both inhibit viral infectivity and ameliorate the exuberant inflam-
matory consequences of viral infection. It also enables network effects 
to be identified quickly, which is of enormous importance when try-
ing to identify therapeutics in the midst of a global pandemic (10).

We did not observe any thrombotic or vascular events in our cohort, 
a previously raised possible concern with the use of baricitinib and 
also an increasing concern in general with COVID-19 infection 
(14, 43, 44), although most patients (86%) here received LMWH. The 
short half-life of baricitinib (t1/2 = 12.5 hours) versus the anti–IL-6 
antibodies such as tocilizumab (t = 13 days), oral once/daily admin-
istration, and lack of drug-drug interactions (it is excreted largely 
unchanged), we believe, lend itself to use during a short-term viral 
infection and also the possibility of utility in low- and middle-income 
countries. A glomerular filtration rate (GFR) of <30 ml/min is a lim-
itation for the higher 4-mg dose, but a 2-mg dose can be used: We 
highlight from the Spanish cohort that specifically shows that baric-
itinib may be safe and effective with the lower 2-mg dose and fewer 
treatment days. Randomized trials are needed in this elderly popu-
lation, and note, for example, that many other studies (e.g., for rem-
desivir) exclude elderly individuals or those with a GFR of <50 ml/min. 
Other features such as its potential to cross the blood-brain barrier 
and help ameliorate neurologic sequelae may also be beneficial in 
selected patients, as we have described (45, 46). Trials of other JAK 
inhibitors such as ruxolitinib are ongoing, and the same principles 
may apply (47), although our knowledge graph specifically called 
out baricitinib among these related molecules (9). We noted that 
the brain:plasma ratio for baricitinib measured 5× that for ruxoli-
tinib (45). Furthermore, the computational docking results (figs. S3 

and S4) suggest that any one or two or all three of the NAKs could be 
the baricitinib target(s) relevant to our clinical findings, although 
BIKE is unexpressed on liver spheroids so the target is likely to be 
AAK1 and/or GAK. We consider it unlikely that baricitinib is act-
ing on an alternative protein target(s) that may not even be a pro-
tein kinase, but we cannot rule out this possibility. For example, 
TMPRSS2, a membrane-bound serine protease that primes the spike 
protein (48), is also well known to be important for viral entry via 
ACE2. IL-6 signaling (49) is related to its expression, and baricitinib, 
which reduces IL-6 levels in a dose-dependent manner, may affect 
its expression. Should additional clinical studies confirm the benefits 
of baricitinib in managing advanced SARS-CoV-2 infections, efforts aimed 
at identification of the precise molecular target(s) would be useful here.

Notwithstanding our findings supporting the hypothesis that 
baricitinib is clinically active and safe in this setting, there are several lim-
itations in our study that need to be acknowledged. This was not a ran-
domized trial comparing baricitinib to a placebo control group. Therefore, 
known and unknown confounding variables could have compromised 
the results. The propensity score–matching procedure eliminated much of 
the group imbalance in known confounding variables, but some imbalance 
remained in important parameters such as existing comorbidities. In ad-
dition, the sample size from the final baricitinib cohort was small, limiting 
overall statistical power. Multiple statistical tests were performed without 
an adjustment for multiplicity, which increases the risk of a type I sta-
tistical error. Given these limitations, we eagerly await the completion of 
the baricitinib randomized trials that are currently ongoing.

In summary, we have confirmed dual actions of baricitinib, demon-
strating its ability to inhibit viral entry into primary human hepatocyte 
spheroids and the reduction in inflammatory markers in patients 
with COVID-19 as per our suggested model (Fig. 5C). In addition, 
we show that baricitinib prevents the type-1 IFN–mediated increase 
in expression of ACE2, the receptor for SARS-CoV-2.

METHODS
Patients and statistics
Two observational studies from Italy and Spain were conducted, 
approved by the Internal Review Boards (IRBs) of each institution. 

Features at baseline (all patients 
received hydroxychloroquine and 
lopinavir/ritonavir)

Baricitinib group Control group* P value

MEWS, median (IQR) 2 (1–3.1) 3 (3–4) 0.544

Results at 2 weeks after therapy

ICU admission N (%) 0 5 (33) 0.011

Discharged, N (%) 18 (78.2) 1 (5.5) <0.0001

SpO2, median (IQR) 97 (94.8–98.1) 92.4 (85.5–93.2) <0.0001

PaO2/FiO2 value, median (IQR) 428.7 (306.1–457) 277.8 (144–345) 0.002

Lymphocytes (×109/liter), median (IQR) 1.3 (1.2–1.9) 0.8 (0.6–0.9) 0.019

CRP (mg/dl), median (IQR) 0.87 (0.58–2.9) 5.2 (2.1–12.3) <0.0001

IL-6 (pg/ml)‡, median (IQR) 6.1 (3.2–7.4) NA NA

ALT (IU/liter), median (IQR) 37 (24.1–57.4 NA NA

AST (IU/liter), median (IQR) 55.4 (28–64.3) NA NA

 *Standard therapy group: Patients with COVID-19 under standard respiratory therapy commenced antiretrovirals (Kaletra) and hydroxychloroquine before 
starting the therapy with baricitinib.     †Normal ALT and AST values: 10 to 40 IU/liter.     ‡IL-6 normal value: <7 pg/ml.
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Entry criteria for each institution included patients with radiologically 
defined COVID-19 pneumonia and laboratory-confirmed infection, 
as diagnosed by a positive SARS-CoV-2 RT-PCR (reverse transcription 
PCR) test by nasopharyngeal swab. All patients enrolled had a 
blood oxygen saturation (SaO2) < 94% at baseline but did not require 
mechanical ventilation. The Pisa, Italy cohort included all consecutive 
cases with SARS-CoV-2 pneumonia and PaO2/FiO2 (P/F) ratio 
of <300 mmHg at admission diagnosed between the period of 7 and 
31 March 2020 and had moderate-to-severe or severe disease. The COVID-
AGE study from Albacete, Spain (NCT04362943) was conducted at 
Complejo Hospitalario Universitario of Albacete, dedicated to older 
adults; thus, baricitinib doses were lower than in Italy. The Albacete 
cohort included patients ≥70 years with SARS-CoV-2 pneumonia, di-
agnosed between 9 March and 20 April 2020, not requiring mechanical 
ventilation, and again having moderate-to-severe or severe disease.

Written informed consent was obtained from each patient in Italy 
and verbal informed consent in Spain as approved by the local IRB. 
Baricitinib was administered at a dose of 4 mg/day for 14 days in 
conjunction with standard of care in Italy and at lower doses of 2 or 
4 mg/day for 3 to 11 days in the Spanish cohort because of age-
related factors. Any patient with confirmed COVID-19 infection 
who received at least three doses of baricitinib was included in the 
intent-to-treat analysis. Standard clinical and laboratory data were 
collected including patients’ demographics, comorbidities, oxygen 
support, adverse events, laboratory values, concomitant therapies, 
and clinical outcomes. Exclusion criteria in all patients included a 
history of active or latent tuberculosis infection (QuantiFERON 
Plus-test positivity, QIAGEN, Germany), pregnancy, and/or lacta-
tion. The primary outcome was death from any cause or intensive 
care unit admission needing invasive mechanical ventilation during 
hospitalization.

For both cohorts, propensity score matching was used to create 
the control selection sample using patients admitted in the same period 
of time in both hospitals, not treated with baricitinib. Cases and 
controls were matched for relevant predictors of respiratory failure 
and death, as well as baseline treatments. The following variables, 
all of them clinically relevant for mortality and respiratory failure, 
were included in the propensity score estimation: age, sex, chronic 
obstructive pulmonary disease, arterial hypertension, cardiovascular 
disease, diabetes mellitus, chronic kidney failure, Charlson comor-
bidity index, baseline P/F ratio, lymphocyte count, therapy with 
steroids, LMWH, and “antiviral” therapy with hydroxychloroquine 
or protease inhibitors (lopinavir/ritonavir). Propensity score matching 
was conducted with the statistical package MatchIt (v4.0.2), using 
the recommendations from Ho et al. (50) to improve parametric mod-
els and preprocessing of nonparametric data. After the propensity 
score was determined for each patient, those treated with baricitinib 
were matched to 1:1 to a control patient using a greedy matching 
procedure with replacement, targeting the average treatment effect 
on the treated replacement. Continuous variables were tested using 
Wilcoxon-Mann-Whitney rank sum test; categorical variables were 
tested using Pearson’s chi-square or Fisher’s exact test. For every 
test performed, the P value was always above 0.05, and therefore, we 
can say that the groups were homogeneous regarding the control 
variables. Validity of the balance in potential confounding variables 
was assessed visually with normality plots using the “R” function 
[“geom:smooth()” using formula “y ~ x”], also using the Wilcoxon 
rank sum test with continuity correction analyses for continuous 
variables, and with Pearson’s chi-square tests for categorical ones. 

Although the matching figures were not perfect, no statistical dif-
ferences were found for any variables included in the propensity 
score in the merged Pisa and Albacete cohorts. Mortality reduction 
was analyzed with Cox proportional hazard models adjusted for all 
the variables included in the propensity score matching, to further 
control for the small deviations in the matching procedure, plus the 
presence of active cancer, alanine aminotransferase, and antibiotic 
use. Safety data are presented in a descriptive manner. Last, individ-
ual and merged data from Pisa and Albacete were used to analyze 
the primary outcome, survival, or mechanical ventilation, in barici-
tinib and control groups using Kaplan-Meier analysis, including 
95% CIs. The global significance was determined using a Peto-Peto 
analysis that prioritizes the first part of the curves but with increased 
robustness compared to Taron-Ware analysis. This decision was 
taken after the observation that the main differences between baric-
itinib and control patients were present from the beginning of the 
treatment. Statistical significance was established at P < 0.05 using a 
two-sided test statistic. All analyses were done using the statistical 
package R.

Human spheroid and organoid culture, cytokine exposures, 
and SARS-CoV-2 infections
SARS-CoV-2 (GenBank accession number MT093571) was isolated 
from a nasopharyngeal sample of a patient in Sweden on Vero E6 
cells. Organotypic 3D primary human liver cultures with physiological 
transcriptomic, proteomic, and metabolomic profiles were cultured 
as previously described (51–53). In short, cryopreserved primary 
human hepatocyte (BioIVT, USA) were thawed, and the isolated cell 
suspensions were seeded into 96-well ultralow attachment plates 
(Corning) with 1500 cells per well. In short, cells were seeded in 100 l 
of Williams E medium supplemented with 2 mM l-glutamine, pen-
icillin (100 U/ml), streptomycin (100 g/ml), insulin (10 g/ml), 
transferrin (5.5 g/ml), sodium selenite (6.7 ng/ml), 100 nM dexa-
methasone, and 10% fetal bovine serum. Spontaneous self-aggregation 
of the hepatocytes occurred, and after few days, a single spheroid 
could be observed per well. Once spheroids were sufficiently com-
pact (after day 5), cell aggregates were preexposed to baricitinib 
and/or cytokines.

Formed liver spheroids and pulmonary organoids were exposed 
for 1 day with reconstituted human IFN-2 (BioLegend, no. 592706), 
IFN- (R&D Systems, no. 8499-IF-010), IFN- (BioLegend, no. 570206), 
IL-1 (BioLegend, no. 579406), IL-6 (R&D Systems, no. 206-IL-
050), IL-10 (R&D Systems, no. 217-IL-010), IL-18 (BioLegend, no. 
592104), and TNF (R&D Systems, no. 210-TA-100) either alone or 
in combination with baricitinib before viral infections. Cytokine 
concentrations were 10 ng/ml unless stated otherwise. Following 
these preexposures, cells were infected with SARS-CoV-2 at a mul-
tiplicity of infection of 0.1 in triplicate for 48 hours. After 48 hours, 
spheroids were washed with phosphate-buffered saline (PBS), pooled 
(32 wells per condition), and lysed using TRIzol (Thermo Fisher 
Scientific). RNA was extracted using Direct-zol mini kit (Zymo Re-
search), and relative levels of ACE2 and viral RNA were determined 
by qRT-PCR as described (54).

Confocal microscopy
Primary human hepatocyte spheroids were fixed in 4% paraformal-
dehyde for at least 4 hours and washed with PBS. For cryoprotection, 
spheroids were incubated with 30% sucrose in PBS at 4°C overnight or 
until the microtissues sank. Subsequently, they were washed with PBS 
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and transferred into micromolds for OCT (optimal cutting temperature) 
cryo-mount embedding. OCT-embedded spheroids were frozen in an 
isopropanol dry ice bath and were sectioned at 8-m thickness on a 
CryoStar NX70 cryostat. Sections were washed twice with PBS for 10 min 
and blocked with PBTA buffer [5% bovine serum albumin (BSA), 
0.25% Triton X-100, and 0.01% NaN3 in PBS] for 2 hours at room 
temperature. Subsequently, the blocked sections were incubated 
overnight at 4°C with the monoclonal primary antibody anti-1A9 
(diluted in PBTA to a final concentration of 5 g/ml). Samples were 
washed 3 × 15 min with PBS at room temperature before incubation 
with the secondary antibody (donkey anti-mouse diluted in PBTA at 
1:500) for 2 hours at room temperature. Unbound secondary anti-
body was washed out three times with PBS (15 min each) at room 
temperature, and the slides were mounted with 4′,6-diamidino-2-
phenylindole Gold Antifade.

Superresolution microscopy
Sections, prepared as above, were thawed and rehydrated using PBS 
then blocked for 30 min using a blocking buffer containing 10% goat 
serum, 2% BSA, and 0.3% Triton X-100. Primary antibody against nu-
cleocapsid was diluted at 1:500 in 10% goat serum and 2% BSA and 
incubated overnight at 4°C. Sections were then washed with PBS 3 × 
10 min. Primary antibodies were detected with Alexa Fluor 647–
conjugated secondary goat anti-mouse F(ab′)2 (Abcam, ab98758) 
diluted to 500 ng/ml in 10% goat serum and 2% BSA for 1 hour at 
room temperature. Last, sections were washed 5 × 10 min and mounted 
using an ONI B-Cubed imaging buffer. Superresolution images 
were acquired on the Nanoimager S Mark II from ONI (Oxford 
Nanoimaging) equipped with 405-nm/150-mW, 473-nm/1-W, 560- 
nm/1-W, and 640-nm/1-W lasers and dual emission channels split 
at 640 nm. To achieve single-molecule blinking, samples were irra-
diated with the 640-nm laser, and then, 10,000 frames were acquired 
in an appropriate focal plane at 30 Hz. Single-molecule data were 
filtered on the basis of photon count, precision, and sigma value in 
NimOS. All samples were filtered using the same parameters.

RNA sequencing
RNA was isolated from 3D liver tissue samples and were ribosomal 
RNA (rRNA) depleted, followed by strand-specific RNA library gen-
eration (Takara SMART-Seq Stranded kit). RNA libraries were se-
quenced paired end (75 + 75 cycles) on an Illumina NextSeq 500 
device. On average, 20 million reads per sample were obtained, low-
quality reads were removed, and ends were trimmed using Trimmomatic 
(version 0.36). rRNA contamination was determined by mapping 
to a customized human rRNA reference genome (HISAT2 version 
2.1.0). Approximately, 8 to 15% rRNA contamination was found in 
the samples, which is below the manufacturer’s expected range be-
tween 15 and 35%. Nonaligned reads were further mapped to the 
human reference genome (downloaded from University of California, 
Santa Cruz, hg38). After mapping to the human genome, generated 
.bam files were processed using samtools (version 1.10). Bedgraph 
files were generated using Homer (version 4.11). Last, count tables 
were generated using the tool Subread (version 2.0.0).

Differential gene expression analysis was performed using both 
DESeq2 (version 1.26) and edgeR (version 3.28). For both methods, 
genes with zero counts were filtered out, and more than eight counts 
in at least 2 of the 12 samples were considered further. In DESeq2, 
independent filtering and Cook’s distance were set to false. In edg-
eR, the glmLRT method was used. Only genes with log2 FC > |1| and 

FDR < 0.05 were considered. When intersecting the number of dif-
ferentially expressed genes identified using the two methods, we 
found an overlap of >90% and continued the analysis by using the 
data obtained from DESeq2. Pathway analysis was performed using 
the R package ReactomePA (version 1.30.0).

Computational structure analysis
3D atomic-level structures of NAKs BIKE [Protein Data Bank 
(PDB) ID 4w9x], AAK1 (PDB ID 4wsq), and GAK (PDB ID 4y8d) 
were compared at the level of amino acid sequence and 3D structure 
(figs. S1 and S2). Superposition computational docking using the 
experimental structure of the BIKE-baricitinib protein:drug com-
plex (PDB ID 4w9x) was used to investigate the modes of binding of 
baricitinib to both AAK1 and GAK (fig. S2). Figures were generated 
using UCSF Chimera (55).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/sciadv.abe4724/DC1
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