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During the current pandemic, the vast majority of COVID-19 patients experienced mild symptoms, but some had a

potentially fatal aberrant hyperinflammatory immune reaction characterized by high levels of IL-6 and other

cytokines. Modulation of this immune reaction has proven to be the only method of reducing mortality in severe and

critical COVID-19. The anti-inflammatory drug baricitinib (Olumiant) has recently been strongly recommended by

the WHO for use in COVID-19 patients because it reduces the risk of progressive disease and death. It is a Janus

Kinase (JAK) 1/2 inhibitor approved for rheumatoid arthritis which was suggested in early 2020 as a treatment for

COVID-19.
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1. Introduction

The COVID-19 pandemic has caused the death of approximately 6 million people, with a case fatality rate which

may be as high as 20% in those over 80 years old . Vaccines have proved to be extremely effective in reducing

the damage and hospitalisation caused by this infection, although some patients still need supportive care. As the

SARS-CoV-2 virus has continued to evolve, the potential for the virus to escape vaccine and exposure induced

immunity remains a threat. In this situation, as at the start of the pandemic when no such vaccines were available,

it is important that there exist therapeutics for the treatment of severely ill patients. This described the identification,

mechanism of action, and validation of the already approved rheumatology drug baricitinib as a treatment for

hospitalised patients with COVID-19. In addition, comparison with other agents demonstrates that this drug is the

most potent of the immune modulators in reducing COVID-19 mortality. As a result, it is now strongly

recommended for the treatment of COVID-19 by the WHO.

Infection by SARS-CoV-2 is usually via respiratory droplets and, like the related SARS-CoV-1 and MERS viruses,

results in a biphasic disease. The first phase shows mild symptoms, e.g., fever, muscle pains, fatigue, headache,

diarrhoea, loss of taste and smell, and a cough which may last for up to 2 weeks. This is the experience of most

patients, but in some this phase is followed by the onset of breathlessness and pneumonia, often requiring oxygen

therapy, and which can also be associated with severe pulmonary and systemic inflammation, similar to a cytokine

storm. This involves high levels of circulating cytokines with widespread organ damage, vascular

damage/thrombosis, and acute respiratory distress syndrome (ARDS). It is unclear why some people suffer from

this hyperinflammatory episode while others do not. Perhaps the most common explanation is that in those

experiencing severe disease the response of both the innate and adaptive immune systems is dysregulated .
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This dysregulated response is associated with ageing of the immune system, obesity , and with chronic

underlying diseases such as cardiovascular disease, diabetes, COPD , and others.

2. The Role of AI in the Repurposing of Baricitinib

In January 2020, when it had become apparent that the new coronavirus was likely to spread worldwide, scientists

at BenevolentAI, a London-based AI-enabled drug discovery company, used their AI-enhanced knowledge graph to

piece together the mechanisms behind SARS-CoV-2 and then search for approved drugs capable of treating those

mechanisms and thereby treat patients with the disease. This knowledge graph combines numerous data sources

incorporating information on drugs, drug targets, genes, biological mechanisms, and diseases . The knowledge

graph contains machine-read literature covering the extensive collection of biomedical knowledge available (more

than 30 M papers are catalogued in PubMed) and the contents of dozens of structured databases. The

interrelationships between biomedical concepts in the knowledge graph are enhanced by AI algorithms, which help

describe their confidence, causality, and cover gaps in established knowledge. The knowledge graph can be

searched or explored by experts using interactive tools, as well as novel proprietary algorithms as described in .

To analyse SARS-CoV-2 mechanisms and identify candidate drugs, BenevolentAI scientists adopted an interactive

and iterative approach, combining their expertise and interactive tooling with AI-generated biomedical relationships

extracted from recent coronavirus literature. The aim was to find an approved drug which could treat the “cytokine

storm” responsible for many of the early deaths from COVID-19 . In addition, the drug should also prevent or

reduce virus infection, perhaps by inhibiting the infection of cells by the virus which was thought to be via the SARS

receptor ACE2.

The BenevolentAI knowledge graph is focused on human biology, so the search in January 2020 was focused on

identifying drugs acting on host proteins that were subverted by the virus. In brief, the virus interactome was

identified, added to the knowledge graph, and the knowledge graph was queried for anti-inflammatory agents

which could counter the cytokine storm and also have antiviral effects. Since virus replication is largely mediated by

proteins encoded by the virus, and the knowledge graph is focused on human biology, the search was for those

mechanisms and proteins of the host mediating viral infection of cells rather than viral replication. In the search of

this SARS-CoV-2 enhanced BenevolentAI knowledge graph for endocytic mechanisms a cluster of protein

interactions related to virus entry suggested CME was the likely route of SARS-CoV-2 entry into cells (Figure 1) .

A Protein–Protein Interaction (PPI) output that indicated that SARS-CoV-2 may infect cells via CME is shown in

Figure 1, where the CME module is identified. This figure illustrates how CME was identified as the probable entry

pathway for the SARS-CoV-2 virus. This conclusion was later confirmed . The proteins of the CME pathway

(AAK1, CLTC, GAK, EPS15, AP2M1 etc.) were enriched in the pink endocytosis cluster of PPIs in Figure 1.
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Figure 1. A selection of the PPI networks from a knowledge graph query of “SARS-CoV-2 AND endocytosis”.

Specific pathways and processes are grouped in different-coloured clusters (e.g., endocytosis in pink and cytokine

signalling in green and orange). Each node reflects one protein, and the edges reflect enhancing (green) or

inhibiting (red) protein–protein interactions. The CME module is in pink.

By focusing on anti-inflammatory and viral infection mechanisms as described in , the knowledge graph and

computational tools revealed approved drugs potentially able to act as both anti-inflammatories and antivirals. The

result of this process was the identification of two drugs, baricitinib and fedratinib, approved for inflammatory

indications, and ruxolitinib for myeloproliferative diseases. These were predicted inhibitors of JAKs and also of

NAKs. Being JAK inhibitors, all three were likely to be effective inhibitors of cytokine signalling and complement

activation and neutrophil trapping , thereby reducing the inflammatory consequences of the elevated levels of

cytokines typically observed in people with COVID-19. Comparison of their pharmacokinetic properties, however,

revealed that baricitinib was also predicted to inhibit the NAK enzymes AAK1 and BMP2K at plasma exposures

routinely achieved when dosing patients. In contrast, the predicted unbound plasma exposures of ruxolitinib and

fedratinib required to inhibit these enzymes (and so CME) greatly exceeded the exposures achieved
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therapeutically . These drugs were, therefore, unlikely to reduce viral infectivity at tolerated doses, although they

might reduce the host inflammatory response through JAK inhibition.

The combination of the oncology therapeutics sunitinib and erlotinib was previously shown to reduce the infectivity

of a wide range of viruses, including Hepatitis C virus, Dengue virus, Ebola virus, and respiratory syncytial virus 

. However, sunitinib and erlotinib would be difficult for patients to tolerate at the doses required to inhibit AAK1

and GAK so were not considered further. The high affinity of baricitinib for NAKs, its anti-inflammatory properties,

its advantageous pharmacokinetic properties, and mild side effect profile (see later) suggested that it should be

used in the treatment of COVID-19 .

3. Baricitinib in COVID-19 Therapy

After publishing the output of this AI-augmented research, the mechanistic predictions were validated, confirming

that baricitinib inhibited signalling by a range of cytokines associated with the COVID-19 hyperinflammation. The

anti-inflammatory effects of JAK inhibitors in general are summarised in ref. , and the effect of baricitinib

confirmed in ref.  where the signalling of IL-2, IL-6, IL-10, IFNγ, and GCSF in monocytes, NK, and T cells was

demonstrated . Baricitinib also caused a significant reduction in plasma IL-6 in rheumatoid arthritis patients 

, these observations together indicating the potential of this drug to inhibit the hyperinflammation associated with

COVID-19. In addition, the nM potency of baricitinib on the NAK enzymes was confirmed in  and baricitinib was

shown to reduce SARS-CoV-2 infection of human liver cells through super resolution microscopy, thereby

confirming the predicted antiviral activity of this drug . Perhaps as important was the observation that baricitinib

reduced the expression of ISGs associated with platelet activation, suggesting it may reduce the extensive

microthrombosis observed in COVID-19.

Baricitinib has other advantages including an oral once per day formulation, a predominantly renal route of

clearance and low plasma protein binding. These properties suggested that baricitinib could be readily dosed with

the antivirals being tested at the start of the pandemic, since they were largely cleared through liver metabolism.

This enabled the testing of a combination with remdesivir in the ACTT-1 trial as well as with drugs being used as

standard care.

3.1. Observational Clinical Trials

The first clinical test of baricitinib in COVID-19 was in four patients in Milan, all of whom recovered well .

Importantly, these patients underwent seroconversion while taking baricitinib, suggesting that this

immunomodulator was unlikely to compromise the endogenous fight against infection. Almost simultaneously in

Northern Italy, other hospitals were demonstrating that baricitinib appeared to reduce COVID-19 mortality. These

and other small trials showed significant reductions in mortality and/or an improvement in lung function .

The next phase of validation was in propensity matched trials in Italy and Spain, which showed a substantial

reduction in mortality associated with baricitinib treatment . In 83 patients with moderate-severe SARS-CoV-2

pneumonia and including an aged cohort, baricitinib in the presence of the Standard of Care (SoC, which at the
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time included hydroxychloroquine, Kaletra, as well as glucocorticoids) caused a 71% reduction in mortality, with

few drug-induced adverse events. Similarly, another propensity matched retrospective study showed a 48%

reduction of mortality in patients over 70 years old .

These data helped to convince the National Institute for Allergy and Infectious Diseases of the NIH that baricitinib

should be tested in a randomised trial. Since remdesivir had already shown a positive outcome in the ACTT-1 trial,

(i.e., an increased rate of recovery with a 25% reduction of mortality by day 29 ), baricitinib was first tested in

combination with remdesivir, comparing with the effect of remdesivir alone (ACTT-2). This was despite the fact that

there has been some concern about the efficacy of remdesivir resulting in the WHO later not recommending its use

in severe COVID-19 (a meta-analysis of four RCTs suggested no effect on mortality ).

3.2. Randomised Clinical Trials

The outcome of the ACTT-2 trial with over 1000 patients was a significant reduction in mortality and accelerated

recovery in patients treated with baricitinib plus remdesivir compared with those treated with remdesivir alone.

These effects were seen most strongly in those requiring supplemental oxygen (ordinal group 5) or non-invasive

ventilation (ordinal group 6) at baseline. Both groups showed a 40% reduction in mortality . Based on this and

the aforementioned smaller non-randomised trials, the FDA issued an EUA authorising the use of this combination

for the treatment of hospitalised COVID patients. Subsequently the CoV-BARRIER randomised trial reported the

effect of baricitinib with standard of care (SoC) versus placebo with SoC . Approximately 80% of the over 1500

patients in this trial were treated with dexamethasone, and 20% received remdesivir, as part of the SoC protocols

in many institutions. Baricitinib had no effect on disease progression (primary end point) but, consistent with ACTT-

2, reduced mortality by 38%. This life-saving effect was especially strong in those in ordinal scales 5 and 6 at

baseline and was seen in those taking steroids or remdesivir or neither. Although it was considered possible that

later stages of disease would be relatively resistant to such treatments, largely due to the amount of alveolar

damage and hyaline membrane formation, in later analysis a 46% reduction in mortality was seen in patients

receiving invasive mechanical ventilation (IMV) in this randomised trial . It has been suggested  that

remdesivir may have some synergistic effects with baricitinib, particularly on duration of disease, although the large

life-saving effect of baricitinib is seen in the presence or absence of remdsivir . Baricitinib is therefore the first

immunomodulator to be shown to reduce COVID-19 mortality in a placebo-controlled trial . Recently the

RECOVERY trial examined the efficacy of baricitinib in comparing baricitinib plus SoC versus SoC in more than

8000 patients. In this trial, the mortality was significantly less than that seen in earlier RECOVERY trials, probably

reflecting improved care and the widespread use of glucocorticoids (95%), remdesivir (20%), and tocilizumab

(32%) in these patients. Despite this, baricitinib significantly reduced mortality (HR 0.87), with an approximate 25%

reduction in mortality in those with severe disease (requiring ventilation at baseline) . The effect on mortality was

approximately half that seen in the previous trials, almost certainly because of the co-medications, although this

interpretation awaits publication of the final data.

Studies of new therapies in at-risk individuals with early stage COVID-19 (prehospitalisation) have been difficult to

execute because of the need for strict patient isolation, which precludes careful monitoring. Advanced contactless
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monitoring methods are being developed to enable such trials to be undertaken , including, for example, using

combinations of effective oral antivirals such as nirmatrelvir/ritonavir (Paxlovid) with oral agents that limit

inflammation-induced damage, such as baricitinib, in those whose risk is high due to disease or age.

It is probable that this approach of targeting the host pathways subverted by the virus could be applied to other

infections. For instance, flavivirus (e.g., Dengue) infections also show an early relatively mild disease which, in

some cases, is followed by an aberrant hyperinflammation with vasculopathy. The Dengue viruses (and their NS1

proteins) access cells predominantly through CME , so anti-inflammatory agents which also inhibit CME (such

as baricitinib) could be useful in these infections.

3.3. Baricitinib Safety

Long-term treatment (months to years) with JAK inhibitors is associated with significant side effects in a small

number of patients . These include an increased propensity for venous thromboembolisms and Herpes

infections. However, in the clinical trials assessed for European Medicines Agency registration (which covered

4214 patient years of dosing), the most significant side-effect seen was a small increase in upper respiratory tract

infections (similar to those observed with methotrexate). The incidence of serious infections (including Herpes

zoster) over 52 weeks dosing was small (3.2 per 100 patient-years), and similar to placebo . However, even

these side effects were considered unlikely given the short duration of dosing required in COVID-19 treatments,

and no such safety signals have since been observed in baricitinib COVID-19 trials. There were significantly

reduced infections in the baricitinib arm in the ACTT-2 trial , while two other RCT reports showed no differences

in adverse events between the baricitinib and control arms . In the large RECOVERY trial there were no

significant increases in thrombosis, secondary infections, or other safety outcomes in those treated with baricitinib

and a significant reduction in mortality was observed . Similarly, baricitinib was shown to cause significantly

fewer adverse events in the ACTT-4 trial when compared with dexamethasone, both in the presence of remdesivir

. These small improvements in safety were also seen in a meta-analysis covering 3564 patients in a mixture of

RCT and observational trials where serious adverse events and secondary infections were approximately 20%

fewer in those treated with baricitinib . It can therefore be concluded that baricitinib is a safe treatment for those

hospitalized with COVID-19.
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