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Abstract

We would like to draw attention to the potential of immunomodulatory tetracyclines for severe COVID-19. The COVID-19

pandemic is having a devastating impact on developing countries. A successful approach to manage the scarcity of cost-effective

therapies worldwide is drug repurposing. Predictions of direct anti-viral activity of tetracyclines against SARS-CoV2 have been

confirmed experimentally. Furthermore, their effectiveness in experimental ARDS has been proven extensively, counteracting

the overt inflammatory reaction and fibrosis sequelae due to a synergic combination of pharmacological activities. Finally, a

few clinical reports have confirmed their potentiall in COVID-19 patients, encouraging the development of this novel indication.

We believe that the benefits of their multi-target pharmacology and their safety profile place immunomodulatory tetracyclines

as gold repurposing candidates for COVID-19.
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ABSTRACT

We would like to draw attention to the potential of immunomodulatory tetracyclines for severe COVID-19.
The COVID-19 pandemic is having a devastating impact on developing countries. A successful approach
to manage the scarcity of cost-effective therapies worldwide is drug repurposing. Predictions of direct
anti-viral activity of tetracyclines against SARS-CoV2 have been confirmed experimentally. Furthermore,
their effectiveness in experimental ARDS has been proven extensively, counteracting the overt inflammatory
reaction and fibrosis sequelae due to a synergic combination of pharmacological activities. Finally, a few
clinical reports have confirmed their potentiall in COVID-19 patients, encouraging the development of this
novel indication. We believe that the benefits of their multi-target pharmacology and their safety profile
place immunomodulatory tetracyclines as gold repurposing candidates for COVID-19.

MANUSCRIPT

The COVID-19 pandemic has positioned vaccines at the top of the therapeutic arsenal. “Born” to help
us fight infections, their effectiveness has been demonstrated in the context of a multitude of infectious
diseases, and there is no doubt of their key role in our current fight against COVID-19. However, even
more remarkable is their adaptation and development to face new therapeutic challenges, such as fighting
cancer. This is a strikingly similar story to that of another versatile therapeutic family, the tetracyclines.
Following the discovery of their non-antibiotic properties, such as inhibition of matrix metalloproteinases
(MMPs) and different immunomodulatory effects, they have been tested in many non-infectious conditions
with promising results. However, their categorization as “antibiotic drugs” is holding back their clinical
application to other pathological conditions, despite their proven potential and the development of a novel
class of chemically modified tetracyclines (CMTs) devoided of antibiotic properties. Whilst CMTs could
have a chance in a patent-dominated market, the pharmaceutical industry is not likely to get on board with
drug repurposing strategies involving old tetracycline antibiotics, such as minocycline and doxycycline. Yet,
the exceptional circumstances that characterise the current pandemic, particularly challenging for developing
countries, demand cost-effective therapies that can be readily applied worldwide. Therefore, based on their
well-described benefit in acute respiratory distress syndrome (ARDS) in general, and given recent reports of
their activity against SARS-CoV2 infection, we would like to draw attention to and encourage the repurposing
of tetracyclines to fight COVID-19.

As of end of July 2021, COVID-19 incidence worldwide remains very high. Despite the success of vaccination
programs in developed countries, infections are rising again with the spread of new variants, whose impact on
developing countries is far more devastating. The cumulative number of cases now exceeds 190 million and
the number of global reported deaths exceeds 4 million. Severe COVID-19 cases require hospital care due to
viral pneumonia progressing into ARDS, causing difficulty in breathing and low blood oxygen levels (Figure
1). However, in addition to direct respiratory failure (accounting for 70% of fatal COVID-19 cases), some may
succumb to secondary bacterial and fungal infections. Furthermore, an aggressive inflammatory response (the
‘cytokine storm’) is strongly implicated in airway and multi-organ damage, leading to permanent sequelae
or death by septic shock and circulatory failure.

Why do we believe that immunomodulatory tetracyclines could help facing this pathological setting? Many
of their pharmacological activities have already proven useful in ARDS and viral infections. Starting with

2
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. their antibiotic properties, tetracyclines are effective and particularly useful in pneumonias and infections
caused by hospital-adquired multi-resistant bacteria. Hence, rather than a limitation, their antibiotic activity
would play an important role against secondary bacterial pneumonia in COVID-19 patients (Figure 1 A).

Anti-viral activity

Strikingly, several reports have revealed promising antiviral effects of tetracyclines in infections caused by
RNA viruses (Figure 1 B), such as HIV, Dengue virus, Japanese encephalitis virus and others. It has been
suggested that tetracyclines could interact and stabilize dsRNA (Dutta and Basu, 2011), which are involved
in viral replication and activate host defense mechanisms, as observed with minocycline in HIV infection
(Szeto et al., 2010). Regarding SARS-CoV2, several of its functions are associated with the host MMPs,
and may be susceptible to tetracyclines’ MMP inhibitory activity. Bioinformatic analysis to prioritise drug
repurposing candidates based on reported activities and molecular docking with SARS-CoV2 proteins have
predicted potential anti-viral activity for several tetracycline analogs (Wu et al., 2020). Docking studies
propose binding of doxycycline to the human Adaptor-Associated Kinase 1 (AAK1) and the viral ADP-
ribose phosphatase (ADPRP) (Sayed et al., 2020), involved in viral endocytosis and replication, respectively.
It has also been proposed that tetracycline and doxycycline could act as inhibitors of ACE2-spike binding
(Sachdeva et al., 2020; Zhao and Patankar, 2021), and doxycycline and minocycline as inhibitors of the
SARS-CoV-2 main protease (Mpro) (Bharadwaj et al., 2020). In fact, experimental evidence of tetracycline’s
direct antiviral effect against SARS-CoV2 has already been reported. Doxycycline has shown to reduce viral
entry and replication in Vero E6 cells infected with SARS-CoV-2 with a EC50 of 4.5 +- 2.9 μM (Gendrot et al.,
2020), which is compatible with the bioavailability of current formulations. Furthermore, tetracyclines could
also attain antiviral activity indirectly. Viruses exploit the mitochondria machinery and aerobic glycolysis
of infected cells, which could also be susceptible to the impact of tetracyclines on mitochondrial dynamics,
mainly due to calcium buffering.

3
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. Figure 1 : COVID-19 progression and proposed pharmacological actions of immunomodula-
tory tetracyclines. Upon initial infection, SARS-CoV2 spreads to the lower respiratory track, infecting
type II pneumocytes as well as other cell populations, such as alveolar macrophages and the endothelium.
Viral infection and its cytopathic effects lead to an exacerbated immune activation, which may result in
increased tissue damage and fibrosis. Alterations in lung tissue architecture (defined as Diffuse Alveolar
Damage) progress into ARDS, characterised by the reduction in lung compliance and impaired blood oxy-
genation. Additionally, complications such as thrombosis and secondary infections are frequently observed.
Tetracyclines can target this pathological process at multiple levels: A) Prevention of secondary bacterial
infection. B) Reduce viral entry and replication. C) Reduce immune recruitment and activation. D) Inhibi-
tion of exacerbated inflammatory reaction via immunomodulatory effects and inhibition of oxidative stress
and MMP, thus reducing tissue damage and fibrosis. E) Inhibition of enzymes involved in platelet function
and coagulation. F) Inhibition of altered epithelial response.

Anti-proteolitic, antioxidant and immunomodulatory activities

Tetracycline’s immunomodulatory and anti-inflammatory properties may even be of greater relevance for
their protective effect against COVID-19 than their anti-infectious activity described above (Figure 1 C-E).
At the time of intervention, the damaging consequences of the host response may overcome the infection
itself. The lung is particularlly susceptible to the outcome of wide-spread inflammation, sequestering neu-
trophils and monocytes into the pulmonary tissue. In this regard, doxycycline has shown to reduce nitric
oxide and chemokine production by lung epithelial cells (Hoyt et al., 2006; Raza et al., 2006), and to reduce
neutrophil chemotaxis into the airspaces of the lung in vivo (Moon et al., 2012) (Figure 1C). Tetracyclines
are effective in reducing the proteolytic activity derived from neutrophilic inflammation in COPD (Maisi
et al., 1999), which can prevent fibrosis sequalae in ARDS survivors (Figure 1D). Of note, a retrospective
multi-institutional cohort study concluded that minocycline or doxycycline treatment within a year prior
to ARDS was associated with a 75% reduced likelihood for mechanical ventilation and reduced duration of
mechanical ventilation and ICU stay (Byrne et al., 2020). Given the interest of tetracycline’s activity for
lung protection, the application of chemically modified tetracyclines (CMTs) to ARDS is not completely
novel. Prophylactic CMT-3 has shown to prevent the development of ARDS in models induced by sepsis
(Steinberg et al., 2005) and cardiopulmonary bypass (Carney David E. et al., 1999). Therapeutic benefit
has also been achieved with CMT-3 in lung injury upon established inflammation/septic events (Roy et al.,
2012; Sadowsky et al., 2015) as well as other models of lung injury. In these contexts, CMT-3 treatment was
associated with a reduction in inflammation, collagen deposition and the histological lesions of ARDS (Roy
et al., 2012). Mechanistically, their effects could derive from the reduction in neutrophil transmigration and
neutrophil-mediated inflammation, and the direct inhibition of elastases, MMPs and oxygen radical species
produced by the immune system during the inflammatory reaction, which damage alveolar-capillary base-
ment membranes and the extracellular matrix (Figure 1D). Tetracyclines also display immunomodulatory
actions in other relevant populations, such as T cells and macrophages. Regarding the later, in contrast to
their immunosuppressive effect observed in peritoneal macrophages, it has been described that tetracyclines
could potentiate the response of alveolar macrophages (Bonjoch et al., 2015). We have observed a similar
effect in intestinal inflammation, where tetracyclines enhanced macrophage recruitment and response, but
this resulted in accelerated differentiation into the homeostatic phenotype and improved mucosal healing
(Garrido-Mesa et al., 2018). Considering that both intestinal and alveolar macrophages reside at mucosal
sites and share this particular response to immunomodulatory tetracyclines, we believe that a similar pro-
tective outcome could be expected. In fact, no adverse effects have been observed upon their evaluation in
ARDS. Finally, CMT-3 has also shown to prevent coagulopathy associated to ARDS, an important patho-
logical feauture of COVID-19, which could derive from its inhibitory effects in PLA2 and COX-2, essential
for platelet function (Roy et al., 2012) (Figure 1E). This synergic combination of anti-proteolitic, antioxidant
and immunomodulatory activities adds to the well-known mechanisms described above, including antibiotic
protection from secondary bacterial pneumonia.

In addition to these direct immunomodulatory effects, tetracyclines can also impact altered responses of the
stromal compartment (Figure 1F). On the basis that ACE2 inhibition due to viral entry could contribute

4
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. to lung injury in COVID-19, a recent study has shown that CMT-3 is a great candidate to reverse the
altered gene expression pattern of lung cells upon ACE2 inhibition (He and Garmire, 2020). Finally, for a
complete understanding of the mechanisms behind the effects observed for tetracyclines in ARDS and their
potential for COVID-19, it is also worth mentioning their ability to concentrate at sites of inflammation
and tissue injury, which might potentiate tetracycline’s pharmacological effects. This is explained by the
increased tetracycline uptake observed with increasing temperature, as well as in specific cell types, such
as neutrophils and alveolar macrophages, where tigecycline can be found up to 78-times more concentrated
than in blood.

Clinical evidence

Overall, whilst tetracycline’s direct anti-viral activity against SARS-CoV2 is not yet strongly supported
by experimental data, their above described beneficial mechanisms in ARDS can be directly translated to
COVID-19-induced ARDS. Furthermore, our hypothesis of the therapeutic potential of repurposing tetra-
cyclines for COVID-19 treatment is getting the support of the clinical reports published up to date. These
are scarce, but positive and promising. For example, rapid clinical improvement was reported in 4 high
risk COVID-19 patients after doxycycline treatment (Yates et al., 2020). A multicenter prospective obser-
vational study including 38 COVID-19 patients treated with tetracyclines reported a remarkable resolution
of mild symptoms within the first week of treatment (Gironi et al., 2020). In a larger study, early treatment
with doxycycline in 89 high-risk COVID-19 patients was associated with early clinical recovery, decreased
hospitalization and decreased mortality (Alam et al., 2020). Furthermore, doxycycline has been used for
COVID-19 treatment in combination with hydroxychloroquine or lopinavir, reporting an overall 4.2% fatality
rate vs 27% and 23% for monotherapy, respectively (Cag et al., 2021). In another study, in combination
with ivermectin, doxycycline helped to reduce disease progression and the time to recovery in patients with
severe COVID-19. The mortality rate was also reduced from 22.72% to 0% compared to standard care
with azithromycin (Hashim et al., 2020). Altogether, we believe that these reports provide sufficient clinical
evidence to support the inclusion of tetracyclines in ARDS and COVID-19 therapeutic management.

Conclusion

From a global perspective, the safe application of therapeutic strategies to COVID-19 can only be effectively
achieved by drug repurposing. In this regard, tetracyclines combine potentially beneficial direct anti-viral
activity with anti-inflammatory and immunomodulatory properies, as well as anti-bacterial effect, that can
together assist in the therapeutic management of severe cases of COVID-19. Their confirmed benefit in the
treatment of ARDS strongly supports the notion that they would be of interest for the treatment COVID-
19. In addition, Tetracyclines are safe, well-knownand economically accessible, with doxycycline among the
WHO essential medicines. This positions them as excellent therapeutic candidates for the management
of COVID-19, particularly in developing countries where successful vaccination programs have yet to be
established and access to other therapeutic resources is scarce.
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