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ABSTRACT

The Strategic Plan for Biodefense Research of the U.S. Department of Health and Human Services emphasizes the
urgent need for medications that can efficiently target many pathogens as part of our readiness for infectious
disease threats. Azithromycin is a notable broad-spectrum therapeutic highlighted in the University of Oxford’s
RECOVERY trial, yet it was notably absent from the World Health Organization’s SOLIDARITY trial. This review
explores the pharmacological versatility of azithromycin, including its antibiotic, antimalarial, and antiviral
properties, and discusses its history as among the most frequently repurposed drugs within the macrolide class.
Additionally, we assess the clinical and socio-economic significance of azithromycin in the context of respiratory
pandemics, presenting a model that clarifies its combinatorial way of action against COVID-19 pneumonia.

INTRODUCTION

The COVID-19 pandemic has highlighted drug
repositioning as a quick way to find effective treatments.
Comparing this approach to the conventional strategy of
creating new medications from scratch reveals definite
advantages. One major advantage is the lower risk of
failure, as repurposed drugs have already proven their
safety through extensive clinical trials for their existing
uses. Additionally, the time to develop these drugs is
shorter because the necessary safety checks, production
capabilities, and distribution channels are already
established. Owverall, this approach also costs
significantly less—bringing a new drug to market can
cost between $2-3 billion, while repositioning an
existing drug typically costs about $300 million. These
benefits are especially important during global health
crises like the current one, where there is no FDA-
approved treatment specifically for COVID-19.

The FDA has approved the use of the macrolide
antibiotic azithromycin in treating a variety of respiratory
conditions, including pneumonia, chlamydia, and
typhoid. Research has also been done on how well it
works to prevent malaria. Azithromycin has a good
absorption rate of around 35-42% in both healthy
individuals and those with cystic fibrosis. After taking a
single 500 mg dose, the concentration of the drug in
body tissues exceeds what is needed to fight most
pathogens effectively. It can also reach levels in immune
cells that are more than 200 times greater than in the
bloodstream, and its long half-life of 68 hours allows it
to maintain effective concentrations for several days.
Azithromycin has been incredibly effective against a
variety of illnesses during the past 50 years due to its

capacity to concentrate in immune cells and provide
tailored treatment. There has been interest lately in
investigating its possible antiviral properties.

Considering azithromycin as a therapy option during this
pandemic is supported by the fact that patients with
COVID-19 frequently have severe respiratory distress
and pneumonia. Although the RECOVERY study from
the University of Oxford decided to include it, its
combination with hydroxychloroquine in some trials did
not work out, hence it was removed from the World
Health Organization's SOLIDARITY experiment. This
review looks into how azithromycin may interact with
SARS-CoV-2, the virus causing COVID-19, while also
impacting the immune response in pneumonia cases
associated with COVID-19. We also discuss possible
global risks like antimicrobial resistance that could arise
from the widespread use of azithromycin. Ultimately, we
explore how a macrolide antibiotic first developed in the
1970s has become a viable treatment option during one
of the biggest health and economic challenges of the 21st
century.

A Macrolide Antibiotic for a Respiratory Pandemic

Azithromycin is part of the macrolide class of antibiotics,
which are natural compounds featuring a large ring
structure. Macrolides work by stopping bacteria from
producing proteins, which are necessary for their growth
and replication. The first macrolide to be identified was
erythromycin, which was widely used as a substitute for
individuals who were allergic to or resistant to penicillin.
Azithromycin is a derivative of erythromycin and was
designed to be better absorbed by the body with fewer
side effects. It effectively Kkills many types of bacteria,
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including those causing whooping and

Legionnaires' disease.

cough

In the 1970s, macrolides became recognized as effective
treatments for inflammatory illnesses. Since then,
azithromycin has emerged as a key antibiotic for treating
diseases like chlamydia, malaria, pneumonia, and
trachoma. Numerous laboratory studies over the years
show its broad effectiveness against various pathogens.
These broad-spectrum drugs are relatively safe and have
a history of being successfully repurposed for different
illnesses, making them appropriate for emergencies. If
azithromycin had been discovered earlier, it might have
helped fight the Spanish Flu pandemic, especially given
its ability to inhibit influenza virus replication in certain
lung cells.

Azithromycin is among the safest medications for
national health systems, according to the World Health
Organization. It has a lengthy history of managing
respiratory disorders with comparatively few short-term
adverse effects.
Spatiotemporal Modulation of Host Antiviral
Responses

In the fight against viral infections, type 1 interferons
(IFNs) are crucial because they control autocrine and
paracrine signaling via the IFN receptor (IFNAR), so
preventing replication and spread. A dysregulated
antiviral response has been directly associated with the
increased death rates seen in COVID-19 patients in the
context of SARS-CoV-2. This is an important chance for

focused therapeutic action.

A complex and frequently compromised antiviral
response occurs during coronavirus infections, according
to research on SARS-CoV, MERS-CoV, and current
results about COVID-19. It's interesting to note that
lower IFN levels have been observed in the lungs of
COVID-19 patients, suggesting a worrying trend.
However, IFNs and IFN-stimulated genes (ISGs) are
produced locally in bronchoalveolar lavage (BAL)
samples from critically ill patients, and this is correlated
with activated lung-resident dendritic cells (DCs). Sadly,
this local IFN response usually occurs after viral
replication peaks, which prevents efficient viral removal
and exacerbates cytokine release syndrome (CRS).
Activated monocyte-derived macrophages have been
found to accumulate in lung tissue in MERS-CoV-
infected animals due to similar delays in IFN responses.
The presence of faulty CD4+ and CD8+ T cells as well
as lymphopenia in individuals with severe COVID-19 is
most likely due to insufficient IFN production. It has
been shown that blocking IFNAR signaling during
MERS-CoV infections prevents the development of
virus-specific T cells, which are necessary for the
survival and proper operation of T cells. Timely
synthesis of IFN is essential for effective responses from
T and natural killer (NK) cells. IFN response delays,
such as those shown in COVID-19, have a detrimental

impact on T cell migration and proliferation, which
ultimately leads to cell death. Investigation into the
dynamics of local and systemic IFN responses during
COVID-19 and their contributions to the severity and
progression of the disease is necessary. However, the
innate and adaptive immune systems are connected by
IFNs, which are crucial regulatory molecules.

The potential of IFNs as a therapeutic strategy is further
highlighted by their dysregulation in COVID-109.
Preventive IFN treatment can effectively prevent viral
infections; for example, IFNa nasal drops have been
shown to protect healthcare workers against COVID-19
for 28 days with few side effects. Additionally, against a
variety of viral strains, such as respiratory syncytial virus
(RSV), Ebola, Zika, influenza HIN1, enterovirus, and
rhinovirus, azithromycin has shown promising antiviral
qualities in both laboratory and clinical settings. By
boosting IFNb expression in primary bronchial epithelial
cells, azithromycin considerably lessens respiratory
problems in infants with RSV bronchiolitis and eases
flare-ups of virus-induced asthma. Additionally, it
upregulates genes including MDA5 and RIG-I that are
crucial for viral detection. Interestingly, azithromycin has
been shown to inversely correlate with viral load at
clinically relevant concentrations without having a
deleterious effect on healthy cells. Azithromycin is
positioned as a viable remedy for the delayed local IFN
responses due to its capacity to localize within
macrophages while boosting type | IFN production. This
can improve viral clearance and reduce the risk of CRS
and macrophage activation syndrome (MAS).

IFNs and azithromycin can both boost the host's IFN
response during viral infections, but when they are given
is important. It has been shown that early IFN treatment,
particularly before the peak of viral replication,
effectively protects mice against MERS-CoV and SARS-
CoV infections. On the other hand, delayed IFN therapy
can impede virus clearance and exacerbate
immunopathology. Similarly, while late-stage usage of
azithromycin may result in negative consequences, early
or prophylactic treatment can aid in blocking viral
entrance. Important details regarding the best time and
efficacy of IFN therapy for COVID-19 will be provided
by ongoing clinical trials evaluating these treatments.
Refining tactics that use both IFNs and azithromycin
requires a better knowledge of IFN response kinetics in
SARS-CoV-2  infections.  Azithromycin’s  well-
documented prophylactic capabilities and emerging
evidence of its capacity to strengthen the immune system
and directly inhibit viral replication underscore the need
for further exploration in therapeutic contexts.
Spatiotemporal Modulation of Host Antiviral
Responses

To stop viral replication and spread following infection,
type | interferons (IFNs) are crucial because they control
autocrine and paracrine signaling via the IFN receptor
(IFNAR). The dysregulated antiviral response to SARS-
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CoV-2 infection is one of the most crucial targets for
therapeutic intervention, as it has been linked to the
significant death rates observed in COVID-19.

A complicated antiviral response occurs during
coronavirus infections, according to research on SARS-
CoV, MERS-CoV, and new findings in COVID-19
pathogenesis. The lungs of COVID-19 patients have
been shown to contain low amounts of IFNs.
Nevertheless, local synthesis of IFNs and IFN-stimulated
genes (ISGs) has been seen in critically ill patients'
bronchoalveolar lavage (BAL) despite systemic IFN
insufficiency. This is linked to the activation of lung-
resident dendritic cells (DCs). This local IFN response
was delayed in comparison to viral replication peaks
using animal models of SARS-CoV infection, which
hindered viral clearance and exacerbated cytokine
release syndrome (CRS). MERS-CoV-infected mice
showed similar IFN response delays, which led to an
accumulation of activated monocyte-derived
macrophages in the lungs. A lack of IFN production is
probably the cause of the defective CD4+ and CD8+ T
cells and lymphopenia seen in severe COVID-19.
Blocking IFNAR signaling during MERS-CoV infection
decreases the formation of virus-specific CD4+ and
CD8+ T cells, which are essential for T cell survival and
function Early IFN production is necessary for effective
T and natural killer (NK) cell responses; delayed IFN
responses, such those shown in COVID-19, impede T
cell migration and aid in cell death. Investigations on the
precise timing of local and systemic IFN responses
during COVID-19, as well as how they affect the course
and intensity of the illness, are still ongoing.
Nonetheless, IFNs are recognized as crucial modulators
that link the adaptive and innate immune systems.

The potential for therapeutic intervention is highlighted
by IFN dysregulation in COVID-19. Preventive IFN
treatment can prevent viral infection; for instance, IFNa
nasal drops have shielded medical staff from COVID-19
for 28 days without causing serious side effects.
Azithromycin  has also  demonstrated antiviral
effectiveness both in vitro and in vivo against a variety of
viral strains, including rhinovirus, Ebola, Zika, influenza
HIN1, respiratory syncytial virus (RSV), and
enterovirus. Furthermore, in infants suffering from RSV
bronchiolitis, azithromycin can dramatically lower
respiratory morbidity. By increasing the expression of
IFNb in primary bronchial epithelial cells, standard
dosages of azithromycin (10 mg/ml in vivo) reduce
virally caused asthma flare-ups.  Additionally,
azithromycin increases the expression of genes,
including MDA5 and RIG-I, that are involved in viral
detection. It has been demonstrated that azithromycin
inversely correlates with viral load at clinically relevant
concentrations without compromising healthy donor
cells. Importantly, azithromycin’s ability to localize in
macrophages while enhancing type | IFN production
suggests its potential to correct delayed local IFN

responses, thereby promoting viral clearance and

reducing CRS and MAS development.

During viral infections, both azithromycin and IFNs can
increase the host's IFN response, but timing is key:
Prophylactic or early azithromycin treatment may help
prevent viral entry, while late-stage administration may
have adverse effects; IFN treatment before peak viral
replication has been demonstrated to protect mice against
SARS-CoV and MERS-CoV infections, whereas late
IFN administration worsens immunopathology and
hinders viral clearance; Important information regarding
the timing and efficacy of IFN treatments for COVID-19
will be obtained from ongoing clinical studies; both IFN
and azithromycin-based strategies will benefit from an
understanding of the kinetics of IFN responses in SARS-
CoV-2 infection.

Limitations and Potential Adverse Effects of
Azithromycin

Even though azithromycin's pharmacological profile has
been thoroughly characterized and it is used in many
clinical settings, the medication has drawbacks and
possible side effects, some of which have been well-
documented since it was first used to treat bacterial
pneumonia.

Cardiovascular and Gastrointestinal Effects

1-5% of patients administered azithromycin suffer from
minor side effects like gastrointestinal upset, headache,
and dizziness. However, more serious adverse effects,
particularly connected to the cardiovascular system, have
been a concern. The medication azithromycin has been
linked to QT prolongation and torsades de pointes,
potentially life-threatening arrhythmias. In 2012, when
administering azithromycin to patients who have the
following conditions, the FDA issued a warning to
exercise caution:

Prolonged QT interval

Congenital long QT syndrome

Hypokalemia

Hypomagnesemia

Bradycardia

A history of torsades de pointes, arrhythmias, or
uncompensated heart failure.

This caution was brought about by a large retrospective
cohort study that revealed that patients receiving a 5-day
treatment of azithromycin had a greater risk of
cardiovascular death than those receiving amoxicillin,
ciprofloxacin, or a placebo. !

However, some studies have reported contrasting results.
For instance, dogs with chronic atrioventricular block did
not experience QTc prolongation when given intravenous
azithromycin.® Furthermore, there is no evidence that
long-term azithromycin usage in patients with cystic
fibrosis or chronic obstructive pulmonary disease
(COPD) increases the risk of cardiovascular mortality.
Furthermore, a study exploring azithromycin
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monotherapy for COVID-19 reported a lower mortality
rate compared to hydroxychloroquine monotherapy
(10.9% vs. 18.9%, adjusted for comorbidities and
demographics) at 21 days.!

Antimicrobial Resistance

The emergence of antibiotic resistance is one of the main
issues with azithromycin. Macrolide-resistant strains of
organisms such as Streptococcus pneumoniae, S.
pyogenes, Staphylococcus aureus, and Haemophilus
species have emerged following prolonged or frequent
use of azithromycin.®®! Furthermore, long-term treatment
of patients with chronic lung diseases has been
associated with a 2.7-fold increase in macrolide-resistant
bacteria, which poses a serious threat both to individual
patients and to the broader community due to the
potential for resistant infections to spread.

These resistance issues highlight the importance of using
azithromycin primarily for short-term treatment and
caution when considering its long-term use. Efforts are
underway to develop novel non-antibiotic macrolides,
which may offer a safer, long-term solution to managing
chronic diseases without contributing to resistance.

DISCUSSION

The ongoing global health crisis calls for effective and
cost-efficient  treatment  strategies.  Repositioning
antibiotics, particularly those that are low-cost,
historically safe, and widely available, is a pragmatic
approach amidst the evolving pandemic and economic
recession. By applying the pharmacological, historical,
and socio-economic parameters used to evaluate
azithromycin's repositioning for respiratory pandemics,
similar broad-spectrum therapeutics could be identified
and expanded upon to combat future infectious threats.

Azithromycin's Mechanisms of Action in COVID-19
Azithromycin has shown promising in vivo properties
that can be categorized into two main effects: local
actions against the initial SARS-CoV-2 infection and
systemic modulation of the host’s immune response
throughout COVID-19 progression.

1. Local Infection Control

Azithromycin rapidly concentrates in phagocytes and has
a unique ability to repolarize macrophage subpopulations
towards an activated M2 phenotype, strengthening the
body's natural defenses against infection.

To reverse the delayed immune responses in COVID-19
patients, the drug raises type | interferon (IFNb).
Additionally, it triggers the activation of MDA5 and
RIG-I, two crucial sensors for the early detection of viral
infections.

Additionally, two crucial processes in SARS-CoV-2
replication—endolysosomal processing and receptor-
mediated endocytosis—are inhibited by azithromycin. In

particular, it might inhibit CD147, a receptor linked to
viral invasion and a possible COVID-19 treatment target.

2. Global Immune Modulation

As the illness worsens, the cytokine storm and
hyperinflammation  become important pathogenic
indicators of severe  COVID-19  pneumonia.
Azithromycin  can help reduce this excessive
inflammation by modulating the immune system.
Azithromycin is  thought to have  stronger
immunomodulatory effects and fewer adverse effects
than other macrolides, which makes it a better choice for
lowering inflammation and enhancing therapeutic
results.

Challenges in Defining Optimal and
Treatment Strategy

The potential of azithromycin as a COVID-19 treatment
is encouraging; however, more information is needed on
the dosage and time of administration. There is currently
not enough clinical data to identify the best course of
action for COVID-19 pneumonia. Randomized
controlled trials (RCTs) are required to assess the optimal
azithromycin monotherapy and combination with other
medications, such as hydroxychloroquine.

Dosage

In conclusion, azithromycin is a promising short-term
therapeutic option for respiratory pandemics due to its
twin potencies of modifying immune responses and
preventing viral entrance. But additional research is
needed to understand the long-term dangers and benefits
and to optimize its use, particularly in combination
medicines.

CONCLUSION

From a well-known antibiotic to a highly adaptable
pharmacological agent with a wide range of therapeutic
effects, azithromycin has changed over the last half
century. At first, its main use was to treat bacterial
respiratory illnesses, where its capacity to prevent the
formation of bacterial proteins was quite helpful.
Nonetheless, it has gained more recognition for its anti-
inflammatory qualities and capacity to regulate
immunological responses as a result of ongoing clinical
and in vitro studies. These discoveries have expanded its
use to encompass viral and immune-mediated illnesses in
addition to exclusively bacterial infections.

The distinct modes of action of azithromycin account for
its pharmacological flexibility. Its concentration in
macrophages, which enables it to directly affect immune
cells at the infection site, is one of its major
characteristics. Azithromycin can quickly activate the
host's immune system thanks to this property,
particularly when viral infections are involved. Crucially,
it has been demonstrated that azithromycin recapitulates
host type | interferon (IFN) kinetics, strengthening the
body's defenses against viral threats, especially during
the early stages of infection. Reinforcing the innate
immune response also depends much on the drug's
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capacity to upregulate MDA5 and RIG-I, which are
essential for the viral recognition system.

The lysosomotropic characteristics of azithromycin are
another important aspect of its therapeutic potential.
Because they hinder endolysosomal processing and
receptor-mediated endocytosis, these characteristics have
been essential in the use of azithromycin to stop viral
reproduction. Azithromycin can successfully prevent the
viral entry mechanisms that many viruses, including
SARS-CoV-2, rely on by interfering with these activities.
In addition to being useful for treating viral infections,
these qualities also act as a preventative strategy, which
is particularly vital in the context of pandemics and other
international health emergencies.

Azithromycin has been shown to reduce global
inflammation in addition to its direct antiviral effects.
This is important in diseases like COVID-19 pneumonia,
where hyperinflammation is a defining characteristic of
the disease's course. Azithromycin has been used
extensively over the past 50 years to treat chronic lung
conditions such as cystic fibrosis and COPD without the
serious cardiovascular hazards that come with other
therapies. Given its lengthy history of usage and strong
immunomodulatory effects, azithromycin has the
potential to be a safe and effective treatment option in a
variety of clinical contexts.

Future Vision

Azithromycin has a bright future ahead of it, particularly
as research keeps finding new uses for this medication
that is already in widespread usage. Azithromycin may
be a key component of new therapy for a variety of
infectious diseases due to its diverse therapeutic
qualities. Its broad-spectrum activity, which encompasses
both bacterial and viral infections, alongside its ability to
modulate immune responses, makes it a global health
resource for pandemics in the future.

One of the most exciting aspects of azithromycin's future
is the possibility of using it as a preventive drug in the
early stages of viral outbreaks. It may have a significant
role in stopping the transmission of viruses at the
population level due to its capacity to quickly
accumulate in immune cells and strengthen antiviral
immunity. In a variety of viral infections, early
preventive azithromycin therapies have demonstrated
potential in lowering viral load and minimizing illness
severity. Because azithromycin targets both viral
replication and host immune response pathways, it will
be a useful tool in the fight against future pandemics as
the globe continues to struggle with the threat of new
viral illnesses.

Furthermore, azithromycin's lysosomotropic qualities
offer yet another opportunity for its ongoing application

activity in viral infections grows. To boost immunity and
stop the spread of viruses during pandemics, the
preventive use of azithromycin in combination with other
antiviral medications may be investigated.

Current studies on macrolides, such as azithromycin, and
their immune-modulatory properties could lead to new
therapy combinations that fully use these medications. To
manage viral infections, for instance, combination
therapy combining azithromycin with other antiviral
drugs such as interferons or hydroxychloroquine may
have synergistic effects. Finding the best azithromycin
dosage, timing, and combination methods will require
randomized controlled studies, particularly when taking
COVID-19 and other respiratory viral infections into
account.

Azithromycin's  long-term  positioning in  chronic
infectious illnesses is also crucial to its future.
Azithromycin may be useful in treating inflammatory
disorders and persistent infections where conventional
treatments might be less successful or have unfavorable
side effects because of its well-established safety profile
and affordable price. Azithromycin may be added to a
larger treatment toolset in the upcoming years to treat a
variety of infectious disorders, including influenza,
malaria, and bacterial pneumonia.

Overall, azithromycin is a prime candidate for upcoming
repositioning initiatives due to its wide range of action,
capacity to target viral replication, and ability to modify
host immune responses. Because of its affordability,
safety, and effectiveness, azithromycin may become a
key component of global health policies when new
infectious risks arise, particularly in places with low
resources where access to costly, specialist treatments
may be restricted. The growing amount of data about
azithromycin's complex interactions with infectious
microorganisms and the immune system indicates that its
prospective uses in modern medicine are still a ways off.
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