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Abstract

Macrolides are a large group of antibiotics characterised by the presence of a macro-lactone ring of variable size. The
prototype of macrolide antibiotics, erythromycin was first produced by Streptomyces and associated species more than
half a century ago; other related drugs were developed. These drugs have been shown to have several pharmacological
properties: in addition to their antibiotic activity, they possess some anti-inflammatory properties and have been also
considered against non-bacterial infections. In this review, we analysed the available clinical evidences regarding the
potential anti-viral activity of macrolides, by focusing on erythromycin, clarithromycin and azithromycin. Overall, there is
no significant evidences so far that macrolides might have a direct benefit on most of viral infections considered in this
review (RSV, Influenza, coronaviruses, Ebola and Zika viruses). However, their clinical benefit cannot be ruled out
without further and focused clinical studies. Macrolides may improve the clinical course of viral respiratory infections
somehow, at least through indirect mechanisms relying on some and variable anti-inflammatory and/or immunomod-
ulatory effects, in addition to their well-known antibacterial activity.
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Introduction The only 15-membered ring is azithromycin (AZI),

which is a derivative that belongs to the macrolide sub-

General chemical structure of macrolides

Macrolides are a large class of antibiotics characterized
by a macro-lactone ring of variable size (12-22 carbon
atoms), connected to amino sugar and/or neutral sugar
moieties by a glycosylic bond. Only those with 14, 15,
or 16 membered lactone rings possess important ther-
apeutic properties.' Initially, macrolides were produced
naturally from Streptomyces spp. in the 1950s, but
newer macrolides (including macrocycles and cyclic
peptides) have been synthesized.> The prototype of
macrolides is the 14-membered ring erythromycin
(ERY), which has a broad-spectrum antibacterial
activity by inhibiting protein synthesis in the target
organism. It shows both bacteriostatic and bactericidal
activities that depend on the concentration and the sus-
ceptibility of the target organism.® Clarithromycin
(CLA) is another 14-membered macrolide, which has
largely substituted ERY in the clinical practice.

class, named azalides.* It is thought to have a broad-
spectrum of antibacterial activity against gram-positive
and gram-negative organisms, as well as atypical
pathogens.! There are several 16-membered ring mac-
rolides, which are both natural and synthetic drugs.'*
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Figure 1. Chemical structures of 14-membered ring macrolides erythromycin(a), clarithromycin (b), and 15- membered ring

azithromycin (c) sourced from the National Center for Biotechnology Information [PubChem Database: www.pubchem.ncbi.nlm.nih.

gov, accessed on July 25, 2020].

Pharmacodynamic aspects of macrolides

As mentioned above, the most commonly prescribed
macrolides in the clinical practice are AZI, CLA and
ERY, whose chemical structure is showed in Figure 1.
The latter two are metabolized in the liver by interact-
ing with cytochrome P450 CYP3A4, which have been
associated with different drug interactions. They are
effective against several microorganisms and, depend-
ing on the concentration and the specific bacterial sus-
ceptibility, they show bacteriostatic and bactericidal
activities. The main pharmacodynamic target is the
bacterial ribosome, which is considered as one of the
most conserved and complex cellular machines.
Bacterial ribosomes are composed of two unequal sub-
units (small, 30S; large, 50S), which join together to
form a 70S ribosome that is primed for the elongation
phase of protein synthesis. Consequently, macrolides
achieve their antibacterial activity by inhibiting the
bacterial protein synthesis, through binding reversibly
to the 50S subunit of the 70S bacterial ribosomes,
which results in blocking any further protein
translation.'

Pharmacokinetic aspects of macrolides

Macrolides are well tolerated antibiotics with an excel-
lent safety profile, also in pregnant women and chil-
dren. However, they are characterized by a poor
digestive absorption, which was estimated to be
<60%, and significantly influenced by food. They
exhibit good tissue distribution in general, except for
the cerebrospinal fluid. Moreover, they may have a few
adverse events, mostly gastrointestinal (e.g. nausea,
vomiting and rarely abdominal pain); however, all
macrolides are associated with QTc interval prolonga-
tion, which can become clinically relevant in specific
patients and comorbid clinical situations.®’
Generally, macrolides accumulate in the intracellu-
lar compartment, mostly in the macrophages and the
polymorphonuclear leukocytes.>> However, there are
significant differences among the different macrolides
in terms of their drug half-life (T;,) and peak serum

Table I. Pharmacokinetic parameters of the three main mac-
rolide antibiotics.

Macrolide Cinax (mg/L) Tin (h)
Erythromycin 1.5 2
Azithromycin 0.4 4.7
Clarithromycin 2.1 47

concentrations (Cpax),, as summarized in Table 1.3
Also, several reports claimed significant differences
among different pharmaceutical formulations of the
same macrolide molecule: for example, in the treatment
of streptococcal pharyngitis, ERY estolate was shown
to be effective at lower doses than ERY ethyl-succi-
nate.®*? Furthermore, a study by Croteau et al. com-
paring the ERY estolate and ERY ethyl-succinate in
human volunteers, showed that the base generated
from the former have higher bioavailability than that
generated from the latter.'”

Clinical indications of macrolide antibiotics

The clinical use of ERY has been reduced after the
introduction of the second generation of 14-membered
macrolides (including CLA), due to the improved phar-
macokinetic properties of these hemi-synthesis deri-
vates. The third main molecule of this class is AZI:
the introduction of a nitrogen atom in this 15-mem-
bered macrolide, has been shown to increase its intra-
cellular penetration, especially in macrophages and
neutrophils.’

These macrolide antibiotics (ERY, CLA, AZI) are
currently used against a large spectrum of bacteria
and, thus, are indicated to treat several types of
human infectious diseases, both in adults and children.
Indeed, macrolides are active against gram-positive
bacteria  (including  Streptococcus  pneumoniae,
Streptococcus pyogenes and Staphylococcus aureus;
however, they are not effective against most enterococ-
cus spp.). They are considered less effective against
gram-negative bacteria, even though the structural
peculiarities of AZI increased the antibiotic activity in
this specific regard. These macrolides are considered
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among the first-line treatments for several specific infec-
tions sustained by gram-negative microorganisms, like
Bordetella  pertussis,  Campylobacter — spp. and
Helicobacter pylori. Importantly, they are used against
many “intra-cellular” bacteria, including Mycoplasma
%aeumoniae, Bartonella henselae and Legionella spp."'

In general, in addition to these specific infections,
macrolides are mainly used to treat upper and lower
respiratory infections and, therefore, are particularly
valuable in paediatric patients, for whom other classes
of antibiotics (e.g. tetracyclines and fluoroquinolones)
are not recommended or even contraindicated. In
detail, macrolides in children are the safest alternative
if there is established or suspected allergy to beta-
lactams antibiotics and the first-line treatment against
Mycoplasma pneumoniae, which is responsible of a con-
sistent part of lower respiratory infections (including
pneumonia) in children and adolescents and may trig-
ger a wide range of immune-mediated extra-pulmonary
manifestations.'# '

Additional properties of macrolide antibiotics

Macrolides have been demonstrated to possess some
anti-inflammatory activity both in vitro and in vivo.
Indeed, macrolides could modulate the cytokine pro-
duction as well as other immunological cellular prop-
erties (e.g. chemotaxis, degranulation, oxidative burst,
and even apoptosis). Some studies also suggested that
these molecules can influence the mucus secretion and
characteristics and affect some biological properties of
lung epithelial cells by enhancing the inter-cellular tight
junctions, for instance. These aspects are considered an
additional value in the treatment of (infectious) inflam-
matory respiratory disorders and, thus, especially in
those patients with underlying comorbidity (e.g. chron-
ic obstructive pulmonary disease, cystic fibrosis, bron-
chiectasis, asthma).""!”!® Interestingly, because of these
anti-inflammatory properties, macrolide antibiotics
have been also investigated in the management of
some autoimmune disorders (e.g. rheumatoid arthritis,
Crohn’s disease, systemic lupus erythematosus).'® !

Importantly, as regards infectious diseases, the clin-
ical relevance of macrolides may be beyond their anti-
bacterial activity. For instance, these molecules have
been also considered as anti-parasitic drugs: whereas
the clinical efficacy of ERY against Plasmodium spp.
was not established, AZI is currently investigated in
clinical trials as both prophylactic and therapeutic anti-
malarial treatment for uncomplicated cases and in
combination with other traditional antimalarial
drugs. Indeed, AZI seems to inhibit the protein synthe-
sis on the prokaryote-like ribosomes inside a plasmo-
dial cellular organelle, known as apicoplast.®'’

Finally, macrolides have been empirically used in
patients affected with a variety of viral diseases, in
order to prevent any bacterial superimposition at
least.”>>* In this regard, macrolides have been specu-
lated or suggested to have some direct beneficial effects
for the treatment of viral infections.? In this review, we
aim to summarize and discuss the main studies inves-
tigating and/or assessing the potential clinical role of
macrolides on specific viral infections.

Macrolides in viral diseases

Respiratory syncytial virus

Respiratory Syncytial Virus (RSV) is a single-stranded
RNA virus belonging to the “Paramyxoviridae” family:
it causes respiratory infections and, in detail, is a lead-
ing cause of virus-induced lower respiratory tract dis-
ease among infants (e.g. bronchiolitis).*®

The output of our literature research on the clinical
use of macrolide antibiotics in the treatment of RSV
infections consisted of four clinical double-blind, ran-
domized and placebo-controlled trials only, as summa-
rized in Table 2.77° Additional clinical studies on the
use of macrolides in bronchiolitis can be found, but they
do not consider the specific etiological diagnosis by
RSV. Among the aforementioned four RSV-specific
studies, only Tahan F. et al. reported some benefit
from CLA therapy, in terms of hospitalization length
and duration of oxygen supplementation or other sup-
portive therapies.?” The remaining three trials used AZI
and included more patients: overall, these studies did
not show any significant advantage from the use of
AZI, in terms of number of hospitalization days, symp-
toms duration and prevention of wheezing or other
respiratory problems in the 4 months following this
antibiotic therapy (which was specifically assessed by
Beigelman et al).?”*®3% However, in the study by
Tahan F et al., the duration therapy was 3 weeks,
thus, longer than the other three trials (Beigelman
et al., Pinto et al.: 74 7days; Kneyber et al.: 3days
only) and, interestingly, the macrolide was CLA (vs.
AZI used in the other trials).>”>° Accordingly, two sys-
tematic reviews concluded that there was no evidence to
support the use of antibiotics in treatment of bronchi-
olitis, in general.>'-*?

Therefore, the available evidences so far do not
clearly support the use of macrolide antibiotics in chil-
dren with RSV infections. However, additional and tai-
lored studies may be needed to make any final
conclusions. Indeed, recent experimental studies pro-
vided data supporting some potential and indirect ben-
eficial effects of macrolides against RSV infection.
Yamamoto K et al. examined the effect of CLA on
the pro-inflammatory cytokine production (including
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Table 2. Continued.

Patients’
number

Authorship (year,

country)

Additional findings

Main clinical outcome

Intervention

Study population

Study design

Macrolide

- AZ| treatment

the 50 weeks after treat-

ment;
- significant reduction of days

7 days more) vs.
oral placebo

requiring inpa-

tient care

placebo-

showed a significant

reduction in nasal

controlled

lavage IL-8 level

with respiratory symptoms
(cough, wheeze, or short-

measured between
day | and day 15

(P

ness of breath) over the
following 50 weeks (36.7

vs. 70.1 days, p

0.026), but not

at day 8 or when

0.01).

assessed including all
time points, overall.

interferons), by primary human nasal epithelial cells
and lung epithelial cell lines, after infection by RSV.
They found that CLA strongly suppressed the RSV-
induced production of IFN-f and IFN-y in their cellu-
lar experimental systems.®® Yokota S et al. provided
similar evidences in terms of immunomodulatory
effects on the production of pro-inflammatory cyto-
kines triggered by RSV; interestingly, they reported
that CLA may also suppress the expression of
platelet-activating factor (PAF) receptor in the pulmo-
nary epithelial cell line A549, which is a receptor for
Streptococcus pneumoniae and, thus, may promote bac-
terial superinfections following RSV disease.** Finally,
Mosquera RA et al. recently reported that the prophy-
lactic use of AZI reduced the airway inflammation and
mortality in a RSV mouse infection model.*>> In sum-
mary, no direct and/or specific action of macrolide
antibiotics against RSV can be currently demonstrated.
However, some indirect effects may be plausible, with
most of the data regarding CLA.

Influenza viruses

Influenza viruses belong to the family of RNA viruses
termed “Orthomyxoviridae”. They are divided into 3
main types: A, B, and C. Most of the epidemics and
outbreaks of flu are caused by types A and B, whereas
type C is generally responsible for sporadic mild upper
respiratory symptoms.*®

Some in vitro and animal experiments suggested the
potential usefulness of macrolide antibiotics as part of
a combination therapy during influenza. In 1998, Sato
K et al. provided evidences on a mouse model that
ERY can reduce the lung injury caused by influenza
viruses, due to its anti-inflammatory properties.’” A
similar action was recently demonstrated for CLA as
well: according to the experiments by Takahashi E
et al., it modulates infection-related inflammation by
suppressing the induction of MCP-1 and MMP-9.%
The same research group also described that CLA
can increase the secretory IgA production by upregu-
lating the expression of BAFF molecules in mucosal
dendritic cells of influenza A-infected mice.®
Moreover, Namkoong H et al. reported that CLA
can promote the expansion of a specific CD11b"Gr-
1" cell population, which seems to play a role in the
immunomodulatory mechanisms of macrolides.*

However, CLA effects may go beyond the simple
“anti-inflammatory effect”. In vitro studies suggested
that CLA may inhibit human influenza virus infection
by reducing the expression of specific glycoproteins
used by the virus to enter into the airway epithelial
cells,*! and may also negatively affect the viral replica-
tion cycle.** AZI was reported to interfere with virus
internalization process in a study by by Tran DH
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et al.*® Some beneficial effects of CLA were recently
reported in animal models (mice, monkeys) treated
with combination therapies, including antiviral
agent.*** Conversely, Fage C et al. concluded that
the inclusion of AZI in the combination therapy pro-
vided no additional clinical or antiviral benefits over
oseltamivir monotherapy in their experimental murine
models infected with influenza A.*¢

In summary, most experimental and clinical studies
investigating the effects of macrolide antibiotics against
influenza viruses (mostly type A) were focused on
CLA. Even if potential direct and indirect mechanisms
by which CLA may works against this virus have been
reported, actually the clinical evidence is not strong
enough to conclude for any significant medical effect
of this antibiotic in flu patients, as summarized in
Table 3.4 Indeed, most clinical studies assessed
CLA (and macrolides) in combination therapy with
neuraminidase inhibitors (e.g. oseltamivir, zanamivir):
the inclusion of CLA in the therapy of influenza-related
pneumonia can definitely reduce the risk of bacterial
superinfection and related complications, even though
a direct antiviral effect has not been clearly defined, yet.
However, it is worth to be emphasized the fact that
CLA was able to boost the specific antibody responses
against the virus in two studies.*”*

Coronaviruses

Coronaviruses (CoVs) are a group of single stranded
RNA viruses, some which can cause zoonotic infec-
tions in humans. SARS-CoV caused an epidemic of
severe pneumonia in 2002-2003, an epidemic of unusu-
al cases of pneumonia with severe acute respiratory
distress, which mainly affected China and South-East
Asia. MERS-CoV caused an outbreak of low respira-
tory tract infections with respiratory distress in a few
Arab countries (Saudi Arabia, Oman, UAE) in 2012,
even though some cases were subsequently reported in
24 other countries outside the region. Currently, anoth-
er coronavirus (SARS-CoV-2) have been causing a
pandemic, as declared in March 2020 by the World
Health Organization.”®

Multiple therapeutic regimens against SARS-CoV-2
have been used in the last few months and some of
them included also macrolide antibiotics and, in
detail, AZI in combination with other drugs. These
attempts mainly derived from some previous reports
on the co-administration of macrolides during other
respiratory infections in patients with pneumonia, espe-
cially if characterized by interstitial radiological pat-
terns. Indeed, as showed in Table 4, the are no clear
evidence of efficacy of macrolides against coronavi-

ruses.>’ %2

Actually, most data supporting a potential use of
macrolide antibiotics against CoVs derived from in
vitro experiments, most of them not specifically related
to this virus family.®® Touret F et al. described the in
vitro screening of 90 approved drugs that could have a
potential antiviral activity: some of them, including
AZI, were reported as the most promising.®*
Moreover, a bioinformatics analysis included AZI as
a candidate drug against SARS-CoV-2, due to its bio-
logical property to inhibit autophagy, whose mecha-
nisms may play a role in several viral infections.®
Andreani J et al. described in vitro experiments suggest-
ing a synergistic effect of AZI in combination with
hydroxy-chloroquine against SARS-CoV-2, at concen-
trations that were compatible with those obtained in
the human lungs by using therapeutic dosages.®® Very
recently, Ulrich H et al. speculated that AZI might
prevent the viral cell invasion by interfering with the
CD147 interactions, as it may happen with Plasmodium
falciparum to enter into the red blood cells. Indeed,
along with angiotensin-converting enzyme 2 (ACE2),
CD147 (also known as EMMPRIN), has been recog-
nized as a receptor exploited by SARS-CoV-2 to infect
the host cells. However, such an effect may be partially
indirect, due to the anti-inflammatory properties of
macrolides, as CD147 expression is enhanced during
the acute inflammation.®’

Therefore, clear evidences of clinical efficacy of mac-
rolide antibiotics against CoVs are currently lacking;
the potential mechanisms are elusive and, at the
moment, most of the benefit, if present, may derive
by the anti-inflammatory and immune-modulatory
properties of these molecules.

Ebola virus

Ebola virus is a member of Filoviridae family and is the
causative agent of viral haemorrhagic fever, which is
associated with a very high mortality rate in Africa.®®
While the management of Ebola virus consisted of sup-
portive care measures such as fluid and electrolyte
replacement, several investigational therapeutics were
tested in clinical trials and animal models. Macrolides
were one class of many drugs tested against Ebola virus
activity both in vivo and in vitro. The drug showed in
vitro anti-Ebola activity, but the results were inconclu-
sive or mismatching in animal models.®””® Sun W et al.
found two sets of three-drug combinations that signif-
icantly improved the efficacy of individual drugs
against the Ebola virus infection in vitro at clinically
relevant concentrations and one consisted of toremi-
fene-CLA-posaconazole.”! Du X et al., by combinato-
rial screening using pseudo-virion and mini-genome
replicon systems, identified several drugs with some
activity against Ebola virus and, among them, there



Poddighe and Aljofan

(panunuod)

ou u:n_ ‘quauweady

J21ye sAep G paseaJdap
S|9A3] 9-| wnJag -

(€00=4d ‘%07 'sA

saunmesadwal Apoq yum
syuanedul JaAs) Jo uoneanp
a1 AemAuy uedyiudis
A|[ed13s13eIS 30U SEM DDUD

%88) dnoud josuod ayy -I3Ip siy3 Inq ‘dnous joan suondaul Apms
ueyl Jaydly sem dnoud -uod ay3 ueyy dnousd y1D g Jo/pue |oqej-uado
V1D 2Y3 ul Bayddoulyd aya ul Jaxaoys (%17) Uz A duoje |y V ezuanju| aAndadsoud
Jo JuawaAoadwi ayy -a1ewixoadde sem uoneunp 'SA ()WN +) Aep (e YIM sJed ‘paziwopue. n1g(P10T ‘uede()
‘syuaned asayy Suowy - JaA3) ‘syuaned | Suowy - /3w ooy V1D 810 'SA |€) €9 -A G| < siuaned 3143USJ0UO|,| "ale) Ip 19 4 1yspSIH
‘D3| d1wL)
-sAs pue y8|-g [esoonw
Jo uononpoud ayy
Pa.J01sa.J pue paisooq "9JBJ YyaNs 9onpa
ANZ 10 ASO Y3m 03 papudy ANZ+IWVD
V1D jo uoneuiquod pue ASO+IWVD
3y ‘dnoug pajeasaun 3Iym ‘pareaaun (89) suoN
a3 yam pa.edwod a3 ueys sdnoud ANZ (01) VID+ANZ
‘wnuss ul 93| [eaiA-nue PUE ASO 243 U1 Jay3ly (07) V1IO+ASO
PUE S9USEM [BSBU Ul 3| Apueoyiusis a1om uoseas (L0 ANZ
-S [eJIA-I3UE JO UORINpUI juanbasqns ayy ul saed (02) ASO uonoayul
SY2 paaenuaNIe SABp § uond?JuUI-2. Y2 USASMOH - sAep g V BZUBN|U| Apns
10j ANZ PUB ASO YIm su919we.ed Joy Bwgy Yyam pa |euoneAlasqo 141 (€10T ‘uede()
BZUSN|JUI JO JUBUIED] - [EDIUI[D JO JUBWISSISSE OU - —0'S e V1D [BIO S6l -1 UaJp|IyD aAndadsonsy v1D ID 19 A DIDYDUIYS
‘POPPE SEM YD USYm
swoldwAs/sudis aseasip jo QUOoje [N ‘SA uonoayul Apnis
uoneINp dY3 UO JUSWIEI (IVN +) sAep g V Bzuanju| aAnRdadsoud
jo Adediya By ur aseadul Joy Aep/3wi oo (Vs yum suan [29e|-uado 1e1(210T
JuedyIUSIS OU SeM dJdY] - V1D [®10 SA p/) 111 -edino 3ynpy RINRVERTR T v1D ‘uede() b 19 | ys|
‘uonanpo.d (9) suop -
V3|s ay3 3uswsne o3 (#1) ASO -
pa3nsat ASO 01 V10 ASO Y3m pajeany (T1) VID+ASO -
jo uonippe ay| ‘sdnoud dnou3 a3 uipnpui ‘sdnous (8) v1ID -
VI1D+ASO PuUe v1D J9Y30 Y3 Ul UBYL J9MO]
33 Ul punoyj aJam y3|s Apueoyiudis sem dnoud :sAep G 4oy uonddyul Apms
[BJIA-DUE JO S[9A9] YD VI1D+ASO 242 ut ySnod yBwg V ezuanju| |[eUONEBAIDSGO 1,41(600 ‘uede()
ul saseaJdul JuedYIuSIS - [enpisad jo Adusnbauy ay] - V1D 1O Iy YaIMm uaJp|iyD aAndadso.ney V1D ID 19 | 1Y2NGDMDS
s3uipuy [euonIppy 3WO02IN0 [BDIUID UlE)y UonUAAIIU| Jaquinu uone|ndod udisop Apnag  opljoidely (Anaunoo
Siuaned Apmag “eak) diysaoyany

‘[10aqiyur ssepiuiweInau (YN JIAIWEBURZ ANZ IAIWEIRSO (ASQO] suondajul Alojedidsad aAnIsod snJIA Bzusnju| Ul soolqiue spljoJdew Suissasse salpns [edlulld) € d|qeL



Antiviral Chemistry and Chemotherapy

(panunuod)

‘dnou3

V1D 3y ul Jamoj Ajaued

-jiudis a4am suswidads

VdN [ea8ukieydoseu

sy ur (100>d tg-|
sAep) sJ4911) SNJIA By -

'sdnoug 7 ays usamiaq
saupjowsayd pue
SaUPj0IAd AJojewiwejul
JO S|9A3] uoissaudxa ays
Ul P9AJSSQO J0U DM
S9OUIIRYIP JUBDYIU

-31s A|[eonsnes [eanQ -

'sdnoJd saya useamiaq
9ouUdJayIp JuedudIs

"(¥0'0=4d +6°0-¥000
1D %56 90°0 “4O) d3ed Al
-[exiow Aep-Q§ J9MO| Yum

pajeIDOSSE J0310%) Juspuad
-apul Ajuo ay1 sem juaw
-JeaJ] UONBUIqWIOD ey
PaMoys sisA|eue a1elieAn|n|, -
(1000 > d)
Aeas |eadsoy Jsnioys pue
‘(6000 =d) uoissiwpe N
uanbauy ssa) ‘(100 =d)
Aieriow Aep-gg
JOMO| JIM PIBIDOSSE SEM
JUBWIEBDII UOIIBUIQUIOD Y| -
*I9A3} JO UOIIN|OS3 J3]|IBd
PJEMO) pud.l B PIMOYs
dnoug w1 ays YsremoH
‘swoldwAs ezuanjul
UleWw a3 jJo dwn uonn|
-osaJ a1 ul sdnoug g ayy
US9MIDQ PAAISO UM
sadURIRYIP JuBdIUSIS ON -
(8%0°0 = d) dnous-oquod
ay1 ul Jamo| Apuedyiu
-31s sem g ysnouyy ¢ skep
uo aJnjesadwal wnwixew
ays ‘uonippe u| *(££0°0 =d)
Adeasya pauiquiod ays yum
 Aep uo paAJasqo sem
aunesadwal wnwixew
9l Ul 9SBaJD3P JUBDYIUSIS VY -

‘dnoud

V1D 2y ul (2o =d)
J3140ys %4z Aj@rew
-ixoadde sem jusunes.y
JO 1JBIS 9Y1 I8 D G'BES

auoje
ASO °sA (uax
-oudeu + ASO +)
sAep G Joj Aep
/Bw00S V1D [e1O

auoje
ASO 'sA skep g
104 (ASO +)
LBW000T 1ZV
[edo asop-33uls
JO uoneInW.Ioy
9se9|a.4-papuaixy,,

[elL

111/911 3seyd

pajjo43u0d

‘l°qej-uado

‘paziwopuey
2113UdNN Y

Apms
|oqe|-uado
aAndadsoud
‘paziwopuel
dl1ausd0UO)

s3uipuy [euonippy

2W0dIN0 |edlul|d ulel

UuonuaAJalu|

BZuanjjul

(TNEH)V 4o}

(011 pazifeaidsoy
'SA £01) L1T suaned 3ynpy

suonaajul

g Jo/pue

Y ezusanjjuj

(15 YaIMm sJed
'SA £S) £01 -A Q7 < sausney
Jequinu uonendod
Siusned Apnig

ugisep Apmg

res(£10T
‘8uoy| 3uoH)
V1D 10 39 [ N4| SunH
fos1 (10T ‘uede()
1Zv 1D 19 H DADY|
apljo.dely (Annunod

aeak) diysaoyiny

‘panunpuoy *§ a|qer



Poddighe and Aljofan

‘sdno.s
usam1aq g Aep Aq A1l
-e3au-aimynd Jo adueyd

PeOl VNY [B1A Ul
9oUBJBYIp JUBDYIUSIS OU -
*uoIId3jul BZUSN[UI
9J9A9s yum dnous
V1D dY3 Ul paAIasqo
sem (s[aA9] g8-|
pue 9-7|) s109y° AJorew
-Wepul-nue Juedyludis e -
'ysnod jo uoneJnp
Ja3uo| ayy ureidxs
o) pawie]d sem dnous
V1D 843 ul ewiyase
Yam sauaned jo ajed
Jay3iy AjpAneppa ay
*dnoJ3 |os3uod a3 u
ueyy dnoud y1D aya ul
Ja3uo| Apuediyusis sem
y2nod jo uoneunp syl -

‘uopnezijeyidsoy

Jo g-Aep uo dnoug |zy aya
Joj Jamo| Apuediiudis sem
2402s A11uaAas swoldwiAs
BZUSN[JUl Y3 [[BISAQO

- (9100=4d%9°£] sA
%¢°8¢) 1oddns Auoredidsau
Jo paau juanbauy ss9|

pue (10000 > d ‘skep 60'g
SA 86°9) uonezieudsoy

Jo yadua| Js1Ji0ys Yam paje

-posse sem dnous |zy ay] -

uoneziesidsoy

JO UOIEBIND pUE ‘UOIIE|IIUDA
pa3sisse pue UagAxo [e1
-uswid|ddns jo pasu ‘sajed
uoned|dwod jo sw.s) ul
sdnou3 Juswinesuy usamiaq

S9DURIRYIP [BD1ISIIBIS O -

‘(senpiqiowod

SARY IO A|ISP|D 9J9M OUM)
UONJAUI Y BZUSNJJU| YIIM
syuaned ui Ajjerdadss ‘dnoud
|0J3UOD BY3 UBYI JDAS)

33 Jed|> 03 dWN J3YJoYs
Apuedyiudis e pamoys

dnous y1D ay3 ‘||edaAQ -

Quofe ASO ‘SA
(ASO +) skep g
4oy Aep/3w 00§

IZV 'NI/1’4O

auoje

ASO'sA (ASO +)
sAep g Joy

8w 00s ZV [e10

auoje

IVN "sA (IVN +)
sAep g .o} Aep

/BwW00r V1D IBIO

(LTt
'SA 201) 6C€

(ST 'sA S7) 0§

(92

'SA 8€) 9

uondajul

eZUSNJJU| YIM

sJuanEd I|Npe
pazijeaidsoH

SaSNUIA

g Jo/pue

V Bzusnju|

YuM saed
-Ag| < swuaned

V Bzusnju|
Yum sauan
-edino Jnpy

Apms 140yod
[euoneAasqo
aAndadsoney

[ern

Ja3usdn|nw

|oqe|-uado
paziwopuey

Apms

aAnRdadsoud

‘[l2qe|-uado
2113UdNN Y

VA4

VA4

V1D

1s51(020T
‘eiqe.y 1pnes)
Ip 13 vy Inboys)

1zs(£10T
‘Suoy| SuoH)

D 13 N 997

g1 (£ 10T ‘uede|)
ID 19 Y DISIDL

s8ulpuly [euonIppy

SWOdIN0 [ed1Uld Ulely

UOIUBAII|

Jaquinu
Swuaned

uone|ndod
Apnag

ugisap Apmg

EYo][[e¥ RN

(Anuno>
aeak) diysaoyiny

‘penunuo) g dyqeL



Antiviral Chemistry and Chemotherapy

(penunuod)

10

‘g-Ae( 1e
%E6 Pue ‘/-Aeq 1 2An
-e39u 9%€£8 Yum ‘pajou
sem YDd Aq paisa1 peoj
[edin [ea8ukieydoseu

Jo aseaudap pided vy -

QdoueRJED

[BAIA Ul 9dUD.ID)

-JIP Y3IM pa3BIDOSSE J0oUu
sem Adeuayy spijoadew -

2WO023IN0 3|qeIOAR)

® Joj adoy 1599 a3
paJayo 1oddns Auoze|
-IIUSA DAISBAUI-UOU IM
pauIqWIOd SPIOJ3IS JO

asn aAIssau33e pue AlJeg -

Uy "6|-pPIA0D Yum
pazijealdsoy syuaned ur uon
-B[IJUDA [EDIUBYDIIW JO Sl
33 22NpaJ p|nod ‘|Zy 3Ino
-JaIm o yum Jsyae ‘ODH

JO 9SN 33 JBYI DJUSPIAS ON -

‘pJem soseasiq
snora4u| Y3 ut patp (plo
sueak 9g) uaned auo AjuQ

‘NDI Y2 01 paJdsjsuey
2JoMm sjuaned aa4y) pue
Adeaayy usdAxo padinbau
%G| AlUQ "pJem |easuad

SY2 wouy pasJeydsip aJom
PUE SWOINO0 3|qE.I0AR)

pey sausned jJo %e'|8 -

(100°0 > d) dnoug jouauod
a3 ul %5°7| pue Ajuo
ODOH Y3m paieauy suspzed
ul %1°LS 031 paJedwod
‘SNUIA 9Y2 paJes|d uon
-BUIqWOD [ZY pue auinbo
-10|Yy24AX0JpAY yum paneau

syuaned jJo %00| ‘9-Aep Iy -

‘dnoud Adessyy spijoadew
ou, pue sdnou3 Adesays
SpIjoJdBW, Y1 USAIMIS]

Aeys jo yadus| |endsoy
‘Aijeraow jendsoy pue
ND| UsaMIaq SedUBIBYIP

juedusis A[|ednsneIs ou -

"sy|nsaJ 1s9q ay3 pa
-piroud ‘Aep/Swi g9 uPAw
-oayaize snid ‘p'rrq 3w 007
updexoloAs| Suipnpul 4de
-1aya dnoug ay1 ‘saidessyy

JUSJBYIP Y3 JO SBWOD

-3no [edulpd ays Sulredwor -

[papiroud uon

-ew.Jojul d3esop
ou] gg| =suoN
€11 =1zv+ODH
L6=0DH

(sAep unoy
IXaUu 3y ‘Aep Jad
3w 057 Aq pamoy
-|o} |-Aep uo

3w 009) 1ZV [®1O

(sAep unoy
Ixau ay) ‘Aep Jad
3w 05T Aq pamoy
-|o} |-Aep uo

3w 009) 1ZV [e1O

(€19
wU__OLU.m_\,_ OZ °SA
(Tz=u) A¥3
(8t=u) v1D
(L6=u) 1ZV
:sdnougd ¢

SploJals pue
sanoiqiue Jsylo
“©0-N4| PIm pa
-1e120sS® A|qelIBA
(Kep/3w 009-00%
Al 1ZV Buipnppul

way3 jo ¢) sdnousd §

89¢

08

[ODH o3
uonippe
ul|zv
SEYNEREY]
sjuaned

9] 49¢

(€1

'SA 9€1) b€

061

61
~dlIAOD Ym
sjualIed NPy

61-dINOD
YIIM sJed

-A7] < sausney

61-dINOD
UM sJed

-A7| < swusned

SYIN
Yum sauaney

ANPY NDI

SYVS Pim
syuaned Jnpy

Apnas 110yod
aAndadsoney

J1J3ULad0UO|,|

Apnis wue 9[3uls

[euoneAsasqO

*°q¢e|

-uado ‘paz

-wopueJ-uou
‘leuoneAtasqO

Apnis 110yod
aAdadsouyau
143U N

Apn3s 140yod
aAndadsou3au
31J3UIDOUO||

VA4

VA4

VA4

Ad3

VA4

VA4

121(020T “wSN)

‘I 19 [ jjouspsopy

1091(020C
‘2duely)

Ip 19 ¢ 1941nD5)

1e1(020T
‘9duely)

ID 19 ¢ 1941nD9)

[8s] (610T
‘elqeJy Ipnes)
1D 13 WA 1901y

1,51(€00C

‘eulyD) 0 19 Z 00yz

s8ulpuyy [euonippy

3WOINO [BDIUI]D Ul

UonuaAJalu|

Jaquinu
SNy

uonejndod
Apmgs

udisep Apmg

apljoadeLy

(Aaunoo
4eak) diysaoyiny

‘[aun aued sAIsumul :n D] DuinbouojyaAxoupAy :DDH] suondsjur Aioredidsaa sAnIsod SISNUIABUOIOD Ul SO1IOIGIRUE Spljoddew 3ulsSasSe SaIpnis [ediul]d *p dqel



Poddighe and Aljofan

Table 4. Continued.

Patients’
number

Study

Authorship (year,

country)

Additional findings

Main clinical outcome

Intervention

population

Study design

Macrolide

association of increased

overall mortality was iden-
tified in patients treated

with HCQ.

- “Within 5 days, one patient

- Repeated nasopharyn-

Adult Patients Il Oral AZI (500 mg

AZI Observational

Molina JM et al.

geal swabs in 10

died, two were transferred

to the ICU”.

on day-I, fol-
lowed by

with COVID-

19

single arm
study

(France,

patients using PCR

2020)¢"

assay were still positive

250 mg/day for
the four days.

for SARS-CoV2 RNA in
8/10 patients at day-5
after treatment

initiation.

was AZL.”? While it is not yet known whether the mac-
rolide antibiotic has a direct antiviral inhibitory effect,
it might be speculated that some antiviral effect may be
due its ability to amplify systemic antiviral response
mediated by the IFN pathway.”

Zika virus

Zika virus is an arbovirus belonging to the Flaviviridae
family. The infection is transmitted to humans via mos-
quito vectors and usually causes flu-like symptoms.
Moreover, it is reported as associated with severe neu-
rological complications in adults and, when the infec-
tion occurs in pregnant women, the virus can also pass
to the fetus and cause central nervous system malfor-
mations (e.g. microcephaly). Currently there is no vac-
cine or antiviral treatment against Zika virus
infections.”*"

A number of different therapeutics were tested for
their potential effect against the virus. One of the tested
drugs is AZI, which showed inhibitory effects in vitro
and in some animal models. A recent study by Li C
et al. suggested that AZI can effectively suppressed
viral infection in vitro, which they claimed to work by
targeting a late stage in the viral replication cycle. They
also proposed that the drug protects against the virus
by improving antiviral immunity through upregulating
the expression of some viral induced pathogen recog-
nition receptors (PRRs).”® However, Retallack H et al.
showed that AZI could reduce the viral proliferation
and virus-induced cytopathic effects in glial cell lines
and human astrocytes.”” Very recently, Wang X et al.
described their in vitro and in vivo (mouse model) data
supporting a significant anti-Zika virus activity of
ERY, which would interfere with the viral entry into
the cell.”®

Therefore, macrolides might deserve some clinical
studies to assess their potential usefulness against
Zika virus, as proposed by Iannetta et al.”®

Conclusions

Overall, there is no significant and/or clinically relevant
evidence so far that macrolides might have a direct
benefit on most of viral infections considered in this
review. However, their clinical benefit cannot be ruled
out and they may improve the clinical course of viral
respiratory infections (RSV, Influenza viruses and
CoVs) at least through indirect mechanisms relying
on some and variable anti-inflammatory activity.
Interestingly, some authors reported a boost activity
of CLA on the antibody response against influenza.
Recent experimental data also suggested a potential
role of macrolides against the infections caused by
arboviruses, especially Zika virus, but no clinical



12

Antiviral Chemistry and Chemotherapy

trials are available at the moment. In general, further
and focused clinical studies are needed to assess the
effective contribution and potential mechanisms of

macrolides

in the management of specific viral

infections.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

ORCID iD
Dimitri Poddighe (® https://orcid.org/0000-0001-6431-9334

References

1.

10.

Dinos GP. The macrolide antibiotic renaissance. Br J
Pharmacol 2017; 174: 2967-2983.

Berdigaliyev N and Aljofan M. An overview of drug dis-
covery and development. Future Med Chem2020; 12
(10):939-947.

Gaillard T, Dormoi J, Madamet M, et al. Macrolides and
associated antibiotics based on similar mechanism of
action like lincosamides in malaria. Malar J 2016; 15: 85.
Ballow CH and Amsden GW. Azithromycin: the first
azalide antibiotic. Ann  Pharmacother 1992; 26:
1253-1261.

Carbon C. Pharmacodynamics of macrolides, azalides,
and streptogramins: effect on extracellular pathogens.
Clin Infect Dis 1998; 27: 28-32.

Fohner AE, Sparreboom A, Altman RB, et al
PharmGKB summary: macrolide antibiotic pathway,
pharmacokinetics/pharmacodynamics.  Pharmacogenet
Genomics 2017; 27: 164—-167.

Hancox JC, Hasnain M, Vieweg WV, et al
Azithromycin, cardiovascular risks, QTc interval prolon-
gation, torsade de pointes, and regulatory issues: a nar-
rative review based on the study of case reports. Ther Adv
Infect Dis 2013; 1: 155-165.

Croteau D, Vallee F, Bergeron MG, et al. High perfor-
mance liquid chromatographic assay of erythromycin

and its esters using electrochemical detection.
J Chromatogr 1987; 419: 205-212.
Croteau D, Bergeron MG and Le Bel M.

Pharmacokinetic advantages of erythromycin estolate
over ethylsuccinate as determined by high-pressure
liquid chromatography. Antimicrob Agents Chemother
1988; 32: 561-565.

Hardy DJ, Hensey DM, Beyer JM, et al. Comparative in
vitro activities of new 14-, 15-, and 16-membered macro-
lides. Antimicrob Agents Chemother 1988; 32: 1710-1719.

. Janas A and Przybylski P. 14- and 15-membered lactone

macrolides and their analogues and hybrids: structure,

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Poddighe

molecular mechanism of action and biological activity.
Eur J Med Chem 2019; 182: 111662.

Zuckerman JM, Qamar F and Bono BR. Macrolides,
ketolides, and glycylcyclines: azithromycin, clarithromy-
cin, telithromycin, tigecycline. Infect Dis Clin North Am
2009; 23: 997-1026.

Gomes C, Martinez-Puchol S, Palma N, et al. Macrolide
resistance mechanisms in enterobacteriaceae: focus on
azithromycin. Crit Rev Microbiol 2017; 43: 1-30.

Leung AKC, Wong AHC and Hon KL. Community-
acquired pneumonia in children. Recent Pat Inflamm
Allergy Drug Discov 2018; 12: 136-144.

D. Extra-pulmonary diseases related to
Mycoplasma pneumoniae in children: recent insights into
the pathogenesis. Curr Opin Rheumatol 2018; 30:
380-387.

Poddighe D and Marseglia GL. Is there any relationship
between extra-pulmonary manifestations of Mycoplasma
pneumoniae infection and atopy/respiratory allergy in
children? Pediatr Rep 2016; 8: 6395.

Paljetak HC, Tomaskovic L, Matijasic M, et al.
Macrolide hybrid compounds: drug discovery opportuni-
ties in anti-infective and anti-inflammatory area. Curr
Top Med Chem 2017; 17: 919-940.

Zarogoulidis P, Papanas N, Kioumis I, et al. Macrolides:
from in vitro anti-inflammatory and immunomodulatory
properties to clinical practice in respiratory diseases. Eur
J Clin Pharmacol 2012; 68: 479-503.

Ogrendik M. Antibiotics for the treatment of rheumatoid
arthritis. Int J Gen Med 2013; 7: 43-47.

Leiper K, Martin K, Ellis A, et al. Clinical trial: random-
ized study of clarithromycin versus placebo in active
Crohn’s disease. Aliment Pharmacol Ther 2008; 27:
1233-1239.

Wang J, Xie L, Wang S, et al. Azithromycin promotes
alternatively activated macrophage phenotype in system-
atic lupus erythematosus via PI3K/akt signaling path-
way. Cell Death Dis 2018; 9: 1080.

Karinauske E, Kasciuskeviciute S, Morkuniene V, et al.
Antibiotic prescribing trends in a pediatric population in
Lithuania in 2003-2012: observational study. Medicine
( Baltimore) 2019; 98: ¢17220.

Poddighe D, Bonomelli I, Giardinetti S, et al. Paediatric
dengue fever diagnosed through parents’ epidemiologic
report and preventive strategy during the acute phase of
infection. J Travel Med 2016; 23: tav013.

Stokholm J, Chawes BL, Vissing NH, et al. Azithromycin
for episodes with asthma-like symptoms in young chil-
dren aged 1-3 years: a randomised, double-blind, place-
bo-controlled trial. Lancet Respir Med 2016; 4: 19-26.
Min JY and Jang YJ. Macrolide therapy in respiratory
viral infections. Mediators Inflamm 2012; 2012: 649570.
Behzadi MA and Leyva-Grado VH. Overview of current
therapeutics and novel candidates against influenza,
respiratory syncytial virus, and Middle East respiratory
syndrome coronavirus infections. Front Microbiol 2019;
10: 1327.

Beigelman A, Isaacson-Schmid M, Sajol G, et al.
Randomized trial to evaluate azithromycin’s effects on


https://orcid.org/0000-0001-6431-9334
https://orcid.org/0000-0001-6431-9334

Poddighe and Aljofan

13

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

serum and upper airway IL-8 levels and recurrent wheez-
ing in infants with respiratory syncytial virus bronchiol-
itis. J Allergy Clin Immunol 2015; 135: 1171-1178.
Kneyber MC, van Woensel JB, Uijtendaal E, et al. Dutch
antibiotics in RSV trial (DART) research group.
Azithromycin does not improve disease course in hospi-
talized infants with respiratory syncytial virus (RSV)
lower respiratory tract disease: a randomized equivalence
trial. Pediatr Pulmonol 2008; 43: 142-149.

Tahan F, Ozcan A and Koc N. Clarithromycin in the
treatment of RSV bronchiolitis: a double-blind, rando-
mised, placebo-controlled trial. Eur Respir J 2007; 29:
91-97.

Pinto LA, Pitrez PM, Luisi F, et al. Azithromycin ther-
apy in hospitalized infants with acute bronchiolitis is not
associated with better clinical outcomes: a randomized,
double-blinded, and placebo-controlled clinical trial.
J Pediatr 2012; 161: 1104-1108.

Farley R, Spurling GK, Eriksson L, et al. Antibiotics for
bronchiolitis in children under two years of age. Cochrane
Database Syst Rev 2014; 10: CD005189.

McCallum GB, Plumb EJ, Morris PS, et al. Antibiotics
for persistent cough or wheeze following acute bronchi-
olitis in children. Cochrane Database Syst Rev 2017; 8:
CD009834.

Yamamoto K, Yamamoto S, Ogasawara N, et al.
Clarithromycin prevents human respiratory syncytial
virus-induced airway epithelial responses by modulating
activation of interferon regulatory factor-3. Pharmacol
Res 2016; 111: 804-814.

Yokota S, Okabayashi T, Hirakawa S, et al
Clarithromycin suppresses human respiratory syncytial
virus infection-induced Streptococcus pneumoniae adhe-
sion and cytokine production in a pulmonary epithelial
cell line. Mediators Inflamm 2012; 2012: 528568.
Mosquera RA, De Jesus-Rojas W, Stark JM, et al. Role
of prophylactic azithromycin to reduce airway inflamma-
tion and mortality in a RSV mouse infection model.
Pediatr Pulmonol 2018; 53: 567-574.

Moghadami M. A narrative review of influenza: a sea-
sonal and pandemic disease. Iran J Med Sci 2017; 42:
2-13.

Sato K, Suga M, Akaike T, et al. Therapeutic effect of
erythromycin on influenza virus-induced lung injury in
mice. Am J Respir Crit Care Med 1998; 157: 853-857.
Takahashi E, Indalao IL, Sawabuchi T, et al.
Clarithromycin suppresses induction of monocyte che-
moattractant protein-1 and matrix metalloproteinase-9
and improves pathological changes in the lungs and
heart of mice infected with influenza a virus. Comp
Immunol Microbiol Infect Dis 2018; 56: 6-13.

Takahashi E, Kataoka K, Indalao IL, et al. Oral cla-
rithromycin enhances airway immunoglobulin A (IgA)
immunity through induction of IgA class switching
recombination and B-cell-activating factor of the tumor
necrosis factor family molecule on mucosal dendritic cells
in mice infected with influenza a virus. J Virol 2012; 86:
10924-10934.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

S1.

52.

53.

Namkoong H, Ishii M, Fujii H, et al. Clarithromycin
expands CD11b+Gr-1+ cells via the STAT3/Bv8 axis
to ameliorate lethal endotoxic shock and post-influenza
bacterial pneumonia. PLoS Pathog 2018; 14: ¢1006955.
Yamaya M, Shinya K, Hatachi Y, et al. Clarithromycin
inhibits type a seasonal influenza virus infection in
human airway epithelial cells. J Pharmacol Exp Ther
2010; 333: 81-90.

Miyamoto D, Hasegawa S, Sriwilaijaroen N, et al.
Clarithromycin inhibits progeny virus production from
human influenza virus-infected host cells. Biol Pharm
Bull 2008; 31: 217-222.

Tran DH, Sugamata R, Hirose T, et al. Azithromycin, a
15-membered macrolide antibiotic, inhibits influenza A
(HIN1)pdmO09 virus infection by interfering with virus
internalization process. J Antibiot 2019; 72: 759-768.
Arikata M, Itoh Y, Shichinohe S, et al. Efficacy of cla-
rithromycin against HSN1 and H7N9 avian influenza a
virus infection in cynomolgus monkeys. Antiviral Res
2019; 171: 104591.

Lee ACY, To KKW, Zhang AJX, et al. Triple combina-
tion of FDA-approved drugs including flufenamic acid,
clarithromycin and zanamivir improves survival of severe
influenza in mice. Arch Virol 2018; 163: 2349-2358.
Fage C, Pizzorno A, Rhéaume C, et al. The combination
of oseltamivir with azithromycin does not show addition-
al benefits over oseltamivir monotherapy in mice infected
with influenza A(HIN1) pdm2009 virus. J Med Virol
2017; 89: 2239-2243.

Sawabuchi T, Suzuki S, Iwase K, et al. Boost of mucosal
secretory immunoglobulin a response by clarithromycin
in paediatric influenza. Respirology 2009; 14: 1173-1179.
Ishii H, Komiya K, Yamagata E, et al. Clarithromycin
has limited effects in non-elderly, non-severe patients
with seasonal influenza virus a infection. J Infect 2012;
64: 343-345.

Shinahara W, Takahashi E, Sawabuchi T, et al.
Immunomodulator clarithromycin enhances mucosal
and systemic immune responses and reduces re-infection
rate in pediatric patients with influenza treated with anti-
viral neuraminidase inhibitors: a retrospective analysis.
PLoS One 2013; 8: ¢70060.

. Kakeya H, Seki M, Izumikawa K, et al. Efficacy of com-

bination therapy with oseltamivir phosphate and azithro-
mycin for influenza: a multicenter, open-label,
randomized study. PLoS One 2014; 9: €91293.

Higashi F, Kubo H, Yasuda H, et al. Additional treat-
ment with clarithromycin reduces fever duration in
patients with influenza. Respir Investig 2014; 52: 302-309.
Lee N, Wong CK, Chan MCW, et al. Anti-inflammatory
effects of adjunctive macrolide treatment in adults hospi-
talized with influenza: a randomized controlled trial.
Antiviral Res 2017; 144: 48-56.

Hung IFN, To KKW, Chan JFW, et al. Efficacy of
clarithromycin-naproxen-oseltamivir combination in the
treatment of patients hospitalized for influenza A(H3N2)
infection: an open-label randomized, controlled, phase
IIb/III trial. Chest 2017; 151: 1069—-1080.



Antiviral Chemistry and Chemotherapy

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Yatera K, Umeki K, Yamasaki K, et al. The additive
effect of clarithromycin on influenza A infection in the
elderly patients and patients with comorbid diseases.
Respir Investig 2017; 55: 380-383.

Ishaqui AA, Khan AH, Sulaiman SAS, et al. Assessment
of efficacy of oseltamivir-azithromycin combination ther-
apy in prevention of influenza-A (H1N1)pdmO09 infection
complications and rapidity of symptoms relief. Expert
Rev Respir Med 2020; 14: 533-541.

Kaul D. An overview of coronaviruses including the
SARS-2 coronavirus — molecular biology, epidemiology
and clinical implications. Curr Med Res Pract. Epub
ahead of print 2020. DOI:10.1016/j.cmrp.2020.04.001.
Zhao Z, Zhang F, Xu M, et al. Description and clinical
treatment of an early outbreak of severe acute respiratory
syndrome (SARS) in Guangzhou, PR China. J Med
Microbiol 2003; 52: 715-720.

Arabi YM, Deeb AM, Al-Hameed F, et al. Macrolides in
critically ill patients with Middle East respiratory syn-
drome. Int J Infect Dis 2019; 81: 184-190.

Gautret P, Lagier JC, Parola P, et al
Hydroxychloroquine and azithromycin as a treatment
of COVID-19: results of an open-label non-randomized
clinical trial. Int J Antimicrob Agents 2020; 56: 105949.
Gautret P, Lagier JC, Parola P, et al. Clinical and micro-
biological effect of a combination of hydroxychloroquine
and azithromycin in 80 COVID-19 patients with at least a
six-day follow up: a pilot observational study. Travel
Med Infect Dis. Epub ahead of print 2020.
DOI:10.1016/j.tmaid.2020.101663.

Molina JM, Delaugerre C, Le Goff J, et al. No evidence
of rapid antiviral clearance or clinical benefit with the
combination of hydroxychloroquine and azithromycin
in patients with severe COVID-19 infection. Med Mal
Infect. Epub ahead of print 2020. DOI:10.1016/j.
medmal.2020.03.006.

Magagnoli J, Narendran S, Pereira F, et al. Outcomes of
hydroxychloroquine usage in United States veterans hos-
pitalized with covid-19. medRxiv 2020. DOI:10.1101/
2020.04.16.20065920

Damle B, Vourvahis M, Wang E, et al. Clinical pharma-
cology perspectives on the antiviral activity of azithromy-
cin and use in COVID-19. Clin Pharmacol Ther. Epub
ahead of print 2020. DOI:10.1002/cpt.1857.

Touret F, et al. In vitro screening of a FDA approved
chemical library reveals potential inhibitors of SARS-
CoV-2  replication.  bioRxiv  2020. DOI:101101/
20200403023846.

Nabirothckin S, Peluffo AE, Bouaziz J, et al. Focusing
on the unfolded protein response and autophagy related
pathways to reposition common approved drugs against

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

COVID-19.
preprints202003.
Andreani J, L, Bideau M, Duflot I, et al. D. In vitro
testing of combined hydroxychloroquine and azithromy-
cin on SARS-CoV-2 shows synergistic effect. Microb
Pathog. Epub ahead of print 2020. DOI:10.1016/].
micpath.2020.104228.

Ulrich H and Pillat MM. CD147 as a target for COVID-
19 treatment: suggested effects of azithromycin and stem
cell engagement. Stem Cell Rev Rep. Epub ahead of print
2020. DOI:10.1007/s12015-020-09976-7.

Feldmann H and Geisbert TW. Ebola haemorrhagic
fever. Lancet 2011; 377: 849-862.

Paessler S and Walker DH. Pathogenesis of the viral
hemorrhagic fevers. Annu Rev Pathol 2013; 8: 411-440.
Bixler SL, Duplantier AJ and Bavari S. Discovering
drugs for the treatment of ebola virus. Curr Treat
Options Infect Dis 2017; 9: 299-317.

Sun W, He S, Martinez-Romero C, et al. Synergistic drug
combination effectively blocks ebola virus infection.
Antiviral Res 2017; 137: 165-172.

Du X, Zuo X, Meng F, et al. Combinatorial screening of
a panel of FDA-approved drugs identifies several candi-
dates with anti-Ebola activities. Biochem Biophys Res
Commun 2020; 522: 862-868.

Schogler A, Kopf BS, Edwards MR, et al. Novel antiviral
properties of azithromycin in cystic fibrosis airway epi-
thelial cells. Eur Respir J 2015; 45: 428-439.

Saiz JC. Therapeutic advances against ZIKV: a quick
response, a long way to go. Pharmaceuticals (Basel)
2019; 12: 127.

Ferraris P, Cochet M, Hamel R, et al. Zika virus differ-
entially infects human neural progenitor cells according
to their state of differentiation and dysregulates neuro-
genesis through the notch pathway. Emerg Microbes
Infect 2019; 8: 1003-1016.

Li C, Zu S, Deng Y-Q, et al. Azithromycin protects
against zika virus infection by upregulating virus-
induced type I and III interferon responses. Antimicrob
Agents Chemother 2019; 63: €00394—19.

Retallack H, Di Lullo E, Arias C, et al. Zika virus cell
tropism in the developing human brain and inhibition by
azithromycin. Proc Natl Acad Sci USA 2016; 113:
14408-14413.

Wang X, Xia S, Zou P, et al. Erythromycin estolate
inhibits zika virus infection by blocking viral entry as a
viral inactivator. Viruses 2019; 11: 1064.

Iannetta M, Ippolito G and Nicastri E. Azithromycin
shows anti-Zika virus activity in human glial cells.
Antimicrob Agents Chemother 2017; 61: ¢01152—17.

Preprints 2020. DOI:10.20944/



