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ABSTRACT

Introduction: The anti-inflammatory effect of
macrolides prompted the study of oral clar-
ithromycin in moderate COVID-19.

Methods: An open-label non-randomized trial
in 90 patients with COVID-19 of moderate
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severity was conducted between May and
October 2020. The primary endpoint was
defined at the end of treatment (EOT) as no
need for hospital re-admission and no progres-
sion into lower respiratory tract infection (LRTI)
for patients with upper respiratory tract infec-
tion and as at least 50% decrease of the respi-
ratory symptoms score without progression into
severe respiratory failure (SRF) for patients with
LRTI. Viral load, biomarkers, the function of
mononuclear cells and safety were assessed.

Results: The primary endpoint was attained in
86.7% of patients treated with clarithromycin
(95% CIs 78.1-92.2%); this was 91.7% and
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81.4% among patients starting clarithromycin
the first 5 days from symptoms onset or later
(odds ratio after multivariate analysis 6.62;
p 0.030). The responses were better for patients
infected by non-B1.1 variants. Clarithromycin
use was associated with decreases in circulating
C-reactive protein, tumour necrosis factor-alpha
and interleukin (IL)-6; by increase of production
of interferon-gamma and decrease of produc-
tion of interleukin-6 by mononuclear cells; and
by suppression of SARS-CoV-2 viral load. No
safety concerns were reported.

Conclusions: Early clarithromycin treatment
provides most of the clinical improvement in
moderate COVID-19.

Trial Registration: ClinicalTrials.gov,
NCT04398004

Keywords: Clarithromycin; COVID-19; Thl;
Th2; Viral load

Why carry out this study?

Published data are controversial on the
efficacy of macrolides for COVID-19. This
may be due to the varying time delay from
infection onset until start of treatment

In the ACHIEVE study the clinical efficacy
of clarithromycin was associated with the
time delay since symptoms onset and with
the mechanism of action

What was learned from the study?

Early clarithromycin treatment in patients
with moderate COVID-19 is associated
with most of clinical improvement

Treatment should start in the first 5 days
from symptoms onset

The effect of clarithromycin is associated
with increase of interferon-gamma
production, decrease of interleukin-6
production and decrease of viral load

INTRODUCTION

Early at the beginning of the COVID-19 pan-
demic, azithromycin, a macrolide drug, was
introduced in the treatment algorithm because
of its anti-inflammatory properties [1, 2]. The
anti-inflammatory properties of macrolides for
the empirical management of community-ac-
quired pneumonia (CAP) are reflected in the
guidelines of the American Thoracic Society
published in 2019 [3]. These guidelines are
influenced by observational studies showing
that the addition of a macrolide decreases the
risk of death from severe CAP [4-8]. Two dou-
ble-blind, randomized, placebo-controlled clin-
ical trials of our group have also shown
substantial reduction of the risk of death among
critically ill patients with gram-negative sepsis
and ventilator-associated pneumonia with clar-
ithromycin adjunctive treatment [9-11]. We
have also recently shown that 28-day mortality
of severe CAP was 20.8% among patients treated
with a combination of p-lactam and clar-
ithromycin and 33.8% when treated with a
combination of f-lactam and azithromycin
[12].

Based on the above evidence, it seems likely
that treatment of COVID-19 with oral clar-
ithromycin may attenuate the hyper-inflam-
matory responses of the host and decrease the
risk of progression into severe respiratory failure
(SRF). We conducted the ACHIEVE trial (Anti-
inflammatory Clarithromycin to Improve SARS-
CoV 2 Infection Early) as a proof of concept to
investigate whether early administration of oral
clarithromycin in patients with upper or lower
respiratory tract infection (RTI) due to SARS-
CoV-2 may attenuate the inflammatory burden,
modulate the immune response of the host and
result in early clinical improvement. The clini-
cal efficacy of clarithromycin was also com-
pared with a group of propensity-score matched
concurrent comparators receiving standard-of-
care treatment (SOC) with azithromycin and
hydroxychloroquine.
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METHODS

Patient Population

ACHIEVE was an open-label non-randomized
trial conducted in four study sites in tertiary
hospitals in Greece (3rd Department of Internal
Medicine, Sotiria General Hospital; 1st Depart-
ment of Internal Medicine, Ioannina University
General Hospital; 2nd Department of Internal
Medicine, Alexandroupolis University General
Hospital; 2nd Department of Internal Medicine,
Tzaneion Piraeus General Hospital; EudraCT no.
2020-001882-36; ClinicalTrials.gov
NCTO04398004). Registration at the public EU
repository EudraCT was done on 15 April 2020
before submission for regulatory approval
according to the law applying for clinical trials
in the EU. Since ACHIEVE is an interventional
study, only central ethical approval by the
National Ethics Committee of Greece is war-
ranted. The study was approved for all sites by
the National Ethics Committee of Greece (ap-
proval no. 45/20) and subsequently by the
National Organization for Medicines of Greece
(approval no. ISO 36/20). Patients were screened
for eligibility and enrolment after providing
written informed consent. Concurrent com-
parators receiving azithromycin plus hydroxy-
chloroquine/chloroquine and hospitalized at
the same time period in five other medical
departments of tertiary hospitals in Greece were
prospectively registered after written informed
consent. Comparators were hospitalized in
departments participating in the registry of the
Hellenic Sepsis Study Group (www.sepsis.gr)
and approval was provided by their Institution
Review Boards. The first patient was enrolled on
17 May 2020 and the last visit of the last patient
was on 22 October 2020.

Enrolled patients were adults
(age > 18 years) with confirmed infection by
SARS-CoV-2 virus by real-time PCR of
nasopharyngeal secretions and infection of the
upper respiratory tract (URTI) or of the lower
respiratory tract (LRTI). URTI was defined as the
acute presentation of at least two of the fol-
lowing signs in a patient without radiological
evidence of lung infection: (1) core

temperature > 37.5 °C; (2) new onset of cough;
(3) chills or rigour; (4) total absolute lympho-
cyte count < 1500/mm?. LRTI was defined as the
presence of infiltrates compatible with lower
respiratory tract infections in chest x-ray or in
chest computed tomography accompanied by
at least one of the following: (1) new onset of
cough or worsening cough; (2) dyspnea; (3)
respiratory rales compatible with lung infec-
tion; (4) total absolute lymphocyte count
< 1500/mm?®. Exclusion criteria were: age
< 18 years; intake of any other macrolide and of
hydroxychloroquine/chloroquine for the infec-
tion under study; ratio of partial oxygen pres-
sure to the fraction of inspired oxygen (pO,/
FiO,) < 150; need for mechanical ventilation
(MV) or non-invasive ventilation under positive
pressure (NIV); neutropenia (< 1000/mm?); any
intake of corticosteroids at a daily
dose > 0.4 mg/kg prednisone or equivalent the
last 15 days; QTc interval at rest electrocardio-
gram > 500 ms; pregnancy or lactation.

To derive the most appropriate comparators,
the inclusion and exclusion criteria of the
ACHIEVE trial were applied to all available
concurrent comparators.

Trial Interventions

Enrolled patients received one tablet of 500 mg
of clarithromycin every 12h for 7 days. All
other drugs except macrolides and hydroxy-
chloroquine/chloroquine  phosphate  were
allowed. Study visits were done daily starting
from day 1 before start of treatment until day 8
at end of treatment (EOT visit). The test-of-cure
(TOC) visit was done on day 14. For patients
discharged earlier from hospital, EOT and TOC
visits were done by phone calls. Recorded
baseline information was severity assessed by
APACHE 1II score, SOFA score and pneumonia
severity index (PSI), comorbidities and labora-
tory information. On each visit follow-up, the
state of the patient was assessed and the respi-
ratory symptoms score (RSS) was calculated (see
Supplementary methods). Fifteen millilitres of
whole blood was collected on day 1 before start
of treatment and on EOT into EDTA-coated
tubes and sterile and pyrogen-free tubes for the
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isolation of peripheral blood mononuclear cells
(PBMCs), serum and plasma. PBMCs were iso-
lated after gradient centrifugation over Ficoll
(Biochrom, Berlin, Germany) for 20 min at
1400 g. After three washings in ice-cold PBS pH
7.2, PBMCs were counted in a Neubauer plate
with trypan blue exclusion of dead cells. They
were then diluted in RPMI 1640 enriched with
2 mM of r-glutamine, 500 ug/ml of gentamicin,
100 U/ml of penicillin G, 10 mM of pyruvate
and 10% foetal bovine serum (Biochrom) and
suspended in wells of a 96-well plate. The final
volume per well was 200 ul with a density of
2 x 10° cells/ml. PBMCs were exposed in
duplicate for 24 h or 5 days at 37 °C in 5% CO,
to different stimuli: 10 ng/ml of Escherichia coli
0O55:B5 lipopolysaccharide (LPS, Sigma, St.
Louis, USA) or 5 x 10° colony-forming units of
heat-killed Candida albicans. Following incuba-
tion, cells were removed and analysed for flow
cytometry. Concentrations of tumour necrosis
factor-alpha (TNFa), interleukin (IL)-6, IL-10
and interferon-gamma (IFNy) were measured in
cell supernatants or serum in duplicate by an
enzyme immunoassay; the lower limit of
detection was 20 pg/ml (Invitrogen, Carlsbad,
CA, USA). C-reactive protein was measured by
nephelometry; the lower limit of detection was
0.5 mg/1.

Nasopharyngeal swabs were collected using
the 350C UTM®© mini 1ml collection and
transport system (COPAN, Italia, S.p.A.) on day
1 before start of treatment, on day 4 and on
EOT. The viral load was expressed as the Ct of
the reaction positivity and as the relative log2
copies of the E gene and of the RdRp gene. Viral
RNA was extracted from the transport medium
using the QIAamp® Viral RNA Mini kit (Qiagen,
Hilden, Germany) and all quantified with the
Qubit™ RNA HS Assay Kit on a Qubit Fluo-
rometer (Thermo Fisher Scientific Waltham,
MA. USA). Sequencing libraries were generated
using the CleanPlex® SARS-CoV-2 Research and
Surveillance Panel powered by SOPHiA (Paragon
Genomics, Hayward, CA, USA) using CleanPlex
Indexed PCR Primers for Illumina (Paragon
Genomics). The generated DNA libraries were
loaded in a 300-cycle sequencing cartridge and
sequenced on an Illumina MiSeq platform (II-
lumina, San Diego, CA, USA).

The generated analysis output, in the FASTQ
file format, was uploaded to the SOPHiA DDM
tool (SOPHiA GENETICS Inc., Boston, MA,
USA). A total of 5,598,884 read pairs were gen-
erated of which 5,351,919 pairs (95.59%) were
successfully mapped. The reference sequence
used was MN908947 (NC_045512.2). Four
quality indicators generated for all samples
(coverage uniformity < 90%, effective reads
< 90%, pool 1 and 2 balance < — 1 and > 1 log
2 ratio, target covered < 95%) allow easy
assessment of sequencing results quality. The
genome sequences of SARS-CoV-2 were assigned
to viral lineages according to the dynamic
nomenclature system proposed by Rambaut
et al. [13] using the SOPHiA DDM tool (https://
pangolin.cog-uk.io).

Blood was sampled from concurrent SOC
comparators on day 1 before start of treatment
and on day 8 for the measurement of
biomarkers.

Outcomes

The primary study endpoint was assessed at EOT
and it was a composite endpoint defined dif-
ferently for patients with URTI and for patients
with LRTI. For patients with URTI the primary
endpoint was defined as either no need for
hospital re-admission in case of earlier discharge
or as lack of progression into lower RTI. For
patients with LRTI the primary endpoint was
defined as any at least 50% decrease of the RSS
from the baseline provided that the patient did
not progress into SRF or die. SRF was defined as
any decrease of the pO,/Fi0, < 150 mmHg
necessitating MV or NIV. This endpoint was
compared between patients who started early
clarithromycin and those who started late clar-
ithromycin. The same endpoints were captured
for the SOC concurrent comparators. Secondary
outcomes were the development of SRF by TOC
visit; hospital readmission until TOC; the
change of viral load from baseline in respiratory
secretions on day 4 and EOT; the change of
circulating biomarkers; the changes of cytokine
responses. Study exploratory endpoints were
the impact of time delay from the onset of
COVID-19 symptoms on the change of the
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‘ Available comparators= 1,112 ‘

| Excluded= 261
| ® Not of the same time period of the
ACHIEVE trial=261

y

Concurrent SOC comparators (May-October 2020)= 851

Excluded= 542

Application of inclusion/exclusion criteria
of the ACHIEVE study

Receiving anakinra/tocilizumab=304
pO,/FiOy< 150 mmHg= 51

Intake of clarithromycin monotherapy=14

ACHIEVE ftrial
17.05.2020-08.10.2020
Screening for eligibility= 95

Excluded=5
. pO,/FiOy< 150 mmHg= 4
. Intake of other macrolide=1

A
Enrolled= 90

Treatment with azithromycin +
hydroxychloroquine= 276

Propensity score 1:1 matching for
+ Age, CCI
PSI, upper/lower RTI, admission CRP

Analysed=90

Propensity probability=0.357 £ 0.094

Ppropensity: 0-829

Analyzed biomaterial
Viral load: day 1=82; day 4=76; day 8=71

Serum cytokines: day 1= 88; day 8= 78
PBMCs: day 1=67; day 8= 64

Missing data=158
No treatment=15

Eligible concurrent comparators= 309

Azithromycin
monotherapy= 33

Analysed= 90
Propensity probability= 0.360 + 0.099

Analyzed biomaterial
Serum cytokines: day 1= 78; day 8=29

Fig. 1 ACHIEVE Trial profile and selection of concur-
rent standard-of-care (SOC) comparators. Azithromycin
plus hydroxychloroquine/chloroquine comparators were
hospitalized at the same time period in five departments of
internal medicine in tertiary hospitals and they were
selected in two steps: at the first step after application of

11-point WHO clinical progression scale [14]
and the association with the lineage of SARS-
CoV-2.

Similar definitions of the study endpoints
were applied for concurrent SOC comparators.
Adverse Events (AE) (Common Terminology
Criteria for Adverse Events, version 4.03) and
Severe Adverse Events (SAE) (see Supplementary
Appendix) were captured.

the inclusion and exclusion criteria of patients receiving
clarithromycin; at the second step after propensity score
matching. CCI Charlson’s Comorbidity Index, CRP
C-reactive protein, FiO, fraction of inspired oxygen, PSI
pneumonia severity index, p02 partial oxygen pressure,
RTI respiratory tract infection

Statistical analysis

Qualitative data were presented as percentages
with confidence intervals (CI) and quantitative
data as means and SD; biomarkers and cytoki-
nes were expressed as means and SE. Using the
median of the time between symptoms onset
and start of clarithromycin, patients were divi-
ded into those with an early start and into those
with a late start; comparisons were done by the
binomial test. The impact of early start of clar-
ithromycin on the achievement of the primary
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Table 1 Baseline laboratory values and treatment modalities for participants in the ACHIEVE trial

Variable Late start (N = 42) Early start (N = 48) p value
Age, years, mean (SD) 57.0 (17.4) 58.5 (16.9) 0.959
Male gender, 7 (%) 24 (57.1) 29 (60.4) 0.831
Upper/lower respiratory tract infection, 7 (%) 5 (11.9)/37 (88.1) 7 (14.6)/41 (85.4) 0.765
Severity indexes, mean (SD)
Charlson’s Comorbidity Index 2.50 (2.68) 2.29 (2.20) 0.687
Admission APACHE 1I score 5.28 (3.97) 5.70 (3.33) 0.604
Admission Pneumonia Severity Index 60.3 (27.9) 60.1 (27.1) 0.966
Admission SOFA score 1.14 (1.09) 1.33 (1.26) 0.449
Comorbidities, no. (%)
Type 2 diabetes mellitus 6 (14.3) 11 (22.9) 0.419
Chronic heart failure 2 (4.8) 2 (4.2) 1.00
Coronary heart disease 4(9.5) 4 (8.3) 1.00
Chronic renal disease 1 (2.4) 5 (10.4) 0.209
Atrial fibrillation 3(7.1) 0 (0) 0.098
Hypertension 17 (40.5) 19 (39.6) 1.00
Chronic obstructive pulmonary disease 1 (2.4) 3 (6.3) 0.620
Hypothyroidism 6 (14.3) 6 (12.5) 1.00
Solid tumor malignancy 5 (11.9) 2 (4.2) 0.245
Dyslipidemia 11 (26.2) 11 (22.9) 0.808
Laboratory values, mean (SD)
Total white blood cells (/mm®) 5930.7 (1700.1) 6159.1 (2716.3) 0.642
Neutrophils (/mm?) 3835.7 (1674.5) 4370.6 (2528.5) 0.251
Lymphocytes (/mm?) 1331.7 (574.7) 1336.2 (491.5) 0.968
Platelets (x 10°/mm?) 2214 (83.7) 208.8 (61.6) 0.424
International normalized ratio 1.10 (0.25) 1.10 (0.21) 0.887
AST (U/1) 33.9 (16.2) 34.1 (24.7) 0.984
ALT (U/]) 30.6 (14.9) 34.6 (26.2) 0.395
pO,/FiO, (mmHg) 373.7 (103.3) 370.6 (72.8) 0.872
C-reactive protein (mg/l) 77.2 (108.4) 62.7 (58.3) 0.439
Concomitant treatment, 7 (%)
3rd-generation cephalosporin 27 (64.3) 36 (76.6) 0.246
Piperacillin/tazobactam 7 (16.7) 4 (8.5) 0.337
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Table 1 continued

Variable Late start (N = 42) Early start (INV = 48) p value

Moxifloxacin/levofloxacin 1 (2.4) 1(2.1) 1.00

Patients are divided onto those who started early treatment with clarithromycin (< 5 days from symptom onset) and those
who started late treatment with clarithromycin (6 days or more from symptoms onset)

ALT alanine aminotransferase, AST aspartate aminotransferase, APACHE Acute Physiology and Chronic Health Evalu-
ation, # number, pO,/FiO, ratio of partial oxygen pressure to the fraction of inspired oxygen, APTT activate par-

tialthromboplastin time, SOFA sequential organ failure assessment, SD standard deviation

endpoint was assessed after multivariate analy-
sis. Variables being different between patients
who met and patients who did not meet the
primary endpoint at p < 0.100 entered the
multivariate equation; the odds ratio (OR) and
95% ClIs were calculated. Propensity score 1:1
matching was applied to select the best mat-
ched comparators to the 90 patients treated
with clarithromycin. Matching variables were:
age, Charlson’s Comorbidity Index (CCI) and
admission PSI; the frequency of URTI and LRTI;
and admission C-reactive protein (CRP). Com-
parisons were performed by Fisher’s exact test
using confirmatory forward stepwise logistic
regression analysis (IBM SPSS Statistics v. 25.0).
Paired comparisons were done by the Wil-
coxon’s signed rank test. Any two-sided
p value < 0.05 was statistically significant.

RESULTS

Trial Conduct

Patients participating in the ACHIEVE open-la-
bel trial were enrolled between 17 May 2020
and 8 October 8 2020. After propensity match-
ing, 90 concurrent SOC comparators were
selected within the same time frame. The
propensity score of patients enrolled in the
ACHIEVE trial was 0.357 £+ 0.094; the respective
score of the concurrent SOC comparators was
0.360 £ 0.099 (p =0.829). The study flow
chart is shown in Fig. 1. None of the 180 par-
ticipants received biological anti-cytokine
drugs. The administered dose of azithromycin
was 500mg daily for 7 days and of

hydroxychloquine 500 mg every 12h for 7
days. Baseline demographics of patients receiv-
ing clarithromycin and of concurrent com-
parators were not different (supplementary
Table 1).

Study Endpoints

The primary endpoint was met in 78 patients
treated with clarithromycin (86.7% 95% CIs
78.1-92.2%). Using the median of distribution,
patients treated with clarithromycin were divi-
ded into those who started treatment within the
first 5 days from start of symptoms (n = 48,
range 1-5day) and into those who started
treatment 6 days or later from start of symp-
toms (n = 42, range 6-12 days). No differences
were found in baseline characteristics of the
enrolled patients divided into those with early
and late start of clarithromycin (Table 1). The
primary endpoint was achieved in 91.7% of
early starters (44 out of 48 patients; 95% ClIs
80.4-96.7%) and in 81.4% (34 out of 42
patients; 95% CIs 66.7-90.0%) of late starters.
Multivariate logistic regression analysis showed
that early start of clarithromycin was the only
independent variable to be positively associated
with the favourable primary endpoint (OR =
6.62; 95% ClIs 1.19-32.63; p = 0.030; Table 2).

RSS was significantly decreased within the
first 24 h from start of clarithromycin (supple-
mentary Fig. 1). The viral loads of patients at
baseline (before start of the study drug), on day
4 of treatment with clarithromycin and at the
EOT visit with clarithromycin are shown in
Fig. 2. The time of Ct to positivity was increased
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Table 2 Univariate and multivariate logistic regression analysis of baseline variables associated with the achievement of the

study primary endpoint in the ACHIEVE trial

Variable Incidence of primary endpoint Univariate analysis Multivariate analysis
No Yes OR (95% CIs) p OR (95% CIs) p
(total = 12) (total = 78)
Start of clarithromycin within the 4 (33.3) 44 (564) 3.49 0.082 6.62 0.030
first 5 days for symptoms onset, (0.85-14.34) (1.19-32.63)
n (%)
CCI, mean (SD) 4.00 (2.95) 2.14 (2.25) 076 0.019 *
(0.60-0.96)
Admission APACHE 1I score, mean 8.00 (3.13) 5.12 (3.79) 0.84 0.021 *
(SD) (0.72-0.97)
Admission SOFA score, mean (SD) 2.16 (1.11) 1.10 (1.13)  0.51 0.008 0.39 0.001
(0.31-0.84) (0.22-0.68)
Admission PSI, mean (SD) 80.7 (20.7) 57.0 (26.9) 097 0.008 *
(0.95-0.99)
Lymphocytes/mm?, mean (SD) 1126.9 (432.3) 1366.5 (536.9) 1.00 0.148
CRP, mg/l, mean (SD) 110.1 (180.2) 637 (614) 0.99 0.094 *

(0.99-1.00)

APACHE Acute Physiology and Chronic Health Evaluation, CCI Charlson’s Comorbidity Index, CI confidence interval,
CRP C-reactive protein, z number, OR odds ratio, PSI pneumonia severity index, SOFA sequential organ failure assessment

Variable did not enter the equation after three steps of the multivariate model

over study visits to be considered an indirect
index of the decrease of the copies of E gene and
RdRp gene. The relative log2 copies of both
genes were decreased over time.

NGS analysis of viral isolates did not detect
any single nucleotide variant (SNV) in either the
E gene or RdRp gene. SARS-CoV-2 viral isolates
could be determined following quality control
amputation in isolates coming from 49 patients.
In total, analysis included 32 viral isolates of the
B1.1 lineage and 17 isolates of the non-B.1.1
lineage. Patients starting early clarithromycin
met the primary endpoint of treatment
response similarly for both types of viral lin-
eage. However, among patients starting late
clarithromycin the rate of the positive treat-
ment response was significantly greater among
those infected by the non-B1.1 SARS-CoV-2
viral isolates (Table 3).

Clarithromycin treatment was associated
with increased production of IFNy in response
to stimulation with heat-killed C.albicans for
5 days (Fig. 3A) and decreased production of IL-
6 (Fig. 3B). The ratio of IFNy/IL-6 production
from PBMCs at the EOT was greater among
patients with lower viral load (Fig. 3C and D).
Contrarily, no change of the monocyte func-
tion was found (supplementary Fig. 2).

The selection of SOC concurrent compara-
tors was appropriate and no differences in
baseline characteristics were found (supple-
mentary Table 1). The primary endpoint was
met in 66 patients among the concurrent SOC
comparators (73.3%; 95% Cls 63.4-81.4%) and
this was significantly lower than in patients
treated with clarithromycin. When concurrent
SOC comparators and patients treated with
clarithromycin were analyzed as one cohort,
clarithromycin treatment and nine other
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Fig. 2 Viral loads of E gene and RARp gene in the
nasopharynx. Viral load of SARS-CoV-2 was assessed in
the nasopharynx of clarithromycin-treated patients over
visit using the relative expression of the constitutive E gene

and of the specific RARP gene. The expression of both

variables showed an association with the end-
point in univariate logistic regression. However,
in a multivariate step-wise logistic regression
analysis, only three variables retained a robust
independent association with the endpoint
(Table 4), including clarithromycin treatment
(odds ratio 3.30; 95% CIs 1.10-9.87; p = 0.033).

Clarithromycin treatment was associated
with attenuation of pro-inflammatory respon-
ses. On day 8 the serum concentrations of
C-reactive protein (CRP), tumour necrosis fac-
tor-alpha (TNFo) and interleukin (IL)-6 were

Day 1 (before Day 4 Day 8 (EOT)

treatment)
genes was expressed as both the absolute time cycle (Ct) of
the real-time PCR reaction and the log2 relative copies.
The arrows indicate the comparisons; the respective
p value by the Wilcoxon rank-sum test is provided. EOT
end of treatment

lower among patients treated with clar-
ithromycin than among concurrent SOC com-
parators. No differences were found in IL-10
(Fig. 4).

At the TOC visit, the incidence of SRF was
12.2% (n=11; 95% ClIs 6.9-20.6%) among
patients treated with clarithromycin. This was
26.7% (n=24; 95% CIs 18.6-36.6%) among
SOC concurrent comparators (p: 0.023). Multi-
variate logistic regression analysis revealed that
the only independent variable associated with
protection from SRF at TOC was the intake of
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Table 3 Association between delay start of clarithromycin and onset of symptoms and lineage of SARS-CoV-2 viral isolate

and achievement of the primary treatment outcome

Achievement of primary endpoint  Non-B1.1 lineage*, » (%)  Bl.1 lineage, » (%) p value  OR (95% Cls)
Early start of clarithromycin (< 5 days)

No 1 (14.3) 2(9.5) 1.00 158

Yes 6 (85.7) 19 (90.5) 0.12-20.69
Late start of clarithromycin (> S days)

No 0 (0) 5 (45.5) 0035  NC*

Yes 10 (100) 6 (54.5)

CI confidence intervals, OR odds ratio

" Isolates were matched as BL.1 (z = 30, 61.2%); B1.1. with 75% matching to the parent BL.1 (# = 2, 4.1%); BL.1. with
50% matching to the parent B1.1 (z = 8, 16.3%); B1.1.2 (z = 3; 6.1%); B1 (» = 2; 4.1%), B1.1.25 (» = 2; 4.1%), B1.1.10
(n =1, 2.1%); B1.1.70 (= = 1, 2.1%). Viral isolates B1.1 and B1.1 with 75% matching to the parent B1.1 were analysed

together as viral isolates of the B1.1 lineage
NC: cannot be calculated because one value is zero

clarithromycin (odds ratio 0.22; 95% ClIs
0.06-0.79; p 0.022; supplementary Table 2).

The benefit coming from the early start of
clarithromycin was reflected in the exploratory
outcome of the 11-point WHO CPS by day 28.
The decrease in points on the symptoms scale
was significantly greater among early starters of
clarithromycin (Fig. 5).

Safety

The serious adverse events (SAEs) and the non-
serious AEs that were captured during the study
period of 14 days are listed in Table 5. Reported
events probably or possibly related to the study
drug with incidence > 1% were: increase of
aminotransferases (grade 1 18.8%; grade II
1.1%); diarrhea (mild 12.1%; moderate 1.1%);
mild vomiting in 1.1%, grade I increase of
bilirubin in 2.22%; mild allergic reaction in
1.1%. No drug-related SAEs were reported.

DISCUSSION

Based on previous experience with clar-
ithromycin [9-12], we sought to investigate the
potential of this antibiotic in reducing the

hyper-inflammatory response in moderate
COVID-19 and contributing to better clinical
outcomes than currently available treatment
approaches. Analysis revealed that clar-
ithromycin treatment was associated with a
significantly greater clinical benefit at the EOT
visit of 86.7% compared with 73.3% achieved
by the concurrent SOC comparators. This early
benefit shown at the end of the 7-day course
with clarithromycin was further reflected in the
incidence of SRF at the TOC visit of day 14
when treatment with clarithromycin provided
78% relative decrease of the risk for SRF com-
pared to the SOC regimen. The benefit was
pronounced for patients starting clarithromycin
within the first 5 days from the onset of COVID-
19-related symptoms. The benefit of clar-
ithromycin was also linked with a decrease of
CRP and IL-6 at the EOT.

Emerging data suggest that active virus
replication and persistence in the upper respi-
ratory tissue are associated with the severity of
the illness [15, 16]. Patients treated with clar-
ithromycin showed remarkable reduction of the
viral load in the nasopharynx, which was asso-
ciated with clinical improvement. The effect of
clarithromycin could be exerted either directly
on viral replication or indirectly through
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Fig. 3 Modulation of cytokines responses at the end of
treatment as the proposed mechanism of action of
clarithromycin. Production of A interferon-gamma (IFNY)
and of B interleukin (IL)-6 from isolated peripheral blood
mononuclear cells following stimulation with heat-killed
Candida albicans before start of treatment with clar-
ithromycin and at end of treatment (EOT) with clar-
ithromycin. Comparison of the IFNY/IL-6 ratio of

improvement of the viral clearance capacity of
the host. Clarithromycin belongs to the mac-
rolide family of antibiotics. Azithromycin,
another macrolide antibiotic, was suggested for
treatment early during the first months of the
COVID-19 pandemic. Azithromycin facilitates
the intracellular entrance of zinc ions, which
inhibit the activity of the RNA-dependent RNA-
polymerase (RdRp) of SARS-CoV-2 [17]. SARS-
CoV-2 replicates intracellularly and exploits
host ribosomes for synthesis of the proteins of
maturing virions. Viral replication is inhibited
by azithromycin which binds directly on the
human ribosomes [18]. Clarithromycin may
also possess this direct antiviral effect. Further-
more, our data show that at the end of

B IL-6 C.albicans-stimulation for 5 days
3000
p=0.005

2000

pg/ml

1000

Day 1 (before treatment, n= 52) Day 8 (EOT, n=63)

D RdRp gene detection at EOT
2000

g

p=0.041

IFNy/IL-6
8
o

L

Dectable (n=18)

Undectable (n= 34)

PBMC:s at the EOT between patients with high and low
viral load of SARS-CoV-2 on the same treatment visit.
The viral load is expressed as the Ct of positivity of the
real-time PCR separately for C the E gene and for D the
RdRp gene. The N values in parentheses refer to the
existing number of patients analysed. The p values of
comparisons by the Mann-Whitney U test are provided

clarithromycin treatment, the IFNy production
by PBMCs was increased and the IL-6 produc-
tion by PBMCs was decreased. This shift of
cytokine production may suggest an enhance-
ment of Th1 responses which are responsible for
the containment of viral replication [19].

In the randomized COALITION trial from
Brazil, patients with moderate-to-severe
COVID-19 were randomized to treatment with
placebo (n=227), hydroxychloroquine
(n=221) and a combination of hydroxy-
chloroquine and azithromycin (n =217). The
achievement of the primary endpoint was sim-
ilar among the three treatment groups [20]. The
same group of investigators performed the
COALITION 1I trial where participants were
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Table 4 Univariate and multivariate logistic regression analysis of baseline variables associated with the achievement of the

study primary endpoint

Variable Incidence of primary endpoint Univariate analysis Multivariate analysis
No Yes OR (95% CIs) p value OR (95% p value
(total = 36) (total = 144) Cls)
Clarithromycin treatment, 12 (33.3) 78 (54.2)  2.36 (1.09-5.09) 0.039 3.30 0.033
n (%) (1.10-9.87)
CCI, mean (SD) 330 (250)  1.84 (207) 077 (0.66-0.89)  0.001 *
Admission APACHE 11 752 (3.18) 482 (367) 0.82 (0.75-092) < 0.0001 *
score, mean (SD)
Admission SOFA score, 260 (155) 099 (1.03) 039 (027-0.54) < 0.0001 0.38 < 0.0001
mean (SD) (0.25-0.59)
Admission PSI, mean (SD) 86.8 (27.4) 58.3 (24.9) 0.96 (0.95-0.97) < 0.0001 0.96 0.001
(0.94-0.98)
Lymphocytes/mm>, mean ~ 1052.8 (581.8) 12999 (5753) 1.01 (1.00-1.02)  0.023 *
(SD)
Hypertension, 7 (%) 18 (50.0) 45 (31.3)  0.45 (0.21-0.95) 0.037 *
Coronary heart disease, 7 (19.4) 7 (4.9) 0.21 (0.07-0.65) 0.009 *
n (%)
Atrial fibrillacion, 7 (%) 6 (167) 1(07) 004 (0.00-0.30) < 0.0001
CRP, mg/], mean (SD) 104.9 (115.8) 58.2 (68.4)  0.99 (0.99-0.99) 0.005 *

In the analysis patients enrolled in the ACHIEVE trial and concurrent standard-of-care comparators are analysed together
APACHE Acute Physiology and Chronic Health Evaluation, CCI Charlson’s Comorbidity Index, CI confidence interval,
CRP C-reactive protein, 7 number, OR odds ratio, PSI pneumonia severity index, SOFA sequential organ failure assessment
" Variable did not enter the equation after three steps of the multivariate model

allocated to treatment with SOC with (n = 214)
or without azithromycin (n = 183). Although
the two groups did not differ in the achieve-
ment of the primary endpoint after 15 days,
patients allocated to azithromycin treatment
had a better overall health state after 7 days of
treatment [21]. Two aspects of data analysis may
explain the difference in the outcome clar-
ithromycin treatment in the ACHIEVE trial and
the outcome of azithromycin treatment in the
COALITION I and COALITION II trials: (1) the
time delay from symptoms onset to start of
therapy was not analysed in the COALITION
trials; (2) the viral variants were not taken into
consideration in the COALITION trials.

In another trial from Egypt, patients with
mild COVID-19 were randomized to 7 days of
oral treatment with azithromycin (n = 106),
clarithromycin (n=99) or standard of care
(n =99). Both macrolide antibiotics exhibited
equal efficacy (which was superior to of stan-
dard of care) on time to achievement of nega-
tive viral load and of radiological improvement
[22].

The main limitation of the ACHIEVE study is
the lack of inclusion of a randomization arm of
patients receiving SOC. Instead, one group of
comparators was selected through propensity
score among available concurrent comparators
of the same time period receiving the same SOC
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Fig. 4 Attenuation of pro-inflammatory responses in
COVID-19 following treatment with clarithromycin.
Serum concentrations of C-reactive protein (CRP),
tumour necrosis factor-alpha (TNFa) and interleukin
(IL)-6 were measured before start of treatment and at the
end-of-treatment visit (EOT) of day 8 among patients

in other tertiary hospitals. The study was
designed in mid-March 2020 at the beginning
of the pandemic in Greece. It was decided to
endorse an open-label and single-arm design in
an attempt to include (and benefit) as many
patients as possible since no SOC was framed at
that time period. The azithromycin plus
hydroxychloroquine concurrent comparators
were optimally matched without differences in
baseline severity and co-administered treat-
ment. When the study was started, most of the

TNFa
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treated with clarithromycin (ACHIEVE trial) and among
concurrent standard-of-care (SOC) comparators. The p-
values of comparisons by the Mann-Whitney U test are
provided. EOT: end of treatment

patients with COVID-19 hospitalized in the
Greek hospitals were co-administered azi-
thromycin and hydroxychloroquine as an off-
label treatment option. In the following
months, emerging data showed that hydroxy-
chloroquine does not affect the natural course
of COVID-19 [23, 24]. As a consequence our
data showing superior clinical efficacy of clar-
ithromycin over the combination of azi-
thromycin and hydroxychloroquine may point
toward the superiority of clarithromycin over
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Fig. 5 Change of the 11-point WHO clinical progression
scale (CPS) after 28 days in association with the time to
start of clarithromycin. Patients are divided into those who
started early treatment (the first 5 days from symptoms
onset) and those who started late treatment (> 6 days
from symptoms onset). Panel A demonstrates the

azithromycin taking into consideration the
reported lack of efficacy of hydroxychloroquine.

CONCLUSIONS

The results of the ACHIEVE trial clearly indicate
that clarithromycin treatment in patients with
moderate COVID-19 is associated with early
clinical improvement and containment of viral

allocation of patients at the WHO-CPS scale at baseline
before start of treatment. Panel B demonstrates the
allocation of patients at the WHO-CPS scale after
28 days. Panel C demonstrates the comparative change
of points of the WHOC-CPS scale on day 28 from

baseline. The p value of comparison is provided

load. This is associated with an increase of the
ratio of IFNy/IL-6 production from PBMCs. To
the best of our knowledge, this is the first study
to show the anti-inflammatory impact of clar-
ithromycin on COVID-19. Further studies are
needed to better define its future role in mild
and moderate COVID-19.
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Table 5 Serious and non-serious adverse events reported by day 14

Event No. of patients (%) Relationship with study drug, = (%)

Serious advcrse events

Mechanical ventilation 4 (4.4) None reported to be related
Hypoxemia prolonging hospitalization 11 (12.2) None reported to be related
Death 3 (3.3) None reported to be related
Non-serious adverse events
Increase of aminotransferases 56 (62.2)
Grade I 52 (57.8) Probably-related 1 (1.1); possibly related 16 (17.7)
Grade 11 4 (4.4) Possibly related 1 (1.1)
Electrolyte abnormalities
Grade I hyperkalemia 7(7.7) None reported to be related
Grade I hypokalemia 12 (13.3) None reported to be related
Grade II hypokalemia 2 (22) None reported to be related
Grade I hyponatremia 17 (18.9) None reported to be related
Grade II hyponatremia 2 (22) None reported to be related
Grade I hypocalcemia 3(33) None reported to be related
Gastrointestinal events
Mild diarrhea 16 (17.1) Probably related 3 (3.3); possibly related 8 (8.8)
Moderate diarrhea 2 (22) Possibly related 1 (1.1)
Mild vomiting 2 (2.2) Possibly related 2 (2.2)
Moderate vomiting 1(1.1) None reported to be related
Grade 1 bilirubin increase 3 (33) Possibly related 2 (2.2)
Grade I amylase increase 7 (7.7) None reported to be related
Metabolic events
Grade I hyperglycemia 24 (267) None reported to be related
Grade II hyperglycemia 7 (7.7) None reported to be related
Grade I hypoglycemia 7 (7.7) None reported to be related
Grade I hypertriglyceridemia 8 (8.8) None reported to be related

Blood and lymphatic tissue

Grade I anemia 16 (17.1) None reported to be related
Grade II anemia 2 (2.2) None reported to be related
Grade I decrease of neutrophils 2(22) None reported to be related
Grade II decrease of neutrophils 1(1.1) None reported to be related
Grade I decrease of lymphocytes 11 (12.2) None reported to be related
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Table 5 continued

Event No. of patients (%) Relationship with study drug, = (%)
Grade II decrease of lymphocytes 11 (12.2) None reported to be related
Grade I decrease of platelets 6 (6.6) None reported to be related
Grade II decrease of platelets 1(L.1) None reported to be related
Grade I increase of INR 3 (3.3) None reported to be related
Grade II increase of INR 3 (3.3) None reported to be related
Grade I increase of aPTT 1(1.1) None reported to be related

Mild allergy 4 (44) Possibly related 1 (1.1)
Grade I creatinine increase 8 (8.9) None reported to be related
Cardiovascular events
Grade I tachycardia 1(1.1) None reported to be related
Grade I bradycardia 6 (6.6) None reported to be related
Grade I increase of blood pressure 1(1.1) None reported to be related
Episode of chest pain 1(1.1) None reported to be related

aPTT activated partial thromboplastin time, INR international normalized ratio
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