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Summary eBioMedicine
Background The double-blind randomised controlled ACCESS trial (ClinicalTrials.gov NCT04724044), conducted in 2026127: 106240
hospitalised patients with community-acquired pneumonia (CAP), showed that the addition of clarithromycin to the
standard-of-care (SoC) provided earlier resolution of symptoms during the first 72 h and prevented progression to
respiratory failure and secondary sepsis. The molecular pathways underpinning these favourable effects of action of
clarithromycin were investigated in this research.
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Methods Gene expression was compared between treatment arms and within each arm between baseline and 72 h
using DESeq2. Reactome pathway and Gene Ontology analyses were followed. Cytokine stimulation data of pe-
ripheral blood mononuclear cells (PBMCs) from the same time points were also analysed.

Findings Trajectory analysis showed that the unique upregulated genes in the clarithromycin group were mainly
involved in pathways of T-cell activation and positive regulation of cytokine production. The expression of genes
encoding for the major histocompatibility complex II was upregulated; genes encoding for the receptors of inter-
leukin (IL)-1 and for neutrophil degranulation were downregulated. The production of cytokines of the IL-1 cluster
was positively associated with progression to respiratory failure; fewer patients treated with clarithromycin
experienced increases in production of IL-1 cytokines (odds ratio 0.47; 95% confidence intervals 0.23-0.96;
p = 0.038). The production of monocyte-derived pro-inflammatory cytokines and chemokines (other than the IL-
cytokines) was positively associated with attainment of the primary endpoint; more patients treated with
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clarithromycin exhibited increases in production of monocyte-derived cytokines and chemokines (odds ratio 1.87;
95% confidence intervals 1.05-3.35; p = 0.035). Production of anti-inflammatory cytokines by PBMCs was also

attenuated in clarithromycin-treated patients.

Interpretation Treatment with clarithromycin attenuates the IL-1 pathway, increases production of other monocyte-
derived pro-inflammatory cytokines and chemokines, improves antigen presentation and decreases neutrophil
degranulation. These effects may explain the clinical benefit of clarithromycin in hospitalised patients with CAP.

Funding Hellenic Institute for the Study of Sepsis; Abbott Products Operations.

Copyright © 2026 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

The ACCESS randomised controlled trial showed clinical
benefit from the addition of macrolide to standard of care
antimicrobial therapy in patients hospitalised with
community-acquired pneumonia. Addition of clarithromycin
led to early improvement of the clinical signs of pneumonia
in the first 72 h, accompanied by a decrease of the level of
organ dysfunction and favourable procalcitonin kinetics.

Added value of this study

The molecular pathways of action of clarithromycin in
ACCESS trial were investigated by RNA sequencing and by
cytokine stimulation from isolated peripheral blood
mononuclear cells before the start of the study drug and at
72 h. Both approaches identified effects aligned towards

Introduction

Community-acquired pneumonia (CAP) is one of the
leading causes of morbidity and mortality." The major
complication of severe CAP is respiratory failure (RF)
necessitating mechanical ventilation (MV) and admis-
sion to the Intensive Care Unit. Current guidelines by
the European Respiratory Society, the European Society
of Clinical Microbiology and Infectious Diseases, the
European Society of Intensive Care Medicine and the
Latin Thoracic Society suggest the co-administration of
B-lactams and macrolides for the treatment of severe
CAP.? That position is mainly based on meta-analysis of
prospective non-randomised studies showing mortality
benefit from macrolide treatment but has recently been
enhanced by the results of the ACCESS randomised
double-blind controlled trial, in which hospitalised pa-
tients with CAP were assigned to standard-of-care (SoC)
and placebo or SoC and clarithromycin.’ The primary
endpoint of the ACCESS trial was early clinical and
anti-inflammatory response censored after the first
72 h. This composite outcome, incorporating an at least
50% decrease of the respiratory severity symptom (RSS)
score and improvement of organ dysfunction or

three main pathways: i) attenuation of the interleukin-1
cascade, ii) increased production of monocyte-derived pro-
inflammatory cytokines and chemokines coupled with
improvement of antigen presentation, and iii) reduction of
neutrophil degranulation.

Implications of all the available evidence

ACCESS provides evidence from a prospective, randomised
controlled trial of how trajectories of immune function from
baseline to the censoring of the primary endpoint are
associated with clinical benefits. This current study links
trajectory data from RNA sequencing to data from cytokine
stimulation of circulating immune cells with clinical benefit
in the field of infectious diseases.

systemic inflammation, was attained in 38.3% of pa-
tients of the SoC and placebo arm and in 67.9% of
patients of the SoC and clarithromycin arm
(p < 0.0001). This benefit with clarithromycin was
associated with a decrease of early mortality by the end-
of-treatment (8% in the clarithromycin arm versus 17%
in the placebo arm) and less progression to RF neces-
sitating MV (6.0% versus 17.3%).

Related findings pointed towards reversal of CAP-
associated immunoparalysis as the most probable
explanation of clarithromycin benefit; there was
increased production of tumour necrosis factor-alpha
(TNFa) by blood mononuclear cells during the first
72 h; and the blood levels of the anti-inflammatory
interleukin (IL)-10 decreased. This was accompanied
by a reduction in the incidence of secondary sepsis,
which is the clinical hallmark of immunoparalysis.*

Results from several previous studies, conducted
mostly in patients with chronic lung disorders, suggest
that macrolides attenuate host pro-inflammatory
responses.”” The striking clinical benefits of adding
clarithromycin to SoC in ACCESS highlight the need
for a better understanding of the effect of treatment on
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the inflammatory host response. To this end, we per-
formed time-course transcriptomics analysis using
RNA sequencing (RNA-seq) in both treatment arms,
coupled with a comprehensive panel of cytokine-release
assays. Data collection was conducted before the start of
the study drug and on day 4, when the primary
endpoint was censored. Our aim was to elucidate
whether and how the early transcriptomic trajectory and
the early changes of cytokine production capacity are
linked to the achievement of the primary endpoint and
the risk for progression to RF.

Methods

Ethics

ACCESS was a prospective, double-blind, randomised
clinical study conducted in 18 internal medicine de-
partments of 18 public Greek hospitals between
January 2021 and April 2023, covering the major
geographic regions of the country (Alexandroupolis,
Attiki, loannina, Kerkyra, Larissa and Patras). The
protocol was licenced by the National Ethics Committee
of Greece (approval 122/20) and the National Organi-
sation for Medicines of Greece (approval 1S113/20)
(EudraCT number 2020-004452-15; ClinicalTrials.gov
NCT04724044; available as an Appendix) before the
inclusion of the first patient. Written informed consent
was provided by the patients or their legal representa-
tive. This sub-study is reported according to the CON-
SORT 2025 checKklist.

Trial synopsis

Inclusion criteria for the ACCESS trial were: a) adult
patients (>18 years) of either sex; b) new radiological
consolidation in patients; c) at least two symptoms of
cough, pleuritic chest pain, sputum production and
shortness of breath; d) at least two signs of the systemic
inflammatory response syndrome; e) total sequential
organ failure assessment (SOFA) score >2; and f) blood
procalcitonin (PCT) >0.25 ng/mL. PCT was used to
select for patients with bacterial CAP necessitating an-
tibiotics.” Main exclusion criteria were: intake of any
macrolide for the current episode of CAP; oral or
intravenous intake of corticosteroids in the last 15 days;
infection by the SARS-CoV-2 virus; known infection by
the human immunodeficiency virus; neutropenia; any
chronic anti-cytokine treatment; hospitalisation for
more than 2 consecutive days in the preceding 90 days;
QT. interval on resting electrocardiogram (ECG) of 500
msec or more; history of known congenital long QT
syndrome; and pregnancy or lactation.

Patients were double-blind randomised in a 1:1 ratio
to treatment with SoC and placebo or SoC and oral
clarithromycin; no stratification variables were applied.
Study medication was given orally every 12 h for 7
consecutive days unless a patient was discharged
earlier. Each oral dose of clarithromycin was 500 mg.
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The primary endpoint was evaluated on day 4 (i.e. 72 h
from the start of the study drug) and was a composite of
a) at least 50% decrease of the baseline RSS score; and
b) at least 30% decrease of the baseline SOFA score or
favourable PCT kinetics. Favourable PCT kinetics were
defined as at least 80% decrease of baseline PCT or
blood PCT less than 0.25 ng/mL. Patients were fol-
lowed up for progression to RF for 90 days.

Transcriptomic analysis

A total of 2.5 mL of whole blood was collected after
venipuncture of one forearm vein before the start of the
study drug and on day 4 and placed into PAXgene®
Blood RNA Tubes (Vacutainer, BD). Total RNA was
isolated using the QIAsymphony PAXgene® Blood
RNA kit. Sequencing libraries were prepared using the
NebNext Ultra II Directional RNA kit. Library quality
was examined using an Agilent 2100 Bioanalyzer and
libraries were quantified with a Qubit fluorometer.
Samples were sequenced in single-end mode using a
NovaSeq 6000 sequencer at the Greek Genome Center
situated at the Biomedical Research Foundation Acad-
emy of Athens (BRFAA). The quality of sequencing
reads was examined using the FastQC algorithm.
Sequencing reads were mapped to the human genome
(hg19 version) using HISAT2 with the reverse strand
option. Transcript integrity was assessed using the
Transcript Integrity Number score from RSeQC.*?
Reads within genes were calculated with HT-Seq
count using the reverse stranded option and union
mode."

Differential expression analysis was performed us-
ing DESeq2 after filtering out lowly expressed genes,
i.e. genes that had fewer than 50 counts in 20% of the
examined samples. Gene expression was compared for
each day between the treatment arms and within each
arm of treatment across the two time points. Differen-
tially expressed genes (DEGs) were obtained based on a
False Discovery Rate (FDR)-adjusted p-value of less
than 0.05 and an absolute log2FoldChange greater than
0.5. Pathway and Gene Ontology (GO) analyses were
followed using these genes as an input in the Reactome
and GO Biological Processes 2023 databases for
humans. Pathways and ontologies with FDR p-values
less than 0.05 were considered significant. ReactomePA
and EnrichR packages were used for these analyses. All
the above computational analyses were implemented
using the R programming language (v4.4.2) in RStudio
or the Galaxy Suite."

A similar analysis was followed to identify pathways
associated with  favourable outcomes among
clarithromycin-treated patients. As the number of pa-
tients for whom RNA-seq data were available at both
timepoints was 86 (45 in the placebo group and 41 in
the clarithromycin group) it was decided to define pa-
tients as having a favourable outcome if they satisfied
all the elements of the primary endpoint, plus lack of
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progression to RF and survival to day 8. Patients who
did not meet all three conditions were classified as
having an unfavourable outcome. The trajectories of
DEGs that were uniquely associated with favourable
and unfavourable outcomes were compared.

PBMC preparation and cytokine measurements
Peripheral blood mononuclear cells (PBMCs) were
isolated from 10 mL of heparin-coated blood collected
before the start of the study drug and on day 4 after
gradient centrifugation over Ficoll-Hypaque density
gradient (Biochrom, Berlin, Germany) at 1400 g at 4 °C
for 25 min. After three washings in ice-cold PBS
(phosphate buffered saline, pH: 7.2, Biowest, Nuaillé,
France), PBMCs were counted using a Neubauer plate
with trypan blue exclusion of dead cells. PBMCs were
incubated in RPMI 1640 (Biochrom, Berlin, Germany)
enriched with 100 U/mL of penicillin G and 0.1 mg/mL
of streptomycin and distributed on 96-well plates at
final volume of 200 uL and density of 5 x 10°/mL. Cells
were incubated at 37 °C and 5% CO, for 24 h either
without/with 10 ng/mL lipopolysaccharide (LPS) of
Escherichia coli O55:B5 (Sigma, St. Louis, USA), or 5 pg/
mL phytohaemagglutinin (PHA) for 48 h (Biowest,
Nuaillé, France). Cells were also incubated under the
same conditions for five days with the culture medium
containing 10% v/v foetal bovine serum (Biowest,
Nuaillé, France) without/with 5 x 10° cfu/mL heat-
killed Candida albicans (HKCA). After incubation, the
supernatants were collected and stored at —80 °C.

For the cytokine stimulation analysis, measured cy-
tokines were grouped into six major groups: a) inter-
leukin (IL)-1 group of cytokines, comprising IL-1, IL-1
receptor antagonist (IL-1ra), IL-18, IL-36a, IL-36p and
IL-36y produced after stimulation of PBMCs with bac-
terial lipopolysaccharide (LPS) (even if IL-1ra antago-
nises the function of the other cytokines, its ex vivo
production is an indicator of the activation of the overall
IL-1 cascade'); b) monocyte-derived pro-inflammatory
cytokines and chemokines (calprotectin, CXCLS,
CXCL9, IFNy, CXCL10, GC-CSF, IL-6, IL-23 and TNF)
produced after stimulation of PBMCs with bacterial
LPS or heatkilled Candidal albicans; c¢) anti-
inflammatory cytokines (IL-10, IL-1ra, sTNFRI and
STNFRII) produced after stimulation of PBMCs with
bacterial LPS or heat-killed C. albicans; d) Th1 cytokines
(IL-2, IL-12p70, IFNy and TNFa) produced after stim-
ulation of PBMCs with PHA; e) Th2 cytokines (IL-4 and
IL-10) produced after stimulation of PBMCs with PHA;
and f) T17 cytokines (IL-17A and IL-22) produced after
stimulation of PBMCs with PHA.

The limits of detection and the manufacturer of the
assay kit for each cytokine were: IL-1f (5.6 pg/mL;
Diaclone, Besancon, France), IL-1 receptor antagonist
(IL-1ra, 31.25 pg/mlL, Diaclone), IL-18 (125 pg/mlL,
Diaclone) IL-36a (7.82 pg/mL, Diaclone), IL-368
(7.82 pg/mL, Diaclone) and IL-36y (15.63 pg/mlL,

Diaclone), Calprotectin (S100A8/A9, 31.25 pg/mL, ELK
Biotechnology, Wuhan, China), Monokine induced by
gamma interferon/Chemokine (C-X-C motif) ligand 9
(mIg/CXCL9, 31.25 pg/mL, ELK Biotechnology), IL-6
(6.25 pg/mL, Diaclone), IL-8 (31.25 pg/mL, Diaclone),
IL-23 (156.25 pg/mL, Diaclone), interferon (IFN)y
(12.5 pg/mL, Diaclone), Granulocyte-macrophage col-
ony-stimulating factor (GM-CSF, 15.625 pg/mL, Diac-
lone), IFNy-induced protein 10 (IP-10, 6.25 pg/mlL,
Diaclone), Soluble TNF receptor superfamily member
1A (INFRSF1A, 15.63 pg/mL, ELK Biotechnology),
soluble TNF receptor superfamily member 1B
(TNFRSF1B, 0.16 ng/mL, ELK Biotechnology), IL-10
(6.25 pg/mL, Diaclone), IL-2 (31.25 pg/mL, Diaclone),
IL-12p70 (6.25 pg/mL, Diaclone), IFNy (12.5 pg/mL,
Diaclone), tumour necrosis factor (INF) alpha (12.5 pg/
mL, Diaclone), IL-4 (1.1 pg/mL, Diaclone), IL-10
(6.25 pg/mlL, Diaclone), IL-17A (15.6 pg/mlL, Diac-
lone), and 1L-22 (31.25 pg/mL, Diaclone).

Endpoints

This study reports on three secondary endpoints of the
ACCESS trial: a) change of function of monocytes, Th1,
Th2, and T17; b) pathway analysis of gene expressions;
and c) changes of the genes involved in the cholesterol
homoeostasis pathway, namely genes MVK, SC5D,
MVD, STARD4 and SQLE.

Statistics

The study power was calculated for the ACCESS pri-
mary endpoint.’ In this secondary analysis, all patients
with available RNA-seq and cytokine stimulation data
from PBMCs on days 1 and 4 participated. De-
mographic and clinical parameters were summarised
using descriptive statistics. Continuous variables were
reported as mean with standard deviation (SD) or me-
dian and interquartile range (IQR). Group comparisons
for continuous or ordinal variables were conducted
using either Student’s t-test or the Mann—Whitney U
test, as appropriate. Categorical variables were
expressed as frequencies and percentages (%), and
group comparisons were done using Fisher’s exact test.
Odds ratios (ORs) with 95% confidence intervals (Cls)
were estimated using the Mantel-Haenszel method. A
sensitivity power analysis using a Minimum Detectable
Effect approach was conducted based on a priori as-
sumptions from the parent randomised clinical trial
(control response rate 38%, two-sided o = 0.05, target
power 80%, and the conservative subgroup sample
size).

The relative changes of production of each cytokine
by the PBMCs from baseline to day 4 was calculated
and plotted as heatmaps for each group of treatment
and outcome. For cytokines of groups (a) and (b) the
impact of the number of increased cytokines on the
achievement of the primary endpoint, early death and
progression to RF was investigated after logistic
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regression analysis calculating the odds ratio (OR) and
95% confidence intervals (Cls) with the endpoint as the
dependent variable and the number of cytokines, the
severity baseline scores, and baseline values of absolute
white blood cell count, absolute monocyte count, and C-
reactive protein as the independent variables. Where
the analysis showed a significant association between
the number of the cytokines and the endpoint, the cut-
off of the number of cytokines associated with the
endpoint was defined as the Youden index of the
designed ROC (receiver operating characteristic) curve,
which represents the point maximising the sum of
sensitivity and specificity. Comparison of patients in
each group above this cut-off was performed using
Fisher exact test; ORs and 95% Cls were calculated with
the Mantel and Haenszel test. For the cytokines of
groups (), (d), (e) and (f) comparisons were done by
ordinal regression analysis calculating ORs and 95%
Cls.

Analyses were performed with the software IBM
SPSS version 26.0. Any value of p less than 0.05 was
considered statistically significant.

Role of the funding source

The trial was sponsored by the Hellenic Institute for the
Study of Sepsis (HISS) and funded by Abbott Products
Operations (Abbott). HISS was responsible for the
design of the study, study conduct, analysis and inter-
pretation of data, and decision to publish. The funding
body had no role in the design, conduct, analysis and
interpretation of data and the decision to publish.
Hughes associates, Oxford, UK, assisted with publica-
tion administration.

Results

Study population

The intent-to-treat population of the ACCESS trial was
267 patients, with 133 patients allocated to treatment
with SoC and placebo and 134 patients to treatment
with SoC and clarithromycin. The study populations
with analyses from day 1 (before start of the study drug)
and day 4 (72 h after the start of treatment) were 99 and
103 patients, respectively, for cytokine production by
stimulated PBMCs; and 45 and 41 patients respectively
for transcriptomic analysis (Fig. 1). The main reasons
for samples from day 1 and day 4 not being available for
the entire ITT population were: death before day 4;
discharge before day 4; and lack of adequate quality in
isolation. No patient was lost to follow-up. Baseline
characteristics of patients of the two groups included in
the analyses were similar (Supplementary Tables S1
and S2).

Transcriptomic analysis

After quality control, RNA-seq samples from 86 pa-
tients with repeated measures at both timepoints were
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kept for downstream analysis; 45 of these patients were
randomised to the SoC and placebo arm and 41 patients
to the SoC and clarithromycin arm (Fig. 1). Twenty
(44.4%) and 31 (75.6%) of these patients attained the
study primary endpoint respectively (OR 3.87; 95% Cls
1.54-9.76; p = 0.004). The sensitivity power analysis,
based on the conservative subgroup sample size
(n = 41), indicated that the minimum detectable treat-
ment response rate was 70.7%. Differential expression
analysis showed no significant differences between
treatment groups at baseline (Supplementary
Figure S1). This lack of difference remained after
adjustment for baseline values of ferritin and for
medical history of chronic heart failure (data not
shown). Trajectories between baseline and day 4 indi-
cated 77 uniquely upregulated genes on day 4 in the
placebo group, 112 in the clarithromycin group and 52
in both groups; 48, 388 and 89 DEGs respectively were
downregulated on day 4 (Fig. 2A-D). GO analysis
showed that the unique upregulated genes in the clar-
ithromycin group were mainly involved in Positive
Regulation of Cytokine Production (GO:0001819) and
in T Cell Activation (GO:0042110) (Fig. 2E,
Supplementary Table S3). Upregulated genes in the
placebo group did not identify any specific ontology
after correction for multiple testing. Downregulated
and upregulated ontologies between the two groups of
treatment were different. The most common down-
regulated ontologies in the placebo group were negative
regulation of bone resorption (GO:0045779) and nega-
tive regulation in bone remodelling (GO:0046851)
(Fig. 2F). The most common downregulated ontologies
in the clarithromycin group were negative regulation of
viral genome replication (GO:0045071), negative regu-
lation of viral process (GO:0048525) and defence
response to symbiont (GO:0140546) (Fig. 2G).

The major pathway which was upregulated in the
placebo group based on the Reactome pathway anal-
ysis was mitotic transition (Supplementary Table S4).
Upregulation of the differentiation of keratinocytes
and of developmental cell lineages was found in the
clarithromycin arm (Supplementary Table S5). The
major downregulated pathways based on the Reac-
tome pathway analysis in the placebo group were
interferon-signalling, Toll-like receptors
(TLR)-2, —4, -8, and -9 and the intracellular pathway
of MyD88 (Supplementary Table S6). Interestingly,
neutrophil degranulation was strongly downregulated
in the clarithromycin group, contrary to the placebo
group (Supplementary Table S7).

RNA-seq analysis of the INCLASS trial conducted in
patients with sepsis and acute respiratory distress syn-
drome (ARDS)" showed that the expression of five
genes implicated in the cholesterol biosynthesis
pathway was upregulated after four days of treatment
with intravenous clarithromycin, namely MVD, MVK,
SC5DL, SQLE and STARD4. We therefore compared
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979 patients were assessed for eligibility

Enroliment

701 were excluded

*  Infection by SARS-CoV-2 (n= 215)
Less than 2 signs of SIRS (n= 182)
Less than 2 signs of pneumania (n= 56)

h 4

A 4

PCT <0.25 ngiml (n=82)

Intake of macrolides (n=65)

Hespitalization for more than 2 days the last 90 days (n=48)
*  QTe prolongation (n=1)

278 were randomized

Allocation
139 were allocated to standard-of-care and placebo
133 received allocated intervention
6 withdrew consent and requested removal of all data

139 were allocated to standard-of-care and clarithromycin
134 received allocated intervention
5 withdrew consent and requested removal of all data

Follow-Up

Lack of avail
analysis because:

3 discharged before day 4

rged on day 4 before blood collection
d before day 4
r MV before day 4

13 failure of PBMC isolation

53 failure of RNA isolation (46 low-integrity RNA; 7

low mapping rate)
* 14 no collection of PAXgene tubes on day 4 .

samples of both days 1 and 4 for

Lack of availability of samples of both days 1 and 4 for analysis
because:

4 discharged before day 4

14 discharged on day 4 before blood collection

2 died before day 4

0 under MV before day 4

11 failure of PBMC isolation

63 failure of RNA isolation (59 low-integrity RNA; 4 low
mapping rate)

14 no collection of PAXgene tubes on day 4

is of both days 1 and 4
99 cytokine production after stimulation of PBMCs .
45 RNAseq L)

Analysis of both days 1 and 4

103 cytokine production after stimulation of PBMCs
41 RNAseq

Fig. 1: Study flow illustrating sample availability of both days 1 and 4 for analysis. Abbreviations: MV, mechanical ventilation; PBMCs,
peripheral blood mononuclear cells; PCT, procalcitonin; SIRS, systematic inflammatory response syndrome.

the differences in the expression of these five genes
between baseline and day 4, in the two treatment as-
signments of the ACCESS study. On day 4, only the
expression of MVK was upregulated in the placebo
group; the expression levels of MVD, MVK and SC5DL
were upregulated in the clarithromycin group
(Supplementary Figure S2).

Among DEGs between the two groups of treatment
and between the two outcomes, 27 genes were uniquely
upregulated on day 4 from baseline in the SoC and
clarithromycin group and associated with favourable
outcome (Fig. 3A-D). These genes (Supplementary
Table S8) framed two upregulated pathways; stem-cell
development (GO:0048864) and Neural crest cell dif-
ferentiation (G0O:0014033) (Fig. 3E). Another 55 genes
were uniquely downregulated on day 4 from baseline in
the SoC and clarithromycin group and associated
with favourable outcome (Fig. 3F). These genes
(Supplementary Table S9) framed three main down-
regulated pathways: positive regulation of Thl type
immune response (G0:0002827); positive regulation of
Th1 cell cytokine production (GO:2000556); and regu-
lation of Th1 cell cytokine production (GO:2000554)
(Fig. 3G). It should be noted that IL-1R1, IL-1R2 and
IL-18R1 implicated in the activation of the IL-1 pathway
and SOCS3 involved in cytokine regulation were among

genes decreased in expression with clarithromycin
treatment.

As shown in Fig. 3A and B, MPO, encoding for
myeloperoxidase, was upregulated and CD177, a
marker of maturity of neutrophils that has been linked
to pathology such as inflammatory bowel disease,'*"
was downregulated in both placebo-treated and
clarithromycin-treated patients. This contrasts the
findings of the Reactome analysis supporting down-
regulation of neutrophil degranulation in the clari-
thromycin group. Comparisons of all 52 analysed gene
transcripts of day 4 involved in the pathway of neutro-
phil degranulation indicated that the expression of
vaculoar PADI2 involved in the digestion of Pseudo-
monas aeruginosa,'® was significantly downregulated
only among patients treated with clarithromycin and
experiencing favourable outcome (Supplementary
Figure S3).

All DEGs in association with outcomes are reported
in Supplementary Tables S10 and S11.

Cytokine stimulation by PBMCs

Logistic regression analysis showed that the number of
IL-1 group of cytokines which were increased from
baseline to day 4 was positively associated with pro-
gression to RF (OR 1.82; 95% ClIs 1.18-2.82; p = 0.007)

www.thelancet.com Vol 127 May, 2026


http://www.thelancet.com

Articles

A Clarithromycin - 04 vs Baseline B Placebo - D4 vs Baseline
LOCI0G505702 VAMPS 2c
EFCARZy " T oys
HALsa g
FRARE st ANKED22
‘ " CASFS 1
nQEv BOH1
s P 1 ANASES  pLpMa - socsv_“! Temn oo s i
] SLE. um(, e rTe] % (8] aurf(b..\sl zBTB!Z czAs
= 27 Ainaes Status 3 BATF} sglm Ru mﬂce_ It zsm‘!: Lis Sratus
= Ny ®, o 2 seapno +u wigy EEF R ] SMPM el
H "h‘ Swpo3 nondEG g mry {:uspsa‘nz et U rc,,,p; e non-DEG
5 HITH . UPam 5 FEGRIC =G5 . oo
2 - 5 e alTF s A e T EXOCE “ st .‘,’ % _d' . .m,mssss 1@ on 0
7 1;-- ol 3 i "'l. ’ PR
- a. PRYS3 vzwv_m'uspl : s
A" # wqiru
s - P -
' ° 1 i 0
log2{Foid Change) lag2iFold Change)
(04 UP regulated Genes D4 D DOWN regulated Genes D4
Placebo Clarithromycin Placebo Clarithromycin
Positive fregulation OF Cytokine Praduction {GC0001E1 9]
P value
“w
E o.000025
g "
g T Col Activatian {GC:0042110) ot
5 Q00075
= 000100
Q000125
Reguiation OF Interleukin 10 Production {GO0032653}4
0.000 0025 0.050 0.075
Gene ratio
F Defense Response Ta ¥irus GO: oosmoHI G oefensa Resgorse To symbiont sor4ns<e) | [ T |
Defense Response To Symblont {G0:01£0546) l Defenze Response To Vieus {GO0051607)4 - |
Type 1 Interferen-Mediated Signaling Pathway {G0:0060337) - Megative Regulaticn OF Viral Genome Replicatan {GO:0045071) _ }
|
a Callular Response To Type f nterferon (600071357 [l P & egative fguation of vira process isonaeszs) | [ | |
% Negative Regulation Of Bone Resargtion IGD.DNS??‘!?{- e E [ of ol GO _ e
| 4
- Interferon-Mediated Sigraling Pathway (GO: \'.IIADGBSH. e ] Inflamnematary Resparise {GO0006954) - |
£ e Iear
W Negatnvs Regulation OF Intraceliular Signal Transduction (GO: mozw;“ wosy " Positive Regulation OF Respanse To External Stimukus (GOA1032103) -
Hegative Regulation Of Bane Remodling IGU:UNSSSHj- Positive Requiation Of Defense Response |G00051348) - |
Antigen Processing And Presentation Of Peptide Antigen Via MHC Class 1 - Response To Cytokine (G00034097) - |
Hespanse To Organophosshorus |GO:0I)&[:$3-HJ‘- macrophage actvation (Go00s2116)1 || | | |

DA a16a 15020
Gene ratio

abs oy 030 018 e
Gene ratio

Fig. 2: Trajectory of gene expression between baseline and day 4 in each group of treatment. A) Differentially expressed genes in patients
treated with clarithromycin between day 1 (before the start of the study drug) and day 4. B) Differentially expressed genes in patients treated
with placebo between day 1 (before the start of the study drug) and day 4. C) Venn diagram depicting the unique and common UP regulated
genes on day 4 compared to day 1 per treatment group. D) Venn diagram depicting the unique and common DOWN regulated genes on day
4 compared to day 1 per treatment group. E) Gene Ontology (GO) analysis showed that the unique upregulated genes at day four in the
clarithromycin group were mainly involved in Positive Regulation Of Cytokine Production (G0:0001819) and in T Cell Activation
(G0:0042110). Upregulated genes in the placebo group did not frame any specific ontology after correction for multiple testing. F) Top 10
downregulated ontologies in the SoC and placebo group. G) Top 10 downregulated ontologies in the SoC and clarithromycin group.

Abbreviations: SoC, standard-of-care.
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Fig. 3: Differentially expressed genes (DEGs) associated with favourable outcomes in clarithromycin-treated patients. A) DEGs between
day 1 (before the start of the study drug) and day 4 (72 h after the start of the study drug) of 26 patients treated with SoC and clarithromycin
and experiencing favourable outcome. B) DEGs between day 1 (before the start of the study drug) and day 4 (72 h after the start of the study
drug) of 17 patients treated with SoC and placebo and experiencing favourable outcome. C) DEGs between day 1 (before the start of the study
drug) and day 4 (72 h after the start of the study drug) of 28 patients treated with SoC and placebo and experiencing unfavourable outcome.
D) Venn diagram of upregulated DEGs on day 4 between the SoC and clarithromycin group with favourable outcomes, the SoC and placebo
group with favourable outcomes and the SoC and placebo group with unfavourable outcomes; 27 DEGs are unique in the SoC and clarithromycin
group. E) Gene ontology analysis of genes uniquely upregulated in the SoC and clarithromycin group with favourable outcomes. F) Venn diagram
of downregulated DEGs on day 4 between the SoC and clarithromycin group with favourable outcomes, the SoC and placebo group with
favourable outcomes and the SoC and placebo group with unfavourable outcomes; 55 DEGs are unique in the SoC and clarithromycin group.
G) Gene ontology analysis of genes uniquely downregulated in the SoC and clarithromycin group with favourable outcomes. Favourable out-
comes are defined for patients meeting all of the following: attainment of the ACCESS primary endpoint, no progression to RF, and survival until
day 8. Abbreviations: DEG, differentially expressed gene; GO, gene ontology; RF, respiratory failure; SoC, standard-of-care.

and early mortality (OR 1.83; 95% Cls 1.10-3.03;
p = 0.020) (Supplementary Tables S12-S15). The same
logistic regression model did not show any effect of the
number of increased IL-1 cytokines with the study
primary endpoint (data not shown). The Youden index
of the ROC defined that increases of at least 4 cytokines
of the IL-1 group were associated with progression to
RF. The likelihood for such an increase was lower in the
SoC and clarithromycin group (Fig. 4A). The heatmap
also showed that the relative increase of each of the
individual six cytokines of the IL-1 group on day 4 in the
clarithromycin group was less than the placebo group
(Fig. 4B).

Logistic regression analysis showed that the number
of monocyte-derived pro-inflammatory cytokines/che-
mokines (other than IL-1 family cytokines) increased
from baseline to day 4 was positively associated with the
achievement of the primary endpoint (OR 1.16; 95%
Cls 1.00-1.35; p = 0.043) (Supplementary Table S16).
The same logistic regression model did not show any
effect of the number of pro-inflammatory cytokines/
chemokines with progression to RF or early death (data
not shown). The Youden index of the ROC determined
that increase of at least 5 cytokines/chemokines was
associated with achievement of the primary endpoint.
The likelihood for such an increase was higher in the
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Fig. 4: Decrease of the production of cytokines of the interleukin (IL)-1 group under clarithromycin treatment on day 4 compared to
baseline. A) Patients experiencing increase in production of at least 4 of the IL-1 group cytokines (IL-1f, IL-1ra, IL-18, IL-36«, IL-36f and
IL-367) by the PBMCs of patients under stimulation by LPS. Comparison is done using Fischer’s exact test. B) Heatmap of the change of the
production of each of the six cytokines of the IL-1 group from each studied patient according to treatment assignment (placebo/clari-
thromycin), progression to RF or not and early death or not. Abbreviations: Cl, confidence interval; IL, interleukin; LPS, lipopolysaccharide; n,
number of patients; OR, odds ratio; PBMCs, peripheral blood mononuclear cells; RF, respiratory failure.

SoC and clarithromycin group than in the SoC plus
placebo group (Fig. 5A). The heatmap also showed that
the relative increases of the production of each of the
individual cytokines/chemokines on day 4 in the clari-
thromycin group were higher than the placebo group
(Fig. 5B). Patients in the clarithromycin arm with in-
creases of at least 5 cytokines/chemokines showed also
decreases in five genes involved in the neutrophil
degranulation = pathway, namely CD55, ~ FCAR,
GCGR2A, MAPK14 and VNNTI; this difference did not
exist in the placebo arm (Supplementary Figure S4).

The number of anti-inflammatory cytokines
increased from baseline to day 4 was lower with clari-
thromycin treatment than in the placebo group (OR
0.60; 95% CIs 0.36-0.99; p = 0.049) (Fig. 6). The two
groups of treatment did not differ in the increases of
the number of Th1 cytokines, Th2 cytokines and T17
cytokines from baseline to day 4 (Supplementary
Figure S5).

Discussion

In the ACCESS randomized controlled trial, the
addition of oral clarithromycin for seven days to the
antimicrobial SoC of hospitalised CAP patients was
associated with early anti-inflammatory responses
observed as part of a composite primary endpoint of
improvement of clinical signs of pneumonia,

www.thelancet.com Vol 127 May, 2026

improvement of organ dysfunction and decrease of
the level of inflammation. The attainment of that
endpoint was accompanied by decreased risk for
progression to RF and need for MV, decreased inci-
dence of secondary sepsis and earlier alive hospital
discharge.’

The present analysis investigated the molecular
pathways behind the clinical benefit of clarithromycin
treatment using an integrated approach of large-scale
transcriptomics and cytokine release assays and inves-
tigating the trajectory of patients from baseline to the
first 72 h, when the primary endpoint was censored.
Both approaches provided similar results and identified
an effect of clarithromycin that converged on three
points of action: i) downregulation of the deleterious
effect of the IL-1 cascade; ii) upregulation of the pro-
duction of other monocyte-derived pro-inflammatory
cytokines and chemokines and improvement of antigen
presentation by monocytes; and iii) decreased neutro-
phil degranulation. How might these effects interface
with the clinical benefit of clarithromycin treatment?
IL-1 activation and neutrophil degranulation are
prominent in the pathogenesis of ARDS.” Exhaustion
of the innate immune system for cytokine and che-
mokine production is the hallmark of sepsis-induced
immunoparalysis (SII) leading to secondary in-
fections.”® These immune defects were restored with
clarithromycin treatment.
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mononuclear cells.

Observations from the COVID-19 pandemic indicate
that early activation of the IL-1 cascade is a major driver
of RF.” Indeed, early treatment with the IL-1 receptor
antagonist anakinra decreased the progression to RF
and the need for invasive ventilation.”” In the ACCESS
trial, the increased production of six cytokines of the IL-
1 family by circulating PBMCs was an independent
marker for RF. The level of IL-1 activation, expressed by
the number of over-produced IL-1 cytokines, was lower
with clarithromycin treatment than in the placebo
group. Clarithromycin treatment led to the down-
regulation of the expression of three genes encoding for
the IL-1 cytokine receptors, namely IL1R1, IL-1R2 and
IL-18R1 (Supplementary Table S9). In parallel, CNR2
encoding for the cannabinoid receptor 2 was upregu-
lated in clarithromycin-treated patients (Supplementary
Table S8). CNR2 is downregulated in acute lung injury
(ALI); drugs which reverse downregulation of CNR2
improve the level of maturation of dendritic cells and
are suggested as promising candidates for the therapy
of ALL*

Increase of the production of monocyte-derived pro-
inflammatory cytokines and chemokines other than the
IL-1 family was associated with attainment of the pri-
mary endpoint; the increase in those factors was greater
among clarithromycin-treated patients than in the

placebo group. GO ontology analysis showed upregu-
lation of the cytokine production pathway with clari-
thromycin, whereas expression of Suppressor of
Cytokine Stimulator 3 (SOCS3) was decreased
(Supplementary Table S9). SOCS3 inhibits the univer-
sal production of cytokines through an effect on Janus
kinase. When SOCS3 is downregulated the production
of cytokines and chemokines by PBMCs increases.”
The expression levels of WARS, encoding for TTS
(tryptophanyl-tRNA synthetase) were sustained during
treatment in the clarithromycin arm, in contrast to its
downregulation in the placebo arm at day 4. TTS reg-
ulates protein synthesis and acts as an innate immune
cell activator through binding to TLRs.**** We conjec-
ture that the maintenance of TTS expression levels
during treatment with clarithromycin, in contrast to its
downregulation in the placebo arm, could indicate both
stability in global protein synthesis as well as sustained
immune cell activation.

The level of antigen presentation was also improved
in clarithromycin-treated patients, as shown by the
upregulation of HLA-DMA and this can be expected to
prime the upregulation of T cell activation identified by
the GO pathway analysis. However, no changes of the
expression of genes encoding for the co-stimulatory
molecules CD28, CD86, or CTLA-4 were found
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necrosis factor.

between the two groups. By contrast that analysis
showed that recovery of antigen presentation was lower
with placebo treatment. Decreased expression of HLA-
DR molecules on circulating monocytes is the salient
feature of SII, a phenomenon characterised by excess
production of anti-inflammatory cytokines and suscep-
tibility to secondary infections.*** The downregulation
of antigen presentation in the placebo group and the
upregulation of T cell activation and HLA-DMA
expression in the clarithromycin group, accompanied
by decreased production of anti-inflammatory cyto-
kines, point towards a reversal of immunoparalysis in
response to clarithromycin; this is mechanistically
consistent with the decrease of the incidence of sec-
ondary sepsis with clarithromycin treatment described
in the ACCESS trial.

These observations of reversal of immunoparalysis
in response to clarithromycin corroborate and amplify
previous findings in patients with sepsis and ventilator-
associated pneumonia® and in patients with sepsis and
ARDS"” who received intravenous clarithromycin.
Genes of the cholesterol homoeostasis pathway were
upregulated with clarithromycin treatment in patients
with ARDS indicating that modulation of the choles-
terol synthesis pathway might contribute to the

www.thelancet.com Vol 127 May, 2026

immunomodulatory effect of clarithromycin. Several of
these genes were also upregulated in the ACCESS trial.
The use of statins probably does not confound this
result since their administration was prohibited during
the ACCESS trial.’

Spontaneous neutrophil degranulation is associated
with the extracellular release of toxic compounds like
oxygen radicals and metalloproteinases and is associ-
ated with progression to RF.” Using RNA-seq, we
found transcriptional profiles associated with decreased
neutrophil degranulation and decreased production of
PADI2 with clarithromycin treatment. Our findings
also suggest some moderate association between the
upregulation of the production of monocyte-derived
pro-inflammatory cytokines and chemokines and the
downregulation of the neutrophil degranulation
pathway in the clarithromycin arm.

An issue for consideration is whether the pathways
of action of clarithromycin discerned in this research
are universal for all cases of CAP. One reason we think
it may, is that the alterations we described in placebo-
treated patients in ACCESS have been repeated in
other cohorts of CAP patients. For instance, in a
microarray study of peripheral blood leukocytes from
38 patients the gene trajectory during the first five days
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was similar to that described for placebo-treated AC-
CESS patients” and some downregulated genes of the
placebo group of the ACCESS trial like UBE2L6 and
NLRC5 have been associated with unfavourable
outcome of CAP.*

Two main strengths of the study should be noted:
a) both Gram-positive cocci and Gram-negative bacte-
ria were reported as pathogens’ and results of this
secondary analysis can be extrapolated for all probable
pathogens. Moreover, it is reported that the tran-
scriptomic profile of CAP caused by Gram-positive
cocci and Gram-negative bacteria is similar®; and b)
the pathways associated with clinical benefit of clari-
thromycin treatment are similar in both experimental
approaches i.e. transcriptomic analysis and cytokine
stimulation by the PBMCs. Five main limitations of
this study should be acknowledged: a) the lack of use
of lipoteichoic acid (LTA) for the ex vivo stimulation of
PBMCs. LTA is a constituent of the cell wall of Gram-
positive cocci targeting TLR2. However, part of the
activity of HKCA used in the current study is exerted
through TLR2 activation; b) direct measurements of
IL-1alpha (which remains bound to cell membranes)
following the stimulation of PBMCs were not done.
Instead, we relied on measurement of anti-
inflammatory IL-1ra as a proxy for IL-lalpha produc-
tion capacity. For that reason, we have construed IL-
1ra as one of the IL-1 pathway cytokines for the pur-
poses of presenting our findings; c) results cannot be
extrapolated to immunocompromised populations,
such as individuals receiving corticosteroids, cytotoxic
chemotherapy, or other immunosuppressive thera-
pies, since our findings emerged from a cohort of
immunocompetent hospitalised patients; d) the
advanced age of the study population is associated
with immunosenescence which may affect the im-
mune functions of the study participants, albeit the
age distribution was similar in both treatment groups
of; and e) the trial took place in Greece which is a
territory of high antimicrobial resistance. Macrolide
resistance was not studied since most pathogens were
detected by molecular methods. However, this does
not necessarily restrict the generalisability of the
findings since high rates of macrolide resistance are
reported from other parts of the world.*

The described modulation of the immune profile
provides a mechanistic explanation for the clinical
benefit coming from clarithromycin treatment in the
ACCESS trial. Downregulation of IL-1 cytokines and of
neutrophil degranulation are viable pathways for the
prevention of progression to RF; increase of monocyte-
derived pro-inflammatory cytokines and chemokines
coupled with upregulation of antigen presentation ex-
plains the attainment of the primary endpoint and the
prevention of secondary sepsis. These findings are
supported by both RNA-seq analysis and cytokine
stimulation by the PBMCs. All these observations are

strongly supportive of the use of clarithromycin for
hospitalised adult CAP patients.
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