Sauer et al. Critical Care (2022) 26:74
https://doi.org/10.1186/513054-022-03909-1

Critical Care

REVIEW Open Access

Immunomodulation by Tetracyclines

®

Check for
updates

in the Critically lll: An Emerging Treatment

Option?

Andrea Sauer, Christian Putensen and Christian Bode™

Abstract

This article is one of ten reviews selected from the Annual Update in Intensive Care and Emergency Medicine 2022.
Other selected articles can be found online at https://www.biomedcentral.com/collections/annualupdate2022.
Further information about the Annual Update in Intensive Care and Emergency Medicine is available from https://link.

springer.com/bookseries/8901.

Introduction
Sepsis and acute respiratory distress syndrome (ARDS)
are still the most common causes of death in critically
ill patients. Although our knowledge of the underlying
immunopathogenesis has grown tremendously and we
have made substantial advances in supportive care, the
overall mortality for sepsis and ARDS remains high [1,
2]. In 2016, sepsis was redefined as life-threatening organ
dysfunction caused by a dysregulated host response to
infection. Hyperinflammation occurring concurrently
with immunosuppression puts patients at risk for devel-
oping fatal secondary infections and chronic critical ill-
ness syndrome [1]. An extension of sepsis in terms of
pathogenesis has made ARDS similarly resistant to ther-
apy and the prognosis for patients with this syndrome
remains equally dismal [2]. Despite over 30 years of pre-
clinical and clinical trials, no effective pharmacothera-
pies exist to improve outcomes in patents with sepsis
or ARDS [1, 2]. New therapeutic agents are desperately
needed, even more so in the light of the ongoing corona-
virus disease 2019 (COVID-19) pandemic.

Tetracyclines are a family of bacteriostatic antibiot-
ics that inhibit protein synthesis by reversibly binding
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to the bacterial ribosome. Upon binding they allosteri-
cally prevent the binding of the amino acyl-tRNA to the
mRNA ribosome complex. They exhibit broad-spectrum
antibacterial activity against a wide-range of Gram-
positive and Gram-negative bacteria as well as atypical
pathogens, such as chlamydiae, spirochaetes, and rick-
ettsiae [3]. Additionally, tetracyclines exert pleiotropic
immuno-modulatory effects that may be able to rebal-
ance immune homeostasis in critically ill patients. Their
beneficial anti-inflammatory effects have been reported
for chronic pulmonary diseases, chronic inflammatory
skin diseases, autoimmune disorders, as well as neurode-
generative diseases, and they have become a standard of
care in the treatment of periodontitis, acne, and rosacea
[3, 4]. Recently, evidence has emerged that tetracyclines
could potentially be beneficial in ARDS and sepsis [5-7].
In this chapter, we provide an overview of the current
preclinical and clinical studies on the immunomodula-
tory effects of tetracyclines in the critical care setting
(Tables 1 and 2). We elucidate the underlying mecha-
nisms of the immunomodulatory properties of tetra-
cyclines that may have therapeutic effects in sepsis and
ARDS. Finally, we discuss future research perspectives
including the role of non-antibiotic tetracyclines.
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Table 1 Immunomodulatory effects of tetracyclines in preclinical and clinical models of acute respiratory distress syndrome (ARDS)

Author Year Tetracycline Model Stimulants or pathogens Immune response
Peukert et al. [5] 2021 Tetracycline  Mouse, LPS, HINT influenza virus (mouse); viral, bac-  IL-18, IL-18, caspase-1 activation, neutrophil
human (ex  terial, and non-pulmonary ARDS (human) influx |, survival
vivo)
Zhang et al. [20] 2019 Doxycycline  Mouse Paraquat MMP-9, MPO, neutrophil influx |,
Wang et al. [24] 2014 Doxycycline  Rat Cardiopulmonary bypass TNF-q, IL-18, MMP-9 |,
Zhangetal. [17] 2014 Doxycycline  Dog Cardiopulmonary bypass MMP-9, MPO, neutrophil influx |,
Roy et al. [16] 2012 CMT-3 Pig Ischemia by clamping of SMA, placement of ~ TNF-q, IL-16, IL-6, IL-8, IL-10 |, MMP-2, -9, NE,
fecal clot in peritoneum survival <>
Ng et al.[27] 2012 Doxycycline  Mouse H3N2 influenza virus MMP-2, MMP-9, T1-a, thrombomodulin, neutro-
phil influx |
Moon et al. [22] 2012 Doxycycline  Mouse LPS Syndecan-1 (MMP-7 substrate), neutrophil
influx |
Zhou et al. [25] 2010 CMT-3 Sheep 3rd degree burn, smoke inhalation, baro- MMP-2 |, MMP-9 <, survival 1
trauma
Sochor et al. [21] 2009 Doxycycline  Rat Acute pancreatitis (intraductal glycodeoxy- ~ MMP-9, neutrophil influx |,
cholic acid, cerulein)
Fujita et al. [26] 2007 Doxycycline  Mouse LPS or Streptococcus pneumoniae MMP-2, -9, neutrophil influx |, survival 4
Kim et al. [14] 2006 CMT-3 Rat Ventilation MMP-9, MPO, neutrophil influx |,
Fujita et al. [28] 2006 Doxycycline  Mouse Bleomycin MMP-2, -9, neutrophil influx |,
Steinberg etal. [19] 2005 CMT-3 Pig Ischemia by clamping of SMA, placement of  IL-6, IL-8, IL-10, NE |, IL-1, MMP-2, -9, neutrophil
fecal clot in peritoneum influx <>, survival +
Steinberg etal. [15] 2003 CMT-3 Rat Cecal ligation and puncture MMP-2, MMP-9 |, survival 4
Carney et al. [23] 2001 CMT-3 Pig LPS MMP-2, MMP-9, neutrophil influx |,
McCannetal.[29] 1999 CMT-3 Pig Cardiopulmonary bypass, LPS Neutrophil influx |
Carney et al. [13] 1999 CMT-3 Pig Cardiopulmonary bypass, LPS MMP-2, MMP-9, NE, neutrophil influx |, survival

T

4 significant increase, | significant decrease, <> no significant difference, CMT-3 chemically modified tetracycline 3, IL interleukin, LPS lipopolysaccharide, MMP
metalloproteinase, MPO myeloperoxidase, NE neutrophil elastase, SMA superior mesenteric artery, TNF-a tumor necrosis factor alpha, T7-a membrane protein of

alveolar type | epithelium

Immunopathogenesis of Sepsis

Sepsis is a heterogenous syndrome characterized by
an unbalanced hyperinflammatory state and profound
immunosuppression. Pathogen-associated molecular
patterns (PAMPs) released by sepsis-inducing micro-
organisms activate pattern recognition receptors
(PRRs) expressed by various immune cells and trig-
ger a strong innate immune response. The best known
PAMPs include lipopolysaccharide (LPS), lipoteichoic
acid (LPA), and microbial DNA. PRRs can also sense
cell injury-associated endogenous molecules referred
to as damage-associated molecular patterns (DAMPs),
such as ATP, mitochondrial DNA, hyaluronan, heat
shock proteins, and fibrinogen [1, 8]. Upon ligand
binding, activation of downstream signalling path-
ways (e.g., nuclear factor kappa-B [NF-kB] and mito-
gen-activated protein kinase [MAPK]) leads to the
transcription of genes encoding pro-inflammatory
cytokines and chemokines such as tumor necrosis
factor (TNF)-a, interleukin (IL)-1f3, IL-8, IL-18 and
interferons (IFN). The expression of IL-1f3 and IL-18
is tightly regulated by inflammasomes, which execute

a unique form of programmed cell-death called pyrop-
tosis. In most cases, these processes aid in neutraliz-
ing invading pathogens and apoptotic cells. However,
in sepsis they can lead to an unbalanced host response
that can potentially trigger a life-threatening “cytokine
storm” [1, 9]. Another hallmark of the innate immune
response in sepsis is the activation of the complement
system, which results in the recruitment of leukocytes,
endothelial cells, and platelets and ultimately in sep-
sis-induced endothelial barrier dysfunction. Loss of
vascular integrity leads to tissue edema and reduced
microvascular perfusion. Coagulation activation is
tightly interconnected with complement activation
and predisposes patients to disseminated intravascular
coagulation (DIC), microvascular immunothrombosis,
and hemorrhage.

The initial hyperinflammatory state is counterbal-
anced by immunosuppression which involves both innate
and adaptive immunity. One key phenomenon is the
apoptosis of B and CD4+ and CD8+ T cells and den-
dritic cells causing an acquired immune deficiency syn-
drome linked to an unfavorable prognosis. Depletion of
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Author Year Tetracycline Model Stimulants or pathogens  Immune response
Colago et al. [6] 2021 Doxycyline Mouse E. coli, HIN1 influenza virus,  Liver, lung, kidney injury |,
C. albicans, Plasmodium mitochondrial protein synthe-
berghei sis |; FAO, steroid sensitivity,
survival 4
Patel et al. [7] 2020 Doxycycline Mouse Cecal ligation and puncture  TNF-q, IL-183, IL-6, MPO |,
survival 4
Sun et al. [35] 2020 Minocycline Human THP-1 monocytes LPS TNF-q, IL-8, MIP-1a, MIP-18
J, modulated NF-«B-, p38-,
ERK1/2-pathways
Sun etal. [34] 2015 Minocycline, tigecycline, Human THP-1 monocytes LPS Autophagy 1 by inhibiting
doxycycline mTOR; TNF-q, IL-8 |,
Nukarinen et al. [48] 2015 Doxycycline RCT Severe sepsis or septic MMP-8, -9, TIMP-1 &
shock
Fredeking etal. [47] 2015 Doxycycline RCT Dengue virus IL-6, TNF-a, mortality |,
Bode et al. [45] 2014 Doxycycline Human THP-1 monocytes, LPS, E. coli Phagocytosis, IL-16, IL-6 |,
PBMCs (ex vivo) TLR-1,TLR-4, TLR-6 |,
Taietal. [41] 2013 Minocycline Human THP-1 monocytes LPS TNF-q, IL-6, IFN-y, IL-8, IP-10,
MCP-1, MIP-1a, MIP-183,
RANTES, eotaxin |, IKKa/[3
phosphorylation inhibited
Pang et al. [33] 2012  Minocycline Human monocytes (exvivo) — LPS TNF-q, IL-163, IL-6, COX-2,
PGE2 |, LOX-1, NF-kB, LITAF,
Nur77, PI3K/ Akt-, p38-MAPK
pathway |
Castro et al. [46] 2011 Tetracycline, doxycycline RCT Dengue virus IL-6, IL-18, TNF-a, IL-Tra 1,
TNF-R1 &
Maitra et al. [40] 2005 CMT-3 Rat Cecal ligation and puncture  Liver injury, MMP-9, MMP-2,
TGF-B1, caspase-3 |, survival
T
Maitra et al. [38] 2004 CMT-3 Rat Cecal ligation and puncture  TNF-a,, p38-, p42/44-MAPK
activation inhibited, survival 4
Maitra et al. [39] 2003 CMT-3 Rat Cecal ligation and puncture  Liver injury, NO, MMP-9 |,
survival 4
D'Agostino et al. [44] 2001 CMTs, Murine J774 macrophages LPS TNF-q, IL-10 <, INOS, nitrite,
NO, IL-12, cytotoxity 1
Patel et al. 1999 CMTs, minocycline Murine RAW264.7 cells, LPS PGE2, nitrite | (CMT-3)
human A549 cells
D'Agostino et al. [36] 1998 Doxycycline Mouse, murine mac- LPS NOJ, survival
rophages
Amin et al. [43] 1997 CMTs, doxycycline Murine macrophages LPS iINOS mRNA accumulation
and protein expression |,
Milano et al. [37] 1997 Tetracycline Mouse, murine mac- LPS TNF-q, IL-1q, nitrate, INOS

rophages

activity |}, macrophages: NO
1, TNF-q, IL-1a<, survival 4

tsignificant increase, | significant decrease, < no significant difference, C. albicans Candida albicans, CMT-3 chemically modified tetracycline 3, COX-2 cyclooxygenase
2, E. coli Escherichia coli, ERK extracellular-signal regulated kinases, FAO fatty acid oxidation, IFN interferon, IKK inhibitor of nuclear factor kappa B kinase, IL interleukin,
IL-Tra interleukin-1 receptor antagonist, iNOS inducible nitric oxide synthase, IP-10 interferon gamma induced protein 10, LITAF lipopoly- saccharide induced TNF
factor, LPS lipopolysaccharide, LOX-1 lectin-like oxidized low density lipoprotein receptor-1, MMP metalloproteinase, MAPK mitogen-activated protein kinase, MCP
monocyte chemoattractant protein, MIP macrophage inflammatory protein, MPO myeloperoxidase, mTOR mammalian target of rapamycin, NF-kB nuclear factor
kappa-light-chain-enhancer of activated B-cells, NO nitric oxide, PBMCs peripheral blood mononuclear cells, PGE2 prostaglandin E2, PI3k phosphatidylinositol-3-
kinase, RANTES regulated upon activation, normal T cell expressed and presumably secreted, RCT randomized controlled trial, TGF-1 transforming growth factor beta
1, TIMP-1 tissue inhibitor of metalloproteinase-1, TLR toll-like receptor, TNF-a tumor necrosis factor alpha, TNF-R1 tumor necrosis factor receptor 1

T cells is further augmented by increased expression of
programmed cell death 1 (PD1) and upregulation of its
ligand (PDL1) on various immune and epithelial cells.
The reprogramming of antigen-presenting cells results
in reduced human leukocyte antigen-antigen D related

(HLA-DR) expression on monocytes and impaired
production of pro-inflammatory mediators, including
TNEF-a, IL-6, IL-1f3, and IFN-y referred to as “immu-
noparalysis” Although these compensatory mechanisms
attempt to restore immune homeostasis, a subtype of
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patients develops persistent inflammation, immuno-
suppression, and catabolism syndrome (PICS), which
is predictive of a poor outcome. It is most likely caused
by persistent inflammation through a constant release of
DAMPs driving organ injury [1].

Immunopathogenesis of ARDS

Sepsis and ARDS have similar underlying mechanisms:
ARDS, defined as a life-threatening form of respira-
tory failure, is driven by an uncontrolled inflammatory
host response induced by direct (pulmonary) or indirect
(extrapulmonary) insults.

The most common causes include sepsis, viral and
bacterial pneumonia, aspiration of gastric contents, and
major trauma [2].

Inflammasome activation plays a central role in the
development of ARDS [5]. In general, inflammasomes are
multiprotein complexes that consist of a sensor NOD-,
LRR- and pyrin domain-containing protein 3 (NLRP3), an
adaptor apoptosis associated speck-like protein containing
a CARD (ASC), and an effector (caspase-1) [10]. Inflam-
masome activation generates IL-1f3 and IL-18 which both
drive the inflammatory cascade forward and are linked to
an unfavorable prognosis [5]. This process involves two
signals. Inflammasomes assemble downstream of PRRs in
response to PAMPs and DAMPs. For example, LPS bind-
ing to Toll-like receptor 4 (TLR4) leads to the transloca-
tion of NF-«B into the nucleus and the transcription of
pro-inflammatory mediators and inflammasome compo-
nents including pro-caspase-1, pro—IL-1p, and pro-IL-18
(signal 1). Various stimuli such as ATP, viral RNA, and
pore-forming toxins activate the sensor NLRP3, resulting
in inflammasome assembly via ASC oligomerization (sig-
nal 2). Active capase-1 converts pro-IL-1p and pro-IL-18
into their mature forms causing pyroptotic cell death [5,
10, 11]. Inflammation and pyroptosis mediate substantial
epithelial and endothelial injury with a subsequent loss of
the alveolar-capillary barrier integrity, leading to influx of
protein-rich edema fluid and immune cells into the alveoli
[2]. This exudative edema causes dysfunctional surfactant
and atelectasis, which in turn can predispose patients to
biophysical injury of the lungs [2].

The influx of immune cells (especially neutrophils) trig-
gered by the activation of TLRs on alveolar type II cells
and resident macrophages is a salient feature of ARDS
[12]. As neutrophils begin their transepithelial migra-
tion into the lungs, they become primed to phagocytose
invading microbes and release toxic mediators including
reactive oxygen species (ROS), neutrophil elastase, pro-
teases, and nitric oxide (NO). Proteases such as metallo-
proteinases (MMPs) contribute to the disruption of the
barrier integrity and lung parenchyma by degrading col-
lagen [12-15].
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Both neutrophil elastase and MMPs are known to
promote lung injury in patients with ARDS [15]. Lastly,
persistent inflammation and unbalanced immune home-
ostasis can further intensify existing lung damage and
cause lasting injury and fibrosis [2].

Mechanisms of Action of Tetracyclines in ARDS

In vitro and in vivo studies have highlighted the wide-
range of immunomodulatory effects of tetracyclines
in models of ARDS, pneumonia, and sepsis [7, 16, 17].
They improve survival and organ injury by modulating a
plethora of inflammatory pathways that become dysregu-
lated in critically ill patients [1, 5, 6, 18]. In ARDS, tet-
racyclines decrease a variety of inflammatory mediators,
including inflammasome-dependent IL-1f3 and IL-18
secretion, which drives ARDS development [5, 16, 19].
Furthermore, they impair the breakdown of extracellu-
lar matrix components and inhibit neutrophil infiltration
[14, 17, 20-23] (Fig. 1).

In Vivo Models

Effects on Inflammatory Cytokines and NLRP3
Inflammasome Caspase-1 Signaling

Tetracyclines significantly reduce the secretion of pro-
inflammatory cytokines, including TNF-«, IL-183, IL-6,
and IL-8, thereby improving survival and lung injury in
indirect models of ARDS [16, 19, 24].

Current research suggests that a key mechanism under-
lying the immunomodulatory effects of tetracyclines is
the inhibition of the secretion of the pro-inflammatory
cytokines IL-1f3 and IL-18 via the NLRP3 inflamma-
some pathway. In a recent study, tetracycline significantly
reduced both LPS- and influenza-induced lung injury in
mice by inhibiting inflammasome-caspase-1 dependent
IL-1f3 and IL-18 production. This effect was mediated by
direct inhibition of caspase-1 activation by tetracycline

(5].

Effects on MMPs
The best described property of tetracyclines is the inhi-
bition of MMPs in ARDS. MMPs are a family of zinc-
dependent endopeptidases that degrade the basement
membrane as well as extracellular matrix components
and are involved in numerous pathological conditions
including inflammation, tissue remodeling, and tumori-
genesis. They are produced by a variety of cells including
stromal, epithelial, and inflammatory cells. Tetracyclines
directly inhibit MMP activity by chelating Zn>* ions from
their active site and by inhibiting their transcription [3].
The potential role of tetracyclines as MMP inhibi-
tors in the pathogenesis of ARDS has been investigated
in several animal studies. Carney et al. [23] showed that
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Fig. 1 The immunomodulatory effects of tetracyclines in ARDS. (D By sensing pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs), Toll-like receptors (TLRs) become activated, thereby triggering the activation of the NLRP3
inflammasome. Tetracyclines inhibit the activation of nuclear factor-kappa B (NF-kB) and the NLRP3 inflammasome and subsequent @) release of
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pigs pretreated with chemically modified tetracycline 3
(CMT-3) 12 h prior to intravenous LPS developed less
lung injury, less edema and hypoxia by inhibiting MMP-9
and MMP-2. Additionally, plateau airway pressure was
decreased [23].

Similar results were achieved by the same group
through the inhibition of gelatinases and neutro-
phil elastase by CMT-3 in a porcine cardiopulmonary
bypass and LPS-induced lung injury model. The sur-
vival rate was increased from 60 to 100% by CMT-3

treatment [13]. Steinberg et al. [15] demonstrated that
blockage of MMP-2 and MMP-9 by CMT-3 was associ-
ated with less edema and histological lung injury as well
as increased survival in an indirect model of ARDS in
rats subjected to cecal ligation and puncture. Of note,
CMT-3 prevented all the histopathological changes seen
in ARDS [15]. Although not statistically significant, the
authors observed a 64% reduction in MMP-2 activity
and a 34% reduction in MMP-9 activity in bronchoal-
veolar lavage (BAL) fluid in a porcine model of ARDS
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[19]. Furthermore, administration of CMT-3 improved
hemodynamics, gas exchange, lung histology, and sur-
vival through the inhibition of MMP-2 in an ovine ARDS
model induced by third-degree burns, smoke inhala-
tion and barotrauma injuries [25]. MMP-9 levels were
not affected by CMT-3 but levels were only measured in
plasma and not in BAL fluid as opposed to in the studies
described earlier [25].

Levels of MMP-2, MMP-9, and neutrophil elastase
measured in plasma were also not affected by CMT-3 in
a cecal ligation and puncture-induced ARDS model [16].

The authors concluded that this might be due to the use
of ketamine, which has been shown to weaken the effects
of cecal ligation and puncture in rats via the inhibition of
NEF-«B.

Doxycycline has also been described as another potent
MMP inhibitor in various animal models of primary and
secondary ARDS [17, 20, 21, 24, 26, 27]. In a pancreatitis-
induced ARDS model, doxycycline reduced MMP-9 lev-
els which correlated with decreased pulmonary edema
and hemorrhage [21]. Similar results were reproduced
in cardiopulmonary bypass-induced ARDS models [20,
24]. The positive influence of doxycycline on endothe-
lial barrier integrity was also demonstrated by decreased
levels of endothelial protein. Not only were MMP-2 and
MMP-9 levels in BAL fluid reduced in a H3N2 influ-
enza-induced ARDS model, so were concentrations of
endothelial protein thrombomodulin and T1-a, a mem-
brane protein of alveolar type I epithelium, indicating less
alveolar capillary membrane damage [27]. Furthermore,
doxycycline might attenuate the development of pulmo-
nary fibrosis in ARDS through the inhibition of gelati-
nases [28].

Effects on Neutrophil Transmigration
One of the hallmarks of ARDS is the influx of neutrophils
into the lungs. Tetracyclines attenuate neutrophil infiltra-
tion and thereby prevent ARDS, an effect possibly linked
to the concomitant decrease of MMP levels [13, 14, 23,
26]. In a ventilation-induced lung injury (VILI) model,
pretreatment with CMT-3 decreased neutrophil infiltra-
tion and myeloperoxidase levels, which correlated signifi-
cantly with MMP-9 activity. The role of MMP-9 during
neutrophil migration is, however, not well defined. As a
proteinase, MMP-9 could potentially degrade the base-
ment membrane and thereby facilitate migration [14]. In
an in vitro experiment, neutrophil transmigration across
Matrigel and MMP-9 levels in the Matrigel invasion
chamber were reduced by doxycycline [21].

Pretreatment with CMT-3 inhibited neutrophil influx
in models of bacterial- and cardiopulmonary bypass-
induced ARDS [13, 23, 29]. Additionally, doxycycline
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prevented neutrophil infiltration in models of viral-,
bacterial-, cardiopulmonary bypass- and pancreatitis-
induced ARDS [17, 21, 22, 27, 30].

Human Data

Recently, Peukert et al. described the effect of tetracy-
cline on the NLRP3 inflammasome pathway in patients
with direct ARDS (Fig. 1). Human alveolar leukocytes
were isolated within 24 h of onset of direct ARDS. Cul-
tured leukocytes continued to produce IL-1f3 and IL-18
suggesting that the NLRP3 inflammasome pathway
remained intact. Tetracycline inhibited the production of
IL-1£3 and IL-18 by alveolar leukocytes in a dose-depend-
ent manner. This study indicates that the inhibition of
caspase-1-dependent IL-1f3 and IL-18 by tetracyclines
might be a new therapeutic approach in patients with
direct ARDS [5].

A randomized clinical trial is currently investigat-
ing whether doxycycline can limit the NF-kB dependent
release of pro-inflammatory cytokines and thereby pre-
vent evolution towards ARDS in patients with COVID-19
(ClinicalTrials.gov Identifier: NCT04371952). In 89 high-
risk COVID-19 patients living in longterm care facilities,
it was recently shown that the administration of doxy-
cycline within 12 h after symptom onset was associated
with early clinical recovery, decreased hospitalization
and reduced mortality [31]. These findings contradict the
results of a randomized controlled trial which suggested
doxycycline was not effective for suspected COVID-19
[32]. In this study, 798 participants received doxycycline
compared to 994 participants randomized to standard
care. However, the trial had several limitations: first,
the trial included participants recruited accrued with-
out PCR-confirmed severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection [32]. Because the
inflammasome-caspase-1 pathway is activated early in
ARDS [5, 8], this might explain why doxycycline was not
beneficial.

Mechanisms of Action of Tetracyclines in Sepsis
Tetracyclines exert their pleiotropic immunomodula-
tory effects via several inflammatory pathways such
as NF-kB and MAPKs downstream of PRRs whereby
they inhibit the secretion of inflammatory mediators
including cytokines, chemokines, MMPs, prostaglan-
din E2 (PGE2), and NO [7, 33-38]. They also amelio-
rate sepsis-induced liver injury by inhibiting apoptotic
pathways [39, 40]. Mild perturbation of mitochondrial
function by tetracyclines can install disease tolerance
mechanisms like tissue repair and metabolic repro-
gramming [6].
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In Vitro Models
Effects on Cytokine and Chemokine Production
An uncontrolled host response to infection can trigger a
so-called cytokine storm which is one of the main char-
acteristics of sepsis [1]. Mounting evidence has identi-
fied autophagy as an important regulator of excessive
inflammation. Sun et al. [35] have shown that minocy-
cline, which induces autophagy by inhibiting the mam-
malian target of rapamycin (mTOR) signaling pathway,
suppresses cytokine production and cell proliferation,
and protects human THP-1 cells from LPS-toxicity.
Additionally, the study suggests that the IKK/NF-kB
signal pathway was linked to minocycline-induced
autophagy [35]. A previous study also demonstrated that
minocycline decreased cytokine and chemokine produc-
tion by inhibiting IKKa/p phosphorylation in LPS-stim-
ulated THP-1 cells [41]. The influence of tetracyclines
on certain signaling pathways was further characterized
by Sun et al. [34]. The modulated phosphorylation of
the NF-«B-, p38- and ERK1/2-pathways by doxycycline,
minocycline, and tigecycline significantly inhibited the
expression of TNF-a, IL-8, macrophage inflammatory
protein la (MIP-la) and MIP-13 by LPS-stimulated
THP-1 cells [34].

Effects on Arachidonic Acid Metabolites and NO Production
Metabolites of arachidonic acid, such as PGE2 and NO,
are inhibited by tetracyclines and play a role in inflam-
matory processes [42]. CMT-3 inhibited both nitrite and
the cyclooxygenase 2 (COX-2) mediated PGE2 accumu-
lation in murine macrophages stimulated with LPS [42].
Moreover, tetracyclines regulate inducible NO synthase
(iNOS) at the post-transcriptional level, thereby decreas-
ing NO levels in LPS-stimulated murine macrophages
[36, 37, 43, 44].

Effects on MAPK Signaling Pathways
and Inflammatory Mediators
Doxycycline ameliorated systemic and pulmonary
inflammation in a murine sepsis model induced by cecal
ligation and puncture [7]. By decreasing levels of IL-18,
IL-6, TNF-«, myeloperoxidase (MPO), and the antioxi-
dant glutathione in plasma and lung homogenates, doxy-
cycline improved survival. The anti-inflammatory effect
of CMT-3 is possibly mediated through the inhibition of
MAPKSs. In rats subjected to cecal ligation and puncture,
pretreatment with CMT-3 inhibited TNF-« secretion and
activation of p38 and p42/44—MAPK pathways, thereby
preventing the progression to septic shock [38].
Tetracyclines also act as inhibitors of NO synthesis.
In mice injected intraperitoneally with LPS, doxycycline
prevented septic shock by inhibiting nitrate production
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by an IL-10 independent mechanism [36]. Furthermore,
tetracyclines caused a decrease in iNOS activity in a simi-
lar sepsis model [37].

Effects on Organ Dysfunction

Maitra et al. [39] showed that CMT-3 improved sur-
vival and was hepatoprotective in rats subjected to sep-
sis by cecal ligation and puncture. They demonstrated
that the underlying mechanisms by which CMT-3
improved survival and hepatic injury were the CMT-3
induced reduction of MMP-9 and NO. The hepatopro-
tective effect of CMT-3 was further characterized by
the same group. Administration of CMT-3 in septic rats
caused decreased levels of MMP-9 and increased the
expression of tissue inhibitor of metalloproteinase-1
(TIMP-1), which is an in vivo inhibitor of MMP-9. Fur-
thermore, transforming growth factor beta-1 (TGEF-
81) and caspase-3 were reduced, thereby preventing
liver injury and increasing survival in septic rats [40].
Recently, Colago et al. [6] demonstrated how doxycy-
cline can protect against sepsis by inducing disease tol-
erance without diminishing bacterial load in a mouse
model of bacterial sepsis. In this study, tissue damage
of the liver, lungs, and kidneys on a molecular and his-
topathological level was reduced by treatment with
doxycycline. Furthermore, the authors demonstrated
similar protective effects in influenza-induced sep-
sis in contrast to fungal- or cerebral malaria-induced
infection models. Bulk RNA sequencing showed that
doxycycline altered the expression of genes involved in
epithelial cell differentiation suggesting more effective
lung repair without the development of lung fibrosis.
Functional analysis found a cluster of down-regulated
genes related to decreased liver collagen production
indicating that doxycycline potentially plays a role in
limiting liver fibrosis. During infection, livers of septic
mice accumulated acylcarnitines and steroids. Admin-
istration of doxycycline partially decreased this accu-
mulation suggesting that it might reverse the block in
mitochondrial import of fatty acids during sepsis. It
also increased the activation of glucocorticoid recep-
tors through serine phosphorylation. Furthermore, it
was shown that mild perturbation of mitochondrial
function, like the electron transport chain, by doxy-
cycline can activate disease tolerance mechanisms,
such as tissue repair and metabolic reprogramming
in sepsis. One of the underlying mechanisms could be
the doxycycline-induced sensitization to adrenergic
agonists that reduces lipid accumulation in the liver.
This elegant study demonstrates how doxycycline may
rebalance immune homeostasis in sepsis [6].
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Human Data

Minocycline significantly ameliorated the LPS-induced
inflammatory response in human monocytes obtained
from healthy volunteers by decreasing the production of
TNEF-a, IL-18, IL-6, COX-2, and PGE2, as well as reduc-
ing activation of lectin like oxidized low density lipo-
protein receptor-1 (LOX-1), TNF-a factor (LITAF), and
Nur77 nuclear receptor. The immunomodulatory effects
of minocycline were mediated through the blocked acti-
vation of NF-kB, p38 MAPK, and phosphoinositide
3-kinase (PI3K)/Akt pathways [33]. Consistent with this,
another study demonstrated that doxycycline reduced
the LPS-induced gene expression of IL-18 and IL-6 as
well as phagocytosis of heat-inactivated Escherichia coli
by monocytes [45].

The Fredeking group investigated the impact of tetra-
cyclines on the inflammatory response in patients with
dengue hemorrhagic fever in two randomized controlled
trials [46, 47]. In the first trial, hospitalized patients
received usual care or usual care combined with doxy-
cycline or tetracycline. Serum cytokine and cytokine
receptor levels were determined on days 1, 3, and 7 of
treatment. Doxycycline was significantly more effective
in modulating levels of IL-6, IL-183, TNF-a, IL-1 recep-
tor antagonist (IL-1ra) and TNF-R1 than tetracycline. In
the second trial with 231 participants, doxycycline treat-
ment was associated with lower mortality, which posi-
tively correlated with reduced levels of pro-inflammatory
cytokines. Patients in the doxycycline arm had a 46%
lower mortality than those in the usual care arm [47].

In a prospective randomized placebo-controlled pilot
trial, intravenous doxycycline did not have an impact on
MMP-8, MMP-9, or TIMP-1 in patients with severe sep-
sis or septic shock [48]. This finding might be explained
by the small sample size and large variance of disease
severity that made it nearly impossible to detect a statis-
tical significance. Only 23 patients were included in the
analysis of this pilot trial. The studied population was
also very heterogenous in terms of disease severity and
disease onset, which was reflected in the detected varia-
tion in baseline concentrations and activities of MMP-8,
MMP-9, and TIMP-1 [48].

Future Research Perspectives
ARDS and sepsis are both heterogenous syndromes
characterized by significant variability in the degree of
immune dysregulation, disease severity, and prognosis.
As described in this chapter, tetracyclines modulate
immunity at multiple levels involving the inhibition of
concurrent pro- and anti-inflammatory pathways.
Although our knowledge of the underlying mecha-
nisms has increased, we need more clinical trials before
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we can adopt tetracyclines as routine treatment in sepsis
and ARDS.

To prevent the development of antibiotic resistance, we
need to further investigate the use of non-antibacterial
tetracycline derivatives such as CMT-3; their effective-
ness has already been observed in preclinical trials [5, 16,
25]. Furthermore, research should focus on developing
tetracyclines with minimal adverse effects and on aug-
menting certain immunomodulatory effects.

Most clinical trials of novel sepsis and ARDS therapies
have focused on large patient cohorts without consid-
ering the heterogenous nature of both syndromes and
the varying immune responses of each patient. This has
likely contributed to the fact that immunomodulatory
drugs have not been demonstrated to have a clinical ben-
efit in the past. Each patient needs to be longitudinally
evaluated by using biomarkers and establishing baseline
immune cell responsiveness [1]. In other words, immune
profiling is necessary to stratify critical care patients in
future trials and to identify biological subphenotypes in
ARDS and sepsis. Calfee et al. [49] have described dif-
ferential responses to treatment according to phenotype
in ARDS. Predictive enrichment strategies are recom-
mended to promote the efficiency of clinical trials and to
enable precision medicine.

Conclusion

In summary, tetracyclines have been shown to be potent
drugs with pleiotropic immunomodulatory effects inhib-
iting multiple inflammatory pathways that trigger an
uncontrolled immune response in ARDS and sepsis. In
preclinical studies, tetracyclines have been described as
promising immunomodulatory agents that seem to have
the potential to correct the unbalanced immune home-
ostasis present in critically ill individuals. Future trials
need to further investigate tetracyclines in terms of dos-
ing and side effects as well as focus on preventing anti-
biotic resistance. Finally, the extent of inflammation and
immunosuppression varies between each patient explain-
ing why so many trials have failed to show a survival ben-
efit for immunomodulatory drugs in the past. We need
to identify subphenotypes of ARDS and sepsis that will
respond to adjunctive tetracycline treatment.
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