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During the last two decades, our view of the role of reactive oxygen species (ROS) 
in inflammatory processes has changed dramatically. ROS that are constantly 
produced at lower levels by living cells metabolizing oxygen contribute to normal 
cellular function and tissue homeostasis. ROS are produced at higher levels in 
inflammation and regulate the inflammatory response in specific ways. The role of 
ROS in inflammation is complex and primarily determined by their relative amount, 
chemical properties, reactivity, subcellular localization and molecular environment, 
specificity for their biological targets, and availability and mechanisms of antioxidant 
defense systems. 

This eBook comprises eleven reviews and original articles that provide new findings on 
the role of ROS in the regulation of inflammatory processes, highlight emerging topics 
in redox signaling, describe new ROS detection techniques and discuss alternative 
therapeutic strategies to treat inflammatory disorders. The editorial that precedes 
the published articles briefly summarizes the main findings of each research paper. 
We hope that this collection of research articles contribute to a better understanding 
of ROS in inflammation.
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Editorial on the Research Topic

Oxidants and Redox Signaling in Inflammation

Inflammation is a biological response of the host to any harmful (infectious or sterile) aberration.
Anti-inflammatory and pro-resolving mediators are secreted shortly after the beginning of the
inflammatory response to revert destruction and repair tissues. Inadequate transition from the
inflammatory phase to resolution could lead to a plethora of chronic inflammatory diseases,
including atherosclerosis, cancer, chronic respiratory disorders, arthritis, inflammatory bowel
disease, allergies, and Alzheimer’s disease (1, 2).

During the last two decades, a shift in the view of the role of reactive oxygen species (ROS)
has emerged to be viewed as critical regulators of the inflammatory process. ROS were previously
viewedmainly as driving inflammation through toxic effects, based on their strong association with
the inflammatory response and direct toxic effects at high concentrations (3). However, genetic
evidence underlined a much broader role of ROS, as it was found that experimental animals with
genetic variants leading to low ROS responsiveness have a higher risk of developing autoimmune
diseases (4–6). More recently, it was shown that Ncf1 (p47phox) and low ROS responsiveness are
important factors in human autoimmune diseases. As a direct follow up of the experimental studies,
a single nucleotide polymorphism in the Ncf1 gene was recently shown to be an important genetic
factor in the common autoimmune disease systemic lupus erythematosus (SLE) (6, 7).

The biological effects of ROS are complex and regulate the inflammatory response in specific
ways. ROS regulate intracellular signaling by oxidizing amino acid residues, such as cysteine and
lysine, oxidize lipids and nucleic acids, and under physiological conditions are kept in balance
and compartmentalized by antioxidant enzymes (8, 9). Despite great progress in the field of
redox biology, much remains unknown regarding the specific redox mechanisms that control the
inflammatory process and mediate the pathogenesis of chronic inflammatory disorders.

This Research Topic entitled “Oxidants and Redox Signaling in Inflammation” focuses on the
sources of ROS in inflammation, further explores how ROS interact with their downstream targets,
identifies novel redox cell signaling pathways, discusses new ROS detection techniques and describe
new therapeutic strategies to treat chronic inflammatory diseases. The published research articles
are briefly described below.

The review article published by Reshetnikov et al. introduces the pivotal role of neutrophils
and neutrophil-derived ROS in innate immune response and regulation of inflammatory
responses involving cytotoxic effects, neutrophil extracellular trap formation, secretion of various
proteases and antimicrobial factors. They highlight various compounds which can amplify ROS
production by neutrophils both in vitro and in vivo and discuss their therapeutic potential. In
addition, they summarize possible approaches to enhance ROS production to treat inflammatory,
autoimmune, and bacterial diseases. The review article by Sirokmány and Geiszt provides a timely
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overview of heme peroxidases and their associations with
H2O2-generating NADPH oxidases. Using human and metazoan
examples, the authors describe the functional relationship and
biological consequences of the tandem interaction between
NADPH oxidases and heme peroxidases.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a
transcription factor that provides resistance to oxidative stress
and metal toxicity (10). Encountering ROS, Nrf2 binds to the
antioxidant response elements located in the upstream promoter
region of antioxidant genes and initiates their transcription.
The first original research article in this issue by Han et al.
investigated the therapeutic potential of dimethyl fumarate
(DMF), an Nrf2 activator, for the treatment of acute graft-vs.-
host disease (aGVHD). The authors report that DMF treatment
attenuated histological damage and improved the survival of
mice with aGVHD following MHC-mismatched allogeneic
hematopoietic stem cell transplantation (allo-HSCT). Another
study by Ohl et al. using murine models evaluated the effects of
constitutive Nrf2 activation on myeloid-derived suppressor cells
(MDSCs), which are known regulators of pathological immune
responses due to their potent immunosuppressive effect. They
demonstrated that constitutive Nrf2 activation in hematopoietic
cells (VAVcreKeapfl/fl) upregulates immunosuppressive
MDSCs and maintains metabolic homeostasis of these
cells. In addition, mice with constitutive Nrf2 activation
were resistant to lethal doses of LPS, indicating a key role
of Nrf2 in the generation of tolerant MDSCs and protection
against sepsis.

NADPH oxidases (Nox) are multi-subunit enzyme complexes
that transfer electrons to oxygen to generate superoxide anion
(O•−

2 ), or its dismuted form, hydrogen peroxide (H2O2)
(11). Nox2 is dormant in quiescent cells and becomes
rapidly activated upon exposure to various exogenous stimuli.
Singla et al. found that activation of PKCδ and Nox2-
derived ROS stimulate antigen macropinocytosis in immature
dendritic cells (iDCs). Using genetically modified iDCs, they
demonstrated the role of PKCδ-mediated Nox2 activation in
iDC macropinocytosis, maturation and subsequent secretion
of T-cell stimulatory cytokines, which are crucial for T-cell
mediated immune responses. Chronic granulomatous disease
(CGD) is characterized by mutations in the CYBB gene (encodes
Nox2) and CGD patients are more susceptible to pathogenic
infection due to decreased ROS generation (12). The interesting
study published by Cachat et al. showed elevated levels of IgG2

in both CGD patients and Nox2 knockout mice, increased
IgG1, IgG2b, and IgG2c production following immunization
with ovalbumin + curdlan (dectin-1 agonist) and augmented
T-cell activation in Nox2-deficient mice. Following stimulation
of Nox2-deficient DCs, they found an increase in the release
of Th1 stimulating cytokines. The authors concluded that DC
Nox2 plays an important role at the interface of innate and
specific immunity.

Nox1 is a major source of ROS in the colon (13). Nox1
consists of the membrane-bound p22phox (CYBA) and two
cytosolic subunits (NoxA1 and NoxO1). As NoxO1 lacks the
autoinhibitory region (AIR) observed in Ncf1, NoxO1 is able to
associate with p22phox constitutively, leading to O•−

2 generation

in the absence of exogenous stimuli. The study by Moll
et al. demonstrated that lack of NoxO1 stimulates proliferation
and inhibits apoptosis of colon epithelial cells. Furthermore,
NoxO1 deletion increased the severity of dextran sulfate sodium
(DSS)-induced colitis and contributed to the development of
azoxymethane/DSS-induced colon cancer. An original research
investigation by Carvalho et al. studied DSS-induced acute and
chronic colitis in wild type andNcf1-mutant mice. They observed
more severe clinical scores of colitis in mutant mice compared
to controls. Interestingly, Ncf1-mutant, but not control, mice
developed adenocarcinoma in the DSS-induced colitis model.
The authors concluded that Ncf1-mediated ROS generation is
essential to prevent the development of adenocarcinoma from
chronic colitis.

Proniewski et al. employed a novel technique using immuno-
spin trapping and fluorescent detection of DMPO nitrone
adducts to characterize and quantify the progression of oxidative
modifications in a murine model of heart failure (Tgαq∗44 mice).
Progressive elevation of DMPO nitrone adducts was detected
in the cardiomyocytes and coronary endothelium of 10- to 16-
month-old Tgαq∗44 mice compared to age-matched controls.

Pneumonia is a leading cause of death in children and
elder individuals worldwide (14, 15). However, the mechanisms
by which pneumolysin (PLY), a toxin produced by causative
bacteria, induce pulmonary permeability edema and acute lung
injury are not fully understood. Li et al. have shown that
Hsp70 overexpression using adenovirus-mediated gene transfer
or geranylgeranylacetone (GGA) attenuate PLY-induced increase
in lung microvascular endothelial cell permeability via reducing
mitochondrial ROS production and cell death. These results
suggest that acute upregulation of Hsp70 may be an effective
therapeutic approach in the treatment of lung injury associated
with pneumonia.

Finally, Widdrington et al. investigated the association
between compensatory immune responses and mitochondrial
function, triggered by an inflammatory stimulus in monocytes.
Exposure of monocytes to LPS caused early oxidative stress (6 h),
which was resolved by induction of antioxidant mechanisms and
mitochondrial degradation through mitophagy.

The articles published in this Research Topic contribute to
a better understanding of redox regulation of inflammatory
processes. The knowledge gained from these studies may help
identifying novel therapeutic targets to aid resolution and combat
chronic inflammatory disorders.
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A number of chemical compounds are known, which amplify the availability of reac-
tive oxygen species (ROS) in neutrophils both in vitro and in vivo. They can be roughly 
classified into NADPH oxidase 2 (NOX2)-dependent and NOX2-independent reagents. 
NOX2 activation is triggered by protein kinase C agonists (e.g., phorbol esters, transition 
metal ions), redox mediators (e.g., paraquat) or formyl peptide receptor (FPR) agonists 
(e.g., aromatic hydrazine derivatives). NOX2-independent mechanisms are realized by 
reagents affecting glutathione homeostasis (e.g., l-buthionine sulfoximine), modulators 
of the mitochondrial respiratory chain (e.g., ionophores, inositol mimics, and agonists 
of peroxisome proliferator-activated receptor γ) and chemical ROS amplifiers [e.g., 
aminoferrocene-based prodrugs (ABPs)]. Since a number of inflammatory and autoim-
mune diseases, as well as cancer and bacterial infections, are triggered or enhanced by 
aberrant ROS production in neutrophils, it is tempting to use ROS amplifiers as drugs for 
the treatment of these diseases. However, since the known reagents are not cell specific, 
their application for treatment likely causes systemic enhancement of oxidative stress, 
leading to severe side effects. Cell-targeted ROS enhancement can be achieved either 
by using conjugates of ROS amplifiers with ligands binding to receptors expressed on 
neutrophils (e.g., the GPI-anchored myeloid differentiation marker Ly6G or FPR) or by 
designing reagents activated by neutrophil function [e.g., phagocytic activity or enzy-
matic activity of neutrophil elastase (NE)]. Since binding of an artificial ligand to a receptor 
may trigger or inhibit priming of neutrophils the latter approach has a smaller potential for 
severe side effects and is probably better suitable for therapy. Here, we review current 
approaches for the use of ROS amplifiers and discuss their applicability for treatment.  
As an example, we suggest a possible design of neutrophil-specific ROS amplifiers, 
which are based on NE-activated ABPs.

Keywords: aminoferrocenes, autoimmune disease, chronic granulomatous disease, inflammation, NADPH 
oxidase 2, neutrophils, reactive oxygen species, therapy

iNTRODUCTiON

Neutrophils are formed from stem cells in the bone marrow and constitute roughly 40–75% of the 
leukocyte population in humans, which makes them the most abundant white blood cells. They play 
a key role in the response of the innate immune system toward both infectious and sterile agents. 
These cells possess high mobility due to their characteristic segmented nuclei that coined them the 
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FigURe 1 | Influence of reactive oxygen species (ROS) on immune cell function. (A) The mechanism of deactivation of T-cells by ROS and reactive nitrogen species 
produced by neutrophils and monocytes/macrophages. This process is facilitated by the proximity of macrophages and T-cells at the sites of infection due to 
binding of the T-cells to antigens presented on the macrophage surface. (B) Oxidative burst in normal primed neutrophils leading to ROS production and neutrophil 
extracellular trap (NET) formation. (C) Aberrant response of NADPH oxidase 2-deficient neutrophils (e.g., in chronic granulomatous disease) leading to low ROS and 
insufficient NET formation. This deficiency can be fixed by applying ROS amplifiers.
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name polymorphonuclear (PMN) cells. Therefore, neutrophils 
can quickly migrate from blood to the site of inflammation, 
where they respond with either phagocytosis of the inflammatory 
trigger or with degranulation, finally resulting in disintegration 
of pathogens. Alternatively, neutrophils release DNA-rich neu-
trophil extracellular traps (NETs), which entrap and neutralize 
infectious pathogens and sterile factors (1, 2). Additionally, 
neutrophils recruit macrophages, activate dendritic cells, trigger 
production of antibodies, and stimulate CD4+ and CD8+ T cells, 
thereby affecting the adaptive immune system (3–5). In many 
of these crucial processes the generation of reactive oxygen 
species (ROS) plays a key role, either because ROS act directly 
as cytotoxic agents against pathogens or as important regula-
tors of inflammatory responses including, e.g., NET formation, 
secretion of various proteases, redox enzymes, and antimicrobial 
factors. In fully functional primed neutrophils, ROS are mainly 

produced by NADPH oxidase 2 (NOX2) resulting in the so-called 
oxidative burst. In contrast to its pro-inflammatory role during 
the early phase of the fight against infections, ROS can also inhibit 
inflammatory responses (6), e.g., by deactivation of T cells (7–10) 
or by degradation of inflammatory mediators in NETs (11–13) 
(Figure 1). In agreement with these functions, insufficient ROS 
production by neutrophils, e.g., due to NOX2 deficiency results in 
persistent infections but also in autoimmunity and non-resolving 
inflammation, as can be observed in chronic granulomatous 
disease (CGD) (14–17).

Despite modern clinical management, long-term outcomes 
in patients with CGD are still bleak, especially for those indi-
viduals with fewer than 10% neutrophils with normal oxidase 
activity (18, 19). Hematopoietic stem cell transplantations, as 
the first-line definitive therapy in CGD, are often hampered by 
limitations in available matched bone marrow donors and the 
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FigURe 2 | Generation and transformation of reactive oxygen species in live 
cells. Reactive species are red colored.
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risk of graft-versus-host disease (20). In the last years, techni-
cal advantages have also paved the way for specific gene editing 
to restore proteins encoded by genes carrying loss-of-function 
mutations [reviewed in Ref. (21)]. Particularly, gene therapy 
using lentiviral vectors enabling specific expression in myeloid 
cells (22) and approaches employing the clustered regularly 
interspaced short palindromic repeats/Cas9 system (23) have 
obtained promising results.

An alternative approach would be the use of drugs that are 
capable to trigger ROS generation in NOX2-deficient neutrophils. 
Such compounds would have the potential to both stimulate the 
immune system and prevent chronic inflammation (24). In this 
review, we summarize chemical substances that reportedly can be 
used for stimulation of ROS production in neutrophils. We also 
discuss mechanisms of action as well as problems in application 
of these compounds as drugs and suggest possible solutions.

FORMATiON OF ROS UPON PRiMiNg OF 
FUNCTiONAL NeUTROPHiLS AND THeiR 
MUTUAL TRANSFORMATiONS iN Live 
ORgANiSMS

The multienzymatic NOX2 is activated upon neutrophil priming. 
In the active state it is able to catalyze one-electron reduction of 
molecular oxygen (3O2) with the formation of a superoxide anion 
radical O2

−•( ) (Figure  2). This reactive and, therefore, short-
lived anion is one of the key precursors of other ROS in cells 
and the extracellular space, including hydrogen peroxide (H2O2), 
hydroxyl radicals (HO•), hypochlorous acid (HOCl) and its 
anion hypochlorite (ClO−), singlet oxygen (1O2), as well as a series 
of reactive nitrogen species, e.g., peroxynitrite (ONOO−) and 
carbon-centered (R•), alkoxy- (RO•) and alkylperoxy-radicals 
(ROO•). In aqueous solution O2

−• is dismutated spontaneously 
with formation of H2O2 and 3O2. This reaction is accelerated over 
104-fold in the presence of superoxide dismutase. In contrast 
to O2

−•, H2O2 is a stable molecule. For example, concentrated 
aqueous solutions of H2O2 are commercially available, can be 
safely delivered over long distances and stored over extended 
time. Apart from NOX2, the protein folding machinery in the 
endoplasmic reticulum (ER) also causes generation of ROS (25).

H2O2 is able to cross the cellular membrane, e.g., via the aqua-
porin-mediated pathway (26, 27). Therefore, it is distributed over 
both the intracellular and extracellular space independently of its 

site of generation. Though H2O2 is itself not a toxic molecule, in 
the presence of electron donors, e.g., Cu+ or Fe2+, it is reduced with 
cleavage of the O-O bond leading to formation of the hydroxide 
anion HO− and the HO• radical (Fenton reaction, Figure 2). HO• 
radicals are extremely reactive and, therefore, short-lived. They 
are capable of subtracting a hydrogen atom (“H”) even from very 
stable (bio)molecules, e.g., lipids, nucleic acids, proteins that leads 
to formation of a variety of organic radicals (e.g., R•, RO•, and 
ROO•), deactivation of the biomolecules, and ultimately induc-
tion of cell death via different pathways, e.g., apoptosis, necrosis, 
or the formation of NETs. Other reactions leading to H2O2 elimi-
nation in cells include catalase (CA)-induced conversion of H2O2 
to water and molecular oxygen (3O2) and glutathione peroxidase-
catalyzed reduction of H2O2 in the presence of glutathione (GSH) 
with the formation of glutathione disulfide (GSSG) and water. 
Interestingly, H2O2 is accumulated in some organelles, e.g., lys-
osomes (LY) and the ER. This can be explained by the low catalase 
activity in LY (28) and the low concentration of reduced GSH in 
ER relatively to its concentration in cytoplasm (29).

In neutrophils, H2O2 is also used as a substrate of myeloper-
oxidase (MPO), which transforms Cl− anions to highly reactive 
HOCl. At pH 7 the latter acid (pKa~7.5) is partially dissociated, 
forming ClO− anions. In the MPO-catalyzed reaction both H2O2 
and ClO− co-exist for some time in solution. At these conditions 
electronically excited form of molecular oxygen 1O2 is formed 
with high yield (30). In contrast to highly reactive HO• and O2

−•,  
which act locally at the site of their generation, 1O2 exhibits 
extended lifetime in aqueous solution of ~3 μs and can migrate 
over 100 nm after its generation (31).

Furthermore, nitric oxide (NO•), which is a rather reactive 
inorganic radical, is generated from l-arginine in the presence 
of inducible NO-synthase in activated macrophages (32) and to 
the lesser degree in primed neutrophils themselves (33). Since 
macrophages are located at the infection site in close proximity to 
neutrophils, NO• produced by these cells can combine with O2

−• 
generated by neutrophils in an extremely quick reaction with the 
formation of highly reactive ONOO−. All these species (ROS, 
NO•, and ONOO−) chemically modify and in this way deactivate 
extracellular receptors of neighboring T cells or even cause their 
apoptosis and necrosis (8–10).

STiMULATiON OF ROS PRODUCTiON  
iN NeUTROPHiLS BY CHeMiCAL 
COMPOUNDS

Chemical and natural compounds amplifying the ROS amount 
in neutrophils can be classified as NOX2-dependent modulators, 
which are more common, and NOX2-independent ones.

NOX2-Dependent ROS Modulators
Protein Kinase C (PKC) Agonists
After its activation within cells, PKC catalyzes phosphorylation 
of the p47phox subunit of the protein associate p47phox/SH3/p7phox 
(Figure  3A). The resulting product migrates to the cellular 
membrane, where it is assembled due to the interaction between 
SH3 and p22phox subunits with formation of the functional NOX2 
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FigURe 3 | Representative reactive oxygen species (ROS) modulators in neutrophils. (A–C): NADPH oxidase 2(NOX2)-dependent modulators. Quin-C1 is an formyl 
peptide receptor agonist, but does not induce ROS in cells. (D) NOX2-independent modulators. Structurally related fragments in DAC and phorbol myristate acetate 
are indicated with red color.
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system (34). Therefore, compounds enhancing the PKC activity 
(PKC agonists) are expected to stimulate NOX2 formation and 
correspondingly increase ROS generation. Examples of such 
agonists include a variety of hydrophobic phorbol esters, e.g., 
phorbol myristate acetate (PMA) and phorbol dibutyrate (PDB). 
These compounds act in this way due to their similarity to the 
natural activator of PKC, diacylglycerol (DAC) (Figure 3A). They 
are broadly used in immunological research. However, these 
esters exhibit a number of undesired side effects in vivo, which 
prevents their therapeutic applications. For example, PMA is 
oncogenic and can cause fever (35). The effects of phorbol esters 
are attenuated by diphenyleneiodonium (DPI), a commonly used 
unspecific covalent inhibitor of NOX2, which binds to reduced 
flavin adenine dinucleotide in the gp91phox subunit (36). These 
data confirm that the increased ROS production in neutrophils 
in response PMA is derived from the NOX2 activity.

The Ca2+-ionophore A23187 (Figure 3D) was found to further 
enhance the ROS-production in PDB-treated neutrophils (37). 
This synergy is logical, since the increased amount of intracel-
lular Ca2+, caused by the treatment with Ca2+-ionophores such 
as A23187 and ionomycin, is expected to further stimulate PKC. 
Additionally to that, it has been found that Ca2+ strengthens bind-
ing of phorbol esters to their receptors (37). A number of other 
natural and synthetic agonists of PKC, which are either analogs 
of phorbol esters or unrelated structures, have been reported. 
However, clinical application of all known agonists is limited by 
substantial side effects (38).

Fully inorganic PKC activators, which are known to increase 
ROS in neutrophils in vitro, include ionic salts of the soft transi-
tion metal ions Zn2+, Cd2+, and Ni2+ ions. They are usually only 
active at the high concentration of ≥1 mM (39, 40). The metal 
ion effect is strongly dependent on the presence of chelating 
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agents in the medium. Otherwise, the mechanism of activation is  
not known.

Redox Mediators
Paraquat is an intensely colored, dicationic 4,4′-bipyridinium 
salt (other name: methyl viologen) (Figure 3B). This compound 
is used as a broad spectrum herbicide. Its mode of action relies 
on its powerful electron acceptor properties. For example, in 
plants it accepts an electron from photosystem I with forma-
tion of a resonance-stabilized organic radical (Figure 3B). The 
latter species transfer the electron further to molecular oxygen 
with formation of O2

−• followed by generation of other ROS (as 
described above). The toxic effects of ROS generation in plants 
explain the herbicidal properties of paraquat. In humans this 
drug is accumulated in lungs, where it catalyzes ROS production 
by mediation of the electron transfer to oxygen, analogously to 
its effect in plants, that leads to acute lung injury (41). In mam-
malian cells, NAPDH can potentially act as donor of electrons for 
paraquat (42). It has been reported that in neutrophils paraquat-
induced ROS generation activates p38 MAPK and NF-kB signal-
ing pathways thereby delaying neutrophil apoptosis. This effect  
is fully blocked by NOX2 inhibitors and partially blocked by PKC 
inhibitors confirming the involvement of the latter two enzymes 
in the paraquat-induced activation of neutrophils (43, 44).

Formyl Peptide Receptor (FPR) Agonists
Formyl peptide receptor is a G-protein coupled receptor 
expressed on the neutrophil membrane (45). Its stimulation 
by the bacteria-specific peptide formylmethionyl-leucyl-
phenylalanine (fMLF) activates NOX2 thereby inducing ROS 
generation (Figure  3C). A number of organic molecules have 
been discovered, which act as fMLF mimics and, therefore, are 
able to stimulate ROS production in functional neutrophils. 
They include compounds 14, 104 (46), 43 (A) (47, 48), 5, and 
10 (49). In contrast to the parent stimulant fMLF, all synthetic 
ligands are heterocyclic compounds. It is worth noting that many 
potent synthetic FPR ligands reported in the literature contain 
one N-N bond (Figure 3C). The role of this structural element 
still remains to be clarified.

Not all FPR agonists induce ROS production in neutrophils. 
One such example is the quinazolinone C derivative Quin-C1 
(50, 51). Though it does not generate ROS, it induces mobilization 
of Ca2+, chemotaxis, and secretion of beta-glucuronidase.

Other known NOX2-activators include alkanes CnH2n+2 
(n  =  10–13) and phytol, which are active in the millimolar 
concentration range (24, 52) as well as a series of patented quin-
olinone derivatives (53).

NOX2-independent ROS Modulators
Electron-Deficient Compounds Reactive With 
Sulfur- and Selen-Containing Biomolecules
A number of electron-deficient (electrophilic) chemical com-
pounds increasing intracellular ROS amount in transformed and 
proliferating cells have been reported (Figure 3D). However, they 
are not necessarily applicable for modulation of ROS in neutro-
phils, which are terminally differentiated cells. For example, 

arsenic trioxide (As2O3, Trisenox) is a clinically approved inor-
ganic drug for the treatment of acute promyelocytic leukemia. 
It is a relatively soft electrophile, which can coordinate soft 
nucleophilic sulfhydryl and selen-containing biomolecules in 
cells (54). For example, glutathione (GSH)-depleted cancer cells 
are especially sensitive to As2O3 indicating the important role of 
this tripeptide in As2O3-detoxification (55). The sulfhydryl- and 
selen-containing biomolecules including, e.g., GSH, glutathione 
reductase, and thioredoxin reductase participate in neutraliza-
tion of ROS in the cells. Their deactivation by As2O3 usually 
leads to ROS increase in mammalian cells, which is believed 
to be one of the reasons of the anticancer activity of this drug. 
However, though the treatment of neutrophils with As2O3 causes 
their apoptosis, the latter is not associated with increase of the 
intracellular ROS amount (56). One possible explanation of this 
fact is the higher antioxidant capacity in neutrophils than that of 
As2O3

– sensitive cancer cells. In particular, it has been found that 
even during the oxidative burst the amount of bulk antioxidants 
in neutrophils including GSH/GSSG, ascorbate, and vitamin E is 
not significantly altered (57).

Some highly potent drugs affecting homeostasis of intracel-
lular thiols were found to induce oxidative stress also in myeloid 
cells. For example, l-buthionine sulfoximine (BSO, Figure 3D), 
an inhibitor of gamma-glutamyl-cysteine-synthase (γGCS) and 
suppressor of GSH synthesis, was found to enhance the oxidative 
stress in neutrophils and in cultured myeloid progenitors (58). 
This effect was also reproduced in vivo both for wild-type and 
X-linked CGD mice (59). Since NOX2 is not functional in the 
CGD mice, the BSO-induced ROS increase in the latter case 
should be NOX2 independent. In general, the effect of BSO 
and other GSH modulators on ROS production in neutrophils 
is substantially weaker than that in cancer cells. One possible 
explanation of that is the low level of GSH-dependent antioxidant 
enzymes in neutrophils, whose antioxidative protection seems to 
rely more strongly on the catalase activity (60).

Modulators of the Intracellular Concentration  
of Ca2+ ions
Ca2+ ions are present in high concentrations in extracellular space 
and in the intracellular organelle ER. Release of this metal ion 
into the cytoplasm triggers a number of biochemical processes 
including, e.g., NET-formation and mitochondrial permeability 
transition (61–63). Ca2+ transfer across the membrane can be 
induced by Ca2+ ionophores, e.g., A23187 or ionomycin. The 
ROS-enhancing effects of these ionophores were demonstrated 
for neutrophils as well as other cells (61–63). However, ROS 
produced by NOX2 are not essential for the effects of both iono-
phores, e.g., on formation of NETs (61).

Inositol Mimics
γ-Hexaclorocyclohexane (common abbreviation HCCH, other 
name Lindane) is a potent insecticide. It is also used for the treat-
ment of scabies and lice infestation. However, these pharmaceuti-
cal applications have been restricted in many western countries 
due to pronounced side effects of Lindane, including neuro-, 
nephro-, and hepatotoxicity. Moreover, this compound was 
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classified as carcinogenic for humans (group 1). Since Lindane is 
structurally related to inositol, it affects the phosphatidylinositol 
(PI) cycle in many cells (64), including those of myeloid origin. 
In particular, this drug triggers ROS amplification in pulmonary 
alveolar macrophages that is accompanied by increase of the PI 
turnover and intracellular Ca2+ concentration (65). The modula-
tion of ROS and intracellular Ca2+ by Lindane was also observed 
in neutrophils. Additionally, this reagent was found to stimulate 
degranulation, but did not act as a chemotactic agent, which dis-
tinguishes it from stimulants like PMA (66). Apart from being an 
inositol mimic, HCCH is a hydrophobic molecule. It seems to be 
aggregated in aqueous solution as evidenced by its concentration-
dependent octanol-water partition coefficients ranging from 
logP = 3.7 at 10 mg/L to logP = 3.9 at <0.1 μg/L (67). Due to these 
hydrophobic properties, Lindane can interact efficiently with 
cellular membranes leading to reorganization of phospholipids. 
In such altered membranes the phospholipids are more exposed 
to the external factors and, therefore, prone to degradation (68). 
One of the products formed during this degradation process is 
arachidonic acid (AA). AA can stimulate ROS production at 
least via two alternative pathways. In particular, AA as well as its 
metabolites can potentially activate NOX2 (69). Moreover, AA 
inhibits complex I and III of the mitochondrial respiratory chain 
that causes electron leakage and generation of superoxide anion 
radicals as well as other ROS (70). Since NOX2 inhibitors do not 
attenuate the HCCH-induced ROS-modulation in neutrophils, 
one can conclude that the mitochondrial AA-mediated pathway 
predominates in the Lindane-induced oxidative stress in the cells 
of this type.

Effectors of Mitochondrial ROS
Thioglitazones, e.g., pioglitazone and related derivatives, are 
drugs exhibiting insulin-sensitizing properties (71). They are 
approved for the treatment of type 2 diabetes. Moreover, these 
compounds are known to have moderate antiproliferative and 
anti-inflammatory activity (72). The mechanism of action of 
thioglitazones relies on activation (agonist properties) of peroxi-
some proliferator-activated receptor γ, which is a transcription 
factor of the nuclear receptor family. Moreover, they are known 
to induce production of mitochondrial ROS both in neutrophils 
and other cell types (73, 74) due to inactivation of complex I of 
the mitochondrial respiratory chain (75). Other common inhibi-
tors of the complex I including rotenone (a natural compound, 
used as insecticide and pesticide) and metformin (a synthetic 
compound, first-line drug for the treatment of diabetes type 2) 
also induce ROS generation in neutrophils (76). As expected, 
this effect is not NOX2-dependent. Therefore, these drugs can 
be used for ROS modulation in NOX2-deficient states, as it 
has been demonstrated for pioglitazone in gp91phox−/− mice (a 
CGD model) and ex vivo for primary cells from X-linked CGD 
patients (74).

Neutrophil-Specific ROS Modulation
It has been convincingly confirmed in vitro and in vivo in sev-
eral animal models of human inflammatory and autoimmune 
diseases that controlled increase of ROS can be beneficial for 
the pathological conditions caused by insufficient NOX2 activity 

in neutrophils, e.g., CGD (74), RA (7, 24), and systemic lupus 
erythematosus (77). Therefore, it would be appealing to use 
ROS amplifiers for the treatment of these and related diseases. 
However, known drugs of this type exhibit a number of undesired 
side effects due to their influence on other cells than neutrophils. 
Therefore, for the further clinical development of ROS-enhancing 
therapies, drugs specific toward neutrophils and able to trigger 
ROS production at the desired time points, including, e.g., patho-
gen challenge in CGD, are desirable.

The targeting of the therapeutic agents can in principle be con-
ducted by using approaches developed for non-invasive tracking 
of neutrophils in  vivo. For example, neutrophils were success-
fully labeled and monitored using quantum dots conjugated to 
a monoclonal antibody, raised against GPI-anchored myeloid 
differentiation marker (Ly6G or Gr1).

Though the labeled neutrophils remained fully functional in 
this case (78), higher loading of the drug would be necessary for 
a functional therapy approach. At these conditions antibodies 
against Ly6G (per example clone 1A8) are known to cause neu-
tropenia in vivo (79). Another known approach for neutrophil 
labeling in mice makes use of targeting FPR. In particular, it 
has been demonstrated that conjugates of non-natural peptide 
ligand cinnamoyl-F-(D)L-F-(D)-L-FK (cFLFLF) with either the 
radioactive 64Cu complex (80) or the near-infrared fluorescence 
imaging probe Cy7 (81) can be used for neutrophil labeling 
and monitoring in mice: binding affinity of the Cu-conjugate 
to FPR was found to be ~18 nM. The weak agonistic effect of 
cFLFLF on FPR is not crucial in this case, since low loading 
of the detectable moiety is sufficient for the labeling. However, 
higher loading, required for functional therapy, is expected to 
cause unspecific neutrophil activation triggering an unwanted 
immune response.

Albertine and Gee (82) have reported on an alternative, 
receptor-independent approach for neutrophil labeling in  vivo. 
In particular, they applied the hydrophobic cationic dye PKH26, 
which is commercially available from Merck (previously Sigma-
Aldrich). Under optimized conditions this dye forms micro-
aggregates, which are preferentially taken up by neutrophils 
in vivo. However, it has been found later on that these aggregates 
are also taken by other phagocytic cells, e.g., macrophages. Though 
at the concentrations required for labeling PKH26 is not toxic, in 
the presence of day light the toxicity is dramatically increased 
(83). Furthermore, PKH26 and related structures containing a 
positively charged polar head and two hydrophobic tail groups at 
higher concentrations, which would be required for the therapy, 
can potentially induce lysis of red blood cells. Thus, we conclude 
that all known neutrophil-targeting approaches are not ideal for 
therapeutic applications.

This warrants further research efforts in this field. A possible 
solution of the problems addressed above is the use of aminofer-
rocene-based prodrugs (ABP), which were originally developed 
for targeting cancer cells (84–91). A structure of the parent ABP is 
shown in Figure 4. Here the ferrocene fragment is a functional unit, 
which is covalently attached to an electron-acceptor protecting 
group (arylmethyloxycarbonylamino). Therefore, the molecules 
of this type are relatively electron-deficient and, correspondingly, 
do not act as electron donors both in the extracellular space and 
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FigURe 4 | A general structure of aminoferrocene-based prodrugs (ABPs) 
and the mechanisms of their activation after cleavage of the triggering moiety 
(TM). The NE-sepcific TM is based on the peptide reported in Ref. (92).
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in cells (84). Furthermore, the ABP contains a triggering moiety 
(TM). Its removal leads to formation of unstable phenol or aniline 
derivatives, which spontaneously undergo 1,6-elimination with 
formation of substituted aminoferrocenes (AmFc). The AmFc 
derivatives are substantially more electron-rich than the parent 
ABPs (the redox potential ΔE1/2 is shifted by ca. 0.3V). Therefore, 
in contrast to the ABPs, they act as electron donors for endog-
enous H2O2 and 3O2 leading to formation of highly reactive ROS 
(HO• and O2

−•) as well as ferrocenium cations [AmFc]+. The 
latter product can be reduced back to the AmFc by endogenous 
bulk reducing agents (GSH, ascorbate, and NADPH), thereby 
closing the catalytic cycle. The ABPs were found to be power-
ful ROS amplifiers both in vitro (experiments with cell cultures 
and primary cells) and in vivo (experiments with mice and rats). 
By the variation of the TM moiety one can potentially design 
any cell-specific prodrug providing the cell-specific enzymatic 
activity is known. For example, already validated TM’s include 
aryl boronic acid esters (cancer cell-specific and activated under 
conditions of enhanced oxidative stress), arylazides (hypoxia-
specific activation), and carboxylic acid ester (activation in the 
presence of esterases). Therefore, it is of high interest to explore 

the possibility of using these versatile prodrugs for design of 
neutrophil-specific ROS amplifiers.

Current ideas and Future Perspectives
In pilot studies, we confirmed that a representative ABP com-
pound, MIS43 (81), is able to enhance ROS in normal neutrophils. 
This effect is not inhibited by DPI, which indicates that it is not 
NOX2-dependent. We observed that at the selected experimental 
conditions MIS43 is a more potent ROS amplifier than known 
ones including Lindane and BSO, whereas the effect of PMA was 
found to be stronger (unpublished results).

To create a neutrophil-specific ROS amplifier, we suggest 
incorporating neutrophil elastase (NE)-specific moieties as TMs 
in the ABP structure (Figure 4). We selected NE as a neutrophil 
target, since it is released in the extracellular space and in phago-
some and activated only upon neutrophil stimulation, whereas its 
activity is absent in inactive neutrophils. Moreover, it is known 
that NOX2-deficient neutrophils release large amounts of NE 
(93). Therefore, potentially such NE-specific ABPs can be used 
to enhance ROS specifically in NOX2-deficient neutrophils, 
which are relevant for CGD, RA, and lupus. As a NE-specific TM 
one can select a reactive fragment from the number of reported 
NE-specific fluorogenic substrates. For example, the non-natural 
tetrapeptide Ac-Nle(OBzl)-Met(O)2-Oic-Abu- could be suitable. 
In particular, this tetrapeptide is NE-specific. Moreover, since it 
is an artificial structure, it is not expected to be unspecifically 
degraded in vivo (92).
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Acute graft-versus-host disease (aGVHD) remains a clinical challenge and a major 
source of morbidity and mortality following allogeneic hematopoietic stem cell trans-
plantation (allo-HSCT). Dimethyl fumarate (DMF), an activator of Nrf2, has been shown 
to have anti-inflammatory and immunomodulatory properties without significant immu-
nosuppression. We therefore hypothesized that DMF could be potentially harnessed 
for the treatment of aGVHD with retention of graft-versus-tumor effect. In this study, we 
showed that DMF significantly inhibited alloreactive T cell responses in vitro in mixed 
lymphocyte reaction assay. Administration of DMF significantly alleviated the severity, 
histological damage, and the overall mortality of aGVHD in an MHC-mismatched 
aGVHD model. DMF administration reduced the activation and effector function of donor 
T cells in vitro and in vivo. In addition, DMF treatment upregulated antioxidant enzymes 
heme oxygenase-1 and glutathione S-transferase-α1 expressions. Furthermore, DMF 
treatment markedly increased the frequencies of Treg cells. Depletion of CD25+ cells 
in DMF recipients aggravated aGVHD mortality compared with IgG control recipients. 
DMF could promote Treg cell differentiation in a dose dependent manner by upreg-
ulating TGF-β expression in  vitro. Most importantly, DMF administration preserved 
graft-versus-leukemia effect after bone marrow transplantation. In conclusion, our 
findings demonstrated DMF as a promising agent for the prevention of aGVHD after 
allo-HSCT.

Keywords: acute graft-versus-host disease, graft-versus-leukemia, nrf2, dimethyl fumarate, Treg cells

inTrODUcTiOn

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) has become a potential cura-
tive treatment for malignant hematological diseases (1). However, the success of an allo-HSCT 
is frequently limited by life-threatening complications, such as acute graft-versus-host disease 
(aGVHD) (1). aGVHD is a T cell-mediated disease which is caused by alloreactive donor T cells 
recognizing and attacking recipient target organs, such as the liver, lungs, intestines and skin (2). 
Various effector T subsets, Th1, Th2, and Th17, are involved in the pathogenesis of aGVHD (3). 
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They particularly contribute to the initiation and development 
and of aGVHD, and have been considered as potential targets for 
the treatment and prevention of aGVHD (3). Currently, therapy  
of established aGVHD is still dependent on corticosteroids, 
despite their limited efficacy and considerable toxicity (2). 
Therefore, development of novel therapies will be critical for the 
prevention and treatment of aGVHD.

It is previously noticed that conditioning regimens includ-
ing high-dose chemotherapy and radiation therapy generally 
result in the formation of reactive oxygen species (ROS) in 
allo-HSCT patients, which triggers inflammatory response and 
tissue injury, and plays an important role in the development 
of aGVHD (4–6). Therefore, appropriate control of oxidative 
stress, particularly ROS production, is crucial for effectively 
managing aGVHD. The transcription factor nuclear factor 
erythroid 2-related factor 2 (Nrf2) is the “master regulator” 
of the antioxidant response. Upon exposure to ROS, Nrf2 
translocates to the nucleus, binds to antioxidant response ele-
ments (AREs) in combination with hundreds of genes located 
in the promoter region to confer antioxidant protective effects 
(7). Therefore, it is proposed that Nrf2 activation can scavenge 
oxygen free radicals produced by conditioning regimens of 
allo-HSCT, then therefore, inhibit oxidative stress damage to 
organs and tissues.

Dimethyl fumarate (DMF) was first proposed by a German 
chemist, Walter Schweckendiek, in 1959, initially for the treat-
ment of psoriasis (8). It was then developed as an oral capsule 
for the treatment of adults with relapsing forms of multiple scle-
rosis (MS) (trade name Tecfidera) on March 27, 2013 (9). The 
pharmacological properties of DMF include the activation of 
Nrf2-dependent antioxidant response and inhibition of NF-κB 
pathway (10). On the one hand, DMF activates Nrf2 and induces 
the expression of many antioxidant defense enzymes, such as the 
sentinel cytoprotectant heme oxygenase-1 (HO-1), NAD(P)H 
quinone oxidoreductase-1, and glutathione S-transferase (GST) 
(11, 12). On the other hand, Nrf2 activation can simultane-
ously inhibit the NF-κB signaling pathway, and consequently 
modulate inflammatory cytokines and chemokine produc-
tion, such as IL-1, IL-2, IL-6, iNOS, IFN-γ, as well as CCL2 
and CXCL10 (11, 13, 14). Moreover, DMF could inhibit Th1 
polarization and promote Th2 differentiation (15, 16), inhibit 
the maturation and function of dendritic cells (DCs), as well as 
the subsequent DC-mediated Th1 and Th17 cell responses (17). 
Furthermore, DMF also suppresses CCL2-induced chemotaxis 
of human monocytes (18), inhibits lipopolysaccharide (LPS) 
induced proinflammatory cytokine production in macrophages 
(19). Therefore, through a combination of Nrf2 activation and 
NF-κB signaling inhibition, DMF has been shown to have anti-
inflammatory, anti-oxidative, and immunomodulatory proper-
ties without significant immunosuppression.

Based on the immunomodulatory effect of DMF, we hypoth-
esize that DMF could have the potential for the treatment of 
aGVHD with retention of graft-versus-tumor effect after allo-
HSCT. In this study, by using murine models of aGVHD and GVL, 
we showed that Nrf2 activation by DMF treatment significantly 
reduced aGVHD without impairing GVL effect. The protective 
role of DMF in aGVHD was associated with increased donor 

Tregs and reduced T cells infiltration and activation in aGVHD 
target organs. Our findings suggest that DMF can be used for the 
prevention and treatment of aGVHD.

MaTerials anD MeThODs

Mice and leukemia cell line
Female C57BL/6 (H-2b) and BALB/C (H-2d) mice were pur-
chased from Shanghai Laboratory Animal Center (Shanghai, 
China). All mice were maintained in a specific pathogen-free 
room at Animal Facilities of Soochow University. Experiments 
were carried out and approved according to the guidelines of 
the animal care and use committee at Soochow University. A20 
lymphoma cells were purchased from American Type Culture 
Collection (Rockville, MD, USA). Cells were cultured at 37°C 
in a 5% CO2 incubator in RPMI 1640 culture media supple-
mented with 10% fetal bovine serum (Biological Industries, 
Co., Haemek, Israel). For bioluminescent imaging, stable 
luciferase-expressing A20 cells (A20-luc) were generated in 
our laboratory.

agVhD and gVl Models
Murine aGVHD and GVL models were induced as described 
previously (20, 21). Briefly, BALB/c mice were given lethally 
650  cGy (one dose) total body irradiation from X-ray, irradi-
ated BALB/c mice was transplanted with 1 × 107 C57BL/6 bone  
marrow cells and 5 × 106 C57BL/6 spleen cells via the tail vein. 
DMF (30 mg/kg body weight, Item No. 50744, Sigma-Aldrich, 
USA) was administrated to the recipient mice by gavage once 
daily starting from day −3 to day 3 after bone marrow trans-
plantation (BMT). 0.8% methocel (Sigma-Aldrich Fluka, USA) 
at the same volume was used as vehicle control. For GVL model, 
1 × 106 A20-luc cells were added to bone marrow graft as men-
tioned above, and injected into lethally irradiated BALB/c mice. 
In vivo bioluminescence imaging was performed as descri bed 
previously (20). Briefly, mice were given an intraperitoneal 
injection of 200 µg firefly luciferin and then anesthetized and 
imaged using Xenogen, IVIS 100 Bioluminescent Imaging 
System (Caliper Life Sciences, Hopkinton, MA, USA). Treg 
depletion was performed as described previously (22, 23). 
Briefly, lethally irradiated BALB/c mice were transplanted with 
5  ×  106 TCD-BM plus 1  ×  106 total spleen T  cells or CD25-
depleted T cells from B6 mice, DMF was administered to these 
recipients, with vehicle treatment as control. T cell depletion was 
performed by anti-Thy1.2 mAb (30H12, Biolegend, USA) and 
rabbit complement (24). T cell purification was performed by 
using mouse T cell isolation kit (catalog #19851, Stemcell tech-
nologies, Vancouver, BC, USA), CD25 depletion was performed 
by using mouse CD25 regulatory T  cell positive selection kit 
(catalog #18782, Stemcell technologies, USA) according to the 
manufacturer’s protocols. Unlabeled CD25 negative cells were 
collected. CD25 depletion efficiency was confirmed by FACS. 
The recipients were monitored daily for survival and every 
three days for body weight changes and clinical signs of GVHD.  
The severity of GVHD was assessed using a GVHD scoring 
system as described previously (20, 21).
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histopathologic analysis
Fourteen days after transplantation, liver, lung, small intestine 
and skin were obtained from the transplanted recipients and 
fixed in 10% formalin. Samples were then embedded in paraf-
fin, sectioned were stained with hematoxylin and eosin. Tissue  
damage was assessed based on a semiquantitative scoring system 
as described previously (25, 26).

Mixed lymphocyte reaction (Mlr)  
and cytotoxicity assay
Mixed lymphocyte reaction assay was performed as described 
previously (27). Briefly, responder T  cells were isolated from 
spleen of C57BL/6 mice by mouse T  cell enrichment kit 
(StemCell Technologies, Vancouver, BC, Canada). Stimulators 
were DCs from BALB/c cells. BM-derived DCs were generated 
and expanded from BALB/c mice with GM-CSF (10 ng/ml) and 
IL-4 (10 ng/ml) for 7 days. DCs were pretreated with DMF or 
DMSO for 24 h, then washed twice with PBS. 1 × 104 DCs treated 
as above were irradiated (30 Gy) and cocultured with 1 × 105 
allogeneic T  cells in U-bottom microwell plates. 5  days later, 
tritiated thymidine (3H-TdR, 1  mCi/well) (Shanghai Institute 
of Physics, Chinese Academy of Sciences) were added to the 
culture for 16–18 h prior to harvesting and were counted on a 
β-plate reader (PerkinElmer Instruments, Meriden, CT, USA). 
Cytokines in the supernatants were collected and measured by 
ELISA. In some experiments, T cells were labeled with CellTrace 
CFSE (5  µmol/L, Invitrogen) according to the manufacturer’s 
protocol. The CFSE dilution was examined by flow cytometry. 
For ex vivo MLR, splenocytes from transplanted recipients 
14  days after BMT were as responders, irradiated splenocytes 
from BALB/c mice were as stimulators. Cytotoxicity assays 
were performed as described previously (20). Splenocytes from 
transplanted recipients 14 days after BMT were used as killing 
cells, and their killing ability of A20 targets was measured using 
CytoTox 96 nonradioactive cytotoxicity assay kit (Promega, 
Fitchburg, WI, USA).

cell Preparation and Flow cytometry
The procedure for isolating single-cell suspensions from 
spleens has been described previously (21). Antibodies against 
CD3, CD4, CD8, CD11c, CD25, CD40, CD44, CD69, CD86, 
PD-1, PD-L1, IFN-γ, H-2kb, H-2kd used in this study were all 
purchased from BioLegend (San Diego, CA, USA). For cell 
surface staining, cell samples were stained with fluorescent 
dye-conjugated mAb for 20 min at 4°C in the presence of FcR-
Block. For intracellular cytokine staining, cells were stimulated 
for 5 h with PMA (50 ng/ml) and ionomycin (500 ng/ml) in 
the presence of brefeldin A (10 µg/ml). Cells were harvested, 
washed, and stained with surface molecule antibodies in the 
presence of FcR-Block (eBioscience, San Diego, CA, USA). 
After the wash, cells were then fixed using CytoFix/CytoPerm 
buffer (BD Biosciences, USA) and stained with antibodies 
against intracellular cytokines or isotype control on ice for 
30  min. Intracellular staining for FoxP3 was performed by 
using a Foxp3 staining kit (eBioscience, San Diego, CA, USA). 
Data were acquired on a NovoCyte Flow cytometer (ACEA 

Biosciences, San Diego, CA, USA) and analyzed using Flowjo 
software (FlowJo, Ashland, OR, USA).

elisa
Blood samples were obtained from recipients 14  days after 
BMT, serum was separated by centrifugation and was stored 
at −80°C. Culture supernatants were collected at indicated 
time by centrifugation. The levels of IL-2, IL-6, IFN-γ, 
TNF-α, TGF-β were examined by ELISA kit according to the 
manufacturer’s instructions (R&D system, Minneapolis, MN, 
USA).

Immunofluorescent Microscopy
For examining Nrf2 nuclear translocation, CD3+T  cells were 
isolated from spleen of C57BL/6 mice and activated by plate 
bound anti-CD3 (5  µg/ml) and anti-CD28 (1  µg/ml) in the 
presence of DMF or DMSO for 3 h. The cells were harvested 
and fixed in 4% paraformaldehyde for 15 min, then permea-
bilized with 0.2% Triton X100 for 10  min, and blocked with 
2% BSA for 30 min. Sample were incubated overnight with an 
anti-Nrf2 antibody (sc-13032, Santa Cruz, CA, USA) in 0.5% 
BSA. After three washes with PBS, cells were stained with Alexa 
Fluor 488 goat antirabbit IgG (Molecular Probes, USA). Cell 
nuclei were stained with DAPI. The fluorescent images were 
captured with the Leica DMi8 confocal microscope (Leica, 
Wetzlar, Germany).

real-time Pcr
Total RNA were extracted with TRIzol reagent (Takara, Japan) 
from aGVHD targets organs according to the manufacturer’s 
instructions. Transcription levels of Nrf2, Keap1, HO-1, GST-
α1, IL-1β, IL-2, IL-6, IFN-γ genes were analyzed by real-time 
PCR using SYBR Green Master Mix (Applied Biosystems, 
Warrington, UK). The primers used were: Nrf2, Forward 
5′-TAGATGACCATGAGTCGCTTGC-3′, reverse 5′-GCCAAA 
CTTGCTCCATGTCC-3′; keap1, forward 5′-TGCCCCTGTGG 
TCAAAGTG-3′, reverse 5′-GGTTCGGTTACCGTCCTGC-3′; 
HO-1, forward 5′-AAGCCGAGAATGCTGAGTTCA-3′, reverse  
5′-GCCGTGTAGATATGGTACAAGGA-3′; GST-α1, forward  
5′-AAGCCCGTGCTTCACTACTTC-3′, reverse 5′-GGGCACT 
TGGTCAAACATCAAA-3′; β-actin, forward 5′-ATCTGGCA 
CCACACCTTC-3′, reverse 5′-AGCCAGGTCCAGACGCA-3′. 
The relative expression of the gene was quantified using the com-
parative 2−ΔΔCt method relative to the housekeeping gene β-actin.

rOs Detection
CD3+ T  cells were isolated from spleen of C57BL/6 mice and  
activated by plate bound anti-CD3 (5  µg/ml) and anti-CD28 
(1 µg/ml) in the presence of DMF or DMSO for 12 h. ROS levels 
were examined by Reactive Oxygen Species Assay Kit according 
to the manufacturer’s instructions (Beyotime, Shanghai, China). 
Briefly, cells were harvested and washed three times using RPMI-
1640 media, 2′-7′-dichlorofluoresci1n diacetate was added at a 
final concentration of 10 µM to the cells. After a 20-min incuba-
tion at 37°C, cells were washed and resuspended in PBS. Data 
were acquired on a NovoCyte Flow cytometer and analyzed  
using Flowjo software.
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FigUre 1 | Dimethyl fumarate (DMF) inhibits alloreactive T cell responses in vitro. BMDCs from BALB/c mice were cocultured with allogeneic splenic CD3+ T cells 
purified from C57BL/6 mice, in the presence of the DMF (a), 5 days later, cell proliferation was evaluated by 3H-TdR (B) or CFSE (c). The levels of proinflammatory 
cytokines IL-2, IL-6, IFN-γ, and TNF-α in the supernatants were examined by ELISA (D). Cell apoptosis of alloreactive CD4+ T cells and CD8+ T cells was examined 
by Annexin V staining (e,F). Data shown are mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001, compared with DMSO group (ANOVA with Dunnett’s test).
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cell Proliferation and apoptosis
For cell proliferation, 2 × 104 A20 cells were seeded into 96-well 
plates and treated with DMF or DMSO for 48  h. Then 10  µl 
of CCK-8 solution was added to each well and incubated for 
additional 2  h, the absorbance was measured at 450  nm. Cell 
apoptosis was evaluated using a Annexin V Apoptosis Detection 
Kit (eBioscience, San Diego, CA, USA) according to the manu-
facturer’s instructions. Briefly, 48  h after DMF treatment, the 
cells were washed with PBS and resuspended in 500 µl binding 
buffer with 5  µl annexin V and 10  µl propidium iodide. Data 
were acquired by flow cytometry and analyzed using Flowjo  
software.

statistical analysis
Survival data were analyzed by log-rank test and Kaplan-Meier 
survival curves were generated using GraphPad Prism version 5 
(GraphPad 6.0, San Diego, CA, USA). The data were expressed 
as the mean  ±  SD. Two-tailed Student’s t-test was used for 
statistical comparison between two groups. One-way ANOVA  

with Dunnet’s test was used for multiple comparisons. The sig-
nificance levels are marked *P < 0.05; **P < 0.01; ***P < 0.001.

resUlTs

DMF inhibits alloreactive T cell 
responses In Vitro
Dimethyl fumarate has been demonstrated to potently inhibit 
NF-κB activity while promote Nrf2 activation. Therefore, we 
investigated the impact of DMF on alloreactive T cell responses 
in MLR assays. BMDCs from BALB/c mice were cultured with 
allogeneic splenic CD3+T  cells purified from C57BL/6 mice, 
in the presence of the Nrf2 activator DMF (Figure  1A). The 
results showed that DMF significantly inhibited the prolifera-
tion of alloreactive T cells in a dose-dependent manner on day 5 
determined by 3H-TdR and CFSE dye dilution (Figures 1B,C). 
Consistent with the T  cell proliferation results, cytokine 
analysis showed that proinflammatory cytokines IL-2, IL-6, 
IFN-γ, and TNF-α production were significantly decreased in 
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FigUre 2 | Dimethyl fumarate (DMF) administration alleviates acute graft-versus-host disease (aGVHD) in mice. Irradiated BALB/c mice was transplanted with 
1 × 107 C57BL/6 bone marrow cells and 5 × 106 C57BL/6 spleen cells (allogeneic) or 1 × 107 BALB/c bone marrow cells and 5 × 106 BALB/c spleen cells 
(syngeneic). The mRNA level of Nrf2 in spleen, liver, lung and intestine of allogeneic or syngeneic bone marrow transplantation (BMT) mice was examined by 
qRT-PCR (a). DMF (30 mg/kg body weight) was administrated to the allogeneic recipient mice by gavage once daily starting from day −3 to day 3 after BMT. DMF 
treatment significantly prolongs survival (log rank, P = 0.005) (B) and reduced aGVHD severity (c) compared with vehicle control. Histological analysis revealed that 
there was decreased pathological damage in the liver, lung, intestine and skin of recipients receiving DMF 14 days after BMT (D). Survival data were analyzed by 
log-rank test and Kaplan-Meier survival curves were generated using GraphPad Prism. Data shown are mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001, compared 
with vehicle group (Student’s t-test).
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a dose-dependent manner upon DMF treatment (Figure 1D). 
In addition, cell apoptosis assay showed that the apoptosis 
of alloreactive CD4+ T  cells were significantly increased in 
the presence of DMF (Figures  1E,F). More interesting, the 
apoptotic cells were mainly CFSElow populations. To address 
whether DMF has a direct effect on T  cells, we performed a 
T  cell activation assay with anti-CD3/CD28 stimulation, the 
result showed that DMF could significantly inhibit T  cells 
proliferation directly (Figure S1A in Supplementary Material). 
Additionally, we examined the effect of DMF on antigen pre-
senting cells (APC). We cultured bone marrow DCs and then 
treated with DMF. The data showed that DMF had no effect 
on DC maturation, however, when DCs were preactivated by 
LPS, DMF could reduce CD80, CD86, and CD40 expression in 
a dose-dependent manner (Figure S1B–D in Supplementary 

Material). Similar results were observed in IL-6 and TNF-α 
expression (Figure S1E,F in Supplementary Material). Taken 
together, the results demonstrated that DMF could inhibit 
alloreactive T responses by suppressing cell proliferation and 
inducing cell apoptosis in vitro, through both direct effects on 
T cells and indirect effects on DCs.

DMF administration alleviates agVhD  
in Mice
To determine the possible role of Nrf2 activation in aGVHD,  
we first examined the Nrf2 expression after allo-HSCT. We 
observed that Nrf2 mRNA levels were significantly decreased 
in the spleen, liver, lung and intestine of allogeneic BMT mice 
compared to those of syngeneic control animals (Figure 2A), 
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suggesting that Nrf2 suppression could be involved in the 
pathogenesis of aGVHD. We then evaluated the potential 
impact of DMF on the aGVHD development in vivo by using 
a murine aGVHD model. As shown in Figure 2B, DMF treat-
ment significantly prolonged survival (log rank, P  =  0.005) 
of the hosts following allo-HSCT (Figure  2B). In addition, 
aGVHD scores were reduced in DMF-treated mice compared 
with vehicle control recipients (Figure 2C). Histological analy-
sis revealed that there was decreased pathological damage in 
the liver, lung, intestine and skin of recipients receiving DMF 
14 days after allo-HSCT (Figure 2D). Similar protective effect 
was observed when the dose of DMF was changed to 60 mg/kg  
from day −3 to day +3 post-allo-HSCT (data not shown). 
More over, DMF administration did not affect donor chimerism 
14 days posttransplant (data not shown). Therefore, these data 
suggested that Nrf2 activation by DMF treatment in  vivo sig-
nificantly improved aGVHD outcomes as evidenced by prolonged 
survival and reduced aGVHD scores following allo-HSCT.

DMF administration reduces activation 
and effector Function of Donor T cells  
and Upregulates antioxidant response
To investigate the potential mechanisms responsible for 
reduced aGVHD severity by DMF treatment, we analyzed the 
alloreactive T cell responses in vivo. On day 14 after allo-HSCT, 
decreased infiltration of donor CD3+ T and CD4+ T cells was 
observed in spleen of DMF-treated recipients compared with 
vehicle control recipients (Figure 3A). The ex vivo MLR assay 
further demonstrated that DMF treatment significantly reduced 
donor T cell alloreactivity (Figure 3B). In addition, both donor 
CD4+ T and CD8+ T  cells had a reduced activation pheno-
type indicated by CD69 levels in the hosts treated with DMF 
(Figure 3C). Furthermore, purified CD4+ T cells were activated 
in  vitro by anti-CD3/CD28, and DMF treatment significantly 
inhibited T cell activation and downregulated CD69, CD44, as 
well as PD-1 expressions. The CD25 levels, however, were sligh-
tly upregulated by DMF treatment (Figure  3D). Intracellular 
staining revealed that the frequencies of IFN-γ-producing 
donor CD4+ T and CD8+ T  cells in spleen were significantly 
decreased in recipients given DMF (Figure  3E). Analysis of 
serum samples on day 14 following allo-HSCT showed that the 
levels of proinflammatory cytokines IL-6, IFN-γ as well as TNF-
α were significantly downregulated in DMF-treated recipients 
compared with vehicle control recipients (Figure 3F).

Since DMF is a potent activator of Nrf2 and can induce the 
Nrf2-dependent antioxidant response, we then examined the 
ROS production and antioxidant genes expression. We found 
that DMF could significantly inhibit ROS production by acti-
vated T cells in a dose-dependent manner in vitro (Figure 3G). 
Moreover, the Nrf2 levels and antioxidant defense enzymes HO-1 
and GST-α1 expressions were upregulated in recipients treated 
with DMF (Figure 3H). We then explored the effect of DMF on 
nuclear translocation of Nrf2, which has been demonstrated as 
a major mechanism of function for DMF. We observed a dose-
dependent effect of DMF on nuclear translocation of Nrf2 in 
the CD3+ T  cells by immunofluorescent staining (Figure  3I). 

Taken together, these results suggested that DMF could inhibit 
donor T cell alloreactivity, and production of proinflammatory 
cytokines, as well as upregulate antioxidant enzymes, which led 
to the alleviation of aGVHD severity.

DMF inhibits agVhD by Promoting  
Treg cells
Dimethyl fumarate upregulated CD25 expression on CD4 
T  cells, suggesting that DMF may promote the generation 
of Treg cells. We examined the frequencies and absolute 
numbers of CD4+Foxp3+ Treg cells in spleen on day 14 after 
allo-HSCT. As shown in Figures  4A,B, the frequencies, as 
well as the numbers of Treg cells in spleen were significantly 
increased in DMF-treated compared with vehicle control 
recipients, suggesting that DMF could increase Treg cells 
in vivo. In vitro MLR assay showed that DMF promoted Treg 
cell differentiation in a dose-dependent manner (Figure 4C). 
To further confirm that the effect of DMF on aGVHD was 
partially dependent on the promotion of Treg cells, mice were 
injected with anti-CD25 antibody to deplete Treg cells in vivo. 
As shown in Figure  4D, depletion of CD25+ cells in DMF 
recipients aggravated aGVHD mortality compared with IgG 
control recipients, while it had no effect on vehicle treatment 
recipients. TGF-β has been known to promote Treg generation, 
we therefore examined the TGF-β levels in serum of GVHD 
mice and in MLR culture supernatants. Date shown that TGF-β 
was increased in DMF recipients (Figure 4E) and upregulated 
upon DMF treatment in  vitro (Figure  4F). Therefore, these 
results suggested that the protective effect of DMF treatment 
on aGVHD was at least partially dependent on the promotion  
of Treg cells.

DMF administration Preserves gVl  
effect after allo-hscT
To evaluate the impact of DMF administration on GVL effects, 
aGVHD mice were challenged with A20-luc leukemia cells 
post-allo-HSCT. As shown in Figure  5A, mice transplanted 
with allo-BM alone plus A20-luc leukemia cells all died from 
leukemia within 40 days after transplant, regardless of whether 
DMF was administered. It has been reported that DMF could 
inhibit cell proliferation and induce apoptosis in a number of 
malignant cell lines including myeloid and lymphoid leukemia 
cell lines. However, the results in Figure  5A suggested that 
DMF may not directly affect A20 cell growth in  vivo. DMF 
administration to mice receiving allo-BM and splenocytes, 
plus A20-luc showed prolonged survival compared with mice 
receiving vehicle control (Figure 5B), and low tumor burden 
was observed in DMF recipients as shown in bioluminescence 
imaging (Figure  5C), indicating the presence of GVL effect 
in DMF treated mice. The cell proliferation and apoptosis 
assay showed that low concentrations of DMF could not affect 
tumor growth and apoptosis in  vitro, suggesting that DMF 
treatment inhibits A20 cell growth only at high concentra-
tions, which may not be reached in  vivo (Figures  5D,E). 
We also observed that donor T  cells from DMF-treated 
recipients showed comparable, or even increased CTL killing 
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FigUre 4 | Dimethyl fumarate (DMF) inhibits acute graft-versus-host disease (aGVHD) by promoting Treg cells in vitro and in vivo. The frequencies and absolute 
number of CD4+Foxp3+ Treg cells in spleen on day 14 after bone marrow transplantation (BMT) were examined by FACS (a,B). Purified CD4+ T were activated by 
anti-CD3/CD28 in the presence of TGF-β (2 ng/ml) and IL-2 (50 U/ml) to induce Treg cells development in vitro, The effect of DMF on Treg cells differentiation was 
measured by FACS 4 days after Treg polarization (c). Lethally irradiated BALB/c mice were transplanted with 5 × 106 TCD-BM plus 1 × 106 total spleen T cells or 
CD25-depleted T cells from B6 mice. Depletion of CD25+ cells in DMF recipients aggravated aGVHD mortality compared with IgG control recipients (D). TGF-β 
levels in serum of aGVHD mice and MLR culture supernatants were measured by qRT-PCR (e,F). Survival data were analyzed by log-rank test and Kaplan-Meier 
survival curves were generated using GraphPad Prism. Data shown are mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001, compared with DMSO group or vehicle 
group (Student’s t-test), or DMSO group (ANOVA with Dunnett’s test).

FigUre 3 | Continued   
Dimethyl fumarate (DMF) administration reduces activation and effector function of donor T cells and upregulates antioxidant response. 14 days after bone marrow 
transplantation (BMT), the percentages of donor T cells in spleen were analyzed by FACS (a). Ex vivo mixed lymphocyte reaction (MLR) was performed by 
coculturing splenocytes from transplanted recipients 14 days after BMT with irradiated splenocytes from BALB/c mice. Cell proliferation was evaluated by 3H-TdR 
(B). CD69 expression on CD4+ and CD8+T cells of recipients mice 14 days after BMT was examined by FACS (c). Purified CD3+T cells were activated by anti-CD3/
CD28 in vitro and treated with DMF. The activation markers CD69, CD44, CD25, and costimulatory molecule PD-1 levels were analyzed 24 h after treatment (D). 
IFN-γ production by CD4+ and CD8+T cells of recipients mice 14 days after BMT was examined by Intracellular staining (e). Serum levels of proinflammatory 
cytokines IL-6, IFN-γ, and TNF-α were examined by ELISA (F). Purified CD3+T were activated by anti-CD3/CD28 in vitro and treated with DMF for 12 h, reactive 
oxygen species (ROS) levels were examined by Reactive Oxygen Species Assay Kit (g). The Nrf2, keap 1, and antioxidant defense enzymes HO-1 and GST-α1 
mRNA expressions in the spleen were examined by qRT-PCR 14 days after BMT (h). (i) CD3+T cells were isolated from spleen of C57BL/6 mice and activated by 
plate bound anti-CD3 (5 µg/ml) and anti-CD28 (1 µg/ml) in the presence of DMF or DMSO for 3 h. Nrf2 nuclear translocation was exmianed by immunofluorescent 
assay. Data shown are mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001, compared with vehicle group (Student’s t-test), or DMSO group (ANOVA with Dunnett’s 
test).
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activity against A20 leukemia cells compared to vehicle con-
trols (Figure 5F). These findings further supported the obser-
vations that DMF treatment could preserve GVL effect after  
allo-HSCT.

DiscUssiOn

Dimethyl fumarate has been shown to have potent anti-
inflammatory or immunomodulatory properties without 
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FigUre 5 | Dimethyl fumarate (DMF) administration preserves GVL effect after bone marrow transplantation (BMT). Mice were transplated with BM or BM and 
spleen plus A20-luc to establish GVL model. Mice transplanted with allo-BM alone plus A20-luc leukemia cells all died from leukemia regardless of whether DMF 
was administered (a). DMF administration to mice receiving allo-BMT plus A20-luc showed prolonged survival time and reduced tumor burden compared with  
mice receiving vehicle control (B,c). The effects of DMF on A20 cell proliferation (D) and apoptosis (e) were examined by CCK-8 assay and Annexin V/PI staining. 
Splenocytes from transplanted recipients 14 days after BMT were used as killing cells, and their killing ability of A20 targets was measured using CytoTox 96 
nonradioactive cytotoxicity assay kit (F). Survival data were analyzed by log-rank test and Kaplan–Meier survival curves were generated using GraphPad Prism.  
Data shown are mean ± SD. *P < 0.05; **P < 0.01, compared with DMSO group (ANOVA with Dunnett’s test) or vehicle group (Student’s t-test).
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significant immunosuppression. It is effective in treating 
immune-mediated diseases, including psoriasis, MS as well 
as colitis (28–30). aGVHD is an immune-mediated disease 
which resulting from the activation of donor T  lymphocytes 
by host antigen-presenting cell (APC) (2). During aGVHD, 
donor T  cells activated by APCs express multiple immune 
effector molecules, such as fas ligand, perforin, IL-1β, IFN-γ, 
and TNF-α, leading to tissue damage (31, 32). We therefore 
hypothesize that DMF may be a new promising drug for the 
treatment of aGVHD.

In the present study, we first evaluated the effect of DMF on 
alloreactive T cell responses in MLR assays. We found that DMF 
significantly inhibited the proliferation and proinflammatory 
cytokine production of alloreactive T cells in a dose-dependent 
manner. In addition, DMF could also induce cell apoptosis 
of activated alloreactive T cells in vitro. In agreement with our 
results, Joachim et  al., showed that DMF could inhibit lym-
phocyte proliferation and inflammatory cytokine secretion in 
human peripheral blood mononuclear cells (PBMCs) stimulated 
with LPS or lectin phytohemagglutinin or in human MLR assays 
(11). In addition, DMF could block IFN-γ- and LPS-induced 
Th1 chemokine (CXCL9 and CXCL10) production in a dose-
dependent manner in PBMCs (33). DMF has also been shown to 
decrease adhesion molecule expression, such as CD25, HLA-DR 
and cutaneous lymphocyte-associated antigens (34). In our study, 
we also observed that DMF treatment significantly inhibited 
T cell activation and downregulated CD69, CD44, as well as PD-1 
expressions, and IFN-γ production by donor CD4+ T and CD8+ 
T cells in spleen.

The maximum tolerated dose of DMF in human patients is 
240 mg taken two to three times daily by oral for treatment of 
psoriasis (35), and MS (36). In preclinical studies, the effective 
and safe dose of DMF was 30 mg/kg in experimental autoimmune 
encephalomyelitis (37), experimental colitis (30) and tumor 
studies (38) in  vivo. Therefore, based on the previous animal 
studies, we chose 30 mg/kg DMF in this study. We found, for the 
first time, that administration of DMF significantly ameliorated 
aGVHD in an MHC-mismatched BMT model. Interestingly, the 
administration window of DMF for treatment of aGVHD was 
−3 to +3 days post-BMT in our study, while the protective effect 
of DMF on aGVHD was not as effective when DMF was given 
from day 0 to day 7 (Data not shown), suggesting that DMF could 
regulate the sensitivity of the GVHD target organ to radiation 
induced injury. Administration of DMF pre-transplant is neces-
sary to exert its protective effect. However, this notion still need 
further investigation.

Dimethyl fumarate protects the host from aGVHD may be 
via multiple mechanisms due to its dual role in Nrf2 pathway 
and NF-κB signaling. DMF treatment of T cells has previously 
been shown to decrease Th1 cytokine production, including 
IL-12, IFN-γ, TNF-α, and IL-17, and promote the expression 
of Th2 cytokines, such as IL-4 and IL-10 (10, 16, 39). In addi-
tion, DMF could also inhibit DCs maturation and subsequent 
DC mediated T cell responses (17). However, DMF metabolite 
monomethyl fumarate (MMF) can enhance CD56+ NK  cells 
function by the upregulation of CD107a and granzyme B (40). 
In our murine aGVHD model, we found that DMF treatment 

reduced the proliferation and activation of donor T  cells in 
spleen. Similarly, the IFN-γ expression by donor T  cells, as 
well as the serum level of proinflammatory cytokines, was 
significantly decreased. Besides immune regulation, DMF also 
activates the Nrf2-dependent ARE pathway. We found that DMF 
could significantly inhi bit ROS production in a dose-dependent 
manner in activated T cells. Moreover, the Nrf2 levels and anti-
oxidant defense enzy mes HO-1 and GST-α1 expressions were 
both unregulated in recipients given DMF. The ARE activation 
is involved in the induction of multiple downstream responses 
that protect cells from intracellular oxidative stress and injury, 
as well as modulate c cytokine and chemokine production (41). 
Therefore, our results suggest that DMF ameliorates aGVHD by 
modulating donor T cell activation and effector function, as well 
as upregulating antioxidant enzymes.

In our study, the activation makers on donor T  cells were 
all downregulated upon DMF treatment except CD25. On the 
contrary, DMF significantly increased CD25 expression on 
activated T cells. Previous study showed that DMF promoted 
IL-2 secretion during human MLR (11). However, there is no 
evidence showing that DMF can regulate Treg cell development. 
We found that Treg cells were significantly increased in DMF-
treated recipients compared with vehicle control in spleen 
on day 14 after allo-HSCT, accompanied by increased serum 
levels of TGF-β. In vitro MLR assay showed that DMF could 
promote Treg cell development in a dose-dependent manner. In 
addition, the depletion of Tregs in DMF recipients aggravated 
aGVHD mortality compared with IgG control recipients. Thus, 
promotion of Tregs cell development may be one of the mecha-
nism that DMF inhibits aGVHD. Further studies are needed to 
explore the molecular mechanism of DMF in regulating Tregs 
development and function.

Alloreactive T-cells mediating aGVHD are also important 
for GVL activity, the ultimate goal of allo-HSCT is to separate 
GVHD from GVL effect. It has been suggested that GVL effect 
is primarily mediated by donor CD8+ T  cells and NK  cells, 
whereas CD4+ T  cells mainly contribute to the development 
of aGVHD. In our study, we found that DMF administration 
did not weaken the GVL effect. Meanwhile, we did not observe 
inhibition of leukemia cell growth in vitro and in vivo by DMF 
treatment, suggesting that the antileukemia effect of DMF may 
be associated with its effect in maintaining cytolytic activity 
of donor CD8+ T cells and NK cells. To support this notion, 
cytotoxicity assay showed that CTLs from DMF-treated recipi-
ents has comparable, or even increased killing activity against 
leukemia cells compared to vehicle controls. Previous study has 
shown that DMF metabolite MMF can augment the NK  cell 
lysis of K562 and RAJI leukemia cells through CD107a and 
Granzyme B (40). In addition, our results found that CD8+T cell 
numbers were not decreased upon DMF treatment, on the 
contrary, its proportions were significantly increased, which 
could be the reason for preserved GVL effects. Interestingly, 
it was reported that DMF treatment resulted in a preferential 
loss of CD8+ T cells compared with CD4+ T cells in patients 
with MS (42–46), while the proportions of Treg cells, circulat-
ing CD56(hi) NK cells, monocytes, and DCs were unaffected 
(43, 47). Although the underlying mechanisms remain largely 
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unknown, recent data suggest that it maybe due to the dif-
ferential susceptibility of distinct cell subsets to DMF-induced 
apoptosis (39). However, the differential effects of DMF on 
various immune cell subsets in different disease models need 
further investigation.

In conclusion, we provide evidence for the first time that the 
Nrf2 activator DMF reduces aGVHD with retention of GVL 
effect. DMF treatment promoted donor Treg development and 
reduced alloreactive T  cells response, as well as upregulated 
antioxidant enzyme expressions. Our findings demonstrated 
DMF as a promising agent for the prevention of aGVHD after 
allo-HSCT.

eThics sTaTeMenT

All animal experiments were carried out and approved accord-
ing to the guidelines of the animal care and use committee at 
Soochow University.

aUThOr cOnTriBUTiOns

HL and DW designed the study; SM, JH, and HG perfor med 
the experiments; SL, LL, BH, and YX contributed to the expe-
riments; SM analyzed the data; and SM, HL, and DW wrote 
the manuscript. All authors have discussed and revised the  
manuscript.

FUnDing

This work has been supported by the grants from National 
Natural Science Foundation of China (81400145), Natural 
Science Foundation of Jiangsu Province (BK201500352), China 
Postdoctoral Science Foundation (7131702415). The Priority 
Academic Program Development of Jiangsu Higher Education 
Institutions (PAPD). The Innovation Capability Development 
Project of Jiangsu Province (no. BM2015004). The National Key 
Research And Development Program (2016YFC0902800).

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
http://www.frontiersin.org/article/10.3389/fimmu.2017.01605/
full#supplementary-material.
FigUre s1 | DMF inhibited T cells proliferation and DCs maturation in vitro. 
CD3+T cells were isolated from spleen of C57BL/6 mice and activated by plate 
bound anti-CD3 (5 µg/ml) and anti-CD28 (1 µg/ml) in the presence of DMF or 
DMSO for 48 h. cell proliferation was measured by 3H-TdR (a), Data shown 
are mean ± SD. ***P < 0.001, compared with DMSO group (ANOVA with 
Dunnett’s test). BM-derived DCs were generated and expanded from BALB/c 
mice with GM-CSF (10 ng/ml) and IL-4 (10 ng/ml). DCs were treated with DMF 
or DMSO for 24 h in the present or absence of LPS (1 µg/ml), CD80, CD86, 
and CD40 on the DCs were examined by FACS (B–D). Cytokines IL-6, TNF-α, 
IFN-γ in the supernatants were collected and measured by ELISA (e–g). Data 
shown are mean ± SD. ***P < 0.001 compared with LPS group (ANOVA with 
Dunnett’s test).
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nrf2 is a central regulator of 
Metabolic reprogramming of 
Myeloid-Derived suppressor  
cells in steady state and sepsis
Kim Ohl1*†, Athanassios Fragoulis2,3†, Patricia Klemm1, Julian Baumeister1,  
Wiebke Klock1, Eva Verjans1,4, Svenja Böll 1,4, Julia Möllmann5, Michael Lehrke5,  
Ivan Costa6, Bernd Denecke6, Angela Schippers1, Johannes Roth7, Norbert Wagner1,  
Christoph Wruck2‡ and Klaus Tenbrock1*‡

1 Department of Pediatrics, Medical Faculty, RWTH Aachen, Aachen, Germany, 2 Department of Anatomy and Cell Biology, 
Medical Faculty, RWTH Aachen, Aachen, Germany, 3 Department of General Visceral and Transplantation Surgery, Molecular 
Tumor Biology, Medical Faculty, RWTH Aachen, Aachen, Germany, 4 Institute of Pharmacology and Toxicology, RWTH 
Aachen, Aachen, Germany, 5 Department of Medicine I, Medical Faculty, RWTH Aachen, Aachen, Germany, 6 Interdisciplinary 
Centre for Clinical Research (IZKF) Aachen, Medical Faculty, RWTH Aachen, Aachen, Germany, 7 Institute of Immunology, 
University of Münster, Münster, Germany

Arising in inflammatory conditions, myeloid-derived suppressor cells (MDSCs) are con-
stantly confronted with intracellular and extracellular reactive oxygen species molecules 
and oxidative stress. Generating mice with a constitutive activation of Nuclear factor 
(erythroid-derived 2)-like 2 (Nrf2) we show a pivotal role of the antioxidant stress defense 
for development of these immune-modulatory cells. These mice are characterized by 
a massive increase of splenic CD11b+Gr-1+ cells, which exhibit typical suppressive 
characteristics of MDSCs. Whole transcriptome analysis revealed Nrf2-dependent acti-
vation of cell cycle and metabolic pathways, which resemble pathways in CD11b+Gr-1+ 
MDSCs expanded by in vivo LPS exposure. Constitutive Nrf2 activation thereby regulates 
activation and balance between glycolysis and mitochondrial metabolism and hence 
expansion of highly suppressive MDSCs, which mediate protection in LPS-induced 
sepsis. Our study establishes Nrf2 as key regulator of MDSCs and acquired tolerance 
against LPS-induced sepsis.

Keywords: nrf2, myeloid-derived suppressor cell, lPs, sepsis, rOs

inTrODUcTiOn

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of immature myeloid cells 
(IMCs), induced under pathological conditions such as infection and sepsis, chronic inflammation, 
and cancer (1). The main feature of these cells is their potent immunosuppressive activity. It is there-
fore not surprising that MDSCs have emerged as major regulators of pathogenic and inflammatory 

Abbreviations: ECAR, extracellular acidification rate; DMF, dimethyl fumarate; G6pd, glucose-6-phosphate dehydrogenase; 
Glut3, glucose transporter 3; Hk, hexokinase; IMCs, immature myeloid cells; Keap1, Kelch ECH associating protein 1; mLN, 
mesenterial lymph node; MDSC, myeloid-derived suppressor cell; Nrf2, nuclear factor (erythroid-derived 2)-like 2; OCR, 
oxygen consumption rate; Pgd, phosphogluconate dehydrogenase; Pkm2, pyruvate kinase isozyme M2; PPP, pentose phosphate 
pathway; ROS, reactive oxygen species; TJL, The Jackson Laboratory Score; Tkt, transketolase; Treg cell, regulatory T cell.
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immune responses (2). In addition to its important role in cancer, 
MDSCs expand during murine sepsis as well as in septic patients 
(3, 4). Although sepsis patients have high levels of inflammatory 
mediators, components of their immune system are suppressed as 
well. This modified steady state of innate immunity after infection 
is referred to as innate memory (5, 6). Innate memory is based on 
epigenetic reprogramming which is broadly defined as sustained 
change in transcription programs and cell physiology (5, 7). 
Induction of innate memory is thus accompanied by significant 
changes in cellular metabolism. When inappropriately activated, 
innate memory programs can become maladaptive as in post-
sepsis immune paralysis, which is associated with severe energy 
metabolism defects of leukocytes (8). Molecular mechanism that 
mediate innate memory at the level of cell types and the immuno-
logical metabolic and epigenetic processes behind are therefore an 
important area of research. By suppressing innate as well as adap-
tive immune responses, MDSCs have protective roles in the initial 
hyper-inflammatory reaction, however, are also involved in sepsis-
induced innate immunoparalysis (3, 4, 9–11). We would therefore 
specify MDSCs as central player in innate memory. However, there 
still remain open questions about, how expansion and functions of 
MDSCs are regulated in sepsis and how metabolic dysregulations 
of MDSCs affect innate immunity in sepsis.

Cellular metabolism and oxidative stress are intimately 
linked, immune cells are constantly confronted with intracellular 
and extracellular reactive oxygen species (ROS) molecules in 
steady state and moreover in inflammatory conditions. During 
sepsis, enhanced levels of ROS molecules, either produced by 
NADPH oxidases during oxidative bursts or by mitochondrial 
dysfunction, lead to oxidative stress conditions (12). Interestingly 
immune cell types vary with regard to their ROS susceptibility 
and although ROS are toxic to most cells, MDSC survive despite 
their elevated content and release of ROS (13). Moreover, high 
numbers of MDSCs arise in oxidative stress prone conditions 
such as inflammation, infection, and cancer.

This prompted us to analyze ROS-mediated signaling 
pathways in myeloid cells in steady state and sepsis. We hereby 
identified Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), the 
transcriptional regulator of the antioxidant stress defense, as key 
regulator of metabolic reprogramming of MDSCs.

MaTerials anD MeThODs

Mice strains
Experiments were performed with age-matched WT, Keapfl/fl, 
VAVcreKeapfl/fl, and Nrf2−/− mice (all C57BL/6). VAVcreKeapfl/fl mice 
were generated by crossing Keap1-flox mice (14) with VAVcre mice. 
VAVcre−Keapfl/fl mice were used as controls (denoted as Keapfl/fl).  
Nrf2−/− mice have been described previously (15) and were bred 
in our animal facility and kept under standardized conditions, 
as were the OT-II mice, CD45.1 congenic mice (C57BL/6), and 
RAG−/− mice used.

lPs Treatment
8- to 10-week-old mice with at least 25  g were used for this 
study. Treatments were conducted with either vehicle  +  lethal 

dose 5 mg/kg BW LPS (sepsis group) or low dose + lethal doses  
30 mg/kg BW LPS (tolerance group) in 250 µl 0.9% NaCl i.p. All 
animals were monitored thrice per day in 6 h intervals to docu-
ment weight and body temperature.

Rapamycin was first solved in ethanol and then diluted in 
5.2% PEG/Tween in NaCl. Mice received either vehicle (5.2% 
PEG/Tween) or 2 mg/kg of body weight rapamycin by daily i.p. 
injections.

Transfer colitis
To induce transfer colitis, RAG2−/− mice were adoptively trans-
ferred with either 2 × 106 CD4+CD25− T cells alone, with 2 × 106 
CD11b+Gr-1+ cells alone or with both 2 × 106 CD4+ T cells and 
2 × 106 CD11b+Gr1+ cells. After 6 weeks, the mice were sacrificed. 
Spleens and mesenterial lymph nodes (mLNs) were harvested for 
further analysis. One part of the colon was fixed in formalin for 
histological scoring and the other part was fixed in RNAlater 
(Qiagen, Germany) for subsequent mRNA analysis.

histological scoring
4  µm paraffin sections from the fixed colon were cut serially, 
mounted onto glass slides, and deparaffinized. The colon sections 
were stained with hematoxylin and eosin by the Core Facility 
(IZKF) of the RWTH Aachen University. Blinded histological 
scoring was performed using a standard microscope, based on 
The Jackson Laboratory Score method as described previously 
(16, 17). Each colon section was scored for the four general 
criteria: severity, degree of hyperplasia, degree of ulceration, if 
present, and percentage of area involved. A subjective range of 
1–3 (1 = mild, 2 = moderate, 3 = severe) was used for the first 
three categories. Severity: focally small or widely separated mul-
tifocal areas of inflammation limited to the lamina propria were 
graded as mild lesions (1). Multifocal or locally extensive areas of 
inflammation extending to the submucosa were graded as mod-
erate lesions (2). If the inflammation extended to all layers of the 
intestinal wall or the entire intestinal epithelium was destroyed, 
lesions were graded as severe (3). Hyperplasia: mild hyperplasia 
consisted of morphologically normal lining epithelium that was 
at least twice as thick (length of crypts) as adjacent or control 
mucosa. Moderate hyperplasia was characterized by the lining 
epithelium being two or three times normal thickness, cells were 
hyperchromatic, numbers of goblet cells were decreased, and scat-
tered individual crypts developed an arborizing pattern. Severe 
hyperplastic regions exhibited markedly thickened epithelium 
(four or more times normal thickness), marked hyperchroma-
sia of cells, few to no goblet cells, a high mitotic index of cells 
within the crypts, and numerous crypts with arborizing pattern. 
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Ulceration was graded as: 0 = no ulcer, 1 = 1–2 ulcers (involving 
up to a total of 20 crypts), 2 = 1–4 ulcers (involving a total of 
20–40 crypts), and 3 = any ulcers exceeding the former in size. 
A 10% scale was used to estimate the area involved in the inflam-
matory process (0 = 0%, 1 = 10–30%, 2 = 40–70%, 3 = >70%).

BrdU assay
Mice were fed orally with 0.8  mg/ml BrdU (BD) in drinking 
water. Drinking water was changed every 2 days. After 14 days 
mice were sacrificed, spleens and BMDCs were harvested, and 
BrdU incorporation was assessed by flow cytometry according to 
the manufacturer’s instructions (BrdU Flow, Kit, BD).

Mixed Bone Marrow chimeras
BM  cells were isolated from femurs and tibias of age-matched 
donor animals (WT CD45.1 and VAVcreKeapfl/fl CD45.2). RAG2−/− 
mice were lethally irradiated (2 Gy × 6.8 Gy) and co-injected with 
5 × 106 cells of each genotype after irradiation, or injected with 
10 × 106 cells of only one genotype (WT CD45.1 or VAVcreKeapfl/fl 
CD45.2 cells). The mice received antibiotic treatment for 14 days 
[40  µl Borgal-solution (24%)/100  ml drinking water]. Eight 
weeks later, the mice were sacrificed and spleens analyzed by flow 
cytometry.

cell isolation
Mouse BM  cells were flushed from femurs and tibias with 
Dulbecco medium. Erythrocytes were lysed with lysis buffer 
(eBioscience) for 3 min at room temperature, and the remain-
ing cells were washed once with PBS. Single cell suspensions 
were isolated from spleens and erythrocytes were lysed with 
lysis buffer. MDSCs were isolated from splenocytes by magnetic 
cell separation (Miltenyi, Germany). Flow cytometric analysis 
revealed high purity (90%) of isolated CD11b+Gr-1+ cells. CD4+ 
cells were isolated by magnetic cell separation using the CD4+ 
T cell isolation kit (Miltenyi), while CD4+CD25+ Treg cell isola-
tion kits (Miltenyi) were used to isolate CD4+CD25− cells and 
perform adoptive transfer colitis.

Flow cytometry
For surface staining, single cell suspensions were stained with 
anti-CD11b, anti-Gr-1, anti-CD4, anti-CD3, anti-CD8, anti-
CD25, anti-CD19, anti-CD11c, anti-F4/80, anti-CD45.1, and 
anti-CD45.2 (all from eBioscience, Germany). To analyze Foxp3, 
pS6, p4EBP-1, Nos2, p-mTOR, and arginase expression, cells were 
fixed and permeabilized with a FOXP3 staining buffer set (eBio-
science, Germany) following the manufacturer’s instructions and 
stained with anti-Foxp3 antibodies (eBioscience, Germany), anti 
pS6, p4EBP-1 (BD Biosciences), anti-p-mTOR (ebioscience, 
Germany), anti-arginase and sheep-IgG (both R&D), or anti-
NOS2 and mouse-IgG2a (both eBiosience) antibodies for 30 min. 
To analyze mitochondrial mass by flow cytometry, cells were 
incubated with 25 ng/ml nonyl acridine orange (Thermo Fischer 
Scientific) for 10 min at 37°C and maintained on ice until flow 
cytometric analysis. Glucose uptake was determined by means of a 
glucose uptake cell-based kit (Cayman Chemical). 2 × 106 cells/ml  
were incubated in glucose-free medium for 2  h. Afterwards  
100 µg/ml 2-NBDG was added and incubation continued in a cell 

incubator at 37°C. Incubation was stopped by immediate transfer 
of cell culture plates to 4°C conditions. Cells were washed with a 
cell-based assay buffer according to the manufacturer’s instruc-
tions and kept at 4°C until flow cytometric analysis. A total reactive 
oxygen species assay kit (eBioscience) was used to identify ROS, 
following the manufacturer’s instructions. In detail, this involved 
incubation of the cells with ROS assay stain for 60 min at 37°C, 
washing once with PBS and analysis on the flow cytometer. To 
identify apoptotic cells, cells were first labeled with cell viability 
dye (eBioscience) and then incubated with fluorochrome con-
jugated Annexin-V (eBioscience) in Annexin-V binding buffer 
according to the manufacturer’s instructions. BrdU staining was 
performed according to the manufacturer’s protocol with BrdU 
Flow Kit (BD Pharmingen). 7-AAD staining was performed by 
adding 7-AAD (BD Pharmingen) directly to the cells before 
measurement.

Flow cytometry was carried out using FACSCanto II device 
(BD Biosciences, Germany). Data analysis was performed using 
FCS Express Software.

rna isolation and real-Time Pcr
Total RNA from isolated MDSCs and colon tissue was isolated 
using the RNeasy Mini Kit (Qiagen, Germany). cDNA was then 
generated from 200 ng total RNA using the RevertAid H Minus 
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA) 
according to the manufacturer’s instructions. RT-PCR was per-
formed using the SYBR Green PCR kit (Eurogentec, Germany) 
and data were acquired with the ABI prism 7300 RT-PCR 
system (Applied Biosystems/Life Technologies, Germany). Each 
measurement was set up in duplicate. After normalization to the 
endogenous reference control gene β-actin for mice, the relative 
expression was calculated. The sequences of primers used in this 
study are listed in Table S1 in Supplementary Material.

seahorse assay
2  ×  105 cells were seeded on gelatin-coated plates and OCR/
ECAR measured using the XF96 Extracellular Flux Analyzer 
(Seahorse Bioscience) following the manufacturer’s instructions. 
OCR was measured in XF media containing 11 mmol/l glucose 
and 1  mmol/l sodium pyruvate under basal conditions and in 
response to 1  µmol/l oligomycin, 1  µmol/l carbonyl cyanide 
p-trifluoromethoxyphenylhydrazone (FCCP), and 0.1  µmol/l 
rotenone plus 0.1 µmol/l antimycin A. Extracellular acidification 
rate (ECAR) was measured in assay medium (XF Media sup-
plemented with 4.5 g/l glucose and 2 mM glutamine) under basal 
conditions and in response to 10 mM glucose, 1 M oligomycin, 
and 100 mM 2-deoxyglucose.

In Vitro MDsc generation
2 × 106 murine bone marrow cells per ml were cultured in RPMI 
with 2 g/l glucose supplemented with 10% heat-inactivated FCS 
(Life Technologies). In some experiments, glucose concentra-
tions were adapted as indicated. To obtain BM-derived MDSCs, 
medium was supplemented with IL-6 (10 ng/ml) and GM-CSF 
(20 ng/ml) (both Peprotech). On day 3 of culture, the original 
medium was replaced with fresh medium containing cytokines 
and cultures were maintained at 37°C in 5% CO2-humidified 
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atmosphere for an additional 3 days. To analyze effects of rapa-
mycin, 1 µM rapamycin (Cayman Chemical) were added at day 
0 and 3.

To analyze dimethyl fumarate (DMF) effects on human cells, 
2 × 106 human PBMCs per ml were cultured in RPMI in the pres-
ence or absence of 2 µg/ml DMF.

suppression assays
DCs were generated by culturing BM  cells in the presence 
of GM-CSF (50  ng/ml) and IL-4 (40  ng/ml) for 6  days. Cells 
were fed with OVA peptide (1  µM) for 2  h and extensively 
washed with PBS. CD4+ OT-II cells were isolated by magnetic 
cell separation and labeled with cell proliferation dye (5  µM) 
(eBioscience) according to the manufacturer’s instructions. DCs 
and CD4+ T cells were co-cultured in a 1:10 ratio in U-bottom 
96-well plates. MDSCs were isolated by magnetic cell isolation 
and were added to DC/T cell cultures in ratios of 1:1 or 1:0.5. 
After 3 days, proliferation of CD4 T cells was assessed by flow 
cytometry.

rna extraction and Microarray  
for gene expression analysis
Genome wide transcriptome analyses for VAVcreKeapfl/fl and 
WT (VAVcre−Keapfl/fl) MDSCs were performed in independent 
triplicates using Gene Chip® Mouse Gene 2.0 arrays (Affymetrix, 
Santa Clara, CA, USA). Total RNA extraction was carried out 
using the RNeasy Micro Kit (Qiagen, Germany) according to the 
manufacturer’s protocol and then quantified (Nanodrop). RNA 
quality was assessed using the RNA 6000 Nano Assay with the 
2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). Samples for 
the Gene 2.0 arrays were prepared and hybridized to the arrays 
according to the Affymetrix WT Plus Kit manual. Briefly, for 
each sample, 100 ng of total RNA was reversed transcribed into 
cDNA using a random hexamer oligonucleotide tagged with a T7 
promoter sequence. After second strand synthesis, double strand 
cDNA was used as a template for amplification with T7 RNA 
polymerase to obtain antisense cRNA. Random hexamers and 
dNTPs spiked out with dUTP were then used to reverse transcribe 
the cRNA into single stranded sense strand cDNA. The cDNA 
was then fragmented with uracil DNA glycosylase and apurinic/
apyrimidic endonuclease 1. Fragment size was checked using 
the 2100 Bioanalyzer and ranged from 50 to 200 bp. Fragmented 
sense cDNA was biotin-endlabeled with TdT and probes were 
hybridized to the Gene 2.0 arrays at 45°C for 16 h with 60 rpm. 
Hybridized arrays were washed and stained on a Fluidics Station 
450 (program: FS450 0002) and scanned on a GeneChip® Scanner 
3000 7 G (both Affymetrix). Raw image data were analyzed with 
Affymetrix® Expression Console™ Software (Affymetrix, USA), 
and gene expression intensities were normalized and summarized 
with a robust multiarray average algorithm (18). Transcripts that 
were expressed differently more than 1.5-fold with a raw p-value 
lower than 0.05 between the sample groups were categorized as 
regulated. Enrichment analysis for Wiki pathways was performed 
using WebGestalt (19). For the enrichment analysis, only genes 
changed at least 1.5-fold with a p-value lower than 0.05 between 
VAVcreKeapfl/fl and WT (VAVcre−Keapfl/fl) samples were taken into 
consideration.

statistical analysis
All data are presented as mean  ±  SEM or SD if indicated. 
Differences between two groups were evaluated using two-tailed, 
unpaired or paired (if indicated) Student’s t-test. All statistical 
analysis and subsequent graphics generation were performed 
using GraphPad Prism version 7.0 (GraphPad Software, USA).  
A p-value <0.05 was considered to be statistically significant.

study approval
The study was approved by the regional government authorities 
and animal procedures were performed according to German 
legislation for animal protection. Permission for the projects 
was granted by the Regierungspräsident/LANUV Nordrhein- 
Westfalen.

resUlTs

VAVcreKeapfl/fl Mice Develop splenomegaly 
Due to an accumulation of cD11b+gr-1+ 
cells
To analyze oxidative stress signaling in immune cells, we gener-
ated a mouse with constitutive Nrf2 activation in all hematopoietic 
cells by breeding Kelch ECH associating protein 1 (Keap1)-flox 
mice with VAV-CRE recombinase mice (VavcreKeapfl/fl). Keap1 
suppresses Nrf2 transcriptional activity under basal conditions, 
thus deletion of Keap1 results in constitutive nuclear accumula-
tion and activation of Nrf2 (20). VavcreKeapfl/fl mice are born at 
expected Mendelian ratios, are healthy and cancer-free, and 
have a normal life span. However, on aging, VavcreKeapfl/fl mice 
develop splenomegaly (Figures 1A,B) due to an increase in cell 
size (Figure S1A in Supplementary Material). Flow cytometric 
analysis of immune cells in the spleens revealed a specific 
enrichment of two immunosuppressive cell subsets, namely 
regulatory T (Treg) and CD11b+Gr-1+ cells (Figures 1C,D). While 
absolute numbers (Figure S1B in Supplementary Material) and 
frequencies (Figure  1D) of B  cells (CD19+), DCs (CD11c+), 
macrophages (CD11b+F4/80+) and T  cells (CD3+), as well as 
cytotoxic T  cells (CD3+CD8+) and T helper cells (CD3+CD4+) 
were not raised in VAVcreKeapfl/fl mice compared to Keapfl/fl mice, 
frequencies and numbers of CD3+CD4+CD25+Foxp3+ as well as 
CD11b+Gr-1+ cells were altered significantly. CD11b+Gr-1+ cells 
are already expanded in spleens of younger mice but their num-
bers increased progressively with age (Figure 1E) in correlation 
with spleen weight (Figure 1B). The dominant cell type among 
CD11b+ cells of VAVcreKeapfl/fl mice were Ly6G+ PMN-MDSCs, 
and levels of these were significantly enhanced (Figure  1F). It 
has been shown before that Keapfl/fl mice already reveal reduced 
expression of Keap1 protein in various tissues compared to 
WT mice (21), we therefore additionally compared numbers 
of CD11b+Gr-1+ cells in B6-WT and Keapfl/fl mice, however, 
numbers of MDSC were not altered in these groups (Figure S1C 
in Supplementary Material) and we concluded from this that 
Keapfl/fl and WT controls are comparably fitting controls in our 
experiments. NAD(P)H quinine oxidoreductase (Nqo-1), which 
is one of the most specific Nrf2 targets, was strongly enhanced in 
VAVcreKeapfl/fl CD11b+Gr-1+ cells compared to Keapfl/fl cells, while 
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FigUre 1 | Nrf2 activation enhances CD11b+ Gr-1+ cells. (a) Spleens from old (50–52 weeks) Keapfl/fl and VAVcreKeapfl/fl mice. (B) Weight of spleens from Keapfl/fl 
and VAVcreKeapfl/fl mice at different ages. Bars indicate mean ± SD of at least three mice per group. (c) Representative dot plot depicting frequencies of 
CD11b+Gr-1+ cells in spleens from old (50–52 weeks) Keapfl/fl and VAVcreKeapfl/fl mice. (D) Frequencies of immune cell populations in spleens from 16-week-old 
Keapfl/fl and VAVcreKeapfl/fl mice. Bars indicate mean ± SEM of three mice per group. (e) Frequencies of CD11b+ Gr-1+ cells in spleens from Keapfl/fl and VAVcreKeapfl/fl 
mice at different ages. Bars indicate mean ± SD of at least six mice per group. (F) Frequencies of Ly6G+ and Ly6C+ cells within splenic CD11b+ cells from Keapfl/fl 
and VAVcreKeapfl/fl mice. (g) BM-derived cells were incubated with GM-CSF and IL-6 and frequencies of CD11b+Gr-1+ cells were assessed by flow cytometry. Bars 
indicate mean ± SD of at least three mice per group. (h) Mixed BM chimeric mice were analyzed 8 weeks after transfer of CD45.1 WT and CD45.2 VAVcreKeapfl/fl 
BM cells into lethally irradiated RAG2−/− recipient mice. WT mice were used, since Keapfl/fl CD45.1 mice were not available. Representative dot plots of splenic 
CD45.2+ Gr-1+CD11b+ and CD45.1+ Gr-1+CD11b+ cells are shown. (i) Percentages of splenic CD11b+Gr-1+ cells of CD45.1 and CD45.2 origin in bone marrow 
chimeras. For (F,i), each symbol indicates an individual mouse. Horizontal lines represent the mean; error bars represent SEM. Two-tailed unpaired t-tests were used 
to determine p-values for all statistical analysis.
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CD11b+Gr-1+ cells from Nrf2−/− mice exhibited reduced Nqo-1 
expression (Figure S1D in Supplementary Material), which shows 
that Nrf2 is hyperactivated in VAVcreKeapfl/fl compared to Keapfl/fl  

cells. CD11b+Gr-1+ cells in BM are IMCs, which differentiate 
into mature granulocytes, macrophages, or DCs in healthy 
individuals. However, proliferation of IMCs and blockade of 
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their differentiation can result in the accumulation of MDSCs 
in lymphoid organs. In most cases, accumulation of MDSCs is 
caused by pathogenic conditions such as cancer, inflammation, 
and autoimmunity (1). We therefore wanted to find out whether 
the observed expansion of CD11b+Gr-1+ cells is a secondary effect 
or whether it is indeed regulated by cell autonomous Nrf2/Keap1 
signaling in these cells. To answer this question, we performed 
in  vitro MDSC generation assays with BM-derived cells from 
Keapfl/fl, Nrf2−/−, and VAVcreKeapfl/fl mice. Culturing of BM  cells 
from naive mice with GM-CSF and IL-6 has previously been 
shown to lead to an enrichment of suppressive Gr-1+CD11b+ cells 
(22, 23). Interestingly, Nrf2-deficient BM-derived cells exhibited a 
quite low expression of Gr-1 and CD11b in comparison to Keapfl/fl  
BM-derived cells, whereas VAVcreKeapfl/fl cells showed the high-
est capacity to acquire a CD11b+Gr-1+ phenotype (Figure 1G). 
To further confirm that Nrf2/Keap1 signaling directly induces 
CD11b+Gr-1+ cells, we generated mixed BM chimeras. To this 
end, we transferred equal numbers of CD45.1 WT and CD45.2 
VAVcreKeapfl/fl BM cells into lethally irradiated Rag−/− mice, which 
led to complete reconstitution of the hematopoietic system within 
8 weeks. As expected, numbers of splenic CD11b+Gr-1+ CD45.1+ 
(WT derived) cells were lower than numbers of splenic CD45.2+ 
(Keap−/− derived) cells in the recipient mice (Figures 1H,I).

nrf2 activation in Myeloid cells results in 
cells Which Display MDsc characteristics
Expression of Gr-1 and CD11b are known characteristics of 
MDSCs. However, these markers are expressed by a quite 
heterogeneous cell population and additional attributes are 
required to define cells as MDSCs. These include the expression 
of immune suppressive factors such as arginase (encoded by 
ARG1), inducible nitric oxide synthase (also known as Nos2) an 
increase in the production of ROS. Interestingly, VAVcreKeapfl/fl  
CD11b+ Gr-1+ cells showed all the characteristic hallmarks of 
MDSCs such as production of arginase (Figure 2A; Figure S2A 
in Supplementary Material) and Nos2 (Figures  2B,C). ROS 
production was lower in VAVcreKeapfl/fl CD11b+ Gr-1+ cells than 
in Keapfl/fl cells (Figures 2D,E). This may be explained by a high 
activity of the anti-oxidative machinery in VAVcreKeapfl/fl cells, 
leading to a rapid scavenging of produced ROS molecules in these 
cells. Interestingly, most notably VAVcreKeapfl/fl Ly6G+ CD11b+ 
cells revealed a reduction of ROS molecules (Figure S2B in 
Supplementary Material). In addition, such as WT CD11b+Gr-1+ 
cells, VAVcreKeapfl/fl CD11b+Gr-1+ cells showed a lower expression 
of maturation and differentiation markers like CD11c, CD80, 
CD86, and MHC-II compared to CD11b+Gr-1− cells (Figure 
S2C in Supplementary Material). With regard to inflammatory 
cytokines, IL-6 was not detectable and levels of IL-1 and IL-12 
were markedly reduced in VAVcreKeapfl/fl compared to Keapfl/fl  
CD11b+Gr-1+ cells (Figure  2F). Furthermore, inhibition of 
T cells by means of T cell suppression assays is the “gold” standard 
for evaluation of MDSC function (2). Addition of Keapfl/fl and 
VAVcreKeapfl/fl CD11b+Gr-1+ cells to antigen-specific stimulated 
T cells reduced percentages of proliferated cells (Figures 2G,H), 
diminished absolute numbers of T  cells (Figure  2I), and 
enhanced percentages of dead T cells (Figure 2J). Furthermore, 

VAVcreKeapfl/fl CD11b+Gr-1+ suppressed T cell mediated transfer 
colitis (Figure  2K). While RAG-deficient (RAG2−/−) recipients 
of CD4+ T cells suffered from severe colitis with weight loss and 
high-grade intestinal inflammation (Figure 2K; Figures S3A,B,C 
in Supplementary Material), co-transfer of Keap-deficient 
CD11b+Gr-1+ cells markedly reduced loss of weight and intes-
tinal inflammation (Figure 2K; Figures S3B,C in Supplementary 
Material). Absolute numbers of CD3+CD4+ cells in spleens and 
mLNs were reduced as well (Figure 2L). Furthermore, Treg cells 
numbers increased (Figure S3D in Supplementary Material) 
while levels of inflammatory cytokines in the gut were markedly 
reduced in RAG2−/− mice transferred with MDSCs in addition to 
CD4+ T cells (Figure S3E in Supplementary Material).

We conclude from these experiments that CD11b+Gr-1+ 
VAVcreKeapfl/fl cells show all hallmarks and functional properties of 
MDSCs, such as production of arginase and Nos2 but low expres-
sion of maturation and differentiation markers and inflammatory 
cytokines and a high ability to suppress T cell proliferation in vitro 
and in vivo.

Metabolic Pathways and cell cycle 
Pathways are enriched in MDsc  
With constitutive nrf2 activation
Next, to investigate how Nrf2/Keap1 signaling induces expan-
sion of MDSCs, we performed whole transcriptome analysis in 
MDSCs isolated from VAVcreKeapfl/fl mice and Keapfl/fl mice using 
Affymetrix arrays. Several genes, which belong to the oxidative 
stress pathway, Nrf2/Keap1 signaling pathway, and glutathione 
metabolism, were activated in VAVcreKeapfl/fl MDSCs and differed 
significantly from WT MDSCs, which confirm constitutive Nrf2 
activation in these cells at a transcriptional level (Figures 3A,B). 
Most interestingly, in addition to this, we noticed altered expres-
sion of genes belonging to metabolic as well as cell cycle pathways 
(Figures  3A,B). In detail, genes of the cell cycle, the pentose 
phosphate pathway (PPP), and nucleotide, metabolism showed 
enhanced expression in VAVcreKeapfl/fl compared to WT MDSCs.

nrf2 enhances Proliferation  
of cD11b+gr-1+ cells
Based on our microarray data, we hypothesized that the 
accumulation of MDSCs in spleen is caused by a higher pro-
liferation rate. Analysis of Ki-67 expression in the spleen and 
BM cells confirmed a larger growth fraction within VAVcreKeapfl/fl  
CD11b+Gr-1+ cells compared to Keapfl/fl cells (Figures  4A,B). 
Furthermore, in vitro generated MDSCs from VAVcreKeapfl/fl mice 
displayed higher Ki-67 expression as well (Figure 4C). In addi-
tion, BM CD11b+Gr-1+ cells from VAVcreKeapfl/fl mice exhibited 
a higher BrdU incorporation than the respective CD11b+Gr-1+ 
cells from Keapfl/fl (Figures 4D,E) while BrdU incorporation into 
CD11b+Gr1+ cells from VAVcreKeapfl/fl spleens was only tenden-
tially increased (Figure 4E). However, the rates of apoptosis, as 
analyzed by the frequencies of early apoptotic (AnnexinV+ cell 
viability dye−) and late apoptotic (AnnexinV+ cell viability dye+) 
MDSCs were the same in Keapfl/fl and VAVcreKeapfl/fl mice (Figure 
S4 in Supplementary Material). From that, we conclude that Nrf2 
accelerates proliferation of MDSCs without affecting apoptosis.
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FigUre 3 | Nrf2 activates genes regulating cell cycle and metabolic pathways in myeloid-derived suppressor cells (MDSCs). (a) Gene expression in CD11b+Gr-1+ 
cells from Keapfl/fl and VAVcreKeapfl/fl mice. Colors indicate significant upregulation (of at least 1.5-fold; red) or downregulation (of at least 1.5-fold; blue). (B) Selection 
of pathways and associated genes which were significantly enriched.

FigUre 2 | CD11b+Gr-1+ cells from VAVcreKeapfl/fl reveal characteristics of myeloid-derived suppressor cells (MDSCs). (a) Representative arginase-histogram showing 
overlays of pre-gated CD11b+Gr-1+ cells in spleens from Keapfl/fl (black), VAVcreKeapfl/fl mice (gray), and an appropriate isotype control. (B) Flow cytometric analysis of 
Nos2 expression in pre-gated CD11b+Gr-1+ cells from spleens. Representative contour plots showing isotype control (left) and Nos2 expression from Keapfl/fl (middle) 
and VAVcreKeapfl/fl mice (right). (c) Statistical analysis of Nos2-positive cells in pre-gated CD11b+Gr-1+ Keapfl/fl (n = 3) and VAVcreKeapfl/fl (n = 3) mice, two-tailed unpaired 
t-test. Bars indicate mean and error bars SEM of three mice per group. (D) Statistical analysis of ROS+ cells in pre-gated CD11b+Gr-1+ from Keapfl/fl (n = 6) and 
VAVcreKeapfl/fl (n = 8) mice, two-tailed unpaired t-test. (e) Representative contour plots showing reactive oxygen species (ROS) positive cells pre-gated on CD11b+Gr-1+ 
cells cultured at 37°C for 1 h. (F) N-fold mRNA expression of cytokines in MACS isolated Keapfl/fl and VAVcreKeapfl/fl CD11b+Gr-1+ (n = 4) cells analyzed by RT-qPCR. 
Bars indicate mean and error bars SEM, two-tailed one sample test. (g–J) OT-II CD4+ T cells were labeled with the cell proliferation dye eFluor 660 and cultured alone, 
in the presence of DCs, or in the presence of OVA-fed DCs, or co-cultured with OVA-fed DCs or different ratios of Gr1+CD11b+ cells from VAVcreKeapfl/fl mice. (g) After 
3 days of culture, T cell proliferation was measured by loss of eFluor fluorescence on flow cytometry. (h) Statistical analysis of cell proliferation, as assessed by 
percentages of proliferated cells. Bars indicate the mean of three independent experiments and error bars SEM (two-tailed, paired t-test). (i) Statistical analysis of 
absolute CD4+ cells after 3 days of culture. (J) Statistical analysis of dead CD4+ T cells, as determined by incorporation of 7-AAD, two-tailed unpaired t-test. Bars 
indicate the mean of three independently performed experiments and error bars SEM. (K) CD4+CD25− transfer colitis: body weight as a percent of starting weight of 
control mice (n = 4, blue symbols), MDSC recipient control mice (n = 2, black), CD4+CD25− recipient mice (n = 8, red), and CD4+CD25− + MDSCs recipient mice (gray, 
n = 7) over the course of 5.5 weeks. (l) Statistical analysis of frequencies of CD4+ T cells in spleen and mesenterial lymph nodes (mLNs).
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nrf2 enhances Metabolic activity  
of cD11b+gr-1+cells
The metabolic characteristics regulating MDSCs have not yet been 
fully elucidated and may also differ within this quite heterogeneous 

cell population. Tumor-infiltrating MDSCs increase fatty acid 
oxidation compared to splenic MDSCs (24). On the other hand, 
rapamycin, the specific inhibitor of mTOR, decreased M-MDSC 
in mice with allografts or tumors (25). A significant enrichment 
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FigUre 4 | Nrf2 induces proliferation of myeloid-derived suppressor cells (MDSCs). (a) Statistical analysis of Ki-67 expression in pre-gated splenic CD11b+Gr-1+ 
Keapfl/fl (n = 5) and VAVcreKeapfl/fl (n = 5) cells. Bars indicate mean of mean fluorescence intensity and error bars SEM. (B) Representative dot plots showing Ki-67 
expression in pre-gated CD11b+Gr-1+ BM-derived cells. (c) BM-derived cells were incubated with GM-CSF and IL-6 for 8 days and frequencies of Ki-67+ cells 
within CD11b+Gr-1+ cells were assessed by flow cytometry. Bars indicate mean ± SEM of four independently performed experiments. (D) Keapfl/fl and VAVcreKeapfl/fl 
mice were fed orally with BrdU for 14 days. Statistical analysis of BrdU incorporation among pre-gated CD11b+Gr-1 cells of Keapfl/fl (n = 5) and VAVcreKeapfl/fl (n = 6) 
mice. (e) Representative histogram shows overlays of BrdU incorporation in pre-gated CD11b+Gr-1+ cells of spleen and BM. Two-tailed unpaired t-tests were used 
to determine p-values for all statistical analysis.
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of genes of the PPP was observed in our microarray data, together 
with an enhancement of genes involved in glycolysis. RT-qPCR 
was used to validate upregulation of the following genes: glucose 
transporter 3 (Glut3, SLC2A3), the glucose receptor of white 
blood cells, hexokinase (Hk)1 and Hk2, enzymes responsible for 
committing glucose to the glycolytic pathway, 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) which is known 
as vital regulator of glycolysis and furthermore promotes cell 
cycle progression, glucose-6-phosphate dehydrogenase (G6pd) the 
rate-limiting enzyme of the PPP, phosphogluconate dehydrogenase 
(Pgd), the second dehydrogenase in the PPP, transketolase (Tkt), 
which delivers excess sugar phosphates for glycolysis in the PPP, 
and pyruvate kinase isozyme M2 (Pkm2), which catalyzes the 
last step within glycolysis (Figures 5A,B). In addition, glucose 
uptake, as measured by flow cytometry, was faster in VAVcreKeapfl/fl  
MDSCs compared to Keapfl/fl MDSCs (Figure  5C) and glucose 
availability was a prerequisite for generation of MDSCs in vitro 
(Figure  5D). MDSC generation in WT  cells was enhanced by 
glucose in a dose-dependent manner, while VAVcreKeapfl/fl cells 
differentiated into MDSCs even with low amounts of glucose, 

which suggests a more efficient uptake and faster utilization of 
glucose. Nrf2-deficient cells benefit from higher glucose levels, 
but failed to reach the same frequencies as Keapfl/fl cells even at 
high glucose concentrations (Figure 5D). Moreover, rapamycin, 
a specific mTOR inhibitor which is known to decrease glucose 
uptake during MDSC differentiation in vitro and thereby inhib-
its MDSC differentiation in  vitro (25) restores the enhanced 
MDSC differentiation of VAVcreKeapfl/fl BM  cells to WT levels 
(Figures  5E,F). P-mTOR expression was enhanced in splenic 
VAVcreKeapfl/fl MDSCs as well (Figure 5G) and activation of mTOR 
signaling was reflected in the phosphorylation of S6 ribosomal 
protein (p-S6) (Figure 5H). In addition, mitochondrial mass was 
enhanced in VAVcreKeapfl/fl MDSCs (Figure 5I). Seahorse assays 
revealed higher maximal respiration rates (OCR) (Figures 5J,K), 
while extracellular acidification rates (ECAR), a measurement 
of lactate production, were not enhanced (Figure 5L), which in 
addition to the higher mitochondrial mass rates might suggests 
that VAVcreKeapfl/fl MDSCs use oxidative phosphorylation to 
generate ATP from glucose instead of glycolysis with subsequent 
lactate secretion. Overall, we conclude from these data that 
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FigUre 5 | Nrf2 induces metabolic activity in myeloid-derived suppressor cells (MDSCs). (a) Metabolic enzymes regulated by Nrf2 in glucose metabolism in 
MDSCs (own microarray and RT-qPCR data). (B) N-fold mRNA expression of metabolic enzymes in MACS isolated Keapfl/fl and VAVcreKeapfl/fl CD11b+Gr-1+ (n = 7–8, 
PFKFB3 n = 5) cells analyzed by RT-qPCR. Bars indicate mean and error bars SEM, two-tailed one sample test. (c) 2NBD-glucose incorporation was analyzed in 
CD11b+Gr1+ splenocytes from Keapfl/fl (n = 3) and VAVcreKeapfl/fl (n = 4) mice at different time-points, two-tailed unpaired t-test. (D) BM-derived cells were incubated 
with GM-CSF and IL-6 for 8 days with different glucose concentrations, and frequencies of CD11b+Gr-1+ cells were assessed by flow cytometry. Bars indicate 
mean ± SEM of three independent experiments per group, two-tailed unpaired t-test. (e,F) BM-derived cells were incubated with GM-CSF and IL-6 for 8 days in the 
absence or presence of 1 µM rapamycin, n = 4, two-tailed unpaired t-test. (g) Representative histogram of five experiments (p = 0.0155, two-tailed paired t-test) 
showing p-mTOR expression in splenic CD11b+Gr-1+ cells. (h) Mean fluorescent intensity of pS6 expression in CD11b+Gr-1+ cells. (i) Statistical analysis of 
mitochondrial mass of Keapfl/fl (n = 4) and VAVcreKeapfl/fl (n = 4) CD11b+Gr-1+ cells evaluated by assessing NAO mean fluorescence intensity, n = 3, two-tailed 
unpaired t-test. (J) OCR measured under basal conditions and after addition of the indicated drugs. Points indicate mean from six Keapfl/fl (n = 6) and six 
VAVcreKeapfl/fl (n = 6) CD11b+Gr-1+ cells, error bars SEM. (K) Statistical analysis of max. OCR. Bars indicate mean ± SEM. (l) ECAR measured under basal 
conditions and after addition of the indicated drugs. Points indicate mean from six Keapfl/fl (n = 6) and six VAVcreKeapfl/fl (n = 6) CD11b+Gr-1+ cells, error bars SEM, 
two-tailed unpaired t-test.

Ohl et al. Nrf2 Activates MDSCs

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1552

Keap1-deficient MDSCs exhibit higher uptake of abundant 
nutrients and a higher overall metabolic activity, which leads to 
an increase in metabolic pathways and pushes them into prolif-
erative states.

nrf2 activation resembles lPs-induced 
MDsc expansion
Myeloid-derived suppressor cells strongly expand under septic 
conditions in mice and men (3, 4). We also observed higher levels 
of Nrf2 protein expression in CD11b+Gr-1+ cells after treating 
mice with sublethal doses LPS (Figure 6A). We therefore specu-
lated whether LPS-induced MDSCs are regulated by Nrf2 signal-
ing and would show similarities with MDSCs of VAVcreKeapfl/fl 
mice. Mice were treated with sublethal doses of LPS (5 mg/kg/bw)  
which resulted in a significant enrichment of CD11b+Gr-1+ 
cells in spleens (Figure 6B). Systems biology analysis identified 
a high number of alike regulated genes in LPS-treated MDSCs 
and VAVcreKeapfl/fl MDSCs (Figure 6C), which revealed strikingly 
more transcriptional similarities (e.g., less differentially expressed 
genes) between LPS-induced MDSCs and Keapfl/fl MDSCs than 
between MDSCs of Keapfl/fl mice vs. Keapfl/fl mice (Figure 6C). In 
detail, we identified 1,798 genes showing significant expression 
changes (>2-fold change, p < 0.05) in LPS-treated vs. Keapfl/fl mice. 
By contrast, only 214 genes were differentially expressed between 
LPS treated and VAVcreKeapfl/fl MDSCs using the same significance 
criteria (Figure 6C). In addition, pathway gene set enrichment 
analysis revealed similar patterns in VAVcreKeapfl/fl MDSC and 
LPS-induced MDSCs, which included metabolic pathways like 
the PPP pathway, as well as nucleotide metabolism and the cell cycle 
pathway. The same was true for the statin pathway, complement 

activation and macrophage markers (Figure S5 in Supplementary 
Material). Consequently, LPS-induced CD11b+Gr-1+ cells 
revealed higher Ki-67 expression (Figure  6D) and enhanced 
mRNA levels of genes, which belong to the glucose and PPP 
pathway (Figure 6E) as well as faster glucose uptake (Figure 6F). 
LPS-induced CD11b+Gr-1+ cells had increased ECAR on a basal 
level and after addition of glucose and furthermore after addition 
of Oligomycin, which blocks mitochondrial ATP production and 
promotes maximal rates of glycolysis (Figure  6G). In addition 
to this, OCR was enhanced as well under basal conditions but 
also after addition of Oligomycin and FCCP, which uncouples 
oxidative phosphorylation from electron transport and allows 
maximal respiration (Figure  6H). While OCR was enhanced 
in VAVcreKeapfl/fl MDSCs as well, an enhanced ECAR seems 
to be more specific for LPS-induced MDSCs and might occur 
independently of Nrf2 signaling. To proof if inhibition of mTOR 
influences LPS-mediated induction of MDSC in vivo, we treated 
mice with sublethal doses of LPS together with rapamycin. In 
vivo administration of rapamycin (2  mg/kg/bw i.p. every day) 
significantly reduced numbers of CD11b+Gr-1+ cells in spleens 
of LPS-treated mice (Figure 6I). In conclusion, these data show 
that LPS-induced MDSCs show some similarities with Nrf2-
activated MDSCs and are as well characterized by an activation 
of metabolic pathways and higher proliferation states.

nrf2 activation contributes to Tlr4-
Mediated MDscs expansion
To finally analyze the functional significance of our findings 
in  vivo we performed an acute lethal model and a tolerance 
sepsis model. Mice were treated with either lethal doses (acute, 
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FigUre 6 | Nrf2 activation resembles LPS-induced myeloid-derived suppressor cell (MDSC) expansion. (a) MFI of Nrf2 expression in CD11b+Gr-1+ cells of 
untreated mice and mice after low-dose LPS treatment, unpaired one-tailed t-test, n = 3. Bars indicate mean ± SEM. (B) Flow cytometric analysis of CD11b+Gr-1+ 
cells in spleens from untreated Keapfl/fl mice and mice after LPS treatment. Bars indicate mean and error bars SEM of three experiments with a total of nine mice per 
group. (c) Diagram of differentially expressed genes (p < 0.05, >2-fold) between LPS-induced MDSCs vs. VAVcreKeapfl/fl (top), LPS-induced MDSCs vs. Keapfl/fl 
(middle), and of VAVcreKeapfl/fl and WT (bottom). (D) Statistical analysis of Ki-67 expression in pre-gated splenic CD11b+Gr-1+ cells from untreated (n = 4) and LPS 
treated (n = 4) mice. Bars indicate mean of mean fluorescence intensity and error bars SEM, two-tailed, unpaired t-test. (e) N-fold mRNA expression of metabolic 
enzymes in MACS isolated CD11b+Gr-1+ cells analyzed by RT-qPCR. Bars indicate mean and error bars SEM, n = 5, two-tailed, one sample test. (F) 2NBD-glucose 
incorporation was analyzed in CD11b+Gr1+ splenocytes from control (n = 6) and LPS treated Keapfl/fl mice (n = 6) mice at different time-points. (g) ECAR measured 
under basal conditions and after addition of the indicated drugs. Points indicate mean from three control and three LPS treated Keapfl/fl mice ± SEM of 
quintuplicates. (h) OCR measured under basal conditions and after addition of the indicated drugs. Points indicate mean CD11b+Gr-1+ cells from three control and 
three LPS treated Keapfl/fl mice ± SEM of quintuplicates. (i) Flow cytometric analysis of CD11b+Gr-1+ cells in spleens from Keapfl/fl mice 4 days after LPS treatment 
and daily administration of vehicle or rapamycin. Bars indicate mean and error bars SEM of three experiments with a total of four mice per group.
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lethal model) or either with sublethal (tolerizing) and subsequent 
lethal LPS doses (tolerance model). While treatment with low 
doses and subsequent lethal doses of LPS expectedly induced 
MDSC expression in wild-type mice and induced a protection 
against the lethal dose, Nrf2−/− mice had to be taken out of the 
experiment and sacrificed at day 2 or 3 without acquiring an 
enhanced MDSC population (Figures  7A,B). But it should be 
considered that the reduced numbers of MDSCs during the 
sepsis experiment in Nrf2−/− mice might be related to the early 
death of the mice. However, mice with deletion of Nrf2 were not 
protected by a tolerizing dose of LPS and died after the second 
lethal dose of LPS, while WT mice that underwent the same 
procedure were protected and displayed expanded numbers of 
MDSCs. In addition, mice with a constitutive expression of Nrf2 
in hematopoietic cells (VAVcreKeapfl/fl) were resistant against lethal 
doses of LPS even without previous treatment with tolerizing 
LPS doses (Figures 7A,B). To further test if LPS mediates MDSC 
expansion and metabolic activation by promoting Nrf2 activa-
tion, we analyzed VAVcreKeapfl/fl CD11b+Gr-1+ cells after tolerizing 
LPS treatment. While LPS significantly enhanced ECAR also 
in VAVcreKeapfl/fl CD11b+Gr-1+ cells, which was comparable to 
the effect in wild-type MDSCs (Figure 7C), the OCR was only 
slightly enhanced compared to LPS-induced OCR activation of 
WT CD11b+Gr-1+ cells (Figures 7D,E). This experiment shows 
clearly that LPS favors aerobic glycolysis and lactate production 
in CD11b+Gr-1+ cells independently from Nrf2, but that Nrf2 
translocation indeed contributes to enhanced ATP generation 
from oxidative phosphorylation in MDSCs, which might be 
protective in LPS-induced septic shock.

DiscUssiOn

Nrf2 is a key transcriptional regulator, driving antioxidant gene 
expression and protection from oxidant injury, and is activated 
by ROS. Nrf2 regulated genes include a battery of antioxidant 
enzymes such as Nqo-1. Under quiescent conditions, Nrf2 is 
bound to Keap1 in the cytoplasm, resulting in proteasomal 
degradation. Cellular stimuli, such as oxidative stress, induce 
conformational changes in Keap1 resulting in the release of 
Nrf2 (26). Subsequently, Nrf2 translocates to the nucleus and 
transactivates expression of genes containing an antioxidant 
response element in their promoter regions (27). Nrf2 has been 
described before as a positive regulator of myeloid differentiation 
(28) and it skews the differentiation potential of HSCs toward 
the granulocyte-monocyte lineage (29). Nevertheless, the role 
for Nrf2 activation in MDSCs in different relevant diseases like 
cancer is contra dictionary (13, 30, 31). We therefore performed 
a comprehensive approach to study Nrf2/Keap1 signaling in 
MDSCs in steady state and sepsis and identified Nrf2 as a key 
metabolic regulator of these immunosuppressive cells.

In detail, we could show that Nrf2/Keap1 signaling enhances 
MDSCs in a cell intrinsic manner, Nrf2 activated MDSCs are 
suppressive in vitro and in vivo and reveal other characteristics of 
MDSCs such as expression of arginase and NOS2 and low expres-
sion of inflammatory cytokines. Furthermore, Nrf2 induces 
transcriptional reprogramming of MDSCs, which resembles 
the transcriptional profile of LPS-induced MDSCs and might 

thus critically contribute to LPS-mediated tolerance. While it 
was shown before that Nrf2 is protective in models of sepsis by 
suppressing LPS-induced inflammatory cytokine expression in 
macrophages (32–35), these studies did not address MDSCs and 
our observations in metabolic reprogramming of MDSCs might 
critically contribute to the protective role of Nrf2 in this context.

Nrf2 is involved in metabolic reprogramming of cancer 
cells and in regulation of mitochondrial respiration (36–38). 
Furthermore, a direct mTOR activation by Nrf2 has been shown 
in human cell lines (39). These earlier data from other cell types 
support our study, as we also detected an higher metabolic activ-
ity, higher glucose uptake and mitochondrial masses, and high 
mTOR phosphorylation in Nrf2-induced MDSCs cells and could 
even block Nrf2-induced MDSC generation with rapamycin.

Collectively our study suggests that Nrf2 is a key modulator 
of MDSCs which might contribute to innate memory in sepsis. 
Nrf2 activation induces expansion of MDSCs; Nrf2 is also neces-
sary to expand MDSCs in the situation of LPS tolerance. Finally, 
these MDSCs are protective in acute LPS-induced sepsis. While 
Nrf2 activated MDSCs share several transcriptional similarities 
with LPS-tolerized WT MDSCs, we found one striking differ-
ence in energy consumption between VAVcreKeapfl/fl MDSCs 
and LPS-tolerized WT MDSCs. The latter ones prefer aerobic 
glycolysis for ATP generation. Even the VAVcreKeapfl/fl MDSCs 
can change their metabolic expenditures after LPS treatment to 
enhanced aerobic glycolysis, which suggests that glycolysis with 
subsequent lactate production is mainly regulated independently 
of Nrf2. One advantage of glycolysis in comparison to oxidative 
phosphorylation is a better maintenance of the redox balance. 
Most of cellular ROS is produced during oxidative phosphoryla-
tion in the mitochondria (40). VAVcreKeapfl/fl MDSCs show low 
levels of intracellular ROS despite enhanced mitochondrial mass. 
This can be explained by constitutive activation and availability 
of antioxidant enzymes in these cells and might be an important 
mechanism which enables the cells to enhance mitochondrial 
ATP production by counteracting subsequent high ROS levels at 
the same time. With this regard, it is interesting that Nrf2 activa-
tion in particular enhances PMN-MDSCs, which are known to 
produce excessive amount of ROS (41) and that Nrf2 activation 
also mainly reduces this high ROS levels in PMN-MDSCs and 
not in M-MDSCs. Therefore, PM-MDSCs may benefit more from 
Nrf2 activation and subsequent reduction of oxidative stress.

Host defense against recurrent infections is mediated by innate 
immune memory. The phenomena of trained immunity and 
endotoxin tolerance are examples of such innate-type memory, 
with trained immunity describing an adaption that results in the 
long-lasting capacity to respond more strongly and tolerance 
describing a hypoinflammatory state. However, it is not clear if 
these are two fundamentally divergent programs or just repre-
sent different facets of innate memory (5). Whereas the priming 
with β-glucan from Candida albicans leads to a state of trained 
immunity with a potentiation of inflammatory cytokine produc-
tion, TLR4 stimulation with LPS can induce a state of endotoxin 
tolerance and suppression of inflammatory cytokines. Recent 
studies showed that aerobic glycolysis is the metabolic basis for 
trained immunity (42). The metabolism of tolerant myeloid cells, 
especially of MDSCs, is less clear and was matter of our study.  
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FigUre 7 | Nrf2 activation in myeloid-derived suppressor cells (MDSCs) regulates LPS-mediated disease. (a) Mice were injected with either a low dose of LPS 
(5 mg/kg of body weight) and subsequently with a lethal dose of LPS (30 mg/kg of body weight) or solely with a lethal dose of LPS (30 mg/kg of body weight). Mice 
were euthanized depending on a scoring system (usually within the first 48 h after the single lethal dose) or 72 h after injection of the subsequent lethal dose and 
frequencies of CD11b+Gr-1+ cells were determined, unpaired, two-tailed t-test, ±SEM, N = 10 mice/group. (B) Kaplan–Meyer survival curves of mice, p-values were 
determined by Log-rank/Mantel-Cox Test of survival curves (single comparisons) and a subsequent FDR correction of single p-value for multiple comparison test. 
(c) ECAR measured under basal conditions and after addition of the indicated drugs. Points indicate mean from three control and three LPS treated VAVcreKeapfl/fl 
splenic MDSCs ± SEM. (D) OCR measured under basal conditions and after addition of the indicated drugs. Points indicate CD11b+Gr-1+ cells from three control 
and three LPS treated mice ± SEM. (e) Statistical analysis of max. OCR. Bars indicate mean ± SEM.
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It is generally accepted that, naïve or tolerant cells rely mainly on 
oxidative phosphorylation as energy sources while activated cells, 
e.g., after LPS stimulation, shift their metabolism toward aerobic 

glycolysis (43). By contrast, leukocytes from patients with severe 
sepsis and immunoparalysis display a generalized metabolic defect 
at the level of both glycolysis and oxidative metabolism in cellular 
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FigUre 8 | Model of Nrf2-mediated roles in myeloid-derived suppressor cells (MDSCs) in sepsis. During infection and sepsis, Nrf2 is activated by reactive oxygen 
species (ROS) molecules or TLR pathways. Nrf2 induces cell cycle activation and enhances metabolic activity and thereby contributes to expansion of MDSCs in sepsis.
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energy metabolism (5), which means that a complete metabolic 
reprogramming occurs between acute sepsis and immunopa-
ralysis. We could show that tolerizing mice with a low-dose LPS 
induced an activation of both glycolysis and OXPHOS in MDSCs. 
Mice with a constitutive Nrf2 activation already revealed at least 
higher OCR level and were even protected without any tolerizing 
pretreatment. Interestingly, MDSCs generated during infection 
show a strong anti-inflammatory phenotype, compared to splenic 
CD11b+Gr1+ cells under steady-state conditions (11) and we also 
detected reduced level of inflammatory cytokines in VAVcreKeapfl/fl  
mice compared to untreated MDSCs. This further suggests that 
MDSCs need to be primed to acquire an anti-inflammatory 
phenotype either by LPS and/or by Nrf2 activation.

One limitation of our study is that we so far only used LPS 
injections as a model for sepsis, therefore further studies will 
also include the cecal ligation and puncture model in order to 
test the effects of Nrf2 activation in different animal models of 
sepsis.

In conclusion, our data demonstrate for the first time that 
Nrf2/Keap signaling critically contributes to generation of tolerant 
MDSCs, which bear an intact cellular energy metabolism and are 
protective in sepsis (Figure 8). Thereby, our study provides new 

insights into the regulation of MDSCs, a myeloid cell population 
that might be relevant in trained immunity of the innate immune 
system (11, 44).
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aims: Macropinocytosis is a major endocytic pathway by which dendritic cells (DCs) 
internalize antigens in the periphery. Despite the importance of DCs in the initiation 
and control of adaptive immune responses, the signaling mechanisms mediating DC 
macropinocytosis of antigens remain largely unknown. The goal of the present study 
was to investigate whether protein kinase C (PKC) is involved in stimulation of DC mac-
ropinocytosis and, if so, to identify the specific PKC isoform(s) and downstream signaling 
mechanisms involved.

Methods: Various cellular, molecular and immunological techniques, pharmacological 
approaches and genetic knockout mice were utilized to investigate the signaling mech-
anisms mediating DC macropinocytosis.

results: Confocal laser scanning microscopy confirmed that DCs internalize fluo-
rescent antigens (ovalbumin) using macropinocytosis. Pharmacological blockade of 
classical and novel PKC isoforms using calphostin C abolished both phorbol ester- and 
hepatocyte growth factor-induced antigen macropinocytosis in DCs. The qRT-PCR 
experiments identified PKCδ as the dominant PKC isoform in DCs. Genetic studies 
demonstrated the functional role of PKCδ in DC macropinocytosis of antigens, their 
subsequent maturation, and secretion of various T-cell stimulatory cytokines, including 
IL-1α, TNF-α and IFN-β. Additional mechanistic studies identified NADPH oxidase 2 
(Nox2) and intracellular superoxide anion as important players in DC macropinocytosis 
of antigens downstream of PKCδ activation.

conclusion: The findings of the present study demonstrate a novel mechanism by 
which PKCδ activation via stimulation of Nox2 activity and downstream redox signaling 
promotes DC macropinocytosis of antigens. PKCδ/Nox2-mediated antigen macropino-
cytosis stimulates maturation of DCs and secretion of T-cell stimulatory cytokines. These 
findings may contribute to a better understanding of the regulatory mechanisms in DC 
macropinocytosis and downstream regulation of T-cell-mediated responses.

Keywords: dendritic cells, macropinocytosis, protein kinase c, naDPh oxidase, reactive oxygen species
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inTrODUcTiOn

Dendritic cells (DCs) are professional antigen-presenting cells 
(APCs) that initiate and direct adaptive immune responses (1–3). 
Immature DCs (iDCs) in peripheral tissue constantly sample their 
surroundings for antigens. Following antigen internalization, 
iDCs exhibit dramatic functional and morphological changes, 
called maturation, which optimizes antigen processing and 
maximizes antigen presentation to naïve T cells. During matura-
tion, iDCs acquire a phenotype of professional APCs, synthetize 
and secrete T-cell costimulatory cytokines, increase plasma 
membrane expression of CD86 and CD80, and translocate major 
histocompatibility complex class I and II (MHC I/II) molecules 
from the late endocytic compartments to the plasma membrane 
(4). Mature DCs migrate to draining lymph nodes and present 
the processed antigenic peptides on MHC I/II to T lymphocytes 
to initiate antigen-specific immune responses (2). The ability of 
mature DCs to internalize and process antigens is inhibited to 
restrict their ability to present additional antigens encountered 
after the initial immunogenic stimulus (5).

Immature DCs capture antigens by several distinct mecha-
nisms, including “non-specific” internalization by macropinocy-
tosis and “specific” uptake via receptor-mediated endocytosis and 
phagocytosis (4). Importantly, the endocytic process by which 
antigens are internalized not only determines the intracellular 
trafficking of the antigen but also influences the type of T-cell 
epitope being presented on MHC molecules (6). Previous stud-
ies showed that macropinocytosis is distinct in many ways from 
receptor-mediated endocytosis and phagocytosis (7). Indeed, 
phagocytosis and receptor-mediated endocytosis are strictly 
ligand-receptor-driven processes (4, 8), while macropinocytosis 
is characterized by receptor-independent internalization of 
extracellular fluid and pericellular solutes (4, 9). Phagocytosis is 
initiated by recognition and binding of the particle to the plasma 
membrane, followed by localized actin remodeling, formation 
of a phagocytic cup around the particle and its subsequent 
internalization into the phagosome (7). Unlike phagocytosis, 
receptor-mediated endocytosis is largely an actin-independent 
process in mammalian cells (10). In receptor-mediated endocy-
tosis, specific cell surface receptors, such as C-type lectin recep-
tors, Fcγ and Fcε receptors mediate antigen internalization by 
DCs (11). On the contrary, macropinocytosis involves particle-
independent, global activation of the actin cytoskeleton resulting 
in extensive plasma membrane ruffling over the entire surface 
of the cell. Some of the membrane ruffles curve into O-shaped 
macropinocytotic cups and close or fuse with the non-extended 
plasma membrane, leading to macropinosome formation and 
non-specific internalization of extracellular fluid and associated 
solutes (4, 7, 9).

Previous studies demonstrated that membrane ruffling and 
macropinocytosis can be stimulated by various growth factors, 
including epidermal growth factor (12) and hepatocyte growth 
factor (HGF) (13), cytokines (14, 15), and phorbol esters (15, 16).  
Although the precise signaling mechanisms responsible for 
stimulation of macropinocytosis in DCs and other cell types 
are incompletely defined, phosphatidylinositol phosphates have 
been shown to play an important role (17). Plasma membrane 

phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] regulates the 
activity of a number of actin-binding proteins and, thus, plays an 
important role in controlling submembranous actin polymeriza-
tion and reorganization during macropinocytosis (10). PI(4,5)P2 
is phosphorylated to PI(3,4,5)P3 by phosphatidylinositol-3-kinase 
(PI3K) followed by recruitment and activation of small GTPase 
Rac1 and Rab5 to mediate cup closure and initiate macropino-
some formation (10, 18). Furthermore, PI(4,5)P2 is a substrate 
for phospholipase C, which produces two important signaling 
molecules: diacylglycerol (DAG) and inositol trisphosphate (IP3) 
(17). Recent studies by our lab and others have demonstrated 
that DAG-mediated protein kinase C (PKC) activation in mac-
rophages plays an important role in macropinocytosis (15, 17). 
The PKC family has been categorized into three groups, namely 
the DAG/Ca2+-dependent classical (α, β, and γ), DAG-dependent 
novel (δ, ε, η, and θ), and DAG/Ca2+-independent atypical (λ, 
ι, μ, and ζ) PKC isoforms. Importantly, the PKC isoforms dif-
fer in their mechanism of activation, substrates, and signaling 
in the cell (19–21). The specific PKC isoform(s) mediating DC 
macropinocytosis of antigens and the signaling mechanisms 
downstream of PKC leading to macropinocytosis are currently 
unknown.

The NADPH oxidases (Noxs) are transmembrane proteins 
that transfer electrons across biological membranes to reduce 
oxygen to superoxide anion ( )O2

•−  or its dismuted form, hydro-
gen peroxide (H2O2) (22). The Nox family consists of seven 
members, namely Nox1–Nox5, dual oxidase (DUOX) 1, and 
DUOX2. Nox2, the prototype isoform of the Nox family, consists 
of flavocytochrome b558, an integral membrane heterodimer 
comprising gp91phox and p22phox, and four cytoplasmic protein 
subunits: p47phox, p67phox, p40phox, and Rac1 (23). Nox2 is dormant 
in resting cells and becomes rapidly activated on stimulation 
by growth factors, cytokines, and phorbol esters (15, 24–26). 
During activation, PKC mediates phosphorylation of p47phox, 
leading to its translocation to the catalytic core of Nox2 along 
with the cytosolic subunits, followed by NADPH-mediated 
electron transfer and O2

•− generation (26). Although signal 
transduction mediators upstream of Nox2 activation, such as 
PKC and Rac1, play an important role in macropinocytosis (10) 
and Nox2 activators also stimulate macropinocytosis (13, 15, 
26, 27), the role of Nox2 in DC macropinocytosis has not been 
previously investigated.

The goal of the present study was to identify the specific PKC 
isoform(s) involved in DC macropinocytosis. We also tested 
the hypothesis that Nox2 activation downstream of PKC con-
tributes to DC macropinocytosis of antigens, leading to their 
maturation and secretion of T- cell stimulatory cytokines. The 
data shown herein demonstrate the involvement of a previously 
unidentified mechanism by which DAG-inducible PKCδ via 
stimulation of Nox2 activity promotes DC macropinocytosis 
of antigens. PKCδ–Nox2-mediated antigen macropinocytosis 
induced MHC II translocation to the membrane, increased 
expression of CD86, and secretion of various T-cell stimulatory 
cytokines. These findings may be relevant for various immune 
disorders involving elevated uptake of antigens by DC, and 
ultimately leading to enhanced T-cell-mediated inflammatory 
responses.
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MaTerials anD MeThODs

reagents and antibodies
Mouse recombinant granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF), interleukin-4 (IL-4), recombinant murine 
FLT3-Ligand (FLT3L) and HGF were obtained from Peprotech 
(Rocky Hill, NJ, USA). FM™ 4-64 Dye and Alexa Fluor 488- 
conjugated ovalbumin (OVA) was procured from Molecular 
Probes (Eugene, OR, USA). Calphostin C, superoxide dis-
mutase (SOD), diphenyleneiodonium chloride (DPI), LY294002, 
5-(N-ethyl-N-isopropyl) amiloride (EIPA), phorbol 12-myristate 
13-acetate (PMA), cytochalasin D, lipopolysaccharide (LPS), and 
OVA were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Protease and phosphatase inhibitor cocktail tablets were pur-
chased from Roche Diagnostics GmbH (Mannheim, Germany). 
FITC-OVA and dihydroethidium (DHE) were obtained from 
Thermofisher Scientific (Grand Island, New York, NY, USA). 
EUK-134 was purchased from Cayman Chemical (Ann Arbor, 
MI, USA). L-012 was obtained from Wako Chemicals (Richmond, 
VA, USA). PE/Cy7-CD11c (clone N418), APC-CD11c (clone 
N418), FITC-MHCII (clone M5/114.15.2), APC-CD86 (clone 
GL1) monoclonal antibodies, and respective isotype controls were 
purchased from Thermofisher Scientific.

animals
All experimental protocols were approved by the Institutional 
Animal Care and Use Committee of Augusta University and 
conducted in accordance with the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals. Eight- to 
ten-week-old male, C57BL/6 (wild type) and Nox2y/− mice were 
purchased from The Jackson Laboratory (Bar Harbor, ME, USA). 
Breeding pairs of PKCδ+/− mice (kindly provided by Dr. Zheng 
Dong, Augusta University, USA), were used to generate PKCδ+/−, 
PKCδ−/−, and PKCδ+/+ mice. Mice were housed at constant 
temperature (21–23°C) with ad libitum access to standard rodent 
chow and water, and were maintained in 12 h light-dark cycles. 
Mice were anesthetized (isoflurane inhalation, 3%) and sacrificed 
by cervical dislocation and exsanguination.

generation of Mouse Bone Marrow-
Derived immature Dendritic cells 
(BMiDcs) and isolation of splenic Dcs
Bone Marrow-Derived Immature Dendritic Cells
The femur and tibia of sacrificed mice were cleaned of adher-
ent muscle and connective tissue. Bone marrow was flushed 
from bone marrow cavities using a 27-gauge needle syringe 
containing Harvest Buffer [phosphate-buffered saline (PBS) and 
2% heat-inactivated FBS] (28). Cells were plated in RPMI-1640 
medium containing 10% FBS and differentiated into DCs with 
GM-CSF (20 ng/mL) and IL-4 (2 ng/mL) for 7 days. After 7 days, 
non-adherent and loosely attached cells were collected by gentle 
washing and used for experiments. For FLT3L-iDCs, mouse 
bone marrow cells were differentiated in complete RPMI-1640 
medium containing 200 ng/mL mouse recombinant FLT3L for 
9 days without disturbing (29). iDCs were identified by CD11c 
positivity, low- to intermediate expression of MHC II, and low 

expression of CD86. LPS (500 ng/mL, 24 h), a known inducer of 
DC maturation, was used to validate the immature phenotype of 
differentiated DCs.

Splenic DCs
Isolated mouse spleens were minced and digested with collagenase/
dispase solution (collagenase: 0.1  U/mL, dispase: 0.8  U/mL)  
(Roche Diagnostics Corporation, Indianapolis, IN, USA) for 
45  min at 37°C. After digestion, the cell suspension was filtered 
through a 70-µm cell strainer and CD11c+ cells were isolated using 
mouse CD11c MicroBeads (Miltenyi Biotec Inc. Auburn, CA, 
USA) according to the manufacturer’s instructions.

Flow cytometry
Splenic DCs and BMiDCs were incubated with FITC-OVA 
(50  µg/mL; 45,000  MW) in the presence and absence of PMA 
(1  µM) for 1 and 5  h, respectively. In separate experiments, 
BMiDCs were incubated with vehicle or HGF (100 ng/mL) and 
FITC-OVA internalization was investigated. After the incubation 
time, cells were washed twice with ice-cold PBS, stained with 
PE/Cy7- or APC-labeled CD11c (or respective isotype controls) 
monoclonal antibodies, fixed in 2% paraformaldehyde (PFA), 
resuspended in fluorescence-activated cell sorting (FACS) buffer 
(2% BSA and 0.01% sodium azide in PBS) and analyzed using 
a Becton Dickinson FACSCalibur flow cytometer. CD11c+ cells 
were gated and analyzed for FITC-OVA uptake.

confocal Microscopy
Bone marrow-derived immature dendritic cells were plated on 
poly-d lysine-coated glass bottom dishes and allowed to adhere 
for 90 min. Cells were incubated with FM™ 4-64 (5 µg/mL, 10 min) 
to label the plasma membrane and treated with Alexa Fluor 488-
OVA (50 µg/mL; 45,000 MW). Macropinocytosis was stimulated 
by incubation with PMA (1 µM, 30 min). Accumulation of Alexa 
Fluor 488-OVA in membrane-derived macropinosomes was 
visualized using a Zeiss 780 inverted confocal microscope in  
live cells.

In separate experiments, BMiDCs were treated with FITC-
OVA, incubated with vehicle or PMA for 5 h, and centrifuged at 
300 × g for 10 min to sediment on gelatin-coated coverslips. Cells 
were fixed in 2% PFA, permeabilized with 0.1% Triton X-100, 
and stained with TRITC-phalloidin (Sigma-Aldrich, St. Louis, 
MO, USA) and Hoechst 33342 (Life Technologies, Grand Island, 
NY). Images were captured using a Zeiss 780 inverted confocal 
microscope. Image fluorescence analysis was performed with the 
NIH Image J software.

real-Time Pcr
Total RNA was isolated using the RNA purification kit from IBI 
Scientific (Peosta, IA, USA). The TaqMan® Reverse Transcriptase 
kit (Applied Biosystems, Carlsbad, CA, USA) was used to gener-
ate complementary DNA from 500 ng of RNA template as per the 
manufacturer’s instructions. Real-time PCR was performed using 
SYBR Green Supermix (Applied Biosystems). All amplification 
reactions were performed in triplicate, and GAPDH was used as 
internal control. The primer sequences used for real-time PCR 
are shown in Table S1 in Supplementary Material.
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Western Blot
Western blotting was performed as previously described using 
the Odyssey CLx Infrared Imaging System (Li-Cor Biosciences) 
(30). The membranes were probed with the following primary 
antibodies: phospho-PKCδ (tyr311), total PKCδ, and GAPDH. 
Phospho-PKCδ (tyr311) was obtained from Cell Signaling 
Technology (Danvers, MA, USA). Total PKCδ and anti-GAPDH 
antibodies were procured from Santa Cruz Biotechnology 
(Dallas, TX, USA). The IRDye-conjugated secondary antibodies 
(Li-Cor Biosciences) were used to detect the primary antibodies.

reactive Oxygen species (rOs) 
Measurement
L-012 Chemiluminescence
L-012 (400 μM, Wako Chemicals), a luminol-based chemilumi-
nescent probe, was used to determine O2

•− generation as described 
previously (15). Fifty thousand CD11c+ BMiDCs were plated in 
white flat bottom 96-well microplates in sterile PBS and superox-
ide production by stimulated by PMA (1 µM). The chemilumi-
nescence signal was measured every 2 min for 2 h at 37°C using 
a Clariostar Monochromator Microplate Reader (BMG Labtech, 
Cary, NC, USA). The specificity of L-012 for O2

•− was confirmed 
by the addition of SOD (150 U/mL).

Dihydroethidium
CD11c+ BMiDCs were plated in 24-well plates and preincubated 
with 5  µM DHE for 30  min at 37°C. Cells were treated with 
vehicle or PMA (1  µM) for 30  min. The reaction was stopped 
by placing the culture plate on ice. The cells were washed twice 
with ice-cold PBS, fixed in 2% PFA, and fluorescence (excitation/
emission: 518 nm/605 nm) was measured using flow cytometry.

Maturation of Dcs
Dendritic cells were treated with vehicle  +  unlabeled OVA 
(50 µg/mL), PMA (1 µM) + OVA, or PMA alone for 24 h. DCs 
were then washed twice with ice-cold PBS and stained with PE/
Cy7-CD11c, FITC-MHC II, and APC-CD86 monoclonal anti-
bodies or respective isotype controls for 30 min at 4°C. FACS 
analysis was performed to determine CD86 and MHCII expres-
sion in CD11c+ iDCs.

Proinflammatory cytokine gene 
expression and cytokine secretion
CD11c+ BMiDCs/splenic iDCs were incubated with vehicle or 
treated with PMA in the presence or absence of OVA for 24 h. Cells 
were harvested and used to determine mRNA levels of various 
cytokines using real-time PCR. Cytokine secretion into the media 
was quantified using the LEGENDplex™ (mouse inflammation 
panel) bead-based immunoassay (BioLegend, San Diego, CA, 
USA) according to the manufacturer’s instructions. Data were 
acquired using four-color BD FACSCalibur (BD Biosciences, 
San Jose, CA, USA) and analyzed using the LEGENDplex Data 
Analysis software (BioLegend).

statistical analysis
The data are expressed as mean  ±  SD. Statistical analysis was 
performed using GraphPad Prism (La Jolla, CA, USA). Student’s 

t-test and one- or two-way ANOVA, followed by a Bonferroni 
post hoc test, were used as appropriate for the particular experi-
ment and treatment groups. A p-value less than 0.05 was consid-
ered statistically significant.

resUlTs

PKc Promotes Macropinocytosis of 
antigens in stimulated iDcs
Although previous studies demonstrated that DCs use macro-
pinocytosis to internalize antigens (5, 31), the signaling 
mecha nisms involved remain poorly understood. iDCs were 
characterized by high-level expression of CD11c (CD11c+), 
low- to intermediate-level expression of MHC II, and low-level 
expression of CD86 (Figures S1 and S2 in Supplementary 
Material). LPS from Escherichia coli, a known DC matura-
tion agent, was used as a positive control to determine the 
maturation status of DCs. FACS analysis demonstrated that 
PMA treatment stimulated internalization of fluorescent OVA in 
wild-type (WT) BMiDCs compared to vehicle-treated controls 
(Figure 1A). Gating strategy for FACS analysis is shown in Figure  
S1 in Supplementary Material. PMA-induced internalization 
of OVA was confirmed by confocal laser scanning microscopy 
(Figure 1B). Membrane ruffle formation and internalized Alexa 
Fluor 488-OVA in membrane-derived macropinosomes (~2–3 µm 
in diameter) following PMA treatment indicate macropinocyto-
sis as the endocytic mechanism responsible for antigen uptake 
(Figure 1C). Macropinocytosis is pharmacologically character-
ized by its sensitivity to inhibitors of actin polymerization (32, 33), 
PI3K (30, 34), and sodium–hydrogen (Na+/H+) exchangers (15, 
35). As shown in Figures 1D,E and Figure S3 in Supplementary 
Material, preincubation of BMiDCs with the actin perturbant, 
cytochalasin D (1 µM, 30 min), PI3K inhibitor, LY294002 (10 µM, 
30 min), and Na+/H+ blocker, EIPA (25 µM, 30 min) completely 
blocked PMA-induced antigen internalization. Taken together, 
these data demonstrate that PMA stimulates internalization of 
antigens in DCs via macropinocytosis. Next, we investigated the 
role of PKC in DC macropinocytosis. BMiDCs were preincubated 
with vehicle or calphostin C (100 nM, 30 min), an inhibitor of 
classical and novel PKC isoforms (36), and macropinocytosis was 
stimulated using PMA. As shown in Figures 1F,G, calphostin C 
pretreatment inhibited PMA-stimulated macropinocytosis. To 
confirm the physiological importance of PKC in macropinocy-
tosis, BMiDCs were incubated with HGF (100  ng/mL, 5  h), a 
physiologically relevant stimulator of macropinocytosis (13) and 
OVA uptake was analyzed by FACS analysis. HGF-stimulated 
OVA internalization in BMiDCs was inhibited by calphostin C 
pretreatment (100 nM, 30 min) (Figure 1H). These data demon-
strate that activation of PKC in iDCs is required for stimulated 
macropinocytosis of OVA.

PKcδ activation Plays a critical role in 
Macropinocytosis of antigens by iDcs
To identify the potential PKC isoform(s) involved in DC 
macropinocytosis, we first examined mRNA expression of clas-
sical and novel PKC isoforms in WT CD11c+ BMiDCs using 
real-time PCR. As shown in Figure  2A, the DAG-dependent 
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FigUre 1 | Protein kinase C activation promotes macropinocytosis of antigens in stimulated immature DCs (iDCs). (a) Wild-type (WT) bone marrow-derived 
immature dendritic cells (BMiDCs) were incubated with FITC-OVA (50 µg/mL; 45,000 MW) and treated with or without phorbol 12-myristate 13-acetate (PMA, 1 µM) 
for 5 h. Cells were stained with PE/Cy7-conjugated CD11c (or respective isotype control) monoclonal antibodies, fixed in 2% paraformaldehyde, and FITC 
fluorescence analyzed in PE/Cy7-gated CD11c+ cells using a Becton Dickinson FACSCalibur flow cytometer. Gating strategy for flow cytometry analysis is shown in 
Figure S1 in Supplementary Material. Bar diagram shows the mean fold change in percentage of FITC fluorescence+ cells among CD11c+ population (n = 7). (B) WT 
CD11c+ BMiDC were incubated with FITC-OVA (50 µg/mL, green) and stimulated with vehicle or PMA (1 µM) for 5 h. Cells were fixed in 2% PFA, and stained with 
TRITC-phalloidin (red) and Hoechst 33342 (blue). Images were taken using a Zeiss 780 inverted confocal microscope (63×). Similar findings have been observed in 
three independent experiments. Scale bar: 5 µm. Bar diagram represents quantified mean FITC fluorescence normalized to cell area in vehicle- and PMA-treated 
cells. (c) WT CD11c+ BMiDCs were treated with PMA (1 µM) for 30 min and incubated with the plasma membrane dye FM™ 4-64 (green) and Alexa Fluor 488-OVA 
(AF-OVA, 50 µg/mL, red) for 10 min. Live cell imaging was performed using a Zeiss 780 inverted confocal microscope. Yellow arrows indicate membrane ruffles, 
white arrows indicate membrane-derived macropinosomes, and blue arrows point to internalized extracellular solutes in macropinosomes. Images are representative 
of three independent experiments. Scale bar: 5 µm. (D) WT BMiDC were preincubated with vehicle, cytochalasin D (Cyto. D, 1 µM, 30 min) or LY294002 (10 µM, 
30 min), treated with PMA (1 µM), and incubated with FITC-OVA for 5 h. FITC-OVA uptake was analyzed by fluorescence-activated cell sorting (FACS) (n = 3).  
(e) WT BMiDC were preincubated with vehicle or EIPA (25 µM) for 30 min, and challenged with PMA (1 µM, 5 h) in the presence of FITC-OVA. FITC-OVA 
internalization was analyzed by FACS (n = 5). (F,g) WT BMiDC were preincubated with vehicle or calphostin C (Calp. C, 100 nM, 30 min), treated with PMA, and 
FACS was performed as described above (n = 3). (h) WT BMiDC were preincubated with vehicle or calphostin C (Calp. C, 100 nM, 30 min), treated with HGF 
(100 ng/mL) in the presence of FITC-OVA for 5 h and FACS was performed to analyze FITC-OVA internalization. Bar diagram represents the mean fold change in 
FITC fluorescence+ cells (n = 3). Data represent the mean ± SD. *p < 0.05 vs. vehicle, #p < 0.05 vs. PMA/HGF.
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FigUre 2 | PKCδ activation mediates macropinocytosis of antigens by iDCs. (a) WT CD11c+ BMiDCs were subjected to qRT-PCR to determine mRNA expression 
of classical and novel protein kinase C (PKC) isoforms. GAPDH was used as an internal control. The transcript levels were calculated using delta–delta-CT method. 
Bar graph represents mRNA levels of classical and novel PKC isoforms in comparison to PKCθ (gene with lowest expression). Data represent the mean ± SEM. 
*p < 0.05 vs. PKCθ. (B) WT BMiDCs were treated with vehicle or PMA (1 µM) for 30 min. Cell lysates were used for Western blot analysis of phospho- PKCδ 
(tyr311), total PKCδ, and GAPDH protein expression. Representative Western blot images are shown. Bar graph represents averaged protein levels determined 
using densitometric analysis and expressed as a ratio of phospho- to total PKCδ (n = 6). (c) CD11c+ BMiDCs from three PKCδ+/+, PKCδ+/−, and PKCδ−/− mice were 
pooled and Western blot was performed with cell lysates to validate deletion of PKCδ in DCs. (D) PKCδ+/+, PKCδ+/−, and PKCδ−/− BMiDC were incubated with 
FITC-OVA (50 µg/mL) with or without PMA (1 µM) for 5 h. FITC fluorescence was analyzed using a Becton Dickinson FACSCalibur flow cytometer. (e) Bar diagram 
shows the fold change in mean FITC fluorescence+ cells among CD11c+ PKCδ+/+, PKCδ+/−, and PKCδ−/− DCs (n = 6). (F) PKCδ+/+ and PKCδ−/− BMiDC were 
preincubated for 30 min with EIPA (25 µM), and treated with hepatocyte growth factor (HGF, 100 ng/mL) for 5 h in the presence of FITC-OVA. FITC-OVA 
internalization was analyzed by fluorescence-activated cell sorting (FACS) (n = 4). (g) WT CD11c+ splenic iDCs were subjected to qRT-PCR for determination of 
various PKC isoforms. GAPDH was used as an internal control. Bar graph represents mRNA levels of PKC isoforms in comparison to PKCθ (gene with lowest 
expression). Data represent the mean ± SEM. *p < 0.05 vs. PKCθ. (h) Splenic iDCs from PKCδ+/+ and PKCδ−/− mice were treated as described in Figure 2D for 1 h, 
and FITC fluorescence analyzed using FACS (n = 3). Data represent the mean ± SD. *p < 0.05 vs. vehicle, and #p < 0.05 vs. PKCδ+/+ PMA/HGF.
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novel PKC isozyme, PKCδ, is the dominant PKC isoform in 
BMiDCs. Western blot results show that incubation of BMiDCs 
with PMA (1  µM, 30  min) activates PKCδ as demonstrated 
by its increased Tyr311 phosphorylation (Figure  2B) (37). To 
determine the functional role of PKCδ in DC macropinocytosis, 
we evaluated the ability of BMiDCs derived from WT PKCδ+/+ 
controls, heterozygous PKCδ+/−, and homozygous PKCδ−/− mice 
to internalize antigens following PMA stimulation. The genotype 
of mice was confirmed by PCR analysis of genomic DNA (Figure 
S4 in Supplementary Material). PKCδ deletion in BMiDCs was 
confirmed by Western blotting (Figure 2C). FACS data demon-
strated that PMA-induced antigen internalization is significantly 
attenuated in both PKCδ+/− and PKCδ−/− BMiDCs compared to 
PKCδ+/+ controls (Figures 2D,E). To test the physiological rel-
evance of PKCδ in antigen macropinocytosis in iDCs, PKCδ+/+ 
and PKCδ−/− BMiDCs were incubated with HGF (100  ng/mL, 
5  h) and FITC-OVA internalization was investigated. HGF-
stimulated internalization of FITC-OVA in PKCδ+/+ iDCs, how-
ever, we observed no stimulation in PKCδ−/− iDCs (Figure 2F). 
The macropinocytosis inhibitor EIPA (25 µM, 30 min) abolished 
HGF-induced FITC-OVA uptake in PKCδ+/+ iDCs confirming 
the uptake mechanism as macropinocytosis. Consistent with our 
results in BMiDCs, RT-PCR experiments demonstrate that PKCδ 
is the dominant PKC isoform expressed in wild-type CD11c+ 
splenic and FLT3L-differentiated BM-derived DCs (Figure 2G; 
Figure S5A in Supplementary Material). Similar to BMiDCs, 
PMA stimulated FITC-OVA internalization in CD11c+ PKCδ+/+ 
splenic iDCs, but not in PKCδ−/− splenic iDCs (Figure 2H). Taken 
together, these results suggest for the first time that stimulated 
iDC macropinocytosis involves PKCδ activation.

Stimulation of Nox2 Activity Facilitates 
Macropinocytosis of Antigens in iDCs
As stimulation of PKC with phorbol esters and growth factors 
phosphorylates the Nox organizer subunit p47phox, leading to 
Nox2 activation and subsequent O2

•− generation (26, 27, 38, 39), 
we postulated that (a) O2

•− is involved as a signaling molecule 
in iDC macropinocytosis and (b) Nox2 activation contributes 
to antigen macropinocytosis by iDCs. Interestingly, a recent 
study by our laboratory has demonstrated the role of Nox2 in 
macrophage macropinocytosis of native LDL, leading to lipid 
accumulation and foam cell formation (15). To our knowledge, 
no prior studies have investigated the role of Nox enzymes 
and O2

•− generation in DC macropinocytosis. Pretreatment of 
BMiDCs with diphenyleneiodonium (DPI; 10  µM, 30  min), a 
flavoenzyme inhibitor of Nox enzymes and other oxidases, and 
EUK-134 (10 µM, 30 min), a cell-permeable O2

•− scavenger, inhib-
ited PMA-induced antigen macropinocytosis (Figure  3A). As 
shown in Figure 3B, Figures S5B,C in Supplementary Material, 
Nox2 is the most highly expressed Nox isoform in GM-CSF/
IL-4- and FLT3L-differentiated murine BMiDCs and splenic 
iDCs [Nox5 is not expressed in rodents (40)]. No significant 
difference was observed in Nox2 expression between PKCδ+/+ 
and PKCδ−/− BMiDCs (Figure S5D in Supplementary Material). 
Control experiments also demonstrated that PKCδ expression 
in Nox2y/+ and Nox2y/− BMiDCs is not different (Figure S5E in 
Supplementary Material). L-012 chemiluminescence and DHE 

fluorescence assays demonstrate that treatment of WT (Nox2y/+) 
iDCs with PMA stimulates O2

•− generation, but there was no induc-
tion in Nox2y/− iDCs (Figures 3C,D; Figure S6 in Supplementary 
Material). Furthermore, time-course L-012 chemiluminescence 
experiments demonstrate that Nox2-derived O2

•− generation 
precedes or occurs concomitantly with PMA-induced PKCδ 
Tyr311 phosphorylation in iDCs (Figures S7A,B in Supplementary 
Material). The specificity of L-012 for O2

•− was confirmed by the 
addition of SOD (150 U/ml) (not shown). The functional role of 
PKCδ in PMA-induced O2

•− generation is demonstrated in Figure 
S7C in Supplementary Material.

To investigate the role of Nox2 in DC macropinocytosis of 
antigens, we treated splenic iDCs and BMiDCs isolated from WT 
and Nox2 knockout mice with fluorescently labeled OVA, stimu-
lated cells with PMA and analyzed fluorescence using FACS. As 
shown in Figure 3E and Figure S8 in Supplementary Material, 
PMA-induced antigen accumulation was significantly attenuated 
in both Nox2y/− splenic and BM-derived iDCs compared to WT 
controls. Finally, loss of Nox2 in BMiDCs inhibited HGF-induced 
macropinocytosis of antigens (Figure 3F). Taken together, these 
observations suggest that the PKCδ/Nox2/O2

•− signaling pathway 
plays an important role in antigen macropinocytosis by iDCs.

PKcδ- and nox2-Mediated antigen 
Macropinocytosis Facilitates Maturation 
of iDcs
Immature DCs internalize antigens and present the processed 
antigenic peptides loaded on MHC II molecules to naïve T-cells 
in lymphoid organs to initiate adaptive immune responses  
(41, 42). During this process, iDCs acquire a phenotype of 
mature DCs, which includes translocation of MHC II from 
intracellular endocytic compartments to the plasma membrane 
and increased surface expression of costimulatory molecules, 
such as CD86 (43). Next, we sought to investigate whether 
PKCδ–Nox2-mediated macropinocytosis of antigens by iDCs 
stimulates their maturation into mature and antigen-presenting 
DCs. PMA treatment in the presence of OVA stimulated 
plasma membrane expression of MHC II and CD86 in WT 
DCs, demonstrating that antigen macropinocytosis induces 
DC maturation (Figures 4A,D). Importantly, the results of our 
FACS analysis also indicate that PMA in the presence of OVA  
did not stimulate MHC II and CD86 plasma membrane expres-
sion in PKCδ−/− and Nox2y/− DCs (Figures 4B,C,E,F). Altogether, 
these data suggest that iDCs derived from PKCδ−/− and 
Nox2y/− mice have reduced maturation and antigen-presenting 
capacity due to their attenuated ability to internalize antigens via 
macropinocytosis.

PKcδ- and nox2-Mediated antigen 
Macropinocytosis Plays an important  
role in Dc secretion of T-cell- 
regulatory cytokines
The antigen-specific T-cell receptor-mediated signaling, the co-
stimulatory signals-mediated by DC CD80/CD86, and soluble 
cytokines secreted by DCs determine T-helper cell polarization 
and the functional consequences of antigen internalization (44). 
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FigUre 3 | Nox2 activation induces macropinocytosis of antigens in iDCs. (a) WT BMiDCs were preincubated with EUK-134 (10 µM) or DPI (10 µM) for 30 min, 
and treated with PMA (1 µM) in the presence of FITC-OVA for 5 h. Percentage of CD11c+ FITC-OVA+ cells was analyzed by fluorescence-activated cell sorting 
(FACS) (n = 3). (B) qRT-PCR was used to determine mRNA expression of Nox1, Nox2, Nox3, and Nox4 in iDCs. GAPDH was used as an internal control. Data are 
representative of three independent experiments done in triplicate. (c) Nox2y/+ and Nox2y/− BMiDCs were treated with vehicle or PMA (1 µM) and O2

•− production was 
monitored using L-012 chemiluminescence (n = 3). (D) Intracellular O2

•− production in vehicle and PMA-treated Nox2y/+ and Nox2y/− BMiDCs was measured using 
dihydroethidium (DHE, 5 µM, 30 min.). Dihydroethidium (DHE) fluorescence was determined using fluorescence-activated cell sorting (FACS) analysis. Representative 
FACS histograms and bar graph are shown (n = 3). (e,F) Nox2y/+ and Nox2y/− splenic (e) and BMiDCs (F) were incubated with vehicle, PMA, or HGF in the presence 
of FITC-OVA. FITC fluorescence was analyzed using FACS (n = 4). Data represent the mean ± SD. *p < 0.05 vs. vehicle and #p < 0.05 vs. Nox2y/+ PMA/HGF.
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DCs secrete TH1-cell-polarizing factors, such as interleukin 
(IL)-12, interferons (IFNs) (44), TNF-α (45), and IL-27 (46). TH2 
cell polarizing factors include monocytic chemotactic protein 1 
(MCP1, also known as CCL2) and OX40 ligand (44); and IL-6, 
TGF-β, IL-1 (47), and IL-23 (48, 49) are known as TH17-cell-
inducing cytokines. Hence, we next investigated the ability of 
DCs to produce various T-cell polarizing cytokines following 
PKCδ/Nox2-mediated antigen macropinocytosis. As shown in 
Figures  5A–C, OVA macropinocytosis stimulated secretion of 
IL-1α, TNF-α, and IFN-β proteins in WT iDCs. IL-1α, TNF-α, and 
IFN-β secretion by PKCδ−/− and Nox2y/− iDCs was significantly 
decreased compared to WT controls (Figures 5A–C). Similarly, 
IL-6 mRNA levels were stimulated by OVA macropinocytosis in 
WT, but not in PKCδ−/− and Nox2y/−, iDCs (Figure 5D). Levels 

of IL-1β, IL-10, IL-12p70, IL-23, IL-27, IL-17A, and IFN-γ 
cytokines were also examined in cell culture supernatant, but we 
found either no stimulation of these cytokines following OVA 
macropinocytosis or were undetectable (data not shown). These 
changes in cytokines were also confirmed employing CD11c+ 
splenic DCs from WT, PKCδ−/−, and Nox2y/− mice. As shown in 
Figures 5E–G PMA-stimulated OVA macropinocytosis induced 
mRNA expression of IL-6, TNF-α, and IL-1α in WT splenic DCs; 
however, there was no increase in cytokine levels in PKCδ−/− 
and Nox2y/− splenic DCs. Overall, these data demonstrate that 
PKCδ- and Nox2-mediated macropinocytosis of antigens plays 
an important role in DC secretion of TH1- and TH17-cell polar-
izing cytokines and may influence downstream T-cell function 
and signaling.
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FigUre 4 | PKCδ- and Nox2-mediated antigen macropinocytosis stimulates maturation of iDCs. WT (C57BL/6J), PKCδ−/−, and Nox2y/− BMiDCs were treated with 
vehicle + unlabeled OVA (50 µg/mL), PMA (1 µM) + OVA, or PMA alone for 24 h. FACS analysis was performed to determine CD86 (a–c) and MHCII (D–F) 
expression in CD11c+ iDCs. Bar graphs show fold changes in the percentage of CD86high/MHCIIhigh cells compared to “vehicle + OVA” treatment (n = 3). Data 
represent the mean ± SD. *p < 0.05 vs. vehicle + OVA, #p < 0.05 vs. PMA + OVA.

Singla et al. Role of PKCδ and Nox2 in DC Macropinocytosis

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 537

DiscUssiOn

Dendritic cell macropinocytosis is a major mechanism of 
receptor-independent and indiscriminate sampling of extracel-
lular proteins for antigen presentation (4, 5). Although our 
knowledge of the regulatory mechanisms in macropinocytosis 
has greatly increased in recent years (10, 31, 50), the precise 
signaling pathways responsible for the initiation and completion 
of DC macropinocytosis remain unknown. The present study 
demonstrates for the first time that PKCδ-mediated Nox2 
activation stimulates DC macropinocytosis of antigens, lead-
ing to their maturation and secretion of specific inflammatory 
cytokines that may influence T-helper cell polarization and 
adaptive immunity. As such, these results may contribute to a 
better understanding of antigen macropinocytosis in DCs and 
downstream regulation of adaptive immune responses.

Recent studies by our lab and others have demonstrated that 
DAG-induced activation of PKC in macrophages stimulates 
macropinocytosis (15, 17). However, the role of PKC in DC macro-
pinocytosis is currently unknown. The goal of the present study 
was to examine whether PKC activation stimulates DC macropi-
nocytosis and, if so, to investigate the particular PKC isoform(s) 
involved and downstream signaling mechanisms leading to 
macropinocytosis. The members of PKC family are classified into 
three groups on the basis of their structure and cofactor require-
ments. Classical PKCs (α, β, and γ) are activated by DAG and Ca2+, 

novel PKCs (δ, ε, η, and θ) require only DAG for activation, while 
atypical PKC isoforms (λ, ι, μ, and ζ) are DAG-/Ca2+-independent 
enzymes (51, 52). Classical PKC isoforms contain tandem C1A/
C1B motifs that bind DAG and a C2 domain that binds anionic 
phospholipids in a calcium-dependent manner. Novel PKCs also 
contain twin C1A/C1B domains and a C2 domain; however, the 
positions of the C1A/C1B and C2 domains are switched and novel 
PKC C2 domains do not bind calcium (53). Previous studies 
reported that growth factors and phorbol esters stimulate activa-
tion of DAG-dependent PKCs and peripheral actin reorganization  
(54, 55), suggesting a potential role for classical and/or novel PKC 
isoforms in DC macropinocytosis. To investigate the role of PKCs 
in DC macropinocytosis, we first pretreated iDCs with calphostin 
C, a known inhibitor of classical and novel PKCs, incubated cells 
with fluorescently labeled OVA and stimulated macropinocyto-
sis. FACS data indicated that calphostin C inhibited both growth 
factor (HGF)- and phorbol ester-induced antigen internalization, 
suggesting a role of classical or novel PKC isoforms in DC macro-
pinocytosis. The qRT-PCR experiments identified PKCδ as the 
dominant PKC isoform in FLT3L- and GM-CSF/IL-4-induced 
BMiDCs and splenic iDCs. Next, we investigated the role of PKCδ 
in DC macropinocytosis of OVA. Our results demonstrated that 
loss of PKCδ in iDCs completely inhibited OVA macropino-
cytosis in response to HGF- and PMA-treatments. These data 
indicate the role of novel PKC isoform, PKCδ as a signaling 
molecule in stimulated DC macropinocytosis. Consistent with 
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FigUre 5 | PKCδ- and Nox2-mediated antigen macropinocytosis regulates DC secretion of T-cell regulatory cytokines. (a–c) Wild-type (WT) (C57BL/6J), 
PKCδ−/− and Nox2y/− BMiDCs were treated with vehicle or PMA in the presence of unlabeled OVA (50 µg/mL) or PMA alone for 24 h. Cell culture supernatants were 
collected and levels of secreted cytokines determined using LEGENDplex™ bead-based immunoassay assay. Bar graphs show fold changes in cytokine secretion 
compared to “vehicle + OVA” treatment. Data are representative of three independent experiments and values are expressed as mean ± SD. (D) BMiDCs were 
treated as described above. The mRNA levels of IL-6 were determined by qRT-PCR. Bar graphs show fold change in the expression of IL-6 compared to 
“vehicle + OVA” treatment (n = 3) and data represent the mean ± SD. (e–g) WT, PKCδ−/−, and Nox2y/− CD11c+ splenic iDCs were treated with vehicle + OVA, 
PMA + OVA, or PMA alone for 24 h. The mRNA levels of cytokines were determined by qRT-PCR. Data are representative of three independent experiments 
performed in triplicate and represent the mean ± SEM. Bar graphs show fold change in the expression compared to “vehicle + OVA” treatment. *p < 0.05 vs. 
vehicle + OVA, and @p < 0.05 vs. WT PMA + ova.
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our observations, previous studies demonstrated that rottlerin, 
which has been used as a PKCδ inhibitor, inhibit virus-induced 
macropinocytosis in endothelial cells (56) and attenuate parasite 
macropinocytosis by macrophages (57). It is important to add, 
however, that a number of studies questioned the selectivity 
of rottlerin as a PKCδ inhibitor and reported that it inhibits 
other kinases and non-kinase proteins and not PKCδ (58–60). 
Interestingly, previous findings also suggest a potential role of 
classical PKCs in macrophage and cancer cell macropinocytosis. 
Welliver and Swanson showed that PKCα levels are increased in 
macropinocytotic cups in macrophages following M-CSF stimu-
lation (61). A more recent study by Yamamoto et  al. reported 
that phorbol ester-induced macropinocytosis is inhibited in 
cancer cells expressing a mutant PKCγ isoform (62). We speculate 
that differences between these studies and our present work are 
related to the cell types used to study macropinocytosis, different 
PKC isoform expression, and differences in the mechanisms of 
macropinocytosis stimulation.

Phorbol esters mimic endogenously produced DAG and 
stimulate PKC activation, leading to a robust and long-lasting 
activation of Nox2 in phagocytes (24). Similarly, growth factors 
and M-CSF are known to stimulate Nox2-derived O2

•− generation 
via PKC activation (15, 27, 39). Although these Nox2 activators 
are considered as the prototype stimulators of macropinocytosis, 
information regarding the role of Nox enzymes in DC macro-
pinocytosis and downstream redox regulation of the multistep 
signaling process leading to macropinosome formation remains 
scant. To address this gap in knowledge, we investigated whether 
Nox-derived ROS in DCs contribute to stimulation of macropi-
nocytosis in response to phorbol ester and growth factor treat-
ments. The qRT-PCR data demonstrated that Nox2 is the major 
Nox isoform expressed in both BMiDCs (FLT3L- or GM-CSF/
IL-4-induced) and bonafide splenic iDCs. Consistent with the 
role of Nox2 as the major source of ROS in DCs, two independent 
O2

•− detection techniques (L-012 chemiluminescence and DHE 
fluorescence) demonstrated that PMA-induced O2

•− production is 
significantly inhibited in Nox2 knockout iDCs compared to WT 
controls. It is important to note that increased DHE fluorescence 
in PMA-treated WT, but not in PKCδ−/− or Nox2y/− iDCs indicate 
that PKCδ-mediated Nox2 activation stimulates intracellular 
O2

•− generation. Next, we demonstrated that DPI, a promiscu-
ous inhibitor of flavin-containing oxidases, and EUK-134, a 
membrane-permeant O2

•− scavenger, inhibited antigen uptake in 
iDCs, suggesting a potential role for Nox and intracellular O2

•− 
signaling in macropinocytosis. To further extend these findings 
and to use a more specific approach, we incubated WT and Nox2 
knockout splenic and bone marrow-derived iDCs with OVA 
and stimulated macropinocytosis with PMA and HGF. Our data 
demonstrated that both HGF- and PMA-induced macropinocy-
tosis of fluorescently labeled OVA was significantly attenuated in 
Nox2y/− iDCs compared with WT cells. To our knowledge, these 
results are the first to demonstrate the role of Nox2 in DC macro-
pinocytosis. Nox2 enzymes expressed in internal membrane 
structures produce ROS intracellularly and play an important role 
as initiators and modulators of redox sensitive signaling pathways 
(63). Relevant to this point, we have recently demonstrated that 
Nox2 activation in macrophages stimulates intracellular ROS, 

leading to dephosphorylation of the actin-binding protein cofilin, 
membrane ruffling, and macropinocytosis (15). Interestingly, 
previous studies showed that endogenous ROS derived from Nox 
enzymes release slingshot phosphatase-1L (SSH-1L) from the 
inhibitory interaction with regulatory 14-3-3 proteins, leading to 
cofilin dephosphorylation and actin cytoskeleton reorganization 
(64). Based on these studies, we speculate that SSH-1L-mediated 
cofilin activation downstream of PKCδ/Nox2 signaling con-
tributes to macropinocytosis stimulation. In addition to this 
potential mechanism, a number of other proteins involved in 
cytoskeletal reorganization are potential targets for oxidative 
modification and glutathiolation, including Src, Csk, actin, and 
protein tyrosine phosphatases that could be also playing a role in 
macropinocytosis (65).

Immature DCs after internalization of antigens undergo 
maturation and become professional APCs. During maturation, 
DCs lose their ability to endocytose antigens, increase surface 
expression of co-stimulatory molecules, such as CD86 and 
CD80, translocate MHCII to the plasma membrane, and change 
their morphology (66). We next investigated whether PKCδ/
Nox2-mediated antigen macropinocytosis stimulates maturation 
of iDCs. Our results demonstrated that incubation of WT iDCs 
with PMA in the presence of OVA increased plasma membrane 
expression of CD86 and MHCII compared to PMA and OVA 
treatment alone, suggesting that macropinocytosis of antigens 
stimulates DC maturation. By contrast, PMA  +  OVA treat-
ment did not stimulate plasma membrane expression of CD86 
and MHCII in PKCδ and Nox2 knockout DCs. These findings 
indicate that iDCs derived from PKCδ−/− and Nox2y/− mice have 
decreased maturation capacity due to their reduced macropino-
cytic potential. Previous studies showed that pharmacological 
stimulation of PKC activity, and increased intracellular ROS 
production in the absence of antigens induce DC maturation and 
production of T-cell stimulatory cytokines (67–69). Consistent 
with these results, we found that PMA treatment alone (no OVA) 
stimulates IL-1α and TNF-α secretion in WT DCs (Figure S9 in 
Supplementary Material). New findings provided by the present 
study demonstrate that administration of PMA and OVA together 
significantly stimulates IL-1α and TNF-α secretion in WT DCs 
compared to PMA treatment alone. Based on these results, we 
propose that PKC–Nox2 signaling contributes to DC maturation 
through multiple mechanisms, including direct O2

•−-mediated 
signaling and stimulation of antigen macropinocytosis. It should 
also be noted that contrary to our observation a previous study 
found no stimulation of OVA internalization in DCs following 
PMA treatment (70). In this study, OVA was added 3 h after PMA 
treatment at which time point no stimulation of macropinocyto-
sis is observed (15).

CD4+ T-cells play a major role in immune response and aid 
B cells to make antibodies, activate phagocytes, and recruit other 
immune cells to the site of infection/inflammation. Naïve CD4+ 
T-cells can differentiate into TH1, TH2, or TH17 cells, depending 
on pro-/anti-inflammatory cytokines present in the microen-
vironment (71). Mature DCs produce various cytokines and 
chemokines to orchestrate an efficient TH-cell response against 
infection (72). A variety of cytokines are produced by mature 
DCs, including IL-1, 6, 12 (73, 74), 23 (75), 27 (76, 77), TNF-α 
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(73, 74), TGF-β (78), and IFNs (74), which play an important 
role in TH-cell polarization (44, 47). Macropinocytosis of OVA 
in WT BMiDCs stimulated secretion of IL-1α, TNF-α, and 
IFN-β and increased mRNA expression of IL-6. The observed 
increase in production of proinflammatory cytokines in WT cells 
were completely inhibited (IL-1α, TNF-α, IFN-β, and IL-6) or 
attenuated (IL-1α, IFN-β, and IL-6) in BMiDCs lacking PKCδ 
and Nox2, respectively. These findings suggest that IL-1α, IFN-β, 
and IL-6 secretion are mediated by Nox2-dependent and Nox2-
independent pathways downstream of PKC. DC-derived TNF-α 
and IFNs have been shown to stimulate TH1 cell polarization and 
induce cytotoxic T lymphocyte-mediated immune responses (44, 
79). Similarly, upregulation of transcript levels of IL-1α, TNF-α, 
and IL-6 were observed in WT splenic DCs and PKCδ/Nox2 
deletion from these cells abrogated elevation of these cytokines. 
IL-1 and IL-6 promote differentiation and function of TH17 cells 
(80, 81). TH17 cells secrete IL-17 (IL-17A and IL-17F) cytokines, 
which are crucial for clearance of Candida albicans infection (82). 
Secretion of IL-17, IL-21, and IL-22 by TH17 cells correlates with 
the pathogenesis of several autoimmune (rheumatoid arthritis, 
systemic lupus erythematosus, multiple sclerosis, and psoriasis) 
and inflammatory diseases (inflammatory bowel disease and 
allergy and asthma) (83–89). The observed changes in the 
pattern of cytokine release and production suggest that PKCδ/
Nox2-mediated antigen macropinocytosis may play a regulatory 
role in the development of specific TH1 and TH17 cells. In that 
respect, we expect future studies to investigate the role of DC 
antigen macropinocytosis in T-cell polarization, which is outside 
the scope of the present study.

In summary, our findings identified a previously unknown 
mechanism by which the novel PKC isoform, PKCδ via stimula-
tion of Nox2 activity promotes macropinocytosis of antigens in 
DCs. The work presented herein shows that genetic blockade 
of PKCδ and Nox2 in DCs inhibit phorbol ester-stimulated 
macropinocytosis of antigens. Importantly, the role of PKCδ 
and Nox2 in DC macropinocytosis of antigens was also dem-
onstrated in response to treatment with HGF, a physiologically 
relevant stimulator of macropinocytosis. PKCδ/Nox2-mediated 
antigen macropinocytosis stimulated DC maturation and 
induced secretion of various TH cell regulatory cytokines. To 
our knowledge, these results are the first to describe redox 
regulation of macropinocytosis in DCs. As such, the present 
study may contribute to a better understanding of the regula-
tory mechanisms in DC macropinocytosis and downstream 
T-cell-mediated processes.
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FigUre s1 | Gating strategy used for multicolor flow cytometry analysis. WT 
bone marrow-derived cells were incubated with FITC-OVA for 5 h, stained either 
with PE/Cy7-labeled CD11c (B) or respective IgG control (a) monoclonal 
antibodies, fixed in 2% paraformaldehyde, and processed for flow cytometry 
analysis. The cells were first gated on size and then doublets excluded using 
forward scatter area and forward scatter height. Cells were gated on CD11c+ 
population to identify dendritic cells (R1; green). Ovalbumin internalization was 
determined by measuring FITC fluorescence in R1 population (green) (c).

FigUre s2 | Confirmation of immature phenotype of BMDCs. CD11c+ cells 
were incubated with vehicle or lipopolysaccharide (LPS) (500 ng/mL) for 24 h, 
fixed, and incubated with FITC-MHCII (clone M5/114.15.2), APC-CD86 (clone 
GL1) or respective IgG control monoclonal antibodies. CD86 (a) and MHC II  
(B) expression in CD11c+ dendritic cells were determined using flow cytometry. 
*p < 0.05 vs. vehicle.

FigUre s3 | EIPA inhibits FITC-OVA uptake in bone marrow-derived immature 
dendritic cells (BMiDCs). (a) Wild-type (WT) CD11c+ BMiDCs were treated with 
vehicle or phorbol 12-myristate 13-acetate (PMA, 1 µM, 5 h), or pretreated with 
EIPA (25 µM, 30 min.) followed by PMA treatment in the presence of FITC-OVA. 
FITC-OVA internalization (green) was analyzed by confocal microscopy. Scale 
bar: 5 µm. (B) Bar diagram shows quantified FITC fluorescence intensity 
normalized to cell area (n = 3). At least five images per treatment were analyzed 
for each independent experiment using Image J. *p < 0.05 vs. vehicle, #p < 0.05 
vs. PMA.

FigUre s4 | Representative Agarose gel electrophoresis image showing mice 
genotyping for PKCδ expression.

FigUre s5 | PKCδ and Nox2 is the dominant PKC and Nox isoform in 
FLT3L-induced immature DCs (iDCs). (a) WT FLT3L-differentiated CD11c+ iDCs 
were subjected to qRT-PCR for determination of various PKCs levels. GAPDH 
was used as an internal control. Data are representative of three independent 
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experiments performed in triplicate. Bar graph represents mRNA levels in 
comparison to PKCθ. *p < 0.05 vs. PKCθ. (B) Transcript levels of Nox1, Nox2, 
Nox3, and Nox4 in WT FLT3L-differentiated CD11c+ iDCs. Bar graph represents 
mRNA levels in comparison to Nox1 (gene with lowest expression). *p < 0.05 vs. 
Nox1. (c) Nox1, Nox2, Nox3, and Nox4 mRNA expression in WT CD11c+ 
splenic iDCs. *p < 0.05 vs. Nox1. (D) PKCδ expression in Nox2y/+ and 
Nox2y/− BMiDCs (n = 3). (e) Nox2 expression in PKCδ+/+ and PKCδ−/− BMiDCs 
(n = 3). Data represent the mean ± SEM (a–e).

FigUre s6 | Nox2 activation stimulates reactive oxygen species production in 

iDCs. Nox2y/+ (wild type) and Nox2y/− BMiDCs were treated with vehicle or PMA 

(1 µM) and O2
•− production was monitored using L-012 chemiluminescence. The 

diagram represents the mean fold change of L-012 chemiluminescence area 
under the curve obtained in three independent experiments. *p < 0.05 vs. 
vehicle, #p < 0.05 vs. Nox2y/+ PMA.

FigUre s7 | Stimulation of Nox2-derived O2
•− generation in PMA-treated 

immature DCs precedes or occurs simultaneously with PKCδ activation. (a) O2
•− 

generation was measured in vehicle- and PMA-treated Nox2y/+ (wild type) and 
Nox2y/− BMiDCs using L-012 chemiluminescence (n = 3). (B) WT BMiDCs were 
treated with vehicle (30 min) or incubated with PMA (1 µM) for 5, 15, and 30 min. 
Cells were lysed and subjected to Western blot analysis for phospho-PKCδ 
(tyr311), total PKCδ, and GAPDH protein expression. Representative Western blot 
images are shown. The bar graph represents the ratio of phospho- to total PKCδ 
from three to six independent experiments. (c) Dihydroethidium (DHE) 

fluorescence was quantified in vehicle- and PMA (1 µM, 30 min.)-treated PKCδ+/+ 
and PKCδ−/− BMiDCs using fluorescence-activated cell sorting analysis. 
Representative histograms showing DHE fluorescence are presented (left and 
middle panels). Bar diagram indicates fold change in mean fluorescence intensity 
(n = 3). *p < 0.05 vs. vehicle, #p < 0.05 vs. PKCδ+/+ PMA.

FigUre s8 | Loss of Nox2 in BMiDCS attenuates PMA-stimulated 
macropinocytosis of ovalbumin (OVA). Nox2y/+ and Nox2y/− BMiDCs were 
incubated with vehicle or stimulated with PMA (1 µM, 5 h) in the presence of 
FITC-OVA. FITC fluorescence was analyzed in CD11c+ cells using 
fluorescence-activated cell sorting (FACS) (n = 3). *p < 0.05 vs. vehicle, 
#p < 0.05 vs. Nox2y/+ PMA.

FigUre s9 | “PMA + OVA” treatment induces a more pronounced secretion of 
DC-derived T-cell regulatory cytokines compared to PMA treatment alone. (a–B) 
WT BMiDCs left untreated or treated with PMA or PMA + OVA for 24 h. Cell 
culture supernatants were collected and levels of secreted cytokines determined 
using the LEGENDplex™ bead-based immunoassay. *p < 0.05 vs. vehicle, and 
@p < 0.05 vs. PMA. (c–D) WT, PKCδ−/−, and Nox2y/− BMiDCs were left untreated 
or treated with PMA for 24 h. Cell culture supernatants used for cytokine 
estimation as described in (a–B). Data are representative of three independent 
experiments and values are expressed as mean ± SD. *p < 0.05 vs. vehicle and 
@p < 0.05 vs. WT PMA.

TaBle s1 | List of primers used for mRNA quantitation using real-time-PCR.
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Chronic granulomatous disease (CGD) is a primary immunodeficiency resulting from 
loss of function mutations in the reactive oxygen species generating phagocyte NADPH 
oxidase (NOX2). CGD patients are prone to infection, but also have an increased suscep-
tibility to autoimmune diseases. The aim of this study was to investigate the role of NOX2 
in the regulation of specific immunity. In both CGD patients and NOX2-deficient mice, 
we observed an alteration in the basal proportions of IgG subtypes. Upon immunization 
with curdlan—a dectin 1 agonist—NOX2-deficient mice showed increased production 
of IgG2c compared to controls, and restimulation of lymph node-derived cells led to 
increased production of IFNγ, but not IL-5, indicative hallmark of an enhanced Th1 
response. T cell activation was increased in NOX2-deficient mice and a similar trend was 
observed in vitro when T cells were co-cultured with NOX2-deficient bone marrow-derived 
cells. In contrast, no difference in T cell activation was observed when NOX2-deficient 
T cells were co-cultured with wild-type BMDC. Following stimulation of NOX2-deficient 
dendritic cells (DCs), no difference in costimulatory molecules was observed, while there 
was an increase in the release of Th1-driving cytokines. In summary, both CGD patients 
and CGD mice have an altered IgG subtype distribution, which is associated with an 
increased IFNγ production. Thus, NOX2 within DCs appears to be an important regulator 
at the interface of innate and specific immunity, especially after activation of the dectin 1 
pathway, limiting immune activation and the development of autoimmunity.

Keywords: nOX2, B cells, T cells, immunoglobulin, antigen-presenting cells, curdlan, igg subtype

inTrODUcTiOn

Chronic granulomatous disease (CGD) is a primary immunodeficiency disorder leading to life-
threatening bacterial and fungal infections. The genetic cause of CGD is the loss of function muta-
tions in genes coding for the phagocyte NADPH oxidase NOX2. NOX2 is a multi-subunit enzyme 
generating reactive oxygen species (ROS) and is an essential component of the neutrophil oxidative 
burst leading to microbial killing (1). While the role of NOX2-derived ROS in innate neutrophil 
activity is well established, NOX2 has other important functions in immune system regulation. Early 
reports of CGD had described an increase in immunoglobulin levels (2), but this feat has since 
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received little attention. B cells express a functional NOX2 (3). 
NOX2 may have a role in antibody production, but only a few 
studies reported an impact of NOX2 deficiency on B cell biology 
and immunoglobulin production. CGD mice show increased 
immunoglobulin responses to injection of collagen (4) and to 
UV-inactivated bacteria (5). One study in NOX2-deficient mice 
observed an enhanced antibody production in response to T cell-
independent antigens (6). To date, no study has carefully analyzed 
the effect of NOX2 on IgG subclass production.

In addition, recent observations argue in favor of an excessive 
inflammatory response and autoimmunity in CGD (7). CGD 
patient show increased prevalence of autoimmune diseases, 
including systemic lupus erythematosus, juvenile rheumatoid 
arth ritis, and idiopathic thrombocytopenic purpura (8–11). 
Autoantibodies play a role in the pathogenesis of these immune 
diseases (12). The sera of patients with CGD also show high levels 
of anti-Saccharomyces cerevisiae, anti-OmpC, or anti-CBir1 anti-
bodies, which are associated with Crohn disease (13). In rodents, a 
seminal paper by the team of Rikard Holmdahl demonstrated that 
a loss of function polymorphism in the Ncf1 gene—which codes 
for the p47phox subunit of NOX2—is a main driver of experimental 
rheumatoid arthritis (14, 15). Since then, observation converges 
toward a role of NOX2-derived ROS in T cell activation. Indeed 
adoptive T  cell transfer from arthritic NOX2-deficient mice is 
sufficient to induce the disease in healthy wild-type (WT) mice 
(14). Thus, NOX2-derived ROS limit T cell activation, although 
the underlying mechanisms are still incompletely understood. 
NOX2-derived ROS, generated either by T  cells themselves or 
antigen-presenting cells (APCs), might directly inhibit T  cells, 
possibly through surface oxidation (16), ROS inhibition of lym-
phocyte ion channels (17), or other redox-sensitive signaling ele-
ments (18). Alternatively, NOX2-derived ROS might play a role in 
APCs and indirectly affect T cell function. For example, a recent 
study reported altered antigen processing, resulting in a different 
epitope repertoire in NOX2-deficient dendritic cells (DCs) (19), 
while another study has shown that oxidative modification of pre-
sented autoantigens enhances T cell response (20). NOX2-derived 
ROS appear to fundamentally control specific immune responses 
as mice deficient in Ncf1 also exhibit an increased sensitivity to 
autoimmune encephalitis (EAE) (21) and NOX2-deficient mice 
an increased sensitivity to lupus erythematous (22). Interestingly, 
a recent human genetic study also found that a missense variant 
in NCF1 is associated with susceptibility to multiple autoim-
mune diseases (23). Altogether, these studies suggest that the 
link between NOX2 and autoimmune disease is not limited to 
CGD patients, but also exists for less severe polymorphisms of the 
NOX2 system. Nevertheless, although patients with NOX2 defi-
ciency present with increased risk to infection due to the impaired 
neutrophil oxidative burst, autoimmune features are not always 
visible and probably require specific additional stimuli. We 
have previously shown that dectin-1 activation strongly induces 
a CGD-associated hyperinflammation. Injection of curdlan,  
a β-glucan, which is a potent activator of dectin-1, results in a 
massive subcutaneous swelling and high levels of IL-6 and IFNγ 
in NOX2-deficient mice, while lipopolysaccharide was inactive 
(24). Altogether, the current literature indicates clinical and 
experimental links between NOX2-dependent ROS generation, 

production of immunoglobulins, specific hyperinflammatory 
states, and the development of autoimmune diseases.

In the present study, we measured IgG subclasses in the sera of 
NOX2-deficient mice and in CGD patients and detected altered 
IgG subtype production in NOX2 deficiency. We also addressed 
experimentally the activation of T cells following immunization 
with an ovalbumin-derived peptide (OVA323–339) and the impact 
of specific adjuvants in vivo and in BMDC and T cell co-culture 
experiments. Our results point toward a key role of dectin-1- 
dependent NOX2 in DCs in limiting T cell activation, IFNγ release, 
and the production of Th1-driving cytokines. This suggests that 
NOX2-deficient DCs release increased amount of Th1-driving 
cytokines, leading to the release of an increased amount of IFNγ, 
which in turn may drive a higher IgG2c generation by B cells.

MaTerials anD MeThODs

Mice
C57Bl/6j (WT), B6.129S-Cybbtm1Din/J (NOX2KO), and B6.Cg-
Tg(TcraTcrb)425Cbn/J (OTII) were purchased from The Jackson 
Laboratory and bred at the Animal Production facilities of the 
University of Geneva. Double OTII/NOX2KO-mutant mice 
were obtained by breeding B6.129S-Cybbtm1Din/J mice with 
B6.Cg-Tg(TcraTcrb)425Cbn/J mice. For the experiments, mice 
of age 8–12  months were used. The protocol was approved by 
the office cantonal vétérinaire du Canton de Genève, Switzerland 
(authorization no. 23624).

Patients
Patients were diagnosed as having CGD on the basis of their 
clinical symptoms and the inability of their phagocytes to generate 
ROS detectable by the dihydrorhodamine (DHR) flow cytometric 
test and the nitroblue tetrazolium dye reduction slide test. Blood 
samples were obtained from the CGD patients with appropriate 
institutional informed consent. Peripheral blood samples taken 
from healthy donors were obtained from the "Etablissement 
Français du sang" at the Grenoble University Hospital, France 
after their informed consent.

Flow cytometry
Cells were suspended at 106/ml in FACS buffer (PBS with 0.5% 
bovine serum albumin (BSA) and 5 mM ethylenediaminetetraac-
etate (EDTA)). Fc receptors were blocked by a 10 min incubation 
at 4°C with the mouse BD Fc block (BD Biosciences, USA) at a 
dilution of 1:100. The cells were then washed with FACS buffer and 
centrifuged at 5,000 rpm for 5 min. Cells were then resuspended 
in FACS buffer with the antibody of interest and incubated for 
15 min at 4°C. After incubation, the cells were washed with FACS 
buffer, centrifuged at 5,000 rpm for 5 min and resuspended in 
FACS buffer for flow cytometry analysis.

Immunization
Wild-type and NOX2KO mice were immunized by subcutane-
ous injection into the outer ear, using 50 µl of 1 µg ovalbumin 
protein and curdlan (Sigma-Aldrich, USA) (100  µg/ml) or 
Alum (ThermoFisher Scientific, USA) (50%) as adjuvant, which 
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was diluted in PBS. After 10 and 14  days, blood was collected 
from the caudal vein. Serum was obtained by coagulation and 
centrifugation for 2 min at 2,500 rpm, and stocked at −20°C until 
ELISA was performed. Serum from non-immunized mice was 
also collected to determine basal levels of the IgG subgroup.

hyperinflammation Measurements
Ear thickness was measured using a caliper before immunization 
(basal ear thickness), at day 10 and 14 after immunization. The 
change in ear thickness (Δ ear thickness) was obtained by subtract-
ing the basal ear thickness to the values obtained on days 10 and 14.

elisa
High binding ELISA 96-well microplate (Corning®, Sigma-
Aldrich, USA) were coated overnight at 4°C with either 10 µg/ml 
of ovalbumin (Sigma-Aldrich, USA) diluted in PBS to measure 
ovalbumin-specific antibody, or with purified goat anti-mouse 
total IgG (Biolegend, USA, dilution 1:100,000) to measure basal 
level of IgG subgroup. Plates were washed three times with PBS 
containing 0.05% tween-20 to remove unbound ovalbumin. 
A volume of 100  µl of PBS-BSA 1% was used for blocking for 
1  h at room temperature. Fifty microliters per well of diluted 
serum sample were added to corresponding wells in duplicate. 
A pool of serum was used to obtain a standard curve by serial 
dilution. Sample dilutions were chosen to obtain a signal within 
the linear phase of the standard curve. The plates were incubated 
at room temperature for 1 h and washed three times. To measure 
ovalbumin-specific antibody, anti-mouse IgG2c, anti-mouse 
IgG2b, and anti-mouse IgG3 (Biolegend, USA) or anti-mouse 
IgG1 (ThermoFisher Scientific, USA) coupled to peroxidase was 
added to wells at the dilution of 1:1,000 for anti-mouse IgG2c and 
IgG1 and 1:500 for anti-mouse IgG2b and IgG3. Those second-
ary antibodies were incubated for 1 h at room temperature. For 
the measure of basal level of IgG subgroups, anti-mouse IgG2c 
(Biolegend, USA) or anti-mouse IgG1 (ThermoFisher Scientific, 
USA) or anti-mouse IgG3 (ThermoFisher Scientific, USA) or anti-
mouse IgG2b (ThermoFisher Scientific, USA) coupled to peroxi-
dase was added to wells at a dilution of 1:1,000 and incubated for 
1 h at room temperature. Plates were washed three times and 50 µl 
of streptavidin coupled with horse-peroxidase was added to the 
plates, and incubated at room temperature for 20 min. After three 
washes, the signal was revealed by adding 50 µl of tetramethylben-
zidine (TMB) and the plates were incubated at room temperature 
for 15 min in the dark. The reaction was stopped by adding 25 µl 
of H2SO4 2N. Optical density at 492 nm was measured using the 
fluoSTAR OPTIMA (BMG Labtech, Germany) plate reader.

Measurements of serum immunoglobulin 
g and a and igg subclass levels
Sera from normal (n  =  6) and CGD patients (n  =  16) were 
collected and stored at −80°C before testing. Levels of serum 
immunoglobulin G and A were measured on a Dimension 
VISTA® system (Siemens, Germany) with IGG Flex® and IGA 
Flex® reagent cartridges according to the dimension VISTA® 
Operator’s Guide. Serum IgG subclasses were measured by 
nephelometric assay with human IgG subclass liquid reagent kits 

(Siemens, Germany, including N Latex IgG1, N Latex IgG2, N 
Latex IgG3, and N Latex IgG4) on the automatic protein analyzer 
BN Prospect-II (Siemens, Germany) according to the manufac-
turer’s instructions.

anti-nuclear antibody (ana) and anti-
neutrophil cytoplasmic antibodies (anca) 
Determination
Anti-nuclear antibody was determined by indirect immunofluo-
rescence (IFI) on Hep2 slides and ANCA by IFI on ethanol- and 
formalin-fixed neutrophils (Inova Diagnostics, USA). Briefly, 
for both types of autoantibodies, the corresponding slides were 
incubated with serial dilutions of serum in phosphate buffered 
saline with 10% Tween for 30 min, washed with PBS-Tween, and 
incubated with fluorescein-isothiocyanate (FITC)-conjugated 
goat polyclonal anti-human IgG containing Evans blue (Inova 
Diagnostics, USA). After washing steps, slides were mounted 
with glycerine mounting medium and cover slips and read using a 
fluorescence microscope Axioscope 2plus (Carl Zeiss Micro scopy 
GmBh, Germany). Sera were considered positive for autoanti-
bodies when a staining was observed for a dilution equal to or 
greater than 1/80 for ANA and 1/40 for ANCA.

lymph node cellularity
Immunized mice were sacrificed 14 days after immunization and 
draining lymph nodes (cervical lymph node) and non-draining 
lymph nodes (inguinal lymph node) were dissected. Lymph 
nodes were digested with 1 mg/ml collagenase D (ThermoFisher 
Scientific, USA) and 10 µg/ml DNAse I (ThermoFisher Scientific, 
USA) in 2 ml HBSS at 37°C for 40 min. Digestion was stopped by 
adding 15 ml of a PBS-BSA 1% plus 5 mM EDTA solution and 
digested lymph nodes were passed through a 70 µm cell strainer. 
The total number of cells obtained after lymph node digestion and 
cell subgroup were analyzed by flow cytometry with the following 
antibodies: anti-CD4 Percp (1:200), anti-CD8 PE (1:100), and 
anti-IgD fitc (1:100) (ThermoFisher Scientific, USA).

lymph node cell restimulation
Lymph node cells were plated in a 96-well plate at a concentra-
tion of 2 ×  106 cells per well and restimulated with 100  µg/ml 
of ovalbumin. 3  days after restimulation, supernatants were 
analyzed for the presence of IFNγ and IL5 using commercially 
available ELISA kits (ThermoFisher Scientific, USA), according 
to the manufacturer’s instructions.

Bone Marrow-Derived Dcs (BMDcs)
Hind leg bones of WT and NOX2KO mice were dissected and 
the bone marrow flushed with RPMI medium, complemented 
with 1% streptomycin–penicillin and 10% fetal bovine serum, 
and plated in a petri dish. Bone marrow cells were centrifuged at 
5,000 rpm for 5 min and the pellet resuspended in a solution of 
155 mM NH4Cl and 12 mM NaHCO3 for 1 min to lyse red blood 
cells. 20 ng/ml of GM-CSF (Peprotech) was added to the medium 
to drive differentiation to DCs. Medium and GM-CSF were 
renewed at day 3 and 6. At day 10, purity of BMDCs was verified 
by flow cytometry using anti-CD11c APC (1:100) antibody.
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isolation of OTii and OTii/nOX2 T cells
Lymph node of OTII or OTII/NOX2 mice were dissected and 
passed through a 15 µm cell strainer to obtain a single cell suspen-
sion of lymph node cells. T cells were isolated using a microbead-
based T cell isolation kit (Miltenyi Biotec, Germany), according to 
the manufacturer’s instruction. Purity of the isolated T cells was 
verified by flow cytometry using anti-CD4 PE antibody (1:200).

In Vitro co-culture experiments
Wild-type and NOX2KO BMDCs were plated in RPMI (com-
pleted with 10% fetal bovine serum, 1% streptomycin–penicillin, 
50  µM β-mercaptoethanol, and 1  mM sodium pyruvate) in a 
96-well plate at a concentration of 104 cells per well. Curdlan at 
5  µg/ml was added to the wells for BMDC activation. Finally, 
increasing concentrations (5–500 nM) of OVA323–339 peptide were 
added to the culture. After 1  day, BMDCs were harvested and 
washed twice with the prepared RPMI medium to remove the 
curdlan and peptide. Then, freshly isolated OTII or OTII/NOX2 
T cells were added to the wells with the same medium preparation 
at a concentration of 105 T cells per well. For the experiment on 
T cell proliferation, freshly isolated T cells were first labeled with 
5 µM carboxyfluorescein succinimidyl ester (CFSE) for 10 min 
at 37°C and washed three times. T cell activation was assessed 
by flow cytometry after 16 h of co-culture and after staining with 
anti-CD4 PercP (1:200) and anti-CD69 PE (1:200) antibody. 
T cell proliferation was assessed by flow cytometry after 4 days 
of co-culture and after staining with anti-CD4 PercP. The prolif-
eration index and percent of dividing cells were calculated with 
FlowJo Software.

In Vivo T cell activation
Wild-type and NOX2KO mice were immunized with 0.5 µg of 
OVA(323–339) and 100 µg/ml of curdlan in PBS subcutaneously in 
the outer ear (50 µl of the solution was injected by ear). 1 day 
after immunization, freshly isolated OTII or OTII/NOX2KO 
T cells were labeled with 5 µM CFSE and injected intravenously 
in immunized mice. For T cell activation, draining lymph nodes 
were dissected 16 h after T cell adoptive transfer. Lymph nodes 
were then scratched and lymph node cells were stained with 
anti-CD4 PercP (1:200) and anti-CD69 PE antibody (1:200) for 
flow cytometry analysis. For T  cell proliferation, lymph node 
dissection was performed 3  days after immunization and was 
stained with anti-CD4 PercP antibody. For comparison of T cell 
activation and proliferation between OTII and OTII/NOX2KO 
T  cells, the experiment were performed similarly except that 
OTII T  cells were labeled with CFSE as described above and 
OTII/NOX2KO T  cells were labeled with 1  µM CellTracker™ 
Orange Cmtmr ((5-(and-6)-(((4-chloromethyl)benzoyl)amino)
tetramethyl-rhodamine)) (ThermoFisher scientific, USA) at 37°C 
for 15 min, and then washed three times.

T cell activation and survival in Presence 
of h2O2
Freshly isolated T cells were plated in a 96-well plate at a con-
centration of 105 T cell per well in the same culture medium as 
for co-culture experiments. Anti-CD3 (0.5 µg/ml) and anti-CD28  

(2  µg/ml) antibody were then added to the culture to activate 
T cells. At the same time, increasing concentrations of H2O2 from 
16 to 150 µM were added. After 16 h of treatment, T cells were 
stained with anti-CD4 PercP (1:200) antibody and anti-CD69 
(1:200) PE antibody, and analyzed via flow cytometry. For T cell 
survival, activated T cell was stained with propidium iodide.

BMDc activation
Bone marrow-derived dendritic cells were plated in a 96-well 
plate in same medium than for co-culture experiments at a con-
centration of 105 cells per well. Curdlan at concentration of 50, 
25, and 5 µg/ml was added to the culture for BMDCs activation. 
After 24 h, BMDCs were harvested and supernatants were kept 
for further analysis at −20°C. BMDCs were stained with anti-
CD11c Percp (1:200) or anti-CD11c APC (1:100), anti-DC-Sign 
APC (1:100), anti-ICOSL PE (1:100), anti-PD-L1 PE (1:100), 
anti-CD80 PE (1:400), anti-CD86 fitc (1:200), and anti-MHCII 
PE (1:1000). IL1β, IL10, and IL6 were measured by ELISA kit 
(eBioscience) in the supernatant, according to the manufacturer’s 
instructions.

statistical analysis
All data were analyzed using GraphPad Prism software. For 
sample sizes of n ≥ 7, data were first tested for normality using 
the Shapiro–Wilk test. If normally distributed, the Student’s t-test 
was used for statistical comparison. For datasets not normally 
distributed and where sample sizes n ≤ 7, the Mann–Whitney U 
test was used.

resUlTs

We first analyzed immunoglobulin levels in serum samples from 
healthy donor and CGD patients. As expected, higher levels of 
immunoglobulin where found in patients with CGD (Table S1 
in Supplementary Material). Six CGD patients had increased IgA 
serum levels of which four were adults. In contrast, of the six CGD 
patients that had higher levels of serum IgM, four were below the 
age of two. For serum IgG, five CGD patients had levels above 
the normal range, of which three were adults and two children. 
When investigating the presence of autoantibodies, 6 out of 16 
CGD samples (37%) were positive for ANCA, while 3 out of 16 
samples (19%) were positive for ANA (Table S1 in Supplementary 
Material). Thus, we confirmed previous observations that CGD 
patients are prone to hypergammaglobulinemia and a higher 
frequency of autoantibodies.

We further characterized different IgG subtypes and compared 
the relative amounts of IgG1 and IgG2. Since no reference values 
for the ratios of IgG1/IgG and IgG2/IgG exist, we compared these 
values for CGD patients relative to a control group of comparable 
ages. In the control group, IgG1 represented ~70% of total IgG. 
In CGD patients, these levels were statistically significantly 
decreased (p = 0.026; Figure 1A). In contrast, IgG2 represented 
~30% of total IgG in controls, and were significantly increased to 
~40% in CGD patients (p = 0.01; Figure 1B).

To determine whether the differences in IgG subtypes were 
also present in NOX2-deficient mice, we measured the basal 
levels of each IgG subtype (IgG1, IgG2b, IgG2c, and IgG3) in 
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FigUre 1 | Relative levels of IgG1 and IgG2 in CGD patients and healthy donors and basal levels of immunoglobulin subtypes in wild-type (WT) and NOX2-deficient 
mice. (a,B) Proportion of serum IgG1 and IgG2 subtypes relative to total IgG. Basal level of IgG1 (c), IgG2c (D), IgG2b (e) and IgG3 (F) in WT and NOX2 deficient 
mice (NOX2KO). *p < 0.05 and **p < 0.01.
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NOX2-deficient and WT mice (Figures  1C–F). Similar to our 
human data, levels of some, but not all, IgG subtypes were 
impacted by the presence of NOX2. We did not find significant 
differences in IgG1, IgG2b, and IgG3 levels between WT and 
NOX2-deficient mice (Figures 1C,E,F). However, levels of IgG2c 
were significantly increased in NOX2-deficient mice (p < 0.008; 
Figure 1D). Thus, an alteration of IgG subtypes was observed in 
human CGD samples and in NOX2-deficient mice.

In order to examine how NOX2 deficiency affects the produc-
tion of antibodies, we compared the levels of antigen-specific 
IgG in response to immunization of control and NOX2-deficient 
mice. As a model antigen, we used ovalbumin, and either 
alum or curdlan as adjuvants. The two different adjuvants were 
chosen for the following reasons. Alum is a standard adjuvant 
used in most routine experiments, and it mostly induces IgG1 

response. In contrast, curdlan is an adjuvant that privileges 
IgG2c responses. Immunization was performed by injection in 
the ear skin. Different investigations were performed 10 and/or 
14 days after immunization, including ear thickness, serum IgG 
levels, and lymph node analysis (cellularity and cytokines). Anti-
ovalbumin IgG subtypes were examined. Prior to immunization, 
no anti-ovalbumin IgG was detected (data not shown). After 
immunization, the level of anti-ovalbumin IgG3 was still below 
detection level (data not shown). In control mice, immunization 
with either alum or curdlan as adjuvant led to the generation of 
modest, but clearly detectable, amounts of anti-ovalbumin IgG1. 
In immunized NOX2-deficient mice, the IgG1 levels were broadly 
increased in comparison to control mice (Figures 2A,D). The situ-
ation of anti-ovalbumin IgG2b was slightly more complex. With 
alum as adjuvant, the level of anti-ovalbumin IgG2b remained 
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FigUre 2 | Enhanced immunoglobulin generation in CGD mice: IgG subtype and adjuvant dependence. Mice were immunized by subcutaneous injection into the 
outer ear of ovalbumin with either alum (a–c) or curdlan (D–F) as adjuvant. Levels of Anti-ovalbumin IgG1 (a,D), IgG2b (B,e) and IgG2c (c,F) were measured 10 
and 14 days following immunization (n = 12). *p < 0.05; **p < 0.01; and ***p < 0.001.

Cachat et al. Immunoglobulin Subtypes and CGD

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1555

low for all samples (Figure 2B). With curdlan as adjuvant, even 
though most of the samples had a low level of IgG2b, one sample 
in WT mice and two samples in NOX2KO mice exerted levels at 
least 10 times higher (Figure 2E). In contrast, there was a notable 
impact of NOX2 deficiency on the pattern of IgG2c production, 
which was primarily influenced by the choice of adjuvant. With 
alum as adjuvant, IgG2c responses were completely absent in 
both WT and NOX2-deficient mice (Figure 2C). However, with 
curdlan as adjuvant, while only minor elevated IgG2c levels were 
observed in WT mice, considerable and statistically significant 
IgG2c elevations were detected in the sera of NOX2-deficient 
mice (Figure 2F).

The mechanisms leading to antibody production are complex 
and involve different cell types to reach a full humoral response. 
In order to address the mechanisms behind the marked increased 
IgG2c production in NOX2-deficient mice, we investigated 
inflammation resulting from the immunization, both locally 
and in draining lymph nodes. Measurement of ear thickness was 
performed as a read-out for the local inflammatory reaction. Ear 
thickness, prior to immunization, did not differ between WT 
and NOX2-deficient mice (data not shown). After intra-auricular 
immunization, a moderate increase in ear thickness was meas-
ured in WT mice (0.1–0.2 mm), which was similar when both 
alum and curdlan adjuvants were used. In NOX2-deficient mice, 
the ear thickness was strongly increased with curdlan as adjuvant, 
but not with alum (Figure 3A), indicating that curdlan induces 
an increased inflammatory reaction upon immunization.

To characterize the inflammatory response, we investigated 
the total cell numbers of draining (cervical) and non-draining 
(inguinal) lymph nodes after immunization with ovalbumin and 
curdlan. In draining lymph nodes, there was a threefold median 
increase in cellularity (p < 0.0001) in NOX2-deficient mice when 
compared to WT mice (Figure  3B). In non-draining lymph 
nodes, the total number of cells was relatively low and there was 
no difference between WT and NOX2-deficient mice. We next 
analyzed the different subpopulations of lymph node cells. The 
proportion of CD4 positive T cells in draining lymph nodes of 
NOX2-deficient mice was significantly lower (p = 0.001) when 
compared to control WT mice (Figure 3D), whereas the propor-
tion of IgD-positive B  cell population was significantly higher 
(Figure 3C). Eventhough the proportion of CD4-positive T cells 
is decreased in NOX2-deficient immunized mice, it is important 
to notice that the absolute numbers of both CD4-positive T cells 
and IgD-positive B  cells are increased in NOX2-deficient mice 
compared to WT (Figure S1 in Supplementary Material). Taken 
together, our data demonstrate that immunization of NOX2-
deficient mice with curdlan as adjuvant leads to an increase of 
the total cell number in the draining lymph nodes, which is pre-
dominantly accounted for by an increase in IgD-positive B cells.

We next investigated the levels of cytokine release by cells iso-
lated from draining lymph nodes, as an indirect measure of T cell 
differentiation and/or proliferation in response to immunization. 
For these experiments, mice were immunized with ovalbumin 
and curdlan, as described above. 10  days post immunization, 
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FigUre 3 | Enhanced inflammation and release of inflammatory mediators upon immunization of CGD mice. Mice were immunized by subcutaneous 
injection into the outer ear of ovalbumin with either alum or curdlan as adjuvant. (a) Ear thickness, reflecting the inflammatory response, was measured  
10 and 14 days following immunization. (B–D) Draining cervical and non-draining inguinal lymph nodes were removed 14 days post immunization, 
dissociated, and analyzed by flow cytometry: (B) total cell number; (c) percentage of IgD-positive B cells; (D) percentage of CD4-positive T cells (n = 10). 
(e,F) Draining lymph nodes were isolated 10 days post immunization with ovalbumin and curdlan, and release of IL5 (e) and IFNγ (F) was measured 24 h 
after restimulation of lymph node homogenates with ovalbumin (n = 10). *p < 0.05; **p < 0.01; and ****p < 0.0001. The legend next to panel (a) refers only 
to this panel.
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draining lymph nodes were mechanically dissociated and cul-
tured for 72 h in the presence or absence of ovalbumin. Low-level 
IL-5 production persisted for all conditions (Figure 3E), suggest-
ing limited Th2 response. However, significant differences were 
observed with respect to the IFNγ levels (Th1): restimulation 
with ovalbumin led to a moderate increase in IFNγ levels from 
WT lymph node cells, while the production of IFNγ was strongly 
increased in NOX2-deficient lymph node cells (Figure 3F). These 
results suggest that immunization of NOX2-deficient mice with 
curdlan as adjuvant preferentially leads to an antigen-specific Th1 
response.

To perform a more in-depth analysis of T  cell responses, 
we used an in  vitro co-culture system with OVA(323–339)-specific 
T  cells (OTII T  cells) and WT or NOX2-deficient (NOX2KO) 
BMDCs. T  cell activation was assessed by the upregulation of 
CD69 at the surface of CD4 T cells after 16 h of co-culture. CD69 
is an early T  cell activation marker. In absence of OVA(323–339) 
peptide, barely no CD69hi CD4+ T cells were detectable (Figure 
S2 in Supplementary Material). Addition of different OVA(323–339) 
concentrations led to low to moderate T cell activation (identi-
fied as CD69hi CD4+ T  cells) in a dose-dependent manner 
(Figure S2 in Supplementary Material). For each OVA(323–339) 
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FigUre 4 | Effect of NOX2 in dendritic cells on T cell activation and proliferation in vitro and in vivo. OTII T cells were co-cultured with wild-type (WT) or NOX2KO 
bone marrow-derived dendritic cells (BMDCs) in the presence of different concentrations of OVA(323–339) peptide (5, 50, and 500 nM) for in vitro experiments  
(a,c,D), or were labeled with carboxyfluorescein succinimidyl ester (CFSE) and injected in OVA(323–339) pre-immunized WT or NOX2KO mice for in vivo experiments 
(B,e,F). T cell activation was determined 16 h after co-culture or 16 h after T cell injection by measuring the upregulation of CD69 by flow cytometry. (a) Percentage 
of CD69hiCD4hi T cells in vitro. (B) Percentage of CD69hiCD4hiCFSEhi T cells in vivo. For T cell proliferation, T cells were labeled with CFSE for the in vivo and  
in vitro experiments. The proliferation index and the percent of dividing cells were determined by the dilution of the CFSE signal in the OTII T cell population:  
(c,e) proliferation index and (D,F) percent of dividing cells in vitro (c,D) (n = 7) and in vivo (e,F). *p < 0.05 and **p < 0.01.
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peptide concentration tested, there was a trend toward a higher 
percentage of CD69hi T cells when T cells were co-cultured with 
NOX2KO BMDCs compared to WT BMDCs. This difference was 
highest at 500 nM of OVA(323–339) peptide, where a 2.5-fold higher 

T cell activation was observed for NOX2KO BMDCs compared 
to WT DCs (Figure 4A).

To further characterize the effect of NOX2 in BMDCs on T cell 
responses, we measured T cell proliferation. For that purpose, we 
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used the property of the CFSE vital dye, for which fluorescence 
is equally divided by two in daughter cells after each cell divi-
sion, allowing to study cell division. In the absence of antigen, 
T  cells were not activated and did not enter into cell division. 
There was, therefore, only one peak of CFSE fluorescence (Figure 
S3 in Supplementary Material). With the addition of OVA(323–339) 
peptide to the co-culture, T cells started to divide and different 
peaks of CFSE fluorescence were detected. The percentage of cells 
that entered into division increased as a function of OVA(323–339) 
peptide concentration (Figure S3 in Supplementary Material). 
Co-culture of T cells with either WT or NOX2KO BMDCs did 
not change their proliferation index (Figure  4C). In contrast, 
there was also a trend toward a higher percentage of T cells that 
entered into cell cycle when T cells were incubated with NOX2KO 
BMDCs compared to WT BMDCs (Figure 4D). Therefore, the 
absence of NOX2 in BMDCs might facilitate the entry of T cells 
into cell division but once T  cells went into cell division, they 
behaved similarly when incubated with either WT or NOX2KO 
DCs. These results confirm the above observations, and suggest 
an increase in early T cell activation with NOX2KO DCs com-
pared to WT DCs.

Given the observed trends in our in vitro data, we wanted to 
independently confirm our results and further address the ques-
tion in vivo. WT or NOX2KO mice were immunized subcutane-
ously in the outer ear with curdlan and OVA(323–339) peptide. 1 day 
later, CFSE-labeled OTII T  cells were injected intravenously. 
The T cell response was analyzed in the draining and the non-
draining lymph nodes at day 1 for early T cell activation (CD69 
expression) and at day 3 for T cell proliferation (CFSE dilution). 
The upregulation of CD69 on CFSEhi CD4+ T cells in the draining 
lymph nodes demonstrated an activation of T  cells 1  day after 
immunization, which was not the case in non-draining lymph 
nodes (data not shown). Recapitulating our in  vitro co-culture 
assays, the percent of CD69hi CD4+ CFSEhi T  cell was higher 
1  day after immunization of NOX2KO mice compared to WT 
controls (Figure 4B). At day 3, the percentage of CFSE-labeled 
OTII T cells that had initiated proliferation was markedly higher 
in CGD mice, as compared to WT (Figure 4F), whereas there was 
no difference in the proliferation index (Figure 4E). Thus, both 
in vitro and in vivo, the number of CD4+ T cells upregulating the 
early activation marker and entering into cell division is increased 
when the APCs do not express NOX2.

To determine whether NOX2 expression in T cells contribute 
to the above observations, we assessed whether NOX2-deficient 
and WT T cells behave differently in vitro and in vivo. For that 
purpose, we crossed OTII mice with NOX2KO mice, as a source 
of T  cells that were OVA-specific (OTII) and NOX2-deficient. 
For in vitro experiments, OTII WT and OTII NOX2KO T cells 
were co-cultured with curdlan-activated OVA(323–339) peptide 
loaded WT BMDCs. For in vivo experiments, OTII WT and OTII 
NOX2KO T cells were labeled with two different fluorescent vital 
dyes: a mixture of OTII WT and OTII NOX2KO T cells (ratio 
1:1) was injected intravenously in WT mice that had been previ-
ously immunized with the OVA(323–339) peptide and curldan. Using 
this system, we were able to analyze and compare the activation 
of both WT and NOX2KO T  cells in the same recipient mice. 
Both in vitro and in vivo experiments showed neither difference 

in T  cell activation nor T  cell proliferation between WT and 
NOX2KO CD4+ T  cells. Percentages of CD69hi CD4+ T  cells 
were identical when OTII WT and OTII NOX2KO where used, 
in vivo and in vitro (Figures 5A,B), and both the proliferation 
index and the percent of dividing cells were identical in  vitro 
(Figures 5C,D). Thus, T cells from control and NOX2-deficient 
mice responded similarly to activation by DCs, refuting claims of 
a cell autonomous effect of NOX2 in T cells.

Finally, several NOX2-dependent mechanisms limiting T cell  
activation by BMDCs were tested: (i) a paracrine effect of BMDC-
derived H2O2 on T  cells, (ii) a NOX2-dependent modulation 
of costimulatory molecules in BMDCs, which are known to 
influence the strength of T cell activation, and (iii) an impact of 
NOX2 on the release of T cell modulatory cytokines by BMDCs. 
For the first mechanism, the possible effect of BMDC-derived 
H2O2 on T cells was assessed by activating T cells from WT mice 
with anti-CD3/anti-CD28 antibodies and exposing them to 
increasing concentrations of exogenous H2O2. The percentage of 
CD69hi CD4+ T cells was not affected by H2O2, even at cytotoxic 
concentrations of H2O2 (Figures 6A,B). This excludes a direct role 
of BMDC-derived H2O2 on T cells. To test the second possibility, 
co-stimulatory molecule expression at the BMDC surface was 
analyzed by measuring the level of expression of MHCII, CD80, 
CD86, ICOSL, PDL1, and DC-SIGN after exposure of BMDCs to 
different concentrations of curdlan. All these molecules were simi-
larly expressed by NOX2KO and WT BMDCs (Figures 6C,E,G; 
Figures S4A–C in Supplementary Material), ruling out an effect of 
NOX2 on the phenotype of BMDCs. To test the third mechanism, 
the production of T cell modulatory cytokines by NOX2 and WT 
BMDCs was measured after stimulation with curdlan. Whereas 
no effect of NOX2 deficiency was observed for the production of 
Th1 unrelated cytokines (IL-6 and IL-10) (Figure 6H; Figure S4D 
in Supplementary Material), NOX2-deficient BMDCs produced 
increased amounts of the pro-Th1 cytokines IL-12 and IL-1β 
compared to WT BMDCs (Figures  6D,F). In conclusion, our 
data neither favor a direct impact of NOX2-derived H2O2 on 
lymphocytes, nor a signaling through costimulatory receptors. In 
contrast, our data indicate an important role of NOX2 in BMDCs 
for limiting the release of pro-Th1 cytokines.

DiscUssiOn

Our study represents, to the best of our knowledge, the first 
analysis of the impact of the phagocyte NADPH oxidase (NOX2) 
on the pattern of IgG subtype repartition. The results show that 
NOX2 not only limits the amount of circulating antibodies, but 
also contributes to the determination of the composition of IgG 
subtypes. Indeed, upon immunization, NOX2-deficient mice 
show increased IgG2c levels. As underlying mechanisms, we 
propose that the increased release of Th1-driving cytokines from 
NOX2-deficient APCs leads to enhanced IFNγ production by 
activated T cells, which may in turn promote IgG2c production 
by B cells.

First reports describing CGD in the late 1950s had already 
described increased immunoglobulin levels (2), even before the 
lack of microbicidal activity of phagocytes in CGD was discov-
ered (25). Subsequently, however, the increased immunoglobulin 

70

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FigUre 5 | NOX2 in T cells does not impact T cell activation and proliferation in vitro and in vivo. Percent of CD69hi in NOX2 and wild-type CD4+ T cells in vitro  
(a) and in vivo (B). Proliferation index (c) and percent of dividing cells (D) at the different concentration of OVA323–339 peptide in vitro (n = 7).

Cachat et al. Immunoglobulin Subtypes and CGD

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1555

levels in CGD patients received little attention and were mostly 
attributed to repeated infections. Our study confirms that even in 
the absence of an experimental immunization, CGD mice have 
altered immunoglobulins levels. We found that serum levels of 
IgG2c were increased in a statistically significant manner. Note 
that these mice never developed a clinical apparent infection. 
Thus, we assume that the daily host–pathogen interaction, even in 
the absence of infection or controlled immunization is sufficient 
to reveal the tendency of CGD mice to produce a different subset 
of IgG. However, the controlled immunization performed in this 
study allowed us to further characterize the immune phenotype. 
Interestingly, the impact of NOX2 deficiency on IgG subtype 
production depends on the nature of the adjuvant. Alum (known 
to drive a Th2 response) promotes a modest IgG1 production in 
both WT and NOX2-deficient mice. Neither WT nor NOX2-
deficient mice produced IgG2c with alum as adjuvant. Curdlan 
has been described to induce both Th1 and Th17 responses, with 

the Th1 response being predominant (26). However, in a previous 
study, our laboratory showed that IFNγ but not IL-17 is increased 
in NOX2-deficient mice after injection of curdlan in the outer ear 
of mice (27). Accordingly, we found a low level of the Th2-driven 
anti-ovalbumin IgG1 subtype in both WT and NOX2-deficient 
mice. In contrast, curdlan induces a marked increase in the pro-
duction of IgG2c in WT mice, which was strikingly enhanced in 
NOX2-deficient mice. Thus, NOX2 deficiency by itself does not 
alter the type of the immune response elicited by a given adjuvant, 
but rather amplifies its response. Our results suggest the follow-
ing scenario: in WT mice, curdlan activation of the dectin-1 
pathway in DCs leads to production of Th1-driving cytokines, 
such as IL-12 and IL-1β, the magnitude of these cytokines being 
limited by NOX2-dependent ROS generation. In the absence of 
NOX2, the Th1 response is not kept under control, resulting in 
an enhancement of this pathway, and a subsequent deviation 
toward IgG2c responses. It will be of major interest to identify the 
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FigUre 6 | No direct effect of H2O2 on T cell activation but increased IL12 and IL1β production by NOX2KO bone marrow-derived dendritic cells (BMDCs) after 
activation by curdlan. Effect of increasing concentration of H2O2 on CD69 upregulation (a) and survival (B) in anti-CD3/anti-CD28 activated CD4+ T cell (n = 4). 
Expression level of MHCII (c), CD86 (e), and CD80 (g) in curdlan-activated wild-type (WT) and NOX2 BMDC was analyzed by flow cytometry (n = 4; MFI, mean 
fluorescent intensity). Level of IL-1β (D), IL-12 (F), and IL-6 (h) present in the supernatant of curdlan-activated WT and NOX2KO BMDC (n = 3).
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ROS target in DCs. Typically, ROS signaling may occur through 
oxidation of redox-sensitive cysteines, for example, within the 
catalytic site of protein phosphatases (28). The identification of 
the ROS target would potentially pave the way toward innovative 
immunomodulatory treatments. Interestingly, a study showed an 
enhanced IL12 production after stimulation of NOX2-deficient 
BMDCs with IFNγ/LPS of NOX2 and this effect was correlated 
with a decreased p38-MAPK (29). Therefore, it would be interest-
ing to investigate this pathway in order to elucidate the mecha-
nism by which NOX2 controls IL12 production.

Understanding which NOX2 expressing cells influence the 
antibody responses is essential, the more relevant candidates 
being APCs, T cells, and B cells. Our results argue against a role 
for NOX2 in T cells. This is supported by previous publications 
suggesting that NOX2 is virtually not expressed in T cells (30). 
Our results rather support a role for APCs: when studying in vitro 
and in vivo T cell priming by DCs, we observed a trend toward 
an enhanced T cell activation by NOX2-deficient DCs in vitro, 
which was confirmed by an enhanced T cell activation in vivo in 
NOX2-deficient mice. However, we cannot exclude that NOX2 in 
other cell types might contribute to increase the T cell activation 
and altered IgG production. Indeed, fully functional NOX2 is 
expressed in B cells.

There is now increasing consensus that specific immunity, 
including humoral immune responses are enhanced in CGD 
patients. For most parts, these findings have also been docu-
mented in CGD mice. However, there are certain differences 
between the results reported in different studies that should be 
noted. Indeed, studies using the TLR4 ligand LPS as adjuvant, 
did not find increased T  cell activation by phagocyte NADPH 
oxidase-deficient DCs (4, 31). Note that in our study, we have 
also observed differences between adjuvants, namely the use of 
alum vs. the dectin-1 ligand curdlan. Thus, different ways of DC 
activation yields distinct T and B cell responses, adding to the 
complexity of the specific immunity in CGD patients. At least 
two observations argue in favor of the in vivo relevance of our 
observations: (i) dectin-1 is increasingly recognized as a relevant 
activator of DCs (32) and (ii) altered IgG subtypes in CGD 
patients were identified in our study.

The enhanced T cell activation by NOX2-deficient DCs might 
be explained through at least four different mechanisms:

(i) Direct impact of ROS on T  cells. Our study did not find 
direct impact of hydrogen peroxide on T  cell activation 
(Figure  6A). Interestingly, other studies using adaptive 
transfer of athritogenic T cells derived from Ncf1-deficient 
rodents report that hydrogen peroxide attenuates the athri-
togenic properties of such T cells (30, 33). Thus, depending 
on the experimental set-up there might be a direct effect 
of hydrogen peroxide. Also, the primary product of NOX2 
activation is the superoxide radical anion O2

•− and these 
experiments do not address the impact of NOX2-derived 
oxidants, other than H2O2.

(ii) Antigen processing in NOX2KO DCs. Some studies have 
described an altered antigen processing in NOX2KO DCs, 
resulting in an altered cross-presentation or in a different 
epitopic repertoire (19, 34–37). However, we have used the 

OVA(323–339) peptide for our experiment on T cell activation, 
which does not require further peptidic cleavage to be pre-
sented through MHC class II molecules. Although, we can-
not exclude that mechanism such as peptide transport and 
post-proteolytic modifications might be impacted by NOX2 
deficiency, our results cannot be explained by a difference in 
proteases activity.

(iii) Alteration of surface proteins (in particular costimulatory 
molecules). We have investigated expression of costimula-
tory molecules by WT and NOX2-deficient DCs and did not 
observe any differences.

(iv) Altered release of soluble mediators (in particular cytokines): 
this mechanism is strongly supported by our data, as we 
find important differences in the release of two important 
T cell modulatory cytokines, namely IL1-β and IL-12, which 
polarize T  cell toward a Th1 effector phenotype. Thus, in 
our hands, the release of soluble mediators from DCs is 
important for the understanding of the enhanced immune 
response in the CGD situation.

Another novel and unexpected result of both our in vitro and 
in  vivo studies is the observation that the enhanced immune 
activation in NOX2-deficient mice concurred with an increased 
entry of T cells into the cell cycle, rather than an increased T cell 
proliferation rate. This observation is in line with our results sug-
gesting that there is no cell autonomous effect of NOX2 in T cells, 
but rather that the initiation of T cell activation is controlled by 
NOX2 in DCs.

The human situation is more complex, due to first, the limita-
tion of our knowledge on the IgG isotype switch, and second, 
the difficulty to perform clinical studies in CGD patients inves-
tigating the response to a specific antigen after immunization. 
Although the nomenclature is close between human and mice IgG 
sub class, their function differ in many aspects and direct com-
parison between high mouse IgG2c in mice and altered IgG1/IgG  
and IgG2/IgG ratio in human should be interpreted with caution. 
Nevertheless, our study has identified a remarkable, hitherto not 
described, pattern of IgG subtype distribution. The proportion 
of IgG2 was increased in adult CGD patients, while there was a 
relative decrease in IgG1. The increased levels of IgG2 were not 
observed at birth, but rather developed over the first 12  years 
of life. This suggests that there might be similarities between 
our experimental results obtained in NOX2-deficient mice and 
the condition of CGD children exposed to antigens. The age-
dependent increase in IgG2 in human CGD patients might pos-
sibly reflect exposure to encapsulated bacteria (38). The increased 
IgG, and in particular IgG2, levels might provide compensatory 
mechanisms for the host defense against infections in CGD 
patients. However, such an increased propensity toward antibody 
generation is likely to come at a price. Indeed, as discussed in the 
Section "Introduction," CGD patients are prone to autoimmune 
diseases. In our serum samples from CGD patients, we found an 
increased proportion of positivity for the ANCA autoantibody 
(31%). In adult controls, only 6% (58 out of 924) serum samples 
were found positive using a similar IFI method (39). However, 
the results are largely variable among laboratories and methods. 
In addition, a further confounding factor is that ANCA formation 
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is triggered by infection, and since CGD patients often encounter 
repeated infection, it would not be possible to exclude this as 
a cause of increased ANCA prevalence in these patients (40). 
ANA antibodies were positive in 3 out of 16 CGD patients (19%) 
while the percentage is 13.3% in control adults (41). The percent-
age of ANCA and ANA positivity is unknown in children, but 
autoantibody frequency usually increases with age and positiv-
ity is, therefore, likely to be decreased in children compared to 
adults. Altogether, our results confirm the increased prevalence 
of autoantibodies in CGD patients.

In summary, our results provide novel insights into the mecha-
nisms underlying increased specific immune responses in CGD 
patients. Augmented cytokine production by NOX2-deficient 
DCs appears to be a crucial mechanism implicated in enhanced 
T  cell activation and autoantibody production. Thus, targeting 
the overshooting release of T cell modulatory cytokines might be 
a promising approach for the treatment of hyperimmune disor-
ders in CGD patients. It would, however, be beneficial to better 
understand how ROS dampen the release of cytokines in DCs. 
The identification of NOX2-derived ROS targets would open the 
path to novel immunomodulatory strategies at the interface of 
innate and specific immunity.
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Blood samples were obtained from the CGD patients with appro-
priate institutional informed consent. This study also includes 
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Hospital, France after their informed consent. For animal subject, 
the protocol was approved by the office cantonal vétérinaire du 
Canton de Genève, Switzerland (authorization no. 23624).
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TaBle s1 | Demographic and blood biochemistry values for CGD patients 
and healthy controls. CGD patient samples are listed from 1–16, while healthy 
controls are assigned A–F. Values exceeding laboratory reference values are 
indicated in red shading. Reference values: IgG = 7–10 g/l; IgA = 0.9–2.3 g/l;  
IgM = 0.4–0.9 g/l; anti-MPO < 6 U; anti-PR3 < 5 U; and ANA < 80. 
Abbreviations: F, female; M, male; NA, not available; ND, not detected (below 
detection level); CGD, chronic granulomatous disease; A470, p47phox-deficient 
autosomal recessive CGD; A670, p67phox-deficient autosomal recessive CGD; 
A220, p22phox-deficient autosomal recessive CGD; ANCA, anti-neutrophil 
cytoplasmic antibodies; ANA, anti-nuclear antibody.

FigUre s1 | Enhanced inflammation of draining lymph node: draining cervical 
and non-draining inguinal lymph nodes were removed 14 days post 
immunization, dissociated, and analyzed by flow cytometry: (a) absolute number 
of IgD+ B cells and (B) absolute number of CD4+ T cells.

FigUre s2 | Representative dot plot graphs showing CD69 expression in 
CD4-positive T cells after co-culture with different concentration of OVA(323–339) 
peptide.

FigUre s3 | Representative histogram of carboxyfluorescein succinimidyl ester 
dilution at different concentration of OVA323–339 peptide after 3 days of co-culture 
with wild-type or NOX2KO BMDC.

FigUre s4 | NOX2 deficiency has no impact on the expression level of ICOSL 
(a), PDL1 (B) and DC-SIGN (c) or the level of IL10 (D) present in the 
supernatant, after activation of BMDCs by increasing concentration of curdlan.
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aim: Reactive oxygen species (ROS) produced by enzymes of the NADPH oxidase 
family serve as second messengers for cellular signaling. Processes such as differen-
tiation and proliferation are regulated by NADPH oxidases. In the intestine, due to the 
exceedingly fast and constant renewal of the epithelium both processes have to be 
highly controlled and balanced. Nox1 is the major NADPH oxidase expressed in the gut, 
and its function is regulated by cytosolic subunits such as NoxO1. We hypothesize that 
the NoxO1-controlled activity of Nox1 contributes to a proper epithelial homeostasis and 
renewal in the gut.

results: NoxO1 is highly expressed in the colon. Knockout of NoxO1 reduces the pro-
duction of superoxide in colon crypts and is not subsidized by an elevated expression 
of its homolog p47phox. Knockout of NoxO1 increases the proliferative capacity and 
prevents apoptosis of colon epithelial cells. In mouse models of dextran sulfate sodium 
(DSS)-induced colitis and azoxymethane/DSS induced colon cancer, NoxO1 has a 
protective role and may influence the population of natural killer cells.

conclusion: NoxO1 affects colon epithelium homeostasis and prevents inflammation.

Keywords: reactive oxygen species, colon, nox1, noxO1, proliferation, inflammation

inTrODUcTiOn

Colon is an organ with an enormous tissue turnover, i.e., a relatively high level of cell renewal. This 
can be even further elevated by the presence of pathogens, non-specific injury, or dietary factors 
such as high levels of bile acids (1). Interestingly, hyperproliferation may also serve as a host defense 
mechanism against invading pathogens, including gastrointestinal-dwelling nematodes. At least in 
the large intestine, the hyperproliferation and increased movement act as an “epithelial escalator” to 
expel the pathogens (2).

Reactive oxygen species (ROS) affect proliferation and differentiation of multiple cells, such as 
adipocytes, osteoclasts, and smooth muscle cells (3–5). A major source of controlled ROS formation 
is the family of NADPH oxidases. The seven members of the NADPH oxidase family, namely Nox1–5 
and Duox1 and 2, differ in their cellular localization as well as in their mode of activation. While 
Nox1–2 need to be activated by cytosolic subunits, Nox4 appears to be constitutively active, Nox5 is 
activated by Ca2+, and the Duoxes are activated by membrane-bound subunits (6). The predominant 
isoforms found in the intestinal system are Nox1 and Duox2, with Nox1 being mainly expressed 
in the ileum, cecum, and colon, while Duox2 can be found in all compartments of the intestinal 
tract (7). Both Nox1 and Duox2 have been shown to play a role in the development, progression, 
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and healing of ulcerative colitis (8–11). Nox1 contributes to ROS 
formation and mediates symbiosis between the gut microbiota 
and the intestine (12). Nox1 further regulates processes involved 
in homeostasis and injury repair of the colon (13, 14). Duox2 and 
Nox1 both build multicomponent complexes. Duox2 is associ-
ated with DuoxA2 and produces hydrogen peroxide (H2O2) in a 
Ca2+-dependent manner (15). The Nox1 complex consists of the 
scaffolding protein p22phox, an activating subunit NoxA1, and 
an organizing subunit NoxO1 (16). NoxO1 is considered to con-
tribute to a constitutive production of O2⋅− by Nox1 and thereby 
contributes to a shift in cellular behavior and differentiation as 
shown for endothelial cells, where it mediates the maintenance 
of a stalk cell phenotype and limits angiogenesis (17). A role for 
NoxO1 in intestinal tissues has not been identified so far. In human 
colon cancer cells, proteasomal degradation of NoxO1 reduces the 
Nox1-dependent ROS formation, and expression and stability of 
NoxO1 were significantly increased in human colon cancer tissues 
compared to normal colon (18). This finding suggests a role of 
NoxO1 in cancer. However, whether or not NoxO1 upregulation is 
the cause or the consequence of colon cancer remains elusive. The 
same holds true for the physiological role of NoxO1 in the colon. 
Within the present study, we characterize the function of NoxO1 
in colon homeostasis and pathology. This includes NoxO1s locali-
zation and its role in the production of ROS in the colon.

MaTerials anD MeThODs

animals and animal Procedures
All animal experiments were approved by the local governmental 
authorities (approval number: FU1074, F28/46) and were performed 
in accordance with the animal protection guidelines. Knockout 
mice for NoxO1 (NoxO1−/−) were generated as previously described 
and bred heterozygous, to obtain wild-type (WT) and knockout lit-
termates (17). Mice deficient of p47phox (p47phox−/−) were kindly 
provided by Ajay M Shah, Kings College London. Nox1y/− mice 
were kindly provided by Karl-Heinz Krause (19). Mice were housed 
in a specified pathogen-free facility with 12/12 hours day and night 
cycle and free access to water and chow every time.

Colitis was induced by with 2% dextran sulfate sodium (DSS) 
(#16011080; MP Biomedicals) in drinking water for 5 days, with a 
recovery phase of 3 days and were sacrificed on day 8. Body weight 
and physical condition were controlled daily. For the induction of 
colon carcinomas, a combination of the pro-inflammatory DSS 
together with a single intraperitoneal injection of 10 mg/kg body 
weight azoxymethane (AOM, Sigma-Aldrich) was used. One 
week after AOM injection, three cycles of 5 days with 1.5% DSS-
enriched drinking water followed by 2 weeks with usual drinking 
water were applied. Then, mice were sacrificed, and the colon was 
used for further analysis. To generate colon swiss rolls, colon was 
isolated, flushed, and cut longitudinally. It was then rolled from 
proximal to distal, fixed overnight in 4% PFA, dehydrated, and 
embedded in paraffin.

Flow cytometry
Characterization of immune cell subsets was performed essen-
tially as described previously (20). Samples were acquired with 

a LSRII/Fortessa flow cytometer (BD Biosciences) and analyzed 
using FlowJo software Vx (Treestar). All antibodies and second-
ary reagents were titrated to determine optimal concentrations. 
CompBeads (BD) were used for single-color compensation to 
create multi-color compensation matrices. For gating, fluores-
cence minus one controls were used. The instrument calibration 
was controlled daily using Cytometer Setup and Tracking beads 
(BD). For characterization of immune cell subsets, the following 
antibodies were used: anti-CD3-PE-CF594, anti-CD4-BV711, 
anti-CD11c-AlexaFluor700, anti-CD19-APC-H7, anti-CD326-
BV711, anti-Ly-6C-PerCP-Cy5.5, anti-NK1.1-BV510 (all 
from BD Biosciences), anti-CD8-BV650, anti-CD11b-BV605, 
anti-F4/80-PE-Cy7, anti-GITR-FITC, anti-Ly-6G-APC-Cy7 (from 
BioLegend), anti-CD31-PE-Cy7, anti-CD117-APC-eFluor780 
(from eBioscience), anti-CD45-VioBlue, and anti-HLA-DR-APC 
(from Miltenyi).

histological colitis scoring
Sections were stained with hematoxylin and eosin according 
to standard protocols, and severity of colitis was assessed in a 
blinded way as described before (21). The colonic epithelial dam-
age score was assigned as follows: 0, normal; 1, hyperprolifera-
tion; 2, mild-to-moderate loss of crypts, 10–50%; 3, severe loss of 
crypts, 50–90%; 4, complete loss of crypts, intact epithelium; and 
5, ulcerated epithelium. The infiltration with inflammatory cells 
score was assigned separately for: mucosa (0 = normal, 1 = mild, 
2  =  modest, and 3  =  severe), submucosa, and muscle/serosa 
(0 = normal, 1 = mild to modest, and 2 = severe). The scores for 
epithelial damage and inflammatory cell infiltration were added, 
resulting in a total score ranging from 0 to 12.

rnascope® In Situ hybridization
In situ hybridization by RNAscope® technique was performed 
according to the manufacturer’s instructions [Advanced Cell 
Diagnostics (ACD), Newark, CA, USA]. Briefly, 4 μm thick sec-
tions were deparaffinized and treated with H2O2 followed by anti-
gen retrieval and protease treatment. For murine tissue, probes 
for NoxO1 ACD #466541, Nox1 ACD # 464651, p47phox ACD # 
481991, Nox2 ACD # 403381, Lgr5 ACD # 312171, Adgre1 ACD 
#460651, and positive/negative controls (peptidylprolyl isomerase 
B ACD #313911/Bacillus subtilis dihydrodipicolinate reductase 
ACD #310043) were used. For human samples, POLR2A-positive 
control ACD # 310451 and NoxO1 ACD # 482071 probes were 
used. Probes were hybridized for 2 h followed by six amplification 
steps. The signal was detected with RNAscope® 2.5 HD detection 
kit Brown (ACD #322310) and specimens counterstained with 
Gill’s hematoxylin No1. For the duplex staining, probes were 
hybridized for 2 h followed by 10 amplification steps. The signal 
was detected by RNAscope® 2.5 HD Duplex Reagent Kit ACD # 
322430 and visualized with a light microscope.

immunohistochemistry
Paraffin blocks were cut, and slides were deparaffinized for 
further staining in descending ethanol series from 100 to 70%. 
For antigen retrieval, the slides were boiled 10 min in 1× antigen 
retrieval buffer (Dako). After blocking with 3% hydrogen perox-
ide for 10 min and BSA for 1 h, primary antibodies were applied 
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over night at 4°C. For NoxO1 (non-commercial) and phospho-
Histone3 (Millipore), the slides were incubated with goat- 
anti-rabbit HRP (Jackson immune research) secondary antibody 
for 2 h at room temperature. After incubation with F4/80 (AbD 
Serotech) primary antibody, the slides were incubated with anti-
rat Histofine® Simple Stain mouse MaxPO (Nichirei Biosciences) 
for 30  min at room temperature. Staining was developed with 
DAB (Vector Laboratories), and nuclei were counterstained with 
Gill’s No1 hematoxylin. Human samples were purchased from 
OriGene.

Multiplex immunohistochemistry and 
immunofluorescence analysis
Colon swiss rolls were stained and analyzed using the Phen -
Optics system with OpalTM 6-Color Fluorescent IHC Kits accord-
ing to the manufacturer’s instructions (Perkin-Elmer, Rodgau, 
Germany). The following antibodies were used for the staining: 
pan-cytokeratin (Pan-CK) (Abcam; ab27988), cleaved Caspase 
3 (cCasp3) (Cell Signaling, #9661), Ki67 (clone: SP6) (Abcam, 
ab16667), and alpha-smooth muscle actin (Sigma, F3777). Nuclei 
were counterstained with DAPI, and the slides were mounted with 
Fluoromount-G (SouthernBiotech, Birmingham, AL, USA). For 
image acquisition at 4× and 20×, the Vectra® 3 automated quanti-
tative pathology imaging system (Perkin-Elmer) was used, and the 
images were analyzed using inForm2.0 Software (Perkin-Elmer).

crypt isolation and intestinal Organoids
Crypt isolation and organoid cultures from murine intestine were 
performed based on the methods of Mahe and colleagues (22) 
and using the Intesticult™ system from StemCell Technologies 
according to manufacturer’s instructions. Additionally, 100 ng/mL  
murine Wnt3a (Peprotech) was added to the medium. Colons 
were isolated from mice and crypts isolated as described. 700 
crypts were seeded in 50 µL mixture of Matrigel and Intesticult™ 
medium in 24-well plates. 400  µL medium per well was used. 
On day 7 after isolation, the organoids were analyzed by light 
microscopy and qRT-PCR.

rOs Measurements
HEK293 or CaCo2 cells were transiently transfected with plas-
mids (final concentration of 1.5 μg/3.5 cm dish) coding for the 
human sequence of Nox1, NoxO1, NoxA1, p47phox, p67phox, or 
GFP using lipofectamine 2000 (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions.

Reactive oxygen species production was assessed in intact cells 
and crypts. Measurement more specific for O2⋅− was carried out 
with L-012 (Wako Chemicals) (200 µmol/L) in a Berthold TriStar2 
microplate reader (LB942, Berthold, Wildbad, Germany). All 
measurements were performed in HEPES-Tyrode buffer con-
taining 137 mmol/L NaCl, 2.7 mmol/L KCl, 0.5 mmol/L MgCl2, 
1.8 mmol/L CaCl2, 5 mmol/L glucose, 0.36 mmol/L NaH2PO4, 
10 mmol/L HEPES. Activation of p47phox was triggered by 
phorbol myristate acetate (PMA, Sigma-Aldrich, 100  nmol/L). 
Superoxide dismutase (SOD, Sigma-Aldrich, 300 U/mL) was used 
to determine the specificity of the signal for O2⋅−. H2O2 formation 
was measured with the Amplex Red assay (50  µM; Invitrogen, 
HRP, 2 U/mL, Sigma) as previously described (23). PEG-catalase 
(50 U/mL) served as a negative control.

For dihydroethidium (DHE)-based ROS detection, isolated 
crypts were incubated with DHE and DHE + 300 U/mL PEG-
SOD for 30 min at 37°C in Hanks buffer containing 100 µmol/L 
diethylenetriaminepentaacetic acid pentasodium salt. For fluores-
cence detection, DHE and its oxidation products were separated 
by HPLC (Hitachi, Elite Lachrom system L3130 pump) using 
a C18 column (EC, Nucleosil, 100-5, 250/4.6 Macherey Nagel) 
and a mobile phase A of H2O:acetonitrile:TFA (9:1:0.1) and 
phase B of acetonitrile + 0.1% TFA. A gradient from 0 to 40% 
of B was achieved within 10 min and to 100% B in 20 min with 
a 0.5 mL/min flow. The oxidation products of DHE (40 µmol/L), 
2-dihydroxyethidium (2EOH), and ethidium (E), were separated 
by HPLC and analyzed either by fluorescence 510 nm/595 nm 
excitation/emission for 2EOH in intact cells of crypts isolated 
from small intestine from different mouse strains.

analysis of mrna expression
Total mRNA from frozen homogenized tissue, isolated crypts, or 
cultured organoids were isolated with a RNA-Mini-kit (Bio&Sell, 
Feucht, Germany) according to the manufacturer’s protocol. 
Random hexamer primers (Promega, Madison, WI, USA) and 
Superscript III Reverse Transcriptase (Invitrogen, Darmstadt, 
Germany) were used for cDNA synthesis. Semi-quantitative 
real-time PCR was performed with AriaMx qPCR cycler (Agilent 
Technologie, Santa Clara, CA, USA) using iQ™ SYBR® Green 
Supermix (BioRad, Hercules, CA, USA) with appropriate primers 
as listed below. Relative expression of target genes were normal-
ized to eukaryotic translation elongation factor 2 or β-actin, 
analyzed by delta-delta-Ct method and represented as percentage 
of control samples.

Forward 3′–5′ reverse 3′–5′

h,m,r EEF2 GACATCACCAAGGGTGTGCAG GCGGTCAGCACACTGGCATA
m β-actin TGACAGGATGCAGAAGGAGA GCTGGAAGGTGGACAGTGAG
m Duox2 TCTTCACCATGATGCGGTCC GGAGTCCGGTTGATGAACGA
m Lgr5 CCTACTCGAAGACTTACCCAGT GCATTGGGGTGAATGATAGCA
m Nox1 CCTCCTGACTGTGCCAAAGG ATTTGAACAACAGCACTCACCAA
m NoxA1 AGATACGGGACTGGCACCG CATCCTAGCCAGCGGCTCTC
m NoxO1 ACTTAAACGCCTGTGCCATC CCCCAACACTGCCCTAAGTA
m p22phox TGTGGTGAAGCTTTTCGGGC GGATGGCTGCCAGCAGATAGAT
m p47phox TCCCAACTACGCAGGTGAAC CCTGGGTTATCTCCTCCCCA
m p67phox CTATCTGGGCAAGCCTACGGTT CACAAAGCCAAACAATACGCG

Protein and Western Blot analysis
Samples were lysed using the following lysis buffer (pH 7.4, 
concentrations in mmol/L): Tris-HCl (50), NaCl (150), sodium 
pyrophosphate (10), sodium fluoride (20), nonidet P40 (1%), 
sodium deoxycholate (0.5%), proteinase inhibitor mix, phe-
nylmethylsulfonyl fluoride (1), orthovanadate (2), and okadaic 
acid (0.00001). Then, they were cooked in Lämmli buffer and 
separated by SDS-PAGE followed by Western blotting. NoxO1 
primary antibodies were made in our laboratory; LC3 antibody 
was obtained from MBL (#PM036); p62 antibody was obtained 
from Enzo (BML-PW9860-0100); and infrared-fluorescent-
dye-conjugated secondary antibodies were obtained from Licor 
(Bad Homburg). Western blot analyses were performed with an 
infrared-based detection system (Odyssey, Licor, Bad Homburg, 
Germany).
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FigUre 1 | NADPH oxidase expression in the colon. (a) Analysis of mRNA expression in murine colon tissue. Relative expression to housekeeping gene EF.  
Genes indicated are p22phox (p22), Duox2 (D2), Nox1 (N1), NoxA1 (NA1), NoxO1 (N01), Nox2 (N2) p67phox (p67), p47phox (p47), and Nox4 (N4). n = 7–8.  
(B) HEK293 cells overexpressing Nox1 were transfected with cytosolic subunits of the NADPH oxidase complex as indicated. Reactive oxygen species were 
measured with L012 (200 μmol/L). Activation of p47phox was triggered by phorbol myristate acetate (100 nmol/L). (c) In situ hybridization (RNAScope® DAB 
staining) showing the expression of NADPH oxidase subunits NoxO1, p47phox, Nox1, and Nox2 in murine colon tissue. Nuclei were counterstained with 
hematoxylin. Scale bars indicate 100 μm. (D) Quantitative RT-PCR, RNAScpoe®, and immunoblotting analysis of Nox1 protein expression and in  
colon tissue of wild-type (WT) and NoxO1 knockout (NoxO1−/−), n = 6, *p < 0.05 WT vs. NoxO1−/−.
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statistics
Unless otherwise indicated, data are given as mean ±  standard 
error of mean. Calculations were performed with Prism 5.0. 
Individual statistics of unpaired samples was performed by 

t-test and if not normal distributed by the Mann–Whitney test. 
A p-value of <0.05 was considered significant. Unless otherwise 
indicated, n indicates the number of individual experiments or 
animals.
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FigUre 2 | NoxO1-dependent reactive oxygen species (ROS) formation in colon crypts. A + B Crypts from colon (a) or small intestine (B) were isolated. ROS were 
measured by chemiluminescence with L-012 (200 μmol/L). Activation of p47phox was triggered by phorbol myristate acetate (PMA, 100 nmol/L).  
Superoxide anions were decomposed with superoxide dismutase (SOD, 300 U/mL); n = 4.
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resUlTs

noxO1 is highly expressed in the  
colon epithelium
The expression of members of the NADPH oxidase family in the 
colon was analyzed by qRT-PCR (Figure 1A; Figures S1 and S2 
in Supplementary Material). The scaffolding component of the 
NADPH oxidase complex p22phox showed the highest expression 
level, followed by Duox2 and NoxO1, Nox1, and the activating 
subunit NoxA1. Furthermore, the activating subunits of Nox2, 
p47phox, and p67phox, which serve as organizer and activator of 
the Nox2 enzyme complex are expressed at relatively high levels in 
the colon. In an overexpression system, p47phox and p67phox can 
substitute NoxO1 and NoxA1 in the Nox1 complex and vice versa. 
In such a system, Nox1 together with NoxA1 and NoxO1 pro-
duced a large amount of O2⋅− in a constitutive manner, while the 
complex of Nox1 with NoxO1/p67phox produces constitutively 
lower levels of O2⋅−. The combination of p47phox/NoxA1 under 
basal conditions does not change the level of O2⋅−. Upon stimulation 
with PMA, p47phox is activated, and ROS formation increases 
to the level of the Nox1/p67phox/NoxO1 complex (Figure 1B). 
Overexpression of Nox1 or NoxO1 alone in CaCo cells revealed 
much lower O2⋅− formation than overexpression of all three com-
ponents of the complex (Figure S2C in Supplementary Material). 
Importantly, when measuring mainly H2O2 with the aid of Amplex 
Red, overexpression of neither the single nor the combination of 
the plasmids revealed any difference in the formation of H2O2 
(Figure S2D in Supplementary Material). Those results indicate 
that indeed, NoxO1, together with Nox1 and NoxA1, contributes 
to a constant O2⋅− formation in colon crypts. To explore a potential 
substitution of NoxO1 by p47phox in the colon, we analyzed the 
localization of the NADPH oxidase components in the colon 
(Figure 1C). For that purpose, in situ hybridization by RNAScope® 

was performed in colon Swiss rolls from WT animals. As shown 
for the vascular system (24), also in the colon p47phox does not 
occur in the same cells as NoxO1 and therefore may have totally 
distinct roles than NoxO1 in the colon. Rather than in epithelial 
cells, p47phox was located in capillaries, while the expression of 
NoxO1 was strongly restricted to epithelial cells. We confirmed 
that Nox1 mRNA expression is present in the lower two thirds of 
the colon crypts (25). Expression of NoxO1 in WT and NoxO1−/− 
colons was analyzed by qRT-PCR and RNAScope, while protein 
expression of NoxO1 was analyzed by Western blot (Figure 1D).

Knockout of noxO1 leads to loss of 
superoxide Production
Whether or not Nox1 and NoxO1 form a functional complex in 
colon crypts was analyzed via the measurement of ROS in isolated 
colon crypts (Figure 2A). To simultaneously analyze, if there is a 
functional substitution for the lack of NoxO1 by p47phox, we also 
used isolated crypts from p47phox−/− mice. ROS were analyzed 
using L-012 chemiluminescence and DHE, to concentrate more 
on the formation of O2⋅− than of H2O2, and crypts from mice with a 
knock out for Nox1, Nox2, and Nox4 (3N−/−) were analyzed to learn 
what would be the basal level of NADPH oxidase-independent  
production of O2⋅−. Knockout of Nox1 and NoxO1 drastically 
reduced the formation of O2⋅−, while the deletion of p47phox had 
no effect on the formation of ROS in colon crypts. Importantly, 
triple knockout of Nox1, Nox2, and Nox4 reduced the O2⋅− forma-
tion to the level of Nox1 or NoxO1 knockout. Stimulation of the 
ROS formation with the p47phox activator PMA had no effect on 
ROS formation in colon crypts, but in crypts from the duodenum 
(Figure 2B). ROS formation in the duodenum crypts is 10× lower 
than in colon. Obviously, the basal duodenal ROS formation is 
Nox independent but SOD sensitive, as analyzed by a DHE-based 
measurement of O2⋅− (Figure S2B in Supplementary Material). This 
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FigUre 3 | Colon organoid growth. (a) 3D culture of organoids generated 
from colon crypts isolated from wild-type (WT) and NoxO1 knockout 
(NoxO1−/−) animals. Representative pictures of organoids after 7 days in 
culture. (B) Analysis of organoid number and mean diameter of organoids 
cultured for 7 days. Organoids were counted per field of vision. Per animal 
two wells were analyzed. n = 5. (c) mRNA expression relative to 
housekeeping gene EF of NoxO1 and stem cell marker Lgr5 in freshly 
isolated crypts and organoids cultured for 7 days. n = 3, *p < 0.05.
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is a reflection of the fact that NoxO1 expression is high in the colon 
and masks the low PMA-activated ROS formation by p47phox. In 
fact, the difference in ROS formation corresponds to the expres-
sion of NoxO1 (1 ± 0.1 in the duodenum vs. 9.1 ± 0.6 in the colon).

noxO1 affects Proliferation and 
Differentiation In Vivo
As pointed out already, ROS affect proliferation. So far, no protocol 
has been successfully established for a primary culture of colon 
epithelial cells. Therefore, to analyze the role of NoxO1 in pro-
liferation and differentiation independent from pathogens or gut 
flora and food intake, 3D organoid cultures from colon crypts were 
established (Figure 3A). The number of organoids indicates the 
potential of the crypts to form organoids, while organoid diameters 
correspond to the proliferative capacity of the cells. Unexpectedly, 
no difference in both parameters was observed when comparing 
WT and NoxO1−/− organoids (Figure  3B). These puzzling data 
were clarified when comparing freshly isolated colon crypts and 
established colon organoids, which revealed a reduction of NoxO1 
expression by 80%. In contrast, the stem cell marker Lgr5 was 
increased more than twofold (Figure 3C). This indicates, although 
stemness is maintained in the organoids, that NoxO1 expression 
is drastically reduced and therefore does not impact proliferation.

Having found that analysis of the influence of NoxO1 on pro-
liferation in vitro was not possible, we went on to the analyses of 
in vivo samples by immunohistochemistry. Staining for the stem 
cell marker Lgr5 by in situ hybridization (Figure 4A) and analysis of 
its mRNA expression (Figure 4B) indicated no difference between 
the stem cell potential in crypts from WT and NoxO1 knockout 
mice. Staining for pH3, an indicator of active mitosis, indicated a 
higher proliferative activity in the absence of NoxO1 (Figure 4C). 
Importantly, no effect of NoxO1 knock out was found when we 
analyzed for autophagy (Figure S3 in Supplementary Material). 
Subsequently, the cells in the mucosa were phenotyped according 
to their marker expression (Figure 4D). Alpha-SMA-positive cells 
represent smooth muscle cells and were found below and between 
the crypts. Pan-cytokeratin is a marker for epithelial cells and was 
used for the definition of differentiated cells. The expected gradi-
ent of pan-cytokeratin was observed along the crypt axis, with 
an increase at the top of the crypt. While not significant, a trend 
indicated a reduced differentiation of the crypt cells in the absence 
of NoxO1. Ki67 is an established marker for proliferating cells. 
Although about 50% of all cells in the mucosa were pan-cytokeratin 
(Pan-CK) positive, these cells still may proliferate and therefore are 
Ki67/Pan-CK double positive. Both pan-CK/Ki67 double positive 
cells and total Ki67 staining were increased in colons from mice 
deficient in NoxO1 (Figures 4C,D). Interestingly, cells undergoing  
apoptosis and positive for cleaved caspase 3 were reduced in 
NoxO1-deficient colons. Together, the results suggest that the 
absence of NoxO1 results in a diminished differentiation, more 
proliferation, and less apoptosis in epithelial cells of colon crypts.

noxO1 has a Protective role in  
Dss-induced colitis
The combination of less differentiation, less apoptosis, and more 
proliferation results in more S-phase cells, which are sensitive to 

DNA damage. This may increase the risk of neoplastic transfor-
mation and enhanced tumor incidence (2).

To analyze this possibility, mice were subjected to the DSS-
induced colitis and DSS/AOM colon cancer model. RNAScope® 
analysis in colon samples upon DSS treatment verified that Nox1 
and NoxO1 expression remains only in the epithelium, whereas 
Nox2 and p47phox were expressed in infiltrating immune cells 
(Figure 5A). To analyze disease severity, the inflammatory dam-
age score was analyzed. Crypt damage, immune cell infiltration, 
and development of ulcers were more severe in NoxO1−/− mice 
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FigUre 4 | Continued
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FigUre 4 | Immunohistochemistry of colons. (a) In situ hybridization (RNAScope®) of Lgr5 in murine colon. Nuclei were counterstained with hematoxylin, scale bars 
indicate 100 μm (B) Lgr5 mRNA expression relative to housekeeping gene EF in colon tissue from wild-type (WT) and NoxO1 knockout (NoxO1−/−) mice. n = 7.  
(c) Immunohistochemistry staining of mitosis marker phospho-Histone 3 (pH3). Representative pictures and analysis of pH3-positive cells per crypt. n = 3, 
*p < 0.05. Scale bars indicate 200 μm. (D) Multiplex immunohistochemistry of murine colon. Tissue was stained for DAPI (white), alpha-smooth muscle actin 
(aSMA, green), Ki67 (blue), cleaved Caspase 3 (cCas3, magenta), and pan-cytokeratin (Pan-CK, orange); scale bars indicate 100 μm. Positive cell fractions for 
indicated phenotypes in the mucosa were analyzed using the in Form 2.0 software. n = 5, *p < 0.05.
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(Figure 5B). This was also confirmed by immunohistochemical 
staining of macrophages by F4/80 (Figure 5C). Analysis of immune 
cell populations did further unmask a difference in the content of 
natural killer cells in DSS-treated mice (NK cells as percentage 
of all immune cells: 5.6 ±  1.2 WT ctl; 6.6 ±  0.6 NoxO1−/− ctl; 
8.0 ± 0.7 WT DSS; 4.8 ± 0.8* NoxO1−/− DSS; *p < 0.05 WT DSS 
vs. NoxO1−/− DSS). In contrast, in the tumor AOM/DSS model, 
less macrophages were found in NoxO1−/−-deficient tumors, as 
analyzed by conventional immunohistochemistry (Figure S4A 
in Supplementary Material) and a costaining of F4/80 (Adgre1) 
and the Noxes on mRNA level (Figure S4B in Supplementary 
Material). Interestingly, macrophage infiltration into colon 
tumors after an initial increase appears to decrease after a while 
(26). This effect of a reduced content of F4/80-positive cells 
at day 70 can be seen in NoxO1−/− mice as well (Figure S4 in 
Supplementary Material). DSS/AOM treatment induced a loss of 
body weight, indicating the severity of the inflammation due to 
DSS. Weight loss was more severe in NoxO1−/− mice (Figure 5D). 
Eventually, although not significant, there was a trend for a higher 
tumor burden and mortality, in NoxO1-deficient animals when 
compared to their WT littermates (Figure 5E; Figures S4C,D in 
Supplementary Material).

DiscUssiOn

The colon epithelium is constantly renewed and arises from only 
a few intestinal stem cells residing at the crypt base. From these 
amplifying cells, the epithelial cell layer derives that progressively 
differentiates until the top of the villi. This process is redox sensi-
tive. Especially, Nox1-derived ROS may influence the balance 
of proliferation and differentiation in the gut epithelium. Nox1 
upregulation enhances Wnt/β-catenin and Notch pathways and 
disrupts tumor progression by pro-apoptotic mechanisms. An 
excellent review on redox signaling in the gastrointestinal tract 
has been published by Pérez et al. (27).

While Nox1 indeed is the central molecule of the NADPH 
oxidase in the colon, the cytosolic subunits determine the signal-
ing mediated by Nox1-derived ROS. Those cytosolic subunits are 
the activators p67phox or NoxA1 and the organizers p47phox 
and NoxO1. In an overexpressing system, the combination of 
NoxO1/p67phox and NoxO1/NoxA1 together with Nox1 enables 
a constitutive formation of superoxide, while the combination of 
Nox1 with NoxA1 and p47phox enables an acutely inducible ROS 
formation. This is due to the fact that NoxO1 is missing the autoin-
hibitory loop, which prevents the activity of p47phox. Upon serine 
phosphorylation, p47phox is activated and organizes the Nox1 
complex. Therefore, p47phox-mediated ROS formation can be 
switched on and off (16). Consequently, p47phox may contribute 
to acute ROS-sensitive signaling, while NoxO1 serves as a mediator 

of constant redox-dependent signaling, such as differentiation, 
proliferation, or survival of a cell. In fact, NoxO1 and p47phox 
appear to have totally distinct functions and do not substitute for 
each other in vivo (24, 28). The current study indicates that the 
distinct expression site and the behavior of not subsidizing for 
each other are also true for the intestinal system. However, the role 
of NoxO1 in the gut was uncertain. In endothelial cells, NoxO1 is 
needed to maintain the activity of the Notch signaling pathway 
by enabling the activity of a disintegrin and metallo proteinases 
(ADAM) as measured in an ADAM10/17 activity assay. In 
contrast, this task was not fulfilled by p47phox (17). Notch also 
plays an extraordinary important role in the renewal of the colon 
epithelium, and ADAM10 is abundantly expressed throughout 
the gastrointestinal tract. During intestinal renewal homeostasis, 
ADAM10 regulates cellular processes such as cell fate specification 
and maintenance of intestinal stem cell/progenitor populations, 
controlling intestinal injury/regenerative responses and may drive 
intestinal inflammation and colon cancer initiation and pro-
gression (29). Therefore, a role of NoxO1 in all these processes 
is possible. In fact, proliferation was enhanced, while apoptosis 
was reduced in the absence of NoxO1 in murine colons. Those 
data perfectly fit an earlier study showing that Nox1 is required 
for reconstitution of the epithelium after colitis induction (10), 
indicating that NoxO1 together with Nox1 mediates ROS forma-
tion and facilitates proliferation of colon epithelial cells. Colitis as 
such, however, appears to be more severe in the absence of NoxO1. 
This could be a consequence of a reduced number of natural killer 
cells. Importantly, the activity of natural killer cells has been found 
to be significantly below normal levels in both remissive and active 
stages of inflammatory bowel disease patients (30). In fact, natural 
killer cells protect mice from DSS-induced colitis by regulating 
neutrophil function via the NKG2A receptor (31). Why less natural  
killer cells are present in DSS-treated NoxO1−/− mice is beyond 
the scope of this manuscript. One possibility is that NoxO1 is 
essential for the differentiation of those cells from their progeni-
tors (24). Nevertheless, inflammatory bowel disease patients have 
a higher incidence of cancer (32). A similar effect was found in this 
study. The absence of NoxO1 increased the likelihood for tumor 
development and the number of tumors in the AOM/DSS colon 
cancer model. This is potentially a consequence of the increased 
DSS-induced inflammation in the absence of NoxO1, together 
with an enormous proliferation and reduction in apoptosis of 
epithelial cells. This combination is prone to support malignant 
transformation and the development of tumors (33).

In conclusion, NoxO1 contributes to a constitutive ROS for-
mation in colon epithelial cells. NoxO1 cannot be substituted by 
p47phox. NoxO1 limits proliferation and increases the ability of 
epithelial cells to undergo apoptosis. Colitis, as induced by DSS, 
is more severe in the absence of NoxO1 in mice. Eventually, while 
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FigUre 5 | NoxO1 has a protective role in dextran sulfate sodium (DSS)-induced colitis and DSS/azoxymethane (AOM) colon carcinoma. (a) In situ hybridization 
(RNAScope®) showing the expression of Nox1, NoxO1, Nox2, and p47phox in murine colon tissue upon treatment with DSS. Nuclei were counterstained with 
hematoxylin, scale bars indicate 100 μm. (B) Quantification of histological damage and number of ulcers on day 8 of the colitis model. n = 7–8, *p < 0,05, 
Mann–Whitney exact test. Representative pictures of hematoxylin and eosin (H&E) staining for wild-type (WT) and NoxO1−/− are shown. Scale bar indicates 200 μm. 
(c) Immunohistochemistry staining of macrophage marker F4/80. Representative pictures and analysis of F4/80-positive staining per nuclei. n = 7–8, *p < 0.05. 
Scale bars indicate 500 μm. (D) Body weight relative to day 0 of WT and NoxO1−/− mice treated with AOM at day 0 and 3 cycles of DSS in drinking water. n = 9, 
*p < 0.05. (e) Tumor burden at day 70 of DSS/AOM-treated animals. n = 8–10.
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deserving further studies, in an AOM/DSS murine colon cancer 
model NoxO1 appeared to be protective.
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reactive Oxygen species Deficiency 
Due to ncf1-Mutation leads to 
Development of adenocarcinoma 
and Metabolomic and lipidomic 
remodeling in a new Mouse Model 
of Dextran sulfate sodium-induced 
colitis
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Ecology, University of Coimbra, Coimbra, Portugal, 6Department of Rhematology, Medical Clinic 5, Universitätsklinikum 
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Inflammatory bowel disease is characterized by chronic relapsing idiopathic inflamma-
tion of the gastrointestinal tract and persistent inflammation. Studies focusing on the 
immune-regulatory function of reactive oxygen species (ROS) are still largely missing. 
In this study, we analyzed an ROS-deficient mouse model leading to colon adenocarci-
noma. Colitis was induced with dextran sulfate sodium (DSS) supplied via the drinking 
water in wild-type (WT) and Ncf1-mutant (Ncf1) B10.Q mice using two different proto-
cols, one mimicking recovery after acute colitis and another simulating chronic colitis. 
Disease progression was monitored by evaluation of clinical parameters, histopatholog-
ical analysis, and the blood serum metabolome using 1H nuclear magnetic resonance 
spectroscopy. At each experimental time point, colons and spleens from some mice 
were removed for histopathological analysis and internal clinical parameters. Clinical 
scores for weight variation, stool consistency, colorectal bleeding, colon length, and 
spleen weight were significantly worse for Ncf1 than for WT mice. Ncf1 mice with only 
a 7-day exposure to DSS followed by a 14-day resting period developed colonic distal 
high-grade dysplasia in contrast to the low-grade dysplasia found in the colon of WT 
mice. After a 21-day resting period, there was still β-catenin-rich inflammatory infiltration 
in the Ncf1 mice together with high-grade dysplasia and invasive well-differentiated 
adenocarcinoma, while in the WT mice, high-grade dysplasia was prominent without 
malignant invasion and only low inflammation. Although exposure to DSS generated 
less severe histopathological changes in the WT group, the blood serum metabolome 
revealed an increased fatty acid content with moderate-to-strong correlations to 
inflammation score, weight variation, colon length, and spleen weight. Ncf1 mice also 
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displayed a similar pattern but with lower coefficients and showed consistently lower 
glucose and/or higher lactate levels which correlated with inflammation score, weight 
variation, and spleen weight. In our novel, DSS-induced colitis animal model, the lack of 
an oxidative burst ROS was sufficient to develop adenocarcinoma, and display altered 
blood plasma metabolic and lipid profiles. Thus, oxidative burst seems to be necessary 
to prevent evolution toward cancer and may confer a protective role in a ROS-mediated 
self-control mechanism.

Keywords: reactive oxygen species, dextran sulfate sodium, adenocarcinoma, colitis, metabolism, nicotinamide 
adenine dinucleotide phosphate oxidase, nuclear magnetic resonance, lipids

inTrODUcTiOn

Inflammatory bowel disease (IBD) is characterized by chronic 
relapsing idiopathic inflammation of the gastrointestinal tract. 
The two major known forms of IBD are Crohn’s disease and 
ulcerative colitis (UC). Discontinuous transmural lesions may 
appear in any segment of the gastrointestinal tract in Crohn’s 
disease whereas UC is restricted to lesions in the colon and 
rectum mucosae. These two separate conditions have distinct 
clinical, endoscopic, and histological profiles though they share 
some overlapping clinical features (1–7). In both cases, there are 
no definitive treatments and the active and remission cycles are 
managed with anti-inflammatory or immunomodulatory drugs 
and eventually surgery, compromising the patients quality of life 
(8). Perhaps one of the most pressing factors for routine moni-
toring is the heightened risk of cancer development in chronic 
inflammatory lesions, namely colorectal carcinoma and small 
bowel adenocarcinoma (9–11). Regarding colorectal carcinoma, 
two major forms are pathophysiologically distinguishable, 
sporadic colorectal cancer, and colitis-associated colorectal 
cancer. Although they share common pathogenic elements, 
their progression follows different molecular mechanisms  
(12, 13). Tumor-promoting inflammation and genomic 
predisposition and instability provide favorable ground for 
cancer onset while the deregulation of cellular bioenergetics 
and immune-evasion have recently been identified as emerging 
hallmarks (14). Even though the complexity of the thematic 
does not allow the pinpoint of a single root cause of the problem, 
evidence from research suggests a pivotal role for oxygen and 
reactive oxygen species (ROS) in carcinogenesis, particularly 
in promoting inflammation, causing oxidative DNA damage, 
altering signaling pathways and modulating metabolism and 
immune response (14, 15). Regular cellular function will generate 
ROS but the balance between pro- and antioxidants is a delicate 

one. This homeostatic regulation may be achieved through 
several scavenging processes, namely superoxide dismutase, 
glutathione and catalase, among others. Excessive oxidative 
stress may cause extensive damage and signal cell death either 
by necrosis or apoptosis, but on the other hand, homeostatic 
levels regulate many signal transduction pathways and promote 
cell proliferation and survival (16, 17). Additionally, ROS 
generation is of seminal importance for immune responses to 
pathogens, in particular, bacteria and fungi. In granulocytes and 
macrophages, phagocytic activity generates an oxidative burst 
from superoxide anion production by NADPH oxidase complex 
2 (NOX2), which is then dismutated into peroxide and other 
reactive species toxic to bacteria (18). ROS function equally as 
immunological regulators, preventing chronic inflammation 
and autoimmunity (19).

Reactive oxygen species imbalances also contribute indirectly 
to the aerobic glycolysis that generally characterizes cancerous 
cells—the Warburg effect. Hypoxia and increased ROS levels 
inhibit prolyl hydroxylases, which lead to hypoxia-inducible 
transcription factor (HIF-1α) stabilization and subsequent gene 
expression thus triggering upregulation of glucose transporters 
and glycolytic enzymes essential to aerobic glycolysis (20). Other 
signaling pathways may play a role in modulating metabolism in 
cancer cells, such as activation of the c-Myc transcription factor or 
the oncogene KRAS, or the loss of function of the tumor suppres-
sor gene P53 (17). Cancerous cells may also exhibit adaptation to 
the heightened oxidative stress by upregulating ROS-scavenging 
enzymes, controlling excessive protein/DNA damage, and lipid 
peroxidation, thereby avoiding cell death (17).

A set of contributing factors are required to develop 
IBD, namely genetic predisposition, detrimental gut micro-
biota, defective mucosal barrier function, exacerbated immune 
response, and environmental triggers (6). Unresolved inflam-
mation may develop dysplasia and eventually favor cancer 
onset (21). Interestingly, a rare inheritable disease, chronic granu-
lomatous disease (CGD) characterized by defective NOX2, 
renders phagocytes unable to produce superoxide anion (22). 
In fact, CGD patients frequently have an associated IBD and 
exhibit Crohn-like symptoms (22, 23). Research on the link 
between IBD and cancer has been using several genetically 
engineered mice models prone to colorectal cancer whereby 
colitis is chemically induced by dextran sodium sulfate (DSS) 
supplied via the drinking water (24).

Abbreviations: DSS, dextran sulfate sodium; HE, hematoxylin/eosin; HIF, 
hypoxia-inducible factor; IBD, inflammatory bowel disease; Ncf1, Ncf1-mutant; 
NADPH, nicotinamide adenine dinucleotide phosphate; NOX, nicotinamide 
adenine dinucleotide phosphate oxidase; PCA, principal component analysis; 
PLS–DA, partial least squares–discriminant analysis; PPP, pentose phosphate path-
way; NMR, nuclear magnetic resonance; ROS, reactive oxygen species; TIGAR, 
TP53-inducible glycolysis and apoptosis regulator; UC, ulcerative colitis; VIP, vari-
able importance in projection; WT, wild-type; WHO, World Health Organization.
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Studies focused on the immune-regulatory function of ROS 
and how their deficiency impacts metabolism and inflammation-
mediated tumorigenesis, surprisingly, are still largely missing. 
B10.Q mice with a point mutation in the p47 NOX subunit [Ncf1-
mutant (Ncf1)/p47phox] lack ROS production leading to deficient 
T-cell tolerance induction, triggering autoimmunity with a type I 
interferon signature [reviewed in Ref. (19)]. The absence of ROS 
in these mice led to poor recovery from two cycles of acute DSS-
induced colitis and was characterized by extensive nitric oxide-
dependent mucosal inflammation and dysplasia (25). The oral 
administration of DSS to rodents induced colonic inflammation 
that was clinically and histologically similar to human UC (25). 
Like the human disease, DSS-induced chronic UC is complicated 
by the development of colorectal dysplasia and adenocarcinoma 
(26, 27). Therefore, in the present study, B10.Q/Ncf1 mice were 
used to develop a new model of inflammation-driven colon carci-
noma by induction of colitis with DSS and address the putative role 
of ROS in tumor formation and systemic metabolic alterations.

MaTerials anD MeThODs

animals
Male and female homozygous Ncf1 (BQ.Ncf1m1J/m1J, abbreviated to 
Ncf1, n = 30) and wild-type (WT, n = 30) B10.Q mice between 6 
and 8 weeks old were obtained from breeding heterozygous mice 
followed by genotyping as previously described (28). Animals 
were bred and maintained under standard conditions at the 
specific pathogen-free animal facility of the Faculty of Pharmacy, 
University of Coimbra with food and water supplied ad libitum 
within a controlled temperature environment, and alternating 
12-h light/dark cycles. All animal studies were approved by the 
internal FFUC Animal Facility Ethics Committee and were in 
accordance with EU legislation for experimental animal welfare.

induction of colitis
Colitis was induced by oral administration of 3% w/v DSS (aver-
age mol. wt. 40,000  g/mol, AppliChem, Darmstadt, Germany) 
in the first induction period and 2.5% w/v DSS in the second 
induction period via drinking water supplied ad libitum. The DSS 
concentration was reduced for the second cycle to prevent prema-
ture death so that animals survived till the end of the experiment. 
DSS reduction also minimized weight loss and rectal bleeding, 
thus limiting excessive suffering.

Two different colitis-induction protocols were used: in proto-
col remission (r), mice were subjected to a 7-day DSS induction 
followed by 21 days of resting on normal water; in protocol induc-
tion (i), mice were subjected to 7 days of DSS induction, followed 
by 14 days of resting on normal water and then a second 7-day 
DSS-induction period.

clinical evaluation
Animals were monitored every third day for alterations in colitis-
related clinical scores: weight variation, stool consistency, and 
colorectal bleeding. Pain was monitored on a daily basis through 
observation of animal activity for 5 min during the resting (light 
cycle) and active (dark cycle) periods. Blood and stool scorings 

were performed as previously described (25). In brief, blood 
scoring: 0- no blood; 1- visible blood; 2- rectal bleeding; stool 
consistency scoring: 0- normal; 1- soft but formed; 2- very soft; 
3- diarrhea. Five mice from each group were sacrificed by cervical 
dislocation under anesthesia at three experimental time points: 
days 0 (baseline controls), 22 and 30. Tissues were collected for 
histopathological analysis (vide infra) and assessment of colon 
length and spleen weight.

histopathological evaluation of colitis
Swiss rolls of the whole colon, rolled from the rectum to cecum, 
were formalin fixed and paraffin embedded. Sections were hema-
toxylin/eosin (HE) stained according to standard protocols.

Immunohistochemistry was performed on distal colon sec-
tions. In brief, endogenous peroxidase activity was quenched 
by 15 min incubation with 3% diluted hydrogen peroxide. Non-
specific binding was blocked with Ultra V Block (Ultra Vision 
Kit; TP-125-UB; Lab Vision Corporation, Fremont, CA, USA). 
Incubation with the primary rabbit monoclonal antibody against 
β-catenin (clone D10A8, Cell Signaling Technology Europe, 
Frankfurt am Main, Germany) was followed by incubation with 
biotin-labeled secondary antibody (Ultra Vision Kit; TP-125-BN; 
Lab Vision Corporation, Fremont, CA, USA). Primary antibody 
binding was localized in tissues using peroxidase-conjugated 
streptavidin (Ultra Vision Kit; TP-125-HR; Lab Vision Corporation, 
Fremont, CA, USA) and 3,3-diaminobenzidine tetrahydrochlo-
ride (RE7190-K; Novocastra Laboratories Ltd., Newcastle, UK) 
was used as chromogen, according to manufacturer’s instructions. 
Hematoxylin was used to counterstain the slides.

Inflammation was scored in proximal and distal segments 
halves regarding the number of inflammatory foci: 0- no inflam-
matory focus; 1- one inflammatory focus; 2- two inflammatory 
foci; 3- three or more inflammatory foci. Lymphocytes, plasma 
cells, and neutrophils infiltration were scored based on cell mor-
phology, with approximate percentage validation of each subset 
within the total observed inflammatory cells in inflammatory 
foci, as previously described (25).

Epithelial morphology was scored based on the presence of 
tubular and villous patterns: tubular-glandular hyperplasia above 
the muscularis mucosae and villous formation of superficial 
villous projections. Dysplasia was scored in the same segments 
using a semi-quantitative scale according to the World Health 
Organization (WHO) 2010 guidelines for colon adenocarcinoma 
classification (26): 0- no dysplasia; 1- hyperchromatic nuclear 
pluristratification and lamina propria separated glands; 2- epi-
thelial low-grade dysplasia (complex ramified glands with cell 
hyperplasia and pluristratified hyperchromatic nuclei); 3- epi-
thelial high-grade dysplasia (beyond low-grade dysplasia, nuclear 
atypia, mitosis and reduced lamina propria area).

nuclear Magnetic resonance (nMr) 
spectroscopic analysis
Blood serum from mice was collected for metabolic profiling 
using 1H NMR spectroscopy. Samples consisted of 70 µL of sera 
plus 70 µL of D2O (99.9%) together with 35 µL of sodium fuma-
rate (10  mM) and phosphate buffer dissolved in D2O (99.9%) 

89

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FigUre 1 | Ncf1-mutant (Ncf1) mice presented more severe clinical scores than their wild-type (WT) counterparts. (a) Colon lengths in centimeters for days 0, 22, and 
30 of control, recovery (r), and twice colitis-induced (i) WT and Ncf1 groups. (B) Change in body weights from the initial average baseline weight over the experimental 
period, average weight ± SE (baseline weights: WT = 29.8 ± 3.90 g, Ncf1 = 31.3 ± 3.9 g). Differences between groups and time points were calculated by two-way 
ANOVA. (c) Mice stool consistency score after colitis induction with dextran sulfate sodium (DSS). (D) Colorectal bleeding score after colitis induction. Weight, stool 
consistency, and colorectal bleeding scorings are detailed in Section “Materials and Methods.”. Asterisks indicate significant differences: *p < 0.05, **p < 0.001, 
***p < 0.0001 between WT and Ncf1 mice receiving DSS; boxed asterisks indicate significant differences: *p < 0.05 between Ncf1 recovery (r) and induction (i) groups.
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for use as an internal reference. Samples (total volume 175 µL) 
were placed into 2.5 mm NMR tubes and spectra acquired using 
a 600 MHz Bruker NMR spectrometer equipped with an inverse 
configuration probe. For all samples, regular 1H acquisition 
with presaturation (sw = 10 kHz, ns = 32, td = 60 k, aq = 3 s) 
and Carr–Purcell–Meiboom–Gill (CPMG) (28) (sw  =  10  kHz, 
ns = 350, spin-echo time = 200 168 ms, td = 60 k, aq = 3 s) spectra 
were acquired. Spectra were processed with TopSpin using 0.2 Hz 
of line broadening and manual phasing while AMIX was used for 
metabolite assignment and multivariate statistics. For metabo-
lomics integration, spectra were subjected to bucketing by AMIX 
from 0.5–9 ppm (excluding the solvent region) with the spectral 
area normalized to the sum of all points. All metabolomics data 
have been deposited to the EMBL-EBI MetaboLights database 
(DOI: 10.1093/nar/gks1004. PubMed PMID: 23109552) with the 
identifier MTBLS593.

statistical analysis
All data were tested for normal distribution with Levene’s test. Since 
data did not follow a normal distribution, the non-parametric 

Kruskal–Wallis test followed by a non-parametric Mann–
Whitney U test were used to compare values between groups and 
time points using GraphPrism 6.01 (GraphPad Software Inc., CA, 
USA).

Statistical differences between curves were determined using a 
two-sided hypothesis permutation test with 10,000 permutations 
(http://bioinf.wehi.edu.au/software/compareCurves/index.html) 
(29). Bivariate correlation studies (Spearman, two-sided) were 
performed using SPSS 17. Differences were considered significant 
for p < 0.05. For NMR metabolomics analysis, data were analyzed 
using MetaboAnalyst software performing interquartile range 
filtering, log transformation, and pareto scaling prior to principal 
component analysis (PCA) or partial least squares–discriminant 
analysis (PLS–DA) modeling (30).

resUlTs

clinical signs of Dss-induced colitis
Colitis induction with DSS led to a reduction in the colon 
length in both the WT and the Ncf1 mice resulting in a 

90

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
http://bioinf.wehi.edu.au/software/compareCurves/index.html


FigUre 2 | Colonic mucosa of control, recovery (r), and twice colitis-induced (i) wild-type (WT) and Ncf1-mutant (Ncf1) groups. Day 0: glands are smaller, fewer, 
and with small epithelial cell nuclei in Ncf1 mice colon compared with WT mice. Day 30 of recovery: WT mouse colon with basal small gland hyperplasia and villous 
epithelial adaptation; Ncf1 mouse colon with superficial villous adaptation, high-grade dysplasia, and intramucosal adenocarcinoma. Day 22 for both experiments: 
both WT and Ncf1 mice colons with superficial villous glandular hyperplasia, and inflammation-reactive atypia in WT mouse colon; low-grade dysplasia; and 
mucinous cells hyperplasia in tubular glands of WT mouse colon contrasting to basal high-grade dysplasia in Ncf1 mouse colon. Day 30 of the second colitis 
induction: Superficial villous mucosae and basal cell glandular persistence with high-grade dysplasia in WT mouse colon compared with the superficial villous 
atrophy and well-differentiated adenocarcinoma in Ncf1 mouse colon. hematoxylin/eosin staining with 40× and 400× magnifications.
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significant shortening of the colon after a second induction 
period (Figure 1A).

Body weight was monitored throughout the study (Figure 1B). 
At baseline, the weights of Ncf1 and WT mice were comparable 
(WT = 29.8 ± 3.90 g, Ncf1 = 31.3 ± 3.9 g). Weight loss began 
on day 3 after DSS colitis induction with all DSS-treated ani-
mals reaching the minimum weight on day 13 (i.e., during the 
recovery period) and with Ncf1 mice presenting a greater weight 
loss than WT mice. In protocol (r), the WT mice recovered their 
baseline weight while Ncf1 only recovered, at most, up to 90% of 
their original weight. The mice which were subjected to a second 
cycle of DSS-induced colitis [protocol (i)], partially recovered 
their weight until day 25 when a new phase of weight loss set 
in. Ncf1 mice suffered greater weight loss (reduction to 75% of 
baseline weight) than the WT mice (reduction to only 90% of 
baseline weight). While WT mice on both protocols had com-
parable weights until the end of the experimental period, Ncf1 
mice under the (i) protocol had a greater weight loss than those 
under the (r) protocol.

The presence of colorectal blood and the consistency of 
the feces are two further clinical signs of DSS-induced colitis. 
During the first induction period, both Ncf1 and WT groups 
had decreased stool consistency and increased anal bleeding. 
During the resting period, both groups started to recover with 
respect to these two clinical parameters. WT and Ncf1 mice 
submitted to protocol (i) both presented a new surge in anal 

bleeding together with softer stools, these clinical symptoms 
were significantly different to those animals undergoing proto-
col (r) (Figures 1C,D).

histopathologic assessment of Dss-
induced colitis
To evaluate epithelial morphology, inflammation, and dysplasia, 
the defined colon histopathology scores were applied using 
untreated WT and Ncf1 animals as controls and registered after 
colitis induction at day 22 for both experiments and day 30 for 
protocol r and protocol i.

At baseline, WT mice had well defined glands above muscu-
laris mucosae, whereas Ncf1 mice presented a reduced number 
of glandular tubules (Figure  2 D0), both with the absence of 
dysplasia and inflammation.

On day 22, WT mice maintained preserved epithelial mor-
phology and superficial villous projections with low-grade distal 
dysplasia (1.4  ±  0.2) and low-distal inflammation (1.8  ±  0.4). 
The Ncf1 group also presented villous projections, but these were 
formed by compacted glands with less interstitial vascularization 
in addition to glandular higher grade dysplasia (2.0 ± 0.3, p = 0.5) 
and foci of well-differentiated adenocarcinoma accompanied by 
higher distal inflammation (3.0 ± 0.0, p = 0.039) (Figure 2 D22; 
Figure 3). Even though Ncf1 inflammatory score was higher than 
the WT, the cellular composition of the inflammatory infiltrates 
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FigUre 3 | Histological evaluation of inflammation (a), dysplasia (B), and cellular composition of the inflammatory infiltrate (c) at distal and proximal segments of 
the colon for Ncf1-mutant (Ncf1)* mice, and WT mice. Asterisks indicate p < 0.05, Mann–Whitney U test between Ncf1(r) and WT (r) and Ncf1(i) and WT(i). 
Inflammation and dysplasia scoring systems are detailed in Section “Materials and Methods.”
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had similar frequencies of grnaulocytes, lymphocytes, and plas-
macytes in both groups. Proximal inflammation and dysplasia 
were low in both groups.

On day 30 for protocol r [Figure 2 D30(r); Figures 3 and 4 
D30(r)], WT mice maintained villous projections corresponding 
to half of the mucosae length, supported by tubular-glandular 
hyperplasia above the muscularis mucosae, with different sizes 
and segments of very small glands with low-grade dysplasia 
foci. Scattered lymphocytes in small inflammatory infiltrates 
expressed β-catenin. In Ncf1 mice colons, there were a reduced 
number of glands under villous projections in the colon, although 
the morphology was similar to day 22. In general, Ncf1 mice had 
more high-grade dysplasia (with anisocariosis with persistent 
nucleoli and visible mitosis) and foci of well-differentiated 
adenocarcinoma with large inflammatory infiltrates rich in 
β-catenin-expressing lymphocytes (total mean scores for dyspla-
sia WT = 2.20 ± 0.49, Ncf1 = 3.20 ± 0.74, p = 0.42; total mean 
scores for inflammation WT = 2.80 ± 0.66, Ncf1 = 4.00 ± 0.95, 
p = 0.31).

On day 30 for protocol i [Figure 2, Day 30(i); Figures 3 and 
4 D30(i)], a persistent adaptation of the colonic sections was 

observed. WT colon presented superficial epithelial villous 
projections without extensive inflammation. In distal segments, 
high-grade dysplasia persisted in both groups. Ncf1 proximal and 
distal colonic segments maintained a glandular morphology with 
hyperchromatic nuclei and mucosa-associated lymphoid tissue 
hyperplasia. Additionally, Ncf1 colon developed invasive well-dif-
ferentiated adenocarcinoma in segments where narrower, reserve 
microglands were visible above the mucularis mucosae, invading 
till the muscularis propria, accompanied by extensive inflamma-
tory infiltrates harboring lymphocytes expressing high levels of 
β-catenin (mean scores for total dysplasia WT  =  1.71  ±  0.52, 
Ncf1 = 4.38 ± 0.26, p = 0.001; mean scores for total inflammation 
WT = 4.14 ± 0.51, Ncf1 = 5.25 ± 0.31, p = 0.03).

Considering the dysplasia score in WT vs Ncf1 mice, we found 
a very strong positive correlation between dysplasia score and 
inflammation score (rs = 0.835) in Ncf1 mice, while this correla-
tion was only moderate for the WT mice (rs = 0.591) (Table 1). 
Moderate-to-strong positive correlations could be observed for 
the infiltrating leukocytes in both groups (Table 1). The dysplasia 
score is also negatively correlated with the colon length in both 
groups, consistent with the previous results in Figure 1A.
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TaBle 1 | Spearman correlations and p-values for dysplasia score vs 
inflammation score, frequency of leukocytes infiltrating the colon mucosa and 
colon length.

spearman correlations Dysplasia score

all groups 
(n = 45)

ncf1 
(n = 22)

WT 
(n = 23)

Inflammation score Correlation coefficient 0.838** 0.835** 0.591**
Sig. (two-tailed) 0.000 0.000 0.003

Lymphocytes (%) Correlation coefficient 0.527** 0.489* 0.556**
Sig. (two-tailed) 0.000 0.021 0.006

Granulocytes (%) Correlation coefficient 0.676** 0.745** 0.595**
Sig. (two-tailed) 0.000 0.000 0.003

Plasmocytes (%) Correlation coefficient 0.446** 0.460* 0.473*
Sig. (two-tailed) 0.002 0.031 0.023

Colon length Correlation coefficient −0.574** −0.507* −0.452*
Sig. (two-tailed) 0.000 0.016 0.035

The table summarizes the significant correlations considering all groups together and 
Ncf1-mutant (Ncf1) vs wild-type (WT) groups. Significant correlations are indicated by 
asterisks: *p < 0.05; **p < 0.01.

FigUre 4 | The extensive inflammatory infiltrates present in the recovery (r) 
and twice colitis-induced (i) Ncf1-mutant (Ncf1) mouse colons harbor 
lymphocytes expressing high levels of β-catenin. In wild-type (WT) mice, 
some inflammatory foci contain scattered β-catenin-expressing lymphocytes. 
(a) Hematoxylin/eosin staining of representative colon sections of each 
protocol at D30 with 100× magnification; and the corresponding  
(B) β-catenin staining (brown) with 100× magnification. The colon  
sections are from the same samples as Figure 2, thus corresponding  
to the description of the histological features in that legend.
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Metabolic Profile of Blood serum of  
Dss-induced colitis Mice
Blood serum samples were analyzed using two types of 1H NMR 
experiments, the basic 1H spectrum (single pulse-acquire), and 
the CPMG pulse sequence. The basic 1H spectrum exhibits all 

of the signals from both small metabolites and macromolecules 
resulting in an uneven baseline and the overlap of various signals 
from different compounds. The CPMG pulse sequence, on the 
other hand, suppresses the broad signals from macromolecules, 
namely lipids and proteins, resulting in clear peaks and a very 
well-defined baseline, thereby allowing better characterization 
and assignment of the signals arising from the small metabolites 
(Figure  5). A number of metabolites were able to be identi-
fied and quantified: (1) isoleucine, (2) leucine, (3) valine, (4) 
β-hydroxybutyrate, (5) lactate, (6) threonine, (7) alanine, (8) 
acetate, (9) proline, (10) glutamate, (11) glutamine, (12) methio-
nine, (13) malate, (14) creatine, (15) choline, (16) phosphoryl-
choline/glycerophosphocholine, (17) taurine, (18) glycine, (19) 
serine, (20) water, (21) α-glucose, and (22) fumarate. Due to the 
breadth of the lipid signals, lipid signals were assessed and des-
ignated by moieties only: (L1) lipid methyls, (L2) lipid aliphatic 
chain, (L3) lipid β-methylenes, (L4) lipid allylic methylenes, 
(L5) lipid α-methylenes, (L6) lipid polyunsaturated allylic meth-
ylenes, and (L7) lipid alkenes (31). Figure 6A depicts the scores 
plot for the comparison of the CPMG spectra between control 
groups. Each sample is plotted according to the scores for PC1 
and PC2, values that are calculated through the loadings plot 
(Figure 6B) where each dot represents a data point (a spectral 
bucket). Although the CPMG and the basic 1H (Figures 6C,D) 
provide slightly different information, the score plots are similar 
and WT and Ncf1 groups still overlap. However, considering 
the WT and Ncf1 separately, on the basis of the PCA for the 
Ncf1 mice, the control group is separable from the DSS-induced 
groups with the recovery group brought closer to the control 
group (Figures  7B,D). This contrasts with WT mice which 
present overlapping metabolomics profiles between control, 
recovery, and second colitis-induced groups (Figures  7A,C). 
Given these differences, a plot of all DSS-induced groups was 
prepared to see if the metabolic profile is different between 
WT and Ncf1 mice. The unsupervised PCA (Figures  8A,B) 
still shows some group overlap, but for this data set we were 
able to calculate a valid PLS–DA model (r2 = 0.70, q2 = 0.43) 
(Figures  8C,D). While the recovery groups drifted toward a 
common metabolic profile, the Ncf1 and WT groups after the 
second DSS-induction colitis are distinct from each other with 
lower blood glucose [variable importance in projection (VIPs) 
at 3.23, 3.37, 3.41, 3.52, and 5.22] and higher lactate levels (VIPs 
at 1.31, 4.10, and 4.15) on the Ncf1 group.

correlation Between Blood serum 
Metabolites and clinical Parameters
The metabolites assigned by NMR were quantified from both 1H 
and CPMG spectra and were correlated with clinical parameters. 
Due to the broad signals of the lipids in the 1H spectra, lipid 
signals were assessed and designated by moieties relative to the 
lipid methyl group (L1). Regarding the dysplasia score and the 
metabolome, we could only find weak-to-moderate correlations 
in pooled samples (Table 2). Analyzing in more detail, these cor-
relations are only statistically significant for isoleucine, lactate, 
and proline in the Ncf1 group.

As regards the inflammation score, the pooled data set only 
presents weak-to-moderate correlations (Table 3). However, the 
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FigUre 5 | Representative Carr–Purcell–Meiboom–Gill (CPMG) (a) and 1H (B) nuclear magnetic resonance spectra of blood sera from wild-type (WT) and 
Ncf1-mutant (Ncf1) mice at baseline, after recovery of the first period of dextran sulfate sodium (DSS)-induced colitis (r) and after the second period of DSS-induced 
colitis (i). The CPMG pulse sequence suppresses the broad signals from macromolecules allowing a better characterization of the signals arising from the small 
metabolites. Signal assignments: (1) isoleucine, (2) leucine, (3) valine, (4) β-hydroxybutyrate, (5) lactate, (6) threonine, (7) alanine, (8) acetate, (9) proline, (10) 
glutamate, (11) glutamine, (12) methionine, (13) malate, (14) creatine, (15) choline, (16) phosphorylcholine/glycerophosphocholine, (17) taurine, (18) glycine, (19) 
serine, (20) water, (21) α-glucose, (22) fumarate, (L1) lipid methyls, (L2) lipid aliphatic chain, (L3) lipid β-methylenes, (L4) lipid allylic methylenes, (L5) lipid α-
methylenes, (L6) lipid polyunsaturated allylic methylenes, and (L7) lipid alkenes.
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inflammation score seems to have a more profound effect on the 
WT mice blood serum metabolome, with seven moderate-to-
strong statistically significant correlations: positive for L2/L1, L6/
L1, and L7/L1 and negative for L3/L1, valine, acetate, and choline 
while the Ncf1 mice blood serum metabolome only depicts a 
moderate negative correlation with glucose.

Weight variation [defined as the percentage of weight loss 
(negative) or gain (positive) over the course of the experiment 
relative to the baseline] was only weakly to moderately correlated 
in the pooled group but when separated into WT and Ncf1 groups, 
significant correlations arise, mostly for the Ncf1 group (Table 4). 
With the exception of glucose which is positively correlated with 
weight gain, all other significant correlations are negative, namely 
L4/L1, L6/L1, L7/L1, leucine, lactate, creatine, and proline.

Colon length was diminished in the treated groups (Figure 1A) 
and this marker shows stronger correlations with blood serum 
metabolites for the WT group (positive for L3/L1, valine, and 
acetate and negative for L2/L1, L6/L1, L7/L1, and GPC/Cho) than 
for the Ncf1 group (negative for leucine and isoleucine) (Table 5).

For spleen weight, several weak-to-moderate correlations are 
present in the pooled data set (Table 6). When analyzing groups 
by genotype, the WT group shows strong positive correlations for 

the lipid moieties L2/L1, L3/L1, L6/L1, and L7/L1 and negative 
moderate correlations for valine, acetate, and choline. Conversely, 
spleen weight for the Ncf1 group only achieves moderate cor-
relations, positive for L2/L1 and L7/L1 and negative for glucose, 
glutamine, phosphocholine, and glycine.

DiscUssiOn

Models based on DSS-induced colitis are commonly used to 
experimentally address inflammation-associated carcinogenesis 
in different mouse strains (27, 32). Several studies report either a 
carcinogenic path dependent on longer periods or multiple cycles 
of DSS induction or use carcinogenic compounds to reduce the 
exposure periods (33–36). This contrasts with our model which 
develops adenocarcinoma with only two induction cycles, 
thereby allowing us to understand the peculiarities of epithelial 
morphology alterations and how they depend on ROS produc-
tion. Furthermore, our model challenges the paradigm that ROS 
are promoters of inflammation-dependent carcinogenesis, thus 
allowing the possibility of studying how ROS deficiency impacts 
on systemic metabolomic and lipid remodeling. We show that 
Ncf1 mice lacking ROS production developed colonic distal 
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FigUre 6 | Control wild-type (WT) and Ncf1-mutant (Ncf1) mice display similar metabolomic profiles showing no difference in small molecule metabolites and lipid 
and macromolecular fractions. The scores plot (a) accounts for 66.3% of the total variance (PC1 = 51.8%, PC2 = 14.5%) and the loadings plot (B) shows the δ of 
each variable (bucket) for the principal component analysis (PCA) analysis of Carr–Purcell–Meiboom–Gill (CPMG) spectra of Ncf1 and WT control groups. The 
CPMG pulse sequence suppresses the broad signals from macromolecules allowing analyze small molecule metabolites. The scores plot (c) summarizes 67.3% of 
the total variance (PC1 = 36.2%, PC2 = 31.1%) and the loadings plot (D) shows the δ of each variable (bucket) of the PCA analysis of 1H spectra of Ncf1 vs WT 
control groups. The 1H spectra allow analysis of the aqueous lipid fraction and other macromolecules.
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high-grade dysplasia after a single 7-day exposure to 3% DSS in 
drinking water followed by a 14-day resting period, in contrast to 
the low-grade dysplasia in the colon of ROS-competent WT mice. 
Furthermore, after a 21-day resting period we observed lower 
inflammatory reparation and high-grade dysplasia and invasive 
well-differentiated adenocarcinoma in the Ncf1 mice while in the 

WT mice, dysplasia was also prominent without malignant inva-
sion. The presence of adenocarcinoma has severely compromised.

In human colon cancer, the inactivation of the adenomatous 
polyposis coli (APC) gene is present in the large majority of 
patients, with concomitant stabilization and accumulation of 
β-catenin especially in the epithelium [reviewed in Ref. (37)]. 
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FigUre 7 | The presence of the Ncf1-mutant (Ncf1) mutation leads to distinct metabolomic profiles in mice either recovering from (r) or after a second period of 
DSS-induced colitis (i). This contrasts with wild-type (WT) mice which present overlapping metabolomic profiles between control, recovery, and second colitis-
induced groups. Principal component analysis of 1H spectra of WT and Ncf1mice. The scores plot for the WT reaches 49.4% of the total variance (PC1 = 33.8%, 
PC2 = 15.6%) (a); for the Ncf1 achieves 49.6% of the total variance (PC1 = 35.1%, PC2 = 14.5%) (B). The loadings plot shows the δ of each variable (bucket) for 
the WT (c) and the Ncf1 (D) groups.
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Recently, it has been demonstrated that in colon carcinoma 
patients the T  cells present in the inflammatory foci in the 
colon express elevated levels of β-catenin, and mice with over-
activation of β-catenin develop chronic colonic inflammation 
and subsequent carcinogenesis (38). In a previous study, we could 

not detect any alteration on the expression levels of the Apc gene 
in Ncf1 mice bread either in SPF or germ-free conditions (39). 
However, we observe an accumulation of β-catenin expressing 
lymphocytes in the inflammatory foci of the Ncf1 colon near 
well-differentiated adenocarcinoma. In our previous study on 
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FigUre 8 | The systemic metabolic profile after a second period of dextran sulfate sodium-induced colitis is markedly distinct between mice bearing the 
Ncf1-mutation (Ncf1) and the wild-type (WT) group. However, the two recovery groups tend to diverge from the induced groupings and edge toward a common 
metabolic profile. Principal component analysis (PCA) and partial least squares–discriminant analysis (PLS–DA) analysis of 1H spectra of Ncf1 vs WT after the second 
colitis induction (i) and recovery (r) groups. The PCA scores plot explains 41.8% of the total variance (PC1 = 25.5%, PC2 = 16.3%) (a) and the loadings plot shows 
the δ of each variable (bucket) (B). The PLS–DA model (c) and variable importance in projection (VIP) variables (D) for the four groups (r2 = 0.70, q2 = 0.43).
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acute colitis, we have seen a massive infiltration of T cells into 
those inflammatory foci (25). Hence, it is worth exploring further 
the possible link between ROS-dependent failure in tolerance 
induction in Ncf1 T cells and dysregulation of β-catenin expres-
sion, which may contribute to promote chronic inflammation 
and ultimately carcinogenesis.

Even though both unchallenged WT and Ncf1 mice exhibit 
a similar blood serum metabolic fingerprint, their response to 
DSS exposure led to distinct metabolomic rearrangements. The 
metabolomics approach highlighted lower blood glucose and 
higher lactate levels in the Ncf1 mice, which may reflect com-
promised intestinal nutrient absorption (40). This is supported 
by the observation of bloody feces, reduced colon length, and 
reduced body weight, all distinct signs of colitis onset. Regarding 
clinical parameters and blood serum metabolites in Ncf1 mice, 
we consistently found lower glucose and/or higher lactate levels 
correlating with dysplasia and inflammation score and weight 
variation.

Another interesting correlation concerns the blood plasma 
lipid remodeling upon the development of colitis. Although WT 
DSS-induced colitis mice exhibited less severe histopathological 
changes, the blood serum metabolome displayed an increase in 
the fatty acids as evidenced by gains in L2, L6, and L7 and exhib-
ited moderate-to-strong correlations with inflammation score, 
weight variation, colon length, and spleen weight. The Ncf1 mice 
exhibited a similar response, though with lower correlation coef-
ficients. Considering that DSS-induced colitis may alter hepatic 
metabolism (41), these lipid rearrangements can modulate the 
immune response, and the inflammatory process itself (42, 43). 
Moreover, a broader systemic metabolic remodeling might be in 
play, with recent studies relating dietary patterns and hormonal 
regulation (43–45). Strong localized inflammation may release 
cytokines, such as IL-6 and C-reactive protein, into the circula-
tory system and activate a systemic response by the sympathetic 
nervous system and hypothalamic–pituitary–adrenal axis  
(44, 46). This response may generate a hormonally induced 
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TaBle 3 | Summary of all statistically significant Spearman correlations for 
inflammation score vs metabolites concentrations considering either all mice 
pooled together or Ncf1-mutant (Ncf1) vs wild-type (WT) groups.

spearman correlations inflammation score

all 
groups 
(n = 44)

ncf1 
(n = 22)

WT 
(n = 22)

Glucose Correlation coefficient −0.394** −0.550** −0.168
Sig. (two-tailed) 0.008 0.008 0.456

L2/L1 Correlation coefficient 0.457** 0.164 0.659**
Sig. (two-tailed) 0.002 0.465 0.001

L3/L1 Correlation coefficient −0.470** −0.242 −0.777**
Sig. (two-tailed) 0.001 0.278 0.000

L4/L1 Correlation coefficient 0.364* 0.313 −0.032
Sig. (two-tailed) 0.015 0.157 0.887

L6/L1 Correlation coefficient 0.470** 0.384 0.527*
Sig. (wo-tailed) 0.001 0.078 0.012

L7/L1 Correlation coefficient 0.530** 0.359 0.645**
Sig. (two-tailed) 0.000 0.101 0.001

Leucine Correlation coefficient 0.346* 0.323 0.157
Sig. (two-tailed) 0.021 0.142 0.487

Isoleucine Correlation coefficient 0.428** 0.419 0.016
Sig. (two-tailed) 0.004 0.052 0.943

Valine Correlation coefficient −0.241 −0.088 −0.578**
Sig. (two-tailed) 0.116 0.696 0.005

Acetate Correlation coefficient −0.208 0.012 −0.561**
Sig. (two-tailed) 0.175 0.957 0.007

Glutamine Correlation coefficient −0.298* −0.098 −0.302
Sig. (two-tailed) 0.049 0.665 0.173

Choline Correlation coefficient −0.197 −0.065 −0.477*
Sig. (two-tailed) 0.200 0.773 0.025

PhosphoCholine Correlation coefficient −0.322* −0.336 −0.109
Sig. (two-tailed) 0.033 0.126 0.630

Proline Correlation coefficient 0.321* 0.388 −0.056
Sig. (two-tailed) 0.034 0.074 0.804

Significant correlations are indicated by asterisks: *p < 0.05; **p < 0.01.

TaBle 2 | Summary of all statistically significant Spearman correlations for 
dysplasia score vs metabolite concentrations considering either all mice pooled 
together or Ncf1-mutant (Ncf1) vs wild-type (WT) groups.

spearman correlations Dysplasia score

all groups 
(n = 44)

ncf1 
(n = 22)

WT (n = 22)

Glucose Correlation coefficient −0.342* −0.344 −0.199
Sig. (two-tailed) 0.023 0.117 0.376

L3/L1 Correlation coefficient −0.353* −0.321 −0.379
Sig. (two-tailed) 0.019 0.145 0.082

L4/L1 Correlation coefficient 0.408** 0.228 0.131
Sig. (two-tailed) 0.006 0.308 0.561

Leucine Correlation coefficient 0.471** 0.446* 0.417
Sig. (two-tailed) 0.001 0.037 0.053

Isoleucine Correlation coefficient 0.511** 0.513* 0.175
Sig. (two-tailed) 0.000 0.015 0.437

Lactate Correlation coefficient 0.409** 0.517* 0.136
Sig. (two-tailed) 0.006 0.014 0.545

Proline Correlation coefficient 0.457** 0.520* 0.213
Sig. (two-tailed) 0.002 0.013 0.341

Significant correlations are indicated by asterisks: *p < 0.05; **p < 0.01.
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TaBle 4 | Summary of all statistically significant Spearman correlations for 
weight variation vs metabolites concentrations considering either all mice pooled 
together or Ncf1-mutant (Ncf1) vs wild-type (WT) groups.

spearman correlations Weight variation

all groups 
(n = 44)

ncf1 
(n = 22)

WT (n = 22)

Glucose Correlation coefficient 0.359* 0.424* 0.149
Sig. (two-tailed) 0.017 0.049 0.509

L2/L1 Correlation coefficient −0.301* −0.248 −0.383
Sig. (two-tailed) 0.047 0.267 0.079

L3/L1 Correlation coefficient 0.340* 0.415 0.207
Sig. (two-tailed) 0.024 0.055 0.355

L4/L1 Correlation coefficient −0.527** −0.427* 0.010
Sig. (two-tailed) 0.000 0.048 0.966

L6/L1 Correlation coefficient −0.518** −0.519* −0.444*
Sig. (two-tailed) 0.000 0.013 0.038

L7/L1 Correlation coefficient −0.418** −0.514* −0.449*
Sig. (two-tailed) 0.005 0.014 0.036

Leucine Correlation coefficient −0.353* −0.490* −0.156
Sig. (two-tailed) 0.019 0.021 0.488

Isoleucine Correlation coefficient −0.565** −0.632** −0.193
Sig. (two-tailed) 0.000 0.002 0.389

Lactate Correlation coefficient −0.477** −0.443* −0.384
Sig. (two-tailed) 0.001 0.039 0.078

Creatine Correlation coefficient −0.266 −0.433* −0.208
Sig. (two-tailed) 0.081 0.044 0.353

Proline Correlation coefficient −0.511** −0.600** −0.293
Sig. (two-tailed) 0.000 0.003 0.186

Significant correlations are indicated by asterisks: *p < 0.05; **p < 0.01.

TaBle 5 | Summary of all statistically significant Spearman correlations for colon 
length vs metabolites concentrations considering either all mice pooled together 
or Ncf1 (Ncf1) vs wild-type (WT) groups.

spearman correlations colon length

all groups 
(n = 43)

ncf1 
(n = 22)

WT (n = 21)

L2/L1 Correlation coefficient −0.513** −0.212 −0.748**
Sig. (two-tailed) 0.000 0.343 0.000

L3/L1 Correlation coefficient 0.574** 0.418 0.735**
Sig. (two-tailed) 0.000 0.053 0.000

L6/L1 Correlation coefficient −0.666** −0.510* −0.738**
Sig. (two-tailed) 0.000 0.015 0.000

L7/L1 Correlation coefficient −0.669** −0.471* −0.830**
Sig. (two-tailed) 0.000 0.027 0.000

GPC/Cho Correlation coefficient −0.258 −0.133 −0.531*
Sig. (two-tailed) 0.095 0.556 0.013

Leucine Correlation coefficient −0.420** −0.443* −0.283
Sig. (two-tailed) 0.005 0.039 0.213

Isoleucine Correlation coefficient −0.338* −0.512* 0.011
Sig. (two-tailed) 0.026 0.015 0.962

Valine Correlation coefficient 0.245 −0.053 0.541*
Sig. (two-tailed) 0.113 0.814 0.011

Acetate Correlation coefficient 0.295 0.045 0.555**
Sig. (two-tailed) 0.055 0.842 0.009

Significant correlations are indicated by asterisks: *p < 0.05; **p < 0.01.

metabolic shift, including possible peripheral insulin resistance 
and inhibiting the storage of energy-rich substrates in the liver, 
muscle, and adipocytes. The increased levels of circulatory 
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energy-rich substrates may fuel activated immune cells, which 
can be crucial in the context of IBD, where nutrient absorption 
is directly impaired. Furthermore, the increase of circulatory 
unsaturated fatty acids may also exert a pro-inflammatory positive 
feedback loop (43, 44). However, this is still a fairly controversial 
notion given the plethora of lipids classes where microbiota-
derived short-chain fatty acids and unsaturated lipids of dietary 
origin seem to promote anti-inflammatory effects (47, 48) while 
an altered polyunsaturated lipid profile in colonic mucosa cor-
relates with the severity of inflammation (49).

Besides lipid rearrangements, DSS-induced Ncf1 mice also 
displayed an increase in a few blood serum amino acids, e.g., leu-
cine, isoleucine, and proline. This was probably related to protein 
breakdown for energetic purposes, a conjecture supported by the 
observed low-blood glucose levels and weight loss (40). These 
highlighted metabolic responses are consonant with those previ-
ously described in DSS-induced colitis protocols (50, 51).

Despite a few studies on animal models and CGD patients 
showing that ROS have a crucial role in immune regulation  
(19, 52, 53), oxidative burst and the concomitant production of ROS 
are still regarded mainly as pro-inflammatory events. However, in 
this study we stress their protective role against chronic inflam-
mation and tumor development. The lack of capacity of NOX2 
to generate oxidative burst in the Ncf1 model enhanced the DSS-
induced colitis symptoms as far as cancer onset.

Another feature of NOX2 activity is the consumption of 
reducing equivalents, either as cofactor for the reaction itself or 

by ROS-scavenging enzymes. Taken together with the transient 
O2 depletion and HIF signaling, we might expect metabolic 
rearrangements in several pathways, namely for mitochondrial 
and lipogenic activities. Unfortunately, only a very few studies 
focused on the metabolic changes in colitis mucosa. The pen-
tose phosphate pathway (PPP) is a major NADPH generator, 
especially in O2 deficient environments. TP53-inducible gly-
colysis and apoptosis regulator (TIGAR) may redirect glycolytic 
metabolism toward PPP, but also present divergent regenerative 
or tumorigenic outcomes, while in DSS-induced colitis, TIGAR 
dampens mild oxidative stress, promoting cellular regeneration; 
however, in cancer with deregulated p53 responses, it enhances 
proliferation by limiting excessive ROS generation and provid-
ing nucleotides (54). Thus, it will be interesting to understand 
whether this mechanism is impaired in Ncf1 mice, and if intact 
NOX2 activity may promote TIGAR activity to maintain NADPH 
levels through PPP thereby adding another protective layer.

Furthermore, lipogenesis may be impaired given the require-
ment of NADPH by fatty acid synthase, resulting in disturbed 
mucosal lipid metabolism. Again, the scarce literature only 
mentions a fatty acid synthase increased expression in both DSS-
induced colitis mucosa and colorectal cancer (55, 56) and our 
work only focused on the systemic blood serum metabolome.

In our study, the lack of inflammatory-derived ROS on 
Ncf1 DSS-induced colitis model was sufficient to develop 
adenocarcinoma and exhibit a different blood plasma lipid 
profile. Even though oxidative burst is responsible for several 
pro-inflammatory signaling events, it is also required for initiat-
ing resolution of inflammatory processes in an ROS-mediated 
self-control mechanism. Although mainstream lines of research 
focus on ROS generation, the answer for this paradoxical 
mechanism may lie in the substrates, the transiently variable 
O2 concentrations in the microenvironment, and the cofactor 
NADPH. Further research on the metabolic pathways involved, 
especially for the regeneration of NADPH through PPP and de 
novo lipogenesis, may provide new targets which until now have 
been disregarded.

The present study also reveals some, as yet unaddressed, pecu-
liarities of the development of colon adenocarcinoma. In the 
histological analysis of the colon from our model, we followed 
the 2010 WHO classification of tumors of the digestive system 
(26) applying the human nomenclature for low-grade dysplasia 
and high-grade dysplasia/intraepithelial neoplasia. The present 
study shows that villous/superficial papillary adaptation of the 
flat mucosa was not relevant to adenocarcinoma morphology and 
that the inflammation process in Ncf1 colon form a spectrum 
from acute to the adaptive presence of inflammatory cells. We 
show that basal glands, the hallmark of the WT response, were 
mostly insignificant in Ncf1 mice, which displayed installed 
dysplasia, quickly evolving to invasive well-differentiated adeno-
carcinoma. The WHO nomenclature and other studies recognize 
several patterns for colonic tumors: adenocarcinoma, mucinous 
adenocarcinoma, signet-ring cell carcinoma, and undifferenti-
ated carcinoma (26, 57). Our model was only capable of inducing 
well-differentiated tubular/glandular adenocarcinoma, with 
sporadic mucinous cells hyperplasia in the foci of high-grade dys-
plasia. These important findings suggest that hyperplastic villous 

TaBle 6 | Summary of all statistically significant Spearman correlations for 
spleen weight vs metabolites concentrations considering either all mice pooled 
together or Ncf1-mutant (Ncf1) vs wild-type (WT) groups.

spearman correlations spleen weight

all groups 
(n = 42)

ncf1 
(n = 22)

WT 
(n = 20)

Glucose Correlation coefficient −0.291 −0.463* −0.059
Sig. (two-tailed) 0.062 0.030 0.806

L2/L1 Correlation coefficient 0.550** 0.479* 0.660**
Sig. (two-tailed) 0.000 0.024 0.002

L3/L1 Correlation coefficient −0.468** −0.292 −0.654**
Sig. (two-tailed) 0.002 0.188 0.002

L6/L1 Correlation coefficient 0.475** 0.330 0.578**
Sig. (two-tailed) 0.001 0.134 0.008

L7/L1 Correlation coefficient 0.591** 0.523* 0.693**
Sig. (two-tailed) 0.000 0.013 0.001

Valine Correlation coefficient −0.283 −0.243 −0.472*
Sig. (two-tailed) 0.070 0.277 0.036

Acetate Correlation coefficient −0.370* −0.361 −0.504*
Sig. (two-tailed) 0.016 0.099 0.024

Glutamine Correlation coefficient −0.428** −0.489* −0.323
Sig. (two-tailed) 0.005 0.021 0.164

Choline Correlation coefficient −0.395** −0.510* −0.456*
Sig. (two-tailed) 0.010 0.015 0.043

PhosphoCholine Correlation coefficient −0.402** −0.491* −0.247
Sig. (two-tailed) 0.008 0.020 0.295

Glycine Correlation coefficient −0.332* −0.489* −0.119
Sig. (two-tailed) 0.032 0.021 0.618

Significant correlations are indicated by asterisks: *p < 0.05; **p < 0.01.
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patterns, either in the mucosa or in villous and tubulo-villous 
adenomas, may correspond to an epithelial adaptive modifica-
tion also observed in gastric peptic ulcer re-epithelization (64). 
ROS influence in the studied carcinogenesis was underlined by 
the morphological alterations that were more prominent in Ncf1 
mice, whereas the presence of ROS may allow mucosal adaptation 
in WT mice.

This work brings new data on the relevance of an intact ROS 
production for an effective resolution of chronic colon inflam-
mation thus helping prevent degeneration into a carcinogenic 
process with systemic metabolomic and lipidomic shifts.
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Recent studies suggest both beneficial and detrimental role of increased reactive oxygen 
species and oxidative stress in heart failure (HF). However, it is not clear at which stage 
oxidative stress and oxidative modifications occur in the endothelium in relation to cardio-
myocytes in non-ischemic HF. Furthermore, most methods used to date to study oxida-
tive stress are either non-specific or require tissue homogenization. In this study, we used 
immuno-spin trapping (IST) technique with fluorescent microscopy-based detection of 
DMPO nitrone adducts to localize and quantify oxidative modifications of the hearts from 
Tgαq*44 mice; a murine model of HF driven by cardiomyocyte-specific overexpression 
of Gαq* protein. Tgαq*44 mice and age-matched FVB controls at early, transition, and 
late stages of HF progression were injected with DMPO in vivo and analyzed ex vivo for 
DMPO nitrone adducts signals. Progressive oxidative modifications in cardiomyocytes, as 
evidenced by the elevation of DMPO nitrone adducts, were detected in hearts from 10- to 
16-month-old, but not in 8-month-old Tgαq*44 mice, as compared with age-matched 
FVB mice. The DMPO nitrone adducts were detected in left and right ventricle, septum, 
and papillary muscle. Surprisingly, significant elevation of DMPO nitrone adducts was also 
present in the coronary endothelium both in large arteries and in microcirculation simul-
taneously, as in cardiomyocytes, starting from 10-month-old Tgαq*44 mice. On the other 
hand, superoxide production in heart homogenates was elevated already in 6-month-old 
Tgαq*44 mice and progressively increased to high levels in 14-month-old Tgαq*44 mice, 
while the enzymatic activity of catalase, glutathione reductase, and glutathione peroxi-
dase was all elevated as early as in 4-month-old Tgαq*44 mice and stayed at a similar 
level in 14-month-old Tgαq*44. In summary, this study demonstrates that IST represents 
a unique method that allows to quantify oxidative modifications in cardiomyocytes and 
coronary endothelium in the heart. In Tgαq*44 mice with slowly developing HF, driven 
by cardiomyocyte-specific overexpression of Gαq* protein, an increase in superoxide 
production, despite compensatory activation of antioxidative mechanisms, results in the 
development of oxidative modifications not only in cardiomyocytes but also in coronary 
endothelium, at the transition phase of HF, before the end-stage disease.

Keywords: immuno-spin trapping, oxidative stress, oxidative modifications, heart failure, cardiomyocytes, 
coronary endothelium, Tgαq*44 murine model, DMPO
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inTrODUcTiOn

Cardiovascular diseases remain one of the most frequent causes 
of death globally, with an estimated 17.3 million deaths in 2013 
and oxidative stress-related mechanisms play a dominant role in 
their pathogenesis including heart failure (HF) (1, 2). The heart is 
one of the most oxygen-consuming organs, and therefore changes 
in redox signaling play a crucial role in the pathophysiology  
of both acute and chronic diseases affecting the myocardium 
(3). In the cardiomyocytes, numerous sources of reactive oxygen 
species are identified, such as the mitochondria (4), NADPH 
oxidases (Noxs), uncoupled NO synthase, xanthine oxidase, and 
monoamine oxidase-A (5). Among seven Nox isoforms known 
to date, Nox2 and Nox4 are found in the cardiomyocytes (6). 
While Nox2 activation is responsible for increased superoxide 
production in the myocardium and promotes disease progression 
(7), the Nox4 isoform is reported to have either a beneficial (8), 
or detrimental role (9), depending on the studied model (10). 
Oxidative stress is linked with inflammation and fibrosis that play 
also an important role in HF progression (11–13). Progression of 
oxidative stress is prevented by various antioxidant mechanisms 
including endogenous antioxidant enzymes. Recently reductive 
stress has also been identified as an important factor in patho-
physiology of oxidative stress in HF (14, 15).

Methods used to date to study oxidative stress rely on the 
detection of either steady-state intermediates or end products of 
oxidation or measurements of oxidative modifications of an exog-
enous probing molecule, such as lucigenin, [(3-boronophenyl)
methyl]triphenyl-phosphonium, monobromide (mitoB) (16, 17), 
dihydroethidium (DHE), mitochondria-targeted hydroethidine 
(MitoSOX®), 10-acetyl-3,7-dihydroxyphenoxazine (N-acetyl-3,7-
dihydroxyphenoxazine) (AmplexRed) or various EPR spin traps 
and probes (18–21). Depending on the choice of methodology, 
the aforementioned techniques have significant limitations, as 
they can either be specific to a predetermined oxidant [e.g., high 
performance liquid chromatography (HPLC) detection of DHE 
oxidation by superoxide (22)], eluding the information about the 
specific sites of oxidative stress due to required tissue homogeniza-
tion, or allow localization of the oxidant generation at the expense 
of specificity [e.g., fluorescent detection of DHE oxidation (23)]. 
Some of these methodologies are also burdened with probe redox 
cycling (e.g., lucigenin), leading to possible over-estimation of 
oxidant abundance, or with high unspecific reactivity leading 
to high background and low sensitivity toward subtle changes. 
Moreover, these techniques leave an important question unan-
swered—what are the long-term repercussions in terms of tissue 
damage of a particular level of oxidative stress detected. Protein 
carbonylation, based on detection of dinitrophenyl hydrazine 
(24) or 3-nitrotyrosine levels using HPLC (25) are common 
methods to assess protein modifications. Other techniques allow 
for quantification of lipid peroxidation end products, such as 
4-hydroxynonenal or malondialdehyde, which are commonly 
detected as their covalent protein adducts using Western Blot or 
immunohistochemistry with specific antibodies. Being a distinct 
marker of lipid peroxidation and an indication of increased 
oxidative stress, these assays are, however, more qualitative then 
quantitative as these are prone to variable levels of modifications, 

baseline variations, antibody specificity issues, and cross- 
reactivity (26). Oxidative modifications to DNA are most freq-
uently studied with the assays for 8-hydroxy-2′-deoxyguanosine 
(27) to analyze oxidatively modified guanine (28). A number of 
other oxidative stress biomarkers/assays exist, e.g., thiobarbituric 
acid reactive substances (29, 30), oxidized low density lipoprotein 
or measurement of reduced glutathione (GSH)/oxidized glu-
tathione (GSSG) ratio, reduced cysteine (Cys)/oxidized cysteine 
(CySS) ratio, or the non-enzymatic total antioxidant capacity 
assay (31). Their relevance to assess oxidant stress in HF has been 
extensively reviewed in literature (32–35).

A relatively new approach to study oxidative stress that can 
provide an additive insight is called immuno-spin trapping (IST) 
and was originally developed by Mason (36). It capitalizes on 
the specific, high reactivity of 5,5-dimethyl-1-pyrroline N-oxide 
(DMPO), an intracellular EPR spin trap, exhibiting low toxicity in 
cells (37) and animals (38) with damaged DNA in the nuclei and 
mitochondria as well as with protein, and lipid radicals (39–41). 
The covalent bond forms stable nitrone adducts upon DMPO 
injection in vivo, which can be then detected with DMPO-specific 
antibodies ex vivo (42) using immunohistochemistry or Western 
Blots (40, 43, 44), or alternatively it can be also used as a contrast 
agent in molecular MRI (45–49).

In this work, we have used IST with fluorescent detection of 
DMPO nitrone adducts to proteins and/or lipids to character-
ize and quantify the progression of oxidative modifications 
in the cardiomyocytes and coronary endothelium in hearts of 
Tgαq*44 mice with cardiomyocyte-specific overexpression of 
the Gαq* protein (50) mimicking constant neurohormonal 
overstimulation of cardiomyocytes by renin–angiotensin–aldos-
terone, sympathetic, and ET-1-dependent systems, mediated 
via angiotensin AT1, adrenergic α1, endothelin ET-A receptor 
stimulation, respectively. Tgαq*44 mice represent a unique and 
relevant model of human HF pathophysiology, on a molecular, 
morphological and functional level. Importantly, Tgαq*44 mice 
model is characterized by a prolonged course of HF progression 
with early activation of hypertrophic genes [atrial natriuretic pep-
tide (ANP), brain natriuretic peptide (BNP), and myosin heavy 
chain beta (MHC-β)], cardiomyocyte hypertrophy, fibrosis (50, 
51), and relatively long-term survival (52). The involvement of 
renin–angiotensin system (53), changes in ACE/ACE2 balance 
(54), metabolic remodeling (55), mitochondrial alterations (4), 
or coronary endothelial dysfunction (56) has been previously 
described in this model. Taking advantage of the protracted time 
course of progression to overt HF in Tgαq*44 mice, we have 
recently comprehensively analyzed the deterioration of cardiac 
function by MRI in  vivo, identifying three distinct phases of 
HF progression reflecting early, transition and end-stage phases 
of HF in this model: initial alterations in cardiac performance 
including changes in LV strains and rotation, suggestive of dias-
tolic dysfunction that coincides with impairment in atrial function 
(6 months of age); the transition phase, encompassing progressive 
impairment in basal systolic and diastolic cardiac performance, 
with preserved response to dobutamine (8–10  months of age); 
end-stage phase of HF with fully impaired systolic and diastolic 
cardiac performance, impaired response to dobutamine (54), 
and profoundly impaired physical activity (starting at the age of 
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12 months) (57). Overexpression of the Gαq* protein is limited 
to cardiomyocytes and results in increased superoxide genera-
tion in hearts of Tgαq*44 mice as well as coronary endothelial 
dysfunction in the end stage of HF (56). However, it is not known 
at which stage of HF development oxidative modifications occur 
in cardiomyocytes and coronary endothelium, and what is the 
temporal relationship for oxidative modifications in the cardio-
myocytes as compared with coronary endothelium.

Accordingly, in this work, we used IST method to quantify 
oxidative modifications in the cardiomyocytes and coronary 
endothelium in the hearts of Tgαq*44 mice, HPLC-based DHE 
detection to quantify superoxide production in the heart and 
classical methods for the assessment of activities of cardiac anti-
oxidant enzymes: superoxide dismutase (SOD), catalase (CAT), 
glutathione reductase (GR), and glutathione peroxidase (GPx). 
Tgαq*44 mice have been studied at age groups representative for 
three stages of HF progression: early, transition, and end-stage 
(3–6, 8–10, and 12–16 months of age, respectively) and compared 
with age-matched FVB mice. Our approach allowed for the inves-
tigation of onset and development of oxidative modifications in 
the cardiomyocytes as well as coronary endothelium of large and 
small vessels along the progression of HF, in relationship with 
increased superoxide production and activity of antioxidative 
mechanisms in the heart.

MaTerials anD MeThODs

animals
Transgenic, homozygous Tgαq*44 mice, characterized by 
cardiac-specific expression of activated Gαq protein, developed 
previously (50), as well as wild-type control mice (FVB) were bred 
at the Animal House of the Institute of Experimental and Clinical 
Medicine of the Polish Academy of Sciences in Warsaw. Successful 
transgene incorporation in hearts of Tgαq*44 mice was confirmed by 
PCR with transgene-specific primers. Increased mRNA level and 
protein expression of activated Gαq subunit in Tgαq*44 hearts 
were verified by RT-PCR and Western Blotting methods, respec-
tively (50). Before the experiments, the animals were transported 
to the animal house at the Faculty of Pharmacy, Medical College, 
Jagiellonian University in Krakow (Poland). Mice were housed 
four to six per cage and maintained at 22–24°C under a 12-h light/
day cycle with ad libitum access to water and rodent chow. Female 
Tgαq*44 mice of various ages were used: 3-month-old mice, N = 5 
(for DHE analysis); 4-month-old mice, N  =  6 (for antioxidant 
activity); 6-month-old mice, N = 13 (6 for DHE analysis and 7 for 
LC/MS–MS); 8-month-old mice, N = 5 (for IST); 9-month-old 
mice; N = 4 (for DHE analysis); 10-month-old mice, N = 5 (for 
IST); 12-month-old mice, N =  21 (5 for IST, 6 for antioxidant 
activity, and 10 for LC/MS–MS); 14-month-old mice, N  =  20  
(6 for IST, 8 for DHE analysis, and 6 for antioxidant activity), and 
16-month-old mice, N  =  4 (for IST). Age-matched FVB wild-
type mice were used for comparison: 3-month-old mice, N = 5 
(for DHE analysis); 4-month-old mice, N  =  6 (for antioxidant 
activity); 6-month-old mice, N = 14 (6 for DHE analysis and 8 for 
LC/MS–MS); 8-month-old mice, N = 5 (for IST); 9-months-old 
mice; N = 4 (for DHE analysis); 10-month-old mice, N = 5 (for 

IST); 12-month-old mice, N =  16 (5 for IST, 4 for antioxidant 
activity, and 7 for LC/MS–MS); 14-month-old mice, N  =  23  
(6 for IST, 11 for DHE analysis, and 6 for antioxidant activity), 
and 16-month-old mice, N  =  4 (for IST). All experimental 
procedures were compliant with the Guide for the Care and Use 
of Laboratory Animals published by the U.S. National Institutes 
of Health (NIH Publication No. 85-23, revised 1996) and were 
approved by the Second Local Ethical Committee on Animal 
Testing at the Institute of Pharmacology PAN in Krakow, Poland 
(permit no. 15/2016).

Quantification of Oxidative  
Modifications by isT
DMPO Injection Protocol
A total dose of 1.5 g/kg DMPO was used, delivered in 3 equal 
intra peritoneal (i.p.) injections at approximately 24, 12, and 6 h 
before sacrifice (43). Body weight of all animals was measured 
just before the initial DMPO injection. Mice were sacrificed at the 
age of 8–16 months (ketamine and xylazine, 100 and 10 mg kg−1, 
respectively). The mouse chest was surgically opened and per-
fused via left (systemic circulation) and right (pulmonary circu-
lation) ventricles with ice-cold PBS for total of 10 min. Hearts 
were isolated and immediately placed in ice-cold 30  mM KCl 
(dissolved in PBS) to ensure cardiac arrest in diastole. From each 
heart, the apex was cutoff and retained for Western Blot analysis. 
The remainder of the hearts was fixed in formalin and paraffin 
embedded.

Immunohistochemical Analysis of DMPO Nitrone 
Adducts in Cardiomyocytes
Formalin-fixed and paraffin-embedded hearts were cut into 5 µm 
slices on Accu-Cut SRM 200 (Sakura) rotational microtome. 
Antigen retrieval was performed according to the standard pro-
tocol using Leica Autostainer XL (Leica Biosystems). To visualize 
the extent of DMPO nitrone adducts, the slices were incubated 
with the primary anti-DMPO nitrone adduct antibody (1  h, 
dilution 1:300; Abcam, ab23702), secondary goat anti-rabbit IgG 
Cy3 (30 min, dilution 1:1,000; Jackson ImmunoResearch, cat no. 
111-165-003) and Hoechst 33258 to visualize the nucleus (10 min, 
dilution 1:2,000; Sigma, cat no. 861405-100MG). Some slides were 
co-stained with biotinylated lectin to stain the endothelium (1 h, 
dilution 1:200; Vector Laboratories, cat no. B-1105) and visualized 
with Alexa Fluor® 488 streptavidin (1 h, dilution 1:375; Jackson 
ImmunoResearch, cat no. 016-540-084). Slides were kept in the 
dark at 4°C until imaged. Slices without the primary anti-DMPO 
antibody served as blank control. For every animal n = 2 heart 
slices were analyzed. Randomly chosen homogenous, non-
obstructed images covering the papillary muscle (n  =  1/slice), 
right and left ventricle (n = 3/slice each), and the septum (n = 3/
slice) were acquired with Axio Observer D1 (Zeiss) inverted 
microscope equipped with AxioCamHR3 camera and LD Plan-
Neofluar 40×/0.6 Korr M27 objective in three channels: Hoechst 
(nucleus; excitation at 358  nm, emission at 461  nm), FITC 
(autoflourescence/endothelium; excitation at 494 nm, emission at 
519 nm), and Cy3 (DMPO nitrone adducts; excitation at 552 nm, 
emission at 570 nm). Since blood vessels cover only few percent 
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of imaged area (FVB mice: median  =  2.8%, Q1  =  1.9% and 
Q3 = 4.6%; Tgαq*44: median = 3.1% Q1 = 1.9% and Q3 = 5.1%) 
the DMPO-specific fluorescent signal measured and analyzed in 
the whole cross-sections of the heart was considered to originate 
mainly from cardiomyocytes, thus is described thereafter to 
evaluate oxidative modifications in cardiac myocytes. Due to the 
broad age range of mice in this study, Tgαq*44 mice were analyzed 
with regards to their aged-matched FVB controls, as mice at the 
specific age were sacrificed on a single day. Images were analyzed 
in Columbus (PerkinElmer Inc.), and the DMPO nitrone adducts 
were expressed as the mean Cy3 fluorescence intensity, normal-
ized to tissue autoflourescence (FITC channel), to overcome the 
bleaching effect. Furthermore, the heart specimens have been 
submerged in formalin for a different amount of time up to 
4 months (for the oldest group), before the entire staining proce-
dure for all groups has been done within a short period of time. 
For this reason, results from Tgαq*44 mice were first normalized 
to appropriate aged-matched controls, to become independent of 
any effects of various length of tissue pre-processing.

Immunohistochemical Analysis of DMPO Nitrone 
Adducts in Coronary Endothelium
Some slides were co-stained with biotinylated lectin to stain 
the endothelium (1 h, dilution 1:200; Vector Laboratories, cat 
no. B-1105) and visualized with Alexa Fluor® 488 Streptavidin 
(1  h, dilution 1:375; Jackson ImmunoResearch, cat no. 016-
540-084). Images were used to segment and quantify DMPO 
nitrone adducts within the coronary endothelium of large- and 
microvessels in ImageJ (58). For large coronaries, at least n = 6 
vessels per mouse within the left ventricle were captured and 
segmented according to the following scheme: selection of the 
entire vessel and discerption of the remainder of the image, 
segmentation of the endothelial layer, based on Otsu threshold 
in the FITC channel, copy this selection onto the Cy3 channel, 
and measurement of the mean fluorescent signal. Results of 
endothelium-specific DMPO nitrone adducts are expressed as 
the mean Cy3 signal, normalized to the tissue autoflourescence 
and endothelial area. Detection of DMPO nitrone adducts in 
the coronary microvasculature of the left ventricle and septum 
(n = 47–72 images per age group) followed a similar analysis, 
and are expressed as the mean Cy3 signal within the lectin-
positive area, normalized to tissue autoflourescence and to the 
number of microvessels per square millimeter, quantified using 
automated morphological manipulations in ImageJ software 
(i.e., conversion to binary, dilation, hole filling, erosion, and 
particle analysis) of images on the thresholded (“Otsu dark” 
Auto Threshold) FITC channel.

Western Blot Detection of DMPO Nitrone Adducts  
in Heart Apex Homogenates
Heart apex were weighed and homogenized in the Tissue Protein 
Extraction buffer (T-PER®, Thermo Fisher Scientific cat no. 78510) 
for protein extraction with protease and phosphatase inhibitors 
(Roche, cat no. 04693132001 and 04906837001). Protein concentra-
tion was measured with BCA assay. After addition of loading buffer, 
samples were heated at 95°C for 5 min and then frozen at −80°C. 

Samples were reduced and denatured by tris(2-carboxyethyl) 
phosphine (50 mM) instead of β-mercaptoethanol, as described 
previously by Khoo et al. (43). Each time, 30 µg of protein was 
loaded and run on the gel (Bio-Rad, cat no. 161-0185), then 
transferred to nitrocellulose membrane, blocked with 5% dry 
milk in TBST, and incubated overnight at 4°C with the pri-
mary DMPO nitrone adduct antibody (Abcam, ab23702). The 
appropriate HRP-conjugated secondary antibodies were from 
Santa Cruz Biotechnology (cat no. sc-2004), incubated for 1  h 
at room temperature. Equal protein loading was controlled after 
electrophoresis and transfer for gels and membranes, respectively, 
using stain-free technique provided by Bio-Rad (59). Blots were 
developed using enhanced chemiluminescence substrate (Bio-
Rad, cat no. 1705061). Band intensity was assessed using Image  
Lab software.

Dhe-Based analysis of superoxide 
Production in the heart
Mice aged at 3, 6, 9, and 14 months were used to assess super-
oxide production in the myocardium using HPLC detection 
of 2-hydroxyethiudium (2-OH-E+). Subsequent to anesthesia 
(100 mg kg−1 ketamine + 10 mg kg−1 xylazine, i.p.), the mouse 
chest was surgically opened and perfused via left (systemic cir-
culation) and right (pulmonary circulation) ventricles with ice-
cold PBS for a total of 10 min. Hearts were isolated, sectioned 
into appropriate fragments when necessary and incubated at 
37°C for 45 min in freshly prepared 500 µl of 10 µM DHE in PBS 
under low light conditions. The tissues were dried on a piece of 
Kimwipe paper, snap frozen in liquid nitrogen, and stored at 
−80°C. On the day of HPLC analysis, the samples were thawed 
on ice, homogenized in 500 µl in 0.1% Triton X–100 (dissolved 
in PBS) and centrifuged (at 1,000 g for 5 min at 4°C). 100 µl of 
the supernatant was collected, mixed 1:1 (v/v) with 0.2 M HClO4 
in MeOH, vortexed for 10 s and, kept on ice for 90 min. Next, the 
samples were centrifuged at 16,600 g for 30 min at 4°C, 120 µl 
of the resulting supernatant was collected and mixed 1:1 (v/v) 
with 1 M KPi pH 2.6 and centrifuged once more at 16,600 g for 
15 min at 4°C. 200 µl of this homogenate was used for HPLC 
analysis of the DHE oxidation products, as described previously 
(60) with minor modifications (61). Results were normalized 
to the protein content of each sample, assessed in the initial 
supernatant.

assessment of endogenous antioxidant 
systems and redox state in the heart
Heart tissue homogenate supernatant was used to estimate the 
levels of endogenous antioxidants in 4-, 12-, and 14-month-old 
mice by measuring activities of SOD, CAT, GPx, GR, as well as 
reduced GSH. After sacrifice, the hearts were quickly removed, 
washed out in cold 0.9% NaCl, dried on the filter, and placed into 
liquid nitrogen for freezing. The tissues were kept in −80°C. The 
homogenates from frozen tissues were prepared in glass homo-
genizer using ice-cold (4°C) 0.01 M PBS buffer, pH 7.2, contain ing 
0.15 M KCl in dilution (w/v) 1:9. Homogenates were centrifuged 
at 13,000  rpm for 15  min (4°C), and supernatant was taken  
for analysis.
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FigUre 1 | DMPO immuno-spin trapping in the myocardium of Tgαq*44 vs FVB mice. (a) Immunohistochemical images of hearts from FVB and Tgαq*44 mice, 
along with methodological negative controls without DMPO injection (w/o DMPO inj.) or without anti-DMPO primary Ab (w/o 1° ab) (see Materials and Methods for 
details). (B) Representative DMPO nitrone adduct Western Blots of heart apex from 16-month-old mice. Equal protein loading was controlled after electrophoresis 
and transfer for gels and membranes, respectively, using a stain-free technique provided by Bio-Rad and is shown below the Western Blot image (see Section 
“Materials and Methods” for details). (c) Densitometric analysis of the 150 kDa DMPO nitrone adduct-specific lane, for Western Blots marked in panel (B) with an 
arrow, presented as median ± IQR. For panels (B,c), (-) indicates tissue from age-matched FVB mice injected with 0.9% NaCl. Statistical significance was assessed 
using an unpaired two-tailed t-test, ****P < 0.001.
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Assay of SOD Activity
The total superoxide dismutase (SOD) activity was determined 
according to the method of Misra and Fridovich (62) at 30°C. 
Supernatant (10  µl) was added to 960  µl of carbonate buffer 
(0.05 M, pH 10.2, 0.1 mM EDTA). Then epinephrine 30 mM 
(30 µl) (in 0.05% acetic acid) was added, and absorbance was 
measured at 480 nm for 4 min on a PerkinElmer Lambda 950 

spectrophotometer. SOD activity was expressed in unit per mil-
ligram protein. Amount of enzyme that inhibits the oxidation 
of epinephrine by 50% was defined as 1 U.

Assay of Catalase Activity
The method of Aebi (63) was used to measure the catalase 
activity. In brief, to a quartz cuvette, 50 µl of supernatant was 
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FigUre 2 | Immunohistochemical detection of DMPO nitrone adducts in the hearts of Tgαq*44 normalized to aged-matched FVB mice. (a) Representative images 
of the left ventricle from 8- to 16-month-old mice. (B) Quantification of oxidative modifications, based on the DMPO fluorescent signal, normalized to aged-matched 
FVB mice (see Section “Materials and Methods” for details). Results presented as median ± IQR. Statistical significance was assessed using the Kruskal–Wallis 
ANOVA, with post hoc Dunn’s test to compare oxidative modifications to 8-month-old group, with ••P < 0.01 and ••••P < 0.001. Statistical significance between 
Tgαq*44 and FVB mice in aged-matched groups was assessed using non-parametric, two-sided Mann–Whitney U test, *P < 0.05, **P < 0.01, and ***P < 0.005. 
N = 4–6 mice per group, n = 10 slices per mice.
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added to 650 µl of 50 mM potassium phosphate buffer, and the 
reaction was started by addition of 300 µl of 30 mM hydrogen 
peroxide (H2O2). The decomposition of H2O2 was monitored at 
240 nm, 30°C for 3 min. The catalase activity was expressed as 
micromoles of H2O2 consumed per minute per milligrams of 
sample protein.

Assay of GR Activity
Glutathione reductase (GR) activity was determined according to 
method of Carlberg and Mannervik (64). NADPH (50 µl; 2 mM) 
in 10 mM Tris buffer (pH 7.0) was added in a cuvette contain-
ing 50 µl of GSSG (20 mM) in phosphate buffer (0.5 M, pH 7.0, 
0.1  mM EDTA) and 850  µl of phosphate buffer. Supernatant 
(50 µl) was added to the NADPH–GSSG-buffered solution, and 
absorbance was measured at 340 nm for 3 min at 37°C. The molar 
extinction coefficient of 6.22 × 103 M cm−1 was used to determine 
GR activity. One unit of activity was equal to the millimolars of 
NADPH oxidized per minute per milligrams of protein.

Assay of GPx Activity
The modified method of V. Moin was used to determine activity 
of Glutathione Peroxidase (GPx) (65). The optimal conditions for 
assays of enzyme activity were as follows: the incubation medium 
consisted of 0.1 M Tris–HCl buffer, pH 8.5 containing 5 mM EDTA; 
10 mM sodium azide; 4.0 mM reduced glutathione; and 1.4 mM 
tert-butyl hydroperoxide. Supernatant (10–50 µl) was added to 
the mixture and after 5 min of incubation at 37°C Ellman’s reagent 
was added. The concentration of reduced glutathione before and 
after incubation was determined colorimetrically using standard 
Ellman’s reaction (see below) in control and tested samples.

Reduced Glutathione
Reduced glutathione was estimated by the method of Ellman 
(66). The reaction mixture consisted of 10% trichloroacetic acid, 
0.1 mM 5,5′-dithio-bis (2-nitrobenzoic acid) in 0.1 M phosphate 
buffer (pH 8.0) and requisite amount of tissue supernatant. 
Absorbance was measured at 412 nm.

Protein contents in samples were determined by the method 
of Bradford (67) with BSA as the standard.

Measurement of GSH/GSSG  
and NADPH/NADP Ratio
To quantify the GSH/GSSG and the NADPH/NADP ratios 
in whole-heart homogenates from 6- and 12-month-old 
Tgαq*44 and FVB mice, LC/MS–MS-based method was used 
as described previously (68). Briefly, the heart tissue samples 
were homogenized in PBS containing BHT (1:6 w/v). An aliquot 
of 10  µl of plasma or tissue homogenate was used to extract 
the metabolites by addition of 0.5 ml of dry-ice-cold (−70°C) 
extraction mixture (acetonitrile:methanol:water 5:2:3, v/v/v). 
The extraction mixture was prepared at least 4–5 h before the 
experiment and placed in freezer. The samples were vortexed for 
5 min and placed on dry ice for 30 min for protein precipitation. 
After that time, samples were centrifuged at 15,000 g, 4°C for 
15 min. Supernatant was lyophilized, and dry extract were kept 
at −80°C until analysis. The metabolite extracts were recon-
stituted in 50  µl of LC/MS–MS grade water and was injected 
onto LC/MS–MS column. Chromatographic studies were 
performed on a UFLC Nexera (Shimadzu, Kyoto, Japan). The 
analytical column employed was an Acquity UPLC BEH C18, 
1.7  µm 2.1  mm ×  100  mm (Waters, Milford, MA, USA). The 
samples were measured twice, injecting onto analytical column 
5  µl of sample acetonitrile:100  mM ammonium formate (pH 
5.0) 95:5 v/v and 5 mM ammonium formate (pH 5.0) were used 
as a mobile phase in gradient elution in a run time of 8  min 
for positive and 5.5  min for negative ionization. Detection 
was performed with a QTRAP 5500 mass spectrometer (Sciex, 
Framingham, MA, USA) employed with an electrospray inter-
face operated in positive and negative ionization MRM modes. 
The ion source operation conditions were as follows: curtain 
gas: 25  psi, collision gas: medium, temperature: 500°C, ion 
source gas 1: 40 arb., ion source gas 2: 50 arb., and ion spray 
voltage: 5,500 V and −4,500 V for positive and negative ioniza-
tion modes, respectively.
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FigUre 3 | Regional oxidative modifications analyzed using immunohistochemical detection of DMPO nitrone adducts in hearts of Tgαq*44 normalized to 
aged-matched FVB mice. Quantification of oxidative modifications in the (a) left and (B) right ventricles, (c) septum, and (D) papillary muscle of the myocardium 
showed inhomogeneous distribution of oxidative modifications in the analyzed regions. Results presented as median ± IQR. Statistical significance of changes 
compared with the 8-month-old group for the left ventricle, right ventricle, and septum were assessed using Kruskal–Wallis ANOVA with post hoc Dunn’s test 
(n = 24–30 fields per group), while data for the papillary muscle were analyzed by one-way ANOVA with post hoc LSD test (n = 8–12 images per group); •P < 0.05, 
••P < 0.01, •••P < 0.005, and ••••P < 0.001. Significant differences between aged-matched Tgαq*44 and FVB mice were tested using two-sided Student’s t-test; 
*P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001.
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statistical analysis
Data are expressed as median and interquartile ranges (Q1–Q3, 
IQR). Normality of the data distribution was tested with Shapiro–
Wilk’s test and variance homogeneity using Bartlett’s or F test. 
The significance of differences between age-matched groups was 
analyzed with two-sided Student’s t-test or the non-parametric 
Mann–Whitney U test. Differences along the progression of 
HF were analyzed using one-way ANOVA followed by post hoc 
multiple comparisons LSD Fisher’s test or Kruskal–Wallis non-
parametric test, followed by post hoc multiple comparisons Dunn’s 
test, depending on the variable distribution. Detailed descriptions 
can be found in the caption under each figure. Statistical tests were 
done using GraphPad Prism 7 (GraphPad Software, Inc., CA, USA) 
software. P values < 0.05 were considered statistically significant.

resUlTs

Oxidative Modifications  
in cardiomyocytes
Representative microphotograph of a specific, robust immuno-
fluorescent staining of DMPO nitrone adducts in whole-heart 

cross-sections from 16-month-old Tgαq*44 mice with the use 
of anti-DMPO antibody is shown in Figure 1A. The signal was 
absent or very weak in age-matched FVB mice. High level of 
DMPO nitrone adducts in the heart apex from 16-month-old 
Tgαq*44 as compared with age-matched FVB was confirmed by 
Western Blot analysis (Figures 1B,C). Using immunofluorescent 
staining of DMPO nitrone adducts, progression of oxidative stress 
was quantified in 8- to 16-month-old Tgαq*44 mice as compared 
with age-matched FVB mice (Figure 2A). For 8-month-old mice, 
the fluorescent signal of DMPO nitrone adducts quantified collec-
tively for the various areas of the hearts of Tgαq*44 and FVB was 
similar, but increased gradually with age (Figure  2B), attaining 
the significant difference between Tgαq*44 groups at the age of 
10 months (••) and compared with FVB at the age of 12 months 
(*), with a profound amplification in 16-month-old Tgαq*44 mice. 
When the left and right ventricles, septum, and papillary muscles 
were analyzed independently, a moderate, yet statistically signifi-
cant increase of DMPO-specific fluorescence, was also appreciated 
in 10-month-old Tgαq*44 mice in the left and right ventricles 
(Figures 3A,B), and in 12-month-old Tgαq*44 mice in the septum 
(Figure 3C); however, the papillary muscles (Figure 3D) became 
affected at the very late stage of HF (16-month-old Tgαq*44 mice).
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FigUre 4 | Oxidative modifications analyzed using immunohistochemical 
detection of DMPO nitrone adducts in the endothelium of large coronary 
vessels. (a) Segmentation steps for representative images of vessels in the 
left ventricle of 14-month-old mice (image size 250 μm × 150 μm); I: initial, 
triple-strained fluorescent images; II: endothelium segmentation based on 
lectin-positive staining of the vessel wall; III: DMPO nitrone adduct fluorescent 
signal specific to the endothelium area. (B) Quantification of the endothelium-
specific oxidative modification (see Section “Materials and Methods” for 
details). Data presented as median ± IQR. Statistical significance was 
assessed using the two-way ANOVA, with post hoc LSD’s test between 
groups. *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001 denote 
significant differences in aged-matched groups, while •P < 0.05 and 
••P < 0.01 between Tgαq*44 groups compared with 8-month-old Tgαq*44 
group and 12- to 14-month-old groups. N = 3–6 mice/group, n = 5–6 
vessels/mice.
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Oxidative Modifications in the 
endothelium of large- and  
Microcoronary Vessels
Fluorescent detection of DMPO nitrone adducts, coupled with 
lectin co-staining, allowed for determination of oxidative modi-
fications localized in the endothelium within the heart sections 
analyzed. Following a manual selection of large vessels from the 
left ventricle [vessel radius, expresses as median (Q1–Q3) was 
42.9 (27.5–58.4) μm] for each mice, a lectin-positive area was 
automatically segmented and DMPO-specific fluorescence ana-
lyzed (Figure 4A). The general tendency was similar to that seen 
within the cardiomyocytes, with significant elevation of DMPO-
specific fluorescence in 10-month-old Tgαq*44 mice, with the 
sharpest further increase seen between 12- and 14-month-old 
Tgαq*44 mice (Figure 4B).

Lectin-positive staining was also used to quantify the changes 
in the left ventricle microvasculature. There was a progressive 
deterioration of microvessel density in the Tgαq*44 mice, which 
begun at the age of 10 months and led to the loss of roughly 
50% of lectin-positive microvessels in 16-month-old Tgαq*44 
mice (Figure 5). Gradual loss of microvessels was also detected 
in the 16-month-old FVB mice strain, albeit these changes 
were not significant. Using lectin-positive staining, the DMPO 
nitrone adduct fluorescence within the microvessel endothe-
lium was segmented (Figure 6A) and was clearly increased in 
Tgαq*44 mice as compared with FVB mice, starting at the age 
of 10 months, with a sharp increase for 16-month-old Tgαq*44 
mice (Figure 6B).

superoxide anion Production in the heart
Heart homogenates were used to assess superoxide ex vivo using the 
HPLC-based detection of 2-hydroxyethidium (Figures  7A–C).  
When the entire heart was homogenized (Figure 7A), increased 
2-hydroxyethidium levels in the heart was seen in Tgαq*44 
mice at the age of 6–9  months, with a dramatic increase for 
14-month-old Tgαq*44 mice. As shown in Figures  7B,C, in 
the left ventricle (isolated along with the septum) from 6- to 
9-month-old Tgαq*44 mice 2-hydroxyethidium level increased 
significantly (Figure 7B), whereas in the right ventricle, despite 
apparently higher superoxide levels, there was only a modest 
increase in 6-month-old, but not in 9-month-old Tgαq*44 mice  
(Figure 7C).

activity of antioxidant enzymes  
and redox state in the heart
Superoxide dismutase activity in Tgαq*44 mice was lower than in 
FVB controls, at a very early stage of HF development (at the age 
of 4  months) and further decreased in 12-month-old Tgαq*44 
mice (Figure 8A). Interestingly, SOD activity also declined with 
age for the FVB controls and was comparable in 14-month-old 
Tgαq*44 and FVB mice. Other antioxidant enzymes studied 
(Figures  8B–D) exhibited an elevated activity in the Tgαq*44, 
when compared with aged-matched controls. This was evident 
and significant for catalase (Figure 8B), GR (Figure 8C) and GPx 
(Figure  8D). There were no significant differences in reduced 
glutathione levels in Tgαq*44 vs FVB mice [in µmol/g tissue for 

4-month-old: 0.92 (0.86–0.97) vs 0.86 (0.82–0.89); 12-month-
old: 0.99 (0.88–1.09) vs 0.9 (0.86–0.98) and 14-month-old: 0.95 
(0.86–1.06) vs 0.92 (0.81–1.01)]. Furthermore, the ratio of GSH/
GSSG remained unchanged at the early (6-month-old) and 
late (12-month-old) stages of HF development in these mice 
(Figure 8E); however, the NADPH/NADP ratio was decreased 
in Tgαq*44 vs FVB mice, significantly for 12-month-old mice 
(Figure  8F), due to significantly lower NADPH content in the 
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hearts of Tgαq*44 vs FVB [in nmol/mg tissue for 6-month old: 
13.7 (11.7–17.2) vs 21.3 (17.2–26.4) and 12-month old: 17.6 
(14.3–18.8) vs 30.9 (21.9–35.6)].

DiscUssiOn

In this study, we applied, to the best of our knowledge for the first 
time, DMPO IST-based method to detect in vivo oxidative modi-
fications in cardiomyocytes and coronary endothelium of large- 
and microvessels in a mouse HF model. We provided evidence 
that in Tgαq*44 mice with slowly developing HF, resembling the 
progression of HF in humans on a molecular, morphological, 
and functional levels (4, 50, 54–57, 69), increased production of 
superoxide resulted in the development of oxidative modifica-
tions that occurred not only in cardiomyocytes, but simultane-
ously in the coronary endothelium at the transition phase of HF, 
before the end-stage disease. Altogether, these results underscore 
the important role of coronary endothelial dysfunction in the 
progression of HF, in a model driven by a cardiomyocyte-specific 

overexpression of Gαq* protein, whereby coronary endothelial 
function is initially preserved (56).

Previous work identified three distinct phases of HF progres-
sion in Tgαq*44 mice; early (subtle diastolic perturbations at 
6 months of age), transition (decreased basal cardiac function, with 
preserved cardiac reserve beginning at 8 months of age), and end-
stage (impaired global cardiac performance and cardiac reserve 
starting at 12 months of age) (54). As summarized in Figure 9, 
in this work, we demonstrated that superoxide production in 
the heart was significantly increased in 6-month-old Tgαq*44 
mice, which was accompanied by a compensatory activation of 
antioxidative mechanisms in the myocardium of Tgαq*44 mice, 
namely upregulation of catalase (CAT), glutathione reductase 
(GR), and glutathione peroxidase (GPx), opposed to  superoxide 
dismutase (SOD) which was downregulated. Prior studies of 
oxidative stress in this animal model showed increased NADPH-
oxidase dependent superoxide production using lucigenin assay 
in 2- to 4-month-old Tgαq*44 mice, which further progressed 
(56); however, changes in antioxidant systems were not as yet 

FigUre 5 | Microvessel density in the heart of Tgαq*44 and FVB mice. (a) Representative images of microvessels in the left ventricle stained using lectin from 8- to 
16-month-old Tgαq*44 and FVB mice. (B) The number of microvessels per square millimeters, quantified using automated morphological manipulations of images 
on the thresholded FITC channel, as described in Section “Materials and Methods.” Data shown as median ± IQR. Statistical significance was assessed using 
two-way ANOVA, with post hoc LSD’s test between groups. *P < 0.05, **P < 0.01, and ***P < 0.005 denote significant differences in aged-matched groups. 
Furthermore, one-way ANOVA within Tgαq*44 mice showed a strong linear trend (P < 0.001) for decrease in microvessel density. n = 4–9 slices per group.
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for young mice between current and previous studies (56). Our 
results are compatible with the regulatory role of increased reac-
tive oxygen species production in cardiomyocyte hypertrophy 
response and activation of fetal phenotype, which occurred 
quite early in Tgαq*44 mice, as evidenced by the activation of 
hypertrophic genes (ANP, BNP, and MHC-β), cardiomyocyte 
hypertrophy, fibrosis in 4-month-old Tgαq*44 mice (50, 51). On 
the other hand, mitochondrial dysfunction in cardiomyocytes 
using EPR detection of semiquinones content and Fe-S clusters 
(4), was identified in 10-month-old Tgαq*44 mice.

Here, we demonstrated that in Tgαq*44 hearts antioxidant 
systems are upregulated. Elevated activity of catalase (Figure 8B) 
is especially interesting, since cardiac-specific overexpression of 
catalase has been shown to abolish oxidative stress and prevent 
the progression to overt HF in an alternative Gαq-overexpressing 
transgenic mouse model (70). On the other hand, Nox4-derived 
hydrogen peroxide both in cardiomyocytes and endothelial 
cells was shown to mediate protection against pressure overload 
cardiac remodeling (71). Our analysis showed that increased 
activity of CAT was associated with elevated activity of GPx, 
which overexpression in mice was previously shown to prevent 
left ventricular failure after myocardial infarction (72). Since both 
enzymes are involved in hydrogen peroxide metabolism, it might 
well be that their upregulation protect the failing heart synergis-
tically. GR activity was also enhanced in Tgαq*44 mice, which 
might have contributed to NADPH depletion and a decreased 
NADPH/NADP ratio for 12-month-old Tgαq*44 mice. On the 
other hand, increased GR activity could at least partially explain 
the preservation of GSH cardiac pool and GSH/GSSG ratio, 
despite increased ROS production.

In contrast to early increase in ROS production and early 
activation of antioxidant systems in Tgαq*44 mice, fluorescent 
detection of DMPO nitrone adducts in the whole heart showed a 
statistically significant increase in Tgαq*44 mice compared with 
aged-matched FVB mice starting at the age of 12 months, with an 
age-dependent progression (Figure 2) and a sharp increase in sig-
nal for the 16-month-old Tgαq*44 mice. Comparable trends were 
appreciated when the left or right ventricle and septum regions of 
the heart were analyzed independently, with only exception being 
the papillary muscle, where oxidative modifications developed 
only for the 16-month-old Tgαq*44 mice (Figure 3). The specific-
ity of fluorescent IST analysis was confirmed using Western Blot 
detection of DMPO nitrone adducts in heart apex homogenates, 
with a nearly sixfold intensity increase in DMPO nitrone adducts 
in the myocardium of Tgαq*44 mice, with a semi-quantitative 
analysis (Figure 1C) of the protein band at roughly 150 kDa. This 
particular band might be related to oxidatively modified oxygen-
regulated protein 150, a chaperonin known to be expressed in 
tissues undergoing hypoxic or endoplasmic reticulum stress 
(73), involved in VEGF transport (74). However, here we did not 
analyze the origin of the 150 kDa band seen in DMPO-specific 
Western Blot that might be determined by mass spectrometry 
(75). We used this band as a representative for the analysis and 
quantification of the oxidative modification process. Obviously 
there are a number of protein modifications reported to form 
DMPO nitrone adducts that can be identified, for example 
tyrosine nitration of carboxypeptidase B1 (76), Cys and tyrosine 

FigUre 6 | Oxidative modifications analyzed using immunohistochemical 
detection of DMPO nitrone adducts within the coronary microvessels in 
Tgαq*44 and FVB mice. (a) Microvessel-specific DMPO signal pre-
processing steps for a representative pair of Tgαq*44 and FVB left ventricle 
free wall images of 12-month-old mice; I: initial, triple-strained fluorescent 
images; II: microvessel segmentation based on lectin-positive staining;  
III: DMPO nitrone adduct fluorescent signal specific to the microvessels,  
(B) quantification of the microvessel-specific fluorescence. Results presented 
as median ± IQR. Statistical significance was assessed using the ANOVA 
Kruskal–Wallis test, with post hoc Dunn’s test between groups. **P < 0.01 
and ****P < 0.001 denote significant differences in aged-matched groups, 
while •P < 0.05 and ••••P < 0.001 between Tgαq*44 groups compared with 
8-month-old Tgαq*44 group and between 14- and 16-month-old Tgαq*44 
mice. N = 4–6 mice/group, n ≥ 5 fields/mice.

characterized. In this work, cardiac superoxide production was 
unaltered in 3-month-old Tgαq*44 mice, whereas the 14-month-
old group showed a substantial increase (Figure 7A), with assay 
differences possibly explaining for the discrepancy in results 
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FigUre 7 | Superoxide production in heart homogenates of Tgαq*44 vs FVB mice. (a) Whole heart, (B) left ventricle and septum, and (c) right ventricle. Tissue 
samples were incubated with dihydroethidium, followed by superoxide-specific 2-hydroxyethiudium (2-OH-E+) detection using high performance liquid 
chromatography, as described in Section “Materials and Methods.” Data represent median ± IQR. Results presented as median ± IQR. Statistical significance in 
panel (a) for aged-matched groups was assessed using the non-parametric Mann–Whitney U test, N = 5–6 hearts (3- to 9-month-old groups) and N = 8–11 
(14-month-old group). In panels (B,c), statistical significance in aged-matched groups was assessed using the non-parametric Mann–Whitney test (for 3-month-old 
mice) or unpaired two-tailed t-test (all other), N = 5 hearts per group; *P < 0.05, **P < 0.01, and ***P < 0.005.

superoxide-specific modifications of NADH dehydrogenase (77) 
or superoxide-dependent succinate ubiquinone reductase (SQR)-
derived protein radical (78). It is worth adding that the extent of 
protein radicals reacting with DMPO is counterbalanced in part 
by intrinsic reactions with GSH (79, 80) (and ascorbate, molecu-
lar oxygen lipid, or other radicals), being a potential source of 
underestimation of oxidative modifications detected by IST (41).

In this work, we analyzed and quantified oxidative modifica-
tions not only in cardiomyocytes but also in coronary endothe-
lium in Tgαq*44 hearts based on co-staining of the left ventricle 
with anti-DMPO and lectin antibodies that enabled the segmen-
tation and quantification of DMPO nitrone adducts specific to 
the endothelium of large coronaries and microvessels. Literature 
describes the use of CD31 (81) or various lectins (82–84) for 
imaging of the capillary bed. In our experience, the lectin anti-
body (see Materials and Methods) was better suited to stain the 
capillary vessels within the left ventricle specimens, as reported 
previously (85). Compared with FVB controls, Tgαq*44 mice had 
more oxidative modifications found in the endothelium from the 
age of 10  months onward, regardless of whether large vessels 
(Figure 4) or capillaries (Figure 6) were analyzed. The most pro-
nounced increase in oxidative modifications to the endothelium 

of large coronaries and microvessels was found in the end-stage of 
HF, at 12–16 months of age. Using the lectin-positive staining, we 
were also able to quantify the capillary density in the left ventricle 
(Figure 5). For the youngest mice group, both Tgαq*44 and con-
trol mice exhibit start with around 2,000 capillaries/mm2. Already 
at 10 months of age, Tgαq*44 mice display a significant decrease 
in capillary density, which progressed to below 1,000 capillaries/
mm2 for 16-month-old Tgαq*44 mice. The loss of capillaries in 
this HF model was not due to cardiomyocyte hypertrophy, as 
normalization of number of capillaries to cardiomyocyte length, 
width or their volume, did also confirm capillary loss (data not 
shown). Interestingly, as shown by Tyrankiewicz et  al. (54), a 
prominent ACE/Ang II pathway activation was present at the 
phase of decompensated HF suggesting that ACE/Ang II path-
way could be involved in development of coronary endothelial 
damage (86). Obviously, number of other mechanisms could be 
involved in coronary capillary loss and their dysfunction in HF 
in Tgαq*44 mice, and they were not studied here.

Various in vivo studies using DMPO-based IST are described in 
literature; however, this work is the first to implement and extend 
the IST methodology in an in vivo protracted HF model, with 
an additional emphasis on cellular localization and recognition 
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FigUre 8 | Levels of endogenous antioxidant enzymes activity and redox state in the hearts of Tgαq*44 vs FVB mice. (a) Superoxide dismutase, (B) catalase,  
(c) glutathione reductase, (D) glutathione peroxidase (GPx), (e) GSH/GSSG ratio, and (F) NADPH/NADP ratio. Data represent median ± IQR, N = 4–8 mice/group. 
Statistical significance between aged-matched groups was assessed using an unpaired two-tailed t-test, except data for GPx and 4-month data for catalase, where 
the non-parametric Mann–Whitney U test was used; *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001.

FigUre 9 | Summary of DMPO immuno-spin trapping results in relation to 
reactive oxygen species generation and antioxidant activity in Tgαq*44 mice. 
Scheme representing the sequence of events in terms of upregulation of 
catalase and glutathione reductase and peroxidase (GR/GPx), downregulation 
of superoxide dismutase (SOD) activity, increased superoxide production in 
the heart, followed by oxidative modifications in the heart in the relation to the 
age of Tgαq*44 mice.

of the progression of oxidative modifications in the cardiomyo-
cytes and coronary endothelium in relationship with functional 
deteriorations of the cardiac function in this model as reported 
previously (54). Indeed, most previous work studied the effects of 
acute and lethal oxidative interventions, such as acetone-induced 
ketosis (87), lipopolysaccharide-induced systemic inflammation 
(76), or rat liver ischemia/reperfusion injury model (88). A more 
recent report described free radical formation in high fat diet in 
mice and in monocrotaline-induced pulmonary hypertension, 

and right HF rat model (43), demonstrated considerably more 
DMPO nitrone adducts in both diseases; however, the authors 
did analyze only the late stage of the disease progression.  
In contrast, in this work, we provided evidence that IST can reveal 
progressive nature of oxidative modifications along the extended 
time period of the progression of HF in Tgαq*44 mice (52).

cOnclUsiOn

In this work, we characterized oxidative modifications in HF 
in Tgαq*44 mice. The increased abundance of DMPO nitrone 
adducts identified in the myocardium of Tgαq*44 mice occurred 
at the stage of impairment of basal systolic and diastolic cardiac 
performance, and diminished capillarization of Tgαq*44 hearts, 
suggesting that the presence of DMPO nitrone adducts in car-
diomyocytes, and in coronary endothelium may reflect a stage of 
a significant cardiac and cardiac capillaries damage of a failing 
heart. Given the fact that HF in Tgαq*44 mice is initiated by a 
cardiomyocyte-specific alteration, development of oxidative mod-
ifications in parallel in cardiomyocytes and in the endothelium 
of large coronaries and capillaries suggests that a cardiomyocyte-
derived mechanism is responsible for coronary capillaries damage 
and might contribute to the progression of HF in Tgαq*44 mice. 
The nature of this mechanism remains to be established.

eThics sTaTeMenT

All experimental procedures were compliant with the Guide for 
the Care and Use of Laboratory Animals published by the U.S. 
National Institutes of Health (NIH Publication No. 85-23, revised 
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Pneumonia is a leading cause of death in children and the elderly worldwide, accounting 
for 15% of all deaths of children under 5  years old. Streptococcus pneumoniae is a 
common and aggressive cause of pneumonia and can also contribute to meningitis and 
sepsis. Despite the widespread use of antibiotics, mortality rates for pneumonia remain 
unacceptably high in part due to the release of bacterial toxins. Pneumolysin (PLY) is a 
cholesterol-dependent toxin that is produced by Streptococcus, and it is both necessary 
and sufficient for the development of the extensive pulmonary permeability edema that 
underlies acute lung injury. The mechanisms by which PLY disrupts the pulmonary endo-
thelial barrier are not fully understood. Previously, we found that reactive oxygen species 
(ROS) contribute to the barrier destructive effects of PLY and identified an unexpected 
but potent role of Hsp70 in suppressing ROS production. The ability of Hsp70 to influ-
ence PLY-induced barrier dysfunction is not yet described, and the goal of the current 
study was to identify whether Hsp70 upregulation is an effective strategy to protect 
the lung microvascular endothelial barrier from G+ bacterial toxins. Overexpression of 
Hsp70 via adenovirus-mediated gene transfer attenuated PLY-induced increases in 
permeability in human lung microvascular endothelial cells (HLMVEC) with no evidence 
of cytotoxicity. To adopt a more translational approach, we employed a pharmacological 
approach using geranylgeranylacetone (GGA) to acutely upregulate endogenous Hsp70 
expression. Following acute treatment (6 h) with GGA, HLMVECs exposed to PLY dis-
played improved cell viability and enhanced endothelial barrier function as measured 
by both Electric Cell-substrate Impedance Sensing (ECIS) and transwell permeability 
assays compared to control treated cells. PLY promoted increased mitochondrial ROS, 
decreased mitochondrial oxygen consumption, and increased caspase 3 cleavage and 
cell death, which were collectively improved in cells pretreated with GGA. In mice, IP 
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pretreatment with GGA 24 h prior to IT administration of PLY resulted in significantly 
less Evans Blue Dye extravasation compared to vehicle, indicating preserved endothelial 
barrier integrity and suggesting that the acute upregulation of Hsp70 may be an effective 
therapeutic approach in the treatment of lung injury associated with pneumonia.

Keywords: pneumolysin, endothelial barrier, reactive oxygen species, mitochondria, hsp70

inTrODUcTiOn

Pneumonia is a pulmonary infection that can affect people 
of all ages, but is most severe in the elderly, children, and the 
immunocompromised. Infection and subsequent inflammation 
compromise the function of lung endothelial and epithelial 
barriers resulting in alveolar flooding, impaired gas exchange, 
and eventually lung consolidation, which collectively underlie 
the development of acute lung injury (ALI) and its more severe 
form, acute respiratory distress syndrome (ARDS) (1). Multiple 
pathogens can promote pneumonia, including bacteria, fungi, 
and viruses. Bacteria, in particular Gram positive (G+) bacteria, 
are the most common cause (2, 3). Currently there are no effective 
pharmacological approaches for ALI/ARDS and patients treated 
with anti-inflammatory steroids treatment remain at significant 
risk of mortality (4).

A hallmark feature of ALI/ARDS is dysfunction of the 
pulmonary microvascular endothelial barrier resulting in an 
imbalance of Starling’s forces and the passage of excess fluid 
into the alveoli (1). The mechanisms underlying the loss of the 
microvascular barrier function are complicated and involve 
diverse mechanisms in multiple cell types which can vary 
depending on the causative agent. A major cause of ALI is G+ 
bacteria including Streptococcus pneumoniae which accounts 
for up to half of all community-acquired pneumonia (CAP) 
cases in the US and CAP is the most frequent cause of ARDS 
(3). Greater than 500,000 yearly cases of pneumonia and 25,000 
pneumococcal-related deaths are reported in the US alone, 
resulting in a health-care burden that exceeds $5 billion dol-
lars (5). The first-line treatment for Streptococcus pneumonia 
is antibiotic therapy. However, the onset of ARDS is resistant 
to antibiotics and paradoxically, bacteriolytic antibiotics can 
exacerbate lung injury (6). One likely reason for this is the G+ 
toxin, pneumolysin (PLY), which is produced in Streptococcus 
and released by autolysis and in greater amounts in the pres-
ence of antibiotics that compromise the bacterial cell wall (7). 
PLY is a 53-kDa intracellular protein which belongs to the 
cholesterol-dependent cytolysin family (8). Upon binding to 
cholesterol molecules on the cell membrane of target cells, PLY 
induces the macromolecular assembly of ring shaped pores that 
promote calcium influx and alter intracellular signaling (9, 10). 
Subsequent to these changes, G+-toxins robustly increase the 
intracellular production of reactive oxygen species (ROS) (6, 7, 
11–13). Elevated ROS have been shown to have important roles 
in regulating a number of physiological and pathophysiologi-
cal events, including cell apoptosis, survival, proliferation and 
migration, cell metabolism, DNA damage, inflammation, and 
disruption of the endothelial barrier (14). The major sources 
of ROS in endothelial cells are the NADPH oxidases (NOX 

enzymes), uncoupled eNOS, and the mitochondria. G+-toxins 
have been reported to activate PKC and alter eNOS fidelity to 
disrupt the balance of nitric oxide and superoxide (13), activate 
NADPH oxidase (7), and increase mitochondria-derived ROS 
(mtROS) (15). There are also significant interactions between 
these ROS generating systems, where mitochondrial ROS can 
activate NOX enzymes and vice  versa and increased ROS can  
lead to eNOS uncoupling and ROS production. Mitochondrial 
DNA (mtDNA) is highly sensitive to ROS and loss of mtDNA 
integrity can result in mitochondrial dysfunction, ATP depriva-
tion, and cell apoptosis (16–19). NADPH-derived ROS have 
been shown to promote oxidative damage of mitochondrial 
proteins in particularly, complex I and complex II, which results 
in increased mitoROS production (20). Increased mitoROS can 
activate NADPH oxidase promoting a feed-forward relationship 
(20, 21). NOX2 has been identified as a potential target for mito-
chondrial superoxide production in endothelial cells (21, 22)  
and increased mtROS, secondary to a partial deficiency of mito-
chondrial superoxide dismutase, can trigger a cytosolic oxida-
tive burst (21). On the other hand, inhibitors that reduce mtROS 
can also attenuate cytosolic ROS (21–23). ROS can deplete BH4 
and alter the S-glutathionylation of eNOS, compromising NO 
formation and increasing ROS production (24, 25).

Mitochondria are increasingly recognized for their contribu-
tions to inflammation, and mtROS is a key factor mediating this 
process in endothelial cells in response to both physiological and 
pathophysiological stressors (16, 19). Along with the activation of 
NOX enzymes, mtROS also promote the activation of endothelial 
cells and increase proinflammatory cytokines (26) in a manner 
synergistic with cytosolic ROS. Antioxidants targeted to the 
mitochondria can reduce endothelial inflammation in hyper-
tension animal models (27). The inflammatory process during 
pneumonia is complex, and different in the young versus elderly 
patients. In aged patients, inflammation may initiate at slowly in 
the early phase compared to young patients, but is more robust 
and enduring in the later stages (28). This deregulated inflam-
matory response is a risk factor for death in elderly patients, and 
broad anti-inflammatory strategies can result in compromised 
elimination of pathogens.

Heat-shock proteins (Hsp) are intracellular “chaperones” that 
guide the behavior (folding, function, and fate) of newly syn-
thesized proteins and also associate stably with many signaling 
molecules (29). They are critical to the maintenance of cellular 
homeostasis under both physiological and stressed conditions 
(30). The major chaperones are Hsp90 and Hsp70 which together 
with co-chaperones mediate protein folding, complex assembly, 
intracellular transport, and also degradation (31, 32). Previously, 
we and others have shown that Hsp90 binds specifically to Nox 
proteins to regulate enzyme stability and ROS production (33, 34).  

118

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


Li et al. Hsp70 Preserves Endothelial Barrier Integrity

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1309

We also found that Hsp90 inhibitors can robustly upregulate 
Hsp70 expression and that Hsp70 alone can potently suppress 
NOX-derived ROS production in human pulmonary arterial 
endothelial cells (35).

Hsp70 has also been shown to be important for cell survival 
(36) and regulating mitoROS and mtDNA integrity (37), but 
whether it can provide protection from PLY-induced endothelial 
injury and loss of endothelial barrier function by suppressing 
ROS is not yet known. Therefore, the goals of this study were 
to assess the importance of Hsp70 in protecting the pulmonary 
microvascular endothelium from PLY, to identify the underlying 
mechanisms, and to advance the possibility of targeting Hsp70 as 
a promising therapy for Streptococcus-induced pneumonia.

MaTerials anD MeThODs

cells and reagents
Human lung microvascular endothelial cells (HLMVECs) were 
obtained from Lonza. Cells were cultured with 5% CO2 at 37°C 
using EBM-2 MV medium supplemented with EGM-2 MV 
that was purchased from Lonza. All of the in vitro experiments 
were performed using passage 3 to passage 5 HLMVECs. PLY 
was a gift from Dr. Trinad Chakraborty (Institute for Medical 
Microbiology, Justus-Liebig University, Giessen, Germany) 
PLY was purified from a recombinant Listeria innocua 6a strain 
expressing LPS-free PLY. Geranylgeranylacetone (GGA, Sigma) 
was prepared in DMSO. Tempol, LPS, Glucose, pyruvate, and 
l-glutamine were obtained from Millipore Sigma. Oligomycin, 
FCCP, and antimycin were provided in the Seahorse XF Cell 
Mito Stress Test Kit from Agilent. FITC dextran (Fluorescein 
isothiocyanate–dextran 4000 and Fluorescein isothiocyanate–
dextran 70000) were obtained from Sigma. Antibodies for 
western blotting included Hsp70 from BD Bioscience, cleaved 
caspase 3, NF-κB, and GAPDH were from Cell Signaling and 
Hsp90 from BD Bioscience. Nox1 antibody from Sigma. GFP and 
Hsp70 adenoviruses were generated in house using established 
methodologies (38, 39).

animals
8- to 10-weeks-old male C57BL6 mice, weighing 19–21 g were 
obtained from Harlan and were kept at the animal facilities at 
Augusta University. All animal studies conformed to National 
Institutes of Health guidelines. The experimental procedure was 
approved by the Augusta University Institutional Animal Care 
and Use Committee.

assessment of Pulmonary Vascular Barrier 
Function In Vivo
Mice were pretreated with 500 mg/kg GGA (in ethanol) admin-
istered IP 24 h prior to toxin instillation. Mice were anesthetized 
with IP ketamine (150 mg/kg) and acetylpromazine (15 mg/kg), 
the trachea was exposed and PLY (60 ng) instilled IT for 6 h via 
a 20-gauge catheter. Evans blue dye (EBD)/albumin mixture 
(30 mg/kg in saline; 0.5% EBD conjugated to 4% BSA, Fraction 
V; Sigma-Aldrich, St. Louis, MO, USA) was injected into the 
tail vein, 2  h prior the conclusion of the experiment, in order 

to assess vascular leak. The lungs were homogenized, incubated 
with formamide (18 h at + 60°C), and centrifuged at 5,000 × g for 
30 min. The optical density of the supernatant was determined 
spectrophotometrically at 620–750  nm. The concentration of 
extravasated EBD in the lungs was calculated by using a stand-
ard curve (micrograms of EBD per gram of wet lung tissue), as 
described previously (40).

Western Blotting
Cells were washed three times with HBSS before lysing with 
Laemmli sample buffer. Lysed cells were briefly sonicated to 
ensure protein extraction, proteins size fractionated by SDS PAGE 
and transferred to nitrocellulose membranes. Membranes were 
incubated overnight at 4°C with antibodies diluted to the manu-
facturer’s specifications. Secondary IgG antibodies (Invitrogen) 
conjugated with horseradish peroxidase were used to detect 
antigen–antibody complexes.

cell Viability assay
Cell viability was assessed using the Muse Cell Analyzer (Milli-
pore Sigma). HLMVECs were seeded at a density of 6 × 105 in 
6-well plates with complete EBM-2 MV culture medium with or 
without 30 µM GGA or DMSO for 6 h. PLY was added to dishes 
4 h before the viability test. The percentage of live HLMVECs was 
determined using the Muse cell count and viability kit (Millipore 
Sigma). In brief, 50 µl of suspended HLMVECs was mixed with 
450 µl of count and viability reagent, gently mixed, and injected 
into the Muse Cell Analyzer. Statistical analysis was performed 
based on three independent experiments. p Value was compared 
to the cell treated with GGA plus PLY group.

endothelial cell Permeability assays
Transwell Cell Permeability Assay
Sub confluent HLMVECs were split into 24 transwell inserts 
with a 0.4-µm pore sized filter. Following seeding, cells were 
maintained in complete EBM-2 MV medium and then treated for 
overnight with or without 30 µM GGA. Prior to exposure to PLY, 
complete medium was removed, and HLMVECs were washed 
carefully with HBSS three times before transitioning to FITC-
dextran containing serum-free medium. Fresh FITC-conjugated 
dextran was prepared using serum-free medium and 50 ng/ml 
PLY was added to the endothelial cells. The lower compartment 
was filled with 1.5  ml of serum-free medium without FITC-
dextran. At each time point, 50  µl of lower chamber medium 
was transferred to a 96-well plate for quantitation. The amount 
of FITC-dextran permeating through the HLMVEC monolayer 
into the lower chamber was measured using plate reader with 
excitation wave length 488 nm and emission wave length 520 nm. 
Three independent experiments were performed and the data are 
shown as mean ± SEM.

Transendothelial Electrical Resistance 
Measurements
Transendothelial electrical resistance was measured in HLMVEC 
using electric cell-substrate impedance sensing equipment 
(ECIS). HLMVECs were split into ECIS array chambers (8W10E) 
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at a density of 1,000 cells per well according to the manufac-
turer’s instructions. On the following day, complete medium was 
removed, and cells were washed with HBSS for three times. The 
cells were then cultured in serum-free medium and exposed to 
PLY to initiate changes in barrier function. Normalized resistance 
(Ohms) representing HLMVEC barrier integrity was recorded 
for up to 3  h. Data were aggregated as the mean normalized 
resistance of eight individual wells.

MitosOX assay
Human lung microvascular endothelial cells were transferred 
into glass-bottomed dishes and cultured in complete EBM-2 MV 
medium and pretreated with or without 30  µM GGA. On the 
following day, cells were washed in HBSS, the culture medium 
changed to serum-free EBM-2. MitoSOX Red and MitoTracker 
Green were diluted with pre-warmed appropriate medium to a 
final concentration of 5 µM and 250 nM, respectively. Medium 
containing MitoSOX Red and MitoTracker Green was applied to 
the HLMVECs, stimulated with PLY and cells were incubated in 
37°C for 15 min prior to observation using a Zeiss 780 inverted 
confocal microscope. MitoSOX Red mitochondrial superoxide 
indicator signal was measured at excitation/emission wavelength 
of 510/580  nm, and MitoTracker Green was detected using an 
excitation/emission wavelength of 488/516  nm. Wells without 
dyes were tested for MitoSOX Red and MitoTracker Green sig-
nals, respectively, as background signals. Nuclear blue was used to 
stain the nucleus. Equivalent experiments were performed using 
a fluorescent plate reader (POLARstar OMEGA) for quantifica-
tion. After subtracting the background from the signal recorded 
in the presence of each dye, the ratio of MitoSOX Red signal 
over MitoTracker Green was used to determine the amount of 
mitochondrial ROS. The data are presented as fold change over 
control HLMVEC cells.

Mitochondrial stress assay
Mitochondrial stress in HLMVEC was assessed using the Sea-
horse XF96 analyzer. Low passage number HLMVECs were 
cultured in the XF96 well plate at a density of 7.0 × 103 cell per 
well in complete EBM-2 MV medium with or without GGA 
(30  µM) overnight. The sensor cartridge of a XF96 seahorse 
plate was hydrated overnight at 37°C in a non CO2 incubator. 
The following day, fresh seahorse assay medium was prepared 
with the addition of glucose (10 mM), pyruvate (1.0 mM), and 
l-glutamine (2 mM). The pH of the medium was adjusted to 7.4 
using NaOH. Cell confluency was assessed under light micros-
copy, and the plate was incubated in a non CO2 incubator for 
1 h. After calibration of the sensor cartridge, the XF96 plate was 
placed into the seahorse instrument and OCR measured as pmole 
per minute per cell. Analysis of mitochondrial function was made 
using changes in OCR in the presence of oligomycin (inhibits 
mitochondrial ATP synthase), and phenylhydrazone (FCCP, 
mitochondrial membrane potential) which were injected at final 
concentrations of 1.0 µM each. Lastly, antimycin A was injected at 
a final concentration of 0.5 µM to inhibit both complex I and III. 
After each injection, the Seahorse instrument measured OCR for 
three times at five time points. The average of three measurements 
was used for data analysis.

statistical analysis
Data are presented as means ±  SEM. Single comparisons were 
made using a Student’s t-test and multiple comparisons were made 
using one way ANOVA with an appropriate post hoc test (Tukey). 
p < 0.05 was considered a statistically significant difference.

resUlTs

hsp70 Protects hlMVecs From PlY-
induced Barrier Destruction
Pneumolysin has been well documented to disrupt barrier func-
tion in HLMVEC and increase endothelial permeability (12, 13, 
41, 42). To determine the effect of Hsp70 on barrier function, 
HLMVECs were transduced with adenoviruses encoding Hsp70 
(pAd Hsp70-GFP, 60MOI) or GFP (Control, 60MOI) overnight 
and then transferred to an ECIS plate. HLMVECs transduced 
with the Hsp70 adenovirus were significantly protected from 
PLY-induced barrier dysfunction as compared to control cells 
(Figure 1A). The protective effect of Hsp70 on barrier function 
was then confirmed using a distinct approach, the transwell per-
meability assay. HLMVECs transduced with pAd Hsp70-GFP or 
pAd-GFP were seeded into the upper compartments of transwell 
plates. FITC-dextran (70  kDa) was added to the medium in 
the upper compartments of test wells, the background wells 
remained without dextran and all were treated with PLY. FITC-
dextran flow through was measured in the lower compartments 
using a fluorescence capable plate reader (BMG POLARstar 
Omega). Consistent with the ECIS assay, HLMVEC expressing 
Hsp70 were protected from PLY-induced barrier destruction 
(Figure 1B, left panel). Expression of transgenes was confirmed 
using fluorescent microscopy and western blot (Figure 1B, right 
panel).

The Pharmacological inducer of hsp70 
expression, gga Protects hlMVecs From 
PlY-induced increases in Permeability
Geranylgeranylacetone (GGA) pharmacologically induces the 
upregulation of Hsp70 via actions on HSF1 to increase HSP70 
gene transcription (43). GGA exhibits low cellular toxicity 
and has been widely used in Japan for antiulcer therapy (44). 
HLMVECs treated with GGA overnight exhibited a dose-
dependent increase in baseline microvascular barrier electrical 
resistance (Figure 2A). In contrast, PLY induced an acute and 
pronounced decrease in HLMVEC resistance, reflecting severe 
barrier disruption. However, in cells cultured with GGA, there 
was a dose-dependent protective effect from PLY-induced hyper-
permeability (Figure 2B). Gram negative (G−) bacterial toxins 
can also be a significant cause of pneumonia and compromised 
endothelial barrier function. To assess whether Hsp70 protects 
against the G− bacterial toxin, LPS, HLMVEC were cultured in 
ECIS arrays and treated overnight with GGA (30 µM) or vehicle 
(DMSO). In control cells, exposure to LPS (1 µg/ml) resulted in 
a more gradual loss of barrier function that peaked at approxi-
mately 15  h. In HLMVEC pretreated with GGA, there was a 
significantly reduced ability of LPS to disrupt endothelial barrier 
function (Figure 2C).
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FigUre 1 | Hsp70 provides robust protection against pneumolysin (PLY)-induced EC barrier disruption. In panel (a) human lung microvascular endothelial cells 
were transduced with pAD-GFP (Control) or pAD-GFP-Hsp70 at 60MOI and 48 h later, cells were assessed for barrier function using transendothelial resistance as 
monitored by electric cell-substrate impedance sensing (ECIS) in the presence and absence of PLY (30 ng/ml). In panel (B) (left) HLMEC were grown in transwells 
and similarly transduced with GFP or GFP-Hsp70 and the flux of FITC-dextran (70 kDa) into the bottom chamber determined using a fluorescent plate reader. On 
the right (top panel) relative expression of the GFP-Hsp70 transgene relative to endogenous and (bottom panel) image showing the expression pattern of GFP in 
transduced cells. Data are shown as mean ± SEM (n = 3 wells for each treatment). *p < 0.05 versus control.
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PLY-induced EC dysfunction has been associated with its ability 
to upregulate ROS production (13). To determine the importance 
of ROS in mediating the loss of barrier function, we employed the 
superoxide inhibitor, tempol (TEM) in transwell assays. Consistent 
with previous findings, HLMVECs that were pretreated with GGA 
for overnight showed a robust decrease in dextran permeability in 
response to PLY (Figures 3A–B). Although transcellular dextran 
flux cannot be completely excluded, the decreased passage of both 
the 4- and 70-kDa FITC-dextran into the lower compartment 
reflects impaired endothelial monolayer integrity. Inhibition of 

superoxide with tempol also provided acute protection against 
PLY-induced barrier disruption (Figures  3A–B). GGA induced 
upregulation of Hsp70 provided more protection than that 
afforded by TEM.

gga Protects hlMVecs From PlY 
caused Mitochondrial Damage
Mitochondria are a major source of ROS production in endothelia 
cells. Given that Hsp70 and superoxide scavengers can protect 
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FigUre 2 | Acute pharmacological upregulation of Hsp70 protects against pneumolysin (PLY) and LPS-induced EC barrier disruption in vitro. In panel (a) human 
lung microvascular endothelial cells (HLMVEC) were plated in electric cell-substrate impedance sensing (ECIS) arrays, treated with the indicated concentrations of 
geranylgeranylacetone (GGA) and changes in barrier strength determined by ECIS over time. Data shown as mean ± SED (n = 4 wells for each treatment), *p < 0.05. 
In panel (B) HLMVEC were treated with the indicated concentrations of GGA overnight and then were treated with or without PLY (30 ng/ml) and barrier function 
determined by ECIS. Data are shown as mean ± SEM (n = 4 wells for each treatment). *p < 0.05 versus vehicle. In panel (c) HLMVEC were pretreated overnight 
with GGA (30 µM) and then exposed to LPS (1 µg/ml). Data shown as mean ± SEM (n = 4 wells for each treatment). *p < 0.05 versus vehicle (DMSO).
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FigUre 3 | Geranylgeranylacetone (GGA) and TEMPOL protect Human lung microvascular endothelial cell (HLMVEC) from pneumolysin (PLY)-induced barrier 
disruption. In panel (a) 70-kDa FITC-dextran permeability of HLMVEC pretreated with vehicle, GGA (30 µM) or tempol (TEM, 100 μM) then stimulated with PLY 
(50 ng/ml). *p < 0.05 versus control, #p < 0.05 versus PLY. Data shown as mean ± SEM (n = 3 wells for each treatment). (B) 4-kDa FITC-dextran permeability of 
HLMVEC pretreated with GGA (30 µM) or tempol (100 μM) then stimulated with PLY (50 ng/ml). *p < 0.05 versus control, #p < 0.05 versus PLY. Data shown as 
mean ± SEM (n = 3 wells for each treatment).
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HLMVECs from PLY-induced increases in permeability, we next 
investigated whether the barrier protection afforded by Hsp70 
might be mediated through changes in mitochondrial ROS 
production. HLMVECs were plated on glass bottom dishes, pre-
treated with 30 µM GGA for 24 h and then loaded with MitoSOX 
Red and MitoTracker Green. Serum-free medium containing 
50 ng/ml PLY or vehicle was added prior to measurement of ROS. 
Using MitoTracker Green to label mitochondria, we were able to 
identify that mitochondrial numbers were similar among groups, 
while red florescence, which represented the ROS produced in 
the mitochondrial compartment, was significantly increased in 

HLMVEC stimulated with PLY (Figures 4A,B). In cells that were 
pretreated with GGA, PLY-failed to stimulate mitochondrial ROS 
production and cells pretreated with Tempol also demonstrated 
an attenuation of PLY-stimulated mitochondrial ROS production.

We next assessed whether PLY alters mitochondrial function 
using the Seahorse extracellular flux analyzer. HLMVECs were 
pretreated with or without GGA to induce Hsp70 expression and 
then challenged with or without PLY. Basal rates of mitochon-
drial respiration were similar among groups (Figures  5A,B). 
The addition of oligomycin which inhibits ATP synthase 
(complex V) reduced oxygen consumption in all groups, but 
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FigUre 4 | Geranylgeranylacetone (GGA) protects against pneumolysin (PLY)-induced mitochondrial reactive oxygen species (ROS) production. In panel  
(a) representative confocal images of MitoSox red and MitoTracker green stained human lung microvascular endothelial cell reporting the degree of mitochondria 
localized ROS. In panel (B) analysis of fluorescent signal from MitoSox red normalized to MitoTracker green (n = 4 wells for each treatment). Data shown as 
mean ± SEM *p < 0.05 versus control, #p < 0.05 versus PLY.
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less so in cells that were treated with PLY (Figures 5A,B bottom 
left). This reflects a diminished ability of cells to use oxidative 
phosphorylation to generate ATP and the preservation of 
this ability in cells pretreated with GGA. The addition of the 
protonophore, FCCP [Carbonyl cyanide 4-(trifluoromethoxy) 
phenylhydrazone] collapses the proton gradient, disrupting 
the mitochondrial membrane potential, and drives maximal 

oxygen consumption (complex IV). Maximal respiration rates 
were decreased in HLMVEC exposed to PLY compared to con-
trol and significantly preserved in cells pretreated with GGA 
(Figure  5B, bottom right). Collectively, these data indicate 
that PLY compromises mitochondrial respiration and that 
upregulation of Hsp70 protects against the PLY-induced loss 
of function.
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FigUre 5 | Geranylgeranylacetone (GGA) protects human lung microvascular endothelial cells from pneumolysin (PLY)-induced mitochondrial dysfunction. (a) XF96 
seahorse Mito stress assay profile with arrows showing the time of injections of oligomycin, carbonyl cyanide p-trifluoromethoxy-phenylhydrazone (FCCP), and 
antimycin A. Data are represented as mean ± SEM (n = 5 for each treatment). (B) Mitochondria function data were generated using the XF96 seahorse Mito stress 
assay. Basal respiration OCR (OCR before adding oligomycin-OCR and after adding antimycin A). Non-mitochondrial respiration OCR (stressed OCR after adding 
antimycin A). ATP generation OCR (basal respiration OCR after adding oligomycin). Maximum respiration OCR (stressed OCR after adding FCCP-stressed OCR after 
adding antimycin A). Data are shown as mean ± SEM. *p < 0.05 versus control, #p < 0.05 versus PLY.
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gga Protects hlMVecs From  
PlY-induced cell Death
Hsp70 is an established cytoprotective factor that can reduce cell 
death (45, 46). We next assessed whether Hsp70 upregulation 

decreases cell death in response to PLY. HLMVECs were 
challenged with PLY and cell viability assessed by Muse flow 
cytometer. PLY (50 ng/ml) resulted in a significant decrease in 
cell viability (Figure 6A), which was significantly higher in cells 
pretreated with GGA (30 µM). To assess whether GGA impacts 
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FigUre 6 | Geranylgeranylacetone (GGA) protects against pneumolysin (PLY)-induced Human lung microvascular endothelial cells (HLMVEC) apoptosis. In panel 
(a) HLMVEC were pretreated 6 h with GGA (30 µM) and then challenged with PLY (50 ng/ml) for 4 h and cell viability determined (MUSE flow cytometry). Data are 
shown as mean ± SEM, *p < 0.05 versus control, #p < 0.05 versus PLY. In panel (B) HLMVEC were challenged pretreated with vehicle or GGA (30 µM, 6 h) and 
then challenged with PLY (50 ng/ml) for 4 h. Cells were lysed and the level of cleaved caspase 3 was determined by western blot (n = 3). (c) HLMVECs were 
pretreated with vehicle or GGA overnight and then challenged with PLY (50 ng/ml) for 4 h. Cells were lysed and NOX1 levels determined by western blot. (D) HLMVECs 
were pretreated with vehicle or GGA (30 µM, 6 h) and then challenged with PLY (50 ng/ml) for 4 h. Cells were lysed and levels of phosphorylated (P-) NF-κB p65 were 
determined by western blot.
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PLY-induced apoptosis, we evaluated the expression levels of 
cleaved caspase 3, a commonly used marker of apoptosis in 
HLMVEC. PLY increased the expression of cleaved caspase 3, an 
effect that was decreased in cells pretreated with GGA. Neither 
PLY nor GGA treatment altered the expression levels of total 
caspase 3 or the loading control, Hsp90 (Figure 6B). Apoptosis 
can be triggered by both cytosolic ROS and mtROS. MitoSOX 
assays revealed less mtROS and decreased NOX1 protein 
expression in HLMVEC treated with GGA (Figure 6C). Given 
that mitochondrial, and mtROS can both increase inflammatory 
signaling, we assessed phosphorylated-NF-κB p65 (Ser536) lev-
els in HLMVEC treated with 50 ng/ml PLY with or without GGA. 
NF-κB p65 phosphorylation was decreased with GGA treatment 
(Figure 6D).

gga Protects Mice From PlY-induced ali
To assess the translational relevance of Hsp70 upregulation in 
a model of ALI, mice were administered GGA (500 mg/kg IP) 
or vehicle overnight and then challenged with IT PLY (60 ng). 
Endothelial barrier integrity was assessed by EBD extravasation. 
A single dose of GGA significantly increased Hsp70 protein 
expression in lung tissues relative to the loading control, GADPH 
(Figure 7A). Neither vehicle nor GGA alone influenced baseline 
levels of EBD in lung tissue, however, in vehicle treated mice, PLY 
administration evoked a significant increase in pulmonary vas-
cular permeability and extravascular leak of EBD. Pretreatment 
with GGA significantly blunted the ability of PLY to induce EBD 
extravasation into the lungs consistent with greater preservation 
of the pulmonary endothelial barrier (Figure 7B).
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FigUre 7 | Geranylgeranylacetone (GGA) provides protection against pneumolysin (PLY)-induced vascular leak in vivo. Mice were administered vehicle (10% 
ethanol, IP) or GGA (500 ng/kg, IP) and, 24 h later, were challenged with IT PLY 60 ng/mouse. Evans blue dye-albumin (EBD, 30 mg/kg-2 h) was injected IV via the 
tail vein 2 h before the administration of PLY to assess pulmonary vascular leak (n = 5–6). After the mice were sacrificed, lung tissue was lysed and the levels of 
Hsp70 and GAPDH were determined by Western blot (a), and then the levels of EBD in lung tissue were determined spectrophotometrically at 620–750 nm (B). 
Data are shown as mean ± SEM, *p < 0.05 versus control, #p < 0.05 versus PLY.
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DiscUssiOn

Herein, we show that genetic and pharmacological upregulation 
of Hsp70 provides robust protection from bacterial toxin-induced 
destruction of the endothelial barrier both in vitro and in vivo. 
Increased Hsp70 expression, achieved through adenovirus-
mediated gene transfer or activation of HSF with GGA, protected 
the integrity of the pulmonary microvascular endothelial bar-
rier following challenge with both G+ and G− bacterial toxins. 
The G+-toxin PLY promoted increased mitochondrial ROS, 
decreased mitochondrial function, increased caspase C cleavage, 
and increased cell death, effects that were mitigated by GGA 
treatment. In mice, GGA upregulated pulmonary Hsp70 expres-
sion and provided significant protection from PLY-induced pul-
monary microvascular permeability. Collectively, these results 
suggest that Hsp70 can protect against bacterial toxin-induced 
increases in mitochondrial ROS which contribute to the loss of 
pulmonary endothelial barrier integrity.

Pneumolysin and other cholesterol-dependent pore-forming 
cytolysins from G+-bacteria such as listeriolysin O have been 
shown to form plasma membrane pores that stimulate calcium 
entry and promote disruption of the endothelial barrier (12, 13, 
41, 42, 47). Multiple mechanisms have been proposed, including 
activation of PKC, disruption of NO signaling, arginase induc-
tion, and inhibition of ENaC. A connecting theme between these 
mechanisms is the ability of G+ toxins to increase ROS, but the 
sources of superoxide appear to be multifactorial and are incom-
pletely defined (13). PLY has been shown to induce cell death and 
inflammation in the lung (48) and, in conjunction with elevated 

ROS it has been shown to promote cell death and apoptosis in 
multiple cell types including cardiomyocytes (49) epithelial cells 
(49–51), neurons (15, 52) and cerebral endothelial cells (53), and 
human umbilical vein endothelial cells (49). The ability of PLY to 
induce cell death in lung microvascular endothelial cells has not 
previously been described. Using MitoSOX red, we observed that 
PLY-stimulated ROS in the mitochondria of HLMVEC. An increase 
in ROS occurred alongside compromised mitochondrial function 
and increased cell death. Whether the increase in mitochondrial 
ROS contributes to PLY-induced cell death is not yet established.

Hsp70 belongs to large family (>13 members) of related 70 kDa 
Hsp that are both ubiquitous and highly conserved (54). Hsp70 
family members share a similar structural organization composed 
of three basic domains: an N-terminal domain that encodes a 
highly conserved ATP-binding site, the M or middle domain binds 
which binds to numerous substrates, and the C-terminal domain 
facilitates protein folding and the binding of co-chaperones. Some 
of the Hsp70 genes are constitutively expressed and others are 
inducible in response to various stressors including increased 
heat (55), ROS (56), osmolarity (57), and toxins (58) to name a 
select few. The most abundant Hsp70s are HspA1A (Hsp70-1) and 
HspA1B (Hsp70-2). To simplify, we will use Hsp70 when referring 
to HspA1A. Hsp70 is found in the cytoplasm, nucleus, mitochon-
dria, cell membranes, and in the extracellular space (59). Hsp70 
influences many aspects of cellular function including binding 
to nascent proteins, preventing protein aggregation, facilitating 
protein folding and stability, and regulating protein activity. The 
upregulation of Hsp70 in response to cell stress provides a sur-
vival advantage (46, 60). Hsp70 has been shown to influence cell 
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survival via multiple mechanisms (45, 60, 61), which may differ 
based on the cell type and stimulus. We found that upregulation of 
Hsp70 provided protection against PLY-induced ROS, mitochon-
drial dysfunction and ultimately caspase 3 cleavage and cell death. 
Cell death is an important mechanism underlying ALI (62) and 
the ability of Hsp70 to provide cell survival may underlie is ability 
to preserve barrier integrity. While our studies focused primarily 
on the role of G+ toxins, we also showed that Hsp70 upregulation 
can protect against the loss of barrier function induced by LPS. 
These data are consistent with other studies in which upregulation 
of a distinct Hsp70 family member, HspA12B, protects against the 
loss of barrier function in HUVECs (63). Hsp70 has also been 
shown to protect against hyperoxia-stimulated loss of endothelial 
barrier function (39).

Another important finding of our study was the ability of 
Hsp70 to suppress the production of ROS. Previously, we have 
shown that upregulation of Hsp70 inhibits the activity of the 
NADPH oxidases which are the major sources of cellular ROS 
(35, 64). In this study, we show that Hsp70 suppressed NOX1 
expression which is consistent with our previous findings and 
protects against PLY-stimulated mitochondria ROS. How Hsp70 
reduces mitochondrial ROS production in HLMVEC is not yet 
fully understood and evidence in the literature in other cell types 
suggest that multiple mechanisms are involved. PLY opens pores 
in the plasma membrane leading to a pronounced calcium influx 
that can impair mitochondrial coupling and promote superoxide 
formation. Within the inner membrane of mitochondria is an ATP 
sensitive potassium channel (mitoKATP) that can be activated 
by ATP deprivation and calcium overload. Studies have shown 
that GGA and Hsp70 reduce mitoROS in cardiomyocytes and 
protect from ischemia reperfusion injury. The protective effect 
of increased Hsp70 expression is abolished with the mitoKATP 
inhibitor, 5-hydroxydecanoate, which does not alter Hsp70 
expression. These data suggest that Hsp70 reduces mitoROS 
accumulation by facilitating the opening of the mitoKATP chan-
nel. NADPH derived ROS have been shown to promote oxidative 
damage of mitochondrial proteins in particularly, complex I and 
complex II, which results in increased mitoROS production (20). 
Increased mitoROS can activate NADPH oxidase locking both 
enzymes into a feed forward relationship (20–22). The upregula-
tion of Hsp70 in HLMVEC would be expected to break this vicious 
cycle between mtROS and NADPH oxidase through actions on 
both pathways. Hsp70 has also been shown to attenuate oxidative 
phosphorylation (65) which may reduce mitoROS generation. 
Hsp70 can also impair mitochondrial proteostasis (66) which may 
compromise local antioxidant (SOD2) pathways or improve the 
function of enzymes in the electron transport chain. Hsp70 has 
also been shown to inhibit NADPH oxidase activity (35) which 
can secondarily impact mitoROS. Finally, increased expression of 
Hsp70 has been shown to upregulate Akt-eNOS activity and the 
resulting increase in NO could indirectly suppress mitochondrial 
ROS by quenching superoxide (67).

Others have shown that Hsp70 can protect against cell death 
by mechanisms upstream of the mitochondria and by suppressing 
the ability of ROS (H2O2) to induce mitochondrial dysfunction 
(68, 69). There is little Hsp70 (1A1) in the mitochondria of 
normal cells; however, tumor cells have significantly increased 

amounts which provide a survival advantage. Depletion of Hsp70 
in tumor cells disrupts mitochondria function and increases cell 
death (70). There is also a constitutive mitochondrial isoform of 
Hsp70 (HspA9 or motalin) which has important roles in protein 
translocation and although it is not induced by stress, it has also 
been shown to be important for cell survival (71). In our study, 
we upregulated Hsp70 using GGA and using adenoviral medi-
ated gene transfer of a specific Hsp70 (HspA1A). How Hsp70 
traffics to the mitochondria is not completely understood. Hsp70 
can interact with lipids and in particular cardiolipin which is 
localized to the mitochondria (72). In addition to actions on 
Nox enzymes and the mitochondria, Hsp70 upregulation is also 
associated with reduced inflammation and the upregulation of 
antioxidant pathways (73). Inhibition of mitochondrial com-
plexes I, II, and III has been shown to protect cardiomyocytes 
from hypoxia induced injury by reducing p38 phosphorylation 
as well as inflammatory signaling (74). Interestingly, blockade of 
ROS diffusion in the mitochondria using anion inhibitors also 
protects cardiomyocytes (74), which suggests an important role 
of mtROS in the initiation of inflammation during conditions of 
cellular stress. As the pulmonary inflammatory response can be 
very different in young versus elderly patients (28), future stud-
ies may want to compare the protective effects of Hsp70 in both 
young and aged animal models of PLY-induced ALI. Previously, 
we and others have shown that increased intracellular calcium is 
important in mediating the loss of endothelial barrier function 
in response to PLY (13, 75). Whether Hsp70 upregulation alters 
calcium-dynamics in HLMVEC is not yet known. Recent studies 
have revealed that PLY can activate TLR4 (76, 77) which is also 
the primary target of LPS. However, the kinetics of the loss of 
barrier function induced by PLY and LPS are quite different sug-
gesting different mechanisms and furthermore, Hsp70 has been 
shown to both support and stimulate TLR4 signaling (78).

Hsp90 inhibitors have been shown to protect the endothelial 
barrier from G− bacterial toxins and are potent anti-inflammatory 
agents (79, 80). However, Hsp90 inhibitors also upregulate Hsp70 
and the prosurvival actions of Hsp70 limit the effectiveness of these 
agents in anticancer strategies (81). In acute settings, whether the 
effectiveness of Hsp90 inhibitors relates to their ability to upregulate 
Hsp70 remains to be determined. Hsp70 has been shown to be 
released into the extracellular space through a yet to be identified 
mechanism. Increased circulating Hsp70 levels reflect heightened 
inflammation and poor outcome and autoantibodies against Hsp70 
have been observed in a number of diseases (59). Although, upregu-
lation of Hsp70 may promote cell survival and potentially increase 
extracellular Hsp70, the negative effects of long-term upregulation 
appear to be minor. GGA is approved for use as an antiulcer medica-
tion in Japan and appears to have low toxicity. Any potential risks are 
expected to be lower in the short-term treatment of ALI.

In conclusion, our study reveals that Hsp70 upregulation is a 
rapid and potent modality to protect the pulmonary endothelial 
barrier from the G+ bacterial toxin, PLY. Attractive features of 
this approach include the ability to rapidly upregulate Hsp70 
with pharmacological agents and a broad spectrum of protection 
against both G+ toxins, G− toxins and hyperoxia. Hsp70 also 
targets multiple pathways including mitochondrial function, 
ROS production, and cell death which are key mechanisms that 
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underlie the loss of endothelial barrier integrity. Upregulation of 
Hsp70 may be of high clinical significance in the management of 
ARDS/ALI-related pulmonary barrier dysfunction.
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In order to limit the adverse effects of excessive inflammation, anti-inflammatory

responses are stimulated at an early stage of an infection, but during sepsis these

can lead to deactivation of immune cells including monocytes. In addition, there is

emerging evidence that the up-regulation of mitochondrial quality control mechanisms,

including mitochondrial biogenesis and mitophagy, is important during the recovery

from sepsis and inflammation. We aimed to describe the relationship between the

compensatory immune and mitochondrial responses that are triggered following

exposure to an inflammatory stimulus in human monocytic cells. Incubation with

lipopolysaccharide resulted in a change in the immune phenotype of THP-1 cells

consistent with the induction of endotoxin tolerance, similar to that seen in deactivated

septic monocytes. After exposure to LPS there was also early evidence of oxidative

stress, which resolved in association with the induction of antioxidant defenses and the

stimulation of mitochondrial degradation through mitophagy. This was compensated by

a parallel up-regulation of mitochondrial biogenesis that resulted in an overall increase

in mitochondrial respiratory activity. These observations improve our understanding of

the normal homeostatic responses that limit the adverse cellular effects of unregulated

inflammation, and which may become ineffective when an infection causes sepsis.

Keywords: inflammation, endotoxin tolerance, mitochondria, mtDNA, mitophagy, mitochondrial biogenesis,

antioxidants

INTRODUCTION

During sepsis an infection triggers a systemic inflammatory response, leading to organ dysfunction,
shock and a significant risk of mortality (1). The clinical outcome of sepsis appears to be determined
by the initial host inflammatory response to the infection and the subsequent compensatory
mechanisms leading to the resolution of this inflammation (2). The dysregulation of any of
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these processes may result in complications. In particular,
an excessive or prolonged immune deactivation phase later
in the sepsis illness leads to a vulnerability to nosocomial
infections and increased mortality (3). Deactivation of blood
monocytes, key innate immune cells, appears to be particularly
important during this sepsis-induced immune deactivation
but the mechanisms underlying this process are not well
understood (4–6).

There is increasing evidence that impaired cellular respiration
due to mitochondrial dysfunction during sepsis is associated with
adverse clinical outcomes and may lead to impaired monocyte
functions (7–9). Mitochondria are organelles with several
critical cellular functions, particularly the generation of cellular
energy at five enzyme complexes on the inner mitochondrial
membrane during oxidative phosphorylation (OXPHOS) (10).
The majority of mitochondrial constituents are encoded on
the nuclear genome but mitochondria also contain circular
mitochondrial DNA (mtDNA) with genes encoding 13 essential
OXPHOS complex subunits (11). During sepsis mitochondria
may become damaged or dysfunctional, leading to mtDNA
depletion, impaired cellular respiration, and cell death (12, 13).
The persistent presence of dysfunctional mitochondria can also
lead to oxidative stress, as mitochondria are the main source
of reactive oxygen species through the leakage of electrons
during OXPHOS, and act as a potent stimulus for ongoing
inflammation (14, 15).

The adverse effects of inflammation on mitochondria
can be abrogated by several mechanisms. These include the
induction of anti-inflammatory responses and antioxidant
defenses, maintenance of mitochondrial integrity through the
selective removal of dysfunctional mitochondria (mitophagy),
and the generation of new organelles to replace them
(mitochondrial biogenesis) (16, 17). However, the integration
of these compensatory responses, and the interaction between
mitochondria and immunity in monocytic cells following an
inflammatory insult, are not well understood. In order to study
these processes we assessed mitochondrial functions, biogenesis,
and mitophagy in a time course model of endotoxin tolerance,
a process whereby repeated exposure to lipopolysaccharide
(LPS) from Gram negative bacteria leads to a change in
immune phenotype similar to that seen in deactivated blood
monocytes (18).

Here we show that there is a reversible induction of
antioxidant defenses, mitophagy, and mitochondrial biogenesis
in THP-1 cells rendered endotoxin tolerant following exposure
to LPS, leading to a maintenance of cellular viability and
respiration. These findings suggest that these processes are
vital to cellular recovery following an inflammatory insult
and that dysregulation of these compensatory mechanisms
may contribute to adverse outcomes when an infection causes
sepsis.

MATERIAL AND METHODS

THP-1 Cell Culture and Reagents
All reagents were obtained from ThermoFisher Scientific
(Waltham, MA, USA) unless otherwise stated. THP-1 cells

(ATCC R©TIB-202TM) were kindly provided by Dr John Taylor’s
laboratory, Newcastle University. The cells were maintained
at a concentration of < 1 × 106 cells/ml in RPMI 1640
medium supplemented with 10% fetal calf serum (FCS) and
contaminationwithMycoplasmawas periodically excluded. In all
experiments 1× 106 THP-1 cells were incubated in 25 cm3 tissue
flasks containing 5ml growth medium to which LPS (100 ng/ml)
from Escherichia coli O26/B6 (Sigma-Aldrich, St Louis, MO,
USA) was added either 72 (t = 0 h), 48 (t = 24 h), 24 (t = 48 h),
6 (t = 66 h), or 2 (t = 70 h) h prior to the end of a 72 h pre-
incubation period. After this pre-incubation the THP-1 cells
were then pelleted, washed with PBS and re-suspended in fresh
medium before comparing immune andmitochondrial functions
to those in control cells pre-incubated for the previous 72 h in
growth medium without LPS. The dose of LPS used in this model
was selected on the basis of dose-finding experiments assessing
the optimal induction of endotoxin tolerance (Figure 1A).
E. coli O26/B6 LPS was chosen as we and others have shown
inhalation to produce reproducible inflammation in human
volunteers (19, 20).

Monocyte Isolation and Culture
Whole blood was obtained from 5 healthy volunteers
(ethical approval was obtained from the relevant Research
Ethics Committee and all volunteers provided informed,
written consent). Human peripheral blood mononuclear
cells (PBMCs) were extracted from the whole blood using
dextran (Pharmacosmos, Holbaek, Denmark) sedimentation
and Percoll (GE Healthcare Biosciences, Little Charlfort,
UK) density-gradient centrifugation (21). Using the MACS
Monocyte Isolation Kit II, MS columns and the Mini-
MACS Separator (all Miltenyi Biotec, Auburn, CA, USA)
monocytes were isolated from the PBMC fraction by negative
selection. The purity of isolated monocytes was confirmed
at >95% using morphological assessment following cytospin
with Giemsa staining. The monocytes were re-suspended
in IMDM medium supplemented with 10% autologous
human serum and cultured with or without 10 ng/ml
LPS for 24 h before measuring immune and mitochondrial
functions.

Detection of Cytokine Production
2.5 × 105 THP-1 cells or 1 × 105 monocytes in 500 µl growth
medium per well were seeded onto a 24 well plate (Grenier
Bio-one, Stonehouse, UK) and incubated for 4 h at 37◦C ±

LPS (100 ng/ml for THP-1 cells and 10 ng/ml for monocytes).
Subsequently, the release of TNFα and IL-8 in supernatant
samples was measured by enzyme-linked immunosorbent assay
(ELISA) using Novex R© Human Antibody Pair kits and following
the manufacturer’s protocol.

THP-1 Cell Viability
Cell viability was assessed by measuring the proportion of THP-
1 cells able to exclude propidium iodide (0.5µg/ml) using the
FACSCanto II flow cytometer (Becton Dickinson Biosciences,
Franklin Lakes, NJ, USA).
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FIGURE 1 | Pre-incubation of THP-1 cells with LPS results in a change in immune phenotype consistent with endotoxin tolerance. THP-1 cells were pre-incubated

with LPS (100 ng/ml) for 0–72 h and the ability to respond to a second inflammatory stimulus was then determined. (A) THP-1 cells were pre-incubated with 1, 10, or

100 ng/ml LPS for 24 h before measuring release of TNFα during a further 4-h exposure to a second stimulus of 10 or 100 ng/ml LPS by ELISA. (B)The release of

pro-inflammatory TNFα and IL-8 in response to a second exposure to LPS (100 ng/ml) was measured by ELISA (n = 6). (C) Phagocytosis of fluorescein-labeled

(Continued)
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FIGURE 1 | Escherichia coli (E.coli) in 1 h was measured by flow cytometry (n = 4). (D) Cell viability was determined by measuring the proportion of cells excluding

propidium iodide following incubation with LPS (100 ng/ml) for 0–72 h (n = 4). (E) THP-1 cells were incubated with LPS (100 ng/ml) for 0–72 h before measuring

macrophage differentiation in comparison to a positive control of cells treated with 10 nM PMA for 72 h. Representative images of THP-1 cell morphology on inversion

light microscope at 40x magnifications. (F) THP-1 cell adherence to a 6 well plate was determined by cell counts before and after removal of adherent cells using a cell

scraper (n = 3). (G) Flow cytometry was used to determine the relative signal intensity for the expression of the markers of macrophage differentiation CD14, CD36,

and CD206 compared to the mean in the medium control (n = 3) (H) Representative histograms indicating the level of cell surface CD14 expression measured by flow

cytometry. (I) Extracellular acidification rate with and without olygomycin following exposure to LPS (100 ng/ml) for 0–72 h as determined using the Seahorse XF96e

extracellular flux analyser (n = 5). All data are presented as mean ± standard deviation with the values in panel a expressed as relative cytokine release compared to

the mean in the medium control; *p < 0.05, **p < 0.01, ***p < 0.001.

Assessment of Differentiation of THP-1

Cells to Macrophage-Like Cells
A qualitative assessment of THP-1 cell morphology was carried
out by imaging a minimum of 100 cells in three separate wells
on a 6 well plate using a DMI3000 B inversion microscope
(Leica, Heidelberg, Germany). The adherence of THP-1 cells
to a 6 well plate after 72 h incubation was assessed by cell
counts before and after detaching any adherent cells using
a cell scraper. Furthermore, the expression of macrophage
differentiation markers CD14 (CD14-PECy7, 561385, Becton
Dickinson Biosciences), CD36 (CD36-PE, 336206, BioLegend,
San Diego, CA, USA), and CD206 (CD206-PE, 321106,
BioLegend) on the surface of THP-1 cells was measured
using the BD FACSCanto-II flow cytometer (Becton Dickinson
Biosciences). As a positive control THP-1 cells were differentiated
intomacrophage-like cells by incubation with 10 nMphorbol-12-
myristate 13-acetate (PMA) for 72 h (22).

MtDNA Sequencing and Bioinformatic

Analysis
This process was carried out as previously described by our group
(23). Firstly, mtDNA was enriched using long-range polymerase
chain reaction. In order to prevent contamination with nuclear-
mitochondrial sequences, amplicons were polymerised using
PrimeSTAR GXL DNA polymerase (error rate = 0.00108%,
Takara Bio, Saint-Germain-en-Laye, France) in two overlapping
fragments, using primer set-1: CCC TCT CTC CTA CTC
CTG-F (m.6222–6239) and CAG GTG GTC AAG TAT TTA
TGG–R (m.16133–16153), and set-2: CAT CTT GCC CTT
CAT TAT TGC–F (m.15295–15315) and GGC AGG ATA GTT
CAG ACG-R (7773–7791). Primer efficiency and specificity
was assessed as successful after no amplification of DNA from
ρ0 cell lines lacking mtDNA. Amplified products and DNA
positive/negative controls were assessed by gel electrophoresis,
and quantified using a Qubit 2.0 fluorimeter. Each amplicon
was individually purified using Agencourt AMPure XP beads
(Beckman-Coulter, USA), pooled in equimolar concentrations
and re-quantified. For the mtDNA sequencing pooled amplicons
were “tagmented,” amplified, cleaned, normalized, and pooled
into 48 sample multiplexes using the Illumina Nextera XT DNA
sample preparation kit (Illumina, CA, USA). The multiplex
pools were sequenced using MiSeq Reagent Kit v3.0 (Illumina,
CA, USA) in paired-end, 250 bp reads. Post run data, limited
to reads with QV ≥ 30, were exported for analysis. Post-
run FASTQ files were analyzed using an in-house developed

bioinformatic pipeline. Reads were aligned to the revised
Cambridge reference sequence (NC_012920) using BWA v0.7.10,
invoking–mem (24). Aligned reads were sorted and indexed
using Samtools v0.1.18 (25), duplicate reads were removed using
Picard v1.85 (http://broadinstitute.github.io/picard/). Variant
calling (including somatic calling) was performed in tandem
using VarScan v2.3.8 (26, 27) (minimum depth = 1,500,
supporting reads = 10, base-quality (BQ) ≥ 30, mapping quality
(MQ) ≥ 20 and variant threshold = 1.0%), and LoFreq v0.6.1
(28). Concordance calling between VarScan and LoFreq was
>99.5%. Concordant variants were annotated using ANNOVAR
v529 (29) In-house Perl scripts were used to extract base/read
quality data and coverage data.

Assessment of Mitochondrial Mass and

Respiratory Chain Enzyme Activity
The uptake of 2.5µM nonyl acridine orange (NAO, a dye that
localizes to cardiolipin on the mitochondrial inner membrane)
by THP-1 cells over 30min was determined by measuring
fluorescence (excitation wavelength 488 nm, bandpass filter
530/30 nm) using the FACSCanto-II flow cytometer (30). As a
positive control mitochondrial mass was increased in THP-1 cells
by pre-incubation for 72 h in DMEM supplemented with 5mM
galactose and lacking glucose (31).

Citrate synthase is a nuclear DNA-encoded enzyme that
catalyzes the initial reaction in the citric acid cycle in the
mitochondrial matrix and provides a quantitative marker
of cellular mitochondrial content (32). A spectrophotometric
assessment of the activity of citrate synthase on THP-1 cell
homogenate was carried out as previously described using the
MultiSkan Ascent plate reader (33). Complex IV activity was
determined by the rate of oxidation of reduced cytochrome C
using the Complex IV Human Specific Microplate Assay Kit
(Abcam Danvers, MA, USA).

Phagocytosis of Fluorescein-Labeled

Escherichia coli
Serum-opsonised fluorescein-labeled Escherichia coli K-12 strain
were incubated with THP-1 cells at a multiplicity of infection of
10:1 for 1 h at 37◦C. After washing and quenching extracellular
fluorescence through the addition of 0.1% trypan blue (Sigma-
Aldrich), the proportion of cells internalizing bacteria was then
measured using the FACSCanto II flow cytometer (Becton
Dickinson Biosciences, Franklin Lakes, NJ, USA).
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Mitochondrial Bioenergetics Assessment
Mitochondrial membrane potential was measured following
incubation with 5µM JC-1 (T3168) for 30min the red
(excitation wavelength 561 nm, bandpass filter 186/15 nm) and
green (488 nm, 530/30 nm) fluorescence using the LSRFortessa
X20 flow cytometer (Becton Dickinson Biosciences). As a
positive control cells were pre-treated for 10min with 100 nM
valinomycin, a potassium-selective ionophore that dissipates the
mitochondrial membrane potential (34). The production of ROS
was determined by measuring the oxidation of 1µM DCF-DA
(D399). After 30min the fluorescence (absorption wavelength
488 nm, band pass filter 530/30 nm) was measured on the BD
FACSCanto-II flow cytometer (35). As a positive control cells
were treated with 100µM hydrogen peroxide.

Mitochondrial respiration and Extracellular acidification rate
(ECAR) was determined using the Seahorse XF96e Extracellular
Flux analyser (both Seahorse Biosciences, Chickopee, MA, USA)
as previously described (36). 0.8 × 105 THP-1 cells were seeded
in 175 µl of an assay medium per well, consisting of MEM
supplemented with 11.1mM D-Glucose and 2mM L-Glutamine
and adjusted to pH 7.0. Oxygen consumption rate (OCR) was
measured at baseline and following the sequential addition of
1µM oligomycin (a complex V inhibitor), 0.5µM then 1µM
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (fCCP,
an electron transport chain uncoupler) and finally 1µMrotenone
(a complex III inhibitor) plus 1µM antimycin A (a complex I
inhibitor). During each of the four stages of the assessment the
OCR was measured in 16 wells per condition at 3 different time
points. All OCR data were normalized to the total protein per
well, which was determined using the Bradford assay.

Nucleic Acids Extraction and

Quantification by Real Time PCR
For the determination of mtDNA copy number total DNA was
extracted from cell pellets using the DNeasy blood and tissue kit
(Qiagen, Valencia, CA, USA). The relative mtDNA copy number
was determined by comparing the level of the mtDNA-encoded
MT-ND1 gene (primers: F - ACGCCATAAAACTCTTCACC
AAAG, R - GGGTTCATAGTAGAAGAGCGATGG) to that of
the nuclear reference gene B2M (primers: F - CACTGAAAAAG
ATGAGTATGCC, R - AACATTCCCTGACAATCCC) by real-
time quantitative polymerase chain reaction (qPCR) using the
SYBR R© Green technique and the MyiQTM PCR machine (both
BioRad, Hercules, CA, USA) (37).

In the quantification of mRNA levels, RNA was extracted
from pellets of 4 × 106 THP-1 cells using the RNeasy
mini kit (Qiagen) and single-stranded complementary DNA
(cDNA) was synthesized using the High Capacity cDNA Reverse
Transcription Kit. Following this the relative transcription
of specific genes was determined by RTqPCR using the
Taqman R© Gene Expression Assay (β-ACTIN-Hs01060665_g1,
GAPDH–Hs02758991_g1, HMOX1–Hs01110250_m1, SOD2–
Hs00167309_m1) and the 7500 Fast Real Time PCR System. The
relative amount of cDNA for each specific target was determined
by comparison with the control housekeeping genes ACTB and
GAPDH using the 1Ct method.

Western Blot
THP-1 cells were lysed using a lysis buffer containing 1% Triton
X and the protease inhibitor phenylmethanesulfonyl fluoride
(1mM) (both Sigma-Aldrich) and the protein concentration
in the lysates determined by Bradford assay. Equal amounts
of protein were separated on the basis of size by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), transferred onto polyvinylidene fluoride membranes
and blotted with different antibodies, assessing the signal
intensity after addition of an enhanced chemiluminescent
substrate using the MultiSpectral Imaging System (UVP,
Upland, CA, USA). The following antibodies were used;
anti-mouse Ig-HRP (0260) and anti-rabbit-HRP (0448) from
Dako (Cambridge, UK), β-actin (mouse, ab8226) and SOD2
(rabbit, ab13533) from Abcam (Danvers, MA, USA), LC3-
I/II (rabbit, CS54995) from Cell Signalling (Beverley, MA,
USA), Mitoprofile R© Total OXPHOS antibody cocktail (mouse,
MS604) from MitoSciences (Eugene, OR, USA) and TFAM
(mouse, NBP1-71648) from Novus Biological (Cambridge,
UK).

Measurement of Autophagy by Detection

of LC3-II by Western Blot–
Following a 2 h incubation in the presence or absence
of 10µM chloroquine (an inhibitor of autophagosome
degradation) protein was extracted from THP-
1 cells and the amount of LC3-II relative to the
housekeeping protein β-actin was determined by Western
blot.

Confocal Microscopy to Assess Mitophagy
Serum-starved THP-1 cells incubated in RPMI 1640 medium
without FCS for 2 h were used as a positive control for the
induction of mitophagy and treatment with 5 nM bafilomycin
A1 for 2 h was used to prevent autophagosome turnover.
The THP-1 cells were adhered to slides by cytospin, fixed
using 4% paraformaldehyde, permeabilised using 0.1% Triton
X, and blocked to prevent non-specific antibody binding using
2% bovine serum albumin. The slides were then incubated
with the primary antibodies (OXPHOS complex II–mouse,
459200, ThermoFisher Scientific; LC3-II–rabbit, CS54995, Cell
signaling) for 16 h at 4◦C, washed and incubated with
fluorochrome-conjugated secondary antibodies (anti-mouse
IgG-Oregon Green–O6380, anti-rabbit IgG-Alexa Fluor 568–
A11011) and the nuclear dye DAPI (D3571) for a further
2 h at room temperature. Co-localisation of LC3-II and
mitochondrial complex II was determined using the SB2 UV
confocal microscope and the X63 HCX PL APO lens (both
Leica, Heidelberg, Germany). Each experimental condition was
assessed in triplicate with images taken for a minimum of 100
cells over 3 separate fields of view for each slide. The images
were analyzed using Volocity software (PerkinElmer, Waltham,
MA, USA). Co-localisation of mitochondrial complex II and
LC3-II was assessed using the Mander’s M1 co-localisation co-
efficient (38).
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STATISTICAL ANALYSIS

All experiments were carried out on a minimum of three
biological replicates. The Shapiro-Wilk test was used to
determine the normality of the data. Normally distributed data
are presented as mean ± standard deviation, and were analyzed
using one-way analysis of variance (ANOVA) with Dunnett’s
post-hoc analysis or independent t-tests. Non-normal data are
presented as median and interquartile range and were analyzed
using the Kruskal-Wallis analysis of variance with Dunn’s post-
hoc analysis. A p-value of <0.05 was defined as the threshold for
statistical significance.

RESULTS

Pre-incubation With LPS Produces an

Endotoxin Tolerance Phenotype in THP-1

Cells
After an initial exposure to LPS (100 ng/ml) for 0–72 h the
ability of THP-1 cells to respond to a second inflammatory
stimulus was assessed. THP-1 cells pre-incubated with LPS for
2–48 h had a significantly reduced ability to release the pro-
inflammatory cytokines tumor necrosis factor alpha (TNFα) and
interleukin (IL)-8 in response to a second stimulation with LPS
(100 ng/ml) (Figure 1B). Conversely, following pre-incubation
with LPS the ability of THP-1 cells to phagocytose Escherichia coli
was significantly enhanced (Figure 1C). There was no evidence
that exposure to LPS adversely affected THP-1 cell viability
(Figure 1D). Study of the morphology (Figure 1E), adherence
capacity (Figure 1F) and cell surface markers (Figures 1G,H)
confirmed the absence of differentiation into macrophage-like
cells as compared with the positive control treated with PMA
for 72 h. Macrophage polarization correlates with changes in
metabolism (39). Similarly to the surface markers, measurement
of the Extracellular acidification rate of themedia, which is widely
used as glycolysis surrogate (40) did not show any changes after
LPS treatment (Figure 1I). These findings are consistent with a
change in immune phenotype of THP-1 cells following treatment
with LPS that is characteristic of the induction of endotoxin
tolerance (41).

Resolution of Early Oxidative Stress

Following Exposure of THP-1 Cells to LPS
Next, we studied the effects of LPS treatment on mitochondrial
dysfunction markers. We did not find any difference in the
mitochondrial membrane potential on LPS-treated THP-1 cells
(Figure 2A), confirming an absence of mitochondrial membrane
depolarization, a process that reflects the leakage of proton across
the innermitochondrial membrane due to a loss ofmitochondrial
integrity (20). However, there was an early increase in reactive
oxygen species production asmeasurement of hydrogen peroxide
(Figure 2B), accompanied with higher mRNA levels of heme
oxygenase-1, a gene that is up-regulated during oxidative
stress (Figure 2C) (42). The resolution of this LPS-induced
oxidative stress occurred in association with the stimulation
of antioxidant defenses, as evidenced by increased levels of

the mitochondrial antioxidant superoxide dismutase-2 (SOD2)
(Figure 2D). Despite being particularly vulnerable to oxidative
damage, we did not find any evidence of mtDNA deletions or
mutations in LPS-exposed THP-1 cells (Supplementary Table 1).
Thus, treatment of THP-1 cells with LPS leads to early oxidative
stress, a process that is reversed by the induction ofmitochondrial
antioxidant defenses.

An Early Induction of Mitophagy Following

Exposure of THP-1 Cells to LPS
Increased reactive oxygen species production is a feature of
mitochondrial dysfunction, which has been found to activate
mitophagy and target mitochondria for degradation (43).
Consistent with this, treatment with LPS was found to stimulate
both autophagy and mitophagy contemporaneously with the
generation of oxidative stress, during the first hours of exposure.
There was an early LPS-induced activation of autophagy, as
indicated by significantly increased accumulation of the LC3-
II protein, a constituent of the autophagosome, in THP-1 cells
after treatment with LPS for 2–6 h (Figure 3A). The induction
of mitophagy in LPS-treated THP-1 cells was then confirmed
through the measurement of co-localization of mitochondria to
autophagosomes using confocal microscopy (Figures 3B,C).

Induction of Mitochondrial Biogenesis and

Increased Mitochondrial Respiration in

LPS-Exposed THP-1 Cells
We next studied whether the induction of mitophagy after
treatment with LPS was associated with changes in the overall
mitochondrial mass. We did not observe changes in the level of
the internal membrane marker cardiolipin (Figure 4A) or the
matrix marker citrate synthase activity (Figure 4B), suggesting
that there must be a parallel replacement of any degraded
mitochondria. This was confirmed by assessments indicating that
there was an early and sustained activation of mitochondrial
biogenesis in THP-1 cells after LPS treatment. We observed a
significant increase in THP-1 cell mtDNA copy number in THP-
1 cells treated with LPS for 2–48 h (Figure 4C), that significantly
correlated with the level of mitochondrial transcription factor
A (TFAM), a key regulator of mitochondrial biogenesis that
is bound to mtDNA (Figures 4D,E). Furthermore, LPS-treated
THP-1 cells had a significant increase in protein levels for
constituents of the inner mitochondrial membrane OXPHOS
complexes I and IV, the two complexes containing the greatest
number of mtDNA-encoded proteins (Figure 4F) (44). These
results suggest that there is a coordinated up-regulation
of mitochondrial biogenesis and mitophagy, leading to the
maintenance of mitochondrial mass in THP-1 cells following an
inflammatory insult in the form of LPS treatment.

The overall functional consequences of the increases in
mitochondrial biogenesis and mitophagy were assessed by
measurement of mitochondrial oxygen consumption. It was
shown that exposure to LPS resulted in increased basal
mitochondrial respiration and mitochondrial ATP production
with no effect on non-mitochondrial oxygen consumption
(Figures 4G,H), findings consistent with the increased levels of
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FIGURE 2 | Exposure to LPS leads to early oxidative stress but no increase in mitochondrial membrane potential. Mitochondrial membrane potential (1ψm) and

oxidative stress were assessed following incubation of THP-1 cells with LPS (100 ng/ml) for 0–72 h. (A) The proportion of THP-1 cells with 1ψm was determined by

measuring the JC1 fluorescence by flow cytometry (positive control−100 nM valinomycin) (n = 3). (B) Reactive oxygen species production was measured by oxidation

of DCF-DA using flow cytometry (positive control−100µM hydrogen peroxide, H2O2) (n = 3). (C) The mRNA transcription of HMOX1 relative to ACTB and GADPH

was determined by RTqPCR (n = 3). (D) The mRNA transcription (relative to ACTB and GADPH) and protein expression (relative to β-actin) of SOD2 was measured

using RTqPCR and Western blot (n = 3). Data are presented as mean ± standard deviation (mRNA and protein data are relative to the mean of the medium control);

*p < 0.05, **p < 0.01, ***p < 0.001.

OXPHOS complexes I and IV (Figure 4F) and the increased
activity of isolated complex IV (Figure 4I). Thus, in association
with a shift to an endotoxin tolerance phenotype, THP-1 cells
exposed to LPS have early evidence of oxidative stress which
resolves in association with the induction of mitophagy and
mitochondrial biogenesis, resulting in maintained cell viability
and increased mitochondrial respiration.

Induction of Endotoxin Tolerance and

Mitochondrial Biogenesis in Human

Monocytes Treated With LPS
To confirm the relevance of the findings in THP-1 cells, human
monocytes were pre-incubated with medium or 10 ng/ml LPS
for 24 h before measuring cytokine release and mtDNA copy
number. The induction of endotoxin tolerance was indicated by
the finding that monocytes pre-incubated with LPS for 24 h had
a significantly reduced ability to release TNFα release in response

to a second exposure to LPS (Figure 5A). There was also a
significant increase in mtDNA copy number in those monocytes
treated with LPS, suggesting a similar induction of mitochondrial
biogenesis to that seen in THP-1 cells (Figure 5B).

DISCUSSION

The regulation of the compensatory pro-survival cellular
mechanisms that are triggered following an inflammatory
insult and the mechanisms by which they become deranged
during sepsis are not well understood. We have used an
endotoxin tolerance model to induce a temporary state of
immune deactivation in human monocytic cells resembling
that seen in septic monocytes (18). This shift to an anti-
inflammatory phenotype after exposure to LPS was found
to occur in parallel with the activation of responses aimed
at maintaining mitochondrial homeostasis; namely antioxidant
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FIGURE 3 | Induction of mitophagy in THP-1 cells following exposure to LPS. THP-1 cells were incubated with LPS (100 ng/ml) before measuring the levels of

autophagy and mitophagy. (A) Autophagic flux was assessed by measuring the accumulation of LC3-II relative to β-actin using Western blot (n = 3). (B) Confocal

microscopy provided a measure of mitophagy by measuring the co-localisation of mitochondrial complex II with the autophagosome marker LC3-II using the Mander’s

M1 co-localisation co-efficient (n = 4). (C) Representative confocal microscopy images with staining for the nucleus (blue), mitochondrial complex II (green), and LC3-II

(red) after incubation of THP-1 cells with LPS (100 ng/ml) for 0–6 h. In all experiments serum starvation was used a positive control and accumulation of

autophagosomes was facilitated by treatment with 10µM chloroquine (CQ) or 5 nM bafilomycin A1 for the final 2 h. Data are presented as mean ± standard deviation;

*p < 0.05, **p < 0.01.
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FIGURE 4 | Induction of mitochondrial biogenesis following exposure of THP-1 cells to LPS. THP-1 cells were incubated with LPS (100 ng/ml) for 0–72 h before

assessing mitochondrial biogenesis and respiration. (A) Mitochondrial mass was assessed by measuring the uptake of NAO using flow cytometry, (positive

control - glucose-free medium supplemented with 5mM galactose) (n = 4). (B) A colorimetric assay was used to assess the activity of the mitochondrial matrix

enzyme citrate synthase (n = 3). (C) mtDNA copy number was determined by measuring MT-ND1 relative to B2M using qPCR (n = 5). (D) The level of TFAM protein

relative to β-actin was determined by Western blot (n = 4). (E) Scatter plot, linear regression and Pearson’s correlation of the relationship between mtDNA copy

number and TFAM protein levels. *p < 0.05, **p < 0.01, ***p < 0.001. (F) Representative images of protein bands for subunits of the five mitochondrial OXPHOS

complexes on PVDF membrane following Western blot and quantification of the subunits of the five mitochondrial OXPHOS complexes relative to β-actin (n = 4).

(G) Representative example of the respiratory profile and (H) oxygen consumption rate for different aspects of mitochondrial respiration following exposure to LPS

(100 ng/ml) for 0–72 h as determined using the Seahorse XF96e extracellular flux analyser (n = 5). (I) A colorimetric assay was used to measure the activity of

OXPHOS complex IV(n = 3). The data are represented as (A) individual values with a line indicating the mean or (B,C,F,H,I) mean ± standard deviation relative to the

mean in the medium control; *p < 0.05, **p < 0.01, ***p < 0.001.

defenses, mitophagy, and mitochondrial biogenesis. In this
model the resultant selective replacement of dysfunctional
mitochondria leads to an increase in overall mitochondrial
efficiency, as evidenced by increased mitochondrial respiration
despite unchanged mitochondrial mass, in association with
the resolution of oxidative stress and the recovery of pro-
inflammatory cytokine release by 72 h.

Mitophagy involves the lysosomal degradation of
mitochondria following encapsulation in an autophagosome
(45). This process is key for the maintenance of quality control
because damaged mitochondria are specifically targeted for
destruction (46). Although data from human studies are

very limited, it appears that mitophagy may be insufficient
during severe sepsis resulting in persistence of dysfunctional
mitochondria that can lead to deficient respiration (47, 48).
Moreover, animal sepsis models suggest that mitophagy is
an important component of the recovery mechanisms, with
inadequate mitochondrial degradation associated with increased
organ damage, persistence of oxidative stress, and exacerbation
of inflammation through increased inflammasome formation
(49–51). In keeping with this, reports in cell culture and murine
models indicate that autophagy and mitophagy are stimulated
following ligand binding to pattern recognition receptors in a
process which is implicated in suppressing pro-inflammatory
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FIGURE 5 | Incubation of monocytes with LPS for 24 h results in reduced ability to release TNFα in response to a second LPS stimulus and increased mtDNA copy

number. Blood monocytes were incubated with LPS (10 ng/ml) before measuring cytokine release and mtDNA copy number. (A) The release of TNFα in response to a

second 4 h exposure to LPS (10 ng/ml) was measured by ELISA (n = 5). (B) mtDNA copy number was determined by measuring MT-ND1 relative to B2M using qPCR

(n = 5). Data are represented as (A) mean ± standard deviation or (B) individual values with a line representing the mean. *p < 0.05 on independent t-test.

cytokine release and oxidative stress through inhibition of the
nucleotide-binding domain, leucine-rich-containing family,
pyrin domain containing-3 (NLRP3) inflammasome (52, 53).

Mitochondrial biogenesis is a dynamic process during which
pre-existing mitochondria grow and divide in response to
physiological conditions or cellular energy requirements (54). It
is controlled by a complex network of hormones and signaling
pathways which regulate the expression of mitochondrial
transcription factors that in turn co-ordinate the expression of
mitochondrial genes in the nuclear and mitochondrial genomes
(55). Mitochondrial biogenesis appears to be an essential
response that is required to compensate for the adverse effects
of inflammation on mitochondrial structure and function (56).
In a wide variety of animal models and a few small observational
human studies there is increasing evidence that expanding the
mitochondrial population promotes the recovery from sepsis
(57–59). The effects of this inflammation-induced mitochondrial
biogenesis may actually extend beyond maintaining homeostasis
and facilitate an increase in overall cellular respiration, as seen in
our model, potentially leading to an increased resistance to the
negative effects of excessive inflammation (36, 60).

Although human data have been lacking, animal models
suggest that there is an integrated up-regulation of mitophagy
and mitochondrial biogenesis following an inflammatory insult
(43). Both processes appear to be directly triggered following
the recognition of inflammatory stimuli; inhibition of Toll-like
receptor-4 (TLR-4, the main pattern recognition receptor for
LPS-induced signaling) after caecal ligation and puncture or
LPS treatment prevents the activation of both mitophagy and
mitochondrial biogenesis (48, 61). Mitochondrial turnover may
be integrated with antioxidant defenses and anti-inflammatory
responses through the activation of redox-sensitive signaling
pathways (62). Murine models suggest that during sepsis the
inducible antioxidant enzyme heme oxygenase-1 stimulates
the expression of nuclear factor (erythroid-derived-2)-like 2

(Nrf2), a transcription factor that binds to anti-oxidant response
elements on gene promoters for transcription factors regulating
mitochondrial biogenesis, mitophagy, and anti-inflammatory
responses (63, 64). Nrf2−/− knockout mice have impaired ability
to upregulate these processes, leading to more severe sepsis
(43, 65). Alternatively, a group of deacetylases termed silent
information regulators (sirtuins), with activity dependent on
the presence of the oxidized form of the respiratory chain
enzyme nicotinamide adenine dinucleotide (NAD+), facilitate
responses to alterations in cellular energy levels and may thus
link metabolism with immunity (66). In the nucleus SIRT1
activates both mitochondrial biogenesis and autophagy, but
is also involved in resolution of inflammation through the
negative regulation of pro-inflammatory pathways (67, 68). In
the mitochondria SIRT3 is essential for effective mitochondrial
biogenesis and can increase OXPHOS activity and activate
antioxidant responses (69). In one study, following exposure to
LPS, the sequential activation of SIRT1 and SIRT3 was found
to integrate the induction of mitochondrial biogenesis with the
down-regulation of pro-inflammatory responses (36). Another
potential link between immunity and mitochondrial homeostasis
is suggested by findings that the intracellular chaperone heat
shock protein-90 (HSP90) is both essential for effective clearance
of defective mitochondria by mitophagy and implicated, through
accumulation at the cell surface, in the suppression of TNFα
production in response to LPS (70, 71).

To our knowledge we have shown for the first time that
mitochondrial biogenesis and mitophagy are important in
the responses of immunologically relevant human cells to
an inflammatory insult, providing important insights into the
compensatory mechanisms that may go wrong during sepsis.
However, it should be noted that this study has some limitations.
Firstly, our model predominantly used THP-1 cells because
human monocytes have considerable inter-individual variability,
a limited life span, a propensity to rapidly differentiate in vitro,
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and are difficult to isolate in large numbers (72, 73). THP-1
cells have similar morphology, surface antigens and secretory
products to blood monocytes and have been used extensively to
study monocyte and macrophage functions (74, 75). However,
they represent a simplified model and have important differences
to humanmonocytes that are particularly relevant when assessing
the response to LPS, including significantly reduced expression
of the LPS receptor CD14 and altered cytokine production (76,
77). In view of this, while we have detected similar effects of
LPS exposure on TNFα release and mtDNA copy number in
monocytes, our results are only suggestive of responses that may
occur in humanmonocytes and an in vivo validation, for example
in a human LPS challenge model, is ultimately required (78).

It should also be noted that, while we have observed
an immune phenotype consistent with endotoxin tolerance,
there are other potential explanations for the decrease in pro-
inflammatory cytokine release following prior exposure to LPS
that have not been fully explored. These include the presence
of LPS-binding protein, a down-regulation in TLR-4 expression
or a failure of internalization of TLR-4-LPS complexes (79,
80). Similarly, although we have found no evidence that LPS
exposure leads to THP-1 cell macrophage-like differentiation,
M2 polarization remains a potential mechanism for the change
in immune phenotype and mitochondrial respiration seen in
this study (81, 82). In addition, endotoxin tolerance is not
an ideal model of sepsis as a single, sterile stimulus does not
mimic the overwhelming, multiple, and persistent inflammatory
triggers seen in sepsis. Rather, by using endotoxin tolerance, we
are likely to mimic the processes occurring when an infection
is successfully cleared instead of a situation in which sepsis
is triggered. Furthermore, the dose of LPS required to induce
endotoxin tolerance in this study (100 ng/ml) is significantly
higher than the concentration of LPS that has been measured in
the serum of patients with septic shock (83). Finally, we have not
elucidated the mechanisms underlying our observations, which
means that causality and the precise relationships between the
changes observed remain to be determined.

In clinical studies and animal models survival and recovery
of cellular functions in sepsis appear to be dependent on
the induction of compensatory responses, including those
aimed at preventing excessive inflammation and those that
maintain mitochondrial homeostasis through the activation of

mitochondrial biogenesis, mitophagy and antioxidant defenses.
Here we show for the first time in human monocyte-like cells
that there is a contemporaneous, co-ordinated upregulation of
mitochondrial biogenesis, mitophagy and antioxidant defenses
during endotoxin tolerance, which results in the resolution of
oxidative stress and increased mitochondrial respiratory activity.
This provides important insights into the relationship between
mitochondria and the innate immune response, as well as the
coordination of compensatory responses that are required to
maintain cell viability and function following an inflammatory
insult. We speculate that these processes may go awry when the
insult leads to sepsis.
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Peroxidase enzymes can oxidize a multitude of substrates in diverse biological

processes. According to the latest phylogenetic analysis, there are four major heme

peroxidase superfamilies. In this review, we focus on certain members of the

cyclooxygenase-peroxidase superfamily (also labeled as animal heme peroxidases) and

their connection to specific NADPH oxidase enzymes which provide H2O2 for the

one- and two-electron oxidation of various peroxidase substrates. The family of NADPH

oxidases is a group of enzymes dedicated to the production of superoxide and hydrogen

peroxide. There is a handful of known and important physiological functions where

one of the seven known human NADPH oxidases plays an essential role. In most of

these functions NADPH oxidases provide H2O2 for specific heme peroxidases and

the concerted action of the two enzymes is indispensable for the accomplishment

of the biological function. We discuss human and other metazoan examples of such

cooperation between oxidases and peroxidases and analyze the biological importance

of their functional interaction. We also review those oxidases and peroxidases where this

kind of partnership has not been identified yet.

Keywords: heme peroxidase, NADPH oxidase, hydrogen peroxide, reactive oxygen species, peroxidasin

INTRODUCTION

Heme peroxidases comprise a large number of heme-containing proteins. Families of these
enzymes display distinct structural and biochemical properties and play a role in highly specialized
biological processes. The numerous members of each of these families are expressed in all
different kingdoms of life. Therefore, it had been recently suggested that the denomination
of heme peroxidases should happen according to their characteristic enzymatic activities and
structural properties instead of their animal, plant or fungal origin (1). The unique feature
of the peroxidase-cyclooxygenase superfamily is the presence of a post-translationally modified
heme group which is covalently linked to the peroxidase protein via two covalent bonds (2).
Myeloperoxidase (MPO) is unique in this superfamily because of having three covalent linkages
to the heme group.
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The activity of these peroxidases results in oxidation of one-
electron donors into the corresponding radical (AH in Reaction
1) or oxidation of halides or pseudohalides (two-electron donors)
into hypohalous acids (HOX in Reaction 2) (3).

Reaction1 :H2O2 + 2AH2 → 2H2O+ 2·AH

Reaction2 :H2O2 +H+
+ X−

→ H2O+ HOX

H2O2 is not only required for the generation of oxidants but
it seems that it is also necessary to the autocatalytic activation
of heme peroxidases during which process the heme-protein
crosslink is reinforced (4).

Numerous biochemical processes can produce reactive
oxygen species including hydrogen peroxide. The mitochondrial
respiratory chain, several metabolic pathways, xanthine oxidase,
monoamine oxidases, and the NADPH oxidases are all possible
sources of H2O2 (5–7).

There are seven members of the Nox/Duox family of NADPH
oxidases encoded in the human genome. In other species the
number of NADPH oxidase homologs can vary greatly with only
two isoforms present in Caenorhabditis elegans, five members in
zebrafish, six in mouse and rat to name a few examples (8). The
NADPHoxidases show important differences in tissue expression
pattern and activation mechanism. Nox1, Nox2, Nox3, and Nox4
all require the membrane-bound p22phox protein to be able to
produce ROS. Nox1, Nox2, and Nox3 also require different
cytosolic factors to become active (9). However, Nox4 does
not rely on cytosolic factors but is continuously active. Nox5,
Duox1, and Duox2 are independent of p22phox and are primarily
activated by intracellular Ca++-signals. Interestingly, Duox
proteins can be also classified as heme peroxidases although
their peroxidase domain lacks a few critical amino acids that are
required for the enzymatic activity of their N-terminal peroxidase
domain (10). Dual oxidase (Duox) proteins also require the
activity of maturation factors DuoxA1 or DuoxA2 for proper
folding and membrane targeting (11).

Hydrogen peroxide is not always the primary oxidant product
of NADPH oxidases. Nox2 for example generates mainly
superoxide anion, which can be further converted into H2O2 in a
dismutation reaction enhanced by superoxide dismutase (SOD)
enzymes (12). SOD catalyzes the disproportionation of the free
radical superoxide anion resulting in the generation of molecular
oxygen and hydrogen peroxide (see in Reaction 3) (13).

Reaction3 : 2O−

2 + 2H3O
+
→ O2 +H2O2 + 2H2O

Certain members of the cyclooxygenase-peroxidase family rely
specifically on hydrogen peroxide generated by an NADPH-
oxidase. In these specific cases, the absence of the corresponding
NADPH-oxidase cannot be supplemented by any other H2O2

sources. This closely intertwined mode of action suggests
evolutionarily conserved cooperation between these heme
peroxidases and NADPH-oxidases. Our aim was to collect and
analyze all known examples of such coactions.

The natural beauty of these peroxidase-oxidase concurrences
is literally highlighted by a chemiluminescent light emitted
during intense activation of the phagocyte myeloperoxidase or
the fertilized sea urchin egg’s ovoperoxidase (14, 15).

LEUKOCYTE

NOX2/MYELOPEROXIDASE SYSTEM

The prodigious increase in oxygen consumption of
phagocytosing leukocytes was already described in 1933 by
C.W. Baldridge and R.W. Gerard (16). During the following
decades, it became clear that this oxygen consumption was
not dependent on mitochondrial respiration but was necessary
for the production of reactive oxygen species by a complex,
multi-protein system that comprised of membrane-bound and
cytosolic factors. Nox2 (formerly known as gp91phox) contains 6
transmembrane helices and forms a membrane-bound complex
with p22phox. Whereas, there are 4 cytosolic factors that in
vivo are all necessary for a fully activated oxidase complex:
p67phox, p47phox, p40phox, and the small GTPase Rac1 or Rac2
(9, 17). These cytosolic components are all able to rapidly
translocate to the gp91phox-p22phox complex upon activation
of the phagocyte. The gp91phox-p22phox complex is stored in
the peroxidase negative subsets of the neutrophil granulocytes’
granules which—upon activation—fuse with the phagosomal
or plasma membrane. Compared to other Nox isoforms, the
ROS producing capacity of the activated Nox2 system seems
to be extremely high (18, 19) and this might ensure the potent
antimicrobial function of this isoform.

Another line of research elucidated the biochemical activity
of myeloperoxidase that was present in large quantities (5%
of the total dry cell weight) in phagocytes and was able
to turn H2O2 into microbicidal hypohalides like HOCl (20).
Myeloperoxidase is stored mainly in the matrix of azurophilic
granules of neutrophil granulocytes in a mature, dimeric form.
The dimerization does not seem to affect the enzymatic activity
of MPO but it is rather important for the stability and storage
of the enzyme (21). In activated leukocytes, the granules can be
released into the lumen of the forming phagosome or into the
extracellular space around phagocytes (22, 23). The translocation
of myeloperoxidase and Nox2 oxidase (cytochromeb558 complex
of Nox2 and p22phox) from cytoplasmic granules and vesicles into
the phagosomal lumenwas demonstrated by different approaches
including studies based on subcellular fractionation, fluorescent
and electronmicroscopic analysis (24–27).

The above regulatory mechanisms, multi-component
assembly, and compartmentalization ensure that in non-
stimulated cells there is practically no hypohalide production.
This can prevent that aggressive antimicrobial reactive oxygen
products cause random tissue destruction in the host.

Notably, human phagocytes express about an order of
magnitude higher amounts of MPO than mouse leukocytes
which limit the interpretation of mouse data. However, to
circumvent this problem mouse models expressing human
MPO have been established (28, 29). These models became
important also to study the role of MPO in the pathomechanism
of atherosclerotic lesion formation, as human atherosclerotic
lesions do contain MPO and its peroxidation products
whereas mouse MPO is hardly detectable in macrophages of
atherosclerotic plaques. The expression of human MPO in
mouse macrophages was unanimously associated with increased
atherosclerotic lesions in different studies. However, other
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functional changes, like plasma lipoprotein and cholesterol levels
showed more conflicting results, which might be explained by
different transgenic systems used in different studies [i.e., bone
marrow transplanted transgenic macrophages (28) or overall
expression of the MPO transgene (29, 30)].

Similarly to the numerous other antimicrobial effector
functions of phagocytes, dysregulation of superoxide
production and myeloperoxidase activity can also contribute
to the development of autoimmune diseases. Both the
over activation or impairment of these processes can
promote tissue damage associated with autoimmune
conditions (31).

Furthermore, the lack of either Nox2 or MPO does result
in immune deficiency disorder with substantially different
characteristics and severity. In the absence of Nox2—or other
components of the active phagocytic oxidase complex—a disease
called chronic granulomatous disease (CGD) develops (32).
CGD patients have largely increased susceptibility toward both
bacterial and fungal infections. In contrast, many patients with
loss of function mutations of MPO might have no obvious
clinical symptoms or show an increased predisposition only
toward fungal infections (caused mainly by Candida albicans)
(33, 34). This phenotypic discrepancy might be explained in
different ways. First, it is possible that the superoxide produced
by Nox2 and/or its derivatives exert direct antimicrobial effects
even without being converted into hypochlorous acid. Second,
based on observations showing altered membrane potential
changes and Ca++-signals in CGD neutrophils it is possible
to presume that altered intracellular ion concentrations might
hamper also several other antimicrobial effector functions of
these cells (35, 36).

EOSINOPHIL NOX2/EOSINOPHIL

PEROXIDASE SYSTEM

Although the eosinophil peroxidase (EPO) and myeloperoxidase
are highly homologous at the amino acid level their biochemical
properties and biological role differ significantly. EPO binds
its prosthetic group only via two covalent links and its
spectral properties are more similar to that of LPO and TPO
(2). Eosinophil granulocytes also express components of the
Nox2 based superoxide-generating molecular machinery which
provides H2O2 for EPO. Unlike MPO, EPO is not able to oxidize
Cl−, but it uses mainly Br− and SCN− to generate hypobromous
acid and hypothiocyanous acid, respectively. Detection of protein
bromotyrosination can be used as a marker of EPO mediated
protein oxidation (37).

Eosinophil granulocytes exert their antimicrobial and
antiparasitic activities extracellularly and EPO is also a secreted
protein. Eosinophils also play a special role in the pathologies
of allergic inflammatory diseases (38–40). Despite the essential
host defense and inflammatory role of eosinophil granulocytes
the lack of eosinophil peroxidase activity does not manifest
in any obvious phenotype in humans and the diagnosis of
EPO deficiency is usually an accidental clinical finding (41). In
contrast, in allergic diseases, accumulation and hyperactivity

of eosinophil granulocytes are associated with overproduction
of oxidative substances which contributes to the pathology of
these conditions. An especially interesting pathomechanism
is the activation of endothelium-derived tissue factor by
hypothiocyanous acid with the consequentially increased risk of
thrombotic complications (42, 43).

DUOX2 AND THYROID PEROXIDASE IN

THYROID HORMONE SYNTHESIS

The thyroid peroxidase (TPO) catalyzes the iodination of
tyrosine residues of thyroglobulin (44, 45). This peroxidase has
got a unique transmembrane domain through which it is located
in the apical membrane of thyrocytes. Its heme-containing
catalytic site faces the thyroglobulin containing follicular lumen.
To produce active iodine radicals the thyrocytes take up iodide
ion through the basolateral Na+/I− symporter and transport
it to the lumen through pendrin or through other apically
located anion transporters (46). H2O2 is produced by dual
oxidase 2 (Duox2), an other apically located transmembrane
NADPH oxidase enzyme. The pharmacological inhibition or loss
of function mutations of I− transporters, TPO or Duox2, and
DuoxA2 all lead to insufficient thyroid hormone synthesis—
i.e., hypothyreosis.

As we have no detailed structural insight into the molecular
vicinity of the luminal site of the thyrocyte, it is difficult to explain
how the produced, highly reactive iodine radicals can react
selectively with tyrosine side chains of thyroglobulin without
eliciting oxidative damage of other extracellular proteins. Co-
immunoprecipitation studies revealed a molecular interaction
between TPO and Duox2 in the membrane fractions of isolated
thyroid tissue lysates and of transfected COS-7 cells as well (47).
This close association can at least explain how leakage of H2O2

can be prevented.
In contrast to the Nox2/MPO system, the thyroid hormone

synthesis is a rather continuous, steady process. Accordingly,
the oxidase and peroxidase components are located in the same
subcellular compartment. Interestingly, the thyroid expresses
two dual oxidases, Duox1 and Duox2 (48), but the absence
of Duox1 is not associated with hypothyreosis (49). Therefore,
the exact function of Duox1 in the thyroid is still unknown.
It is also quite enigmatic why the highly homologous Duox1
cannot compensate for the lack of Duox2 in the hormone
synthesis process. One explanation might be that Duox1
localizes to another microdomain of the apical membrane.
However, the lack of Duox1 specific antibodies that work in
immunohistochemistry applications makes it difficult to prove
this idea (50).

DUOX AND LACTOPEROXIDASE IN

EXOCRINE GLANDS AND ON

MUCOSAL SURFACES

Lactoperoxidase (LPO) has long been recognized as an
antimicrobial enzyme present in various exocrine secretions like
milk, saliva, and tear. In 2003 a detailed in situ hybridization
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study identified Duox2 expression in major salivary ducts and on
rectal epithelial cells and Duox1 expression in airway epithelial
cells (58).

LPO can utilize I− or SCN− as substrates and the
sodium/iodide transporter (NIS) plays an important role in
transporting these anions through the epithelial cells. In the
salivary glands LPOwas expressed deep in the serous acini, NIS in
the intercalated ducts and Duox2 in final ducts (58). This pattern
of expression could ensure that the microbicide hypothiocyanous
acid is formed only at later stages of secretion, just before entering
the oral cavity.

In the airways, thiocyanate might be transported onto
the epithelial surface via the cystic fibrosis transmembrane
regulator CFTR (58–62). Decreased transport activity in
cystic fibrosis patients might reduce the LPO mediated
antimicrobial effects which might contribute to the high rate
of pulmonary infections. Importantly microbes seem to be
much more susceptible to HOSCN than mammalian cells
probably because mammalian epithelial cells express high
molecular weight thioredoxin reductase (TrxR) that can readily
turn over HOSCN. In contrast, bacterial TrxR is strongly
inhibited by HOSCN (62). This makes the Duox-LPO-HOSCN
system much more adequate for continuous mucosal host
defense functions than the more cytotoxic Nox2-MPO-HOCl
system (63, 64).

C. ELEGANS DUAL OXIDASE 1 (BLI-3) AND

HEME PEROXIDASES

The Caenorhabditis elegans NADPH oxidase, BLI-3 was
described to be expressed in the hypodermal cells of C. elegans
underlying the cuticle layer. The hypodermal cells play an
essential role in the repeated synthesis of the cuticle (molting)
during consecutive larval stages of the worm. RNAi knockdown
of BLI-3 resulted in severe cuticle abnormalities. Di- and
trityrosine crosslinks between cuticular collagen molecules
were found to be significantly reduced in BLI-3 RNAi worms.
The same study that described this phenotype also proposed
that the BLI-3 peroxidase domain was responsible for the
tyrosine crosslinks between cuticular collagens (65). However,
later analysis revealed that the BLI-3 peroxidase domain lacks
critical amino acids that are important for heme binding which
makes its peroxidase activity doubtful. Accordingly, a reverse
genetics RNAi screen approach identified the hypodermally
expressed MLT-7 peroxidase that was responsible for collagen
crosslinking (55). MLT-7 expression showed a cyclic pattern
according to molting stages and its knockdown showed
very similar phenotypes to BLI-3 knockdowns. It has been
supposed that the enzymatically inactive BLI-3 peroxidase
domain might function as a docking site for MLT-7 peroxidase
domain thereby providing a spatial control of the peroxidase
activity (55).

Another hypodermally localized heme peroxidase—SKPO-
1—was also discovered by RNAi screening that was found to be
important inmaintaining normal cuticle phenotype. SKPO-1 was
also claimed to play a role—along with BLI-3—in host defense
against pathogenic bacteria (56, 66).

OVOPEROXIDASE AND URCHIN DUAL

OXIDASE 1 IN THE SEA URCHIN

FERTILIZATION MEMBRANE

In the sea urchin (Strongylocentrotus purpuratus) the fertilization
of the egg elicits plasma membrane depolarization, cytosolic
Ca++-signal and a cortical reaction which involves degranulation
of vesicles located below the egg’s membrane surface (67).
This results in the formation of a stiff, insoluble fertilization
envelope (FE) which prevents the entry of other sperms (53).
The active pool of the sea urchin oxidase is located in the
egg’s plasma membrane whereas the ovoperoxidase is tethered
to the forming FE by a protein called proteoliaisin (54, 68).
Bennett M. Shapiro and his coworkers gave a detailed description
of this envelope formation, they isolated and characterized the
ovoperoxidase enzyme that is released from the granules and is
responsible for the crosslinking of protein tyrosyl residues in this
hardened membrane. Another important feature of the secreted
peroxidase is its spermicidal activity which means an additional
defense mechanism against polyspermy. Although the source
of H2O2 for these peroxidase mediated reactions were already
addressed in the 1977 PNAS paper, the molecular identification
of the urchin dual oxidase (Udx1) was accomplished almost
three decades later (54). This process is also a prime example
of how compartmentalization and inducible translocation can
ensure a swift, robust, but tightly controlled oxidative burst and
peroxidase activation.

Although it is challenging to find quantitatively comparable
data about the ROS production of different NADPH oxidase
systems, it seems that the respiratory burst in the sea urchin
egg results in a H2O2 concentration of about 60 nM in the
perivitelline space whereas in the phagosome of activated human
neutrophil granulocytes the peroxide concentration is estimated
to be in the micromolar range (54, 69). However, in the biological
context of egg fertilization, this relatively lower rate of ROS
production can still amply support the ovoperoxidase function.

NOX5 AND HEME PEROXIDASE 2 IN

MOSQUITO ANTIPLASMODIAL IMMUNITY

A unique example has been identified in the midgut cells
of Anopheles gambiae where the HPX2 heme peroxidase—in
concert with Nox5 and nitric oxide synthase (NOS)—generates
reactive nitrogen species (RNS) resulting in increased protein
nitration. This process renders the Plasmodium ookinetes more
susceptible to the Anopheles complement system which is the
final effector mechanism against invading parasites (57) (see
Table 1).

The same research group presented another mechanism in
the Anopheles midgut where a Duox homolog cooperates with
a secreted immunomodulatory epithelial peroxidase (IMPer) to
form a dityrosine crosslinked matrix on the luminal surface.
This matrix layer is supposed to separate the luminal microbiota
and the epithelial immune system thereby subduing the immune
activation and potential epithelial damage. On the other hand,
Plasmodium parasites could proliferate more rapidly in the
midgut lumen under these conditions (70).
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TABLE 1 | An overview of the peroxidase-oxidase co-operations discussed in detail in this paper.

Peroxidase Oxidase Location Function Related anomaly or disease in the absence of

oxidase/peroxidase function

MPO Nox2 Neutrophil granulocytes,

macrophages, peritoneal B

lymphocytes

Production of antimicrobial

hypochloric acid

Nox2: chronic granulomatous disease (CGD) (32)

MPO: increased susceptibility to fungal

infections (34)

EPO Nox2 Eosinophil granulocytes Production of antimicrobial

hypobromous and hypothiocyanous

acid

no evidence of disease (51)

TPO Duox2 Thyroid gland Oxidation of iodide ion during thyroid

hormone synthesis

Duox2 or TPO: congenital hypothyreosis (52) (48)

(44) (45)

LPO Duox1,

Duox2

Exocrin glands, mucosal surfaces Production of antimicrobial

hypothiocyanate and hypoiodide

?

Ovoperoxidase Udx1 Plasmamembrane, subcortical

granules, fertilization envelope

Crosslinking and subsequent

hardening of matrix molecules in the

fertilization membrane

Ovoperoxidase or Udx1: increased probability of

polyspermy (53) (54)

MLT-7 BLI-3

(Ce-Duox1)

Hypodermis Crosslinking of cuticle matrix

molecules

BLI-3 or MLT7: developmental arrest, cuticle

abnormalities (55)

SKPO-1 BLI-3

(Ce-Duox1)

Hypodermis Maintaining normal cuticle, host

defense

BLI-3 or SKPO-1:

developmental arrest, susceptibility to Enterococcus

infection (56)

HPX2 NOX5 Plasmodium infected Anopheles

midgut epithelial cells

Nitration of Plasmodium ookinetes Nox5 or HPX2: susceptibility to Plasmodium

invasion (57)

NOX1, NOX3, AND NOX4 FUNCTION

WITHOUT KNOWN

PEROXIDASE PARTNERS

These three members of the NADPH oxidase family have not
been linked to heme peroxidases in any known biological
process yet. Nox1 is mainly expressed in the distal parts of
the gastrointestinal tract, showing low expression levels in the
ileum, and more robust levels in the colon epithelium (19,
71). In a glutathione peroxidase deficient animal model of
spontaneous ileocolitis, it was shown to be involved in the
pathogenesis of inflammatory bowel diseases (72). This and
other potential physiological functions of Nox1 are reviewed
in detail elsewhere (73). However, cooperation with a known
heme peroxidase has not been described in the divergent actions
of Nox1.

Nox3 is uniquely expressed in the inner ear (74). Although
there are no published data about any connection to
heme peroxidases in this organ, it is interesting to note
that—according to the publicly available NCBI Unigene
database—myeloperoxidase has got a surprisingly high
expression level in the mouse inner ear. Whether there is
any functional link between MPO and Nox3 in the inner ear
remains to be investigated.

The Nox4 expression is more ubiquitous with the highest
levels found in the kidney. Uniquely this oxidase is constitutively
active. The exact intracellular localization of Nox4 is still dubious,
however many independent literature data points toward the
endoplasmic reticulum where Nox4 might contribute to the
oxidative milieu of the ER (75–77). It would be a challenging
task to pinpoint any specific Nox4-heme peroxidase functional
interaction within this compartment.

PEROXIDASIN WITHOUT KNOWN

OXIDASE PARTNER IN COLLAGEN

IV CROSSLINKING

Peroxidasin (Pxdn) has been described as the specific enzyme
catalyzing the formation of sulfilimine covalent crosslink of C-
terminal NC1 domains between collagen IV protomers (78).
This unique, evolutionarily conserved chemical bond might
significantly affect the mechanical and biochemical properties of
collagen IV containing extracellular matrix structures. However,
using various NADPH-oxidase deficient mouse models, it has
been recently shown in vivo that NADPH oxidases most probably
do not provide H2O2 for this reaction. P22phox mutant, Nox4
deficient, Duox1 knockout, and Duoxa double knockout animals
were all equally capable to crosslink NC1 domains as wild-type
control animals (79). Lysyl oxidases which are also involved
in collagen IV assembly were also ruled out as possible ROS
sources (78). Therefore, the exact molecular identity of this
reactions’ ROS source is still unknown. It is also a puzzling
question how the Pxdn mediated reaction is restricted only
to the collagen IV NC1 amino acids and how it is ensured
that the highly reactive HOBr is not attacking numerous
neighboring matrix molecules (80). Identification of a specific
ROS source might help explain the spatiotemporal control of
redox modification.

CONCLUSION

Our review describes the functional cooperation between
members of the peroxidase-cyclooxygenase family and NADPH
oxidases in various biological settings. The deeper understanding
of these processes might help identify novel biological targets of
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oxidase and peroxidase products and improve our understanding
of how these reactive oxidants can contribute to very specific,
sophisticated physiological phenomena, or how they can trigger
pathophysiological conditions.
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