
Article

The Rockefeller University Press   $30.00
J. Exp. Med. 2017 Vol. 214 No. 4  1111–1128
https://doi.org/10.1084/jem.20161382

T
h
e 

Jo
u
rn

al
 o

f 
E
xp

er
im

en
ta

l 
M

ed
ic

in
e

1111

Introduction
Infectious diseases cause major morbidity and mortality 
worldwide. For example, specific serovars of Salmonella such 
as typhi and paratyphi cause typhoid fever (enteric fever), 
whereas nontyphi Salmonella can also cause invasive systemic 
infection (Dougan et al., 2011; Gilchrist et al., 2015). Both 
can be fatal, particularly in immunocompromised hosts. Our 
understanding of the immune response to such common and 
serious pathogens remains incomplete, though infection of 
mice with S. Typhimurium provides a useful model of immu-
nity to this bacterium and others that colonize macrophages 
(Chatfield et al., 1992; Conlan, 1997; Richter-Dahlfors et 
al., 1997; Mastroeni et al., 2000; Vazquez-Torres et al., 2000a, 
2004; Burton et al., 2014). Specific elements of both innate 

and adaptive immunity are needed to control Salmonella and 
other intracellular pathogens. Mononuclear phagocytes, par-
ticularly those in the liver and spleen, restrict bacterial rep-
lication in the initial phase of a primary invasive infection. 
Control of the pathogen requires (i) the effective initiation 
of an inflammatory response via TLR (Vazquez-Torres et al., 
2004) and NOD-like receptors (NLRs; Broz et al., 2012), 
(ii) the production of inflammatory cytokines, such as IFN-γ 
and TNF (Nakano et al., 1990), and (iii) the activation of an 
arsenal of antibacterial strategies within the phagosome, in-
cluding the generation of the phagocyte respiratory burst, 
the generation of reactive nitrogen species (Burton et al., 
2014) and the use of efflux pumps to deprive the bacteria 
of divalent cations (Vidal et al., 1995; Mastroeni et al., 2000; 
Vazquez-Torres et al., 2000a).

The importance of these strategies is well documented, 
but the phagocyte respiratory burst is of particular interest be-
cause it has a nonredundant role in preventing overwhelming 
infection that is highly conserved between mouse (Mastroeni 
et al., 2000; Vazquez-Torres et al., 2000a,b) and man (van den 
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Berg et al., 2009). The respiratory burst is a process by which 
superoxide and hydrogen peroxide ions are generated within 
the phagosome and at the cell surface. The ions are likely 
to be both directly and indirectly cytotoxic to the bacteria 
(and fungi), as the production of superoxide and hydrogen 
peroxide anions also activates other anti-bacterial mecha-
nisms (Segal, 2005). Hydrogen peroxide reacts with halide 
ions (such as chloride or iodide) to produce the anti-bacterial 
compound, hypochlorite (Klebanoff et al., 1966; Klebanoff, 
1967). Crucially, this process is catalyzed by myeloperoxi-
dase, which is abundant in neutrophil granules. Hypochlorite, 
the product of this reaction, is itself a potent microbiocidal 
agent. It is also a precursor of the chloramines, which are oxi-
dized halogens that also exhibit antimicrobial activity and are 
formed by the reaction of oxidized halogens with ammonia 
or amines (Babior, 1984).

The reactive oxygen species are generated by the phago-
cyte NAD​PH oxidase, a multiprotein complex that comprises 
both membrane bound and cytosolic components. The mem-
brane-associated heterodimer, cytochrome b558, consists of 
gp91phox and p22phox subunits (Segal, 1987; Teahan et al., 
1987) and is essential for electron transfer from NAD​PH to 
molecular oxygen. The cytosolic components p47phox (Kim 
and Dinauer, 2006), p67phox, p40phox, and the small G pro-
teins Rac1 and Rac2 (Roberts et al., 1999; Yamauchi et al., 
2004) are required for full activation. Deficiencies in indi-
vidual subunits of the complex cause chronic granulomatous 
disease (CGD; Berendes et al., 1957; Rae et al., 2000, a severe 
immunodeficiency characterized not only by life threaten-
ing infections but also by autoimmune manifestations, such 
as inflammatory bowel disease (Singel and Segal, 2016). The 
most common cause of CGD, X-linked gp91phox deficiency 
(Segal, 1987; Teahan et al., 1987), is associated with a signifi-
cantly reduced life expectancy. Of note, the most frequent 
causes of septicemia in patients with CGD are Salmonella 
species (van den Berg et al., 2009).

The genome-wide set of targeted mutations in mouse 
ES cells established by the KOMP, EUC​OMM, and MirKO 
programs provides an opportunity to conduct systematic, 
large-scale gene function analysis in a mammalian system 
(Ayadi et al., 2012; White et al., 2013). Therefore, to uncover 
new pathways involved in host defense, we screened hun-
dreds of knockout mouse lines for susceptibility to infection 
by inoculating mice generated through KOMP with an at-
tenuated form of the intracellular pathogen, S. Typhimurium 
() In this study, we show that mice deficient in a previously 
uncharacterized gene, bc017643, are highly susceptible to 
Salmonella and Listeria infection and are impaired in their 
ability to control replication of either pathogen. We show that 
this is because bc017643 encodes a gene, which we name 
Eros (essential for reactive oxygen species), that is necessary 
for the phagocyte respiratory burst. Eros is necessary for sta-
ble expression of the gp91phox and p22phox subunits of the 
cytochrome b558 heterodimer. Intriguingly, a plant ortho-
log of Eros, Ycf4, is necessary for expression of the subunits 

of photosystem I in chloroplasts, also an NAD​PH oxio-re-
ductase. Collectively, our work identifies a novel and essen-
tial regulator of the phagocyte respiratory burst and points 
to an ancient and conserved function for a hitherto unde-
scribed family of proteins.

Results
Mice deficient in the uncharacterized gene, bc017643, are 
highly susceptible to Salmonella enterica serovar 
Typhimurium but not Citrobacter rodentium infection
Infections by facultative intracellular pathogens such as Sal-
monella cause major morbidity and mortality globally, but 
our understanding of host defense to such pathogens remains 
incomplete. To address this in a systematic fashion and to 
explore host susceptibility to infection more generally, we 
screened mice generated through the Wellcome Trust Sanger 
Institute Knockout Mouse Project for immunity to Salmonella 
enterica serovar Typhimurium (S. Typhimurium) challenge 
(White et al., 2013). Mice harboring a targeted mutation in 
bc017643, a previously uncharacterized protein-coding gene 
located on chromosome 11 (Fig. S1 A), were highly suscepti-
ble to S. Typhimurium, dying 4–5 d after intravenous inocula-
tion with the attenuated S. Typhimurium M525 (Fig. 1 A). As 
we demonstrate that bc017643 is crucial for the generation 
of a phagocyte respiratory burst in the innate immune sys-
tem, we have renamed the gene Eros. Eros−/− mice were also 
susceptible to the highly attenuated S. Typhimurium vaccine 
strain SL261 ΔaroA (Fig. 1 B), underlining the severity of the 
phenotype. The susceptibility of Eros−/− mice to Salmonella 
infection was caused by a failure to control bacterial replica-
tion as they harbored 103–104 log-fold more CFU of Salmo-
nella per gram of spleen or liver than control mice at day 4 
after challenge. In addition, there was evidence of infection 
in the kidney and colon (Fig.  1, C–F), sites which are less 
heavily colonized by S. Typhimurium. Eros+/− heterozygous 
mice were not more susceptible to S. Typhimurium (Fig. S1 
B). In contrast to the early lethality with S. Typhimurium in-
fection, Eros−/− mice were not more susceptible to the extra-
cellular mucosal pathogen Citrobacter rodentium (Fig. 1 G 
and not depicted). Confirmation of the causative role of the 
previously uncharacterized Eros gene in driving susceptibility 
to Salmonella was provided by repairing the knockout allele 
and reintroducing Eros expression. This was accomplished 
by crossing the Eros-deficient mice with flippase-expressing 
mice to remove the FRT-flanked stop codon that generates 
the original null allele. This restoration of Eros abolished the 
susceptibility to Salmonella infection (Fig. 1 H).

Eros is a transmembrane protein with homology to Ycf 4
There is no published literature on murine Eros. The protein 
shares ∼89% sequence identity with human C17ORF62 and 
is predicted to be a single domain protein and shares sequence 
homology with domain of unknown function (DUF) 4564. 
Sequence similarity searching using jackhmmer (Finn et al., 
2011) identified orthologs of Eros in all vertebrates, as well as 
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in some lower order animals such as poriferan sponges and sea 
urchins. This suggests that Eros has an ancient evolutionary 
origin. Eros also shares significant sequence similarity with the 
conserved plant protein Ycf4 (Boudreau et al., 1997; Krech et 
al., 2012), which participates in the assembly of the photosys-
tem I complex (Boudreau et al., 1997). Phobius software (Käll 
et al., 2004) predicted an N-terminal transmembrane region 
comprising two transmembrane helices (residues 21–39 and 
45–63) with the N- and C-terminal regions present within 
the cytoplasm and the two transmembrane helices separated 
by a short linker sequence of five residues (Fig. 2 A). The pro-
tein is also likely to contain a disordered C-terminal (residues 
168–187) that is rich in serine residues (7 out of 20 residues). 
Databases of RNA and protein expression (European Bioin-
formatics Institute Expression Atlas and Immgen) show that 
Eros is highly expressed in cells of the innate immune system, 
particularly in neutrophils, monocytes, and macrophages. The 
protein has been detected in the phagosome of macrophages 
(Trost et al., 2009; Dill et al., 2015) and in dendritic cell endo-

somes (Nakamura et al., 2014). The human ortholog of Eros, 
C17ORF62, is also highly expressed in the immune system. 
Microarray analysis of separated blood subsets from healthy 
volunteers detected the highest expression in neutrophils and 
monocytes (Fig.  2  B). This is consistent with a proteomic 
analysis of separated human tissues that showed high expres-
sion of C17ORF62 in monocytes and CD4 T cells and B 
cells, although neutrophils were not evaluated in this study 
(Kim et al., 2014). Mass spectrometry data from human in-
duced pluripotent stemcell–derived macrophages in our own 
laboratory showed that C17ORF62 protein expression was 
up-regulated after treatment with IFN-γ or a combination 
of IFN-γ and S. Typhimurium (Fig. S1, C and D). Consistent 
with high expression of the protein in monocytes, macro-
phages, and neutrophils, the severe phenotype associated with 
Eros deficiency was still evident when the mice were crossed 
to the Rag-knockout background (Fig. 2 C), confirming that 
abnormalities in the innate immune system alone could ac-
count for the susceptibility to S. Typhimurium.

Figure 1.   Eros  is essential for host de-
fense against S. Typhimurium. (A and B) 
Survival of Eros−/− mice after i.v. challenge 
with S. Typhimurium M525 (A) or after oral 
challenge with S. Typhimurium ΔaroA (B). 
Data in A show eight mice per group and are 
representative of greater than five indepen-
dent experiments. Data in B show eight mice 
per group and are representative of two in-
dependent experiments. (C–F) Bacterial bur-
den expressed as CFU per organ in liver (C), 
spleen (D), kidney (E), and colon (F) at day 4 
after infection with S. Typhimurium M525. 
Eight mice were used in each group. Results 
are representative of greater than five inde-
pendent experiments (G) C. rodentium burden 
in colon after oral challenge. Eight mice were 
used per group and data are representative of 
two independent experiments. (H) Survival of 
control (eight mice), Eros-deficient (five mice), 
gp91phox-deficient (four mice), and Eros-suf-
ficient flippase mice (repaired Eros allele; eight 
mice) after infection with 5 × 105 CFU of S. 
Typhimurium M525. Data are representative 
of two independent experiments. The P-value 
shown in H denotes the significant difference 
in survival between Eros-flippase and Eros-de-
ficient mice. Error bars represent the SEM. ***, 
P < 0.001; ****, P < 0.0001. Data in A, B, and 
H were analyzed by Log-Rank test and data in 
C–G were analyzed by Mann-Whitney test.
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Eros-deficient macrophages fail to 
kill S. Typhimurium ex vivo
Flow cytometric analysis of cells from uninfected Eros−/− mice 
demonstrated no abnormality in the number or frequency of 
any of the major immune cell subsets (Table  1). The nor-
mal function of macrophages (Vazquez-Torres et al., 2004), 
monocytes (Tam et al., 2008; Rydström and Wick, 2010), and 
neutrophils (Conlan, 1997) is required to control Salmonella 
replication. Accordingly, we tested the functional capabilities 
of peritoneal macrophages from Eros−/− mice in vitro. Eros−/− 
peritoneal macrophages were able to phagocytose bacte-
ria apparently normally (Fig. 2 D) and electron microscopy 
showed that Eros−/− macrophages could internalize bacteria 

into a Salmonella-containing vacuole (unpublished data). 
However, peritoneal macrophages from Eros−/− mice showed 
a marked defect in the ability to control intracellular Salmo-
nella replication 1–2 h after ex vivo infection, as measured by 
gentamicin protection assays (Fig. 2 E), complementing our 
observations in vivo. Although IL-12, IFN-γ, and TNF are 
all important for the control of Salmonella, there were no 
obvious defects in cytokine secretion by Eros−/− BM-derived 
macrophages in response to live opsonized S. Typhimurium 
M525 (Table 2). Neutrophils have also been implicated as es-
sential to control of S. Typhimurium (Conlan, 1997; Tam et 
al., 2008; Burton et al., 2014). We confirmed this in our model 
by using the anti-Ly6G antibody, 1A8, to deplete neutrophils. 

Figure 2.  Eros is a transmembrane protein, and Eros-deficient macrophages fail to kill S. Typhimurium. (A) Schematic diagram of Eros structure 
based on prediction algorithms described in text. Serines at the C terminus are denoted by S. (B) Expression of Eros ortholog C17ORF62 in peripheral blood 
cells of healthy volunteers by probe level expression on microarray. Each dot represents one individual. (C) Survival of Eros−/− Rag−/− double-deficient mice 
and Rag−/− mice (eight mice per group) after i.v. infection with 106 CFU of S. Typhimurium M525. Results are representative of three independent exper-
iments. (D) Flow cytometric analysis of uptake of opsonized spi2-inducible GFP expressing S. Typhimurium by F480+ peritoneal macrophages. Results are 
representative of three independent experiments. (E) Killing of M525 S. Typhimurium by control or Eros−/− peritoneal macrophages in a gentamicin protec-
tion assay. Macrophages from three independent mice were used in each group, and data are representative of three independent experiments. Error bars 
represent the SEM. ***, P < 0.001. Data in A were analyzed by log-rank test and data in E were analyzed by unpaired Student’s t test.
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We then infected mice with S. Typhimurium M525 and mea-
sured bacterial burden in liver and spleen 72 h later. Control 
mice treated with 1A8 had higher counts (of the order of 
1-log fold) than controls (Fig. S1, E and F), indicating that 
neutrophils do contribute to the control of S. Typhimurium. 
We also found that Eros-deficient neutrophils were unable to 
control S. Typhimurium replication. Using an RFP-express-
ing S. Typhimurium SL1344 strain, we showed that uptake of 
bacteria was equivalent as at 1 h after infection; the percent-
age of infected neutrophils was not different between control 
and Eros−/− neutrophils. However, at 3 h, both the proportion 
of cells infected with S. Typhimurium (Fig. S1, G and H) and 
the mean fluorescence intensity (a surrogate marker of bacte-
rial load) were higher in Eros-deficient cells.

The phagocyte respiratory burst is highly impaired in Eros-
deficient neutrophils and macrophages
We noted that Eros-deficient mice had a very similar pheno-
type to that of mice deficient in components of the NAD​PH 
oxidase complex, including gp91phox (Nox2) and p22phox 
(Mastroeni et al., 2000; van den Berg et al., 2009; and Fig. 
S1, I and J). These mice, like Eros−/− mice, are highly sus-
ceptible to S. Typhimurium but survive C. rodentium infec-
tion (Fattouh et al., 2013; and unpublished data). Testing this 
phenotype, we found that neutrophils from Eros−/− mice had 
a highly impaired superoxide burst in vitro. This was most 

marked in response to the N-formylated peptide N-formyl-
methionyl-leucyl-phenylalanine (fMLP), to which the re-
sponse was almost absent (Fig. 3 A). There was a 5–10-fold 
impairment of the response to the protein kinase C activa-
tor phorbol 12-myristate 13-acetate (PMA; Fig. 3 B), but a 
variable and slightly less marked defect in the response to 
zymosan (Fig. 3 C). The defect in the phagocyte respiratory 
burst was equally apparent using alternative luminescent indi-
cators, such as lucigenin and DIO​GEN​ES (unpublished data). 
The phenomenon extended to other Eros−/− phagocytes. 
BM-derived macrophages from Eros−/− mice exhibited a se-
verely impaired generation of superoxide in response to PMA 
(Fig.  3 D) and zymosan (Fig.  3 E), as did peritoneal mac-
rophages (Fig. 3 F). To put the impaired phagocyte respira-
tory burst in context, we compared Eros−/− neutrophils with 
mice lacking gp91phox or p22phox, the two essential mem-
brane-bound components of flavocytochrome b558. These 
experiments confirmed that, in neutrophils, the phagocyte 
respiratory burst is highly impaired rather than totally absent 
in Eros−/− mice (Fig. S2, A and B). The deficits observed in 
Eros−/− BM-derived macrophages were even more severe 
than those in neutrophils, and their ROS generation was as 
impaired as that of gp91phox−/− mice, including the ex vivo 
response to S. Typhimurium itself (Fig. S2, C–E). Consistent 
with some residual oxidase activity in neutrophils, compari-
son of Salmonella infection in Eros−/− mice with those defi-

Table 1. N ormal immune cell numbers in Eros−/− mice

Control (22 mice) Eros−/− (18 mice)

Cell number (spleen) × 10−6

Total splenocytes 50.67 ± 0.63 44.9 ± 0.45
F480+ macrophages 1.62 ± 0.11 1.639 ± 0.12
CD11chi dendritic cells 1.82 ± 0.01 1.83 ± 0.11
CD11chi CD8+ dendritic cells 0.46 ± 0.03 0.43 ± 0.03
Ly6Chi monocytes 0.91 ± 0.07 0.75 ± 0.04
Neutrophils 2.56 ± 0.21 2.1 ± 0.09
Cell number (blood) × 10−6/ml
Ly6Chi monocytes blood 5.9 ± 0.7 4.3 ± 0.46
Ly6Clo monocytes blood 1.9 ± 0.25 2.0 ± 0.20
Neutrophils 9.24 ± 0.46 8.3 ± 0.34

Mean cell number of the indicated subsets in the relevant organs ± SEM. Data were analyzed by Mann-Whitney test and represent pooled data from three independent experiments. There 
were no significant differences between control and Eros−/− mice in any subset studied.

Table 2. C ytokine/chemokine production by BM-derived macrophages from control and Eros−/− BM-derived macrophages 18 h after incuba-
tion with live S. Typhimurium M525

Cytokines Control Eros−/−

pg/ml pg/ml
TNF 8,596 ± 490 7,564 ± 463
IL-12p70 138 ± 15 100 ± 15
KC/GRO 6,736 ± 282 5,751 ± 482
IL-10 4.955 ± 182 5,245 ± 325
IL-6 5,497 ± 384 6,188 ± 571
IFN-γ 41 ± 2 43 ± 3

Values presented represent the mean cytokine production in culture supernatants ± SEM. Data were analyzed by unpaired Student's t test and are representative of three independent 
experiments. There were no significant differences between control and Eros−/− mice in any subset studied.
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cient in either gp91phox or p22phox showed that they had 
a slightly less severe defect in controlling bacterial replication 
than gp91phox or p22phox-deficient mice, which have no 
oxidase activity at all (Fig. S3 A).

Eros−/− mice exhibit other sequelae of a defective 
phagocyte respiratory burst
We reasoned that the consequences of Eros deficiency should 
extend to other processes that are dependent on an intact 
phagocyte respiratory burst, such as clearance of Listeria 
monocytogenes (Dinauer et al., 1997; Noubade et al., 2014). 

Eros−/− mice were highly susceptible to L. monocytogenes 
infection (Fig. 4 A) and died within 5 d of infection, with 
high bacterial loads in liver and spleen (Fig.  4  B). Under 
certain specific circumstances, the generation of neutrophil 
extracellular traps (NETS) is also dependent on an intact 
phagocyte respiratory burst (Remijsen et al., 2011). NET 
production in response to PMA was markedly impaired 
in Eros−/− mice (Fig. 4, C and D). We then asked whether 
Eros deficiency could ever be advantageous. The phagocyte 
respiratory burst can, for example, hinder tumor immunity. 
gp91phox, Ncf1 (p47phox), and Rac2-deficient mice all 

Figure 3.  Eros−/− neutrophils and macrophages have a severely impaired phagocyte respiratory burst in vitro. (A–C) ROS production (three tech-
nical replicates, each control and Eros−/− sample is pooled from two mice) measured in relative light units (RLU) by purified BM neutrophils from control or 
Eros−/− mice in response to (A) fMLP, (B) PMA, or (C) zymosan. Data are representative of at least three independent experiments. (D and E) ROS production 
(replicates from BM derived from three individual mice, measured in RLU) by purified BM-derived macrophages from control or Eros−/− mice in response to 
PMA (D) and zymosan (E). (F) ROS production by peritoneal cells from Rag−/− (three mice) or Eros−/− Rag−/− mice (three mice) in response to PMA. Data are 
representative of at least three independent experiments. Area under the curve (AUC) was calculated for each sample. Error bars represent the SEM. **, P < 
0.01; ***, P < 0.001; ****, P < 0.0001, analyzed by unpaired Student’s t test.
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exhibit fewer lung metastases than control mice in experi-
mental melanoma models (Okada et al., 2006; Kelkka et al., 
2013; Joshi et al., 2014). We challenged mice with B16 mel-
anoma cells and demonstrated that Eros-deficient mice had 
significantly fewer lung metastases 10 d later (Fig. 4 E). This 
demonstrates that the influence of Eros extends to other bi-
ological processes in which the phagocyte respiratory burst is 
known to be important.

Eros−/− neutrophils and macrophages express very low levels 
of gp91phox and p22phox proteins
The phenotypes we observed led us to examine whether 
Eros−/− mice had abnormal expression of components of the 
phagocyte NAD​PH oxidase. Eros deficiency had no mea-
surable effect on basal RNA expression in freshly isolated 
BM neutrophils or in whole spleen; the only differentially 
expressed gene identified by microarray analysis in Eros−/− 
mice was Eros itself (Fig. 5 A and Fig. S4 A). In particular, 
there was no difference in the mRNA level of the genes 
encoding the subunits of the NAD​PH oxidase (Fig.  5 B). 
Expression of both the gp91phox and p22phox proteins 
was, however, markedly reduced but not entirely absent in 
Eros−/− neutrophils. This was demonstrated by comparison 
of Eros−/− neutrophils with those from gp91phox-deficient 

(Cybb knockout) mice where the protein was undetect-
able (Fig. 5 C). gp91phox and its membrane-bound partner, 
p22phox, are only stable as a heterodimer. Therefore, if one 
member of the heterodimer is weakly expressed, abundance 
of the partner protein is reduced (Segal, 1987; Pollock et 
al., 1995). Peritoneal lavage cells, IFN-γ–primed BM-de-
rived macrophages and splenic B and T cells also exhibited 
very low levels of gp91phox and p22phox in Eros−/− cells. 
(Fig. 5, D–F). In contrast, the cytoplasmic components of the  
NAD​PH oxidase complex, p47phox, p67phox, and p40phox 
were not significantly differentially expressed by Western 
blot (Fig. 5 G) or by mass spectrometry (unpublished data).  
gp91phox has several homologues which are highly expressed 
in other tissues. In particular Nox1 is highly expressed in the 
colon and endothelium, Nox3 is specifically expressed in the 
inner ear, and Nox4 is predominantly expressed in the kid-
ney. Nox1-4 all use p22phox to form a stable heterodimer. 
Among members of the Nox family, the role of Eros protein 
seems to be specifically restricted to regulating the abundance 
of gp91phox (Nox2). We measured expression of Nox1 and 
Nox4 by Western blot. As expected, we saw the highest levels 
of Nox1 in the colon and high expression of Nox4 in the 
kidney. Both proteins were equivalently expressed between 
control and Eros−/− mice (Figs. S3, B and C). Nox3 is highly 

Figure 4.  Eros−/− mice are susceptible to L. 
monocytogenes infection and fail to form 
NETS but are resistant to melanoma me-
tastasis. (A) Survival of control (three mice) 
and Eros−/− (five mice) mice after i.v. injection 
with L. monocytogenes. (B) Bacterial burden in 
liver and spleen of control and Eros−/− mice 3 
d after infection with L. monocytogenes. Data 
in A and B are representative of three indepen-
dent experiments. (C) Neutrophil extracellular 
trap formation in response to PMA by control 
and Eros−/− mice. NETosis is measured by ab-
sorbance of Sytox Green. (D) Representative 
staining of control and Eros−/− neutrophils 
with sytox green and anticitrullinated histone 
3 antibody. (E) Number of lung metastases in 
control or Eros−/− mice 10 d after i.v. injec-
tion of B16-F10 melanoma cells. Error bars 
represent the SEM. **, P < 0.01; ***, P < 0.001. 
Data in A were analyzed by Log-rank test. 
Data in B and E were analyzed by Mann Whit-
ney test. Data in C was analyzed by Tukey’s 
test. Data are representative of at least three 
independent experiments.
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expressed in the inner ear and Nox3-deficient mice exhibit 
a vestibular/balance defect characterized by head tilt, and 
therefore we could assess Nox3 using functional assays that 
were used to phenotype mice as part of the Knockout Mouse 
Project (White et al., 2013). p22phox is essential for the sta-
bilization of Nox3 in the inner ear, and thus nmf333 mice, 
which carry a homozygous mutation in p22phox, exhibit 
similar balance defects (Nakano et al., 2008). Consistent with 
this data, p22phox-deficient mice show spontaneous trunk 
curl and head bobbing, and fail to exhibit a contact-righting 
reflex, whereas Eros−/− mice do not show any of these ves-
tibular defects (Fig. S3, D–F).

Eros deficiency has very specific effects on 
gp91phox and p22phox expression
Given that the components of the cytochrome b558 het-
erodimer were almost absent in Eros−/− mice, we next asked 

whether the expression of other proteins was dysregulated in 
the innate immune system of Eros−/− mice in the same pro-
found manner as gp91phox and p22phox. We used label-free 
quantitative mass spectrometry to compare the whole mac-
rophage proteome of control and Eros−/− BM macrophages 
(Fig. 6 A). As expected, Eros protein was detectable in all sam-
ples from control cells but not those from Eros−/− cells. In 
addition, gp91phox and p22phox were much less abundant 
in Eros−/− cells, with many fewer unique peptides for both 
proteins detected in Eros−/− neutrophils. Furthermore, Eros 
deficiency changed the abundance of a remarkably small sub-
set of proteins, with the effects on gp91phox and p22phox 
the most profound. The log-fold change for gp91phox was 
4.7. This was greater than for any other protein, except Eros, 
whereas the log-fold change for p22phox was 3.17. We per-
formed a similar analysis in BM neutrophils (Fig. 6 B) and we 
found that only gp91phox and p22phox were differentially 

Figure 5.  Eros−/− mice have severely reduced expression of cytochrome b558 (gp91phox/p22phox heterodimer). (A) mRNA microarray analysis 
of purified BM neutrophils from control (five individuals) and Eros−/− (four individuals) mice showing bc017643 (Eros) as the only statistically significant 
differentially expressed gene. 1 (B) Heat map of selected genes from A. Samples from individual Eros–/– mice are denoted E1-E4 and those from control 
mice are denoted C1-C5. (C) gp91phox and p22phox expression in purified BM neutrophils from control, Eros−/−, and gp91phox−/− neutrophils. Data are 
representative of at least three independent experiments. (D) gp91phox expression in peritoneal macrophages from control, Eros−/−, and gp91phox−/− mice. 
NS, nonspecific band. Data are representative of at least three independent experiments. (E) gp91phoxand p22phox expression in BM-derived macrophages 
from control, Eros−/−, and Eros+/− (het) mice. Data are representative of three independent experiments. (F) gp91phox expression in lymphocytes from con-
trol and Eros−/− mice. Data are representative of two independent experiments. (G) Expression of the indicated cytoplasmic subunits of the phagocyte NAD​
PH oxidase in neutrophils from control and Eros−/− mice. Data are representative of three independent experiments.
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expressed between control and Eros−/− cells. Other functional 
components of neutrophil defense were unaffected; for ex-
ample, neither the amount of myeloperoxidase in neutrophil 
granules, nor elastase release, was affected in Eros−/− cells (Fig. 
S4, B and C). Taking neutrophils and macrophages together, 
the only proteins that were significantly less abundant in both 
macrophages and neutrophils of Eros-deficient mice, were 
gp91phox, p22phox, and Eros protein itself.

Eros localizes to the endoplasmic reticulum and co-
immunoprecipitates with gp91phox
We examined the mechanism underlying the low expres-
sion of the gp91phox and p22phox proteins in Eros−/− cells. 
Defects in transcription, biosynthesis via glycosylation, and 
protein degradation of gp91phox and p22phox have all been 
shown to affect levels of the b558 flavocytochrome. An im-
pact on translation is improbable given that mass spectrome-
try shows that Eros deficiency has an extremely specific effect 
on the macrophage and neutrophil proteome. An effect on 
biosynthesis is also unlikely, as there is no defect in glyco-
sylation of the small amount of gp91phox protein present in 
Eros−/− cells, which showed the same shift as control cells 
after treatment with PNGase (Fig. 7 A). Thus, Eros is likely 
to impact gp91phox and p22phox degradation, particularly as 
the abundance of gp91phox and p22phox protein is known to 
be controlled by endoplasmic reticulum–associated (ERAD) 
and proteasomal degradation (DeLeo et al., 2000; Chen et al., 
2011, 2012). To test this, we incubated IFN-γ–primed BM 
macrophages with the proteasomal inhibitor MG132 and the 
p97 inhibitor NMS873, which blocks ERAD. We also treated 
such cells with the lysosomal inhibitor chloroquine and the 
autophagy inhibitor bafilomycin to determine if these path-
ways were driving accelerated degradation of gp91phox and 
p22phox. Chloroquine could not significantly rescue ex-
pression of either p22phox or gp91phox (unpublished data) 
in Eros−/− cells. Bafilomycin could rescue p22phox expres-
sion to some extent, alone or in combination with MG132 
(Fig. 7 B and Fig. S5 A). Both the proteasome inhibitor lac-
tacystin and the calpain inhibitor ALLN were able to sig-
nificantly rescue p22phox expression (Fig. 7 C and Fig. S5 
B). Potent restoration of p22phox expression was observed 
with NMS873, consistent with data showing that this subunit 
is degraded by ERAD (Fig. 7 D and Fig. S5 C) and again 
consistent with increased degradation of p22phox in Eros−/− 
mice. We were able to rescue gp91phox to a modest, though 
statistically significant, degree with ALLN and lactacystin, but 
not with the proteasome inhibitor MG132 or the ERAD in-
hibitor NMS873 (Fig. S5, D–F). In view of the fact that the 
rescue of gp91phox was minimal, the rescue of p22phox by 
ALLN, lactacystin, and NMS873 was probably the maximum 
that could be expected given that gp91phox is required to 
stabilize p22phox protein expression.

We next investigated the subcellular localization of Eros 
by transducing RAW264.7 cells with a lentiviral vector ex-
pressing recombinant Eros with an N-terminal FLAG-tag (Fig. 

S5, G and H) and found that Eros localized to the endoplas-
mic reticulum by electron microscopy (Fig. 7 E). gp91phox 
and p22phox are also known to localize to the endoplas-
mic reticulum of macrophages, as unassembled monomers. 
We found that by confocal microscopy, gp91phox and Eros 
co-localized in HEK293 cells (Fig. 7 F). As Eros, gp91phox, 

Figure 6.  Eros  deficiency has very specific effects on gp91phox 
and p22phox expression. Volcano plots of label-free mass spectrometry 
from control and Eros−/− innate immune cells. Data are shown for mac-
rophages (A; four biological replicates for control and Eros−/− mice) and 
neutrophils (B; three biological replicates for control and Eros−/− mice). 
The volcano plots display statistical significance (Log10 P-value) versus 
the log2 fold change. Cybb and Cyba are the gene symbols for gp91phox 
and p22phox respectively.
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and p22phox all localize to the endoplasmic reticulum, we 
tested whether these proteins interact. Immunoprecipitation 
of Eros protein from RAW264.7 macrophages showed spe-
cific co-purification of gp91phox (Fig. 7 G), consistent with a 
role for this protein in stabilizing gp91phox expression. Thus, 
it is likely that Eros, in common with other proteins such 
as Nrros (Noubade et al., 2014), hsp70, and hsp90 (Chen et 
al., 2011, 2012), controls the degradation of gp91phox and 
p22phox in the ER through an interaction with, and stabili-
zation of, the cytochrome b558 heterodimer.

Discussion
Eros is a highly conserved, novel protein that is necessary for 
expression of the cytochrome b558 heterodimer and is there-
fore essential for the phagocyte respiratory burst and for host 
defense. Sequence analysis of Eros offered few clues to its func-
tion, though it does contain a domain of unknown function, 
DUF4564. Intriguingly, Ycf4, an ancient plant ortholog of Eros, 
also contains DUF4564 and also regulates the activity of an 
NAD​PH oxio-reductase, namely the ferredoxin oxio-reduc-
tase, photosystem I (PSI), which is essential for photosynthesis. 

Figure 7.  Eros immunoprecipitates with gp91phox and also localizes to the endoplasmic reticulum. (A) Western blot for gp91phox expression 
in BM-derived macrophages with or without treatment with PNGaseF. NS, nonspecific band. Data are representative of two independent experiments. (B 
and C) p22phox expression in control and Eros-deficient macrophages after incubation with bafilomycin (B) and ALLN and lactacystin (C) NMS873 (D). 
Data are representative of three independent experiments. (E) Electron micrographs of RAW264.7 cells transduced with Eros-FLAG, stained with anti-FLAG 
immunogold. Arrows indicate FLAG localization to the endoplasmic reticulum. Data are representative of three independent experiments. (F) Confocal 
microscopy of HEK 293T cells transfected with Eros-GFP and gp91phox-myc constructs. Data are representative of three independent experiments. (G) 
Immunoprecipitation of Eros-FLAG with a control antibody or anti-FLAG and blotting for FLAG or gp91phox, as indicated. Data are representative of three 
independent experiments.
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The available data on Ycf4 offers some fascinating parallels 
with our observations on the behavior of Eros. Ycf4 was first 
identified in the unicellular green alga Chlamydomonas re-
inhardtii (Boudreau et al., 1997) and has also been studied in 
tobacco plants. (Krech et al., 2012). In Ycf4-deficient organ-
isms, the components of PSI are not detectable at the protein 
level, despite normal mRNA expression (Boudreau et al., 1997; 
Krech et al., 2012). In addition, association of PSI transcripts 
with ribosomes was unaffected, implying that translation of 
PSI components was normal in Ycf4 mutant plants. Parallel 
with the ability of Eros to co-immunoprecipitate with gp-
91phox, Ycf4 interacts physically with PSI components. (Krech 
et al., 2012). We believe, then, that Eros is likely to play a similar 
role in the assembly of cytochrome b558 to that demonstrated 
for Ycf4 in algae and plants. Furthermore, our work implies an 
ancient conservation of function for the DUF4564 family of 
proteins in stabilizing the protein levels of oxio-reductase com-
plexes. Eros is necessary for the stable expression of gp91phox 
and p22phox, most likely by acting as a chaperone. There is 
already strong evidence that the expression of gp91phox and 
p22phox is controlled at the level of protein degradation and 
that ER-resident chaperone proteins play a key role in this pro-
cess. Studies on the mechanism of how gp91phox and p22phox 
assemble to form cytochrome b558 show that the unglyco-
sylated gp91phox precursor and p22phox are synthesized in 
the ER and that gp91phox associates with p22phox before 
glycosylation in the Golgi apparatus. However, formation of 
the gp91phox-p22phox heterodimer is relatively inefficient 
and monomers that do not find a partner are rapidly degraded 
via the proteasome (DeLeo et al., 2000). There is precedence 
for the regulation of this interaction by chaperones. For in-
stance, hsp70 and hsp90 play reciprocal roles in cytochrome 
b558 stability (Chen et al., 2011, 2012). Hsp90 stabilizes gp-
91phox expression whereas hsp70 facilitates its degradation 
via the hsp70-regulated ubiquitin ligase, CHIP (Chen et al., 
2012). Nrros (negative regulator of reactive oxygen species) 
is also involved in cytochrome b558 stability, associating with 
gp91phox to facilitate its degradation (Noubade et al., 2014). 
Deficiency of Nrros in mice causes increased expression of 
the gp91phox-p22phox heterodimer with a concomitant in-
crease in the magnitude of the phagocyte respiratory burst 
that has beneficial effects for clearance of bacterial infection 
but detrimental in that it leads to a more severe disease course 
of experimental allergic encephalomyelitis (Noubade et al., 
2014). Eros is necessary for the stability of gp91phox-p22phox 
heterodimer and its deficiency has very specific effects on the 
abundance of these proteins, without affecting expression of 
their mRNA. Furthermore, gp91phox and Eros co-localize in 
the ER, and we have shown that these two proteins interact, as 
they can co-immunoprecipitate with each other. In addition, 
partial rescue of the expression of gp91phox and particularly 
p22phox can be achieved with inhibitors of the proteasome. 
Collectively, these data indicate that Eros plays a central role as 
a chaperone critical for expression of gp91phox and p22phox 
and hence for the cytochrome b558 heterodimer.

A fuller understanding of the phagocyte respiratory 
burst is not only necessary for the study of immunity to in-
fection. CGD patients are more prone to a variety of au-
toimmune manifestations including inflammatory bowel 
disease and systemic lupus erythematosus (SLE; Singel and 
Segal, 2016), whereas polymorphic variation in components 
of the phagocyte NAD​PH oxidase machinery can play a role 
in the pathogenesis of polygenic autoinflammatory disease. 
Coding variants in the cytosolic p67phox subunit (NCF2) 
are associated with increased SLE (Jacob et al., 2012), and 
this is consistent with data suggesting that gp91phox defi-
ciency predisposes to lupus in both mouse and man (Cale et 
al., 2007; Campbell et al., 2012). Aside from SLE and inflam-
matory bowel disease, genetic variation in p40phox (NCF4) 
has also been implicated in atopic dermatitis and ankylos-
ing spondylitis. The lack of gp91phox and p22phox seen in 
Eros−/− mice is certainly sufficient to cause abnormalities that 
extend beyond immunity to infection. We found that Eros 
deficiency influenced the formation of neutrophil extracellu-
lar traps and the host response to metastasis. The latter result 
is particularly intriguing as mice deficient in other compo-
nents of the respiratory burst apparatus are also resistant to 
metastasis in mouse models (Okada et al., 2006; Kelkka et al., 
2013; Joshi et al., 2014).

Hence, Eros is a novel and essential component of the 
phagocyte respiratory burst and is necessary for effective 
in vivo responses to common pathogens and the host re-
sponse to tumor metastasis.

Materials and methods
Mice
bc017643/Eros knockout mice were generated using a tm1a 
(KOMP) knockout-first approach. Gene targeting was per-
formed as part of the International Knockout Mouse Consor-
tium (Skarnes et al., 2011). Targeted ES cells were selected for 
neomycin resistance and β-galactosidase expression, and the 
bc017643tm1a(KOMP) allele structure was confirmed by long-
range PCR and sequencing. A single-integration event was 
confirmed by neomycin-copy number analysis with quan-
titative RT-PCR (qRT-PCR). The bc017643tm1a/tm1a mouse 
line was derived from the EPD0079_5_A11 ES cell clone 
and maintained on a C57BL/6N genetic background. The 
care and use of all mice was in accordance with UK Home 
Office regulations (UK Animals Scientific Procedures Act 
1986). The mice were maintained in specific pathogen–free 
conditions and matched by age and sex within experiments.

S. Typhimurium challenge
Eight Eros−/− mice and eight C57BL6/N control mice aged 
6–8 wk were infected i.v. with 0.2 ml S. Typhimurium M525 
(phoN::tetC) containing 5 × 105 CFU of bacteria in sterile 
PBS (Sigma-Aldrich). They were monitored in accordance 
with the protocol used for pathogen screening in the mouse 
genetics project (White et al., 2013). At various time points 
as indicated in the main text, mice were sacrificed and the 
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spleen, liver, kidneys, blood, and cecal contents were harvested. 
Bacteria were enumerated by serial dilution and plating onto 
agar plates (Oxoid). Mice were weighed daily throughout the 
infection and were culled if they lost >20% of their starting 
weight in accordance with UK Home Office regulations (UK 
Animals Scientific Procedures Act 1986). In some specific ex-
periments, mice deficient in gp91phox (cybb) or p22phox 
(cyba) were also included in the experiment. The procedure 
for infection with the S. Typhimurium SL1344 ΔaroA mutant 
was as described above except that on the day of infection, the 
mice were infected orally with 109 CFU of bacteria. The pro-
cedure for infection with L. monocytogenes was as described 
above except that mice were infected with 0.2 ml containing 
5 × 105 CFU of L. monocytogenes. Statistical differences in 
survival between groups of mice were analyzed by log-rank 
test and differences in bacterial burden by Mann-Whitney 
test using the GraphPad Prism statistical package.

C. rodentium challenge
Eight female Eros−/− mice and eight female C57BL6/N con-
trol mice were infected orally with 0.2ml of C. rodentium 
ICC180 (109 CFU) at 6 wk of age and monitored over 28 
d. Every 2–3 d, faeces were collected from each mouse and 
the bacterial burden was enumerated by serial dilutions and 
plating onto agar plates. At day 14 after infection, four Eros−/− 
and four control mice were sacrificed. The spleen, liver, cecal 
patch, cecum, cecal contents, and the last 6 cm of colon were 
extracted and the bacterial burden in the tissue or gut contents 
was assessed by serial dilution and plating onto agar plates. At 
day 28 after infection, the remaining mice were sacrificed and 
the day 14 after infection procedures were repeated. Mice 
are weighed daily throughout the infection. Statistical differ-
ences in bacterial burden were analyzed by Mann-Whitney 
test GraphPad Prism statistical package.

Microarray hybridization and data analysis
Human peripheral blood samples were obtained from healthy 
volunteers (with ethical approval from NRES Committee 
East of England-Cambridge Central [refs: 08/H0308/176, 
04/023, and 08/0306/21]). Neutrophils were obtained by 
lysing the pellet obtained after centrifugation over Histo-
paque 1077 (Sigma-Aldrich), then by positive selection using 
CD16+ MicroBeads (Miltenyi Biotec). Monocytes and CD4+ 
T cells were obtained by sequential positive selection using 
CD14+ and CD4+ MicroBeads (Miltenyi Biotec) and B-cells 
and CD8+ T cells were obtained by sequential positive selec-
tion using CD19+ and CD8+ MicroBeads (Miltenyi Biotec). 
mRNA for both mouse and human samples was extracted 
from cell lysates using RNEasy or AllPrep Mini kits (QIA​
GEN). RNA integrity was assessed by capillary electropho-
resis using a BioAnalyser 2100 (Agilent Technologies) and 
its concentration was determined using a NanoDrop ND-
1000 spectrophotometer. 200 ng total RNA was then labeled 
using the CON​TROL Sense Target labeling kit (Affymet-
rix) and hybridized to either the Mouse Gene 1.0 ST arrays 

(mouse samples) or the Human Gene 1.1 ST array (human 
samples) according to the manufacturer's instructions. After 
washing, arrays were scanned using either a GS 3000 scanner 
or a GeneTitan instrument (Affymetrix). The resulting raw 
microarray data were normalized and summarized using the 
rma function of the oligo package in BioConductor. Human 
samples were hybridized across several batches; batch effects 
were removed using the ComBat algorithm with leukocyte 
subset as a covariate. Differentially expressed genes were iden-
tified using the limma package. Differential expression was 
defined as fold changes >1.5-fold that were statistically sig-
nificant after correction for multiple testing by setting the 
false discovery rate to 5%.

Bacterial uptake assay
Peritoneal cells were elicited from uninfected control or 
Eros−/− mice with 5 ml of PBS at 4°C. Cells were centri-
fuged at 1,200 rpm for 5 min in an Allegra X-15R centrifuge 
(Beckman Coulter). The pellet was red cell lysed by resus-
pension in lysis buffer containing 0.15 M ammonium chlo-
ride and 0.01 M sodium hydrogen carbonate. The cells were 
washed with PBS and resuspended in Optimem (Gibco) at 
2 × 106 cells per well in a 24-well plate. S. Typhimurium 
SL1344 PssaG::GFP (which express GFP when Spi2 is ac-
tive) were resuspended in PBS and incubated with 10% fresh 
mouse serum from control mice for 20 min at room tempera-
ture. They were added at 50 CFU per cell to the peritoneal 
cells and after 40 min, cells were harvested by gentle scraping, 
placed on ice, and incubated with anti–F480-PE (eBiosci-
ence) for 30 min at 4°C. The cells were washed in FACS 
buffer (PBS, 5% FBS, and 0.05% sodium azide) at 4°C and 
resuspended in PBS. FACS analysis was performed on a Cyan 
(Dako) or LSR-II (BD) flow cytometer. Peritoneal cells com-
prised 40–50% F480hi macrophages and ∼50–60% B-1 B cells 
in all strains studied. In some experiments, involving neutro-
phils a S. Typhimurium SL1344 PssaG::RFP strain was used.

In vitro bacterial killing assay
Macrophages were isolated by peritoneal lavage of control or 
Eros−/− mice into PBS at 4°C. They were resuspended in Op-
timem (Gibco) at 2 × 106 cells per well in a 24-well plate and 
incubated at 37°C overnight. Nonadherent cells were removed 
and the cells were incubated with S. Typhimurium M525 
(phoN::tetC) opsonized with fresh autologous mouse serum 
at a ratio of 50 CFU per cell. After 1 h, extracellular bacteria 
were lysed by the replacement of the media with Optimem 
containing 50 µg/ml of gentamicin for 30 min. The solution 
was then replaced by one containing Optimem supplemented 
with 5 µg/ml gentamicin and cells were lysed 1 or 2 h later 
in double de-ionized water. Lysates were plated overnight on 
LB/ampicillin plates (Oxoid) to assess bacterial killing.

Western blot for p47phox, p67phox, and p40phox
Control and Eros−/− murine BM neutrophils (5 × 106) were 
pelleted and resuspended in 100  µl of ice-cold lysis buffer 
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(20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 
1  mM EGTA, 1% Triton X-100, 2.5  mM sodium pyro-
phosphate, 1 mM β-glycerophosphate, 1 mM PMSF, 1 mM 
sodium fluoride, 2  mM sodium orthovanadate, 10 µg/ml 
leupeptin, and protease inhibitor tablet Complete Mini Cat 
11836170001 [Roche]) for 20 min on ice. Samples were 
briefly sonicated and the Triton insoluble fraction was spun 
down for 10 min at 10,000 g at 4°C. The supernatant was 
transferred to a fresh tube and the protein concentration was 
determined by the BCA (Bio-Rad Laboratories) protein 
assay kit, according to the manufacturer’s instructions. Sam-
ples were mixed with 5xSDS sample buffer and incubated at 
95°C for 5 min 15 µg of protein from each sample was loaded 
on a 12% SDS-polyacrylamide mini-gel, and then subjected 
to electrophoresis at 150V. Precision Plus Protein Dual Color 
standards (10–250 kD; Bio-Rad Laboratories) were used as 
molecular weight markers and the gel was stopped when 
the 50-kD band reached within 0.5 cm of the bottom of 
the gel. The gel was washed with transfer buffer (25  mM 
Tris, 200 mM glycine, 0.2% SDS, and 20% methanol) blot-
ted onto nitrocellulose membrane (N+ bond; GE Health-
care) using a semi-dry transfer at 150 A for 90 min. After 
transfer of the electrophoresed proteins, the membrane was 
blocked with 5% milk nonfat dry milk powder dissolved in 
Tris-HCL buffered saline (pH 8.0) containing 0.1% (wt/vol) 
Tween-20 for 1 h at room temperature. The membrane was 
immunoblotted with primary antibody, anti-p40phox pAb 
Upstate 07–501 (1:2,000), anti-p47phox pAb Upstate 07–
500 (1:4,000), and anti p67phox pAb Upstate 07–502 (1:500) 
in Tris-HCL buffered saline (pH 8.0) containing 0.1% (wt/
vol) Tween 20 at 4°C overnight.

Western blot for gp91phox, p22phox, and Rac
Whole-cell extracts were prepared using a low-salt lysis buf-
fer extracts (150 mM NaCl and 0.1% NP-40) as previously 
described (Pardo et al., 2010). Samples were separated by 
PAGE (NuPAGE Bis-Tris gels; Life Technologies) and an-
alyzed by Western blotting. The following antibodies were 
used: gp91phox (sc-130543; Santa Cruz Biotechnology, Inc.), 
p22phox (sc-20781; Santa Cruz Biotechnology, Inc.), β-ac-
tin (Abcam, ab75186), and Rac1/2/3 (PA5-17159; Thermo 
Fisher Scientific). Blots were developed using ECL Prime re-
agents (GE Healthcare) and Lumigen TMA-6. Lysis in RIPA 
buffer produced similar results. 

Experimental metastasis assay
Murine metastatic melanoma B16-F10 cells (ATCC) were 
cultured in DMEM (Lonza) supplemented with 10% FBS, 
2  mM glutamine, and 100 IU/ml penicillin/streptomycin. 
Cells in log-phase growth were harvested and resuspended 
in PBS, and 5 × 105 cells (in 0.1 ml) were injected into the 
tail vein of 6–8-wk-old female control and Eros−/− mice. The 
animals were sacrificed 10 d later, and the lungs removed and 
rinsed in PBS. The number of metastatic foci were counted 
in a blinded fashion under a dissecting microscope. The data 

are reported as total number of metastatic foci per mouse. 
Any single value outliers from each genotype were identi-
fied using the Grubbs’ test (α = 0.05) and statistics were per-
formed using the Mann-Whitney t test.

Co-immunoprecipitation experiments
RAW macrophages expressing Eros-FLAG were lysed in 0.1% 
NP-40 lysis buffer containing 150 mM NaCl using a Dounce 
homogenizer. Cell extracts were incubated with anti-FLAG 
M2 antibody (F1804; Sigma-Aldrich) covalently coupled to 
Dynal Protein G magnetic beads (Invitrogen) for 90 min 
at 4°C. Beads were washed with 10 vol IPP150 buffer, and 
bound proteins were eluted by incubation in 1x LDS load-
ing buffer (Life Technologies) at 70°C for 10 min, followed 
by reduction with 50 mM DTT. Proteins were separated by 
SDS-PAGE and transferred to nitrocellulose membranes. 
Membranes were blocked with 5% nonfat milk in PBS-0.1% 
Tween-20. All antibody incubations were done in this buffer 
with primary antibody recognizing gp91phox (sc-130543; 
Santa Cruz Biotechnology, Inc.). Secondary HRP-coupled 
anti–mouse, anti–rabbit, anti–goat antibodies (GE Health-
care), or HRP-Protein G (Millipore) were used. Detection 
was performed with ECL Plus (GE Healthcare).

Purification of neutrophils
6–10-wk-old mice were sacrificed and BM was obtained 
by flushing femurs and tibias with PBS supplemented with 
0.5% BSA at 4°C. The cells were resuspended in PBS at 4°C 
plus 0.5% BSA. Neutrophils were isolated using a Neutrophil 
Isolation kit (Miltenyi Biotec) used according to the manu-
facturer’s instructions.

Extracellular DNA extrusion (NETosis assays)
BM-derived neutrophils were isolated as described above and 
were resuspended into IMDM media with 5 µM Sytox Green 
extracellular DNA dye (Life Technologies), with or without 
20 nM PMA (Sigma-Aldrich), and seeded onto optical mi-
croplates (BD). To quantify the kinetics of NET formation, 
total fluorescence was measured hourly using a VIC​TOR3 
Multilabel Reader using Wallac 1420 Workstation v3.00 soft-
ware (PerkinElmer) and subtracted by t = 0 measurements. 
The presence or absence of NETs was confirmed visually by 
fluorescence microscopy. Experiments represent the mean ± 
SEM from three independent experiments conducted in du-
plicate. Statistical analysis was conducted by one-way analysis 
of variance and Tukey's test for significance.

Confocal microscopy for NETosis assays
Samples were fixed by bringing the cell solution to 4% (vol/
vol) paraformaldehyde (Thermo Fisher Scientific) in Dul-
becco's PBS (Sigma-Aldrich). Samples were blocked in 2% 
BSA and 5% goat serum (Sigma-Aldrich) in PBS. Rabbit 
Histone H3 (citrulline R2+R8+R17) antibody (ab5103; 
Abcam) was used to immunostain for citrillinated histones. 
The primary antibody was incubated overnight at 4°C used 
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at a dilution of 1/500 in PBS supplemented with 2% BSA 
and 5% goat serum. Anti–rabbit Alexa Fluor 568 (A11011; 
Invitrogen) was used as a secondary antibody. It was used 
at a dilution of 1/500 and incubated for 1 h at room tem-
perature. Fluorescence microscopy images were taken using 
a Leica TCS SPE confocal microscope on a 63×/1.40–0.60 
oil-immersion objective using Leica Application Suite Ad-
vanced Fluorescence v2.7 software (Leica Microsystems). 
Cells that had extruded DNA were marked yellow as a result 
of dual staining with both the Sytox green and the anticitrul-
linated histone antibody.

Assessment of the phagocyte respiratory burst
To assess the kinetics of the phagocyte respiratory burst,  
purified neutrophils or macrophages at a dilution of 107 per 
ml were warmed to 37°C for 15 min. 150  µl of neutro-
phils were preincubated for 3 min with luminol (2 µM) and 
horseradish peroxidase (62.5 IU/ml) before being stimulated 
with PMA (200 ng/ml; Sigma-Aldrich), fMLP (16 mM; Sig-
ma-Aldrich), zymosan (100 µg/ml; Sigma-Aldrich), arachi-
donic acid (10 µM), or opsonized Salmonella Typhimurium 
M525 (50 bacteria per cell, opsonized for 20 min at 37°C 
with 10% fresh mouse serum). Light emission was assessed 
using a Berthold MicroLumat Plus luminometer (Berthold 
Technologies). fMLP and PMA were added through the in-
jection port. Data output is in relative light units per second. 
In some experiments, alternative chemiluminescent sub-
strates were used. The procedure was the same except that 
DIO​GEN​ES (National Diagnostics CL-202 used according 
to manufacturer’s instructions) or lucigenin (100 µM) were 
used in place of luminol. Curves shown are constructed 
using three technical or biological replicates where indicated. 
Area under the curve (AUC) was calculated using GraphPad 
Prism, and values were compared using an unpaired Stu-
dent’s t test for each condition.

Cloning of N-terminally FLAG-tagged Eros/bc017643
Eros/bc017643 was N-terminally FLAG-tagged by cloning 
into a modified pHRSin lentiviral vector (a gift from Paul 
Lehner, CIMR, Cambridge University, Cambridge, En-
gland, UK; the vector was originally made in the laboratory 
of Y. Ikeda). In brief, bc017643 coding sequence was ampli-
fied from a plasmid template (MG201751; Origene) using 
the primers listed below. The amplicon was cloned into the 
pHRsin FLAG-tag vector using BamHI and NotI restriction 
sites. For the empty vector control, a modified version of 
pHRsinUbEm was made by ligating the annealed oligonu-
cleotide pair into the vector using BamHI and NotI. Primers 
used for cloning were as follows: 5′-GGA​TCC​TAT​ATG​CAG​
GTG​GAG​AC-3′ (bc017643_F_BamHI) and 5′-GCG​GCC​
GCT​CAA​CTC​TGG​CCA​CCAG-3′ (BC017643_R_NotI). 
Oligonucleotides used for making linker sequence were as 
follows: 5′-GAT​CCG​TCG​ACG​AAT​TCT​GAC​TAA-3′ and 
3′-GGC​CTT​AGT​CAG​AAT​TCG​TCG​AC-5′.

Production of lentivirus and transduction of RAW264.7 cells
1 d before transfection, HEK293T cells were plated in T75 
flasks to reach 40–50% confluency the next day. Cells were 
then transfected using polyethylenimine (PEI) at ratio of 
3:1 (PEI​:DNA). PEI was mixed with 1.6ml Optimem (Life 
Technologies), before addition of the packaging vectors 
pSPAX2, pMD2G, and pHRSin_bc017643/Eros_FLAG or 
pHRSin_Empty_Vector at a ratio of (3:1:4), using 7 µg of 
lenti-vector. The solution was gently mixed before incubating 
at room temperature for 15 min. The solution was then topped 
up to 12.5 ml with warm, complete media. All media was then 
removed from the flask of HEK293T cells before the addition 
of the transfection-ready media. Transfected HEK293T cells 
were checked for GFP positivity the following day but left 
undisturbed for 24 h. At 48 h, virus containing media was 
then collected and syringe-filtered through a 0.8-µm filter 
onto RAW 264.7 cells at a confluency of 30–40%. 12.5 ml 
of media was then replaced onto the transfected HEK cells 
and the process was repeated again the next day. Transduction 
efficiency of RAW 264.7 cells was determined by assaying 
for GFP positivity by flow cytometry on a FAC​SAria II (BD). 
Transduction efficiency was consistently between 90 and 95%.

Flow cytometric analysis
Spleens were homogenized by manual disruption and red 
cells were lysed as described above. The cells were resus-
pended at 4°C in FACS buffer (PBS, 5% FBS and 0.1% 
sodium azide). Antibodies were incubated with cells for 
30 min at 4°C at the indicated dilution and washed with 
FACS buffer before resuspension in fresh FACS buffer. 
Samples were analyzed on a Cyan flow cytometer (Dako) 
or an LSR-II flow cytometer (BD). The antibodies used 
were as follows: anti-Ly6G (48–5931-82; eBioscience; di-
lution 1/200), anti-CD11c (17–0114-81; eBioscience; dilu-
tion 1/200), anti-CD19 (48–0193-82; eBioscience; 1/200), 
anti CD11b (17–0112-82 or 45–0112-80; eBioscience), 
anti-CD8a (11–0081-82; eBioscience; 1/400 dilution), 
anti-CD4 (558107; BD), anti-F4/80 (12–4801-82; eBio-
science; 1/200), anti-CD115 (12–1152-82; eBioscience; 
1/250), anti CD45.1 (25–0453-82; eBioscience; 1/200), 
anti-CD45.2 (17–0454-81; eBioscience; 1/200), and an-
ti-Ly6C (53–5932; eBioscience; 1/200).

BM-derived macrophages
BM was harvested from the femurs and tibias of 6–10-wk-old 
control and Eros−/− mice into RPMI (Sigma-Aldrich), sup-
plemented with 10% FBS, penicillin, and streptomycin at the 
concentration described above. Red cells were lysed with am-
monium chloride lysis buffer as described above and grown in 
100 × 20 mm Petri dishes at 4 × 106 per plate, and grown in 
10 ml RPMI medium as described above supplemented with 
10% L929 cell supernatant (a gift from S. Mukhopadhay, Well-
come Trust Sanger Institute, Hinxton, England, UK). At day 
3, the cultures were supplemented with an additional 10 ml 
of the same medium. In some cases, 10 ng/ml of recombinant 
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mouse IFN-γ (PeproTech) was added overnight on day 5. On 
day 6, adherent cells were harvested by gentle scraping and 
were typically 80–90% F480hi by flow cytometry.

Analysis of cytokines in culture supernatants or serum
BM-derived macrophages were prepared as described above 
and 2 × 105 cells in 100 µl of complete RPMI medium were 
plated in flat bottomed 96-well tissue culture plates (Cellstar). 
They were cultured alone or in the presence of live S. Typh-
imurium M525 (phoN::tetC) at 50 CFU per cell. Supernatants 
from stimulation of BM-derived macrophages were harvested 
at 18 h. Alternatively, serum was harvested after euthanasia of 
mice and subsequent cardiac puncture. Supernatants and serum 
were analyzed for the presence of the cytokines indicated in 
the figure using multiplex kits from Mesoscale discovery. Elec-
trochemical luminescence was used as the detection system, 
and samples were analyzed according to the manufacturer’s 
protocol and read on a Sector 6000 plate reader. Results were 
calculated using the Mesoscale Workbench software package.

Elastase degranulation assay
Neutrophils were resuspended PBS+ (11.106/ml). 270 µl al-
iquots were transferred to 2-ml Eppendorf tubes and incu-
bated at 37°C for 1 h. After 1 h, the cells were primed with 
cytochalasin B (5 µg/ml; Sigma-Aldrich) for 5 min, and then 
activated with 10 µM fMLP (Sigma-Aldrich) or vehicle for 10 
min. Cells were pelleted, and the supernatant was transferred 
to fresh tubes. Samples were frozen and stored at −80°C until 
further analysis. Measurement of NE activity was performed 
using the EnChek activity assay (Molecular Probes), which is 
based on the cleavage of DQ-Elastin.

Human macrophage differentiation and infection
An undifferentiated human iPS cell line was maintained on a 
monolayer of mitotically inactivated mouse embryonic feeder 
(MEF) cells in Advanced Dulbecco’s modified Eagles/F12 
medium (DMEM/F12), supplemented with 20% knockout 
replacement serum (KSR), 2 mM l-Glutamine, 0.055 mM 
β-mercaptoethanol, and 8 ng/ml recombinant human FGF2 
(R&D Systems) as described previously (van Wilgenburg et 
al., 2013). These cells were differentiated into macrophages 
following a previously published method (van Wilgenburg et 
al., 2013)). In brief, this protocol involves three key stages of 
differentiation: (1) formation of three germ layers containing 
embryoid bodies (EBs) from iPSCs on withdrawing FGF; (2) 
long-term production of myeloid precursor cells from EBs in 
presence of 25 ng/ml IL-3 and 50 ng/ml M-CSF (both R&D 
Systems); and (3) terminal differentiation and maturation of 
myeloid precursors into matured macrophagess in the pres-
ence of higher concentrations of M-CSF (100 ng/ml).

Matured macrophages were primed overnight with 20 
ng/ml IFN-γ. On the day of infection, cells were washed 
with PBS and S. Typhimurium and were added to the media 
at indicated MOI 10 and incubated at 37°C for 1 h. After 
incubation, cells were washed three times and incubated for 

another hour with media containing 50 ng/ml Gentamicin 
to kill extracellular bacteria. Fresh media was added and incu-
bated for an additional 4 h, and then cells were harvested and 
snap frozen for future analysis.

Protein digestion and TMT labeling for human macrophages
Each cell pellet was lysed in 200 µl 0.1 M triethylammonium 
bicarbonate (TEAB), and then 0.1% SDS buffer with two 
rounds of pulsed probe sonication for 20  s, followed by 5 
min boiling at 90°C. Cell debris was removed by centrifu-
gation at 10,000 rpm for 10 min. Protein concentration was 
measured with Quick Start Bradford Protein Assay (Bio-Rad 
Laboratories) according to the manufacturer’s instructions. 
Aliquots containing 80 µg of total protein were prepared 
for trypsin digestion. Cysteine disulfide bonds were reduced 
by the addition of 2 µl 50 mM tris-2-carboxymethyl phos-
phine (TCEP), followed by 1 h incubation in heating block at 
60°C. Cysteine residues were blocked by the addition of 1 µl 
200 mM freshly prepared Iodoacetamide (IAA) solution and 
30 min incubation at room temperature in dark. Trypsin (MS 
Grade; Thermo Fisher Scientific) solution was added at a final 
concentration 70 ng/µl to each sample for overnight diges-
tion. After proteolysis, the peptide samples were diluted up to 
100 µl with 0.1 M TEAB buffer. A 41-µl vol of anhydrous ace-
tonitrile was added to each TMT 10-plex reagent (Thermo 
Fisher Scientific) vial and, after vortex mixing, the content of 
each TMT vial was transferred to each sample tube. Sample 
were labeled in biological replicates according to the follow-
ing scheme: 127_N and 129_N, Unstimulated; 127_C and 
129_C, INFG; 128_N and 130_N, Salmonella; and 128_C 
and 130_C, INFG and Salmonella. Labeling reaction was 
quenched with 8 µl 5% hydroxylamine for 15 min after 1 h 
incubation at room temperature. Samples were pooled, and 
the mixture was dried with speedvac concentrator and stored 
at −20°C until the high-pH Reverse Phase fractionation.

Analysis for human macrophages
Offline peptide fractionation based on high pH Reverse Phase 
chromatography was performed using the XBridge C18 col-
umn (2.1 × 150 mm, 3.5 µm, 120 Å; Waters) on an Ultimate 
3000 HPLC system (Dionex) equipped with autosampler. 
Mobile phase (A) was composed of 0.1% ammonium hydrox-
ide and mobile phase (B) was composed of 100% acetonitrile 
and 0.1% ammonium hydroxide. The TMT-labeled peptide 
mixture was reconstituted in 100 µl mobile phase (A), cen-
trifuged, and injected for fractionation. The multi-step gradi-
ent elution method at 0.2 ml/min was as follows: for 5 min 
isocratic at 5% (B), for 35 min gradient to 35% (B), gradient 
to 80% (B) in 5 min, isocratic for 5 min, and reequilibration 
to 5% (B). Signal was recorded at 280 nm and fractions were 
collected in a time-dependent manner every 1 min. The col-
lected fractions were dried with SpeedVac concentrator and 
stored at −20°C until the LC-MS analysis.

LC-MS analysis was performed on the Ultimate 3000 
UHP​LC system (Dionex) coupled with the high-resolution 
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LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Sci-
entific). Each peptide fraction was reconstituted in 40 µl 0.1% 
formic acid and a volume of 5 µl was loaded to the Acclaim 
PepMap 100, 100 µm × 2 cm C18, 5 µm, 100 Å trapping 
column with a user-modified injection method at 10 µl/min 
flow rate. The sample was then subjected to a multi-step gra-
dient elution on the Acclaim PepMap RSLC (75 µm × 50 
cm, 2 µm, 100 Å) C18 capillary column (Dionex) retrofitted 
to an electrospray emitter (New Objective) at 45°C. Mobile 
phase (A) was composed of 96% H2O, 4% DMSO, and 0.1% 
formic acid and mobile phase (B) was composed of 80% ace-
tonitrile, 16% H2O, 4% DMSO, and 0.1% formic acid. The 
gradient separation method at flow rate 300 nl/min was as 
follows: for 95 min gradient to 45% B, for 5 min up to 95% 
B, for 8 min isocratic at 95% B, reequilibration to 5% B in 2 
min, and for 10 min isocratic at 5% B.

The 10 most abundant multiply charged precursors 
within 380 −1,500 m/z were selected with FT mass reso-
lution of 30,000 and isolated for HCD fragmentation with 
isolation width 1.2 Th. Normalized collision energy was set 
at 40, and the activation time was 0.1 ms for one microscan. 
Tandem mass spectra were acquired with FT resolution of 
30,000, and targeted precursors were dynamically excluded 
for further isolation and activation for 40 s with 10 ppm mass 
tolerance. FT max ion time for full MS experiments was set 
at 200 ms, and FT MSn max ion time was set at 100 ms. 
The AGC target vales were 3 × 10−6 for full FTMS and 1 × 
10−5 for MSn FTMS. The DMSO signal at m/z 401.922718 
was used as a lock mass.

Database search and protein quantification
The acquired mass spectra were submitted to SequestHT 
search engine implemented on the Proteome Discoverer 
1.4 software for protein identification and quantification. 
The precursor mass tolerance was set at 30 ppm and the 
fragment ion mass tolerance was set at 0.02 D. TMT6plex 
at N terminus, and Carbamidomethyl at C terminus were 
defined as static modifications. Dynamic modifications in-
cluded oxidation of M and Deamidation of N,Q. Peptide 
confidence was estimated with the Percolator node. Peptide 
FDR was set at 0.01, and validation was based on q-value 
and decoy database search. All spectra were searched against 
a UniProt fasta file containing 20,190 reviewed human en-
tries. The Reporter Ion Quantifier node included a cus-
tom TMT 10plex Quantification Method with integration 
window tolerance 20 ppm and integration method the 
Most Confident Centroid.

Mass spectrometry analysis of mouse neutrophils
Samples were resolved by SDS-PAGE, reduced, alkylated, 
and digested in-gel using trypsin. The resulting peptides 
were analyzed by LC-MSMS using either a Q Exactive 
(Thermo Fisher Scientific) coupled to an RSLC3000 UHP​
LC (Thermo Fisher Scientific) or an Orbitrap Fusion Tribrid 
(Thermo Fisher Scientific) coupled to an RSLC3000 UHP​

LC (Thermo Fisher Scientific). Data were acquired in a DDA 
fashion with quadrupole precursor selection and MS2 spectra 
in the Fusion acquired in the LTQ. Replicate runs were pro-
cessed using Maxquant 1.5.2.8 searching a Mus musculus Un-
iprot database (downloaded 25/11/14, 73,415 entries) with 
protein N-terminal acetylation and methionine oxidation 
as variable modifications and carbamidomethyl cysteine as a 
fixed modification. Label-free quantitation was enabled, and 
the resulting data were processed in Perseus 1.5.1.6. Reverse 
and potential contaminant proteins were removed, and LFQ 
intensities were log2 transformed. Data were filtered so pro-
teins required a minimum of three intensity values, and miss-
ing values were replaced from a normal distribution. Before 
imputation, the only protein with LFQ intensities in all con-
trol samples and no values in Eros−/− samples was BC017643. 
The resulting files were exported to limma for analysis.

Online supplemental material
Fig. S1 shows identification of bc017643/Eros as a novel gene 
involved in susceptibility to S. Typhimurium. Fig. S2 shows 
that Eros−/− neutrophils can generate some reactive oxygen 
species when compared directly with those from gp91phox−/− 
and p22phox−/− mice, but BM-derived macrophages from 
Eros−/− mice have an almost absent response. Fig. S3 shows 
that Eros−/− mice are slightly less susceptible to S. Typh-
imurium infection in vivo than gp91phox−/− mice. Fig. S4 
shows that Eros is the only differentially expressed gene when 
splenocytes from control and Eros−/− mice are compared by 
microarray. Fig. S5 shows that densitometry plots for data 
shown in Fig. 7 (B–D) and only modest rescue of gp91 with 
inhibitors of protein degradation in Eros−/− cells and con-
structs used for co-localization and pull-down experiments.
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