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Abstract

Responses of human neutrophils to TNF-a are complex and multifactorial.

Exposure of human neutrophils to TNF-a in vitro primes the respiratory burst,

delays apoptosis and induces the expression of several genes including chemokines,

and TNF-a itself. This study aimed to determine the impact of TNF-a exposure on

the expression of neutrophil genes and proteins that regulate apoptosis.

Quantitative PCR and RNA-Seq, identified changes in expression of several

apoptosis regulating genes in response to TNF-a exposure. Up-regulated genes

included TNF-a itself, and several anti-apoptotic genes, including BCL2A1,

CFLAR (cFLIP) and TNFAIP3, whose mRNA levels increased above control values

by between 4-20 fold (n¼ 3, P< 0.05). In contrast, the expression of pro-apoptotic

genes, including CASP8, FADD and TNFRSF1A and TNFRSF1B, were significantly

down-regulated following TNF-a treatment. These changes in mRNA levels were

paralleled by decreases in protein levels of caspases 8 and 10, TRADD, FADD,

TNFRSF1A and TNFRSF1B, and increased cFLIP protein levels, as detected by

western blotting. These data indicate that when neutrophils are triggered by TNF-a

exposure, they undergo molecular changes in transcriptional expression to up-

regulate expression of specific anti-apoptotic proteins and concomitantly decrease

expression of specific proteins involved in death receptor signaling which will alter

their function in TNF-a rich environments.

Introduction

TNF-a is a pleiotropic cytokine that regulates the activity of

many immune cells and tissues. It plays an important role in

a number of physiological processes, such as cellular

differentiation, but is also implicated in many pathological

processes [1–3]. Apart from its role in regulating acute and

chronic inflammation, it is also involved in inflammatory

diseases, such as septic shock, Crohn’s Disease, systemic

lupus erythematosus and rheumatoid arthritis [4–8].The

central role of TNF-a in many of these conditions is

highlighted by the improvement in disease that often follows

anti- TNF-a therapy, notably in rheumatoid arthritis and

juvenile idiopathic arthritis where timely anti-TNF-a
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therapy can lead to dramatic improvements in disease in

many patients [9–11]. Myeloid cells, including neutrophils,

monocytes, macrophages and dendritic cells are recognized

producers of TNF-a. This cytokine can mediate its effects on

cells by acting alone, or in combination with other cytokines,

such as RANKL (Receptor Activator of Nuclear factor

Kappa-B Ligand) [12, 13].

The effects of TNF-a on target cells are varied, and

activation is mediated by the surface receptors, TNFR1

(TNFRSF1A, p55/p60) and TNFR2 (TNFRSF1B, p75/p80).

Ligation of these receptors can lead to activation of a range of

cellular responses, including cell survival, apoptosis, differ-

entiation and proliferation [14, 15].The overall response of

cells to TNF-a is dependent upon the cell type, the

concentration of TNF-a, receptor binding and the intracel-

lular signaling pathways that are activated. For example,

TNF-a signaling can lead to the generation of an apoptotic

signal via FADD-mediated activation of caspase 8, whereas

TRADD/TRAF-2 (TNF receptor associated factor-2) activa-

tion can lead to activation of NF-kB and triggering

of downstream events that result in increased gene

expression leading to an anti-apoptotic or a proliferative

response [16–20].

Neutrophils play a central role in TNF-a signaling in

immune activation during inflammation, by both generating

TNF-a and responding to it to become activated [21–27].

Human neutrophils can be stimulated to express and release

TNF-a, and this cytokine is expressed on the cell surface of

blood neutrophils of patients with uncontrolled rheumatoid

arthritis [28]. Moreover, the expression of surface TNF-a on

blood neutrophils decreases in line with disease improve-

ment in patients who respond to anti-TNF-a therapy [28].

Neutrophil responses to TNF-a are complex and varied in

that low concentrations (�10 ng/mL) can ‘‘prime’’ the

respiratory burst, up-regulate surface receptors, stimulate

adhesion and delay apoptosis, whereas higher concentra-

tions (>30 ng/mL) can promote apoptosis [27, 29]. In view

of these varied neutrophil responses triggered by TNF-a

stimulation, it is important to define responses to this

molecule under conditions that mimic acute and chronic

inflammation. On the one hand, neutrophils can express

TNF-a on their cell surface and release this molecule into the

extracellular environment, thereby triggering events in

adjacent cells. Alternatively, they themselves are stimulated

by TNF-a, into either anti- or pro-apoptotic pathways,

depending on the local concentration of this cytokine.

The aim of this study was to determine the molecular

events that regulate neutrophil responses to TNF-a

signaling. We demonstrate that in response to low

concentrations of TNF-a, neutrophils are activated to

express TNF-a itself, exhibit delayed apoptosis and in

parallel, down-regulate expression of a number of genes and

proteins that mediate death-receptor signaling. These

processes could therefore contribute to the fine tuning of

responses of human neutrophils to TNF-a in inflammatory

conditions.

Materials and Methods

Reagents

The following reagents were used in this study: Polymorph-

prep (Axis-Shield); RPMI 1640 media (Gibco, Paisley);

Rapid Romanowsky stain (HD Supplies, Aylesbury, Bucks,

UK); human AB serum and propidium iodide (Sigma,

Gillingham, Dorset); TRIZOL, Superscript III First Strand

cDNA Synthesis kit and FITC-Annexin V (Invitrogen);

RNAeasy kit, DNase and SYBR Green PCR kit (Qiagen);

polyvinylidenedifluoride (PVDF) membranes and Immobi-

lon Western Chemiluminescent HRP Substrate (Millipore).

Primary antibodies (1:1,000) were from Cell Signaling while

anti-actin was fromAbcam. Secondary antibodies (1:10,000)

were anti-mouse IgG (Sigma) and anti-rabbit IgG (GE

Healthcare).

Isolation of neutrophils

This study was approved by the University of Liverpool

Committee for Research Ethics. Neutrophils were isolated

from heparinised peripheral blood of healthy donors using

Polymorphprep, according to the manufacturers instruc-

tions. Red blood cell contamination was removed by

hypotonic lysis. Neutrophils were re-suspended in RPMI

1640 media to a concentration of 106/mL. Neutrophil

purity was assessed by staining with Rapid Romanowsky

stain and was >97%. Re-suspended neutrophils were

incubated up to 6 h or overnight, with RPMI 1640 media at

378C in a 5% CO2 incubator, with or without 10% (v/v)

human AB serum, with and without TNF-a, as indicated

in the text.

RNA isolation and real-time PCR analysis

After incubation in the absence or presence of TNF-a (10 ng/

mL), neutrophils were pelleted, and RNA from the pellet was

extracted with Trizol reagent using an RNAeasy kit, which

included a DNA digestion step. Total RNA concentration

and integrity was assessed using the Agilent 2100 Bioanalyser

RNA Nano chip. cDNA was synthesized from 200 ng of total

RNA from each sample, using the Superscript III First Strand

cDNA Synthesis kit, in a 20mL reaction volume, as per the

manufacturer’s instructions. Quantitative PCR analysis was

carried out with the SYBR Green PCR kit, as per the

manufacturer’s instructions, using a Roche 480 LightCycler

in a 96-well plate using 1mL of the above cDNA suspension

in a 20mL reaction volume. Target gene expression was

Differential changes in gene expression in human neutrophils Chiewchengchol et al.

36 © 2015 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.



quantified against a panel of housekeeping genes (GAPDH,

b-2 microglobulin, b-actin, peptidylprolyl isomerase A).

Initially, a Human Apoptosis RT2 Profiler PCR Array (SA

Biosciences) was used to detect neutrophil transcripts whose

levels were regulated by TNF-a treatment. Thereafter,

specific primers for genes of interest were purchased from

PrimerDesign and Eurofins (Table 1). Levels of gene

expression were normalized to the housekeeping genes by

comparing Ct values, and data presented are normalized to

GAPDH [30].

RNA-sequencing: Library generation and
sequencing

Total RNA was enriched for mRNA using poly-A selection,

and standard Illumina protocols were used to generate 50bp

single-end read libraries, which were analyzed on a HiSeq

2000 instrument. Reads were mapped to the human genome

(hg19) using TopHat v1.4.1 [31, 32], and annotated using

Cufflinks v1.3.0 [32].Statistical analysis was carried out

using Cuffdiff [33]. The RNA-Seq data discussed in this

manuscript have been deposited in the NCBI’s Gene

Expression Omnibus (GEO) and are accessible through

GEO Series accession number GSE40548 (http://www.ncbi.

nlm.nih.gov/geo/query/acc.cgi?acc=GSE40548).

Bioinformatics

Bioinformatics analysis was carried out using Ingenuity

Pathway Analysis (Ingenuity1 Systems, www.ingenuity.com).

Western blotting

Isolated neutrophils were pelleted and washed with

Phosphate Buffered Saline and lysed with boiling Laemmli

lysis buffer at a concentration of 106 cells/10mL. Protein

lysates for each sample were loaded onto a 10 % resolving

polyacrylamide gels (SDS-PAGE), and gel electrophoresis

was run for 1 h. Separated proteins were transferred to

polyvinylidenedifluoride (PVDF) membranes by electro-

phoresis for 80min. The membranes were blocked with 5%

non-fat skimmed milk for 1h, incubated with primary

antibodies and then incubated overnight with gentle

agitation at 48C. Primary antibodies were: rabbit anti-

human TNFR1 (TNFRSF1A), TNFR2 (TNFRSF1B),

TRADD, FADD, Caspase-10, FLIP (CFLAR) or mouse

anti-human Caspase-8. After incubation with appropriate

secondary antibodies, detection was by Immobilon

Western Chemiluminescent HRP Substrate and careful

exposure to film to avoid signal saturation. The mem-

branes were then stripped for 30min using stripping buffer

(50mM glycine, 150 nM NaCl, 0.1% (v/v) Tween-20, HCl

to pH 2.5), then re-blocked and incubated with a

monoclonal mouse anti-actin antibody followed by anti-

mouse IgG secondary antibody. Band intensity was

measured as an integrated density value, as determined

by AQM Advance 6 software.

Neutrophil apoptosis by flow cytometry

After incubation in the absence or presence of TNF-a

(10 ng/mL), neutrophils (2.5� 104) were stained with

Annexin V-FITC for 15min (to measure early apoptosis)

and then incubated with propidium iodide (1mg/mL) (to

detect changes in membrane permeability in late apoptotic

cells). Stained cells were then analyzed on a Guava

EasyCyte flow cytometer. Five thousand events were

analyzed per sample.

Table 1. PCR primer sequences.

Gene
symbol

Product
length Sequence (50-30)

TNF 219 f-CAGAGGGCCTGTACCTCATC
r-GGAAGACCCCTCCCAGATAG

BCL2A1 82 f-GAATAACACAGGAGAATGGATAAGG
r-CCAGCCAGATTTAGGTTCAAAC

CFLAR 93 f-ATAGATGTGGTTCCACCTAATGTC
r-GTAGAGCAGTTCAGCCAAGTC

TNFAIP3 113 f-AACATTTTGCTGCTGCCTCA
r-TCCTTCAAACATGGTGCTTCC

APAF1 94 f-CTTCCAGCCAACCTATTTTCCT
r-CCTGATTAACCTTGGAGATAAAAGAA

BAX 101 f-ATGGAGCTGCAGAGGATGAT
r-CAGTTGAAGTTGCCGTCAGA

CASP10 124 f-GGAACGGACACACAACTCTC
r-AGCCCACTCACTTACAGACTAA

CASP8 95 f-AGTAAGCAACAAGGATGACAAGA
r-ATCAATCAGAAGGGAAGACAAGTT

FADD 176 f-CACAGACCACCTGCTTCTGA
r-CTGGACACGGTTCCAACTTT

FAS 104 f-TGTAGTATGAATGTAATCAGTGTATGT
r-GATATTTCAGCAAAAGGTCATAGC

TNFRSF1A 88 f-TGTGTCTCCTGTAGTAACTGTAAG
r-AGTCCTCAGTGCCCTTAACA

TNFRSF1B 145 f-GTCCACACGATCCCAACAC
r-CACACCCACAATCAGTCCAA

TRADD 88 f-GGTGCATCATTGGGGATTCT
r-GGGAGAAGGTGAGGCTGAT

GAPDH 106 f-CTCAACGACCACTTTGTCAAGCTCA
r-GGTCTTACTCCTTGGAGGCCATGTG

ACTB 211 f-CATCGAGCACGGCATCGTCA
r-TAGCACAGCCTGGACAGCAAC

B2M 114 f-ACTGAATTCACCCCCACTGA
r-CCTCCATGATGCTGCTTACA

PPIA 60 f-GCTTTGGGTCCAGGAATGG
r-GTTGTCCACAGTCAGCCATGGT
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Statistical analyses

Statistical analyses were performed by using Student’s t-test.

Data are shown as the mean� SD, and the statistical

significance of the differences between groups was deter-

mined. Differences with a P-value of <0.05 were considered

statistically significant.

Results

Effect of TNF-a on neutrophil apoptosis and gene
expression

Incubation of human neutrophils with 10 ng/mL of TNF-

a resulted in delayed apoptosis, as determined by

decreased annexin V binding (due to surface phospha-

tidylserine exposure). Previous work has shown that this

cell death is caspase dependent [34, 35]. After 18 h

incubation in the absence of TNF-a, levels of apoptosis

were 65% (� 4 %) while in TNF-a-treated cells, the level

of apoptosis was significantly lower (53%� 6%, n¼ 3,

P< 0.05), confirming previous observations (Supplemen-

tary Figure S1) [36].

It has been previously reported that this concentration of

TNF-a also induces gene expression [23, 27] and so we

initially used a commercial PCR array to identify genes

involved in the regulation of apoptosis that were affected by

this TNF-a treatment. The PCR array that we used (see

Materials and Methods) measured the relative expression of

84 key genes in the regulation of apoptosis (see http://www.

sabiosciences.com/rt_pcr_product/HTML/PAHS-012Z.

html for a full list of genes). Of these 84 genes, 13 were

selected for further analysis (see list in Table 1) based either

on their relative transcript abundance in neutrophils (Ct

values of 20 or less) or on the basis that their relative levels

were affected, positively or negatively, by TNF-a treatment.

Repeat experiments, on neutrophils isolated from different

donors, as indicated in the figure legends, were then

performed in individual quantitative PCR experiments

using primers described in Table 1.

Changes in expression of genes involved in death
receptor signaling

Figure 1 shows fold change in mRNA levels quantified by

real-time PCR (normalized to GAPDH) following the

addition of TNF-a (10 ng/mL) to neutrophils for 1 h. One

of the genes whose expression was up-regulated was TNF-a

itself, expression of which increased by over 20-fold (Fig. 1).

In addition, mRNA levels for TNFAIP3 (A20) increased by a

similar magnitude following TNF-a treatment. Transcripts

for BCL2A1, CFLAR (FLIP), and FAS were also up-

regulated. However, expression of some genes involved in

apoptosis control was significantly down-regulated follow-

ing TNF-a treatment. These down-regulated genes included

APAF1, CASP8, CASP10, FADD, TNFRSF1A and

TNFRSF1B.

Figure 1. TNF-a stimulation of neutrophil gene expression. Neutrophils were incubated for 1h in the absence (control) or presence of TNF-a (10 ng/mL).
Fold change in mRNA levels were quantified by real-time PCR (normalized to GAPDH) (black bar) and RNA-Seq (grey bar) (mean fold change� SD, n¼ 3
for each dataset). Abbreviations: BCL2A1 (BFL-1)¼ B-cell lymphoma 2-related protein A1; CFLAR (FLIP)¼CASP8 and FAS-like apoptosis regulator of
FLICE-like inhibitory protein; TNFAIP3¼ Tumor necrosis factora-induced protein 3; Apaf-1, Apoptotic protease activating factor 1; BAX, Bcl-2-associated
X protein; CASP10, Caspase 10; CASP8, Caspase 8; FADD, Fas-Associated protein with Death Domain; TNFRSF1A&1B (TNFR1&2), Tumor necrosis factor
receptor superfamily member 1A&1B or Tumor necrosis factor receptor 1&2; TRADD, Tumor necrosis factor receptor type 1-associated DEATH domain
protein. For all data obtained by qPCR, the differences in expression levels following TNF-a treatment were significantly different to control values
(P< 0.05).

Differential changes in gene expression in human neutrophils Chiewchengchol et al.

38 © 2015 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.

http://www.sabiosciences.com/rt_pcr_product/HTML/PAHS-012Z.html
http://www.sabiosciences.com/rt_pcr_product/HTML/PAHS-012Z.html
http://www.sabiosciences.com/rt_pcr_product/HTML/PAHS-012Z.html


In a parallel study, we used RNA-Seq to measure the

transcriptome of human neutrophils and identify changes

induced by similar TNF-a treatment [36]. The qPCR results

were therefore compared with results of these RNA-Seq

experiments, and both the qualitative and quantitative

profiles of altered gene expression observed following TNF-

a treatment using these two independentmethods, were very

similar (Fig. 1).

Bioinformatics analyses of the changes in gene expres-

sion following stimulation with TNF-a for 1 h are shown

in Figure 2. This scheme was generated by Ingenuity

Pathway Analysis (IPA) software (Ingenuity
1

Systems,

http://www.ingenuity.com/) in which the fold change in

gene expression values between the control (untreated)

samples and the TNF-a treated samples were projected

onto the Death Receptor Signaling pathway. In this

scheme, mRNA levels that decreased following TNF-a

treatment are shown in green, while those whose levels

increased are shown in red. This scheme predicts that

signaling of apoptosis via a range of death receptors would

be down-regulated as a result of the TNF-a treatment of

neutrophils.

Time course of TNF-a induced mRNA changes

The above transcriptome analyses were performed after 1 h

incubation in the presence and absence of TNF-a used at

10 ng/mL. In order to determine the kinetics of mRNA

expression in response to TNF-a stimulation, neutrophils

were incubated for up to 6 hwith TNF-a and changes in gene

expression were determined by qPCR. Maximal changes in

gene expression were detected by 1 h incubation with TNF-

a, and extension of the incubation time to either 3 or 6 h did

not result in any changes in expression of those genes of

interest, above those observed after 1 h incubation (Fig. 3).

Changes in protein levels following TNF-a
treatment

We then determined if these TNF-a-induced changes in

mRNA levels were accompanied by corresponding changes

in protein levels. Neutrophils were incubated for up to 6 h in

the absence and presence of TNF-a (10 ng/mL). No

significant changes in protein levels were detected by

Western blotting of protein lysates prepared following 2 h

Figure 2. Bioinformatics analyses reveal changes in expression of genes associated with the Death Receptor Pathway. Data represent the mean fold
change (n¼ 3) in expression following stimulation with TNF-a for 1 h compared to untreated control measured using qPCR. Up-regulated genes are
shown in red and down-regulated genes are shown in green, the analysis was generated using IPA (Ingenuity). Similar results were obtained when the
RNA-Seq data were analyzed in this way.

Chiewchengchol et al. Differential changes in gene expression in human neutrophils

© 2015 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd. 39

http://www.ingenuity.com/


incubation (data not shown), but for most proteins under

investigation maximal changes in expression were detected

by 4–6 h incubation (data not shown). Figure 4 shows

representative Western blot data and a summary of

quantified data for FLIP, FADD and caspase 10 measured

4 h after TNF-a treatment, while data for TNFR1, TNFR2,

TRADD and caspase 8 are shown 6 h after TNF-a treatment.

In line with the qPCR/RNA-Seq data, expression of FLIP

protein was significantly enhanced following TNF-a

treatment (P< 0.05), while the expression of all other

proteins investigated significantly decreased following TNF-

a treatment (P< 0.05). Thus, levels of expression of TNFR1,

TNFR2, TRADD, and FADD were all significantly decreased

after treatment. The antibody that we used in these studies

detects both the pro- (inactive) and the cleaved (activated)

forms of caspase 8 (Fig. 4F), and so we were able to quantify

levels of both forms of this protein. Following TNF-a

treatment, levels of both the inactive pro-form of the enzyme

and the activated, cleaved form were decreased, indicating a

down-regulation of cellular protein levels that were

independent of the level of apoptosis (which was decreased

by TNF-a exposure). The antibody that we used to detect

caspase 10, only detected the uncleaved (inactive), pro-form

of the enzyme, which was decreased after TNF-a treatment

(Fig. 4G). As apoptosis was decreased in the presence of

TNF-a, this decrease in protein was likely to reflect

decreased expression rather than increased cleavage.

Discussion

This data presented in this study describe a potential new

mechanism by which human neutrophils control their

responsiveness to TNF-a via up-regulation of the expression

of anti-apoptotic genes and the simultaneous down-

regulation of expression of genes involved in death-receptor

signaling. Such a mechanism would be predicted to enable

neutrophils to survive and maintain their functions within

TNF-a-rich environments during inflammation. For exam-

ple, in rheumatoid arthritis TNF-a plays a central role in

pathology and neutrophil function is activated in the blood

of untreated patients [28]. In such a disease, the mechanism

described in this report would be predicted to affect the way

in which neutrophils would respond to long term exposure

to pathological levels of this cytokine. Down-regulation of

death receptor signaling would limit the responsiveness of

neutrophils to TNF-a, and hence limit their continued

activation by this pro-inflammatory cytokine. TNF-a

expression itself is markedly up-regulated when neutrophils

are exposed to TNF-a, and so neutrophils can actively

contribute to the TNF-a signaling network that is observed

in a number of inflammatory conditions (e.g. in rheumatoid

arthritis) without the possibility of continuous, autocrine-

activation.

The effects of TNF-a on human neutrophils are complex

and varied, and are reported to be both concentration- and

time-dependent, as well as having differential effects on

different sub-populations of cells [26, 27, 29, 37–43].

Previous reports have shown that TNF-a down-regulates

neutrophil function by induction of shedding of TNFR1 and

TNFR2 [44], or internalization of TNFR1 [45], which may

partly explain de-sensitisation of responsiveness during

continuous exposure to this cytokine. Our data demonstrate

that decreased de novo gene expression is also important in

the modulation of neutrophil responses to TNF-a, by down-

regulation of key proteins that are involved in TNF-a

mediated apoptosis. Such a mechanism may explain

limitation of neutrophil responses to either exogenous or

autocrine TNF-a.

Most studies of neutrophil gene expression have, to date,

focused upon identifying those genes whose expression is

elevated or activated following inflammatory challenge. Few

studies have reported decreased gene expression following

activation, despite the fact that down-regulation of key

proteins can have a profound effect on neutrophil function

and their subsequent contribution to infectious or inflam-

matory challenge. Here, we show significant down-regula-

tion of a number of genes that control responsiveness to

death signals. The mechanisms responsible for decreased

expression of particular genes are not known, but may

involve activation of transcriptional repressors or chromatin

re-modelling, such as increased methylation or de-

Figure 3. Changes TNF-a-activated gene expression are maximal after
1 h stimulation. Neutrophils were incubated for up to 6 h in the absence
or presence of TNF-a (10 ng/mL). Gene expression was analyzed by real-
time PCR (normalized to GAPDH). Samples were collected 1 h (black bar),
3 h (grey bar), and 6 h (open bar) after addition of TNF-a. Values shown
are mean (� SD) of three separate experiments. At 1 h time point, the
changes in mRNA levels of all transcripts measured following TNF-a
treatment were significantly different to untreated values (P< 0.05).
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Figure 4. Changes in expression of pro- and anti-apoptotic proteins after TNF-a treatment. Neutrophils were incubatedwith TNF-a (10 ng/mL) and at 2,
4, and 6 h incubation, protein extracts were made and subject toWestern blotting. In each panel, representativeWestern blots of the protein of interest
are shown, togetherwith the corresponding actin control blot to ensure equivalence of protein load. Underneath each blot in each panel is summary data
of three separate experiments showingmean values (� SD). For all data shown, therewas a statistically significant difference between control (untreated)
and TNF-a-treated neutrophils (P< 0.05). Panels A, D, and G are analyses after 4 h incubation with TNF-a, while for the remaining panels, samples were
analyzed after 6h incubation. For panel F, representative blots of pro-capsase 8 (inactive) and cleaved (active) caspase 8 are shown, while quantitative
data show the combined levels of pro- and cleaved-caspase 8.
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acetylation of chromatin. While changes in mRNA levels

were maximal 1 h after stimulation with TNF-a, incubation

periods in excess of 4 h were required before corresponding

changes in protein levels were detected. This time delay

between a decrease inmRNA and a decrease in protein levels,

would allow an appropriate time window for the neutrophil

to positively respond to the cytokine and then express new

proteins, in this case anti-apoptotic proteins, that alter cell

function. There was some variability in the time after

incubation with TNF-a before the changes in protein levels

were significantly different: some detectable by 4 h of

incubation, others only detectable after 6 h incubation.

This is possibly a consequence of differences in the turnover

rates of these different proteins.

Using both quantitative PCR and RNA-Seq to measure

transcript levels in neutrophils following TNF-a treatment,

we demonstrated a very close correlation between the sets of

data generated by these two independent methods. The

former method is commonly-used to measure expression

levels of specific transcripts in human neutrophils, but the

latter has not been used extensively to quantify the

transcriptome of these cells. The benefits of RNA-Seq over

other transcriptome methods (qPCR, arrays) are signifi-

cant [31, 32], and together with the ever-decreasing costs of

this technology, make this approach a cost-effective way to

study neutrophil function, both in vitro and ex vivo. One

major difference in the results obtained by these two

methods was in transcript levels for CASP10, which were

decreased following TNF-a treatment when measured by

qPCR, but increased slightly when measured by RNA-Seq.

The reasons for this apparent difference are unknown, but

this observation was consistently found in our PCR

experiments (n¼ 6), that were performed with a different

set of donors as those used for RNA-Seq. Hence, this

difference may represent donor variation.

This study demonstrated that several genes involved in

NF-kB signaling pathway were up-regulated (e.g. NFKB1,

NFKB2 and REL, as shown in Figs., 2 1) when neutrophils

were exposed to TNF-a. However, TNF-a down-regulates

TNFR1 and TNFR2 receptors which would be predicted to

down-regulate TNF-amediated activation of this transcrip-

tion factor. The NF-kB signaling pathway can activate the

transcription of many genes, including anti-apoptotic genes

such as Bfl-1 (BCL2A1) in neutrophils, but it is activated by

many other receptors such as TLRs, IL-1R. Further analysis

of our previously-published RNA-Seq data (n¼ 4) [36]

(GSE40548) identified significant up regulation of IL-1B

receptor subunit-2 and TLR2 by TNF-a, whilst TLR1 was

significantly down-regulated (FDR< 0.01, Supplementary

Figure S2A). Therefore, it is possible that while TNF-a

signaling may be down-regulated by this mechanism, NF-kB

may still be activated via other inflammatory ligands. In the

experiments described in this report, we have confirmed the

increased expression of Bfl-1 mRNA in response to TNF-a,

but were unable to detect increased expression of the protein

due to lack of an antibody that reliably detects the human

protein. Hence, we could not confirm increased Bfl-1

protein expression following TNF-a treatment, in spite of a

large increase in mRNA levels. As requested by a reviewer,

data for expression levels of a range of metalloproteinases are

shown in Supplementary Figure S2B: expression of these

genes was largely unaffected by TNF-a treatment.

In summary, we have shown that neutrophils adapt to

TNF-a exposure by down-regulating of expression of genes

involved in the death-receptor signaling, and this mecha-

nism is likely to affect the ability of these cells to respond to

this cytokine in inflammatory conditions. Such amechanism

will allow neutrophils to survive and function under TNF-a

-rich inflammatory conditions in vivo. Further work is now

necessary to determine if this transcriptional re-program-

ming occurs in vivo in human diseases driven by TNF-a (e.g.

rheumatoid arthritis).

Conflicts of Interest

There are no financial or commercial conflicts of interest.

References

1. Cabal-Hierro, L., and P. S. Lazo. 2012. Signal transduction by

tumor necrosis factor receptors. Cell Signal. 24:1297–1305.

2. Hayden, M. S., and S. Ghosh. 2008. Shared principles in NF-

kB signaling. Cell 132:344–362.

3. Rauert, H., T. St€uhmer, R. Bargou, H. Wajant, and D.

Siegmund. 2011. TNFR1 and TNFR2 regulate the extrinsic

apoptotic pathway inmyeloma cells by multiple mechanisms.

Cell Death Dis. 2:e194.

4. Fisher, C. J. Jr., J. M. Agosti, S. M. Opal, S. F. Lowry, R. A.

Balk, J. C. Sadoff, E. Abraham, R.M. Schein, and E. Benjamin.

1996. Treatment of septic shock with the tumor necrosis

factor receptor:Fc fusion protein. The Soluble TNF Receptor

Sepsis Study Group. N. Engl. J. Med. 334:1697–1702.

5. Qiu, P., X. Cui, A. Barochia, Y. Li, C. Natanson, and P. Q.

Eichacker. 2011. The evolving experience with therapeutic

TNF inhibition in sepsis: considering the potential influence

of risk of death. Expert Opin. Investig. Drugs 20:1555–1564.

6. Roberts-Thomson, I. C., J. Fon, W. Uylaki, A. G. Cummins,

and S. Barry. 2011. Cells and cytokines and inflammatory

bowel disease: a clinical perspective. Expert Rev. Gastro-

enterol. Hepatol. 5:703–716.

7. Postal, M., and S. Appenzeller. 2011. The role of Tumor

Necrosis Factor-a (TNF-a) in the pathogenesis of systemic

lupus erythematosus. Cytokine 56:537–543.

8. Choy, E. 2012. Understanding the dynamics: pathways

involved in the pathogenesis of rheumatoid arthritis.

Rheumatology (Oxford) 51(Suppl 5):v3–11.

Differential changes in gene expression in human neutrophils Chiewchengchol et al.

42 © 2015 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.



9. Wright, H. L., R. C. Bucknall, R. J. Moots, and S.W. Edwards.

2012. Analysis of SF and plasma cytokines provides insights

into the mechanisms of inflammatory arthritis and may

predict response to therapy. Rheumatology (Oxford) 51:

451–459.

10. Moots, R. J., and B. Naisbett-Groet. 2012. The efficacy of

biologic agents in patients with rheumatoid arthritis and an

inadequate response to tumour necrosis factor inhibitors: a

systematic review. Rheumatology (Oxford) 51:2252–2261.

11. Beresford, M. W. 2011. Juvenile idiopathic arthritis: new

insights into classification, measures of outcome, and

pharmacotherapy. Paediatr. Drugs 13:161–173.

12. Croft, M., W. Duan, H. Choi, S.-Y. Eun, S. Madireddi, and A.

Mehta. 2012. TNF superfamily in inflammatory disease:

translating basic insights. Trends Immunol. 33:144–152.

13. Silva, I., and J. C. Branco. 2011. Rank/Rankl/opg: literature

review. Acta Reum Port 36:209–218.

14. Hehlgans, T., and K. Pfeffer. 2005. The intriguing biology of

the tumour necrosis factor/tumour necrosis factor receptor

superfamily: players, rules and the games. Immunology

115:1–20.

15. So, T., S.-W. Lee, and M. Croft. 2006. Tumor necrosis factor/

tumor necrosis factor receptor familymembers that positively

regulate immunity. Int. J. Hematol. 83:1–11.

16. Micheau, O., and J. Tschopp. 2003. Induction of TNF

receptor I-mediated apoptosis via two sequential signaling

complexes. Cell 114:181–190.

17. Lee, T. H., J. Shank, N. Cusson, and M. A. Kelliher. 2004. The

kinase activity of Rip1 is not required for tumor necrosis

factor-a-induced IkB kinase or p38MAP kinase activation or

for the ubiquitination of Rip1 by Traf2. J. Biol. Chem.

279:33185–33191.

18. Varfolomeev, E., T. Goncharov, A. V. Fedorova, J. N. Dynek,

K. Zobel, K. Deshayes, W. J. Fairbrother, and D. Vucic. 2008.

C-IAP1 and c-IAP2 are critical mediators of tumor necrosis

factor a(TNFa)-induced NF-kB activation. J. Biol. Chem.

283:24295–24299.

19. Ea, C-.K., L. Deng, Z-.P. Xia, G. Pineda, and Z. J. Chen. 2006.

Activation of IKK by TNFa requires site-specific ubiquiti-

nation of RIP1 and polyubiquitin binding by NEMO. Mol.

Cell. 22:245–257.

20. Wang, C. Y.,M.W.Mayo, R. G. Korneluk, D. V. Goeddel, and

A. S. Baldwin. 1998. NF-kB antiapoptosis: induction of

TRAF1 and TRAF2 and c-IAP1 and c-IAP2 to suppress

caspase-8 activation. Science 281:1680–1683.

21. Dewas, C., P. M. -C. Dang, M.-A. Gougerot-Pocidalo, and J.

El-Benna. 2003. TNF-a induces phosphorylation of p47

(phox) in human neutrophils: partial phosphorylation of

p47phox is a common event of priming of human neutrophils

by TNF-a and granulocyte-macrophage colony-stimulating

factor. J. Immunol. 171:4392–4398.

22. Ginis, I., and A. I. Tauber. 1990. Activation mechanisms of

adherent human neutrophils. Blood 76:1233–1239.

23. Fujishima, S., A. R. Hoffman, T. Vu, K. J. Kim, H. Zheng, D.

Daniel, Y. Kim, E. F. Wallace, J. W. Larrick, and T. A. Raffin.

1993. Regulation of neutrophil interleukin 8 gene expression

and protein secretion by LPS, TNF-a, and IL-1 b. J. Cell

Physiol. 154:478–485.

24. McColl, S. R., R. Paquin, C. M�enard, and A. D. Beaulieu.

1992. Human neutrophils produce high levels of the

interleukin 1 receptor antagonist in response to granulo-

cyte/macrophage colony-stimulating factor and tumor

necrosis factor a. J. Exp. Med. 176:593–598.

25. Van den Berg, J. M., S. Weyer, J. J. Weening, D. Roos, and

T. W. Kuijpers. 2001. Divergent effects of tumor necrosis

factor aon apoptosis of human neutrophils. J. Leukoc. Biol.

69:467–473.

26. Salamone, G., A. Trevani, D. Mart�nez, M. Vermeulen, R.

Gamberale, P. Fern�andez-Calotti, S. Raiden, M. Giordano,

and J. Geffner. 2004. Analysis of the mechanisms involved in

the stimulation of neutrophil apoptosis by tumour necrosis

factor-a. Immunology 113:355–362.

27. Cross, A., R. J. Moots, and S. W. Edwards. 2008. The dual

effects of TNFa on neutrophil apoptosis are mediated via

differential effects on expression of Mcl-1 and Bfl-1. Blood

111:878–874.

28. Wright, H. L., B. Chikura, R. C. Bucknall, R. J. Moots, and

S. W. Edwards. 2011. Changes in expression of membrane

TNF,NF-kB activation and neutrophil apoptosis during active

and resolved inflammation. Ann. Rheum. Dis. 70: 537–543.

29. Kato, T., and S. Kitagawa. 2006. Regulation of neutrophil

functions by proinflammatory cytokines. Int. J. Hematol.

84:205–209.

30. Pfaffl, M. W. 2001. A new mathematical model for relative

quantification in real-time RT-PCR. Nucl. Acids Res.

29:2002–2007.

31. Trapnell, C., L. Pachter, and S. L. Salzberg. 2009. TopHat:

discovering splice junctions with RNA-Seq. Bioinformatics

25:1105–1111.

32. Trapnell, C., A. Roberts, L. Goff, G. Pertea, D. Kim, D. R.

Kelley, H. Pimentel, S. L. Salzberg, J. L. Rinn, and L. Pachter.

2012. Differential gene and transcript expression analysis of

RNA-seq experiments with TopHat and Cufflinks. Nat.

Protoc. 7:562–578.

33. Trapnell, C., B. A.Williams, G. Pertea, A.Mortazavi, G. Kwan,

M. J. vanBaren, S.l L. Salzberg, B. J.Wold, and L. Pachter. 2010.

Transcript assembly and quantification by RNA-Seq reveals

unannotated transcripts and isoform switching during cell

differentiation. Nat. Biotechnol. 28:511–515.

34. Fadeel, B., A. Ahlin, J. I. Henter, S. Orrenius, and M. B.

Hampton. 1998. Involvement of caspases in neutrophil

apoptosis: regulation by reactive oxygen species. Blood

92:4808–4818.

35. Khwaja, A., and L. Tatton. 1999. Caspase-mediated proteoly-

sis and activation of protein kinase Cd plays a central role in

neutrophil apoptosis. Blood 94:291–301.

Chiewchengchol et al. Differential changes in gene expression in human neutrophils

© 2015 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd. 43



36. Wright, H. L., H. B. Thomas, R. J. Moots, and S. W. Edwards.

2013. RNA-seq reveals activation of both common and

cytokine-specific pathways following neutrophil priming.

PLoS. One. 8:e58598.

37. Kamata, N., H. Kutsuna, F. Hato, T. Kato, N. Oshitani, T.

Arakawa, and S. Kitagawa. 2004. Activation of human

neutrophils by granulocyte colony-stimulating factor, granu-

locyte-macrophage colony-stimulating factor, and tumor

necrosis factor a: role of phosphatidylinositol 3-kinase. Int. J.

Hematol. 80:421–427.

38. Suzuki, K., M. Hino, F. Hato, N. Tatsumi, and S. Kitagawa.

1999. Cytokine-specific activation of distinct mitogen-

activated protein kinase subtype cascades in human neu-

trophils stimulated by granulocyte colony-stimulating factor,

granulocyte-macrophage colony-stimulating factor, and

tumor necrosis factor-a. Blood 93:341–349.

39. Nathan, C., and E. Sanchez. 1990. Tumor necrosis

factor and CD11/CD18 (b2) integrins act synergistically

to lower cAMP in human neutrophils. J. Cell Biol. 111:

2171–2181.

40. Takeda, Y., H.Watanabe, S. Yonehara, T. Yamashita, S. Saito,

and F. Sendo. 1993. Rapid acceleration of neutrophil

apoptosis by tumor necrosis factor-a. Int. Immunol.

5:691–694.

41. Murray, J., J. A. Barbara, S. A. Dunkley, A. F. Lopez, X. Van

Ostade, A. M. Condliffe, I. Dransfield, C. Haslett, and E. R.

Chilvers. 1997. Regulation of neutrophil apoptosis by

tumor necrosis factor-a: requirement for TNFR55 and

TNFR75 for induction of apoptosis in vitro. Blood

90:2772–2783.

42. Kettritz, R., M. L. Gaido, H. Haller, F. C. Luft, C. J. Jennette,

and R. J. Falk. 1998. Interleukin-8 delays spontaneous and

tumor necrosis factor-a-mediated apoptosis of human

neutrophils. Kidney Int. 53:84–91.

43. Kettritz, R., J. Scheumann, Y. Xu, F. C. Luft, and H. Haller.

2002. TNF-a-accelerated apoptosis abrogates ANCA-

mediated neutrophil respiratory burst by a caspase-

dependent mechanism. Kidney Int. 61:502–515.

44. Dri, P., C. Gasparini, R. Menegazzi, R. Cramer, L. Albeŕi, G.
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