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Summary

The present study examines the temporal dynamics of macrophage activation
marker expression in response to variations in stimulation. We demonstrate
that markers can be categorized as ‘early’ (expressed most abundantly at 6 h
post-stimulation) or ‘late’ (expressed at 24 h post-stimulation). Thus nos2 and
p40 (IL-12/IL-23) are early markers of innate and classical activation, while
dectin-1 and mrc-1 are early markers and fizz1 (found in inflammatory
zone-1) and ym1 are late markers of alternative activation. Furthermore, argI
is a late marker of both innate and alternative activation. The ability of inter-
feron (IFN)-g to alter these activation markers was studied at both the protein
level and gene level. As reported previously, IFN-g was able to drive macroph-
ages towards the classical phenotype by enhancing nos2 gene expression and
enzyme activity and p40 (IL-12/IL-23) gene expression in lipopolysaccharide
(LPS)-stimulated macrophages. IFN-g antagonized alternative macrophage
activation, as evident by reduced expression of dectin-1, mrc-1, fizz1 and ym1
mRNA transcripts. In addition, IFN-g antagonized arginase activity irrespec-
tive of whether macrophages were activated innately or alternatively. Our data
explain some apparent contradictions in the literature, demonstrate temporal
plasticity in macrophage activation states and define for the first time ‘early’
and ‘late’ markers associated with anti-microbial/inflammatory and wound
healing responses, respectively.
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Introduction

Recent studies indicate a previously unknown level of com-
plexity in macrophage activation states dependent on the
nature of the stimulant or combination of stimulants to
which they are exposed. Stimulation of macrophages with
lipopolysaccharide (LPS) has been termed ‘innate’ and is
associated with the expression of a number of proinflamma-
tory mediators, including nos2 and p40 (IL-12/IL-23). In the
presence of interferon (IFN)-g, the expression of these
mediators has been noted to increase; conditions that have
been termed classical activation. Both these activation path-
ways induce the expression of anti-microbial and proinflam-
matory products. One such product is the enzyme inducible
nitric oxide synthase 2 (NOS2), which acts to oxidize the
terminal guanidine group of l-arginine to produce nitric
oxide (NO). In the murine system, a wide variety of func-
tions for NO have been defined within the immune system
[1], including the ability to kill or reduce the replication of a
variety of pathogens through a direct effect or by depletion

of required substrates [2]. In contrast, stimulation of
macrophages with interleukin (IL)-4 or IL-13 is termed
‘alternative’ activation and has been associated with the
up-regulation of the mannose receptor (MR, encoded for by
mrc-1) [3] and dectin-1 [4] that are associated with anti-
microbial activity as well as products associated with tissue
repair and a healing response such as fizz1 (found in inflam-
matory zone-1/RELM-a), ym1 and arginase I [5–7].

Nevertheless, some apparent anomalies have been
described which suggest that the dichotomy in marker seg-
regation between the different macrophage activation states
may not always be entirely polarized. For example, as the
induction of arginase I can be mediated by IL-4/IL-13 in
macrophages this enzyme has often been described as a
marker for alternative activation [5,8–10]. However, LPS, a
potent inducer of innate activation through Toll-like recep-
tor (TLR)-4 ligation, has also been shown in some studies to
induce both isoforms of arginase in addition to NOS2 activ-
ity [11–14]. At the same time other studies also exist, sug-
gesting that LPS is less capable than IL-4 of arginase
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induction [6,7]. Furthermore, although the ability of IFN-g
to prime macrophages and augment many of the effects of
LPS on macrophage activation has been examined, the
effects of IFN-g on products of alternatively activated
macrophages has not been studied in detail.

Herein, these apparent contradictions and shortcomings
are addressed through a series of studies that examine the
temporal gene expression of nos2, p40 (IL-12/IL-23), argI,
dectin-1, mrc-1, fizz1 and ym1 mRNA in murine bone
marrow-derived (BMD) macrophages stimulated with LPS
or IL-4 in the presence or absence of IFN-g. We demonstrate
for the first time a biphasic response in activation marker
expression whereby anti-microbial and inflammatory
markers of both innate and alternative macrophages are
maximally expressed early (6 h) following activation, while
markers associated with tissue repair are expressed maxi-
mally late (>24 h) post-activation. Furthermore, while
co-stimulation with IFN-g down-regulates all IL-4-induced
activation markers measured, it up-regulates LPS-induced
anti-microbial and inflammatory markers selectively while
down-regulating arginase activity. The implications for these
observations are discussed.

Materials and methods

Culture of BMD macrophages

Bone marrow-derived (BMD) macrophages were prepared as
described previously [15]. Briefly, bone marrow cells were
flushed from the femurs of 8-week-old male BALB/c mice
(maintained at the University of Strathclyde). The BMD pre-
cursor cells were grown in Petri dishes for 8 days in Dulbecco’s
modified Eagle’s medium (Gibco-BRL, Paisley, UK) that had
been supplemented with 30% (v/v) l-cell conditioned
medium, 20% (v/v) heat-inactivated fetal calf serum (FCS)
(Sigma-Aldrich, St. Louis, MO, USA), 2 mM l-glutamine
(Cambrex BioScience, Veniers, Belgium), 100 U/ml penicillin
(Cambrex BioScience) and 100 mg/ml streptomycin
(Cambrex BioScience). l-cell conditioned medium was
derived from the supernatants of confluent L929 cells and
provides a source of macrophage colony-stimulating factor
(M-CSF) and granulocyte–macrophage colony-stimulating
factor (GM-CSF).

Treatment of cells

Cells were then harvested and plated at 106 cell/well in
24-well plates in RMPI-1640 medium (Gibco-BRL)
supplemented with 10% (v/v) heat-inactivated FCS
(Sigma-Aldrich), 2 mM l-glutamine, 100 U/ml penicillin
and 100 mg/ml streptomycin. Cells were stimulated with
mouse recombinant IL-4 (10, 100 or 1000 U/ml; BD
PharmingenTM, Franklin Lakes, NJ, USA), LPS from Escheri-
chia coli 055:B5 (20, 200 or 2000 ng/ml; Sigma, Poole, UK)
and mouse recombinant IFN-g (20 U/ml; BD Pharmin-

genTM) for up to 48 h. Throughout this period, cells were
harvested for quantitative real-time polymerase chain reac-
tion (PCR) analysis or for use in arginase assays, and super-
natants were collected for analysis of nitrite levels.

Preparation of cDNA

Cells were harvested in 1 ml of Trizol™ reagent (Invitrogen,
Paisley, UK) and total RNA isolated according to the manu-
facturer’s instructions. Two mg of total RNA was used to
make cDNA, first by incubation for 5 min at 65°C with
300 ng random primers (Promega, Madison, WI, USA). The
mixture was then cooled for 10 min at room temperature
before the addition of 2 ml of AffinityScriptTM RT Buffer
(Stratagene, Stockport, UK), 10 mM dithiothreitol (DTT),
4 mM 2′-deoxynucleosides 5′-triphosphate (dNTP) mix
(Promega) and 1 ml of AffinityScriptTM Multiple Reverse
Transcriptase (Stratagene). Samples were then incubated for
10 min at 25°C, 1 h at 50°C and then 15 min at 70°C.

Quantitative PCR (qRT–PCR)

The Stratagene Mx3000p system was used to perform and
analyse qRT–PCR experiments. Each reaction contained
10 ml of SYBR® Green JumpStartTM Taq ReadyMixTM (Sigma),
25 pmol of forward primer and 25 pmol of reverse primer,
8 ml of molecular grade water (Sigma) and 1 ml of cDNA
template (primers used are shown in Table 1). Reactions were
performed under the following conditions: 1 cycle at 95°C for
10 min, and 40 cycles of 1 min at 95°C, 1 min at the appro-
priate annealing temperature and 1 min at 72°C. Samples
were then subjected to 1 min at 95°C, 30 s at 55°C and 30 s at
95°C to allow generation of a dissociation curve to ensure
amplification of a specific product. Relative gene expression
levels were calculated by using an included standard curve for
each individual gene and normalized to the housekeeping
gene.The maximum gene expression for each experiment was
assigned as 100% and all other treatments calculated in com-
parison to this. Data are presented as the mean [� standard
error of the mean (s.e.m.)] expression for n = 3.

Arginase assays

Macrophage arginase activity was determined using a reac-
tion with a-isonitrosopropiophenon, as described previ-
ously [16]. Arginase activity was calculated using an internal
standard curve generated from known quantities of urea.
One unit (U) of arginase activity was defined as the enzyme
activity that catalyses the production of 1 mmol urea/min.

Greiss assays for determination of NO production

Quantification of nitrite accumulation, using a method
similar to that of Tsai and colleagues [17], was used as a
measure of NOS2 activity. To 50 ml of well supernatant, 50 ml
of Greiss reagent (equal volumes of 2% sulphanilamide in
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5% H3PO4 and 0·2% naphylene diamine HCl in water) was
added. After incubation for 10 min at room temperature in
darkness, absorbance was read at 540 nm using a SPECTRA-
max 190 microtitre spectrophotometer and softmax pro
version 3·0 software (Moelcular Devices, Hove, UK). Nitrite
production was determined by comparison to a standard
curve generated using NaNO2.

Statistical analysis

Data are shown as mean � s.e.m. of n = 3 repeats. Statisti-
cally significant differences were calculated using the
Mann–Whitney U-test with a value of P < 0·05 accepted as
significant.

Results

Arginase is induced by both innate (LPS) and
alternative (IL-4) activation

BMD macrophage arginase enzyme activity, which is associ-
ated normally with alternative macrophage activation, was
significantly (P < 0·05) raised at 3 h, reached plateau at 18 h
and remained constant over a 48 h time-period, irrespective
of whether macrophages were stimulated with 200 ng/ml
LPS or 100 U/ml IL-4 (Fig. 1a). Treatment with IL-4 in com-
bination with LPS increased arginase activity significantly by
approximately two times compared LPS alone and four
times compared with IL-4 alone, albeit with similar kinetics.
Over the 48-h time-period, no nitrite was detectable in
supernatants from unstimulated or IL-4-treated cells. As
expected, LPS caused a time-dependent increase in nitrite
levels accumulating within the supernatant (Fig. 1b). The
addition of IL-4 significantly (P < 0·05) delayed the

Table 1. Primer sequences.

Primer name Sequence (5′ to 3′)
Optimal annealing

temperature (°C)

argI forward TGACATCAACACTCCCCTGACAAC 61

argI reverse GCCTTTTCTTCCTTCCCAGCAG

dectin-1 forward GGAATCCTGTGCTTTGTGGTAGTAG 64

dectin-1 reverse GGAAGGCAAGACTGAGAAAAACCTC

fizz1 forward ACCTTTCCTGAGATTCTGCCCC 64

fizz1 reverse CAGTGGTCCAGTCAACGAGTAAGC

p40(IL-12/IL-23) forward CCTGGTTTGCCATCGTTTTG 62

p40(IL-12/IL-23) reverse TCAGAGTCTCGCCTCCTTTGTG

mrc-1 forward TCTTTTACGAGAAGTTGGGGTCAG 64

mrc-1 reverse ATCATTCCGTTCACCAGAGGG

nos2 forward GGTCTTTGACGCTCGGAACTGTAG 64

nos2 reverse CACAACTGGGTGAACTCCAAGGTG

Tbp forward AACAGCAGCAGCAACAACAGCAGG 64

Tbp reverse TGATAGGGGTCATAGGAGTCATTGG

ym1 forward GGCTACACTGGAGAAAATAGTCCCC 64

ym1 reverse CCAACCCACTCATTACCCTGATAG

The nucleotide sequences of the primers used for analysis of gene expression by real-time polymerase chain reaction.
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Fig. 1. Arginase activity (a) and nitric oxide (NO) production (b) by

unstimulated bone marrow-derived (BMD) macrophages (�), or

BMD macrophages stimulated with 100 U/ml interleukin (IL)-4 (�),

200 ng/ml lipopolysaccharide (LPS) ( ), or with both 100 U/ml IL-4

and 200 ng/ml LPS (�) over a 48-h time-period. Results show

mean � standard error of n = 3.
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LPS-induced production of NO as measured by nitrite con-
centration (Fig. 1b).

Maximal nos2 expression precedes maximal arg1
expression in innately activated macrophages

The induction of arg1 mRNA transcript expression and argi-
nase activity by IL-4 and LPS follows a similar pattern over a
wide range of concentrations (Fig. 2). Thus, arginase activity
was induced after 48 h of treatment with 100 U/ml and
1000 U/ml of IL-4, while LPS induced arginase activity at all
concentrations assessed (20–2000 ng/ml) (Fig. 2a). Indeed,

overall, LPS at the concentrations employed induced consid-
erably higher levels of arginase than those obtained by IL-4
stimulation. As would be anticipated LPS, but not IL-4,
induced NO production as measured by nitrite in the super-
natant at all concentrations used (Fig. 2b).

Of particular note, transcripts for arg1 were induced in a
dose- and time-dependent manner by either IL-4 or LPS in
BMD macrophages (Fig. 2c). While argI mRNA transcripts
were induced by IL-4 treatment (100–1000 U/ml) at ‘early’
(6 h post-treatment) time-points, induction was maximal at
‘late’ (24 h post-treatment) time-points (Fig. 2c). Following
LPS stimulation, macrophage argI mRNA transcript

Fig. 2. Arginase activity (a) and nitric oxide

(NO) production (b) by bone marrow-derived

(BMD) macrophages that were stimulated with

interleukin (IL)-4 (0–1000 U/ml) (�) or

lipopolysaccharide (LPS) (0–2000 ng/ml) ( )

for 48 h. Results show mean � standard error

(s.e.) of n = 3 samples. *P < 0·05 in comparison

with unstimulated controls. argI (c) and nos2

(d) mRNA expression in BMD macrophages

that have been stimulated for 6 (closed

circles/squares) or 24 h (open circles/squares)

with 0–1000 U/ml IL-4 (circles) or

0–2000 ng/ml LPS (squares). Expression levels

for argI and nos2 mRNA transcripts were

normalized to the housekeeping gene Tbp for

each experimental run. The maximum gene

expression for each run was designated 100%

and all treatments calculated in comparison

to this. Data is presented as the mean

expression � s.e. of n = 3. *P < 0·05 for values

between time-points of the same treatment.
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expression was induced by 6 h, but increased significantly by
24 h post-treatment with either 20 ng/ml or 200 ng/ml of
LPS (Fig. 2c). Stimulation with 2000 ng/ml of LPS did not
induce arg1 transcripts ‘early’ at 6 h, although induction was
apparent by 24 h. Indeed, arg1 transcript expression contin-
ued to increase in LPS-stimulated macrophage up to 48 h
post-activation (data not shown). As anticipated, LPS but
not IL-4 induced nos2 mRNA transcript expression in BMD
macrophages. In stark contrast to arg1 mRNA expression,
nos2 expression was maximal ‘early’ at 6 h but not present
‘late’ at 24 h post-activation (Fig. 2d).

nos2, p40 (IL-12/IL-23), mrc-1 and dectin-1 are early
markers and arg1, fizz1 and ym1 are late markers of
macrophage activation

In order to determine further the time-dependent expression
of genes associated with innate and alternative activation,
BMD macrophages were stimulated with IL-4 (100 U/ml) or
LPS (200 ng/ml) for 6 or 24 h and RT–PCR performed
(Fig. 3) to measure expression of nos2, p40 (IL-12/IL-23),
mrc-1, dectin-1, argI, fizz1 and ym1. In agreement with the
study above, argI mRNA transcripts were induced by either
IL-4 or LPS, with expression of transcripts being highest after
LPS stimulation for 24 h (Fig. 3a). Both nos2 and p40 (IL-12/
IL-23) demonstrated highest levels of transcript expression
‘early’ (6 h) after exposure to LPS although, by 24 h with LPS
stimulation, relative transcript levels were reduced signifi-
cantly (Fig. 3b and c). IL-4 did not induce significant expres-
sion of either nos2 or p40 (IL-12/IL-23) at either time-point
examined. The alternative macrophage activation-associated
markers mrc-1 and dectin-1 were maximally up-regulated
‘early’ within 6 h of stimulation with IL-4 and expression
maintained throughout 24 h (Fig. 3d and e). LPS had no
effect on the expression of mrc-1 and dectin-1 genes (Fig. 3d
and e). Similarly, LPS had no effect on fizz1 and ym1 expres-
sion (Fig. 3f and g). Significantly increased expression of fizz1
and ym1 transcripts was observed ‘late’ (24 h) but not ‘early’
(6 h) following IL-4 stimulation (Fig. 3f and g).

Arginase activity is inhibited by IFN-g and thus not
induced by classical activation

The ability of IFN-g to modulate arginase activity and NO
production was measured in BMD macrophages stimulated
with IL-4, LPS or both IL-4 and LPS (Fig. 4). The addition of
IFN-g to the cultures reduced significantly detectable argin-
ase enzyme activity induced by LPS or by co-stimulation
with both IL-4 and LPS (Fig. 4b). The ability of IL-4 to
induce significant macrophage arginase activity (Fig. 4a)
was inhibited by IFN-g (Fig. 4b). The addition of IL-4 to
LPS-stimulated cultures resulted in a twofold reduction
(P < 0·05) of nitrite production (Fig. 4c), whereas IFN-g
induced a significant increase in the levels of nitrite whether
IL-4 was present or absent (Fig. 4d).

IFN-g modulates gene expression to drive macrophage
activation towards the classical phenotype

The ability of IFN-g to modulate LPS- and/or IL-4-induced
expression of nos2, p40 (IL-12/IL-23), mrc-1 and dectin-1
mRNA transcripts was studied after 6 h of stimulation
(Fig. 5), as we have identified them as ‘early’ markers of
activation. IFN-g enhanced LPS-induced (with or without
IL-4 co-stimulation) expression of both nos2 (Fig. 5a) and
p40 (IL-12/IL-23) (Fig. 5b). IL-4 inhibited (P < 0·05) LPS-
induced nos2 significantly, but not LPS- and IFN-g-induced
nos2 (Fig. 5a). By comparison, IL-4 inhibited LPS- and IFN-
g-induced p40 (IL-12/IL-23) expression (Fig. 5b). mrc-1 and
dectin-1 mRNA transcript expressions, induced by IL-4
stimulation, were inhibited significantly by co-stimulation
with LPS and IFN-g (Fig. 5c and d).

The ability of IFN-g to modulate expression of arg1, fizz1
and ym1, which we have identified as ‘late’ activation
markers, were analysed after 24 h by RT–PCR (Fig. 6).
Twenty-four h of stimulation with IL-4 induced a low level
of arg1 expression, which was increased significantly
(P < 0·05) with the addition of LPS to these cultures. IFN-g
inhibited the ability of IL-4 or LPS, but not treatment with
both LPS and IL-4, to stimulate macrophage arg1 expression
significantly over background (Fig. 6a). LPS and IFN-g both
down-regulated IL-4 induced macrophage fizz1 and ym1
mRNA transcript expression significantly (Fig. 6b and c).

Discussion

Depending on the stimulus, macrophage activation states
have (historically) been designated in a number of ways;
innate (stimulated with TLR ligand – usually LPS), classical
(stimulated with TLR ligand and IFN-g) or alternative
(stimulated with IL-4 or IL-13) [18–22]. Each activation
state has been associated with the expression of different
genes, gene products and biochemical properties in studies
involving rodents and humans [1,3,4,10,23–27]. Innate
activation has been associated with production of anti-
pathogen and inflammatory products such as tumour
necrosis factor (TNF)-a, IL-12, NOS2 and cyclooxygenase
(COX)-2, as well as reactive oxygen and nitrogen inter-
mediates. Classical activation has been demonstrated to
augment the production of these mediators [28]. In con-
trast, alternative activation has been associated with argin-
ase 1, fizz1 and ym1 that are involved in tissue repair,
control of some parasitic infections and control of reactive
nitrogen intermediates [6,7,10,27,29,30]. However, these
macrophages are also associated with the expression of the
mannose receptor [3] and dectin-1 [4], which are impor-
tant in pathogen recognition and have been demonstrated
to play a beneficial role in fungal infections [31–35]. More
recently it has been suggested that activated macrophages
comprise a spectrum based on three major activities; clas-
sically activated (as described previously), wound-healing

Macrophage markers following activation
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(stimulated with IL-4 or IL-13) and regulatory, which are
induced by TLR ligation in combination with other stimuli,
including immune complexes [21]. The current study not
only supports the idea of a spectrum of activation states
with a degree of overlap in relative gene expression, but

also demonstrates that these activation states are subject to
significant temporal plasticity.

An example of this is the expression of arg1 and down-
stream arginase activity that we have demonstrated in both
innately and alternatively activated macrophages. While

Fig. 3. Analysis of argI (a), nos2 (b), p40

(IL-12/IL-23) (c), mrc-1 (d), dectin-1 (e), fizz1

(f) and ym1 (g) mRNA expression by real time

polymerase chain reaction (PCR) in bone

marrow-derived (BMD) macrophages that have

been stimulated for 6 (closed bar) or 24 h

(open bar) with 100 U/ml interleukin (IL)-4 or

200 ng/ml lipopolysaccharide (LPS). Expression

levels for each gene were normalized to the

housekeeping gene Tbp for each experimental

run. The maximum gene expression for each

run was designated 100% and all treatments

calculated in comparison to this. Data are

presented as the mean expression � standard

error of n = 3. *P < 0·05 for values between

time-points of the same treatment.
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much of the literature defines argI expression as a hallmark
of murine alternative activation [5,9,10,36,37], other studies
describe argI expression or arginase activity in macrophages
following LPS stimulation [12–14,38,39]. Further studies
speculate that the ability of LPS to influence arginase is
species-dependent [40]. The present study demonstrates
that arg1 is induced by both innate (LPS) and alternative
(IL-4) activation of murine bone marrow-derived macro-
phages, but is predominantly found ‘late’ (> 24 h) post-
stimulation and demonstrates for the first time that the
effects of innate and alternative activation on macrophage
arginase activity are at least additive. The timing of arg1
expression relative to nos2 expression reported in the current
murine studies is consistent with that reported in rat mac-
rophages [13]. It has been suggested that the delay in onset of
argI expression after nos2 expression is a homeostatic
mechanism to limit the inflammation caused by endotoxin-
induced NO production and to allow the healing process to
begin [38].

The underlying molecular mechanisms for the apparent
switch from nos2 to argI expression after LPS stimulation
have been investigated in recent years, and it has been shown
that mitogen-activated protein kinase phosphatase-1
(MKP-1) may function as a molecular switch to drive argi-
nine metabolism away from NO production towards urea
and ornithine production via the action of arginase [38]. In
these studies RAW264·7 macrophages were transfected
stably to over-express MKP-1, and it was found that LPS
stimulation led to a significant reduction in NOS2 induc-
tion, whereas LPS stimulation of macrophages from
Mkp-1–/– mice resulted in enhanced NOS2 protein produc-
tion [41].

Despite both IL-4 and LPS inducing macrophage arginase
gene expression and enzyme activity, it is probable that the
underlying molecular mechanisms are somewhat different
for each stimulant. Kasmi et al. [42] have shown recently that
macrophages possess two distinct pathways for arginase I
induction. The first pathway is linked to alternative activa-
tion and is signal transducer and activator of transcription 6
(STAT6)-dependent, and the second pathway is regulated by
myeloid differentiation primary response gene 88 (MyD88)-
dependent TLR signalling. In order to induce arginase I, both
these pathways lead ultimately to induction of CCAAT-
enhancer-binding proteins (C/EBP)-b [43]. These observa-
tions would be consistent with our present findings
demonstrating enhanced bone marrow-derived macrophage
arginase activity induced by both IL-4 and LPS treatment
compared with stimulation with either IL-4 or LPS
independently.

Promoting the concept of macrophage plasticity in func-
tion, our results demonstrate that the presence of multiple
stimuli alters gene expression. Thus arginase activity was
inhibited by IFN-g and was not found in classically activated
macrophages. Similarly, IFN-g down-regulated dectin-1,
mrc-1, fizz1 and ym1 mRNA transcripts, all of which are
specific markers of alternative activation. This observation is
similar to others [3,4,6,7]. Interestingly, it has also been
found that despite IL-4 and IFN-g having opposing effects
on the surface expression of the mannose receptor, both
these cytokines can act to enhance macrophage mannose
receptor-mediated phagocytosis [44]. The ability of IFN-g to
modulate IL-4-induced macrophage activities may be due to
the ability of this Th1 type cytokine to inhibit STAT6 signal
transduction [45].

IL-4 is known to have an array of effects on macrophages,
including morphological changes, as well as inducing the
expression and activity of a number of receptors and mol-
ecules [3]. Up-regulation of the mannose receptor (mrc-1),
dectin-1 receptor and the fizz1 and ym1 genes are recognized
as indicators that the alternative pathway of activation has
been induced [3,4,6,7]. The data presented show that the
expression of dectin-1, mrc-1, fizz1 and ym1 are IL-4-
dependent in murine BMD macrophages. This finding is
supported further by in vivo studies using murine models for
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Fig. 4. Arginase activity (a, b) and nitric oxide (NO) production (c,d)

in bone marrow-derived (BMD) macrophages that were stimulated

with 100 U/ml interleukin (IL)-4, 200 ng/ml lipopolysaccharide

(LPS) and 20 U/ml interferon (IFN)-g for 48 h. Results show

mean � standard error of n = 3 samples. *P < 0·05 in comparison

with control (open bar) §P < 0·05 in comparison with no IFN-g in

culture.
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parasite infections which induce T helper type 2 (Th2)
responses. In these systems, the Th2-driven, chronic stage of
infection is characterized by the presence of alternatively
activated macrophages indicated by the IL-4-dependent
expression of fizz1 and ym1 [7,9,27,29,46]. Recently,
Mylonas et al. [47] have used these in vivo models of
parasite infection to demonstrate further the plasticity of

macrophage activation. This study has shown that even after
long-term exposure to Th2 cytokines, macrophages could
still respond to LPS and IFN-g stimulation to become anti-
microbial in function.

The studies reported herein demonstrate that the major
markers of macrophage activation can be categorized as
early (maximum at 6 h) or late (evident at 24 h) and their

Fig. 5. Analysis of early time-point markers

nos2 (a), p40 (IL-12/IL-23) (b), mrc-1 (c) and

dectin-1 (d) mRNA expression by real-time

polymerase chain reaction (PCR) in bone

marrow-derived (BMD) macrophages that have

been stimulated for 6 h with 100 U/ml

interleukin (IL)-4, 200 ng/ml lipopolysaccharide

(LPS) and 20 U/ml interferon (IFN)-g.

Expression levels for each gene were normalized

to the housekeeping gene Tbp for each

experimental run. The maximum gene

expression for each run was designated 100%

and all treatments calculated in comparison to

this. Data are presented as the mean � standard

error of n = 3. *P < 0·05 in comparison with

control (open bar), §P < 0·05 in comparison

with no IFN-g in culture.
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temporal and sequential expression can be rationalized
according to their ascribed functions. Thus, both nos2 and
p40 (IL-12/IL-23), involved in microbicidal killing and acti-
vation of natural killer (NK) cells to produce IFN-g, respec-
tively, are early markers of innate macrophage activation.
Similarly, the mannose and dectin-1 receptors are involved
in the recognition of mannose residues on pathogens [20]
and b-glucans on fungal pathogens [32–34], respectively,
and are early markers of alternative activation. In contrast,
the ym1 and fizz1 gene products, chitnase [48] and resistin-
like proteins [49], respectively, that are involved in wound
healing and tissue repair are late markers of alternative
activation. Finally, argI, which has the ability to reduce
NO production through competition for arginine [50],
is expressed late in alternative and innate activated
macrophages. Arginase has been implicated in wound

healing and tissue repair mechanisms [51,52] due to its
function of converting arginine to proline (required for
collagen synthesis and deposition) and polyamines (such as
putrescine, spermidine and spermine) [53–55], which are
required during cell proliferation.

In the course of the present study the expression of mac-
rophage activation markers has been described for the first
time in terms of their temporal plasticity. In all studies,
mRNA transcripts for arg1 and nos2 were detectable prior to
their enzyme activities, demonstrating that, perhaps not sur-
prisingly, transcriptional changes are evident before transla-
tional changes. These results add a further dimension to the
suggestions by Mosser and Edwards [22], who indicate that
macrophages have a spectrum of activation with overlapping
characteristics. Not only is expression of these overlapping
characteristics time-dependent, but these activities are

Fig. 6. Analysis of late time-point markers argI

(a), fizz1 (b) and ym1 (c) mRNA expression by

real-time polymerase chain reaction (PCR) in

bone marrow-derived (BMD) macrophages that

have been stimulated for 24 h with 100 U/ml

interleukin (IL)-4, 200 ng/ml lipopolysaccharide

(LPS) and 20 U/ml interleukin (IFN)-g.

Expression levels for each gene were normalized

to the housekeeping gene Tbp for each

experimental run. The maximum gene

expression for each run was designated 100%

and all treatments calculated in comparison to

this. Data are presented as the mean � standard

error of n = 3. *P < 0·05 in comparison with

control (open bar), §P < 0·05 in comparison

with no IFN-g in culture.
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totally appropriate for the required functions of the
macrophages at specific time-points.

Disclosure

None.
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