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Summary

Neutrophils express only two intermediate filament proteins, vimentin and, to
a lesser extent, lamin B. Lamin B mutant mice die shortly after birth; however,
mice lacking vimentin (vim-/-) develop and reproduce normally. Herein, we
investigate for the first time the role of vimentin in general inflammation in
vivo and in neutrophil functions ex vivo. Using the murine air pouch model,
we show that the inflammatory response induced by lipopolysaccharide,
interleukin-21 or carageenan is, intriguingly, uncompromised in vim-/- mice
and that neutrophil functions are not altered ex vivo. Our results suggest that
vimentin is dispensable for the establishment of an acute inflammatory
response in vivo. In addition, based on several criteria presented in this study,
one has to accept the existence of a very complex compensatory mechanism to
explain the intriguing normal inflammatory response in absence of vimentin.
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Introduction

Only two intermediate filament (IF) proteins are known to
be expressed in neutrophils: vimentin and, to a lesser extent,
lamin B (B1, primarily, and B2) [1] in contrast to lamin B1

mutant mice, which die at birth due to defect lungs and
bone defects [2]. Collucci-Guyon and collaborators demon-
strated that vimentin-null mice (vim-/-) develop and repro-
duce without any apparent defects [3]. This fascinating
paradigm suggests that vimentin is not required for survival
and may not be of significance under normal physiological
conditions. This is difficult to imagine, given the roles of
vimentin in general biology. However, this does not exclude
the possibility for a particular role of vimentin under
certain conditions. In this regard, since the first study pub-
lished by Collucci-Guyon and collaborators [3], a few
studies conducted with these mice or using different cell
culture models derived from vim-/- mice have indicated that
vimentin can play an important role. For example, reduc-
tion of renal mass was found to be lethal in vim-/- mice,
whereas no lethality was observed in littermate controls [4];
cerebellar defects and impaired motor coordination were
noted in vim-/- mice; vimentin was implicated in diameter
and wall mass changes during flow-induced arterial remod-
elling [5], and impaired wound healing in both embryonic
and adult mice [6] was established using these mice. Curi-
ously, vimentin was not essential for efficient tumour
growth and differentiation in vivo [7]. The mechanical

stability, migration and contractile capacity of fibroblasts
derived from vim-/- mice were found to be impaired [8].
More recently, absence of vimentin was correlated with
aberrant expression and distribution of intercellular cell
adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule (VCAM) on endothelial cells and integrin b1 on
peripheral blood mononuclear cells [9]. The results of this
latter study showed that vimentin is involved in lymphocyte
adhesion and transmigration. Thus, although vim-/- mice
have a normal phenotype, it would appear that vimentin
has specialized roles contributing to specific cellular func-
tions which may be counteracted in vivo.

We have documented recently that several cytoskeletal
proteins, including the two IF proteins vimentin and lamin
B1, are cleaved via caspase activation in human apoptotic
neutrophils [10–14], as well as in promyelocytes and eosino-
phils [15,16]. More recently, we demonstrated that among
the different cytoskeletal proteins we have tested, paxillin,
gelsolin, vinculin, a- and b-tubulin, only the IF protein
vimentin and lamin B1 were expressed on the cell surface of
apoptotic neutrophils, suggesting that neutrophils may be a
source of autoantigens for the development of autoantibod-
ies directed against vimentin and lamin B1 associated with
various rheumatic diseases [17]. Furthermore, the presence
of vimentin on the cell surface of apoptotic neutrophils may
be involved in the recognition process of apoptotic neutro-
phils by phagocytes for the resolution of inflammation,
although this remains to be demonstrated.
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Using the murine air pouch model, we have also demon-
strated that vimentin was cleaved when neutrophils har-
vested from lipopolysaccharide (LPS)-induced air pouches
were incubated in vitro with the potent pro-apoptotic plant
lectin Viscum album agglutinin-I [18]. Given the importance
of vimentin in general immunology [9,19–23], inflamma-
tion and biology of neutrophils [10–14,17], and the fact that
a generation of mice totally devoid of vimentin could
develop and reproduce normally [3], we decided to investi-
gate the role of vimentin during an inflammatory response
in vivo and on neutrophil cell functions in vitro, two situa-
tions which have been curiously not or poorly investigated.

Methods

Chemicals, agonists and antibodies

RPMI-1640, HEPES, penicillin/streptomycin (P/S), bovine
serum albumin (BSA), V. album agglutinin-1 (VAA-I),
arsenic trioxide (As2O3) LPS, carrageenan, mouse mono-
clonal anti-vinculin antibody (clone hVIN-1), the anti-
mouse vimentin antibody (clone VIM-13·2, ascites fluid),
phorbol 12-myristate 13-acetate (PMA) and the calcium
ionophore A23187 were purchased from Sigma-Aldrich
Chemical Company (St Louis, MO, USA). The anti-lamin B1

(C-20) antibody was purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Horseradish peroxidase-
conjugated antibodies were purchased from Jackson
Immunoresearch (West Grove, PA, USA). Recombinant
murine granulocyte–macrophage colony-stimulating factor
(rmGM-CSF) and recombinant murine interleukin-21
(rmIL-21) were purchased from PeproTech Inc. (Rocky Hill,
NJ, USA) and R&D Systems (Hornby, Ontario, Canada),
respectively. Annexin-V-fluorescein isothiocyanate (FITC)
was purchased from Biosource (Montreal, Quebec, Canada).
The FITC-rat anti-mouse F4/80 antigen (rat IgG2b), the
FITC-rat anti-mouse neutrophils clone 7/4 (rat IgG2a), the
FITC-rat IgG2a and FITC-rat IgG2b negative controls were
from Serotec Inc. (Raleigh, NC, USA). Dihydrorhodamine
123 (DHR123) was purchased from Invitrogen/Molecular
Probes (Burlington, Ontario, Canada).

Mice

Vimentin-null mutant mice (Vim1 mutation) [3] and cor-
responding control animals were a generous gift of Alain
Privat (INSERM U, Université Montpellier II, Montpellier,
France). These animals were crossed with C57BL/6 in order
to establish our own colony of mice. To identify wild-type
mice (vim+/+), heterozygous (vim+/-) and homozygous
vimentin-deficient mice (vim-/-), DNA was extracted from
the tails of mice and the presence of targeted alleles was
monitored by polymerase chain reaction (PCR) using the
following primers: primer 1 (5′-TGTCCTCGTCCTCCTACC
GC-3′); primer 2 (5′-AGCTGCTCGAGCTCAGCCAGC-3′);

and primer 3 (5′-CTGTTCGCCAGGCTCAAGGC- 3′). PCR
amplification was performed using Taq platinum poly-
merase (Invitrogen) under the conditions recommended by
the supplier on a T personal model PCR machine (Biometra)
using 30 cycles of denaturation at 94°C for 30 s, annealing at
66°C for 30 s and extension at 72°C for 1 min. The 1–2
primer pair allows amplification of a 398-base pairs (bp)
fragment when the wild-type allele is present and the 2–3
primer pair allows amplification of a 530-bp fragment when
the disrupted allele is present, as described previously [8].
Lack of vimentin was confirmed at the protein level by
immunoblotting using the anti-vimentin antibody (see
below for details of the immunoblotting procedures).
Experiments were performed under protocols approved by
Animal Use and Care Committees at INRS-Insitut Armand-
Frappier.

Blood leucocyte counts

Blood collection was performed by cardiac puncture on mice
under anaesthesia with isoflurane as described previously
[24]. Total leucocyte counts were performed by cytology
using a haemacytometer. Differential cell count was per-
formed with an aliquot of 0·5 ¥ 106 white blood cells cyto-
centrifuged onto a microscope slide and coloured with the
Hema-3 stain set (Biochemical Sciences Inc., Swedesboro,
NJ, USA). At least 300 leucocytes per slide were counted
under light microscope. Cell viability was always � 98%.

Air pouch experiments

Dorsal air pouches were raised in vim+/+, vim+/- and vim-/-

mice, as described previously [25]. LPS (positive control for
neutrophil attraction), IL-21 (positive control for neutrophil
and mononuclear cell attraction) [25] or the diluent
[phosphate-buffered saline (PBS)] was injected into the air
pouches of mice 6 or 24 h before the mice were killed by CO2

asphyxiation. In some experiments, carrageenan (CRGN)
was used in order to prolong leucocyte influx in vivo for a
24-h period. Supernatants were collected and stored at
-20°C for further analysis. The cells were suspended in 1 ml
of Hank’s balanced salt solution–ethylenediamine tetraacetic
acid (HBSS–EDTA) and counted. Cells (3 ¥ 105) were cen-
trifuged, spread onto microscope slides and stained with
Hema-stain to allow quantification of granulocytic and
mononuclear populations. To characterize further the leuco-
cyte subpopulations, the cells were suspended in PBS con-
taining 5 mg/ml human IgG for 30 min at 4°C to block Fc
receptors and then stained for 30 min at 4°C with purified
rat anti-mouse 7/4 monoclonal antibody (MoAb) directed
against murine neutrophils or rat anti-mouse F4/80 antigen
antibody directed against murine monocytes/macrophages,
as published previously [25]. Analyses were performed with
a fluorescence activated cell sorter (FACScan) (Becton Dick-
inson, San Jose, CA, USA).
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Protein expression

Murine neutrophils, as well as the exudates harvested from
LPS-induced air pouches, were collected from vim-/- and
vim+/+ animals, and the expression of intracellular proteins
was compared after running sodium dodecyl sulphate (SDS)-
electrophoresis. In addition, we performed an antibody array
assay (ChemiArrayTM mouse inflammation antibody array I
Map; Chemicon International, Temecula, CA, USA) to detect
several inflammatory cytokines/chemokines, including B-
lymphocyte chemoattractant (BLC), eotaxin, eotaxin-2, FasL,
fractalkine, granulocyte–colony-stimulating factor (G-CSF),
GM-CSF, interferon (IFN)-g, IL-1a, IL-1b, IL-2, IL-3, IL-4,
IL-6, IL-9, IL-10, IL-12p40/p70, IL-12p70, IL-13, IL-17, IFN-
inducible T cell alpha chemoattractant (I-TAC), murine
GRO-alpha, leptin, lymphotactin, monocyte chemotactic
protein (MCP)-1, M-CSF, monokine induced by gamma
interferon (MIG), macrophage inflammatory protein (MIP)-
1a, MIP-1g, regulated on activation, normal T cell expressed
and secreted (RANTES), stromal cell-derived factor (SDF)-1,
T cell activation (TCA)-3, thymus-expressed chemokine
(TECK), tissue inhibitor of metalloproteinase-1 (TIMP-1),
TIMP-2, tumour necrosis factor (TNF)-a and sTNF R II,
according to the manufacturer’s recommendations.

Assessment of neutrophil apoptosis

Apoptosis was assessed by flow cytometry following staining
with FITC-annexin-V, as described previously [17].

Expression of cytoskeletal proteins

Neutrophils (1 ¥ 106 cells/ml) harvested from buffer- or
LPS-induced air pouch, were incubated in the presence or
absence of agonists for the indicated periods of time, and
then harvested for the preparation of cell lysates in Laem-
mli’s sample buffer. Aliquots corresponding to 250 000 cells
were loaded and run on 10% SDS-polyacrylamide gel elec-
trophoresis (PAGE) and transferred from gel to polyvinyl
difluoride (PVDF) membranes. Non-specific sites were
blocked with 1% BSA in Tris-buffered saline (TBS)-Tween
(25 mM Tris-HCl, pH 7·8, 190 mM NaCl, 0·15% Tween-20)
1 h at room temperature. Membranes were incubated with
monoclonal anti-mouse cytoskeletal antibodies overnight at
4°C, followed by washes, and incubated with the appropriate
horseradish peroxidase-labelled secondary antibody for 1 h
at room temperature in fresh blocking solution as docu-
mented previously [12,17]. Membranes were washed three
times with TBS-Tween, and bands were revealed with the
enhanced chemiluminescence (ECL) Western blotting detec-
tion system (Amersham Pharmacia Biotech Inc. Montreal,
Quebec, Canada).

Intracellular calcium mobilization

Changes in intracellular free calcium was assessed using the
fluorescent probe Fluo-3-AM (Molecular Probes) as

described previously [26]. Neutrophils (5 ¥ 106 cells/ml),
were incubated for 30 min at 37°C with 3 mM Fluo-3-AM in
PBS-1% BSA. Cells were washed three times and suspended
at 5 ¥ 106 cells/ml in PBS-1% BSA. An aliquot of 50 ml was
transferred to a FACS tube containing 450 ml prewarmed
PBS-1% BSA + 1 mM CaCl2. Pre-warmed samples were
loaded onto a FACScan flow cytometer, and fluorescence in
FL1 was recorded for a period of ~20 s. Then, 5 ml of 100X
agonist was added to the tube and fluorescence was recorded
during an additional 3 min. The calcium ionophore A23187
was used at a final concentration of 10 mM. PBS was used as
negative control. A gate based on forward- and side-scatter
was used to exclude debris.

Measurement of reactive oxygen species (ROS)
production by DHR 123

Mitochondrial ROS production was assessed using dihydror-
hodamine 123 (DHR123), as described previously [14,27].
Briefly, neutrophils were incubated at a final concentration
of 1 ¥ 106 cells/ml in HBSS-0·3% BSA containing 1 mM
DHR123 for 5 min at 37°C before adding stimuli. Buffer or
phorbol myristate acetate (PMA) (10-7 M) was then added
and cells were incubated at 37°C for different intervals of
time between 0 and 60 min. ROS production was analysed
by FACScan by detecting fluorescence in the green channel
at 530/30 nm (FL1) and 10 000 events per sample were
analysed.

Phagocytosis

Phagocytosis of opsonized sheep red blood cells (SRBC) was
performed essentially as described previously [25].

Statistics

Statistical analysis was performed with SigmaStat for
Windows version 2·03 with a one-way analysis of variance
(anova). Statistical significance was established at P < 0·05.

Results

Role of vimentin during an inflammatory
response in vivo

To investigate the role of vimentin during an inflammatory
response, we used the murine air pouch model [18,25]. In
this model, when LPS is administered into the pouch, more
than ~85% of the infiltrated cells are neutrophils, the rest
being almost exclusively monocytic cells [25]. Thus, to inves-
tigate the role of vimentin during neutrophilic inflamma-
tion, we administered LPS into air pouches of wild-type
(vim+/+), heterozygous (vim+/-) and homozygous (vim-/-)
mice and harvested cells after 6 h of treatment. As expected,
LPS significantly increased the number of leucocytes
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attracted into the air pouch of wild-type animals compared
to control mice receiving the vehicle. Initially, experiments
were performed randomly with males and females, depend-
ing upon the composition of the colony; results of the first
panel represent the data obtained with both sexes (Fig. 1a,
upper panel). Curiously, we obtained comparable results
with all groups of mice, suggesting that vimentin is not
involved in this response (Fig. 1). We then subdivided the
results by analysing males and females separately, to deter-
mine whether or not there was a sexual dimorphism. As
illustrated in the middle and bottom panels of Fig. 1a, no
sexual dimorphism was observed. Cell populations were
then identified by cytology (Hema-stain) (Fig. 1b) or flow
cytometry (Fig. 1c). As illustrated in Fig. 1b, more than 85%
of cells were neutrophils, and this was observed in vim-/-,
vim+/- and vim-/- mice. Again, no sexual dimorphism was
observed regarding the different cell populations (data not
shown). Of note, both the nuclear and cellular morphology

from vim-/- and vim+/+ neutrophils were identical (Fig. 1b,
inset), indicating that absence of vimentin does not alter the
typical polylobed neutrophil nucleus. As illustrated in Fig. 2,
we confirmed the absence or presence of vimentin in ran-
domly selected animals. Genotyping was performed system-
atically for all animals used in this study (Fig. 2a illustrates
some examples). Although it has been reported originally
that absence of vimentin was not compensated for by the
expression of another IF protein [3], those experiments were
performed using an antibody that reacts with most members
of the IF proteins (except that lamin B was not mentioned),
and these studies did not test neutrophils. Because the IF
proteins expressed in neutrophils are only vimentin and
lamin B, we examined the effects of absence of vimentin and
whether or not this was compensated for by an increase in
expression of lamin B in neutrophils. As illustrated in
Fig. 2b, lamin B1 expression in neutrophils was identical
in vim-/- and vim+/+ mice. Moreover, to support further the
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Fig. 1. Role of vimentin during an inflammatory response induced by lipopolysaccharide (LPS) in vivo. Dorsal air pouches were raised in vim+/+,

vim+/- and vim-/- mice as described in Materials and methods before injecting 1 ml of the buffer (Ctrl) or LPS (1 mg/ml) directly into the pouch. Six

hours later, the exudates were harvested and the number of emigrated total leucocytes was calculated (a) and separated into granulocytes (open bar)

or monocytic cells (solid bar) (b, c). (a) Results are means � standard error of the mean (s.e.m.) (n � 14, males + females, five different

experiments). (b) Cell identification was performed by cytology using the Hema-stain staining kit. Inset, a representative cytocentrifuged

preparation of harvested cells illustrating that the majority of cells attracted by LPS are granulocytes in both vim-/- and vim+/+ mice. C, cells were

stained with purified rat anti-mouse 7/4 monoclonal antibody directed against murine neutrophils (open bar) or rat anti-mouse F4/80 antigen

antibody recognizing murine monocyte/macrophages (solid bar) and analysed by flow cytometry as described in Materials and methods. Inset, a

representative data plotted in the bar graph (the appropriate isotypic controls are illustrated in grey). (b, c) Results are means � s.e.m. (n = 6

animals, three different experiments). No significant differences were observed between vim+/+, vim+/- and vim-/- regarding the number of cells

attracted as well as the percentages and subtype of cell populations (analysis of variance).
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idea that there is no compensatory phenomenon at the
protein level, we performed screening experiments to detect
any major differences by comparing the profiles of intracel-
lular protein expression. We found that they were identical in
vim-/- and vim+/+ neutrophils (data not shown). By the same
reasoning, we did not observe any differences in protein
expression harvested from the air pouch exudates of knock-
out or wild-type animals (Fig. 2c). To support further this
latter observation, we performed an antibody array assay
using a mouse inflammation antibody array map I and,
again, we did not observe any differences in cytokine/
chemokine expression in the exudates from vim-/- versus
vim+/+ animals (Fig. 2d). Next, we verified if the basal
number of total leucocytes, as well as lymphocytes, mono-
cytic cells and neutrophils, differed between vim-/- and vim+/+

mice. As illustrated in Fig. 3, the total number of leucocytes
was similar in both conditions, at approximately 4 ¥ 106

cells/ml, as expected [24]. Of note, because we did not
observe any difference between the number of leucocytes in

males and females in vim-/- versus vim+/+ animals, the data are
presented as a compilation of both males and females. More
importantly, the number of neutrophils (representing ~20%
of total murine leucocytes), lymphocytes and monocytic
cells were also similar in both conditions. This suggests that
the identical neutrophilic inflammation observed in vim-/-

versus vim+/+ mice was not the result of a compensatory
phenomenon associated with an elevated basal elevated
number of cells in knock-out animals.

Because we found that LPS induced a similar neutrophilic
inflammation in both vim-/- and vim+/+ mice, we decided to
test whether or not the absence of vimentin alters the attrac-
tion of mononuclear cells in response to IL-21. As expected,
IL-21 attracted both neutrophils and monocytic cells in
wild-type animals, compared to LPS which attracted almost
exclusively neutrophils (Fig. 4a,b). However, the response of
IL-21 appeared to be less potent in these mice when com-
pared to the CD-1 mice used previously [25]. Nevertheless,
no significant difference was observed when comparing the

Fig. 2. Evidence that the protein pattern expressions are identical in vim–/– and vim+/+ neutrophils. (a) Mice genotyping was performed

systematically by polymerase chain reaction using the three different primers, as described in Materials and methods according to Eckes et al. [8].

The 1–2 primer pair allows amplification of a 398-base pairs (bp) fragment when the wild-type allele is present and the 2–3 primer pair allows

amplification of a 530-bp fragment when the disrupted allele is present [8]. (b) Expression of the cytoskeletal proteins vimentin, lamin B1 and

vinculin in harvested neutrophils following lipopolysaccharide (LPS)-induced murine air pouch. Results are representative of at least 23 animals

(total). (c) Exudates were collected from the pouch and separated into two fractions: cells pellet (not shown) and supernatants. Proteins from were

run by electrophoresis and gels were stained with silver staining for extracellular proteins (5–20% sodium dodecyl sulphate–polyacrylamide gel

electrophoresis). Molecular weights are indicated on the left side. (b, c) Results are representative of at least 15 or 18 different animals, respectively.

(d) Antibody array assay was performed with exudates collected and pooled from 13 LPS-induced air pouches for wild-type and knock-out mice

(for a total of 4·6 � 0·8 and 4·8 � 0·9 leucocytes attracted/pouch, respectively). The cytokines/chemokines that are the most affected by LPS are

boxed. Note the presence of two dots per analyte, as all cytokines/chemokines were tested in duplicate. No differences were noted when the intensity

of each spot was compared with the corresponding positive control. The list of all cytokines/chemokines is detailed in the Materials and methods.
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leucocyte infiltration induced by IL-21 in vim-/- and vim+/+,
indicating that our previous results obtained (Fig. 1) were
not restricted to LPS activation or neutrophil cell attraction.
During the experiments with IL-21, LPS was used in parallel
and the number of cells attracted (consisting almost exclu-
sively of neutrophils) was always greater than 4 ¥ 106 cells/
pouch (data not shown). It should be noted that, although
results were obtained from both sexes, we verified the results
separately and did not observe any sexual dimorphism. This
is also true for all the next parameters investigated in the
present study. Consequently, for simplicity, all the data for
the rest of the manuscript will not be separated into males or

females. As both the LPS- and IL-21-induced neutrophilic
infiltration in the murine air pouch model is normally
resolved after 24 h by a mechanism that remains obscure
(neutrophil counts dramatically diminished after 9–12 h
and were almost undetectable after 24 h) [25], we verified
whether or not neutrophils devoid of vimentin would
respond normally to carrageenan (CRGN), an agent that is
not only more powerful than LPS but that increased the
persistence of neutrophils into pouches for up to 24 h. The
leucocyte inflammation after 24 h was similar in both vim-/-

and vim+/+ mice because CRGN attracted more than
~20 ¥ 106 cells/pouch (Fig. 4c,d). It is important to mention
that almost no cells are detected in the pouch after 24 h of
LPS treatment in both knock-out and wild-type animals,
indicating that the mechanisms for the resolution of inflam-
mation are also not altered in the absence of vimentin.

Role of vimentin in neutrophil apoptosis

Cells were harvested from LPS-induced air pouches from
vim-/-, vim+/- and vim+/+ mice and incubated in vitro with
different agonists. Surprisingly, the rate of apoptosis was
similar during spontaneous, V. album agglutinin-I (VAA-I-)
or arsenic trioxide (AT)-induced apoptosis in vim-/-, vim+/-

and vim+/+ neutrophils, indicating that this protein does not
play a major role in the induction of apoptosis (Fig. 5a). As
illustrated in Fig. 5b, the potent anti-apoptotic cytokine
GM-CSF [28] was found to delay neutrophil apoptosis simi-
larly in vim-/- and vim+/+ neutrophils, indicating that vimen-
tin is not required for the regulation of neutrophil apoptosis.

Role of vimentin in intracellular calcium mobilization

Next, we decided to investigate the possibility that vimentin
exerts a role in neutrophil cell physiology during a rapid
response, as the above responses (neutrophilic inflammation
and apoptosis) require several hours. Calcium influx, a very
rapid response occurring in neutrophils, is activated for few
seconds to several minutes by a variety of agonists [26]. As
illustrated in Fig. 6a, calcium influx was increased signifi-
cantly following treatment with ionophore A23187.
However, this increase was similar in both vim-/- and vim+/+

neutrophils, indicating that absence of vimentin did not
interfere with this rapid response.

Absence of vimentin does not alter ROS production

Next, we investigated the role of vimentin in another rapid
neutrophil function: the respiratory burst. Mitochondrial
ROS production was assessed by flow cytometry using
DHR123 [14,27]. PMA was used as a positive control
[14,27]. As illustrated in Fig. 6b, the PMA-induced intracel-
lular ROS did not differ significantly in vimentin-deficient
neutrophils when compared to wild-type neutrophils after
15, 30, 45 and 60 min of stimulation.
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Role of vimentin in phagocytosis

To elucidate the role of vimentin in phagocytosis, we evalu-
ated the capacity of neutrophils to ingest opsonized-SRBC
[25]. We have studied the basal ability of vim+/+ and vim-/-

neutrophils to exert phagocytosis as well as in IL-4-,
GM-CSF- or PMA-induced cells. The results indicate that
the levels of phagocytosis in neutrophils devoid of vimentin
were slightly, but non-significantly, decreased, whether or
not the cells were activated with IL-4, GM-CSF or PMA
(Fig. 6c).

Discussion

Prior to initiation of this study we expected to find major
differences between an inflammatory response in vivo,
including an increased potency of different proinflammatory
agents in vim-/- mice caused by a refractory apoptotic

mechanism increasing the neutrophilic inflammation in
vivo. This was expected not only because of the importance
of vimentin in the cell architecture and a variety of cell
functions and responses, but also because we have demon-
strated recently that vimentin is an important target cleaved
by caspases in spontaneous or agent-induced neutrophil
apoptosis [12,14–18]. In addition, some vimentin-cleaved
fragments have been found to be pro-apoptotic themselves
[29]. Moreover, we reported recently that vimentin is
expressed on the cell surface of apoptotic neutrophils [17],
suggesting that it may participate in the recognition process
of apoptotic neutrophils by phagocytes for the resolution of
inflammation or in the elaboration of autoantibodies against
vimentin sequestered normally inside the cell. In addition,
mice deficient in gelsolin (Gsn-/-), another cytoskeletal
protein cleaved by caspases in apoptotic neutrophils [17,30],
were found to possess twice the number of neutrophils due
to the fact that they were refractory for apoptosis.

Fig. 4. Absence of vimentin does not alter

neutrophil and monocytic cell influx in vivo. (a,

b) Dorsal air pouches were raised in vim+/+ and

vim-/- mice before injecting 1 ml of the buffer

(Ctrl), lipopolysaccharide (LPS) (1 mg/ml) or

interleukin (IL)-21 (100 ng/ml) directly into the

pouch. Six hours later, the exudates were

harvested and the number of emigrated total

leucocytes was calculated (a). Results are

means � standard error of the mean (s.e.m.)

(n = 8, two separate experiments) and include

males and females as no sexual dimorphism

was observed. Differential counts were assessed

by cytology (b, n � 4 mice/group, pool of two

experiments). (c, d) Dorsal air pouches were

raised in vim+/+ (wild-type) and vim-/-

(knock-out) mice before injecting 1 ml of the

buffer (Ctrl), LPS (1 mg/ml) or carrageenan

(CRGN, 1% in Hank’s balanced salt solution)

directly into the air pouch. Twenty-four hours

later, the exudates were harvested and the

number of emigrated total leucocytes was

calculated (c). Results are means � s.e.m. (n = 3

mice/group, two separate experiments) and

include males and females. Differential counts

were assessed by cytology (d). No significant

differences were observed between wild-type

and knock-out mice regarding the number of

cells attracted as well as the percentages and

subtype of cell populations (analysis of

variance).
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In the murine air pouch model, all steps required for the
migration of neutrophils from circulation to reach an
inflammatory site (the pouch) are involved, including
rolling, adhesion, tight binding, diapedesis and migration
[31–33]. Because we report here that neutrophils devoid of
vimentin are attracted at the same magnitude as normal
vim+/+ neutrophil cells in response to LPS, it is highly plau-
sible that if any neutrophil functions/responses are altered
due to a lack of vimentin, this does not compromise an acute
inflammatory response in vivo. When IL-21 was used in the
murine air pouch model, we also found an identical response

in vim+/+ and vim-/- mice, indicating that the same observa-
tion made for neutrophils is also true for the monocytic cell
population. LPS is known to mediate its effects via Toll-like
receptor-4 (TLR-4), while IL-21 binds to its receptor com-
posed of IL-21Ra and CD132, a subunit common to recep-
tors for IL-2, IL-7, IL-9 and IL-15. Thus, these two
proinflammatory agents act by different mechanisms. In
contrast to our results, a slightly increased proportion of
incoming neutrophils in vim-/- mice, when compared with
resident macrophages, has been reported in a mild peritoni-
tis murine model (supplementary information, figure S2c in
[9]). However, in contrast to the severe LPS-induced air
pouch model that we have used in which neutrophil influx
occurred after few hours, the cells used in the peritonitis
model to evaluate the inflammatory state were harvested
after 25 h. At this period of time, the leucocyte influx is no
longer observable in most of the agent-induced air pouch,
including LPS [18] and IL-21 [25]. This indicates that, unlike
neutrophils (this report), macrophage functions can be
altered in vim-/- mice when compared with vim+/+ macroph-
ages, because in this model resident macrophages may be the
primary target of an inflammatory agent. Interestingly, it has
been reported that vimentin is secreted by activated human
macrophages and that this protein is involved in immune
functions of this cell type, as extracellular vimentin was
found to be involved in bacterial killing and the generation
of oxidative metabolites [23].

Because the response to CRGN was identical in vim-/-

versus vim+/+ animals, we concluded that vim-/- neutrophils
and vim-/- monocytes–macrophages (in the case of IL-21)
are attracted and leave the air pouch at the same rate as vim+/+

neutrophils. Recently, using vim-/- mice, Nieminen et al. [9]
found a role for vimentin in lymphocyte adhesion and tran-
scellular migration. Interestingly, utilizing intravital micros-
copy with the cremaster muscle, in which more than 90% of
interacting leucocytes in this model are neutrophils, they
found no difference in the rolling flux, but the velocity of the
rolling cells was almost three times higher in vim-/- mice
than in littermate controls [9]. Also, the number of adherent
cells was significantly lower in vim-/- mice but the number of
transmigrating cells was higher. Although we did not
conduct such experiments in the present study, we cannot
deny the possibility that a similar mechanism operates in our
model that would compensate and result in identical acute
inflammatory responses in vivo observed in both vim-/- and
vim+/+ animals. However, because the observed inflammatory
response was identical in knock-out versus wild-type animals
in response to three different agents attracting different cell
types (LPS, IL-21) and at different periods of time (CRGN),
it is difficult to imagine that such a phenomenon alone could
explained the absence of difference in vim-/- and vim+/+ mice,
regarding the complex process of leucocyte inflammation in
vivo involving various parameters. Our results indicate that
a potential compensatory phenomenon occurring in vim-/-

mice could not be explained by an increased number of
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Fig. 5. The spontaneous apoptotic rate and its modulation by pro- or

anti-apoptotic agents are not altered in neutrophils devoid of

vimentin ex vivo. Neutrophils from vim+/+, vim+/- and vim-/- mice were

harvested after lipopolysaccharide (LPS)-induced air pouch and

incubated in vitro for 22 h in the presence of buffer (Ctrl), the

pro-apoptotic agents arsenic trioxide (AT, 5 mM) or Viscum album

agglutinin-I (VAA-I, 1000 ng/ml) or the anti-apoptotic cytokine

granulocyte–macrophage colony-stimulating factor (GM-CSF) (GM,

65 ng/ml) and apoptosis was assessed by flow cytometry by evaluating

the number of fluorescein isothiocyanate (FITC)-annexin-V positive

cells. (a) Results are means � standard error of the mean (n = 10

mice/group, four separate experiments) and (b) (n = 5 mice/group,

two separate experiments). Inset, representative experiment plotted in

the bar graph. Arrows, illustrates the apoptotic cell population.

*P < 0·05 versus control (Ctrl) by analysis of variance. No significant

differences were observed between wild-type and knock-out mice.
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leucocytes (particularly neutrophils) in knock-out animals
or by an exaggerated response of these cells. As mentioned
above, several steps are required for leucocytes to reach the
air pouch. In addition, cells have to leave and/or to be elimi-
nated from the pouch by a mechanism that is not under-
stood fully, but which probably involves neutrophil
apoptosis and clearance of apoptotic cells by professional
phagocytes [9]. The results of the present study demon-
strated clearly that the ability of vim-/- neutrophils to
undergo apoptosis was not altered in comparison with vim+/+

cells. This is true for spontaneous apoptosis as well as agent-
induced apoptosis (VAA-I and AT). In a recent study, muta-
tions in vimentin were found to disrupt the cytoskeleton in
fibroblasts and delay execution of apoptosis [34]. This allows
the possibility that expression of a mutated form of vimentin
may alter apoptosis. Although vimentin autoantibodies are
associated with different rheumatic diseases, there is no
human disease, to date, associated with a vimentin mutation.

IF proteins are known to be involved in the architecture of
the nucleus. In particular, in granulocytes, the characteristic
polylobed nucleus is thought to be due to the loss of lamin

A/C expression, but not lamin B, during the differentiation
of promyelocytes (ovoid nucleus) towards neutrophils
(lobulated nucleus). This is supported further in vivo in
patients suffering from Pelger–Huët anomaly, characterized
by neutrophils with a nuclear hyposegmentation, where the
lamin A/C-cleaving activity of caspase-6 is decreased mark-
edly in comparison with neutrophils from healthy individu-
als [35]. Recently, mutations in the gene encoding the lamin
B receptor were associated with the Pelger–Huët anomaly
[36]. In the present study, the cell shape, as well as the
appearance and morphology of the nucleus were not differ-
ent in knock-out versus wild-type neutrophils. In contrast, a
single study has reported that the vimentin filament system
affects the shape of the nucleus in human epithelial-like
SW-13 cells [37]. This conclusion emanates from electron
microscopy experiments in which the nuclear morphology
in vimentin-negative cells was characterized by large fold
invaginations in comparison with vimentin-positive cells,
possessing a more regular or smooth nuclear morphology.
This is an example reporting a difference between vim-/- and
vim+/+ cells, but because no correlations were made with an
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in vivo defect, these results are difficult to interpret in the
context of a complex biological process such as an inflam-
matory response in vivo. We have verified if the ability of
vim-/- neutrophils to migrate into the air pouch in response
to LPS was compensated for by the local production of
proinflammatory molecules released in the exudates. The
profiles of protein expression were identical in wild-type
versus knock-out animals. However, this does not rule out
the possibility that one or a few chemokines are over-
expressed in vim-/- mice, but the mouse inflammation anti-
body array membrane we used covered major chemokines
thought to be involved in LPS-induced air pouch.

There is little information in the literature regarding the
use of knock-out mice to study the role of a given cytoskel-
etal protein in neutrophil phagocytosis. However, Gsn– mice
have been used to demonstrate clearly selective inhibition of
IgG-mediated phagocytosis in gelsolin-deficient murine
neutrophils [38]. In this latter study, the phagocytosis of
complement opsonized yeast was affected only minimally,
but phagocytosis of IgG-opsonized yeast was markedly
reduced, indicating the importance of this microfilament-
associated protein in Fc-mediated phagocytosis. More
recently, Gsn– mice were used to show that gelsolin mediates
collagen phagocytosis through a rac-dependent mechanism
[39,40]. In this study, using vim-/- mice, we have demon-
strated for the first time that vimentin is not involved in
Fc-mediated neutrophil phagocytosis.

Taken together, the results of the present study argue
against a simple compensatory mechanism proposed fre-
quently to explain the absence of a major biological effect
(ultimately the death) in an animal devoid of a given
protein. We believe that this study represents a good
example of the notion that if a compensatory mechanism
exists in vim-/- mice, at least for an acute inflammatory
response, it should be complex and multi-parametric. Here
we provide the following parameters which must be
excluded but which support our point of view: (i) vim-/-

mice possessed the same number of leucocytes and neutro-
phils as vim+/+ mice; (ii) vim-/- neutrophils expressed the
same level of lamin B1 protein as vim+/+ mice; (iii) the cell
morphology and the nucleus shape were identical in vim-/

-versus vim+/+ mice; (iv) vim-/- neutrophils isolated from air-
pouches possessed the same electrophoretic pattern of
protein expression (intracellular) and the profiles of pro-
teins detected in exudates were identical in knock-out and
wild-type animals; (v) the inflammatory response was iden-
tical in vim-/-versus vim+/+ animals in terms of cell numbers
and populations attracted in response to the three proin-
flammatory molecules, LPS, IL-21 and CRGN; (vi) the same
apoptotic rates (spontaneous, induced or delayed) were
observed in neutrophils whether they were isolated from
knock-out or wild-type animals; (vii) there was no alter-
ation of neutrophil functions including calcium mobiliza-
tion, total ROS generation and phagocytosis; and (viii)
there was no sexual dimorphism.
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