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Chapter |

Introduction

Cells of the myeloid lineage; such as monocyteacrophages, dendritic cells and
neutrophils, play an important role as first linefeahse against pathogens, inflammation-
related diseases and also provide a critical dmution to tissue homeostasis and repair [1, 2].
In peculiar, the macrophages are highly heteroge)acersatile and plastic cells. It has been
proposed in 2000’s years that murine macrophagasiracdistinct functional phenotypes in
response to environmental signals; such as bdctig@olysaccharide (LPS), microbial
stimuli and cytokines [1, 3, 4]. They may underdmssical (known as M1) activation under
stimulation by Toll-like receptor (TLR) ligands dond interferon (IFN)y) or alternative
(known as M2 activation) under stimulation by ihgekin (IL)-4/IL-13 or glucocorticoids [1,
4]. M1 and M2 macrophages differ in terms of reoeptcytokine and chemokine expression,
and effector functions. The M1 macrophages expressptors such as TLR2, TLR4, Fc
receptors [1, 5], release inflammatory cytokineduding TNF [1], produce reactive nitrogen
and oxygen intermediates, and are highly microbicahd tumoricidal [1, 4]. In contrast, the
M2 macrophages express receptors such as mannosgtars, release immunoregulator
cytokines such as IL-10, and are considered tobaved in parasite containment, promotion
of tissue remodeling, tumor progression throughrtimmunoregulatory functions [6, 7].
Unfortunately, the description of macrophage paktron with few canonical molecules does
not account for the complexity of macrophage atiova In addition, whether the concept of
M1/M2 polarization may be used to define the fumdl properties of human macrophages
has only in part studied [4]. Hence, the validifyaoconcept defined in mice (M1/M2) is not

demonstrated in humans.



An important question raised by the concept of t&/M2 polarization of
macrophages is the following: is this concept agglie to clinical situations? We reviewed
the recent literature to reconsider macrophagerigatéon in human bacterial infections in
light of the new high-throughput methof{Shapter II). We found that in vivo and in vitro
data are often contradictory. For example, it hasnbdemonstrated thadycobacterium
tuberculosis induces an M2 response in isolated macrophagethauthe macrophages from
patients with active tuberculosis infection areMi type. In addition, only monocytes, not
tissue macrophages, are easily accessible in alimgestigations, and it is not known if the
concept of macrophage polarization is applicablenimnocytes. These reasons led us to
examine whether the concept of macrophage polarizats applicable to circulating
monocytes. For that purpose, we screened the trptssby a global approach through whole
genome microarrays and confirmed the expressioseldcted markers through quantitative
real-time RT-PCR (gRT-PCR). When monocytes wemawdtted for 6 hours, they exhibited
early responses to IFiN-and IL-4 that were not reducible to M1/M2 polatiaa. After 18
hours, the monocyte response was no longer pothremed a late response signature was
identified. We also tempted to use this new kinetiodel to evaluate patients with acute Q
fever or Q fever endocarditis. By selecting eadge late-related genes from each monocyte
signature, we showed that specific biomarkers cbeldised to distinguish acute Q fever and
Q fever endocarditis. These results suggest thHahetic model of monocyte activation is

relevant in the study of patients with infectiousedse¢Chapter IlI).

Q fever is a disease caused@yxiella burnetii, an obligate intracellular bacterium.
Acute Q fever is spontaneously resolutive and iaratterized by an efficient immune
response. In contrast, chronic Q fever is charae@rby dysregulated immune response, as
demonstrated by the failure &@. burnetii to induce lymphoproliferation and the lack of

granulomas [8-11]. The clinical expression of @efeis affected by various host factors,



including gender and age. The male-to-female rafipatients admitted to the hospital is
about 2.5 in adults. In parallel, the rate of Qefekelated complications is higher in males
than in females. Men represent 75% of the patidisignosed with Q fever endocarditis, the
major manifestation of chronic Q fever [8, 10]. e other hand, it has been shown in mice
that sex hormones play a role in the severityCoburnetii infection [12] and that genes
involved in the circadian rhythm are modulatedeméle mice, not in males [13]. Circadian
fluctuations have also been reported in Haemattipatgem cells (HSCs) in mice which were
associated with the expression of the chemokine II2Cin the bone marrow

microenvironment [14].

We hypothesized that circadian genes are diffgrenbdulated in men and women
with Q fever. We showed that the transcriptiongbressionPer2 gene was up-regulated in
men with acute Q fever, not in women. In contrasthe expression of theer2 gene, the
expression of th&€lock and Arntl genes was not affected in men or women with Qrfeve
compared with healthy volunteers. We conclude tiraadian rhythm and immune response

are associated in a gender-dependent manner anggtiith Q fevefChapter 1V).

It has been recently demonstrated that the ligasfdslumb proteins X1 and X2
(LNX1 and LNX2), when they are co-expressed in totgous mammalian cell lines,
regulate the level of the T-cell co-receptor CD&jicl plays an essential role in T-cell-
mediated immune response [15]. The importance @&DO8" cell response irC. burnetii
infection has been recently reported [16]. Nude 8&ID mice are highly sensitive 0.
burnetii infection, whereas wild-type mice are resistane WWvestigated the expression of
LNX genes in blood from human patients with Q few&fe found a high level of LNX1 and
LNX2 mRNAs in Q fever endocarditis, but not in a&@ fever. Our data suggest that LNXs

may be used as complementary biomarkers for thgnpss of chronic Q fevéChapter V).



Hepatitis E infection is generally an acute disdast it has been recently described as
chronic in patients with kidney graft [17]. We falrthat chronic hepatitis E infection is

specifically associated with an interferon-relateshscriptional prograrfChapter VI).



Chapter |l

Macrophage polarization and bacterial infections

(Review)

Mege JL, Mehraj V, Capo C.

Curr. Opin. Infect. Dis. 2011, 24:230-234.



Chapter Il

Macrophage polarization and bacterial infections

Macrophages are antigen-presenting cells thatpdgoimportant roles as sentinels for
first line alerts or as mediators that guide thaptide immune response [1, 18]. They are
heterogeneous cells owing to different mechanisgeming their differentiation, tissue
distribution, and responsiveness to stimuli [118]. Mirroring Th1/Th2 activation, murine
macrophages are functionally polarized into twoaldrgroups: Classical or M1 and alternate
or M2 macrophages. Early studies described M1 aporesive to type 1 inflammatory
cytokines and microbial products such as LPS [ZOjeir inflammatory repertoire is
characterized by the secretion of proinflammatorgdrators and the release of reactive
oxygen and nitrogen intermediates (ROI and RNIpe&esvely). In contrast, alternative
activation of macrophages (M2) covers a continudnfunctional states classified as M2a,
induced by IL-4/I1L-13, M2b, induced by immune comxds and some TLR agonists, and
M2c, induced by IL-10 and glucocorticoid hormonds P1] (Figure 1).Recently, M2
macrophages have been characterized by the exqgesisalternative activation markers [3,
4, 6, 7]. M1 and M2 macrophages are distinguishgdtheir receptors, cytokine and
chemokine expression, and effector functions (Fgly. The M1 macrophages are highly
microbicidal and inflammatory, while M2 macrophaga® immunomodulators (M2a and
M2c) and are considered poorly microbicidal. Thmacrophage activation can be either pro-
inflammatory or anti-inflammatory. However, thesgreme and simplified polarization states
(M1 vs. M2) actually describe a complex procesaéating a continuum of functional states.
It has been reported recently that macrophageaivis plastic, rapid, and fully reversible,

suggesting that macrophage populations are dynangdanay first take part in inflammation



and then participate in its resolution [22]. Consagly, macrophages display progressive
functional changes resulting from changes in theroenvironment [23]. The model of
M1/M2 polarization or continuum has been essentedtablished using murine macrophages
and it is believed that it is applicable to humaacrophagesin this review, we aimed to
understand the role of macrophage polarization umdn infectious diseases through
reappraisal of macrophage polarization by highaghput methods.

We described that the M1 polarization program ssoaiated with gastrointestinal
infections (e.g. typhoid fever amdklicobacter pylori gastritis) and active tuberculosis. On the
other hand, an M2 signature is observed in leproosaieprosy, Whipple’'s disease, and
localized infections (keratitis, chronic rhinosinisy. However, these findings could not be
predicted from the analysis of the M1/M2 prograrmsnacrophages stimulated in vitro. The
reappraisal of macrophage polarization by highdbhput methods is critical to

understanding the role of macrophage polarizatianfectious diseases.



Figure 1. General concepts and properties of polarized maeaggs, see [1]
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Purpose of review

Macrophages are the first line of defense against pathogens, and the mode of their
activation will determine the success or failure of the host response to pathogen
aggression. Based on limited numbers of markers, activated macrophages can be
classified as classically activated (M1) macrophages that support microbicidal activity
or alternatively activated (M2) macrophages that are not competent to eliminate
pathogens. The development of high-throughput gene expression methods affords a
reappraisal of the concept of macrophage activation in human infectious diseases.
Recent findings

By combining microarray data and conventional approaches, it is becoming clear that
the M1 polarization program is associated with gastrointestinal infections (e.g. typhoid
fever and Helicobacter pylori gastritis) and active tuberculosis. An M2 signature
observed in lepromatous leprosy, Whipple's disease, and localized infections (keratitis,
chronic thinosinusitis). However, these findings could not be predicted from the analysis

af the M1/M2 programs of macrophages stimulated in witro.

Summary

The reappraisal of macrophage polarization by high-throughput methods is critical to
understanding the role of macrophage polanzation in infectious diseases. Only the
identification of individual profiles will support promising therapeutic approache s based
on target determination.

Keywords

bacterial pathogens, macrophage polarization, microarray
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Introduction

Macrophages are dynamic cells thatare on the first line of
defense against invading pathogens, where they act as
effectors of the immune response. Monocytes, the pre-
cursors of macrophages and dendritic cells, and tissue
macrophages are heterogeneous cell populations [1]. This
heterogeneity likely supports specialization for different
types of invading pathogens. Hence, it has been recently
demonstrated that human monocyte subsets are special-
ized in their responses to bactena or viruses [Z]. For
instance, alveolar, intestnal, and adipose tissue macro-
phages essenually exhibit immunoregulary functions,
whereas Kupffer cells, peritoneal macrophages, and
macrophages from lvmphoid organs are involved in the
killing of microorganisms [3]. The functional heterngen-
eiry of macrophages is also emphasized by the concept of
macrophage polanzation. Mirroring Th1-ThZ polariz-
ation, polarized macmphages can be classified as classically
activated (M1) or alternatively acuvated (M2) macro-
phages. The M1/M2 polarization reflects the bidirectional
macrophage—lymphocyte interaction: Thi cells drive M1
polarization via interferon gamma (IFN-y) and ThZ cells
direct M2 polarization via interleukin (TL)-4 and [1-13 [4].
The identificarion of M1 and M2 macrophages relieson a

0951-7375 © 2011 Wolters Kluwer Health | Lippincott Williams & Wilkins
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combination of membrane receptors, cytokines, chemo-
kines, and effector mediators [e.g. inducible nitric oxide
synthase (INOS)/arginase balance] [3].

The development of high-throughput gene expression
microarray plattorms has produced wemendous amounts
of dara, including those related to M1/M2 polarization [6].
As a consequence, it is now clear that the description of
macrophage polarization with few canonical molecules
does not account for the complexity of macrophage
activation [4,7.8]. In addirion, the use of blood samples
as a pipeline for the immune system has boosted the
research for peripheral signatures in patients [9]. In
infected patients, blood rranscriptional profiles may
reflect the immune response against pathogens, and they
appear instrumental for studying systemic or localized
infections [10%*]. The aim of this review is to reconsider
macrophage polarization in human bacterial infections in
light of the new high-throughput methods.

Septic syndromes: the model of tolerance to
lipopolysaccharide

Sepsis involves the systemic inflammatory response to
invading pathogens, which corresponds o an excessive

DOE10.1097/QC0.0b013e328344b73a



M1 program, followed by immune dysfunction reminis-
cent of lipopolysaccharide (LPS) tolerance and alterna-
tive activation of macrophages [11.12]. LPS-tolerant
macrophages express molecules that are produced by
M2 macrophages, such as IL-10, CCL2, CCL17,
CCL22, and arginase, and lose the ability to mount an
M1 response. This M2 phenotype is mediated by the p30
subunit of nuclear factor kappa B because its absence
exacerbates M1-driven inflammacion [13]. LPS wlerance
may be counterbalanced via different mechanisms. For
instance, [FN-y overcomes LPS tolerance through its
ability to recruit chromatin remodeling machinery and
induce the expression of M1 genes [14]. Nartural killer
(NK) cells also impede M2 macrophages via IFN-y
production and/or a higher sensitivity of M2 macrophages
to NK cell-induced lysis [15]. The role of M2 polarization
in sepsis has recently been illustrated in a model of
bacrerial translocation in which mice are severely burned
and orally infected with Eutervcoccus faecafis. In this con-
text, overproduced CCL2 sumulates the conversion of
resting macrophages toward M2 macrophages; both
events are associated with a poor prognosis for infected
mice [167].

Gastrointestinal infectious diseases

Salmanedla enterica serovar Typhi, the agent of typhoid
fever, induces M1 polarization of human and murine
macrophages, which is associated with control of the
infection [12]. In patients with acute typhoid fever, the
analysis of transcripromic responses of circulating cells
reveals thar the ranscripes related to the IFN-y-mediated
immune response are enriched. Typical M1 genes and
M1l-related genes are also enriched, whereas the genes
associated with an M2 profile are not. This signature is
replaced by an M2 signarure in convalescent patients.
Convalescent parients who retain this M2 signature may
be more susceptible to re-infection, relapse or the estab-
lishment of a carrier state [17°%).

Helicobacter pylori infection is often a source of chronic
inflammartion of the gastric mucosa, leading o gastric
carcinoma in 1-2% of infected patients. Gastric disorder
is associated with M1 polarization of macrophages.
Indeed, iINOS contributes to carcinoma development,
and a high level of CCL18 in gastric tumors is associated
with prolonged patient survival [18]. A recent study using
a mouse model of infection with a mouse-adapred
H. pylori strain showed that gastric macrophages are
polarized toward an M1 profile during the infection
[19°]. In mice vaccinated with H. pylori lysate and the
adjuvant cholera toxin, this M1 profile is amplified and is
associated with protection. H. pyferi-infected humans with
uncomplicated gastritis have increased levels of M1 and
M2 markers in the antrum. In patients with atrophic
gastritis, M1 polarization is reinforced, as indicated by a

Macrophage polarization and bacterial infections Mége et al 231

e A berter understanding of macrophage polarization
needs high-thronghput gene expression methods.

# Bacterial pathogens induce M1 or M2 polarization
of isolated macrophages.

o M1 or MZ polarization programs are observed in
bacterial infections diseases, but discrepancies
between fn vitro and in vive may be observed.,

e The idenufication of individual profiles is needed to
support therapeutic approaches of parients.

strong increase in INOS expression. This finding is remi-
niscent of the association of polymorphisms in the iINOS
promoter leading to increased transcriptional activity and a
higher incidence of gastric cancer in Japanese women [20].
Shifting macrophage polarization from an M1 to an M2
profile could represent a therapeutic approach in the
treatment of chronic H. pyfor? infection.

Tuberculosis

It is generally accepred that Mycobacrerinm tuberculosis
interferes with M1 polarization through the secretion
of virulence factors [12]. It has been recently reported
that M. tuberculosis induces the expression of peroxisome
proliferator-activated recepror (PPAR)-y in monocyte-
derived macrophages via a mannose recepror-dependent
pathway [21°]. PPAR-y is a ligand-activated nuclear
transeription factor that is characteristic of M2 activation
in macrophages [22] and may be critical for mycobacterial
survival [21%]. It is unclear whether the induction of
PPAR-y by M. ruberculosis is sufficient to induce a per-
missive M2 profile or whether additional signals are
required to orient macrophages toward an M2 profile
in which mannose receptor is already upregulated.
However, another experimental approach suggests thar
M. tuberculosis induces the M2 profile: M. mbercalosis
infection in mice that express human [1.-10 in the macro-
phage compartment reveals the presence of several
fearures of M2 macrophages [23]. This model mimics
tuberculosis reactivation and emphasizes the role of
IL-10 and M2 polarization in the chronic evolution of
tuberculosis, which likely overrides the M1 polarization
observed during the acute phase of the disease.

The study of clinical samples may lead to divergent
conclusions. Genome-wide transcriptional profiles of per-
ipheral blood from patients with different clinical forms
of tuberculosis have recently been reported [24°%]. A
hierarchical clustering analysis has shown that the tran-
scriptional profiles of patients with active tuberculosis
cluster independenty compared with patients with latent
tuberculosis or with healthy individuals, The transcrip-
tional signature of patents with active tuberculosis is
transient, because it is present at the beginning of the

11
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disease and vanishes 1 vear later. This specific signature
consists of myeloid transcripts in which genes down-
stream of [FN-y and type [ IFN receptors are over-
expressed. The genes that correspond ww rypical M1
and M1l-related genes are present, but M2 genes are
not. Interestngly, a similar signature is observed in a
minority of patients with latent tuberculosis, suggesting
that peripheral biomarkers may be predictors of the
active expression of the disease.

The use of bacille Calmette—Guérin (BCG) as a human
vaccine provides protection against severe infant tuber-
culosis, butit does not protect against lung tuberculosis in
adults. Host responses in infants have been recently eval-
uated by measuring the transcripromic response of circu-
lating mononuclear cells to antigen re-stimulation [25°].
The specific signature includes the upregulation of M1-
related genes (inflammartory genes) and the downregula-
tion of genes known to be associated with an M2 profile
(PPAR signaling pathway). Hence, the BCG vaccine
skews macrophage polarization toward an M1 protective
response.

Leprosy

Leprosy results from infection by Mycobacterium leprae,
which is distinguished from M. mbercudosis by its decreased
genome size [26]. The disease is characterized by both a
clinical polanzation (tuberculoid vs. lepromarous) and a
polarization of the immune response (Thi vs. Th2). [L-10
15 critical for the pathophysiology of lepromatous leprosy.
Higher levels of 1L-10 and decreased TNF-to-11-10
ratios associated with T-cell anergy correlate with bacil-
lary growth. Inaddition, single-nucleotide polymorphisms
in the IL-10 promorer are associated with high 1L-10
production [27]. We have previously suggested that the
overexpression of [L-10 by macrophages in lepromatous
lesions could correspond to an M2 profile [12]. It has
recentdy been demonstrated thar the gene expression
profile of lepromatous lesions is enriched for M2 genes
compared with ruberculoid lesions, including CI36,
CD163, scavenger recepror-A and macrophage receptor
with collagenous structure (MARCO). By contrast, the
antimicrobial program dominates in ruberculoid lesions
[28%*]. A phenotypic analysis also indicates that the majo-
rity of macrophages in lepromatous lesions express
CD163. These macrophages, also called foamy macro-
phages. contain both myvcobacteria and oxidized low-
density lipoprotein, suggesting that they are polarized
o an M2 phenotype. In contrast, the macrophages présent
in mberculoid granulomas do not express CD163, which is
suggestive of an M1 phenotype. Finally, the M2 program
and the CD163 phenorype of macrophages present in
lesions shift to an M1 program in partients who experience
spontaneous conversion from the lepromatous to the
tuberculoid form of the disease.

12

Whipple's disease:
infectious disease
Whipple's disease, a chronic multsystem infection
caused by Tropheryma whippled, is characterized by mas-
sive infiltration of the lamina propria by macrophages
with periodic acid-Schiff inclusions. [t has long been
suspected that a specific immune deficiency, such as a
Th2-biased polarization of immune responses, accounts
for the bacterial persistence [29]. Our initial observation
of an M2 macrophage signature in an intestinal biopsy of
one patient with Whipple's disease [30] was recently
confirmed using a large cohort of patients [31°%]. Pheno-
rypic and functional studies support the polarization of
duodenal macrophages and circulating monocyres toward
M2 cells. Indeed. the number of duodenal macrophages
and circulating monocyres that express CDI163 s
increased in patients with Whipple's disease. CCL2Z
and [L-10 levels are also increased in duodenal lesions
and peripheral blood, whereas iINOS expression and
nitrite production are decreased. In addition to M2 polar-
ization, 1. adipple induces a type I IFN response [32]
that is associated with bacterial replication and cellular
apoprosis, both of which are detrimental for the host
This finding is unique because type I IFN is typically
associated with M1 polarization and bacterial clearance,
as was recently shown for Legionella preumophila [33).
Furthermaore, it has recently been shown that the cross-
talk berween type | and type II IFNs affects host
susceptibility to bacterial infections and that e/ IFNs
downmodulate the expression of IFN-y receprors [34].
Such cross-talk may contribute o macrophage re-polar-
ization toward an M2 response, and similar mechanisms
have been suggested for M. ruberculosic and Listeria mona-
epragenes infections [34].

a model of systemic M2

Localized infectious diseases

We have selected two recent publications in which bac-
terial persistence has been associated with localized
infectious diseases, namely keratitis and chronic rhino-
sinusitis with nasal polyps.

Keratitis caused by Psewdomonas aeruiginosa is character-
ized by epithelial edema, stromal infiltrate, and corneal
ulcerarion leading to vision loss. The genetic background
of the host is critical, because BALB/c mice are resistant
to murine keratitis, whereas C37BL/6 mice are suscept-
ible to it [35%]. It has been shown recently that I1.-33, a
member of the 1L.-1 cytokine family that promotes or
amplifies M2 chemokine expression [36], plays a major
role in keratitis. Indeed, 11.-33 is increased in the cornea
of resistant mice, and its administration improves the
course of disease and reduces infection in susceptible
mice. [L-33 rrearment decreases the production of type 1
cytokines, increases the production of type 2 cytokines,



Table 1 Confrontation of in-vitro and in-vivo studies
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M1 M2 Reference
In-vitro studies: interaction of bacterna with macrophages®
Bacteria
Escherichia coli (LPS) Yes [12]
Escherichia coli (LPS tolerance) Yes [13]
Helicobacter pylon Yes [19°%]
Mycobacterium tuberculosis Yes [21*]
Legionella pneumophila Yes [33]
Tropheryma whippled Yes [29]
Francisella novicida Yes [41]
In-vivo studies: clinical investigation®
Infectious diseases
Sepsis Yes Yes [12]
Typhaid fever Yes 177
Typhoid fever relapses [17*7
H. pylori, uncomplicated gastritis Yes Yes [19*%]
H. pylori, atrophic gastritis Yes [19°]
Active tuberculosis Yes [24%%
Active tuberculosis (minority subset) Yes [24°%]
BCG-vaccinated infants Yes [267]
Lepromatous leprosy Yes [28*7]
Tuberculoid leprosy Yes [28°7]
‘Whipple's disease Yes [31%]
Chraonic rhinosinusitis with nasal polyps (Staphylococcus aureus) Yes [38°]

The comparnson of these two types of studies reveals a major discrepancy between Mycobacierium tuberculosis infection and tuberculosis. BCG,

bacille Calmette —Gueérin; LPS, lipopolysacchande.

“Pathogens am incubated with macrophages, and we assess macrophage polarization. Note that the polarization profile of macrophages is stimulus-

dependent.

®Patients are investigated, and we analyze markers of polanzation or transcriptomic patterns.

and shifts macrophage polarization from an M1 to an M2
phenotype in the cornea [35%].

Chronic rhinosinusitis with nasal polyps is characterized by
high rates of Staphyocoscus aurens colonization. The pre-
sence of polyps is associated with Th2 inflammation,
whereas a Th1 immune response is found in the absence
of polyps [37]. Recent evidence suggests that the nasal
tissue of patients with chmonic rhinosinusitis and nasal
polyps is enriched in macrophages that express M2 mar-
kers, such as CD163 [38%]. This enrichment may be
secondary to [1.-33, which is known to amplify the M2
polarization of alveolar macrophages [39] and is produced
in excess in chronic rhinosinusitis with polyps [40]. In
addition, M2 macrophages from nasal tissue poorly ingest
8. awurens [38°), which likely favors bacterial colonization.

Conclusion

High-throughput methods for gene-expression studies
combined with conventional approaches have permitted
a reappraisal of the concept of macrophage polarization in
infectious diseases. These studies reveal that macro-
phage activation in patients could not be predicted from
the results of typical pathogen—macrophage interactions
(Table 1). Investgation of macrophage polarization in
individual patients could improve prognosis by permit-
ting an adaptive therapeutic approach. Finally, recent
data suggest that antibiotics, such as azithromyein, polar-
ize macrophages toward an M2 phenotype in a mouse
model of P. aerwginesa pulmonary infection [427].

13

Additional developments aimed at limiting the patho-
genic effect of an uncontrolled microbicidal M1 response
may be promising.
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Chapter Il

Monocyte responses in the context of Q fever: frora static

polarized model to a kinetic model of activation

The concept of M1/M2 polarization describes thegoesiveness of macrophages to
specific stimuli such as IFN-with or without LPS, IL-4 and immune complexes.[This
concept is frequently used to describe the respensss of monocytes to diverse stimuli but
we ignore if this concept is applicable to the siimiion of monocytes. In addition, M1/M2
polarization has been essentially based on in exmeriments [4]. The in vivo relevance of
this concept remains hypothetical. We createdrestr@ptional database of M1/M2 monocyte-
derived macrophages through whole genome micraammag qRT-PCR. Since macrophages
are not easily accessible owing to being fixedissues and a biopsy is required in clinical
situation, we extended our study to monocytes wladh circulating cells and are easily
accessible. We isolated CD14+ monocytes from bbbmtbr buffy coats and stimulated these
cells with the cytokines IFNy and IL-4 for 6 and 18 hours. Then, we extractddl tBNA
from these cells and we ran whole genome microartaynonitor the transcriptional profile.
Selected genes were analyzed by using gRT-PCRalidate the microarray data. On the
other hand, we obtained whole blood of acute amdnit Q fever patients in PAXgene tubes,
and then we extracted total RNA from these samgbesmeasured the expression of selected
genes by using gRT-PCRs. Monocytes exhibited eéhour stimulation) patterns of
activation specific to IFN- or IL-4 and a late (18-hour stimulation) patternaativation
common to both agonists. Because these responsesatereducible to M1/M2 polarization,

we selected biomarkers associated with early aedrésponses of monocytes and tested the
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relevance of these biomarkers in Q fever patiems.also carried out a follow-up study on
most of the patients from the initial cohort. Tteele genesNLRC5, RTP4, andRHOH, which
were modulated in response to IkFNwere up-regulated in patients with acute Q feaead
the expression levels of thl OX15, CLECSF1, CCL13, and CCL23 genes, which were
associated with the late signature, were spedyicacreased in patients with Q fever
endocarditis. In addition, we found that tREOH and ALOX15 genes were associated with
the activity of acute Q fever and Q fever endoderdiespectively. Our results show that the
kinetic model of monocyte activation enables a dyicaapproach for the evaluation of Q

fever patients.
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Abstract

Background: Q fever is caused by Coxiellu burnetii, a bacterium that persists in M2-
polarized macrophages. We wondered whether the concept of MI1/M2 polarization is
applicable to Q fever patients.

Methods: Monocytes from healthy controls were cultured with IFN-y and IL-4, agonists of
M1 and M2 macrophages, respectively, and their gene expression was assessed using whole-
genome microarrays. Selected biomarkers were assessed in blood from Q fever patients by
real-time RT-PCR.

Results: Monocytes exhibited early (6-hour) patterns of activation specific to [FN-y or IL-4
and a late (18-hour) pattern of common activation. Because these responses were not
reducible to M1/M2 polarization, we selected biomarkers and tested their relevance in Q fever
patients. The early genes NLRCS, RTP4, and RHOH, which were modulated in response to
IFN-vy, were up-regulated in patients with acute Q fever, and the expression levels of the late
genes ALOX15, CLECSFI, CCLI3, and CCL23 were specifically increased in patients with Q
fever endocarditis. The RHOH and ALOX15 genes were associated with the activity of acute
Q fever and Q fever endocarditis, respectively.

Conclusions: Our results show that the Kinetic model of monocyte activation enables a

dynamic approach for the evaluation of Q fever patients.

Key words: macrophage, microarray, monocyte, Q fever, polarization.
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Introduction

Q fever is caused by Coxiella burnetii, an intracellular bacterium known for its myeloid
tropism. This disease is characterized by a primary infection that may become chronic in
patients with valvulopathy, pregnant women. and immunocompromised patients [1]. Although
the primary infection is characterized by a Thl-type protective immune response, the chronic
form of the disease is due to impaired cell-mediated immunity [2]. The analysis of C.
burnerii-macrophage interaction has shown that macrophage polarization is critical for
bacterial elimination or persistence [3].

The concept of macrophage polarization is instrumental in analyzing the activation of
murine macrophages and, to a lesser degree, human macrophages [4]. M1 macrophages that
are stimulated by interferon (IFN)-y in the presence or absence of lipopolysaccharide (LPS)
are considered inflammatory, microbicidal. and tumoricidal. M2 macrophages. which are
induced by interleukin (IL)-4/IL-13, IL-10/Transforming Growth Factor (TGF)-B1. immune
complexes, apoptotic cells, and corticosteroids, are poorly inflammatory and exhibit
immunoregulatory functions [5]. Polarized macrophages are involved in innate immune
response to pathogens [6], autoimmune diseases [7], and local immune suppression associated
with tumors [8]. We previously showed that C. burnetii induces an atypical M2 program in
macrophages that combined M2 markers, including TGF-B1, IL-10. CCLI8, mannose
receptor, and arginase, and some M1 markers, including IL-6 and CCLS8 [9]. The uptake of
apoptotic lymphocytes by macrophages stimulates an M2 program and the replication of C.
burnetii. Both events are prevented in the presence of IFN-y [10]. In vivo, the over-expression
of IL-10 in transgenic mice enables bacterial persistence and mimics features of chronic Q
fever, including the M2 polarization of macrophages [11]. These reports suggest that the
chronic evolution of Q fever is related to the M2 polarization of macrophages, but direct

evidence of such a relationship in infected patients is lacking. The concept of the MI1/M2

20



polarization of macrophages seems pertinent only in few clinical situations, and in vivo and in
vitro data are often contradictory [12]. In addition, only monocytes, not tissue macrophages,
are easily accessible in clinical investigations, and it is not known if the concept of
macrophage polarization is applicable to monocytes.

In this study. using a high-throughput microarray approach. we analyzed the
transcriptional responses of circulating monocytes to IFN-y and IL-4, canonical agonists of
M1 and M2 macrophages, respectively. When monocytes were stimulated for 6 hours, they
exhibited early responses to IFN-y and IL-4 that were not reducible to M1/M2 polarization.
After 18 hours, the monocyte response was no longer polarized, and a late response signature
was identified. By selecting early- and late-related genes from each monocyte signature, we
showed that specific biomarkers could be used to distinguish acute Q fever and Q fever

endocarditis.

Methods

Patients

This study was approved by the Ethics Committee of the Aix-Marseille University and written
informed consent was obtained from each subject. Q fever diagnosis was based upon
eptdemiological, clinical, and serological criteria [13]. We included 14 patients with acute Q
fever with a mean age of 47 years (range, 28-69 years), 13 patients with chronic Q fever and
endocarditis with a mean age of 52 years (range, 39-64 years). Six patients with acute Q fever
and 9 patients with Q fever endocarditis were investigated twice: at the inclusion, after 5 (3-6)
months for acute Q fever and after 16 (8-25) months for Q fever endocarditis. The control
group consisted of 10 healthy controls with a mean age of 48 years (range, 32-59 years), 8§
patients with classical Whipple's disease (mean age of 64 years. range: 53-69 years). 7 trauma

patients with a mean age of 34 years (range, 24-37 years) and 5 trauma patients with
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pneumonia (mean age of 36 years, range: 29-43 years) [14]. Samples were handled
anonymously without knowledge of disease state until statistical analysis. Peripheral blood
was drawn in PAXgene tubes (Qiagen), and RNA was extracted after DNase treatment (see

below).

Monocytes and macrophages

Blood donor buffy coats were provided by the Etablissement Francais du Sang (Marseille).
Peripheral blood mononuclear cells were subjected to CD 14" magnetic cell sorting (Miltenyi
Biotec), which yielded monocytes with a purity higher than 95%, as assessed by flow
cytometry. Monocytes (10° cells/assay) were differentiated into macrophages as previously
described [9] and after differentiation. more than 95% of cells were macrophages as assessed
by CD68 expression and CDI4 down-regulation. Monocytes and monocyte-derived
macrophages were stimulated with 20 ng/ml recombinant human IFN-y (PeproTech) or 1L.-4

(AbCys) for 6 or 18 hours.

Microarrays

RNA was extracted with an RNeasy Mini kit (Qiagen) and analyzed with microarray chips
(4x44K Whole Human Genome, Agilent Technologies, Massy, France) as recently described
[15]. MIAME-compliant data were submitted to the Gene Expression Omnibus (GEO) of the
National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/geo/) and can
be assessed with the GEO series accession number GSE36537.

The data were analyzed with R and the Bioconductor software suites with Significance
Analysis of Microarray and a multiclass model integrating the experimental design.
Functional enrichment analysis was performed with DAVID as previously described [16]. To

assess the M1/M2 polarization status of monocytes, 28 M1 genes and 17 M2 genes (Table
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S1) were manually selected from the literature [4-6] and were found to be modulated in IFN-
y- or IL-4-stimulated macrophages. These genes were plotted above a virtual cell according to
their cellular localization. The modulation of gene expression was explored by color coding.
The ratio of gene expression in stimulated cells to gene expression in unstimulated cells is
coded from red to blue, whereas the ratio of gene expression in IFN-y-stimulated cells to gene
expression in IL-4-stimulated cells is coded from pink to green. Cytoscape [17] and Inkscape
were used to design the figures. These 45 genes were also analyzed by quantitative real-time
RT-PCR (qRT-PCR) to confirm microarray results. The overall correlation coefficient for the

two techniques was high (R2=0-64; p = 0-01).

qRT-PCR

gRT-PCR experiments were performed with the MMLV RT Kit (Life Technologies) and the
7900HT Fast Real Time PCR System (Applied Biosystems) as recently described [15]. Gene-
specific primers were designed with Primer3 [18]. The results were normalized to the result
for the housekeeping gene P-actin and are expressed as ACt values (ACt=Clruger-Clacin).
where Ct is the number of PCR cycles. Correlation analysis for the microarray and gRT-PCR
data was performed with the Spearman correlation coefficient. The significance of the
differential expression in patients observed by gRT-PCR was assessed by the Wilcoxon rank

sum test with a p-value cut-off of 0.05.

Results

Kinetics of transcriptional responses of monocytes to IFN-yand I1-4

The transcriptional responses of monocytes and macrophages to IFN-y or IL-4 were
investigated using whole-genome microarrays. The overall transcriptional response showed a

completely different activation pattern in monocytes and macrophages. Principal component
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analysis confirmed that the cell type (monocytes or macrophages). time (6 or 18 hours), and
type of stimulation (IFN-y or IL-4) influenced transcriptional modulation (Figure 1, A-B).
Based on a multi-class model that integrates the cell type (macrophages or monocytes), length
of stimulation (6 or 18 hours) and type of stimulation (IFN-y or IL-4), 15.619 probes were
modulated with an absolute FC of at least 2.0 and an false discovery rate (FDR) < 1%
(assessed with Significance Analysis of Microarray). When filtering the dataset for an
absolute FC>4.0 and a FDR<1% 4.807 modulated probes (3.406 genes) were identified.
These 4.807 modulated probes are represented as a heatmap (Figure 1C). Modulated genes
were then filtered to retain those genes specifically modulated in monocytes (Figure 1D). We
identified 587 probes whose targets were modulated in IFN-y- or [L-4-stimulated monocytes
compared with unstimulated monocytes. The early genes (6-hour stimulation) that were
specifically up-regulated in response to IFN-y or [L-4 included the targets of 59 probes (46
annotated genes) and the targets of 61 probes (39 annotated genes), respectively. In contrast to
the early responses of monocytes to IFN-y and IL.-4, the patterns of the late response (18-hour
stimulation) of monocytes to IFN-y and IL-4 were indistinguishable and were characterized
by a specific cluster of up-regulated genes that corresponded to 74 probes and 57 annotated
genes (Figure 1D). Taken together, these results revealed a biphasic response of monocytes to

IEN-v and IL-4.

Polarization of early and late monocyte responses

We wondered if the polarization observed in macrophages is applicable to the early and late
responses of monocytes. We studied the expression in monocytes of 28 and 17 genes
considered to be markers of M1 and M2 polarization in macrophages [4-6]. In the early
response of monocytes to IEN-y, 16 M1 genes were up-regulated. but only one M2 gene was

up-regulated (Figure 2A). In the early response of monocytes to IL-4. 10 M2 genes, but only
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3 MI genes, were up-regulated (Figure 2C). Hence, the early responses of monocytes to IEN-
v and IL-4 showed a clear dichotomy in the expression of M1 and M2 genes (Figure 2E). We
then investigated whether the specific signatures of monocytes induced by IFN-y and IL-4
included M1/M2 genes. In the early signature induced by IFN-y (which included 46 genes),
only 11 genes were M1 genes. Similarly, the early signature induced by IL-4. composed of 39
genes, included only 2 M2 genes. demonstrating that the early responses of monocytes are not
reducible to M1/M2 polarization.

In the late response of monocytes to IFN-y, most M1 genes that were up-regulated in the early
response to IFN-y returned to their basal levels or were down-regulated. Only one M1 gene
remained up-regulated. In addition, 8 M2 genes were up-regulated in the late response to IFN-
Y (compare Figure 2, A and B). The late response of monocytes to 1L-4 was characterized by
the up-regulation of one M1 gene, the down-regulation of 14 M1 genes, and the up-regulation
of 10 M2 genes (compare Figure 2, C and D). The modulation of M1 and M2 genes was
remarkably similar in the late responses of monocytes to IFN-y and IL-4 (Figure 2F),
demonstrating that the late responses of monocytes were not polarized as the responses of
macrophages.

As a consequence, we hypothesized that the M1/M2 transcriptional program of macrophages
may be insufficient to account for the clinical manifestation of Q fever. To test this
hypothesis. we selected 6 MI-related genes (IL15. CXCL9, IL2RA, IDO1 (INDO), TNF,
INFSF10 (TRAIL)) and 6 M2-related genes (CHN2, CTSC. CD209 (DC-SIGN)., FNI, HRH1,
SLC4A7), and we assessed their expression levels in Q fever patients. The expression levels of
M1 and M2 genes (with the exception of CD209) were similar in healthy controls and patients
with acute Q fever. In patients with Q fever endocarditis, the expression levels of 4 M1 genes
were up-regulated. and the expression level of one M2 gene was down-regulated relative to

the expression levels in healthy controls (Figure S1). These results show that the expression
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of the M1/M2 genes does not characterize the evolution of Q fever.

Functional classification of early and late monocyte responses

Because the majority of the genes up-regulated in the early and late signatures of monocytes
were not M1/M2 genes. we wondered if these genes belonged to distinct functional groups.
Among the early genes specifically up-regulated in response to IEN-y, we identified six
different clusters including “apoptosis”, “complement”, “defense response”, “IFN-related
genes”, “Jak/Stat pathway”, and lipid metabolism™ Six other functional clusters were
identified among the early genes that were specifically up-regulated in response to IL-4. They
included “cell adhesion™, “C-type lectin”, “cytoskeleton™, “endocytosis and vesicular
transport”, “response to wounding™, and “RNA binding”. The late response of monocytes was
organized in five different clusters including “Ig domain”, “immune response”, “Golgi
apparatus”, “signal transduction”, and “Wnt pathway™ (Table 1). These results demonstrated
that the early and the late responses of monocytes to IFN-y and IL-4 were characterized by

specific functional signatures that may be useful to define new biomarkers of Q fever.

Specific biomarkers of Q fever

Among the early annotated genes, we selected four genes representative of the early IFN-y
response (NLRCS5, RTP4, CIS, GCHI) and four genes representative of the early IL-4-
response (ITGB3, TREM1, NEDD4L, RHOH), which are not described as M1 or M2 markers.
The expression levels of these genes were compared between healthy controls and Q fever
patients using qRT-PCR. In acute Q fever, two early genes associated with the IFN-y
response. NLRC5 and RTP4. were significantly up-regulated. This up-regulation was specific
of acute Q fever. Indeed, the expression of NLRCS5 and RTP4 genes was not modulated in

patients with Q fever endocarditis relative to healthy controls (Figure 3). In patients with
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Whipple's disease, an infectious disease due to an intracellular bacterium with macrophage
tropism, NLRCS5. RTP4, and RHOH genes were not modulated (Figure S2). In trauma patients
with or without pneumonia, who exhibited an intense inflammatory response, NLRC5 and
RTP4 genes were down-regulated, suggesting that the modulation of early genes in acute Q
fever was not a consequence of inflammatory response. Interestingly, the ITGB3 and TREM ]
genes, which were associated with the early response to IL-4, were significantly down-
regulated in patients with acute Q fever compared with controls. Only one early gene
associated with the IL-4-response, RHOH, was significantly up-regulated in patients with
acute Q fever (Figure 3B). Therefore, the up-regulation of NLRCS, RTP4, and RHOH genes
may be considered biomarkers of acute Q fever.

A similar procedure was used to define biomarkers from the late signature of monocytes using
eight genes belonging to different clusters. In acute Q fever patients, five genes (ALOXIS,
CLEC4F, CCL23, BACLEl, RAMPI) were not differentially regulated relative to the
expression levels in healthy controls (Figure 4), demonstrating that late biomarkers were
unable to distinguish acute Q fever. By contrast, the ALOX15, CLEC4F, CCLI13, CCL23, and
RAMP] genes were significantly up-regulated in patients with Q fever endocarditis relative to
healthy controls. Interestingly, the expression levels of ALOX15. CLEC4F, CCLI3, and
CCL23 were significantly higher in patients with Q fever endocarditis than in patients with
acute Q fever (Figure 4), suggesting that these genes may serve as specific biomarkers of Q
fever endocarditis. We also found that two late genes, GALNTLIS8 and WNTS5B, which were
not modulated in Q fever endocarditis patients. were down-regulated in acute Q fever
patients, providing indirect evidence that late genes may be biomarkers of Q fever
endocarditis. Again, late genes were not modulated in patients with patients with Whipple's
disease. In trauma patients with or without pneumonia, these genes were down-modulated

compared with healthy controls (Figure S2). These results demonstrate that ALOX15, CCL13,
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and CCL23 genes were specifically up-regulated in Q fever endocarditis.

Finally, we assessed the modulation of putative biomarkers during the follow-up of patients
with Q fever. In patients with acute Q fever, the expression of NLRCS and RTP4 genes
remained up-regulated 5 months after the initial inclusion whereas the expression of RHOH
gene was similar to controls after 5 months (Figure 5A). The modulation of CCL23,
CLECF4, ALOX15, and CCL13 genes was assessed in patients with Q fever endocarditis 16
months after the inclusion. The expression of CCLI3 and CCL23 genes remained unchanged.
By contrast, the expression of ALOX15 and CLECF4 genes decreased with time but only the
expression of ALOX15 gene returned to control levels (Figure 5B). Taken together, our results
support the hypothesis that the kinetics model of monocyte activation is useful to assess the

clinical manifestation of Q fever.

Discussion

The M2 polarization of macrophages has been considered critical for the persistence of C.
burnetii 16.9,11]. Nevertheless. this concept needs to be confirmed in circulating monocytes.
Different constraints impair the evaluation of patients with Q fever based on the concept of
macrophage polarization. The isolation of macrophages is adapted for pathophysiological
studies but is not convenient for routine use in clinical practice. As a consequence, the use of
whole blood may be a practical alternative but requires the validation of monocyte
biomarkers. In this study, we investigated the responses of monocytes to [FN-y and IL-4, and
we used these data to guide our analysis of whole blood from patients with Q fever.

The responses of monocytes to IFN-y and IL-4 consisted of early and late phases of
activation, a pattern that did not fit with the M1/M2 polarization model at the transcriptional
level. The hallmarks of M1/M2 polarization were found in the early phases of monocyte

activation, but the second phase of monocyte activation was common to the different modes
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of stimulation. Our results were consistent with the modulation of early and late genes in
macrophages stimulated with LPS [19] and the transient polarization observed in murine
monocytes stimulated with Listeria monocytogenes [20].

In the early phase of the monocyte response to IFN-y, we identified one set of up-
regulated genes that included M1 genes, interferon-response genes, and genes related to
inflammatory signalling, complement, and apoptosis. A second set of genes that were
specifically up-regulated in IL-4-stimulated monocytes included M2-related genes, and a
series of genes partitioned into different clusters associated with lectins, cell adhesion.
endocytosis and the cytoskeleton. By contrast, the late response of monocytes was
characterized by the up-regulation of numerous genes independent of the agonist, [FN-y or [L-
4. This late response was also distinct from the LPS tolerance that appears late in the
inflammatory response and is associated with an M2 program [21]. The late response of
monocytes may be considered a termination program with only some features of the M2
program. Our results were consistent with data obtained in a murine model of resolving and
non-resolving peritonitis. In this model, peritoneal macrophages from mice with sustained
inflammation may be referred to as M1 macrophages, and macrophages from mice with
resolving inflammation produce high levels of immunoregulatory cytokines but also present
hallmarks of M1 macrophages [22]. A recent transcriptional analysis confirmed that the
peritoneal macrophages collected from mice with resolving inflammation exhibit a unique
phenotype that is inconsistent with the conventional M1/M2 macrophage classification [23].
These results suggest a high level of plasticity in macrophages. The existence of a unique
termination program in monocytes stimulated with IFN-y and IL-4 may represent a
parsimonious way to control the monocyte activation induced by a great variety of cytokines
and infectious agents.

We showed that the model of MI/M2 polarization was not applicable to monocyte
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responses in the context of Q fever. We selected M1-related and M2-related genes and tested
these genes in whole blood. The expression levels of these genes were similar in patients with
acute Q fever and healthy controls. Only a minority of these genes were up-regulated in
patients with Q fever endocarditis. Such findings demonstrate that Q fever patients exhibited
an activation program that cannot be classified as an M1 or M2 pattern, in contrast to the
result of in vitro and in vivo studies using macrophages [9.10.24]. The differences in the
transcriptional programs of monocytes and macrophages may explain why attempts to use
markers defined as M1/M2 for macrophages are unsuccessful in clinical studies [25,26]. Only
rare reports suggest that monocytes are polarized in infectious diseases. In addition, even
though monocytes from patients with Whipple's disease overexpress CD163, other markers of
M2 cells are lacking [27]. In patients with active tuberculosis [28] or in children vaccinated
with BCG [29]. a transient M1 profile is identified, whereas in vitro studies with macrophages
suggest M2 polarization [12]. By contrast, monocytes stimulated with Orientia tsutsugamushi
and patients with scrub typhus both exhibit an M1-type program [30].

Interestingly, the identification of early and late signatures of in vitro-stimulated
monocytes allowed the identification of Q fever biomarkers. Some early genes specifically
associated with acute Q fever, such as NLRCS5 and RTP4, were up-regulated by IFN-vy,
suggesting that acute Q fever is controlled at least in part by an IFN-y-mediated immune
response. That these genes were not modulated in patients with Q fever endocarditis
confirmed the defective Thi-response reported for Q fever endocarditis [31]. We also found
that genes associated with IL-4 response, such as ITGB3 and TREM 1, were down-regulated in
patients with acute Q fever, reinforcing our hypothesis that acute Q fever is associated with an
efficient immune response. Moreover. we found that some late genes. including ALOXIS5.
CLEC4F. CCLI3, and CCL23, were specifically associated with Q fever endocarditis. Note

that a few late genes were also related to the M2 program, a result that might lead to incorrect
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conclusions about monocyte activation in the context of Q fever endocarditis. The modulation
of early genes in acute Q fever and late genes in Q fever endocarditis seemed to be specific of
Q fever because these genes were not modulated in patients with another infectious disease,
the Whipple's disease, and patients with acute pathologies such as trauma or pneumonia. The
follow-up of patients with Q fever revealed that the expression of RHOH and ALOX15 genes
was normalized after several months of disease's evolution, suggesting that these genes may
be considered as biomarkers of the activity of acute Q fever and Q fever endocarditis,
respectively.

In conclusion, we demonstrated that the concept of macrophage polarization is not
usefull to describe monocyte ativation and is irrelevant to explore patients at the bedside. The
kinetic approach of monocyte activation we developed allowed the identification of new
biomarkers of acute Q fever and Q fever endocarditis, respectively. Additionally, two

biomarkers were associated with the activity of the disease.
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Legends of figures

Figure 1. Principal component analysis and heatmap representation of modulated
probes

Monocytes and macrophages were stimulated with IEN-y or IL-4 (20 ng/ml), and microarray
analysis was performed after RNA extraction. A-B, The impacts of the cell type and the
length of stimulation (A). and those of cell stimulation by IFN-y or IL-4 (B) were analyzed by
principal component analysis. The distance along each axis represents the amount of variance
in gene expression explained by the corresponding factor. C, The 4,807 probes modulated in
monocytes and macrophages stimulated for different periods by IFN-y or IL-4 (IFCI>4 and
FDR<1%) are represented as a heatmap with probes in rows and samples in columns.
Dendrograms show the results of the hierarchical clustering of the samples (top) and genes
(left) (average linkage based on the Pearson correlation distance). D, Only genes modulated in
stimulated monocytes compared with unstimulated monocytes were retained. Up-regulated
genes specific to early stimulation with IFN-y or IL-4 and those genes specifically up-
regulated after 18 hours were selected. Specific signatures are identified as black lines on the

right hand side. Gene expression levels are color-coded from blue to red.

Figure 2. Gene modulation of M1/M2 markers in stimulated monocytes

Monocytes were stimulated with IFN-y or IL-4 for 6 hours. Genes involved in macrophage
polarization (n = 45) were manually selected from the literature and plotted against a virtual
cell according to their GO cellular component annotation. A-D, The ratios of gene expression
in monocytes stimulated with IFN-y (A, B) or IL-4 (C, D) for 6 (A, C) and 18 (B, D) hours to
the gene expression in unstimulated monocytes are color-coded from blue (FC=-5) to red
(FC=+5) at each node. E-F, M1/M2 markers were plotted against a virtual cell. and the ratios

of the expression of these markers in monocytes stimulated with IFN-y or IL-4 are color-
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coded from green (FCpnym4 = -5) to pink (FCinyn4 = 45). Genes in white were up-

regulated similarly by IFN-y and IL-4.

Figure 3. Expression of early genes in patients with Q fever

The expression levels of genes included in the early signatures of monocytes induced by IFN-
Y (A) or IL-4 (B) were tested in blood from healthy donors, patients with acute Q fever, and
patients with Q fever endocarditis using qRT-PCR. Individual results are shown. Horizontal
bars represent the median of each group, and significant differences between groups are

shown. QF: Q fever. *: p-value < 0.05 ; **: p-value < 0.01

Figure 4. Expression of late genes in patients with Q fever

The expression levels of genes included in the late signature of monocytes induced by both
IEN-y and IL-4 were tested in blood from healthy donors. patients with acute Q fever, and
patients with Q fever endocarditis using qRT-PCR. Individual results are shown. Horizontal
bars represent the median of each group, and significant differences between groups are

shown. QF: Q fever. *: p-value < 0.05 ; **: p-value < 0.01.

Figure 5. Expression of biomarkers according the evolution of Q fever

A, The expression of potential biomarkers of acute Q fever was analyzed in blood from
healthy donors (1), patients with acute Q fever tested at the inclusion (2) and 5 months after
inclusion (3). B, The expression of potential markers of Q fever endocarditis was analyzed in
blood from healthy donors (1), patients with Q fever endocarditis tested at the inclusion (2)
and 16 months after inclusion (3). Individual results of gqRT-PCR data are shown. Horizontal
bars represent the median of each group, and significant differences between groups are

shown. *: p-value < 0.05 ; **: p-value < 0.01.
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Figure 5
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Figure S1. Expression of M1 and M2 genes in patiernth Q fever
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The expression levels of M1 genes (A) and M2 genes (B) were tested in blood from healthy donors,
patients with acute Q fever, and patients with Q fever endocarditis using qRT-PCR. Individual results
are shown, and horizontal bars represent the median of each group. QF: Q fever. *: p-value < 0.05 ;
*%: p-value < 0.01
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Figure S2. Expression of biomarkers in differerthpgies

The expression of biomarkers was studied in blood from healthy donors (1), patients
with Whipple disease (2), trauma (3), and pneumonia (4) using qRT-PCR. Individual
results are shown. Horizontal bars represent the median of each group. *: p-value <
0.05, **; p-value < 0.01
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Table S1

Table 1: Functional classification of genes belonging to specific signatures

Type and duration of stimulus

Functional categories Moduluted genes

Early IFN-y signature

Jak/Stat pathway
Defense response

Apoptosis
Complement
Lipid metabolism

IFN-related

Early IL-4 signature

RNA binding

Endocytosis & vesicular
transport
Cytoskeleton

Response to wounding
C-type lectin

Cell adhesion

Late signature

Immune response
Signal transduction

Golgi apparatus

Wat pathway
Ig domam

JAK2, IL7, STAT1, IL15, PML, IL15RA

IL7, TL15, ILISRA, HLA-DRBG6, JAK2, STATI, PML,
C1S, GCHI, APOL1, APOL2, APOL3, RSAD?2
CASP1. CASP5, CARDI6, CARDI17, AIM2, PML
C1S. SERPINGI

APOLL. APOL2, APOL3
IRF1. IRF5. NLRC5. IFI35. ETV7, HIVEP2. RTP4

DDX3Y. DDX43, EIFIAY, RAVER2, RPS4Y1, RPS4Y2,
TEPL, RNASE6

CD93, EHD2. CCLS5, STABIL. RABI15, NEDDA4L

FRMD4A, PDLIM2, ARHGAP26, ITGB3, MSN
CCL5, CD93. HLA-DQAI, TREMI, THBD, FCGR2A,
SLAMF1, RIIOH

CD93, STABIL, THBD
CD93.ITGB3, STABI. THBD, MSN

FI3A1. MAL. MAF. CDID. FCERAI. ALOXIS,
CACNB4, CCL23, CD36. TREM2, CXCL14, CCL3
CCL23. CXCL14. FCERIA, CACNB4, DACTI, FZD7,
RAMPI, GFRA2, WNT5B, CLEC4F

CD36, GALNTL4, BACEL, CXCL14. GGTAL. PCSK5,
TMEMI130

DACT]1, FDZ7, WNT5B
CD1D. FCERIA, AMICAL, PDGFRL, TREM2, UNC5B

The genes meluded i the early and late signatures of monocytes were analyzed with the functional
analysis tools of DAVID. Major functional clusters are listed with corresponding genes.
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Chapter IV

Overexpression of thePer2 gene in male patients with

acute Q fever

Gender, age and various other host factors aré kmelwn to affect the clinical
expression of Q fever, a worldwide zoonosis du€aogiella burnetii [24]. Among human
adult patients hospitalized primarily with Q fevdre number of males is about 2.5 times the
number of females (7-9, 23). Similarly, the males more likely to suffer from Q fever-
related complications than females [8-10, 24]. Mepresent 75% of the patients diagnosed
with C. burnetii endocarditis, the major manifestation of chronicfé@er. It has been
previously shown that sex hormones play a role ha pathophysiology ofC. burnetii
infection in mice. In females, the bacterial loadricreased in ovariectomized mice, reaching
levels found in males, and PBrestradiol administration restores the bacteriatllto levels
found in intact females [12]. It has been also regmbthat 80% of modulated genes were
differently modulated in males and females [13].0agn these genes, major components of
the circadian rhythm pathway are affecbydC. burnetii infection in females but not in males.
Indeed, the transcriptional expressionGbdck andArntl genes was down-regulated, whereas
that of Per2 gene was up-regulated in females (12).

Circadian rhythms maintain homeostasis by cootitigahe action of physiological
systems. They are associated with physiologicaigbs over a course of time [25]. Circadian
rhythms are therefore important to control the edreof organisms related to environmental
changes [26, 27]. Alterations of circadian rhythmase been observed in many diseases such
as cardiovascular disorders (diabetes, hypertensio)) cancers, neurological disorders
(learning and memory dysfunctions), and psychiadigorders (depression, bipolar disease)

[28, 29]. A number of genes are known to regul&e tircadian rhythm [30, 31]. This
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includesCLOCK, ARNTL (also known a88MAL1) andPER2. These genes are an important
part of the peripheral molecular clock complex thequlates the circadian expression of
many genes (Figure 2).

To our knowledge, the circadian rhythm is involieda great number of biological
phenomena (figure 3, [32]) but had never been de=trin human infectious diseases. In
mice, haematopoietic stem cells (HSCs) and thengemitors are reported to follow a
circadian pattern, peaking 5 h after the initiatioinlight and reaching a nadir 5 h after
darkness [14]. While in the bone marrow microenwvinent, these cells fluctuate in antiphase
with the expression of the chemokine CXCL12. Thelicgl release of HSCs and expression
of Cxcl12 are regulated by core genes of the médealock through circadian noradrenaline
secretion by the sympathetic nervous system [1#hofigh the circadian rhythm is inversed
in mice and humans, we hypothesized that circageres are differently modulated in men
and women with Q fever. We showed that the expoassf thePer2 gene was specifically
increased in men with acute Q fever. This resuly mdicate for the first time that a gene
involved in the circadian clock is differentiallyadulated in men and women infected with a
bacterial pathogen such @sburnetii.

Figure 2. Schematic representation of the negative feedloagkthat controls the rhythmic
circadian expression of the peripheral moleculaclicikcomponents. CRG: Clock-Regulated

Genes.
Nucleus \
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Figure 3. Representation of circadian rhythm over 24-hounm& daily activities.

The Rhythm of Life wmgop 200
THE CIRCADIAN CLOCK Sl - 2:00 4.4,

affects the daily
rhythms of many
phiysiclogical
processes. The
diapram ot the right
depicts the circadian

. Dﬂﬂptﬂ ilﬂ'HP
9:00 r.M. i

Welatonin secretion stans -

4:30 .M.

Lowest body

) 2008, temperature
patterns Wplcal of Hignest body temperaturs |
sameanawha rises I e =
early in the morning, ~ B:30pu. . e L
Highest blaod pressure - i Pead L - i e
eats lunch around vl et —
noan and sleeps at 6:00pm. 5 6:00 A.u.
night. Although i i & ié
£ : EI 6:45 a.M.
circatian thithms Sharpest Meod
tend to be 5:00F M. pressure rise
Greatast cardicvascular
sgnchmm.zed yth efficiency and 7:30 AM.
cyclas of light and musclestrength -~ heelatarin
dark, other factors— HEEIEHIN SRS
such as ambient 3:30PM. 8:30a.M
tempesature, meal Fastestmactioniims Bewel mivement

times, stress and
ERCTEISE—Ean
influence the timing
aswell =KW

. lkely
2:30em. 7
Best caardination

10:00 .M.
High alertness

i

12:00
HoON

SOURCE The BadyClaek Guide va Betrar Heanth, by Mighos) Smalaseiy sad Lynae Lomberg, Hasiy Wplr, 2000

Reference: [32] Smolensky M, Lamberg L. The BodgdaRlIGuide to Better Health: How to
Use Your Body's Natural Clock to Fight lliness akthieve Maximum Health. Henry Holt
and Company, May 1, 2001.

48



Journal of Infectious Diseases Advance Access published October 12, 2012

Overexpression of the Per2 Gene in
Male Patients with Acute Q Fever

Vikram Mehraj,' Julien Textoris,"? Christian Capo,' Didier Raoult,!
Marc Leone,"? and Jean-Louis Mege'

"Unité de Recherche sur les Maladies Infectieuses Tropicales et Emergentes,
Aix-Marseille Université, Marseille, France, and “Senvice d'Anesthésie et de
Réanimation, Hapital Nord, Assistance Publique—Hopitaux de Marseille, France

The prevalence of Q fever is higher in men than in women.
Because the expression of circadian clock genes differs in
male and female mice infected with Coxiella burnetii, we
hypothesized that circadian genes are differently modulated
in men and women with Q fever. The expression of the
Per2 gene was significantly (P=.01) increased in males with
acute Q fever compared with healthy volunteers. No signifi-
cant difference was observed in females. We showed for the
first time that gender altered the expression of a circadian
gene, Per2, in an infectious disease.

The clinical expression of Q fever, a worldwide zoonosis due
to Coxiella burnetii, is affected by various host factors, includ-
ing gender and age [1]. The male-to-female ratio of patients
admitted to the hospital is 2.45 in adults [1]. In parallel, the
rate of Q fever-related complications is higher in males than
in females [1]. Men represent 75% of the patients diagnosed
with C. burnetii endocarditis, the major manifestation of
chronic Q fever [1].

In mice, it has been shown that sex hormones play a role in
the pathophysiology of C. burnetii infection. The bacterial
load is increased in ovariectomized mice, reaching levels
found in males, and estradiol administration restores the bac-
terial load to levels found in intact females [2]. We have also
shown that major components of the circadian rhythm
pathway are affected by C. burnetii infection in females. The
transcriptional expression of Clock and Arntl genes is down-
regulated, whereas that of Per2 gene is upregulated in females
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but not in males [3]. It is likely that the circadian rhythm and
the immune response are related [4]. Rodent models show that
the circadian oscillation of clock genes affects interferon-y
production through Per2 regulation or the activity of natural
killer cells [5, 6].

To our knowledge, little is known regarding the relation
between clock gene expression and human infectious diseases.
This relation has never been investigated in Q fever patients.
Here, we hypothesized that the expression of the Clock, Arntl,
and Per2 genes may be affected by C. burnetii infection in pa-
tients with acute and chronic Q fever. We showed that the ex-
pression of the Per2 gene was specifically increased in men
with acute Q fever. This result may indicate for the first time
that a gene involved in the circadian clock is differentially
modulated in men and women infected with a bacterial patho-
gen such as C. burnetii.

METHODS

The study was conducted with the approval of the Ethics
Committee of the Aix-Marseille University, Marseille, France.
Informed written consent was obtained from each participant.
Blood samples from patients undergoing infectious disease
consultations and healthy volunteers were collected in
PAXgene Blood RNA tubes (Qiagen, Courtaboeuf, France).
The samples were collected from 9:00 am to 11:00 am. The
diagnosis of Q fever was performed as reported previously [7].
Q fever patients were split into “Acute” and “Endocarditis”
according to their underlying disease [8]. The gene expression
in blood samples was determined with real-time quantitative
reverse transcriptase polymerase chain reaction (qQRT-PCR) as
recently described [9]. In brief, total RNA was extracted after
DNase digestion, according to the manufacturer’s recommen-
dations (Invitrogen, Life Technologies, Saint-Aubin, France).
Real-time PCR with ¢cDNA templates was performed using
Light Cycler-FastStart DNA Master” "V SYBR Green 1 (Roche
Diagnostics, Basel, Switzerland). The primers were designed
with the free Web software Primer3 (http:/frodo.wi.mit.edu/).
The primers consisted of the forward sequences 5-CGGAGT
TAGAGATGG-TGGAAGA-3', 5'-TACTGAGGAAAGGGAG
GAGAGG-3' and 5'-CCCTCTACCTGCTCAAA-GAAAA-3'
and the reverse sequences 5-GGGACTGGAAA-ATGCT
GAGTT-3', 5-AAGGATA-ACAGCAAAGCAGAGG-3' and
5'-GCCCTCTGGTCT-ACAAAAACAA-3' for the Per2, Clock,
and Arntl genes, respectively. Quantitative RT-PCR experiments
were performed using the gene encoding P-actin as the
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reference housekeeping gene. For each patient, the cycle
threshold (CT) values of the genes of interest were normalized
with the patient’s CT values of B-actin to calculate the ACT.
The results are expressed as the median and were compared
using the nonparametric Mann-Whitney U test. A P value
less than .05 was considered significant.

RESULTS

Our cohort consisted of 14 men (mean age of 51 +4 years),
including 9 patients with acute Q fever and 5 with Q fever—
related endocarditis; 6 women (mean age of 35+3 years),
including 5 patients with acute Q fever and 1 with Q
fever-related endocarditis; and 12 healthy volunteers, includ-
ing 6 men (mean age of 41 £ 4 years) and 6 women (mean age
of 39 £ 5 years). With respect to gender, age did not differ sig-
nificantly between the patients and the healthy volunteers. In
contrast, among the patients, the men were older than the
women (51+4 vs 35+3 years; P=.02). No difference was
noted between men and women in the healthy volunteers.

In men, the expression of the Per2 gene was significantly
higher in the patients with acute Q fever than in the healthy
volunteers (FC=3.1; P=.01). No significant difference of ex-
pression was observed between Q fever—related endocarditis
and healthy controls (P =.18) (Figure 1A). In women, the Per2
expression ratio between acute Q fever and healthy controls did
not reach a significant level (FC=1.8; P=.18) (Figure 1B). In
contrast to the expression of the Per2 gene, the expression of
the Clock and Amtl genes was not affected in men or women
with Q fever compared with healthy volunteers (Figure 1C-F).

DISCUSSION

To our knowledge, we showed significant changes in circadian
clock-related gene expression in a human infectious disease
for the first time. Indeed, the expression of the Per2 gene was
increased in men but not in women with acute Q fever. This
result confirmed that C. burnetii infection partly affects the
circadian clock, as demonstrated in mice [3]. This effect was
independent of the time of blood collection because blood was
sampled within a 2-hour period.

The human infection shows striking differences compared
with the murine model of C. burnetii infection. First, the ex-
pression of the Per2 gene is upregulated in female mice [3],
but it is obvious that the circadian clock is inverted in rodents
and humans [10]. Second, the expression of the Armtl and
Clock genes is modulated in female mice infected with C. bur-
netii. However, this finding was not confirmed in the present
study. These differences may be induced by specificities at the
tissue level. Indeed, the expression of the Per2, Arntl, and
Clock genes was studied in the liver of mice, whereas blood
samples were collected in humans. Note that significant
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Figure 1. Gene expression in Q fever patients and healthy volunteers

according to gender. Blood samples were collected and analyzed for the
expression of the Per2, Clock, and Amntl genes with gRT-PCR in men (4,
C, and E respectively) and women (B, [, and F, respectively). The results
were normalized with the P-actin gene. Acute: patients with acute Q
fever. Endocarditis: patients with C. burnetii endocarditis. Healthy:
healthy volunteers. Abbreviations: CT, cycle threshald; gRT-PCR, quantita-
tive reverse transcriptase polymerase chain reaction.

differences have been reported in the expression of the Clock
gene between peripheral tissues and blood [11].

In humans, the exposure to C. burnetii is similar for both
genders, although the prevalence of Q) fever is higher in men
than in women [1]. This explains the small number of women
included in our study. Murine models have shown that the
bacterial load is higher in the spleen of males than in females
[2]. In Drosophila, phagocytosis is circadian-regulated by the
protein Timeless. This protein appears to modulate an up-
stream event in phagocytosis [12]. Because the survival of
C. burnetii in macrophages is mediated by a subversion of
receptor-mediated phagocytosis [13],this result suggests that the
impaired bacterial clearance in males may be related to these
circadian clock alterations [2, 3]. Future studies are required to
test this hypothesis.

2 » JID = BRIEF REPORT
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Interestingly, the expression of the Per2 gene was increased in
men with acute Q fever but not in those with C. burnetii endo-
carditis, suggesting that the expression of the Per2 gene is related
to the clinical status of the patient. It has been demonstrated that
the immune response of patients with acute Q fever is largely
different from that of patients with C. burnetii endocarditis [8].

Among the factors affecting the chronic evolution of Q fever,
aging may be essential. Indeed, in mice, aging is associated with
a reduced amplitude of circadian clock related-gene expression
[14]. Age affects both the expression of circadian clock-related
genes and the response of mice to C. burnetii infection [15]. In
our cohort, the female patients were younger than the male pa-
tients. Future studies are required to identify the correlation
between age and gender in the expression of the Per2 gene.

In conclusion, we reported for the first time that the expres-
sion of the Per2 gene was increased in men with acute Q fever
but not in women. This gender dimorphism may be related to
the higher incidence and severity of Q fever in men than in
women. This finding provides new perspectives to investigate
the pathophysiology of Q fever.
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Chapter V

The ligands of Numb proteins X1 and X2 are specific

markers for chronic Q fever

The enzymes E3 ubiquitin ligases give specifitityhe ubiquitination process, which
results in protein degradation [33, 34]. From tbeently published data in the last few years,
it has been reported that these enzymes play aoriamt function in regulating immune
response [35-37]. Two of E3 ubiquitin ligases dre ligands of Numb proteins X1 and X2
(LNX1 and LNX2), which have been described as attors and regulators of the T-cell co-
receptor CD8 by promoting its ubiquitination anddecytosis [15]. The ligands of Numb
proteins are reported to regulate the ubiquitimaéind endocytosis of T-cell co-receptor CD8,
which plays an essential role in T-cell-mediatednume response. CD8 has been reported to
be expressed on the surface of many cells incluttitegtinal T cellsyd T cells, NK cells
etc... [38, 39]. CD8 is also required for the aation of cytotoxic T lymphocytes by
stabilizing the interaction between T cell recepto(TCR) and class Il major
histocompatibility complex present on antigen-pngisg cells [40]. The importance of CD8
T cell response I€. burnetii infection has been recently reported [16]. Nude 864D mice
are highly sensitive taC. burnetii infection, whereas wild type mice are resistarte T
reconstitution of SCID mice with CD4T cells or CD8 T cells is sufficient to control
infection but, surprisingly, CD8T cells play a more significant role in controdin
splenomegaly.

In this study, we investigated the expressiohNX genes in patients with Q fever to tempt to
identify specific biomarkers. We show a high legeLNX1 andLNX2 transcripts in Q fever
endocarditis, but not in acute Q fever, suggedtiag they may be used as specific markers of

Q fever endocarditis.
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Abstract

Q fever is a disease caused by Coxiella burnetii, an obligate intracellular bacte-
rium. Acute Q fever is spontaneously resolutive and is characterized by an effi-
cient immune response. In contrast, chronic Q fever is characterized by
dysregulated immune response, as demonstrated by the failure of C. burnetii to
induce lymphoproliferation and the lack of granulomas. Recently, it has been
demonstrated that when co-expressed in heterologous mammalian cell lines,
the ligands of Numb proteins X1 and X2 (LNX1 and LNX2) regulate the level
of the T-cell co-receptor CD8, which plays an essential role in T-cell-mediated
immune response. We decided to investigate the expression of LNXI1 and
LNX2 genes in patients with acute or chronic Q fever. Interestingly, we found
a high level of LNX1 and LNX2 mRNAs in endocarditis, the principal manifes-
tation of chronic Q fever, but not in acute Q fever. Our data suggest that LNXs
may be used as complementary biomarkers to follow the prognosis of chronic

Q fever.

Introduction

Q fever is a zoonosis caused by Coxiella burnetii, an obli-
gate intracellular gram-negative bacterium. While acute Q
fever is spontaneously resolutive, the chronic disease is
characterized by impaired immune response. The control
of infection in patients with primary Q fever involves a
systemic cell-mediated immune response and granuloma
formation with an essential role for interferon-y in the
protection against C. burnetii. In contrast, chronic Q fever
that essentially manifests as an endocarditis is character-
ized by defective cell-mediated immune response with
defective formation of granulomas, failure to induce
lympho-proliferation and interferon-y production, and
over-production of interleukin-10. Although T cells are
essential for C. burnetii clearance (Andoh ef al., 2007),
the mechanisms leading to T-cell responses to C. burnetii
remain poorly understood.

E3 ubiquitin ligases give specificity to the ubiquitina-
tion process, which results in protein degradation
{Mukhopadhyay & Riezman, 2007; Piper & Luzio, 2007). In
the last years, it has been emerging that they play an impor-
tant function in regulating immune response (Gomez-

FEMS Immunol Med Microbiol mm (2011) 1-3
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Martin ef al., 2008; Bhoj & Chen, 2009; Deshaies & Joazeiro,
2009). In particular, the ligands of Numb proteins X1 and
X2 (LNX1 and INX2) have been described as interactors
and regulators of the T-cell co-receptor CD8 by promoting
its ubiquitination and endocytosis (D’Agostino et al., in
press). CD8 is expressed on the surface of intestinal T cells,
v6 T cells, thymic T-cell precursors, NK cells, thymocytes
and peripheral T cells (Irie ef al, 1995; Gangadharan &
Cheroutre, 2004 ). The activation of cytotoxic T lymphocytes
requires CD8 that stabilizes the interaction between lym-
phocyte TCR and class I major histocompatibility complex
present on antigen-presenting cells. Indeed, the develop-
ment of cytotoxic T lymphocytes is greatly reduced in
CD8u '~ mice (Fung-Leung ef al., 1991) and defects in
CD8o and 5 expression are observed in immunodeficiencies
and Wiskott—Aldrich syndrome (Kawabata et al, 1996;
Schmitz et al., 1998; de la Calle-Martin et al., 2001).

The importance of T CD8™ cell response in C. burnetii
infection has been recently reported (Read er al., 2010).
Nude and SCID mice are highly sensitive to C. burnerii
infection, whereas wild type mice are resistant. The recon-
stitution of SCID mice with CD4" T cells or CD8" T cells
is sufficient to control infection but, surprisingly, cDhs"

© 2011 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved



T cells play a more significant role in controlling spleno-
megaly. Thus, in this study, in order to identify biomarkers
for the Q fever, we decided to investigate the expression
of LNX genes in patients with Q fever. Written, informed
consent was obtained from each subject, and the present
study was approved by the Ethics Committee of the Uni-
versité de la Meéditerranée. Total mRNA was extracted
from blood collected in PAXgene blood RNA tubes. The
c¢DNAs were prepared by reverse transcription and the
expression of LNX1 and LNX2 genes was assessed by
quantitative real time PCR on Smart Cycler system Cep-
heid, using syber green method as previously described
(Benoit et al., 2008). Specific primers were: for LNX1, for-
ward 5-GGAATTACCACGGTGCTTGTAT-3', reverse
5"TGTATGC-TGGTGTTCCTTCAAC-3'; for LNX2, for-
ward 5-TCTTCATAAACG-GGACTCTGGT-3', reverse
5'GCT-GCTATGATTTCCTGCTTCT-3"; P-actin, forward
5-GG-AAATCGTGCGT-GACATTA-3', reverse 5AG
GAAGGA-AGGCTGGAAGAG-3' (D’Agostino et al., in
press). LNX1 and LNX2 mRNAs were detected in the
blood from healthy donors (Fig la). In healthy controls
(n = 3) the average cycle threshold (CT) values for LNX1
and LNX2 genes were 25.3 and 23.9, respectively (Fig 1a).
Patients with acute Q fever (n = 10) were diagnosed by
detection of IgM and IgG against C. burnetii and patients
with chronic Q fever (n = 10) using modified Duke’s

V. Mehraj et al.

criteria (Dupont et al, 1994). The expression of LNXI1
and LNX2 genes in these patients was compared to the
one in the healthy controls by using fold change (FC) val-
ues calculated as follows: FC = 2 M('T. where AACT = (Ct
Target — Ct Actin) paien: — (Ct Target — Ct Actin) el In
patients with acute Q fever, the value of FC was 1.4 £ 1.1
and 2.4 + 1.4 for LNX1 (Fig 1b) and LNX2 ( Ic), respec-
tively, demonstrating that the expression of these genes
was not affected in acute Q fever. In contrast, the expres-
sion of LNX1 and LNX2 genes was increased in patients
with chronic Q fever. Indeed, we found a significantly
increased FC wvalue (11.6 2.6, P <0.0001) for the
expression of LNXI in patients with chronic Q fever com-
pared with acute QQ fever patients, as determined using
Mann-Whitney U-test (Fig 1b). Similar increase (FC
value: 10.7 + 3.4, P < 0.0001) was observed for LNX2
gene as well (Fig Ic). The increased expression of LNXI
and LNX2 genes in patients with chronic Q fever was not
due to different number of CD8" T cell in patients with
acute or chronic Q fever (Fig 1d).

It has been recently reported that T CD8" cell response
is important in the control of C. burnetii infection (Read
et al., 2010). Tt is likely that the role of CD8" T cells in
C. burnetii infection is related to their ability to pro-
duce IFN-y, which may also be produced by Th1 CD4"
T cells. The essential role of [FN-y in protection against

(a) (b)
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—_—r
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o )
v@:“ ‘}\-t- 0;\9' o@.ﬁ‘ Q@"}‘
*® &
v &
‘s.‘@‘
(c) (d)
20, LNX2 600
P <0.0001
o 15 el * d
2 . £ 400 LHS
g —r . e —® =
5 104 . 2 300 . . Fig. 1. Expression of LNXs in Q fever patients.
E ‘s 5200 e S The expression of LNX1 and LNX2 genes in
E 54 . controls (a) and in patients with Q fever (b, ©
_;:'_ 100 was monitored by quantitative RT-PCR. Results
o ;- . 0 = representative of three different experiments
\o"&( @"&b F @‘@ performed in each patient are expressed as
’9\@0 B“ﬁp& ¢ & Fold Change. (d) Numeration of CD8* T cells
v&&m W _‘e“e in Q fever patients. In (b) and (c) the P values
v‘fb are < 0.0001.
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C. burnetii is supported by the high mortality rate
observed in IFN-y '~ mice infected with C. burnetii.

To our knowledge, it is the first time that the expression
of LNXs was studied in an infectious disease. Qur results
show that LNX1 and LNX2 genes were over-expressed in
chronic Q fever but not in acute Q fever. Although the
direct evidence that INX1 and LNX2 do regulate CD8
protein expression in lymphocytes is still lacking (D’Agos-
tino et al, in press), our results strongly support this
hypothesis and suggest that LNX1 and LNX2 overexpres-
sion might reflect an alteration in CD8 level and might
explain the imbalance of immune response in chronic Q
fever through their action on T CD8™ cells. Moreover, our
data envisage the possibility in future studies to use also
the monitoring of LNX genes expression together with the
previously described biomarkers of chronic Q fever.
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Chapter VI

Chronic hepatitis E infection is specifically assaated with

an interferon-related transcriptional program

Hepatitis E virus (HEV) is a small non-envelopeNARvirus, which is the leading
cause of waterborne acute hepatitis in adults weldping countries [41, 42]. It is an
emerging causative agent of autochthonous acutatiiepn humans in European countries
[41, 42]. In most of the cases HEV hepatitis isaante, self-limiting infection. In some cases
the disease exhibits a severity that may lead tmifant hepatitis. Recent studies suggest
HEV as a new causative agent of chronic hepatitissolid organ transplant recipients
throughout the world [43-47]. The incidence of HE\ection after kidney transplantation
has been estimated to be 2.7 cases/100 person{y&hrand half of the kidney transplant
recipients infected with HEV develop chronic HEMeaation (CHE) [17]. Rapid progression
to cirrhosis, liver transplantation, and death h&s been reported [43, 45, 49]. Clinical
studies [50-52] suggest that the occurrence andigbence of chronic HEV infection are

related to the immunological status of patients.

In this prospective study, the transcriptional fige of whole blood from kidney
transplant recipients with CHE and matched kidnegndplant recipients without viral
infection were compared. Microarray studies dematest that patients with CHE exhibited a
specific peripheral signature including 30 up-regedl genes, 25 of which are annotated
interferon-stimulated genes (ISGs). The up-regoitatif 5 type | ISGs selected from the CHE
signature was confirmed by qRT-PCR. Interestintiig, expression level of these genes was
associated with the persistence of HEV infectidmese results suggest that the persistence of

HEV infection is related to increased expressionSiGs and that studying the peripheral
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transcriptional signature may be useful in undeditey the chronic evolution of HEV

infection in kidney transplant recipients.
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Chronic Hepatitis E Virus Infection Is
Specifically Associated With an Interferon-
Related Transcriptional Program

Valérie Moal,"** Julien Textoris,** Amira Ben Amara,** Vikram Mehraj,** Yvon Berdand,'>® Philippe Colson,**® and
Jean-Louis Mege®*
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Background. Hepatitis E virus (HEV) is a new causative agent of chronic hepatitis in solid organ transplant
recipients. Clinical studies suggest that the occurrence and persistence of chronic HEV infection are related to the
immunological status of patients.

Methods. 'We used whole-genome microarray and quantitative reverse transcription polymerase chain reac-
tion (qRT-PCR) to compare the transcriptional profiles of whole blood from 8 Kidney transplant recipients with
chronic HEV infection and 8 matched kidney transplant recipients without HEV infection.

Results, 'We found that 30 genes in HEV-infected patients were upregulated, compared with those in control
patients, as determined by microarray analysis. In contrast, no genes were downregulated. The 30 upregulated
genes included 25 interferon-stimulated genes. Increased expression of the genes that encode IFIT1, TFI441,
RSAD2, EPSTIL, and ISG15 was confirmed by qRT-PCR. Interestingly, the expression levels of these genes were
associated with the persistence of HEV infection.

Conclusions. Increased expression of interferon-stimulated genes may favor the persistence of an HEV infec-
tion, Whether the expression of interferon-stimulated genes is a marker of ongoing viremia or independent prog-

nostic marker of HEV clearance needs further investigations.

Clinical Trials Registration. NCT01090232.

Hepatitis E virus (HEV) is a small nonenveloped
virus, and its genome is a single-stranded, linear, posi-
tive-sense RNA [1]. In developing countries, HEV is a
leading cause of waterborne acute hepatitis in adults
|2, 3]. In Europe, HEV causes a porcine zoonosis and
is an emerging causative agent of autochthonous acute
hepatitis, which is caused by HEV genotype 3. HEV
genotypes 1 and 2 are involved in sporadic cases and
major outbreaks of HEV infection in Asia, Africa, and
Central America [2, 3]. Although HEV hepatitis is an
acute, self-limiting infection, the disease exhibits a
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severity varying from unapparent infection to fulmi-
nant hepatitis. Chronic HEV infections were first
described in selid organ transplant recipients in
2008 |4, 5] and have been subsequently reported by
several European teams [6-8]. This emerging disease
is defined as a persistent viral infection, with hepatitis
lasting for >6 months. The incidence of HEV infection
after kidney transplantation has been estimated to be
2.7 cases(100 person-years [9], and half of the kidney
transplant recipients infected with HEV develop
chronic HEV infection (CHE) [10]. Rapid progression
to cirthosis, liver transplantation, and death has also
been reported [5, 6, 11]. No curative treatment for
HEV hepatitis is currently recommended. Both pegy-
lated interferon and ribavirin were effective in treating
CHE in few patients, but interferon is contraindicated
in kidney transplant recipients [12, 13].

The evolution of HEV infection toward CHE seemns
to be dependent on the immunological status of the

Signature of Chronic HEV Infection o JID o 1
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patient. Indeed, CHE has been described only in severely
immunocompromised patients, namely solid organ transplant
recipients, human immunodeficiency virus-infected pa-
tients [14, 15], and individuals with hematological diseases
[12]. In solid organ transplant recipients, CHE development
has been found to be refated to the dose or the type of immu-
nosuppressive drugs taken [10, 16], and one-third of CHE
patients clear HEV after reduction of the dose of immunosup-
pressive drugs [10]. The mechanisms leading to CHE are
poorly understood. CHE has been recently associated with im-
paired HEV-specific T-cell msponses in organ transplant re-
cipients [17]. On the other hand, a microarray analysis
performed on the livers of chimpanzees that were experimen-
tally infected with HEV showed enhanced expression of inter-
feron-stimulated genes (ISGs), which suggests activation of the
interferon response by HEV [18].

In the prospective study presented here, we compared the
transcriptional profiles of whole blood from kidney transplant
recipients with CHE and matched kidney transplant recipients
without viral infection. Microarray studies demonstrated that
patients with CHE exhibited a specific peripheral signature in-
cluding 30 upregulated genes, 25 of which are annotated 15Gs.
The upregulation of 5 type 1 ISGs selected from the CHE sig-
nature was confirmed by quantitative reverse transcription po-
lymerase chain reaction (qRT-PCR). Interestingly, the
expression level of these genes was associated with the persis-
tence of HEV infection. These results suggest that the persis-
tence of HEV infection is related to increased expression of
[SGs and that studying the peripheral transcriptional signature
may be useful in understanding the chronic evolution of HEV
infection in kidney transplant recipients,

MATERIALS AND METHODS

Patients

The registry number of the clinical trial is NCT01090232. The
study protocol was approved by the Comité de Protection des
Personnes Sud Méditerranée 1, the ethical committee of the
Assistance Publique-Hopitaux de Marseille. Patients signed an
informed consent form lo participate in the study.

Sixteen kidney transplant recipients monitored at the Mar-
seille University Hospital were enrolled in the study from May
to November 2010. Eight control patients and 8 patients with
CHE (CHE patients) were matched for sex, age, lime since
kidney transplantation, and immunosuppressive treatment
( presence of a calcineurin inhibitor). CHE was defined by the
persistence of HEV RNA in the blood for >6 months. The
date of HEV infection was considered to be the first date on
which elevated liver enzyme levels were observed. Consump-
tion of uncooked pig liver sausage, which has been identified
as a risk factor for HEV transmission to humans [19], was re-
ported in 5 patients. The mode of HEV transmission for the 3

remaining patients was not known. At inclusion, no CHE
patient had received antiviral treatment. Control patients were
free of acute or chronic viral infection at the time of inclusion.
Serological determination of hepatitis B virus surface antigen,
human immunodehciency virus, and hepatitis C virus (HCV)
was negative for all patients. Their clinical characteristics are
presented in Table 1. Briefly, the median age of patients was
55 years (range, 44-77 years). The median time since kidney
transplantation at inclusion was 87 months (range, 43-182
months), The median time since HEV infection was 44
months (range, 12-75 months) in CHE patients. Results of
blood liver tests were normal for all of the control patients.
The numbers of peripheral leukocytes were similar in CHE
and control patients.

The virological status of CHE patients was determined as
follows. Serial dilutions of a plasmid containing a specific
HEV region were used for HEV ENA quantification. Serum
HEV RNA was detected using an in-house gRT-PCR assay
and sequencing of the partial open reading frame 2 of the
viral genome, as described previously [19]. Phylogenetic anal-
ysis revealed that all of the viral strains belonged to genotype
3. Four patients were infected with subtype 3f, 3 were infected
with subtype 3c and 1 was infected with subtype 3e.

Microarray Analysis

Whole blood (2.5 mL) was collected from patients by use of
PAXgene blood RNA tubes (Qiagen), and samples were stored
at —80°C before RNA extraction. Microarrays were performed
as described [20]. In brief, the RNA was extracted using the
RNeasy Mini Kit (Qiagen) after a DNase I step to eliminate
DNA contaminants. The quantity and the quality of RNA
were assessed using a Nanodrop (Thermo Sdence) and a 2100
Bioanalyzer (Agilent Technologies), respectively. The microar-
ray study was performed using Agilent 4X44 K Whole Human
Genome microarrays, which include 45 000 probes. The RNA
was labeled with cyanine-3 CTP by using an Agilent Low
RNA Input Fluorescent Amplification kit. The samples were
deposited on microarray slides, and the hybridization was per-
formed using the Qlamp labeling kit The slides were scanned
with a G2505B DNA microarray scanner (Agilent Technolo-
gies) at a resolution of 5 pm. The images were analyzed with
Feature Extraction Software 10.5.1.

The microarray data analysis was performed, and the
figures were created using R (v.2.13) and the Bioconductor
software suite. The raw data were filtered and normalized
using the Agid x 44PreProcess library. Unsupervised and su-
pervised analyses were carried out using hierarchical cluster-
ing, principal component analysis (maded library) [21] and
the significance analysis of microarray (SAM) algorithm
{siggenes library) [22]. Genes were considered to be differen-
tially expressed when the false-discovery rate |23] was <10%,
and the absolute fold-change (FC) was >2.0. Functional
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Table 1. Characteristics of Patients With Chronic Hepatitis E Virus Infection (CHE) and Control Patients at Inclusion

Time Since Event (ma)

HEV Load ALT AST GGT

Patignt, by Age Kidney HEV [als P Lavel Lewvel Level TB Level  Immunosuppressive
Group (v} Sex Transplantation Infection copies/mlf (ULF  (IULF  UL¥  (pmeldl)® Treatmert'
CHE

A G0 il 162 75 6.779 BO 5] 118 17 Tec, Pr

B 52 E 43 30 76 39 25 i8 NA Tac, MPA, Pr

C 46 M 71z 45 79" g 21 50 13 Tac, MPA, Pr
D 56 M &2 47 3.2 16 16 28 11 Tac, MPA, Pr

E Ga M 182 48 6.0 72 56 35 13 CshA, Pr

F 47 M 75 13 MNA, 43 36 60 MNA Tac, MPA, Pr
G 47 ] 85 21 3B 24 28 19 24 Tac, MP&,_ Pr
H 76 "] 160 43 59 169 114 MNA MA Tac, Pr

Control

A &0 ] 167 11 16 WA MA, Tac, MPA, Pr

B 50 F 44 22 7 39 MA Tac, MPA, Pr

& 47 M i | 2B 20 37 MA CsA, MPA, Pr
D 58 ] 62 18 26 26 20 CsA, Aza, Pr

E 44 L] =18 44 25 NA MA Tac, Pr

F 46 [\ B8 14 15 i0 15 CsA, Azs, Pr

G 68 "] 176 21 23 53 MNA Csh

H 74 M 133 18 13 k! NA CsA, Pr

Abbrevations: ALT, alamne aminotransferase; AST, aspartate aminotransferase; Aza: azmthiopring, Cad, eydlosponn; GGT, gamma-giutamy ltrans peptidase; MPA,
mycophenolic acid; NA, not available, Tac, tacrelimus, TB, total bilinubin, Pr, prednisone.

* Atinclusion, except for CHE patients A and C.
" Reference, 3-41 ILJL

 Fefemnce, 0-38 ILIL

? Reference, B-60 ILJL

? Reference, <26 prollL.

' Received at the tima of HEV diagnosis.

¥ Measured 32 days before inclusion

" Measured 10 days before inclusion

enrichment analysis was performed on selected genes with the
DAVID bioinformatics tool [24], using the Gene Ontology
(GO) [25], INTERPRO [26), and KEGG pathways [27, 28].
Key words were selected when the corrected P value (Benjami-
ni-Hochberg) for enrichment was <.01. The data were generat-
ed in compliance with the Minimum Information About a

Supplementary Table 1. The results were normalized using
the housekeeping gene P-actin and are expressed as
FC =272 where AACE= [(Ct™% _ QA8 qpe — (CHT2B"
— O™ el as described elsewhere [30].

Statistical Analyses

Microarray Experiment (MIAME) guidelines and were depos-
ited in the National Center for Biotechnology Information’s
Gene Expression Omnibus (accession number GSE36539).

qRT-PCR

qRT-PCR was carried out as described elsewhere [20]. Reverse
transcription of 100 ng of RNA was performed with the
MMILV-ET kit (Invitrogen). Complementary DNA was ob-
tained using oligo(dT) primers and MMLV reverse transcrip-
tase (Invitrogen), and qPCR experiments were performed
using SYBR Green Fast Master Mix (Roche Diagnostics) and
a SmartCycler (Cepheid). The primers were designed
using Primer3 [29], and their sequences are provided in

Qualitative parameters were expressed as the median and min-
max range. Quantitative parameters were expressed as absolute
counts and percentages. Differences between groups were as-
sessed for statistical significance with the nonparametric
Mann-Whitney U test, with a P value cutoff of .05. The exper-
imental data were presented as medians and interquartile
ranges.

RESULTS

Transcriptional Signature of CHE Patients
A whole-genome microarray approach was used to define the
peripheral transcriptional signature of CHE. The principal

Signature of Chronic HEV Infection « JID » 3
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component analysis showed that the overall gene expression of
CHE patients and control patients was organized in 2 different
groups (Figure 1A). Supervised analysis using the SAM algo-
rithm identified 41 probes, corresponding to 30 genes that
were upregulated in CHE patients, compared with control pa-
tients (Figure 18). In contrast, no genes were downregulated.
The ratio of gene expression ranged from 2.5- w0 15.2-fold
between CHE patients and matched control patients. Of note,
1 CHE patient (Dy) showed an atypical paltern of gene ex-
pression, regardless of the gene studied.

When we performed functional enrichment analysis of the
30 genes that were upregulated in CHE patients, we found
that 20 genes were related to the innate immune response,
When we compared the CHE transcriptional signature with
the recently established Interferome database, which contains
1996 ISGs [31], we found that 25 of the 30 genes that were
upregulated in CHE patients (83% of the total number of
modulated genes) were annotated 1SGs. The DAVID tool iso-
lated 2 particular groups of genes associated with the interfer-
on pathway. The first group was composed of 4 genes that are
known to encode interferon-induced proteins with tetratrico-
peptide repeats (IFIT1, IFIT2, IFIT3, and IFIT5). The second
group was composed of 3 genes that share 2'-5'-oligoadenylate
synthetase-related domains (0AS2, 0AS3, and OASL). The
other upregulated genes of the interferon pathway included

the genes that encode CXCL10, a ubiquitin-like modifier
(18G15), HERCS, interferon-induced protein 44-like (IF144L),
MX1, radical S-adenosyl methionine domain containing 2
(RSAD2), epithelial stromal interaction 1 (EPSTI1), and
XAF1. The expression levels of 5 genes involved in the type I
interferon response (ISG15, IFIT1, [Fl44L, RSAD2, and
EPSTI1) that were upregulated in the microarray were also de-
termined by qRT-PCR. The microarray and qRT-PCR results
were strongly correlated (R? =091, P=.0008). We found that
expression of the ISG15, IFIT1, IFM4L, RSADZ, and EPSTI
was upregulated in 7 CHE patients as compared to 7 matched
control patients (Fgure 2). Of note, both techniques indicated
a higher interindividual variability of expression in CHE pa-
tients, compared with controls. Taken together, these results
showed that the CHE patients exhibited a specific transcrip-
tional program in which interferon-stimulated effectors were
prominent,

CHE Signature and HEV Persistence

One can hypothesize that the interindividual variability
between CHE patients that was found in the microarray and
gRT-PCR may be related to the course of HEV infection. To
address this issue, we sorted the CHE patients into 3 groups:
the first one included patients who experienced early HEV
clearance within 6 meonths after inclusion in the study

d=0.05

Figure 1.

U<KIOLOmUDOWRALWOI<U
B contrals B CHE patients

Chronic hepatitis E virus infection (CHE}-associated signature of gene expression. A, The graphical representation of principal component

analysis shows a clear sepamation between CHE patients and matched controls. B, The gene expression signature associated with CHE is represented
on a heat map. The CHE patients and control patients are represented in columns. The expression levels of the genes are color coded from blue to red.
Dendrograms on the top [samples) and the left {genes) show the esults of the hiemrchical clustering that was computed with Pearson comelation

distance and average linkage.
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Figure 2. \Validation of the microarmy results by quantitative everse ranscription polymerase chain reaction (gAT-PCR). Gene expression levels from
the microarmy (A) and gRT-PCR |5 are represented as box plots. Patients with chronic hepatitis E virus infection (CHE) are shown in light gray, and
control patients are shown in dark grey. Pairings between the CHE and control patients are illustrated by straight lines. Ct, cycle threshold.

{median time, 4 months; range, 1.3-4.6 months), the second
group included patients who experienced HEV clearance with
a delay of >6months after inclusion (median time, 11.5
months; range, 89-17.4 months), and the last group included
patients whose HEV infection had not resolved at the time of
data analysis (>17.4 months after inclusion). The patterns of
gene expression observed by microarray differed considerably
between the 3 groups of CHE patients. The expression of
ISGI5 IFITI, IFI44L, RSAD2, and EPSTII was significantly
(P <.01) higher in patients who had not cleared the HEV in-
fection than in patients who cleared the HEV infection early
on (Figure 3). The ratios of gene expression ranged from 6.6-
fold, for EPSTIL, to 25.6-fold, for RSADZ, The expression of
ISG15, IFIT1, IFI44L, RSAD2, and EPSTIT was intermediate in
patients who cleared HEV infection in its late stages. Similarly,
the determination of gene expression levels by qRT-PCR
showed that these genes were more highly expressed in pa-
tients who did not clear the HEV infection than in patients
who had cleared the HEV infection in its early phases.

Finally, we attempted to analyze the interindividual vari-
ability between CHE patients and the viral load. The HEV
RNA level was measured in 7 CHE patients. The HEV load
was the lowest in patients who experienced early dearance of
HEV infection, intermediate in patients who cleared HEV in-
fection in its late stages, and highest in patients who had not
cleared HEV infection (Figure 3). Taken together, these results
suggest that upregulated expression of EPSTIL, ISG15, IFIT],
IFI44L, and RSAD2 is associated with persistent HEV
infection.

DISCUSSION

CHE has been increasingly described in kidney transplant re-
cipients since 2008 [4, 5], but the underlying mechanisms of
this new disease remain obscure. In this study, we compared
the transcriptional profiles of whole blood from kidney trans-
plant recipients with CHE and matched kidney transplant re-
cipients without HEV infection. We found that CHE patients
were characterized by a specific transcriptional signature con-
sisting of 30 upregulated genes. Of note, 1 CHE patient
showed an atypical gene expression pattern, compared with
the other patients, but we were unable 10 explain this apparent
discrepancy on the basis of dinical and biological data. Our
results were close to those obtained in a microarray gudy con-
ducted en liver biopsy specimens from chimpanzees. In that
study, Yu et al found that 58 genes were upregulated and no
genes were downmodulated in chimpanzees with acute HEV
infection [18]. Interestingly, 20 genes that were upregulated in
our study were also upregulated in chimpanzees, suggesting
that the peripheral signature that we found in humans charac-
terizes HEV infection.

The specific signature of CHE included 25 genes annotated
as 1SGs, which are known to be involved in antiviral activity.
In our study, we found the genes encoding CXCL10 (also
known as IP-10) and ISG15 to be upregulated. CXCL10 is a
chemokine that attracts T lymphocytes, natural killer cells,
and monocytes [32]. CXCL10 has been reported to be essen-
tial in the development of a protective response against viral
infection [33]. ISG15, a ubiquitin homoleg, has numerous
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Figure 3. Gene expression signatures and persistence of hepatitis E virus (HEV) infection. Strip charis illustrate the mlationship between expression
levels of genes, as detemined by microarray and the persistence of HEV infection. The strip chan (bottom, right) illustrates the melationship between
blood HEV load and the persistence of HEV infection. The patients with chronic HEV infection were separated into 3 groups according to the time of
HEV clearance (eary, late, or no HEV clearance at the time of the analysis). The horizental grey bars illustrate the median of each group.

target proteins that are important in the interferon response.
These targets include transcription factors, such as Janus
kinase 1 and signal transducer and activator of transcription 1
(STAT1); pattern-recognition receptors, such as retinoic acid-
inducible gene I; and antiviral effector proteins, such as MX1,
PKR, and RNasel [34]. It has been demonstrated that in-
creased levels of 1ISG15 lead to an increase in the antiviral ac-
tivity of interferon [35], suggesting that the upregulated
expression of ISGI5 in CHE patients is related to high antivi-
ral activity. Other ISGs, such as 0AS2, OAS3, OASL, and
MX1, which were found to be upregulated in CHE patients,
encode proteins known to be antiviral effectors [34]. In addi-
tion to these genes, other ISGs were upregulated. These in-
cluded the genes that encode HERCS, a ligase that conjugates
ISG15 to protein substrates; RSAD2 (viperin), one of the most
highly induced interferon effector proteins; the IFIT complex
(IFIT1, IFIT2, TFIT3, and IFIT5 genes), which antagonizes
viruses by sequestering specific viral nucleic acids [36]; and
IF1441, a paralog of IFI44, a 44-kD protein originally identi-
fied as the HCV-associated microtubular aggregate in the he-
patocytes of chimpanzees infected with HCV [37]. Of note, it
has been recently demonstrated that [FI144L has high anti-
HCV antiviral activity [38]. Other genes that were upregulated

in CHE patients encode proteins such as XAF1 and
BATE2 (SARI), which have been reported to mediate apopto-
sis |39, 40] and may constitute a line of defense of immune
cells against viruses [41]. To our knowledge, no antiviral fune-
tion has been described for EPSTIL, ancther 1SG expressed
in tissues characterized by extensive epithelial-stromal interac-
tion [42, 43]. Our results were consistent with the activation of
the interferon system reported after acute HEV infection in
chimpanzees [18]. In contrast, during persistent HEV infec-
tion of an epithelial cell line, it has been found that HEV
inhibits type | interferen signaling through STATT phosphory-
lation. Interestingly, the expression of MX1 and OAS genes is
similar in infécted and noninfected cells [44), whereas these
genes were upregulated in CHE patients. It is likely that this in
vitro model of HEV infection is not convenient for studying
patients with CHE, We can hypothesize that the upregulated
expression of 1SGs in CHE patients is related to activation of
the interferon pathway, as previously described for human
viral infections, such as HCV infection [45-47].

We found that the ISG response of patients who did not
clear their HEV infection was largely higher than the ISG re-
sponse of patients who cleared HEV infection quickly. These
results showed that kidney transplant recipients did not

6 & JID & Moal etal

65



spontaneously resolve CHE despite activation of the interferon
system. It is likely that the increased expression of I1SGs in
CHE patients favors viral persistence through induction of a
refractory state of the interferon signaling pathway. This hy-
pothesis is supported by earlier observations demonstrating
that strong induction of ISGs in the liver does not syste-
matically lead to the resolution of chronic HCV infection; in
fact, this induction impedes the response to interferon
therapy [45-47]. It has been suggested that patients with
chronic HCV infection exhibit defects in the downstream
steps of ISG transcription, rendering them resistant to both
endegenous interferon and interferon therapy [45]. In CHE,
we presume that the absence of the few critical 1SGs directly
involved in antiviral activity prevents the elimination of HEV
or that posttranscriptional modifications of critical ISG pro-
teins alter their antiviral activity. Ribavirin, which was found
effective to treat CHE in few kidney transplant redpients, has
been reported to enhance the antiviral effects of interferon in
chronic HCV infection through [SGs [48]. Nonetheless, it is diffi-
cult to speculate on the antiviral mechanism of ribavirin in HEV
infection. Indeed, HEV clearance is rapidly achieved after ribavi-
rin monothermpy in kidney transplant recipients [12] whereas ri-
bavirin monotherapy is not efficient against HCV [48].

Finally, we found that the HEV loads were higher in pa-
tients who did not clear their HEV infection than in patients
who cleared HEV infection, suggesting that timing of HEV
clearance was associated with HEV loads. As the level of ex-
pression of selected 1SGs was associated to the timing of HEV
clearance, ISG expression may be a marker of ongoing viremia
or an independent prognostic marker of HEV clearance. The
absence of sequential assessment of ISGs did not allow the
discrimination between these hypotheses. Further gudies are
needed to elucidate the role of 1SGs in CHE.

In conclusion, the blood of kidney transplant recipients
with CHE exhibited a specific transeriptional signature associ-
ated with a dysregulated interferon response that is correlated
with a persistent HEV infection. Qur results opened new ways
to explore the mechanisms of chronic HEV infection in
kidney transplant recipients and to improve the monitoring of
these patients.
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Conclusions and Perspectives

Transcriptional studies using high-throughput md#osuch as whole genome
microarrays, coupled with conventional approacisesh as quantitative real-time RT-PCR
(QRT-PCR), are highly useful to re-evaluate thecemt of macrophage polarization in
infectious diseases [4]. The available literatunepatients reveals that macrophage activation
could not be predicted from the results of typipathogen-macrophage interactions. The
reappraisal of macrophage polarization by highdbghgput methods is critical to
understanding the role of macrophage polarizatian infectious diseases. Only the
identification of individual profiles will suppogpromising therapeutic approaches based on

target determination.

Our studies used the responses of monocytes tey &N IL-4 to guide the analysis
of whole blood from patients with Q fever. Firste wsed microarray to compare monocytes
and monocyte-derived macrophages. We found thatasigonse of macrophages to IfN-
and IL-4 was polarized while the responsivenesnafocytes was completely different from
that of macrophages. The analysis of monocyte resgsorevealed two phases: an early phase
(6 hour-stimulation) and a late phase (18 hourgttion). The response of the early phase
was dependent on the agonist (IFNand IL-4), suggesting that it may be related te th
M1/M2 polarization observed in macrophages. Wedtwee tested this hypothesis using a
panel of genes considered as specific of M1 and2rophages. We found that 587 genes
were modulated in IFN- or IL-4-stimulated monocytes compared with unsieted
monocytes. We also studied the genes that werefisplg modulated in the early response
of monocytes to IFN-and IL-4: 46 and 39 genes were up-regulated, otispé/. Among
these up-regulated genes, only 16 M1 and 10 M2gyemee up-regulated, highlighting that

the apparent polarization of monocytes was not lamio the M1/M2 polarization of
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macrophages. The second phase of monocyte actiiliid was common to IFiN-and IL-4
consisted of 57 up-regulated genes. It is notewdtthat macrophages are fully polarized into
M1 or M2 macrophages when they are stimulated ikity and IL-4 for 18 hours (Martinez
[4] and our results), demonstrating that the respmmess of monocytes was completely
different from that of macrophages. Second, we tbkantage of these monocyte signatures
to identify putative Q fever biomarkers. We seldcte genes specific of the early IFN-
signature NLRC5, RTP4, C1S, GCH1), 4 genes specific of the early IL-4 signaturéGB3,
TREM1, NEDDA4L, RHOH), and 4 genes specific of the late signatieQX15, CLECA4F,
CCL13, CCL23) of monocytes, and we tested their modulatiomentilood of patients with Q
fever using gRT-PCR. ThBHLRC5, RTP4 andRHOH genes present in the early signature
were up-regulated in acute Q fever, but not in ¢@feendocarditis. Conversely, th&OX15,
CLECA4F, CCL13, and CCL23 genes present in the late signature of monocytese w
specifically associated with Q fever endocarditigerestingly, the follow-up of patients
showed that the expressionitRC5 and RTP4 genes remained up-regulated 5 months after
the initial inclusion in patients with acute Q fewehereas the expression RIFHOH gene was
similar to controls after 5 months. The modulatwdrCCL23, CLECF4, ALOX15, andCCL13
genes was assessed in patients with Q fever erdited6 months after the inclusion. The
expression ofCCL13 and CCL23 genes remained unchanged. By contrast, the expressti
ALOX15 and CLECF4 genes decreased with time but only the expresdiohL®X15 gene
returned to control levels. These results sugdest $ome biomarkers, nameaRHOH and
ALOX15 geneswere associated with the activity of acute Q femed Q fever endocarditis,
respectively. Since our study was conducted onall ggroup of patients with limited clinical
information and follow up data, well designed pmdjpve studies on a larger cohort of
patients will be set up to further explore the valece of the present biomarker series for their

potential in clinical use.
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The microarray results obtained on monocytes apem perspectives in infectious
diseases. Hence, we explored only a small pareonég from the early IFN-signature and
genes from the late signature of monocytes by gRR-PThe other up-regulated (or down-
modulated) genes may also be useful to define nemdrkers. We can hypothesize that
some of the markers from the early response magwaltlinicians to assess the
pathophysiological responses to acute inflammadsgases whereas the biomarkers from the
late monocyte signature may be useful for analyzhgonic inflammatory and infectious
pathologies. An adaptive therapeutic approach basestudies on monocyte signature could
improve the prognosis of patients in a number sédses. Additional developments aimed at
limiting the pathogenic effect of an uncontrolledcrabicidal M1 response may be also
promising. We proposed the early and late respgases to be used as biomarkers, but have
to be confirmed in a larger prospective cohortatignts with Q fever or in patients suffering

from other infectious diseases.

It is known that gender plays an important rolgha clinical expression of Q fever.
Males are at a higher risk and the rate of Q fegtated complications is also higher in males
than in females. It has been previously shown igbr components of the circadian rhythm
pathway are affected b@. burnetii infection in mice and these changes were contdiig
sex hormones. We analyzed three gerfem2( ARNTL, and CLOCK) involved in the
circadian pathway in patients with Q fever. We sbduwhat the expression of tRer2 gene
was specifically increased in men with acute Q rfes@mpared with healthy volunteers. In
contrast, the expression Gfock andARNTL genes was not affected in men or women with Q
fever compared with healthy volunteers. The reteiop between the specific over-
expression oPer2 gene in men with acute Q fever and the highedemte and severity of Q
fever in men than in women needs further invesogat Nevertheless, to our knowledge it is

the first time that it is demonstrated that a gewelved in circadian rhythm (over-expression
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of PER2 gene) is modulated in an infectious disease. ©hsns new perspectives in the
understanding of infectious diseases. Further studire required to determine which
infectious diseases are associated with the madnlalf the circadian cycle and how the

circadian rhythm is affected in these diseases.

The enzymes E3 ubiquitin ligases including LNXMdrNX2 degrade proteins and
are known to regulate immune response. Particulay1l and LNX2 interact with CD8,
which is expressed on a variety of cells includimgstinal T cells, thymic T-cell precursors,
NK cells, thymocytes and peripheral T cells. WendthatLNX1 andLNX2 genes were over-
expressed in Q fever endocarditis but not in aQufever. Although the direct evidence that
LNX1 and LNX2 regulate the expression of CD8 pnotiei lymphocytes is still lacking [15],
our results strongly support this hypothesis andgest that LNX1 and LNX2 over-
expression might reflect an alteration in CD8 leaeld might explain the imbalance of
immune response in chronic Q fever through theioamn T CDS8 cells. Future prospective
clinical studies with larger sample size are prego® monitorLNX genes expression over

the course of the disease.

In developing countries one of the leading causesaterborne acute hepatitis is infection
with hepatitis E virus (HEV). In European countrielEV is an emerging causative agent of
autochthonous acute hepatitis. In most of the ¢cd$EY hepatitis is an acute, self-limiting
infection but, in some cases, the disease exhasverity varying from unapparent infection
to fulminant hepatitis. In 2008 chronic HEV infeas (CHE) were described in solid organ
transplant recipients. This emerging disease imeééfas a persistent viral infection, with
hepatitis lasting for at least 6 months. The incme of HEV infection after kidney
transplantation has been estimated to be 2.7 d&€egerson-years and half of the kidney
transplant recipients infected with HEV develop CHiE severe cases, rapid progression of

HEV disease to cirrhosis, liver transplantationd @eath has also been reported. No curative
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treatment for HEV hepatitis is currently recommeahd®oth pegylated interferon and
ribavirin were effective in treating CHE in few patts, but interferon is contraindicated in
kidney transplant recipients. Current literaturenatg from clinical studies suggests that the
occurrence and persistence of CHE are relatedeontimunological status of patients. We
compared the transcriptional profiles of whole lnldoom eight kidney transplant recipients
with CHE and eight kidney transplant recipientsheiit viral infection by microarray.
Patients with CHE exhibited a specific peripheighature including 30 up-regulated genes,
25 of which are annotated interferon-stimulatedegedlSGs). We then studied the expression
levels of 5 genes involved in the type | interferesponsel 8G15, IFITL, IF144L, RSAD2,
andEPSTI1) by gRT-PCR. We found that the blood of kidneysglant recipients with CHE
exhibited a specific transcriptional signature asdged with a dysregulated interferon
response that is related to persistent HEV infectikhese results open new ways to explore
the mechanisms of chronic HEV infection in kidnegnisplant recipients and to improve the

monitoring of these patients.
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Annexure |

Blood leukocytes and macrophages of various
phenotypes have distinct abilities to form

podosomes and to migrate in 3D environments
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Annexure |

Blood leukocytes and macrophages of various phenqtgs
have distinct abilities to form podosomes and to mgrate in

3D environments

Leukocytes migrate through most tissues in theypadorocess which takes place in
3D environments. It has been previously shown f83,that macrophages use the amoeboid
migration mode in porous matrices such as fibridlelagen | and the mesenchymal mode
involving podosomes and matrix proteolysis in densarices such as Matrigel. Whether
such plasticity may apply to other leukocytes amdlt subsets of macrophages is unknown.
This study is a comparative analysis of the inovBD migration modes adopted by primary
human leukocytes. Blood-derived monocytes, neutlepand T lymphocytes were found to
use the amoeboid mode in a porous fibrillar coltlagenatrix but were unable to infiltrate
dense Matrigel and to form podosomes. M2-polarimetrophages and elicited peritoneal
macrophages formed podosome rosettes, degradétCikleand infiltrated both matrices. In
contrast, M1 macrophages were motionless in 2D alddenvironments, whilst resident
macrophages, devoid of podosomes, were only ahleddhe amoeboid mode. In conclusion,
we demonstrate that leukocytes use the amoeboia tmdhigrate through porous matrices
and that the macrophages may adopt the mesenchmyotd that permits migration through

dense matrices.
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Leukocytes migrate through most tissues in the body, a process which takes place in 3D environments.
We have previously shown that macrophages use the amoeboid migration mode in porous matrices
such as fibrillar collagen | and the mesenchymal mode involving podosomes and matrix proteolysis in
dense matrices such as Matrigel. Whether such a plasticity may apply to other leukocytes and to all
subsets of macrophages is unknown. Here, we therefore provide a comparative analysis of the in vitro

Keywords: 3D migration modes adopted by primary human leukocytes. Blood-derived monocytes, neutrophils and
M:gratlgn T lymphocytes were found to use the amoeboid mode in a porous fibrillar collagen I matrix but were
3D-environments : t B i
P sirise unable to infiltrate dense Matrigel and to form podosomes. M2-polarized macrophages and elicited per-
Macrophage polarization itoneal macrophages formed podosome rosettes, degraded the ECM and infiltrated both matrices. In
Tlymphocytes contrast, M1 macrophages were motionless in 2D and 3D environments, whilst resident macrophages,
Neutrophils devoid of podosomes, were only able to use the amoeboid mode. Thus, we conclude that whereas all
Monocytes leukocytes use the amoeboid mode to migrate through porous matrices, it is only certain macrophages
Inflammation that can adopt the mesenchymal mode that permits migration through dense matrices. Interestingly,
the acquisition of mesenchymal migration capacity by macrophages correlates with the presence of
podosomes and with their capacity to organize those as rosettes, which appears to be modulated by
their differentiation and polarization states. As a perspective, specific control of the mesenchymal migra-
tion would be a potential target for therapeutic approaches aiming at decreasing macrophage tissue
infiltration.
© 2012 Elsevier GmbH. All rights reserved.
Introduction and extracellular matrix (ECM) protein scaffolds with heteroge-

Trafficking of leukocytes is a key process for immune cell
development and host defence (reviewed in Friedl and Weigelin,
2008). Leukocytes are able to migrate through most tissues in the
body and, in vivo, they encounter both 2-dimensional (2D) and 3-
dimensional (3D) environments. 2D migration takes place along
surfaces such as inner vessel walls and inner epithelial surfaces,
whereas 3D migration takes place inside tissues composed of cells
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neous compaosition and architecture.

We have shown that macrophages derived from blood mono-
cytes (MDMs) can use either the amoeboid migration mode, a
movement of rounded or ellipsoid cells that squeeze in and glide
along the pores and gaps of a porous ECM, e.g. fibrillar colla-
gen | (Friedl and Weigelin, 2008; Van Goethem et al., 2010} or
the mesenchymal migration mode characterized by elongated cell
morphology and requirement for proteases to progress in a non-
porous environment such as Matrigel or gelled collagen I (Van
Goethem et al., 2010). In environments with heterogeneous archi-
tecture, they combine the two migration modes (Guiet et al., 2011).
From those studies, we concluded that the architecture of the
matrix dictates the choice of the migration mode. Macrophages
form podosomes constitutively in 2D environments (Linder, 2007 ).
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Podosomes are characterized as cell structures with proteolytic
activity directed at the ECM, with a core of F-actin surrounded
by a ring of adhesion receptors and actin-associated proteins such
as vinculin and paxillin. In dense matrices, macrophages dig holes
and form specialized F-actin rich structures called 3D podosomes
at the tip of cell protrusions where proteolytic degradation of the
matrix takes place (Van Goethem et al.,, 2010, 2011). We have pre-
viously proposed that podosomes are an essential requirement
of the mesenchymal mode (Cougoule et al., 2010; Guiet et al.,
2012), for the following reasons. First, 3D-podosomes are not
formed in macrophages that use the amoeboid migration mode
(Van Goethem et al., 2010). Second, Hck and Filamin A are two
proteins involved in podosome stability, podosome organization
as rosettes and ECM degradation, and both proteins are necessary
for mesenchymal migration of macrophages but dispensable for
amoeboid migration.

Macrophages can adopt the mesenchymal mode to infiltrate
dense matrices (Van Goethem et al., 2010). The other leukocytes
have been described to use the amoeboid migration mode (Friedl|
and Weigelin, 2008; Sabeh et al., 2009) but whether they can adopt
the mesenchymal mode has not been investigated. Neutrophils
have been described to use the amoeboid mode to infiltrate fibril-
lar collagen I (Sabeh et al., 2009) and podosome-related structures
have been observed in murine neutrophils but the organization of
vinculin as a ring and matrix proteolytic activity have not been
documented to unequivocally characterize these structures (Calle
etal., 2008; Szczur et al.,2006). T lymphocytes have been described
to use the amoeboid migration mode in fibrillar collagen I (Wolf
et al., 2003) and to also use podosome-related structures to pal-
pate the surface of the endothelium to do transcellular diapedesis
(Carman et al., 2007) and antigen recognition (Sage et al., 2012)
but these structures have not been shown to have a proteolytic
activity, a requisite to call them podosomes. Podosome structures
have been largely characterized in monocyte-derived cells such as
macrophages, osteoclasts and dendritic cells (Linder et al., 2011),
but whether monocytes form podosome structures was never
investigated. Thus, we investigated the ability of human blood-
derived T lymphocytes, neutrophils and monocytes to migrate in a
dense matrix in relation to their capacity to form podosome struc-
tures.

Macrophages exhibit various phenotypes as they polarize in
response to environmental cues and can be broadly classified in
two main groups: classically activated macrophages (or M1) and
alternatively activated macrophages (or M2) (Delavary et al., 2011;
Martinez et al., 2008, 2009; Mosser and Edwards, 2008; Murray
and Wynn, 2011). Macrophages differentiate as M1 macrophages
in response to IFN-y and microbial products such as LPS. They
typically take part in the initial immune response to invad-
ing microorganisms and promote T helper (Th) 1 immunity. M2
macrophages are obtained in response to IL4 or IL13 and are
involved in the resolution phase of inflammation and tissue heal-
ing by promoting Th2 immunity (Delavary et al., 2011; Mege
et al., 2011). Moreover, M2 macrophages have impaired phago-
cytosis capacity (Krysko et al., 2011; Varin et al., 2010). Because
in vitro polarization of macrophages triggers phenotypes at the two
extremes of a continuum of phenotypes which occur in vivo, we also
studied the migration of macrophages collected from the periton-
eal cavity in resting and acute inflammatory conditions was also
studied.

For this study we thus set out to explore the 3D migra-
tion capacity of a variety of blood-derived leukocyte populations
such as neutrophils, T lymphocytes and monocytes in porous
(fibrillar collagen 1) and dense (Matrigel) matrices polyme-
rized in vitro. Since macrophages constitute a heterogeneous
population in vive, we also examined different macrophage
subpopulations.
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Materials and methods
Cell preparations

Blood samples from healthy donors were obtained following
standard ethical procedures and with the approval of the concerned
Internal Review Boards.

Human monocytes: Monocytes were isolated from blood (Etab-
lissement Francais du Sang, Toulouse, France) as previously
described (Van Goethem et al., 2010). Those were then maintained
in RPMI 1640 medium supplemented with 1% FCS and seeded on
matrices polymerized in transwells (5 x 10*) or ECM-coated cov-
erslips (10%).

Human neutrophils: Neutrophils were isolated from the same
source by the dextran-Ficoll method as previously described (Le
Cabec and Maridonneau-Parini, 1994). Cells were then maintained
in RPMI 1640 supplemented with HEPES (10 mM), pH 7.4 for 20 min
at 37°C in suspension for recovery and layered down on matri-
ces (5 x 10%) or on ECM-coated coverslips (10°). FCS at 1% final
concentration was added after 1 h.

Human macrophages: Human macrophages derived from CD14-
sorted monocytes (MDMs) were differentiated in the presence
of M-CSF (20ng/mL, Peprotech) as previously described (Van
Goethem et al., 2010). After 7 days of differentiation, macrophages
were polarized using either [FN-y 20 ng/mL (100 U/mL-Roche) or
IL4 (20 ng/mL-Miltenyi Biotec) for 18 h to obtain M1 and M2 polar-
ized macrophages, respectively. TNFa (10 ng/mL) was also used
to induce M1 polarization. All culture media contained M-CSF at
10 ng/mL during the polarization processes. MDMs had been serum
starved for 4 h, harvested as previously described (Van Goethem
et al.,, 2010), suspended in RPMI 1640 medium supplemented with
1% FCS, M-CSF (10 ng/mL) and the indicated cytokine and seeded
on matrices (3 » 104) or ECM-coated coverslips (103 ).

Human lymphocytes: CD4™ T cells were isolated by negative
depletion using Rosette Sep (StemCell Technologies), cultured and
expanded in RPMI 1640, 5% human serum, 100 U/mL IL2 in the
presence of anti-CD3/CD28 coated Dynabeads (Invitrogen), with
a bead:cell ratio of 1:1. Fresh IL2 was added every 3-4 days.
CD4* T cells were restimulated as above every 19-21 days. When
CD4™ T cells were used, 14-21 days after activation, they were
regaining a resting phenotype. Cell purity was assessed by FACS
analysis (FACScan, Becton Dickinson) using PE-CY5-labelled anti-
CD4 mAD (BD Biosciences) and was routinely between 95 and
99%. Cells were suspended in RPMI 1640 supplemented with 0.5%
human serum and seeded on matrices (5 x 10*) or ECM-coated
coverslips (105).

Murine macrophages: Bone marrow-derived macrophages
(BMDMs) from C57BI6/] mice were obtained as previously
described (Cougoule et al., 2010) and polarized using murine
recombinant cytokines (ImmunoTools) according to the proto-
col described above for human macrophages. BMDMs had been
serum starved for 4 h, harvested as previously described (Cougoule
et al., 2010), suspended in RMPI 1640 supplemented with 1% FCS,
10 ng/mL M-CSFand the indicated cytokine, and seeded on matrices
(5 5 10%) or ECM-coated coverslips (10°).

Tissue macrophages: C57BI6/] mice were purchased from Charles
River Inc. All experiments were performed with 6-12-week old
female mice according to animal protocols approved by the Ani-
mal Care and Use committee of the Institut de Pharmacologie
et de Biologie Structurale. Resident cells were collected by perit-
oneal lavages performed in control mice as previously described
(Cougoule et al., 2010). Peritoneal elicited cells were collected 4
days after an intra-peritoneal injection of 0.5 mL of 4% thioglycol-
late Brewer (Sigma) as previously described (Cougoule et al., 2010).
Collected cells were spun down (300 g) for 5min, the pellet was
suspended in RPMI 1640 medium and cells were layered down
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on matrices (5 x 104) or ECM-coated coverslips (10%). Medium was
supplemented with 1% FCS after 1 h.

Matrix preparations

Collagen I (Nutragen - Nutacon; 2 mg/mL final concentration)
or Matrigel (BD Biosciences, batches from 8 to 12 mg/mL) were
polymerized as a thick layer (1-1.5 mm) in the upper Transwell
chambers, as described (Van Goethem et al., 2010).

3D migration

Cells were seeded on the top of the matrices at the indicated
concentration (see above). For all the cell types studied, the lower
chambers were filled with RPMI 1640 medium supplemented with
10% FCS. For T lymphocytes and monocytes/macrophages, CXCL12
(1 pgfmL)and M-CSF (50 ng/mL) were added respectively. The per-
centage of 3D migration in fibrillar collagen I and in Matrigel was
manually quantified after 24h and 72 h, respectively using the
Image] software.

2D migration

2D migration was performed in uncoated-8um porous
transwells (BD Biosciences). Cells had been serum starved for 3 h.
M1 or M2 polarized (3 x 104) MDMs were seeded in the upper
chamber. The lower chamber was filled with 1 mL of RPMI 1640
supplemented with 10% of FCS and 50 ng/mL M-CSF. The migra-
tion assay was carried out overnight. The cells on the upper face
were then removed using a cotton swab and the cells on the
lower side were fixed with paraformaldehyde (3.7%; Sigma), per-
meabilized with Triton X-100(0.1%; Sigma) and stained with Texas
Red-coupled phalloidin (1/1000, Melecular Probes, Invitrogen) and
DAPI [4,6-diamidino-2-phenylindole] (5 ng/mL, Sigma) to visualize
F-actin and nuclei. The number of cells was then counted with a
Leica DM-RB fluorescence microscope.

Matrix degradation assay

Coverslips were coated with 0.2 mg/mL FITC coupled-gelatin
(Molecular Probes) as previously described (Cougoule et al., 2010).
Macrophages or other leukocytes were cultured on FITC-coupled
gelatin. For T lymphocytes, the gelatin-FITC had been coated with
either fibronectin or ICAM-1 (10ug/mL) for 1h at 37°C. After
24 h in culture, cells were fixed, processed for F-actin staining and
observed by fluorescence microscopy. Quantification of the matrix
degradation was assessed as previously described (Cougoule et al.,
2010).

Immunofluorescence microscopy

BMDMSs, murine tissue macrophages and other leukocytes had
been cultured for 24h on glass coverslips coated either with
fibronectin, fibrinogen (10 wg/mL; Sigma) or nothing, or with
ICAM-1 Fc chimera (10 pg/mL, R&D system) for T lymphocytes.
Based on our previous data showing that macrophages spread
on glass, coated or not with ECM proteins, spontaneously form
podosomes after 15-30 min, we investigated podosome formation
in blood-derived leukocytes at different time points starting from
60 min till 24 h. Cells were fixed with paraformaldehyde (3.7%;
Sigma), permeabilized with Triton X-100(0.1%; Sigma), and stained
with anti-vinculin antibody (clone HVin-1, dilution 1/300; Sigma)
followed by Alexa488-conjugated goat anti-mouse immunoglob-
ulin G (1/1000; Cell Signalling Technology), Texas Red-coupled
phalloidin and DAPI. Slides were visualized with a Leica DM-RB
fluorescence microscope or with an LSM710 confocal microscope

Table 1
Sequence primers used to characterize the M1 and M2 marker expression.

Primer Sequence

Human markers

hCXCL9-R TCT-TTT-GCC-TGA-CCT-GTT-TCT-C
hCXCL9-L AGT-GGT-GTT-CTT-TTC-CTC-TTG-G
hINDO-R CAA-AAT-AGG-AGG-CAG-TTC-CAG-T
hINDO-L TCA-TCT-CAC-AGA-CCA-CAA-CTC-A
hTNF-R AGG-AGG-GGG-TAA-TAA-AGG-GAT-T
hTNF-L CAT-CTA-TCT-GGG-AGG-GGT-CTT-C
hIL-15R GTT-AGC-AGA-TAG-CCA-GCC-CAT-AC
hIL-15L TAC-TCA-AAG-CCA-CGG-TAA-ATC-C
hALOX15-R GGG-GGC-TGA-AAT-AAC-CAA-AG
hALOXT5-L AAC-TTC-CAC-CAG-GCT-TCT-CTC
hCCL13-R ATG-TGA-AGC-AGC-AAG-TAG-ATG-C
hCCL13-L GAG-CAG-AGA-GGC-AAA-GAA-ACA
hDCSIGN-R CAG-CAG-AGG-AAA-GAG-AGA-GAG-G
hDCSIGN-L ACA-ACG-CTA-GCA-CTG-GAT-GTT-G
hFNI-R CCA-CAG-AGT-AGA-CCA-CAC-CAC-T
hFNT-L ACA-CCT-GGA-GCA-AGA-AGG-ATA-A
Murine markers

mTNF-R TCTGGAAAGCTCTGAAGGTAGGA
mTNF-L AGAAACACAAGATGCTCGGACA
mCXCL10-R CGT-CAT-TTT-CTG-CCT-CAT-CCT
mCXCL10-L TCT-GCT-CAT-CAT-TCT-TTT-TCA-TCG
miL12p40-R CACACGCCTGAAGAAGATGAC
miL12p40-L GCCATTCCACATGTCACTGC

mME-R CATGAGGCTTCTCCTGCTTCTG

mMR-L (Mrcl TTGCCCTCTCAACTCAGATGG
myYIM1/2-R CCACTGAAGTCATCCATGTC
myYIM1/2-L GGGCATACCTTTATCCTGAG

mArg2-R TCGATCAAACCTTGCCTICTC

mArg2-1L GCCCATCAAATGTCTGTTCC

For each species, the M1 and M2 markers are presented in regular and italic case,
respectively.

equipped with an x63-1.4 oil immersion Plan-Apochromat objec-
tive (CarlZeiss AG, Jena, Germany).

M1/M2 transcriptional profiles of macrophages

RNAs were extracted from MDMs, BMDMSs, resident and
elicited mouse macrophages using RNeasy Mini Kit (Qiagen)
with a DNase | step to eliminate DNA contaminants, as recently
described (Ben Amara et al,, 2010). The quantity and the quality
of RNA were assessed using Nanodrop (Thermo Science, Maurens-
Scopont, France) and 2100 Bioanalyser (Agilent Technologies,
Massy, France), respectively. Real-time quantitative RT-PCR (qRT-
PCR)was carried out as recently described (Ben Amara et al., 2010).
In brief, reverse transcription of 150 ng of RNA was performed with
the MMLV-RT kit (Invitrogen). cDNA was obtained using oligo(dT)
primers and M-MLV reverse transcriptase (Invitrogen) and qPCR
experiments were performed using SYBR Green Fast Master Mix
(Roche Diagnostics, Meylan, France) and a SmartCycler (Cepheid,
Maurens-Scopont, France). The M1 and M2 genes were selected
according to a previously published list of M1 and M2 genes
(Martinez et al., 2006; Tantibhedhyangkul et al., 2011). The primers
were designed using Primer2 (http://frodo.wi.mit.edu/primer3)
(Table 1). Results were normalized using the housekeeping gene
B-actin and are expressed as fold change (FC)=2-44Ct where
AACt=(CtTarget — CtACtin)yssay — (CtTarget — CACHN g -

Podosome life time measurement

CD14-sorted human monocytes were seeded in 8-wells cover-
glass Labtek chambers (105 cells/wells) and differentiated in the
presence of M-CSF (20 ng/mL). At day 3, cells were washed twice
with PBS and transduced with a mCherry-Lifeact lentiviral vector to
visualize F-actin structures. Briefly, the transduction was initiated
by adding 200 p.L/well of a mix of RPMI 1640 without FCS and the
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lentiviral vector ( 108 effective viral particles for 10 macrophages).
After 1h30, 400 L of complete medium was added. At day 6,
the culture medium was removed and MDMs were polarized as
described above. After 24 h, cells were imaged using an inverted
microscope (Leica DMIRB, Leica Microsystems) equipped with a
motorized stage and an incubator chamber to maintain the tem-
perature and CO, concentration constant. Images were acquired
with the Metamorph software, every 20 s in one z-plane for 40 min,
and on 10 separate fields per cell type. Quantification of podosome
life-span was measured manually from two independent exper-
iments, using the Image] software for podosomes appearing and
disappearing during the time-course of the experiment and results
were expressed as the mean £+ SEM of 100 podosomes from 10 cells.

Statistics

All data in the text and figures are expressed as mean (+5EM)
and unpaired T-test statistical analysis was carried out with the
Prism 4.0 software. A p value of less than .05 was considered sig-
nificant (*p<.05, *p<.01, ***p<.001).

Results

T lymphocytes, neutrophils and monocytes use the amoeboid but
not the mesenchymal migration mode

To study the 3D migration ability of leukocytes, we used two
different matrices with distinct architectures which were polyme-
rized as thick layers (>1 mm) to create a 3D environment (Van
Goethem et al., 2010). Fibrillar collagen 1 is a porous matrix into
which macrophages and other leukocytes have been shown to use
the amoeboid migration mode (Sabeh et al., 2009; Van Goethem
et al., 2010; Wolf et al., 2003). Matrigel is purified from a mouse
sarcoma which, when used at 10 mg/mL, forms a dense and poorly
porous extracellular matrix. In Matrigel, MDMs and BMDMs have
been shown to migrate using the protease-dependent mesenchy-
mal mode (Cougoule et al., 2010; Van Goethem et al., 2010) whilst
neutrophils have been shown not to migrate into it (Steadman et al.,
1997).

T cell motility thought 3D matrices was induced by the
chemokine CXCL12, aligand for CXCR4. We mainly studied cultured
primary human CD4~ T cells. Those express CXCR4 homogeneously
whilst freshly isolated T lymphocytes express heterogeneous
CXCR4 levels (Bleul et al., 1997). T lymphocytes infiltrated fibrillar
collagen I and exhibited a pear shape characteristic of the amoeboid
migration mode (Fig. 1A and B, left panel, arrow) but they did not
infiltrate Matrigel (Fig. 1A and B, right panel). Similarly, freshly iso-
lated total T cells were unable to infiltrate Matrigel but migrated
readily in fibrillar collagen matrices (data not shown). Next, the
presence of podosomes was examined. To optimize cell spread-
ing, a prerequisite for podosome formation, T lymphocytes were
seeded on ICAM-I coated coverslips and treated or not with PMA
for 24 h. Even under these conditions, no podosome structure could
be observed in T lymphocytes. Some displayed actin dots, but those
were not surrounded by vinculin, a hallmark of podosomes (Fig. 1C,
inset a) and failed to degrade the gelatin-FITC covered with ICAM-
1 (Fig. 1D) or fibronectin (data not shown). Treatment with PMA,
although it increased cell spreading, still did not trigger proteolytic
activity towards ECM (data not shown). Thus, despite our efforts
to provide favourable conditions, we could not get T lymphocytes
neither to form podosomes, nor to exhibit proteolytic activity on
ECM nor to migrate into Matrigel.

Neutrophils freshly isolated from blood infiltrated fibrillar colla-
gen I (Fig. 1A and B) with a rounded cell shape but did not infiltrate
Matrigel (Fig. 1A and B). Occasionally, a few F-actin dots with almost
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a regular ring of vinculin were noticed (Fig. 1C, inset b), but on
glass, on fibronectin or vitronectin, neutrophils generally failed to
form podosomes (Fig. 1C, inset a), and failed to degrade the matrix
of FITC-gelatin (Fig. 1D). As the diapedesis step could be critical
“to switch” cells to a competent migration phenotype in dense
matrices, we then tested the migration ability of inflammatory
neutrophils harvested from the mouse peritoneal cavity 12 h after
injection of thioglycollate. At this time point, neutrophils accounted
for 77.4+47% (n=5) of the collected cells (Fig. 51). Despite the
inflammatory context from which they were obtained, elicited neu-
trophils still did not infiltrate Matrigel and did not form podosomes
(data not shown).

Similarly, freshly isolated monocytes infiltrated the matrix of
fibrillar collagen I with the typical amoeboid rounded cell shape
(Fig. 1A and B) but not Matrigel (Fig. 1A and B). They formed F-actin
dots which were not surrounded by vinculin and thus were not con-
sidered as podosomes (Fig. 1C). After 4-5 days on Matrigel, some
monocytes did acquire the capacity to infiltrate the matrix with the
characteristic elongated cell shape (Fig. 1B). At day 6, the percent-
age of cells into the matrix was quantified (Fig. 1A) and was similar
to that previously described for macrophages after 7 days of differ-
entiation in culture dishes (Van Goethem et al., 2010), suggesting
that differentiation is required to infiltrate dense matrices.

Thus, none of the leukocytes studied here were found to have
the capacity to infiltrate Matrigel or to form podosomes, suggesting
that these cells are unable to use the protease-dependent mes-
enchymal mode.

In vitro polarized M1 or M2 human and mouse macrophages
display distinct 3D migration abilities

Next, we investizated whether the 3D migration ability of
monocyte-derived macrophages (MDMs) was regulated during
macrophage polarization.

Human M1 and M2 MDMs were generated by IFN-y- and IL4-
treatment, respectively. Using a combination of 8 polarization
markers, we checked that IFN-vy- and IL4-stimulated macrophages
exhibited typical M1 and M2 profiles when compared to non-
polarized MDMs that we called here MO (Fig. 2A).

The migration ability of M1 and M2-polarized MDMs was exam-
ined in comparison with M0. M2 MDMs were able to migrate into
fibrillar collagen 1 and Matrigel (Fig. 2B) with the typical cell shape
of amoeboid and mesenchymal migration, respectively (Fig. 2C).
They exhibited comparable migration ability than MO macrophages
(Fig.2B and C). In marked contrast, IFN-y-polarized M1 MDMs were
unable to migrate into fibrillar collagen | or in Matrigel (Fig. 2B), and
stayed at the top of the matrices where they displayed a rounded
cell shape (Fig. 2C). To ensure that inhibition of the migration was
the result of M1 polarization, MDMs were also polarized using TNFo
(Mantovani et al., 2004), TNFa-treated MDMs did not migrate in
fibrillar collagen 1 or in Matrigel (data not shown) confirming that
M1 macrophages are defective in both migration modes.

To test the 2D migration ability of M1 and M2 macrophages, a
standard transwell assay was used. As shown in Fig, 2D, M1 MDMs
were also motionless in those conditions, while M2 were migrat-
ing even more efficiently than MO macrophages. Taken together,
these results show that M1 MDMs were defective for both 3D
and 2D migration whereas M2 MDMs remained competent for all
types of migration: 2D and 3D migration into fibrillar collagen |
and Matrigel. The presence of podosomes was examined in M1
and M2 MDMs layered on fibrinogen. Individual podosomes were
observed in 100% of the M1 and M2 macrophages. Live observa-
tions of mCherry-Lifeact-expressing M1 and M2 MDMs revealed
that the lifetime of individual podosomes in M1 MDMs was
625+ 59 s while it was 411442 s in M2 macrophages (p=0.0037,
n=100 podosomes/condition) (to compare with podosomes in
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Fig. 1. T lymphocytes, neutrophils and monocytes only use the amoeboid migration mode. (A) Cells were seeded at the top of a thick layer of fibrillar collagen I or Matrigel
and the 3D cell migration was quantified after 24 h and 72 h, respectively. T lymphocytes, neutrophils and monocytes infiltrated the matrix of fibrillar collagen I but did not
infiltrate Matrigel. After 6 days on the matrix, monocyte-derived macrophages {(MDMs) which had acquired the capacity to infiltrate Matrigel were quantified as described
in the section “Materials and methods”. Results are expressed as mean + SEM of three independent experiments performed in triplicates, ***p<0.001. (B) T lymphocytes,
neutrophils and monocytes migrating either inside fibrillar collagen 1 (left panels, arrows) or on top of the Matrigel matrix (right panels, arrows) are shown. Arrowheads
show cells at a distinct depth in the matrices. {C) T lymphocytes were seeded on ICAM-I coated coverslips (without PMA treatment) for 24 h, neutrophils were seeded on glass
coverslips for 1 h, monocytes and macrophages were seeded on glass coverslips for 24 h. All cells were fixed and permeabilized. F-actin was stained with Texas Red-coupled
phalloidin, vinculin was stained with primary and AlexaFluor 488-coupled secondary antibodies, and nuclei with DAPL T lymphocytes, neutrophils and monocytes formed
F-actin dots but vinculin did not form a ring around the actin core (insets {a)). Inset (b) illustrates the presence of few F-actin dots with a quite regular ring of vinculin in
neutrophils. Inset (c) illustrates the organization of classical podosomes with a ring of vinculin in MDMs after 6 days of culture. Scale bars: 10 jum, insets = 3« magnification.
(D) T lymphocytes and neutrophils seeded on FITC-coupled gelatin coated on glass coverslips and cultured either overnight or for 5h, respectively, were fixed and stained
for F-actin and nuclei and microscopically examined. Neither T lymphocytes nor neutrophils degraded FITC-coupled gelatin. Scale bars: 10 pm.
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Fig. 2. M2 but not M1 human macrophages migrate in 3D matrices. MDMs were stimulated with nothing (MD), IFN-y or IL4 to induce M1 and M2 polarization respectively.
(A) Total mRNA was extracted and the expression of 4 M1-related genes (IL15, INDO, TNF, CXCL9) and M2-related genes (DC-SIGN, ALOX15, CCL13, FN1) was measured by
real time RT-PCR. Results are expressed as fold change (FC) compared to M0 macrophages and represent the mean of three experiments. They are presented as radar plots
with a maximum increase of 4 folds. (B) MO, M1 and M2 MDMs were harvested and seeded on top of a thick layer of fibrillar collagen I or Matrigel and cell migration was
quantified from triplicate samples after 24 h and 72 h, respectively. Results are expressed as mean + SEM of four independent experiments, **p<0.01. (C) MO and M2 MDMs
are shown inside fibrillar collagen I or in Matrigel while M1 macrophages which mostly do not infiltrate matrices are shown at the top. Arrowheads show cells deeper in
the matrices. (D) 2D migration of M0, M1 and M2 MDMs through uncoated transwells. MDMs that reached the lower chamber were microscopically counted. Results are
expressed as mean + SEM of two independent experiments. (E) MO, M1 and M2 MDMs were seeded on fibrinogen-coated glass coverslips for 24 h, fixed, permeabilized and
F-actin was stained with Texas Red-coupled phalloidin, vinculin with primary and AlexaFluor 488-coupled secondary antibodies, and nuclei with DAPL. M1 MDMs harbor
individual podosomes (inset) while M2 MDMs harbor podosome rosettes (arrowhead and inset). Scale bar= 10 jum, insets = 6« magnification. (F) Quantification of podosome

rosettes in MO, M1 and M2 MDMs. Podosome structures were counted in at least 100 cells in duplicate samples, in three separate experiments. “*p<0.01.

81



944 C. Cougoule et al. / European Journal of Cell Biology 91 (2012) 938-949

B

A
M1 M2
TNF MR
IFNy
IL12p40 CXCL10 ARG2
TNF MR
IL4 h
IL12p40 CXCL10 ARG2

YM1/2

YM1/2

mmm Fibrillar Collagen |
—1Matrigel ki

» 357 =
= 404
= 354
m

o 304
254
2 20+
O 154
™

‘5 104

X 5=

n

rat

m

"_'li

0-

Vinculin

@

MO M1 M2

o

% of BMDMs with
podosome rosettes

Fig. 3. M2 but not M1 mouse macrophages migrate in 3D matrices. Mouse bone marrow-derived macrophages (BMDMs) were stimulated with nothing, IFN-y or IL4 to
induce MO, M1 and M2 polarization, respectively. (A) Total mRNA was extracted and the expression of 3 M1-related genes (TNFw, CXCL10, IL12p40) and M2-related genes
(Manose Receptor (MR), YM1/2, Arginase 2 (ARG2)) was measured by real time RT-PCR. The results are expressed as fold change compared to MO BMDMs and represent the
mean of three experiments. They are presented as radar plots with a maximum increase of 4 folds. {B) M0, M1 and M2 BMDMs were harvested and seeded on top of a thick
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stained with Texas Red-coupled phalleidin, vinculin with primary and AlexaFluor 488-coupled secondary antibodies, and nuclei with DAPL M1 BMDMs form few podosome
rosettes while M0 and M2 BMDMs harbor podosome rosettes (arrowheads). Scale bar = 10 wm. (D} Quantification of podosome rosettes in MO, M1 and M2 BMDMs. Podosome
structures were counted in at least 100 cells in duplicate samples, in three independent experiments. *p< 0.05.

MO macrophages which is approximately 400s (Bhuwania et al.,
2012)). These results indicate that M1 macrophages have a reduced
podosome turnover compared to M2 . In murine bone marrow
derived macrophages (BMDMs), we have previously reported that
the organization of podosomes as rosettes is required for mes-
enchymal migration (Cougoule et al., 2010). Thus, we quantified
podosome rosettes in M0, M1 and M2 MDMs layered on fibrinogen.
As shown in Fig. 2E and F, similarly to M0, M2 MDMs efficiently

organized their podosomes as clusters and rosettes while M1
MDMs hardly formed these structures. The presence of rosettes has
been correlated with enhanced ECM proteolytic activity (Cougoule
et al., 2010) but somewhat surprisingly, M1 MDMs were found
to degrade gelatin-FITC with the same efficiency as MO and M2
cells (Fig. 4C). One noticeable difference, however, was that M1
MDMs harbored a “sitting” cell shape on gelatin-FITC with a large
degradation area under the cells, whereas M2 MDMs harbored a
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Fig. 4. (A) MO, M1 and M2 MDMs were seeded on FITC-coupled gelatin coated on
glass coverslips, cultured overnight, fixed and stained for F-actin and nuclei and
microscopically examined. Scale bar: 10 wm. (B) M1 BMDM:s are defective in gelatin-
FITC degradation. M0, M1 and M2 BMDMs were seeded on FITC-coupled gelatin
coated on glass coverslips and incubated overnight, fixed and stained for F-actin and
nuclei. Scale bar: 10 pm. (C) Quantification of gelatin-FITC degradation by MO, M1
and M2 MDMs. The percentage of degradation corresponds to the number of pix-
els of degradation for 100 pixels of cell surface. Results are expressed as mean + SEM

“migrating” phenotype characterized by a polarized shape with
podosomes or podosome rosettes localized at the leading edge
(Fig. 4A). Thus the proteolytic activity of M1 macrophages which
form more stable podosomes appeared to be similar to M2 cells
which form podosome rosettes and are motile.

Differences have been described between human and murine
polarized macrophages (Martinez et al., 2006). We thus inves-
tigated the migration capacity of polarized mouse macrophages
derived from bone marrow (BMDMs). Those were polarized in M1
and M2 BMDMs, as controlled by analysis of the expression of six
polarization markers (Fig. 3A). Similarly to human macrophages,
M1 BMDMs did not migrate into fibrillar collagen 1 or Matrigel while
M2 BMDMs did and even better than M0 macrophages in Matrigel
(Fig. 3B). In addition, 100% of mouse M1 and M2 macrophages
formed individual podosomes when layered on fibronectin but
only M2 BMDMs organized their podosomes as rosettes (Fig. 3C
and D). The only difference between human and mouse cells we
observed in our experiments was that mouse M1 BMDMs showed
relatively low gelatin-FITC degradation capacity (Fig. 4B and D).
Taken together, these results indicate that the M1 polarization pro-
cess is characterized by a motionless phenotype, the inability to
organize podosomes as rosettes and an heterogeneous capacity to
degrade the matrix, while M2 polarized cells are able to migrate
effectively in both matrices, form rosettes and degrade the matrix.

The migration ability of elicited macrophages differs from that of
resident macrophages

We next examined the ability of resident and elicited
macrophages harvested from the mouse peritoneal cavity to
migrate in 3D matrices, to form podosome structures and degrade
gelatin-FITC. Elicited macrophages were collected 4 days after
intraperitoneal injection of thioglycollate.

We compared the expression of 6 biomarkers between elicited
and resident macrophages to characterize their polarization pro-
files. As shown in Fig. 5A , elicited macrophages displayed a
combined expression of the M1 and M2 markers.

While both cell types migrated in fibrillar collagen I, only
elicited macrophages migrated in Matrigel (Fig. 5B and C), formed
podosome rosettes (Fig. 5D and E) and degraded the gelatin-FITC
matrix (Fig. 5F and G).

Thus resident and elicited macrophages which are known to
exert distinct functionalities (Gordon and Mantovani, 2011) exhibit
distinct migration behavior, providing further information about
the phenotypic heterogeneity of tissue macrophages.

Discussion

The data presented herein extend our knowledge of the 3D
migration ability of several leukocyte populations into thick extra-
cellular matrices. We observe that (i) circulating leukocytes use the
amoeboid mode, do not form podosomes and are unable toinfiltrate
dense matrices and (ii) the migration of macrophages, which have
been previously shown to use the amoeboid and the mesenchy-
mal mode in porous and dense matrices, respectively, is strongly
influenced by polarization and the tissue environment.

3D migration takes place when leukocytes enter interstitial
tissues beyond vessels and the basal membrane. The architecture
of interstitial tissues is heterogeneous, ranging from loose fibrillar
regions to dense compact connective tissue with submicron

{n=3).(D) Quantification of the percentage of gelatin-FITC degradation by MO, M1
and M2 BMDMs. The percentage of degradation corresponds to the number of pixels
of degradation for 100 pixels of cell surface. Results are expressed as mean+SEM
(n=13), "p<0.05.
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spacing (Egeblad et al., 2010; Larsen et al., 2006). Thus two matri-
ces which have been described in detail in a previous report (Van
Goethem et al., 2010) were used to mimic the architectural het-
erogeneity of interstitial tissues. In fibrillar collagen I, neutrophils,
T lymphocytes and human macrophages have been described to
use the amoeboid migration mode (Nourshargh et al., 2010; Sabeh
et al., 2009; Van Goethem et al., 2010; Wolf et al., 2003). Herein,
we compared, in the same experiments, the migration capacity of
leukocytes in porous fibrillar collagen I and in a dense Matrigel. We
confirm the ability of monocytes, neutrophils and T lymphocytes
to migrate using the amoeboid mode in fibrillar collagen I, and
we show that they do not infiltrate Matrigel. Using the experi-
mental conditions which trigger the formation of podosomes in
macrophages, dendritic cells and osteoclasts (Linder et al.,, 2011),
namely on glass coated or not with ECM proteins, we observed
that T lymphocytes, neutrophils and monocytes do not form
podosomes, according to the definition of these cell structures
which implicates an actin dot surrounded by a ring of vinculin and
a proteolytic activity towards the ECM (Linder et al., 2011). It has
been reported that T lymphocytes form podosome-like structures
during trans-cellular migration through the endothelium (Carman
et al., 2007) and scanning for antigen on antigen presenting cells
(Sage et al., 2012). In those experiments, however, the proteolytic
activity of those structures was not established, a requisite for
qualifying these structures as podosomes.

That neutrophils, monocytes and T lymphocytes are unable
to infiltrate Matrigel is surprising as these cells are expected to
migrate in most tissues. One hypothesis is that steps of differen-
tiation might be missing. For our experiments, we have used cells
isolated from blood which were then differentiated in vitro. Thus,
compared to the in vivo context, diapedesis is by-passed and this
step could be critical “to switch” cells to a competent migration
phenotype in dense matrices, Using elicited neutrophils which had
accomplished this step of diapedesis, however, we found that those
cells still did not form podosomes, nor did T lymphocytes differen-
tiated with anti-CD3/CD28 Abs in the presence of IL2 for 2-3 weeks
acquire the capacity to migrate in Matrigel. Since neutrophils and
lymphocytes are small cells which might glide into small pores (Van
Goethem et al., 2011), another hypothesis is that leukocytes unable
to use the mesenchymal mode would only infiltrate loose areas in
tissues. In agreement with this proposal, a recent report on lung
tumor biopsies shows that T lymphocytes are unable to cross dense
fibers of ECM proteins surrounding tumor islets and remain in
regions of loose tissue (Salmon et al., 2012). It should be noted that
neutrophils have a segmented nucleus which might facilitate infil-
tration into poorly porous tissues. In fact, a recent report shows that
in tumor microenvironments, the nuclei of infiltrated neutrophils
are even more segmented than control neutrophils (Fridlender
et al., 2009), suggesting that, by modifying their nuclear morphol-
ogy, neutrophils could more easily squeeze in poorly porous tissues
such as tumors (Egeblad et al., 2010) using the amoeboid migration.
In the case of migration into the dense Matrigel matrix, used in our
experiments at approximately 10 mg/mL, the size of the pores is
apparently too narrow (see a scanning electron microscopy picture
of the architecture of Matrigel in Van Goethem et al. (2010)) to
allow neutrophil migration. A previous report has shown that neu-
trophils can infiltrate Matrigel in a protease-independent manner
when it is diluted to 3 mg/mL (Steadman et al., 1997) indicating

that a lower density allows neutrophils to infiltrate Matrigel using
the amoeboid mode.

In conclusion, these three types of leukocytes are unable to
migrate in matrices which require the formation of paths in a
protease-dependent manner, while they migrate in porous 3D
environments using the amoeboid mode. Thus, if the same rules
apply in vivo, we would expect to find these cells only in porous
tissue areas.

In marked contrast, when monocytes (from human blood) dif-
ferentiate in macrophages, they become able to infiltrate Matrigel
using the mesenchymal migration mode (Van Goethem et al., 2010,
this report). Similar observations have been made with mouse
macrophages differentiated from bone marrow (Cougoule et al.,
2010). Because macrophages have a large plasticity, we examined
the migration of polarized and of tissue macrophages to get further
insight into their respective 3D migration abilities. Macrophages
polarized as M1 or M2 exhibit distinct functions. M1 macrophages
are involved in the early phase of the inflammatory response
(Bystrom et al., 2008; Mege et al., 2011), they release inflamma-
tory mediators and bactericidal products and they actively ingest
microorganisms and cellular debris (Liddiard et al., 2011). We
report that M1 macrophages do not migrate in 2D and 3D environ-
ments. Despite the fact that distinct molecular mechanisms govern
2D and 3D migration (Harunaga and Yamada, 2011), these results
suggest that a common step may be inactivated. The observation
that macrophages become motionless under inflammatory pro-
cesses isimportant as it might contribute to maintain macrophages
at the site of infection to clean out bacteria and release toxic bacte-
ricidal products only in limited tissue areas (Laskin et al., 2011).
M1 BEMDMs have been shown to adhere to extracellular matri-
ces to a higher extent than M2 (Vereyken et al., 2011) and, in the
same line, we report that podosomes in M1 cells are more stable
than in M2 macrophages. M2 macrophages have been character-
ized as anti-inflammatory cells with healing properties to curtail
inflammation after an infection or an injury and promote to return
the body to homeostasis (Delavary et al., 2011; Serhan and Savill,
2005). It has been reported that mouse M2 BMDMSs have a higher
2D motility towards conditioned medium than their M1 counter-
part (Vereyken et al., 2011). Similar results were obtained here
with human M2 MDMs, and we showed further that mouse and
human M2 macrophages can migrate in both fibrillar collagen |
and Matrigel, and form podosomes that they organize as rosettes.
Interestingly, M2 polarization induces an increase in fibronectin
transcript which is involved in cell adhesion and migration pro-
cesses and in cathepsin C, a lysosomal protease which could be
involved in mesenchymal migration (Martinez et al., 2006; Verollet
et al.,, 2011). Moreover, Hck, which regulates the formation of
podosome rosettes and the protease-dependent 3D migration of
macrophages (Cougoule et al.,, 2010), is activated during the process
of M2-polarization (Bhattacharjee et al., 2011). M2 macrophages
are also associated with pathological contexts such as persistent
infections (tuberculosis, leprosy, Whipple's disease (Mege et al.,
2011). In the light of our results, it would be interesting to exam-
ine whether M2 macrophages facilitate host dissemination of
pathogens. M2 macrophages are also described in chronic autoim-
munity, obesity, fibrosis and cancer (Fairweather and Cihakova,
2009; Gordon and Martinez, 2010; Mosser and Edwards, 2008; Sica
and Mantovani, 2012)). In several tumor models, macrophages have

phalloidin, vinculin with primary and AlexaFluor 488-coupled secondary antibodies, and nuclei with DAPI. Elicited macrophages organized their podosomes as rosettes
(insets). Scale bars: 10 pum, inset- 3 x magnification. (E) Quantification of podosome rosettes in resident and elicited macrophages. Podosome structures were counted in at
feast 100 cells in duplicate samples {n-35), *"p <0.01. (F) Resident and elicited macrophages were seeded on FITC-coupled gelatin coated on glass coverslips and incubated
overnight, fixed and stained for F-actin and nuclei. Resident macrophages poorly degrade FITC-coupled gelatin. Elicited macrophages degraded large areas of gelatin-FITC.
Scale bars: 10 pm. (G) Quantification of FITC-coupled gelatin degradation by resident and elicited macrophages. The percentage of degradation corresponds to the number
of pixels of degradation for 100 pixels of cell surface. Results are expressed as mean + SEM (n=5), ***p<0.001.
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been shown to be polarized as M2 and to enhance malignancy and
tumor cell invasiveness (Qian and Pollard, 2010; Ruffell et al., 2012)
notably by remodeling the extracellular matrix to open paths to
tumor cells (Gocheva et al., 2010; Guiet et al., 2011).

Despite the fact that in vitro polarization is clearly a simplified
model, results on cell migration provide new striking differences
between M1 and M2 macrophages, namely that 2D and 3D migra-
tion is an exclusive property of M2 macrophages.

We also report that resident and elicited peritoneal
macrophages have distinct migration abilities. Elicited perit-
oneal macrophages, harvested 4 days after thioglycollate injection,
were found to up-regulate both M1 and M2 markers as previously
reported (Schif-Zuck et al., 2011; Stables et al., 2011} and to
migrate in both fibrillar collagen | and Matrigel. At this time point,
the inflammatory response initiated by thioglycollate is reaching
the resolution phase (C. Lastrucci et al., unpublished data) and
macrophages are thus not expected to die locally but to migrate to
the draining lymph nodes (Bellingan et al., 1996; Randolph, 2008).
For this, motile functions in 3D environments would be necessary.

Resident macrophages originate either from blood monocytes
which migrate to tissues in non-inflammatory conditions or from
resident cells which self-renew by transient proliferation after
inflammatory episodes (Davies et al., 2011; Jenkins et al., 2011).
One of the functions of resident macrophages is to sample the
tissue in search of foreign particles. We show that peritoneal
resident macrophages migrate in fibrillar collagen | but not in
Matrigel. As previously described (Isaac et al., 2010), we observed
that resident macrophages do not form podosome rosettes and
they do not degrade gelatin-FITC. Consequently, in contrast to
elicited macrophages, residents have a limited migration ability
which might confine them to their tissue of residence. In future,
it will be interesting to explore whether resident macrophages col-
lected from tissues with distinct biophysical properties ( porosity,
stiffness) have distinct migration abilities compared to peritoneal
macrophages.

‘We have previously shown that migration of human and mouse
macrophages in dense matrices such as Matrigel or gelled colla-
gen 1 is: (i) inhibited by protease inhibitors, (ii) independent of
ROCK, a key effector of the amoeboid migration, (iii) dependent on
the macrophage ability to organize its podosomes as rosettes and
to degrade the ECM, (iv) characterized by an elongated cell shape
with 3D podosomes at the tip of cell protrusions (Van Goethem
et al., 2010, 2011; Verollet et al., 2011). This mode of migration
has been called mesenchymal migration (Cougoule et al.,, 2010;
Van Goethem et al., 2010, 2011; Verollet et al.,, 2011) by analogy
to a migration mode used by tumor cells (Wolf and Friedl, 2011).
Taken together with our previous studies, we show that cells which
are able to infiltrate Matrigel with the characteristic mesenchymal
phenotype (MDMs, BMDMs, human and mouse M2 macrophages,
mouse elicited macrophages) form podosomes, organize them as
rosettes and degrade the ECM while cells which do not infil-
trate Matrigel (T lymphocytes, neutrophils, monocytes and resident
macrophages) do not form podosomes. Although podosomes are
required for the mesenchymal mode, the presence of podosomes
does not certify the mesenchymal migration ability since M1 MDMs
do form podosomes and degrade the matrix but are motionless.
Interestingly, M1 macrophages do not organize their podosomes as
rosettes. Hck and Filamin A, which regulate the mesenchymal but
not the amoeboid migration mode, also regulate the organization
of podosomes as rosettes (Cougoule et al., 2010; Guiet et al., 2012),
further supporting the view that these podosome suprastructures
are involved in the 3D migration of macrophages in dense matrices
(Van Goethem et al., 2011).

In conclusion, this is the first study compiling a detailed anal-
ysis of the capacity of human primary blood-derived leukocytes
and macrophages to migrate in 3D environments, form podosomes,
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organize them as rosettes and degrade the ECM. Our results high-
light that none of the blood-derived leukocytes studied here do
form podosomes or infiltrate a dense matrix of concentrated
Matrigel. Thus we suspect that these leukocytes would more likely
localize in loose areas of tissues. In addition, our results extend
our knowledge on the diversity of macrophage phenotypes by
showing that M2 and elicited macrophages use the mesenchy-
mal mode while M1 polarized and resident macrophages do not.
Tissues infiltrated by macrophages are often a negative sign of dis-
ease progression, including for cancer and chronic inflammation.
These diseases are also often characterized by tissue densification
(Egeblad et al., 2010) which would likely require the mesenchymal
migration. A potential outcome of our work is to consider pathways
regulating specifically the mesenchymal migration of macrophages
as potential targets for therapeutic approaches.
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Annexure |l

Modulation of key circadian cycle genes among traumn

patients in ICU

Circadian rhythm is known to play an importanterah physiological functions
including the immune system biology [25-27]. Theiagons in many biological parameters
dependent on time have been reported to play aafuedtal role in disease processes [28].
Our previous study on Q fever patients showed gleaes of the peripheral molecular clock
were modulated in a gender-dependent manner. @Garcatlythms affect many variables in
healthy individuals: heart rate, blood pressurelyltemperature and hormone levels (such as
melatonin, cortisol). This is a key feature of thmlogical pathways which are under
circadian control and regulate the immune respfse56]. Indeed, many components of the
inflammatory response (leukocytes, cytokines, haresd follow diurnal patterns [57, 58],
and clock-related genes exhibit circadian pattemnseutrophils [31]. These observations
support the hypothesis that the time of day caecathe patient outcomes in specific diseases

[59-61].

In this study, we included severe trauma patientshe first day after admission in intensive
care units because intensive care unit patientsparticularly those with brain injury, exhibit
abolished or desynchronized patterns across dayfithe whole blood expression of the
molecular clock componen8RNTL, CLOCK and PER2 genes was assessed in male and
female healthy volunteers or patients with traursiagiqRT-PCR. We observed a significant
over-expression oARNTL andCLOCK genes in male trauma patients compared with health
volunteersARNTL was also significantly up regulated in male trayratients as compared to

female trauma patients. We report for the firstetimmgender-related modulation of molecular

89



clock genes in blood after severe trauma. Thegsdtsesmphasize the role of circadian rhythm

in the immune response in trauma patients.

90



Early Gender-Specific Modulation of the Molecular Clock in Trauma

Vikram Mehraj® . Sandrine Wiramus®®. MD. Christian Capo® PhD. Marc Leone™”, MD. PhD.
Jean-Louis Mege®, MD. PhD, Julien Textoris™’, MD, PhD

* Laboratoire d'immunologie, URMITE CNRS UMR7278. INSERM U1095. Aix-Marseille
Umniversité. Marseille. France

® Service d'anesthésie et de réanimation. Hopital Nord. Assistance Publique — Hépitaux de
Marseille. Aix Marseille Université, Marseille. France

© Service d'anesthésie et de réanimation. Réanimation du centre des brulés inter-régional de
Mediterranée. Hopital de la Conception. Assistance Publique — Hépitaux de Marseille.
Marseille. France

Corresponding author: Julien Textoris. MD, PhD

Laboratoire d'immunologie. URMITE CNRS UMR7278. INSERM U1095,
Faculté de Médecine Tiumone,

27 Boulevard Jean Moulin

13385 Marseille Cedex 05

Tel : +33 491 324 971

Fax : +33 491 387 772

julien.textoris(@gmail.com

91



Abstract

Immune system biology. as well as most of physiological functions. is tightly link to circadian
thythms. Time of day dependent wvariations of many biological variables also play a
fundamental role in the disease process. In Q fever. we previously showed that genes of the
peripheral molecular clock were modulated in a gender-dependent manner. Here. we included
severe trauma patients on the fiurst day after admission in intensive care unit. Using
quantitative real time PCR. the whole blood expression of the molecular clock components
ARNTL. CLOCK and PER? was assessed in male and female trauma patients. Healthy
volunteers of both gender were used as controls. We observed a significant over-expression of
both components (4RNTL and CLOCK) in male trauma patients, We report for the first time a
gender-related modulation of the molecular clock genes in blood after severe trawna. These

results emphasize the role of circadian rhythi in the inunune response i trauma patients.

Keywords (3-5) : Trauma, Circadian Rhythm. Gender. Inflammation. Per2. Clock. Amtl
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Introduction

Circadian rhythms maintain homeostasis by coordinating the action of physiological systems.
They are associated with physiological changes over a course of time (1). Circadian rhythms
are therefore important to control the behavior of organisms related to environmental changes
(2.3). Alterations of circadian rhythms have been observed in many diseases such as
cardiovascular disorders (diabetes. hypertension. ...), cancers. neurological disorders
(learning and memory dvsfunctions). psychiatric disorders (depression. bipolar disease. ...)
and infectious diseases (4.5). A number of genes are known to regulate the circadian rhythms
(6.7). This includes CLOCK. ARNTL (also known as BMALIL) and PER.. These genes are
part of a peripheral molecular clock complex that regulates the circadian expression of many
genes (Figure 1A). CLOCK. ARNTL and PER? have recently been reported as differentially
modulated in infectious (8-10) and non-infectious diseases (11.12). Medical interventions.
like sedation, can also alter circadian rhythms (13).

Gender is another variable that influence host immune response to pathogens. Whereas men
often exhibit strong inflamimatory responses to pathogens. women are shown to shape strong
cell-mediated and humoral responses to antigenic challenges (11). A number of infectious
diseases are more severe in men than in women (14-16). We recently found that Coxiella
burnetii infection was associated with a gender-specific modulation of CLOCK, ARNTL and
PER? genes (17.18). It is unclear whether these changes are related to the presence of bacteria
or to the development of the inflammatory response. We hypothesized that the gender-related
modulation of these genes is not restricted to Q fever but may be induced by the inflammatory
response. independently of infection. We therefore explored transcriptional data obtamed m
trauma-patients (19). Our results suggest that the expression of the CLOCK and ARNTL genes
was significantly increased in male trauma patients. We show for the first time a gender-

related modulation of the molecular clock genes in blood after severe trauma.

93



Materials and Methods

Trauma patients admitted to the intensive care unit of Nord Hospital (Marseille.
France) and healthy volunteers were included. The study was approved by ethic comumittee
(Comité de Protection des Personnes Sud-Méditerranée II. no. 206-005). Informed written
consent was obtained from each study participant by a next-of-kin. The patient himself'herself
later approved the consent after recovering his conscience and free-will.

Blood samples from the study participants were collected in PAXgene Blood RNA
Tubes (Qiagen™. Courtaboeuf. France). The samples were collected between 9:00 am and
11:00 am. The gene expression in blood samples was determined with real-tune quantitative
RT-PCR (qRT-PCR) as recently described (17). In brief. total RNA was extracted after
DNase digestion. according to the manufacturer's recommendations (Invitrogen™., Life
Technologies. Saint-Aubin. France). Real-time PCR with ¢cDNA templates was performed
using Light Cycler-FastStart DNA MasterPLUS SYBR Green I (Roche Diagnostics. Basel.
Switzerland). The primers were designed with the free web software Primer3 (20). The
primers consisted of the forward sequences 5'-CGGAGTTAGAGATGGTGGAAGA-3'". 5'-
TACTGAGGAAAGGGAGGAGAGG-3' and 5-CCCTCTACCTGCTCAAAGAAAA-3" and
the reverse sequences S-GGGACTGGAAAATGCTGAGTT-3". 5'-
AAGGATAACAGCAAAGCAGAGG-3' and 5-GCCCTCTGGTCTACAAAAACAA-3 for
the Per2. Clock and Amtl genes. respectively. qRT-PCR experiments were performed using
the gene encoding P-actin (forward sequence 5°-GGAAATCGTGCGTGACATTA-3" and
reverse sequence 5-AGGAAGGAAGGCTGGAAGAG-3") as the reference housekeeping
gene.

The study participants were analyzed in four groups. accordingly to gender and trauma
status. For each patient and control, the cycle threshold (Ct) values of the genes of interest

were normalized with their own Ct values of pB-actin to calculate the ACt. The results are
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expressed as medians and were compared using the non-parametric Mann-Whitney [/ test. A

p value less than 0.05 was considered significant.

Results
Twenty trawma patients (median age of 36 [29-44] years) and 19 healthy volunteers (median
age of 39 [29-46] vears) were mncluded in the study. Among patients. 12 men and 8 women
had similar severitv scores (Table 1). Most of these trauma patients had severe brain injury
with a median initial Glasgow coma scale score at 6 [4-8]. Clinical and biological variables
were similar between male and female trauma patients, with the exception of serum creatinine
levels (Table 1)

In healthy volunteers. the expression of CLOCK was significantly lower in male than
m female (Figure 1C). The expression of ARNTL and PER? was similar in both gender
(Figure 1B and 1D). In trauma patients. ARNTL was significantly up-regulated in male
whereas it tend to be less expressed in female (Figure 1B). In addition. the expression of
CLOCK was significantly higher in male with trauma. The expression level of CLOCK in
female with trauma was similar to control female (Figure 1C). Taken together. both

components (ARNTL and CLOCK) are over expressed in male with trauma.
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Discussion

To owr knowledge. this is the first report showing significant gender-related
modulation in circadian clock gene expression in trawma patients. CLOCK and ARNTL genes.
coding for a major transcription factor of the peripheral molecular clock (21.22). were over-
expressed in male trauma patients. In addition. the down-regulation of ARNTL expression in
female trauma patients may amplify the difference in clock-related gene expression between
both gender in trauma patients.

Circadian rhythms affect many wvariables m healthy individuals: heart rate. blood
pressure. body temperature and hormone levels (such as melatonin. cortisol). For these
variables. intensive care unit patients, and particularly those with brain injury. exhibit
abolished or desynchronized patterns across daytime (13.23). This 1s a key feature of the
biological pathways which are under circadian control and regulate the immune response
(24.25). Indeed, many components of the inflammatory response (leukocytes. cytokines.
hormones) follow diurnal patterns (26.27). and clock-related genes exhibit circadian patteins
in neutrophils (7). These observations support the hypothesis that the time of day can affect
the patient outcomes in specific diseases (28-30). Our results suggest that the inflammatory
response occurring after severe trauma 1s associated with a modulation of the molecular clock
in leukocytes. This up-regulation of clock genes was also reported in suprachiasmatic nuclei
in a male rat model of traumatic brain injury (5).

Owr prelimmary data underline that. in whole blood. gender affects the molecular
clock. Indeed. the over-expression of ARNTL and CLOCK was only observed in male trauma
patients. Gender-specific circadian patterns are reported for many variables (31). We
previously showed in a murine model of Q fever that. after infection. the molecular clock was
differentially modulated between male and female (18). We confirmed these findings in blood

samples from Q fever patients (17). The clinical expression of Q fever is known to be
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associated with a strong sexual dimorphism. Interestingly, our results suggest that this gender-
related modulation of the circadian clock may be rather related to the host inflammatory
response than to a specific infection.

As suggested elsewhere (32). these preliminary data support the need to include
gender in the pathophysiological models of host inflammatory response. Future investigations
are needed to confirm the altered expression patterns of these genes during the intensive care
unit stay. Associations with the patient oufcomes like immune response and cognitive
dysfunction after intensive care unit stay should be examined.

In conclusion, we report for the first time a gender-related modulation of ARNTL and
CLOCK genes in the blood of severe trauma patients. Our previous results were obtained in
an infectious model. Q fever. where gender-dependency is well known. The present data
support a role for a gender-specific modulation of circadian rhythm in inflammation and
infections. Moreover. these data underline the need to take into account variables such as

gender to customize the management of trauma patients.
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Figure 1: Expression of ARNTL, CLOCK and PER?2 in trauma patients and healthy
volunteers according to gender. A: schematic representation of the negative feedback loop
that controls the rhythmic circadian expression of the peripheral molecular clock components.
CRG: Clock Regulated Genes. B, C, D. Gene expression ws assessed by qRT-PCR in healthy
volunteers and trauma patients and represented as delta Ct values according to gender. As
lower A-Ct values represent a higher expression. y-axis was reversed to allow an easy visual
mterpretation of the modulation between groups.
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Table 1. Comparison of demographic. clinical and biological characteristics of trauma patients
according to gender

Characteristics Male Female P
(n=12) (n=8)
Median [IQR] l\Ie-:Iiﬂn (IQR)
Age in years 36 [29-45] 37 [23-44] 0.67
BMI 25[23-26] 20 [18-24] 0.11
SAPS2 41 [35-53] 59 [35-60] 0.34
ISS 33[25-41] 36 [26-43] 0.65
GCS 6 [4-11] 6[5 9] 0.81
Hemoglobin (g/dL) 11 [10-13] 10 [7.2-11] 0.15
WBCs (10°/L) 16 [10-19] 2 [8-19] 0.49
Neutrophils (10°/L) 14 [8-17] 0 [6.8-16] 0.42
Lymphocytes (10°/1) 1.2[1-1.7] 1.4[0.9-1.8] 0.73
Monocytes (10°/L) 1.0 [0.8-1.2] 0.5[0.4-0.8] 0.05
Platelets (107L) 161 [133-176] 179 [122-279] 0.44
Fibrinogen (g/L) 1.4[1-24] 1.8[1.3-2.3] 0.36
Serum Protem (g/L) 52 [42-62] 52 [46-63] 0.82
Serum Albumin (g/L) 26 [20-38] 28 [22-33] 0.63
Serum Creatinine (pmolL) 84 [67-99] 64 [51-78] 0.03*

BMI: Body Mass Index: SAPS2: Simplified Acute Physiological Score; ISS: Injury Severity Score:
GCS: Glasgow Coma Scale: WBC: White Blood Cell. * p<0.05
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ABSTRACT

Macrophages are functionally polarized into inflaatory and microbicidal (M1) and
immunoregulatory (M2) cells. If circulating monoegt may be polarized is not known. We
determined the transcriptional signatures of humanocytes stimulated with IFMand IL-

4, known to induce the polarization of macrophagesM1 and M2 cells, respectively, using
microarrays and real-time RT-PCR. We found that oogtes exhibited an early pattern of
activation specific to IFN-or IL-4 and a late pattern of activation commorbtth agonists.
The selected biomarkers of early and late responses tested in patients with Q fever. We
showed that the kinetic model of monocyte activatemables a dynamic approach for the
evaluation of patients with acute Q fever or Q fegadocarditis. On the other hand, it is
known that the prevalence of Q fever is relatedew and is higher in men than in women.
Based on previous studies on an experimental mofdeifection by Coxiella burnetii, the
agent of Q fever, we hypothesized that circadiamegeare differently modulated in men and
women with Q fever. We showed that the expressibthe Per2 gene was significantly
increased in males with acute Q fever compared hgtlithy volunteers but did not differ in
females with Q fever and healthy females. Theselteesuggest that that the modulation of
circadian genes is associated with a human infestidisease. We also found that the
expression ofLNX1 and LNX2 genes that encode two enzymes involved in protein
degradation is increased in Q fever endocarditisibtiin acute Q fever.

Key words: monocytes, polarization, Q fever, endocarditis;amlian genes.

RESUME

Les macrophages sont fonctionnellement polarisésmaerophages inflammatoires et
microbicides (M1) ou immunorégulateurs (M2). Ques lenonocytes circulants soient
polarisables n’est pas démontré. Nous avons étladigignature transcriptionnelle par
microarray et RT-PCR en temps réel de monocytesamsmstimulés par I'lFNt un
inducteur des macrophages M1 et I'lL-4, un inductées macrophages M2. Leur profil de
réponse précoce est dépendent de I'agoniste al@rdagréponse tardive des monocytes est
similaire qu’ils soient stimulés par I'lFM-ou I'lL-4. Cette approche dynamique de la réponse
monocytaire permet probablement une étude bien geusnente des patients atteints d’'une
fievre Q que le modele de polarisation macrophagi@ar ailleurs, la prévalence de la fievre
Q est plus importante chez ’lhomme que chez la fenm@omme il a été montré que des genes
associés au cycle circadien sont modulés chezolesssinfectées paCoxiella burnetii, la
bactérie responsable de la fievre Q, nous avomkétes génes au cours de la fievre Q. C'est
ainsi que le genPer2 est fortement exprimé chez les hommes atteintsedfievre Q aigué.
Ces résultats suggéerent donc que la modulatioredesgcircadiens est associée a une maladie
infectieuse chez 'homme. L'expression des gaé¥1l andLNX2, qui codent deux enzymes
impliquées dans le catabolisme des protéines, aesti@ dans I'endocardite de la fievre Q
mais pas dans la fievre Q aigué.

Mots clés:monocytes, polarisation, fievre Q, endocardite egarircadiens.



