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Abstract

Q fever endocarditis, a severe complication of Q fever, is associated with a defective immune response, the mechanisms of
which are poorly understood. We hypothesized that Q fever immune deficiency is related to altered distribution and
activation of circulating monocyte subsets. Monocyte subsets were analyzed by flow cytometry in peripheral blood
mononuclear cells from patients with Q fever endocarditis and controls. The proportion of classical monocytes
(CD14+CD162 monocytes) was similar in patients and controls. In contrast, the patients with Q fever endocarditis exhibited
a decrease in the non-classical and intermediate subsets of monocytes (CD16+ monocytes). The altered distribution of
monocyte subsets in Q fever endocarditis was associated with changes in their activation profile. Indeed, the expression of
HLA-DR, a canonical activation molecule, and PD-1, a co-inhibitory molecule, was increased in intermediate monocytes. This
profile was not restricted to CD16+ monocytes because CD4+ T cells also overexpressed PD-1. The mechanism leading to the
overexpression of PD-1 did not require the LPS from C. burnetii but involved interleukin-10, an immunosuppressive cytokine.
Indeed, the incubation of control monocytes with interleukin-10 led to a higher expression of PD-1 and neutralizing
interleukin-10 prevented C. burnetii-stimulated PD-1 expression. Taken together, these results show that the immune
suppression of Q fever endocarditis involves a cross-talk between monocytes and CD4+ T cells expressing PD-1. The
expression of PD-1 may be useful to assess chronic immune alterations in Q fever endocarditis.

Citation: Ka MB, Gondois-Rey F, Capo C, Textoris J, Million M, et al. (2014) Imbalance of Circulating Monocyte Subsets and PD-1 Dysregulation in Q Fever
Endocarditis: The Role of IL-10 in PD-1 Modulation. PLoS ONE 9(9): e107533. doi:10.1371/journal.pone.0107533

Editor: Yolande Richard, COCHIN INSTITUTE, Institut National de la Santé et de la Recherche Médicale, France
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Introduction

Q fever is a widespread zoonosis caused by Coxiella burnetii, a

small gram-negative bacterium. Humans usually contract Q fever

via aerosols and develop a primary infection that is symptomatic in

a minority of exposed individuals. When symptomatic, primary Q

fever consists of isolated fever, hepatitis or pneumonia [1]. Q fever

may become chronic in patients with valvular damage, immuno-

compromised patients and pregnant women [2]. The major

clinical manifestation of chronic Q fever is an endocarditis, which

accounts for 48% of blood culture-negative cases of infective

endocarditis [3]. Patients with Q fever endocarditis exhibit

spontaneous evolution to death in the absence of antibiotic

treatment, and long-lasting treatment is not sufficient to prevent

relapses [1]. However, antibiotic prophylaxis of patients with acute

Q fever and valvulopathy prevents the evolution from acute Q

fever to endocarditis [4].

The innate and adaptive immune response to C. burnetii has an

impact on the evolution of Q fever. Monocytes and tissue

macrophages are infected by C. burnetii [5,6], but bacterial

clearance in vitro requires interferon (IFN)-c-mediated microbi-

cidal signals [7,8]. The production of such signals is observed in

primary Q fever and is associated with the formation of tissue

granulomas [9]. In contrast, Q fever endocarditis is characterized

by a defective cell-mediated immune response, and tissue

granulomas are replaced with lymphocyte infiltration [5]. The

mechanisms governing the defective immune response in Q fever

endocarditis are diverse involving alterations in cytokine amounts

and distribution of immune cells. The overproduction of the

immunoregulatory cytokine, interleukin (IL)-10, in Q fever

endocarditis has been largely documented and plays a role in

the inhibition of macrophage microbicidal activity and T cell

proliferation [10,11]. On the other hand, an anomalous distribu-

tion of circulating immune cell subsets may account for the

inefficiency of the immune response in chronic Q fever. We

recently demonstrated that a subset of regulatory T cells, namely

naturally occurring CD4+CD25+Foxp3+ T cells (Treg cells), was

increased in Q fever endocarditis independent of changes in the

CD4+ T cell population, suggesting that the disease is associated

with an expansion of this subset of CD4+ T cells [12].

As observed in some chronic infectious diseases, the inefficient

immune response observed in Q fever endocarditis may also

involve co-inhibitory molecules, such as programmed cell death

(PD)-1. The expression of the glycoprotein PD-1 (CD279), a

member of CD28/B7 Ig superfamily, is increased after the

activation of immune cells including CD4+ T cells, CD8+ T cells,
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natural killer cells (NK cells), B cells and monocytes [13,14]. The

PD-1 molecule delivers an inhibitory signal for T cells [15,16].

This is illustrated by the immune deficiency of patients with

immunodeficiency virus (HIV) infection, in which PD-1 is

significantly up-regulated in CD8+ T cells; such pattern of

expression is related to impaired function of HIV-specific CD8+

T cells, plasma viral load and IL-10 production [17,18]. The role

of PD-1 in bacterial infections such as Q fever is largely unknown

but we reasoned that the chronic evolution of Q fever may be

reminiscent of the chronic evolution of HIV infection.

The aim of this study was to assess the distribution of circulating

monocyte subsets in patients with Q fever endocarditis using flow

cytometry, a tool of choice for probing human immune

phenotypes and for characterizing subsets of cells, including rare

circulating subsets [19]. We demonstrated that the major subset of

monocytes (classical monocytes) was not affected in Q fever

endocarditis. In contrast, Q fever endocarditis is characterized by

a decrease in non-classical and intermediate monocytes (CD16+

monocytes). We found that intermediate monocytes, but also

CD4+ T lymphocytes and Treg cells, overexpressed PD-1 in

patients with Q fever endocarditis. The overexpression of PD-1 is

likely related to the overproduction of IL-10 we observed in Q

fever endocarditis. Indeed, in vitro experiments revealed that C.
burnetii up-regulates the expression of PD-1 by monocytes via IL-

10 production. These findings show that Q fever endocarditis is

associated with changes in monocyte subsets and dysregulated

expression of PD-1.

Materials and Methods

Ethics statement
The study was conducted with the approval of the Ethics

Committee of Aix-Marseille University, France. Blood samples

were collected after written informed consent was obtained from

each participant.

Patients
Suspected Q fever endocarditis was based on standardized

questionnaire that included pathological evidence of endocarditis,

positive echocardiograms, positive blood cultures, high titers of

IgG specific for phase I C. burnetii. The diagnostic is considered

certain after data scoring as previously described in our laboratory

[20]. Patients with Q fever endocarditis consisted of 12 men

(ranging from 36 to 75 years-old) and 5 women (ranging from 42

to 64 years-old) (Table 1). Eleven healthy individuals (6 men

ranging from 26 to 65 years-old and 4 women ranging from 30 to

70 years-old) and 9 patients with acute Q fever (6 men ranging

from 42 to 71 years-old and 3 women ranging from 40 to 68 years-

old) were included as controls; the diagnostic of acute Q fever was

based on serological determination of anti-phase II C. burnetii
antibodies (Abs) [20].

PBMCs and the preparation of monocytes
Total blood was drawn in 5-ml EDTA-anticoagulated tubes,

and peripheral blood mononuclear cells (PBMCs) were separated

using Ficoll cushions. PBMCs were recovered in RPMI 1640

containing 20 mM HEPES, 10% fetal calf serum (FCS), 2 mM L-

glutamine, 100 U penicillin/ml and 50 mg/ml streptomycin (Life

Technologies, Saint Aubin, France). The cells were cryopreserved

using 10% DMSO and frozen in liquid nitrogen.

Monocytes were obtained from PBMCs using magnetic beads

coated with monoclonal Abs (mAbs) directed against CD14,

according to the manufacturer’s instructions (Miltenyi Biotech,

Paris, France). This procedure resulted in more than 95%

monocyte purity, as assessed by flow cytometry. Monocyte

viability was greater than 98% as determined by trypan blue

exclusion.

Flow cytometry
PBMC samples were incubated with mAbs or isotypic controls

and Aqua-Fluorescent Reactive dye (vivid), a viability dye, for

Table 1. Patients with Q fever endocarditis.

Patients Sex Age Score IgG Valvulopathy Treatment

1 M 75 A1B2C3 1600 yes valvular prosthesis

2 M 36 A1B2C1 12800 yes mitral valvuloplasty

3 M 73 ND 6400 yes abdominal aortic endograft

4 F 56 A1B2C2 800 yes native heart valve disease

5 M 47 A0B2C2 6400 yes valvular prosthesis

6 M 54 A0B1C3 6400 yes aortic regurgitation

7 M 67 A1B1C3 25600 yes interventicular communication

8 M 66 A0B0C3 1600 yes aortic bicuspidy

9 F 54 A2B0C2 800 yes aortic stenosis

10 F 47 A0B0C3 6400 yes aortic bicuspidy

11 M 41 A0B2C0 25600 yes aortic homograft

12 F 64 ND 400 yes valvular prosthesis

13 M 48 A0B0C3 400 yes mitral valve prolapse

14 M 52 A0B0C3 400 yes valvular calcification

15 F 42 ND 3200 yes aortic stenosis

16 M 56 A0B1C1 800 yes valvulopathy without precision

17 M 65 A0B0C3 400 yes mitral regurgitation

The titer of IgG directed against C. burnetii in phase I is indicated.
doi:10.1371/journal.pone.0107533.t001
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20 min (the list of fluorescent reagents is presented in Table S1.

PBMCs were then washed, fixed in 4% paraformaldehyde and

data were acquired within 3 days. Flow cytometry was performed

using a LSRII-SORP cytometer (Becton Dickinson, Le Pont de

Claix, France) equipped with four lasers and 17 photomultipliers.

The cytometer was routinely calibrated with cytometer Set-up and

Tracking Beads (Becton Dickinson). The voltage of photomulti-

pliers was determined using unstained and stained PBMCs.

Compensation particle-set beads (Becton Dickinson) were used

for each fluorescent reagent, except Aqua-Fluorescent Reactive

dye, to calculate the compensation matrix with FlowJo tools.

Approximately 106 events were acquired. After the exclusion of

debris on the forward/side scatter dot plot and dead cells with

Aqua-Fluorescent Reactive dye, data were exported and analyzed

with FlowJo Software (version 9.2, Tree Star Ashland, OR, USA).

The gating strategy to explore circulating monocytes and T cells is

presented in Figure 1A and Figure 2A, respectively, as previ-

ously described [21]. The proportion of monocyte and T cell

subsets is expressed as the ratio of living cells expressing the

fluorescent marker to the total number of analyzed PBMCs. The

phenotypic expression of HLA-DR is given as the mean

fluorescence intensity (MFI). The expression of PD-1 is presented

as the ratio of MFIassay to MFIisotypic control for monocytes and the

percentage of PD-1 positive cells for T cell subsets. Flow cytometry

was also used to analyze the level of apoptosis of monocyte subsets.

In brief, monocyte subsets were gated according the expression of

CD14 and CD16, and the expression of fluorescent annexin V by

monocyte subsets was assessed.

In vitro stimulation of monocytes
C. burnetii (Nine Mile strain, RSA496) was cultured as

previously described [22]. The L929 cells were infected, sonicated

and centrifuged at 300 6 g for 10 min. Supernatants were

collected and centrifuged at 10,000 6g for 10 min. Bacteria were

then washed and stored at -80uC. The concentration of organisms

was determined by Gimenez staining, and the bacterial viability

was assessed using the LIVE/DEAD BacLight bacterial viability

kit (Molecular Probes, Life Technologies).

PBMCs or isolated monocytes were incubated with living or

heat-denaturated (100uC for 30 min) phase I C. burnetii organisms

(bacterium-to-cell ratio of 50:1), 10 mg/ml LPS from Escherichia
coli (Sigma-Aldrich, Saint-Quentin Fallavier) or from phase I C.

Figure 1. Analysis of monocyte subsets. A, Gating strategy for studying monocyte subsets. PBMCs were gated according to their size and after
the exclusion of dead cells. PBMCs that expressed HLA-DR and did not express CD3, CD19 or CD56 (exclusion of CD3+ T cells, B cells and NK cells,
respectively) were selected. Selected cells were analyzed according the level of CD14 and CD16 expression (monocytes). B, Analysis of monocyte
subsets in Q fever endocarditis. Monocytes from 10 healthy controls and 17 patients with Q fever endocarditis were analyzed with flow cytometry.
The proportion of monocytes with respect of the total number of live PBMCs is presented for each individual. The nonparametric Mann-Whitney U
test was used to compare the patient and control groups. *p,0.05. Horizontal bar, median value.
doi:10.1371/journal.pone.0107533.g001
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Figure 2. Analysis of T lymphocyte subsets. A, Gating strategy for studying T cell subsets. PBMCs were gated according to their size and after
the exclusion of dead cells. PBMCs that expressed CD3 were selected. Selected cells were analyzed according the level of CD4 and CD8 expression.
Treg cells were analyzed according the expression of CD127 and CD25. B, Analysis of T cell subsets in Q fever endocarditis. T cell subsets from 11
healthy controls and 14 patients with Q fever endocarditis were analyzed with flow cytometry. The proportion of T cells subsets with respect of the
total number of living PBMCs is presented for each individual. The nonparametric Mann-Whitney U test was used to compare the patient and control
groups. **p,0.005. Horizontal bar, median value.
doi:10.1371/journal.pone.0107533.g002
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burnetii (kindly provided by Pr R. Toman, Slovakia), 10mg/ml

recombinant human IL-10 or neutralizing anti-IL-10 Abs (R&D

Systems, Lille, France) for 24 hours. Cells were recovered, and the

expression of PD-1 by monocytes was assessed by flow cytometry.

Cell supernatants were stored at 220uC before IL-10 measure-

ments by immunoassay (R&D Systems). The intra- and interspe-

cific coefficients of variation ranged from 5% to 10%.

Figure 3. HLA-DR expression on monocyte subsets. The expression of HLA-DR on classical (A), intermediate (B) and non-classical (C) monocytes
from 10 healthy controls and 17 patients with Q fever endocarditis was analyzed with flow cytometry. The level of HLA-DR expression was expressed
as MFI. The nonparametric Mann-Whitney U test was used to compare the patient and control groups. *p,0.05. Horizontal bar, median value.
doi:10.1371/journal.pone.0107533.g003
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Figure 4. PD-1 expression on monocyte subsets. The expression of PD-1 on classical (A, D), intermediate (B, D), non-classical (C, D) from 10
healthy control, 17 patients with Q fever endocarditis and 9 patients with acute Q fever was analyzed with flow cytometry. The expression of PD-1 in
the monocyte subsets is presented for each individual as the ratio of MFIPD-1 to MFIisotypic control. The nonparametric Mann-Whitney U test was used to
compare the patient and control groups. *p,0.05. Horizontal bar, median value.
doi:10.1371/journal.pone.0107533.g004
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Statistical analysis
Data were analyzed using the Mann-Whitney U test to compare

healthy donors and patients with Q fever endocarditis or the

Student’s t-test to analyze in vitro data. The results are presented

as the median or the mean 6 SD, and a p value ,0.05 was

considered statistically significant. The relationship between

specific Ab levels and the distribution of immune cells expressing

or not PD-1 was analyzed with the Spearman correlation

coefficient.

Results

CD16+ monocytes and Treg cells are affected in Q fever
endocarditis

The myeloid compartment was defined as the population of

PBMCs that expressed HLA-DR but not the markers of T cells

(CD3), B cells (CD19) or NK cells (CD56) (Figure 1A). Using

CD14 and CD16 mAbs, we analyzed the distribution of monocyte

subsets in controls and patients with Q fever endocarditis after the

exclusion of debris, doublets and dead cells. The blood monocytes

(5–15% of the total number of PBMCs) were divided into three

different subsets (Figure 1A), as previously described [23].

Approximately 90% of control monocytes expressed high levels

of CD14 but not CD16 (CD14++CD162 monocytes, also called

classical monocytes); approximately 5% of monocytes expressed

lower levels of CD14 but high levels of CD16 (CD14+CD16+

monocytes, also called non-classical monocytes). The remaining

monocytes expressed high levels of CD14 and CD16

(CD14++CD16+ monocytes, also known as intermediate mono-

cytes). We observed that the total number of monocytes was

similar in healthy controls and patients with Q fever endocarditis

(approximately 12% of the total number of PBMCs). However,

while classical monocytes were similarly represented in controls

and patients with Q fever endocarditis, the percentage (Fig-
ure 1B) and the total count (Figure S1A) of intermediate and

non-classical monocytes was significantly (p,0.05) lower in

patients with Q fever endocarditis than in controls. In parallel,

we measured the proportion of CD3+, CD4+, CD8+ T cells and

Treg cells in patients with Q fever endocarditis. With the

exception of Treg cells that were increased in Q fever endocarditis,

the proportion of CD3+, CD4+ and CD8+ T cells was similar in

patients and controls (Figure 2). Taken together, these results

show that the minor monocyte subsets and the Treg population

were affected in Q fever endocarditis.

HLA-DR expression on monocyte subsets in Q fever
endocarditis

As intermediate and non-classical monocytes were found to be

modulated in Q fever endocarditis, we wondered if this

modulation is related to their activation, as determined by the

expression of HLA-DR. Although the expression of HLA-DR on

classical (Figure 3A) and non-classical (Figure 3C) monocytes

was similar in patients and healthy donors, HLA-DR expression

was significantly increased on intermediate monocytes in Q fever

endocarditis (Figure 3B). Hence, the increased expression of

HLA-DR on intermediate monocytes cannot account for the

decreased number of non-classical monocytes. Taken together,

these results suggest that the expression of HLA-DR is modestly

affected in Q fever endocarditis and is not related to the

modulation of the monocyte subsets.

PD-1 molecules are modulated on intermediate
monocytes and CD4+ T cells

PD-1 is associated with the chronic evolution of infectious

diseases [17] and with IL-10 overproduction in HIV infection

[18]. Because the overproduction of IL-10 is observed in Q fever

endocarditis [10], we hypothesized that the expression of PD-1 by

monocyte subsets was affected in Q fever endocarditis. The

expression of PD-1 was not modulated in classical monocytes

(Figure 4A), but it was significantly (p,0.05) increased in

intermediate monocytes from patients with Q fever endocarditis

(Figure 4B). It is noteworthy that the modulation of PD-1

expression by non-classical monocytes was close to that of

intermediate monocytes although non-significant (Figure 4C).

To assess the role of C. burnetii infection in PD-1 expression, we

measured the expression of PD-1 by monocytes from patients with

acute Q fever. It was similar in the three monocyte subsets and was

not different from that of controls (Figure 4D). These results

suggest that the overexpression of PD-1 on CD16+ monocytes is

not a direct consequence of C. burnetii infection. We then

determined the specificity of PD-1 overexpression by studying the

expression of PD-1 on T cell subsets from controls and patients

with Q fever endocarditis. The expression of PD-1 was similar on

CD8+ T cells from patients with Q fever endocarditis and controls,

Figure 5. PD-1 expression on T lymphocyte subsets. The
expression of PD-1 on T lymphocytes (A), CD4+ (B), CD8+ (C) T cells
and Treg cells (D) from 11 healthy controls and 14 patients with Q fever
endocarditis was analyzed with flow cytometry. The expression of PD-1
is presented for each individual as the percentage of PD-1-positive cells.
The nonparametric Mann-Whitney U test was used to compare the
patient and control groups. **p,0.005, ***p,0.0005. Horizontal bar,
median value.
doi:10.1371/journal.pone.0107533.g005
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but was significantly higher on CD3+, CD4+ T cells and Treg cells

from patients than on control T cells (Figure 5). Hence, the

modulation of PD-1 expression is not restricted to CD16+

monocytes but also involves CD4+ T cells, suggesting a global

alteration of immune response in Q fever endocarditis.

Up-regulated expression of PD-1 depends on C. burnetii
and IL-10

Because clinical features suggest that the modulation of PD-1

expression is not a direct consequence of C. burnetii infection, we

used an in vitro approach to test this hypothesis. To explore that

further, PBMCs from healthy donors were incubated with living or

heat-inactivated C. burnetii for 24 hours, and the expression of

PD-1 by gated monocytes was assessed by flow cytometry. The

expression of PD-1 by monocytes was dramatically increased after

C. burnetii stimulation (Figure 6A). The responses of monocytes

stimulated with heat-inactivated or living (Figure S1B) C. burnetii
were not significantly different. We then isolated circulating

monocytes by positive selection and stimulated them with heat-

inactivated C. burnetii. The expression of PD-1 by monocytes was

clearly up-regulated in response to C. burnetii (Figure 6B).
Hence, in vitro C. burnetii infection may account for PD-1

modulation. As LPS is a major virulence factor of C. burnetii [24],

we investigated the putative role of LPS in PD-1 modulation. We

observed that the E. coli LPS as positive control increased the

expression of PD-1 on monocytes but that LPS from phase I C.
burnetii did not modulate the expression of PD-1 by monocytes

(Figure 6, A and B). This result demonstrates that C. burnetii
modulated the expression of PD-1 independently of its LPS,

suggesting that C. burnetii may affect PD-1 expression through an

indirect mechanism.

As Q fever endocarditis is associated with the overproduction of

IL-10 (Figure 7A and [10]), we wondered whether the overex-

pression of PD-1 observed in Q fever endocarditis is related to IL-

10. First, C. burnetii induced the release of IL-10 by monocytes

from healthy controls (Figure 7B). Second, IL-10 dramatically

increased the expression of PD-1 by monocytes from healthy

controls. Third, the overexpression of PD-1 induced by C. burnetii
is completely inhibited when monocytes were treated with

Figure 6. Modulation of PD-1 by C. burnetii in monocytes. PBMCs or isolated monocytes from healthy subjects (106 cells/ml) were stimulated
with heat-inactivated C. burnetii (bacterium-to-cell ratio of 50:1), E. coli or phase I C. burnetii LPS (10 mg/ml) for 24 hours. The expression of PD-1 by
gated monocytes (A) or isolated monocytes (B) was assessed by flow cytometry. The Student’s t-test was used to analyze data, and the values
represent the mean 6 SD of three independent experiments.
doi:10.1371/journal.pone.0107533.g006
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neutralizing anti-IL-10 mAbs before infection with C. burnetii
(Figure 7C). Taken together, these results suggest that the

elevated levels of IL-10 observed in Q fever endocarditis may be

responsible for the up-regulation of PD-1 in monocytes.

Discussion

The mechanisms of infective endocarditis involve the local and

systemic host response to bacterial aggression. Locally, the

interaction of coagulation factors and inflammatory cells leads to

tissue reorganization and vegetation formation [25]. Systemic host

responses bring together the activation of innate immune cells and

inflammatory pathways [26]. Among types of infective endocar-

ditis, Q fever endocarditis exhibits specific features, including

fibrosis, calcification of the valves, low-grade inflammation and

small or absent vegetations [27], suggesting that the mechanisms

involved in Q fever endocarditis are likely distinct from those

governing pyogenic endocarditis. Hence, we previously provided

evidence that Q fever endocarditis is characterized by IL-10-based

immunosuppression [6]. Because C. burnetii survives and alters

monocyte functions [6,28], we wondered here whether the

immunosuppression associated with Q fever endocarditis may be

related to quantitative changes in the populations of circulating

monocytes. Based on the expression of CD14 and CD16, we

observed three monocyte subsets in Q fever endocarditis, as

reported in healthy controls [28]. The population of classical

monocytes was not affected in Q fever endocarditis. In contrast,

the non-classical and intermediate monocyte subsets were

decreased in patients with Q fever endocarditis compared with

healthy donors. This result is unexpected because the monocyte

subsets that express CD16 (non-classical and/or intermediate

monocytes) are increased in patients chronically infected with HIV

[29] and in the febrile and defervescent phases of dengue infection

[30]. The decreased number of specific monocyte subsets in Q

Figure 7. IL-10 and PD-1 expression in Q fever endocarditis. A, PBMCs (106 cells/ml) from controls and patients with Q fever were incubated
for 24 hours. Cell supernatants were collected and assayed for the presence of IL-10 by immunoassays. B, Monocytes from controls (106 cells/ml)
were incubated with heat-inactivated C. burnetii (bacterium-to-cell ratio, 50:1) for 24 hours. Cell supernatants were collected and assayed for the
presence of IL-10. The production of IL-10 was expressed in ng/ml. C, Monocytes from controls were incubated with IL-10 (10 mg/ml), heat-
inactivated C. burnetii or C. burnetii + anti-IL-10 mAbs (10 mg/ml) for 18 hours. The expression of PD-1 was assessed by flow cytometry, and the result
was representative of three different experiments.
doi:10.1371/journal.pone.0107533.g007
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fever endocarditis was not a consequence of a global decrease in

circulating immune cells because CD4+ and CD8+ T cells were not

affected whereas CD4+ Tregs were increased. The decrease in

non-classical and intermediate monocytes might be the conse-

quence of their redistribution toward tissues. Indeed, it has been

recently reported that non-classical and intermediate monocytes

are increased in obese subjects and that weight loss leads to their

decrease, likely associated with tissue migration [31]. We

previously reported that circulating levels of MCP-1 known to

control monocyte traffic is increased in patients with Q fever

endocarditis [32]. Nevertheless, leukocytes from these patients

exhibit defective trans-endothelial migration that is corrected by

neutralizing anti-IL-10 Abs [33]. Alternatively, an increase in

apoptosis may account for the decreased number of CD16+

monocytes. We found that CD16+ monocytes were more prone to

apoptosis than CD162 monocytes (Figure S2A). Whether the

apoptosis variations are sufficient to account for CD16+ monocyte

decrease in blood circulation remains to be determined. Despite

the lack of evidence for the mechanism of monocyte modulation,

the upregulation of HLA-DR in intermediate monocytes from

patients with Q fever endocarditis strengthened the hypothesis that

circulating monocytes are activated in Q fever endocarditis.

The second feature of monocyte alteration in Q fever

endocarditis is the increased expression of PD-1 on CD16+

monocytes. Note that no correlation was found between the

expression of PD-1 and the duration of treatment of patients with

Q fever endocarditis. As PD-1 was modulated in intermediate and,

to a lesser degree, in non-classical monocytes during Q fever

endocarditis, we wondered whether the modulation of PD-1 is a

direct consequence of C. burnetii infection. We observed that C.
burnetii efficiently increased the expression of PD-1 in monocytes

isolated from healthy controls. The modulation of PD-1 expression

by C. burnetii was independent of bacterial LPS, although it has

been recently demonstrated that LPS is involved in C. burnetii
pathogenicity [34]. We cannot exclude that other bacterial factors

are involved in C. burnetii infection [35]. As PD-1 and IL-10 are

up-regulated in HIV infection [18], we wondered whether a

similar process occurs in Q fever endocarditis. We observed that

IL-10 was sufficient to induce PD-1 expression by monocytes and

that the neutralization of IL-10 in C. burnetii-infected monocytes

prevented the bacterial stimulation of PD-1 expression. This is

reminiscent of mouse models of sepsis in which the lack of PD-1 is

associated with protection and low production of IL-10 [36]. In

addition, we found that CD16+ monocytes from patients with Q

fever endocarditis produced less IL-10 than CD162 monocytes

(Figure S2B). It is likely that the activation state of CD16+

monocytes accounts for this lower production of an immunoreg-

ulatory cytokine such as IL-10. The blockade of PD-1/PD-L1

interactions restores the immune response during HIV infection

[17,37]. Several evidence support that IL-10 and PD-1 constitute

an amplification loop leading to immune impairment. Hence, the

PD-1 expression is increased in monocytes during HIV infection

and the triggering of monocyte-expressed PD-1 induces IL-10

production, leading to CD4+ T cell dysfunction [17,18]. In vitro
neutralization of IL-10 activity in PBMCs from humans infected

with HIV or hepatitis C virus restores the activity of non-

responsive T cells [38,39].

Finally, we demonstrated that the up-regulation of PD-1 was

also observed in CD4+ T cells from patients with Q fever

endocarditis. This increased expression of PD-1 was specific of

CD4+ T cells because no modulation of PD-1 was found on CD8+

T cells from patients. It is noteworthy that the number of Treg

cells was increased in Q fever endocarditis and that Treg cells

overexpressed PD-1, suggesting an amplification loop to control

immune cell responsiveness. In addition, it is likely that the

alteration of immune response in Q fever endocarditis requires a

cross-talk between monocytes and T cells expressing PD-1. We

suppose that the expression of PD-1 may reflect the degree of

altered immune response. Hence, we found a positive correlation

between the level of PD-1 expressed by CD4+ T cells and anti-C.
burnetii Abs, which are sensitive markers of Q fever evolution.

The lack of correlation between PD-1-overexpressing monocytes

and anti-C. burnetii Abs may be explained by the small size of

patient samples and the low proportion of circulating CD16+

monocytes (Figure S3).

In summary, our results demonstrated that the number of

intermediate and non-classical monocytes was decreased in Q

fever endocarditis. We also showed that the overexpression of PD-

1 by intermediate monocytes was related to IL-10 production. The

alteration of monocyte subsets was associated with the overex-

pression of PD-1 by CD4+ T cells that may cooperate with

monocytes to the immunosuppression of Q fever endocarditis. The

determination of PD-1 expression may be useful to follow the

immune deficiency in Q fever endocarditis.

Supporting Information

Figure S1 Monocyte subset counts and stimulation with
living C. burnetii. A, PBMCs (26106 cells) from 10 healthy

controls and 17 patients with Q fever endocarditis were were

labaled with specific Ab and 106 events were analyzed with flow

cytometry. Cell counts represent total events measured by flow

cytometry. The total number of monocyte subsets is presented for

each individual. The nonparametric Mann-Whitney U test was

used to compare the patient and control groups. ***p,0.0005.

Horizontal bar, median value. B, PBMCs from four healthy

subjects (106 cells/ml) were stimulated with heat-inactivated C.
burnetii or living C. burnetii (bacterium-to-cell ratio of 50:1) for

24 hours. The expression of PD-1 by gated monocytes and Treg

cells was assessed by flow cytometry. The release of IL-10 by

PBMCs was measured by immunoassay. The nonparametric

Mann-Whitney U test was used to compare the unstimulated and

stimulated cells. *p,0.05.

(TIF)

Figure S2 Monocyte subsets, apoptosis and IL-10. A,

PBMCs from 5 patients with Q fever endocarditis were gated

according the expression of CD14 and CD16. The annexin V

expression on CD162 and CD16+ monocytes was assessed by flow

cytometry. The expression of annexin V is presented as the ratio of

MFIassay to MFIisotypic control. B, CD162 and CD16+ monocytes

from 2 patients with Q fever endocarditis were sorted by flow

cytometry and stimulated with heat-inactivated C. burnetii
(bacterium-to-cell ratio of 50:1) for 24 hours. The release of IL-

10 in supernatants was assessed by immunoassay.

(TIF)

Figure S3 Correlation of PD-1 expression with specific
Ab levels. The PD-1 expression on monocyte and lymphocyte

subsets from patients with Q fever endocarditis (n = 17) were

analyzed by flow cytometry. The circulating levels of anti-phase I

C. burnetii Abs (IgG) were determined by indirect immunofluo-

rescence. A, The phenotypic expression of PD-1 on monocyte

subsets is presented for each patient with Q fever endocarditis as

the ratio of MFIPD-1 to MFIisotypic control and plotted against the

levels of of specific Abs. The correlation between specific Ab levels

and the expression of PD-1 on monocytes was analyzed with the

Spearman correlation coefficient. Only IgG levels and PD-1

expression on CD14+CD16+ monocytes are correlated. Note that
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the expressions of PD-1 by CD14++CD16+ monocytes and Treg

are not correlated (right). B, The phenotypic expression of PD-1

on T cell subsets is presented for each patient with Q fever

endocarditis as the percentage of PD-1-positive cells. The

correlation between the expression of PD-1 on T cells and anti-

phase I C. burnetii Ab level was analyzed with the Spearman

correlation coefficient. Only IgG levels and PD-1 expression on

CD3 T cells and CD4 T cells are correlated.

(TIF)

Table S1 List of fluorescent reagents. AF, Alexa Fluor;

(DOCX)
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fluorescein isothiocyanate; PB, Pacific blue; PC, phycoerythrin;

PerCP-Cy5.5, peridinin chlorophyll protein-cyanin 5.5; PE,

Phycoerythrin

APC, allophycocyanin; ECD, phycoerythrin-Texas Red; FITC,


