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ABSTRACT

Severe septic syndromes deeply impair innate and

adaptive immunity and are responsible for sepsis-

induced immunosuppression. Although neutrophils rep-

resent the first line of defense against infection, little is

known about their phenotype and functions a few days

after sepsis, when the immunosuppressive phase is

maximal (i.e., between d 3 and 8). The objective of the

present study was to perform, for the first time, a global

evaluation of neutrophil alterations in immunosuppressed

septic patients (at d 3–4 and d 6–8) using phenotypic

and functional studies. In addition, the potential associ-

ation of these parameters and deleterious outcomes

was assessed. Peripheral blood was collected from

43 septic shock patients and compared with that of

23 healthy controls. In the septic patients, our results

highlight a markedly altered neutrophil chemotaxis

(functional and chemokine receptor expressions), oxi-

dative burst, and lactoferrin content and an increased

number of circulating immature granulocytes

(i.e., CD10dimCD16dim). These aspects were associated

with an increased risk of death after septic shock. In

contrast, phagocytosis and activation capacities were

conserved. To conclude, circulating neutrophils present

with phenotypic, functional, and morphologic alterations

a few days after sepsis onset. These dysfunctions might

participate in the deleterious role of sepsis-induced

immunosuppression. The present results open new

perspectives in the mechanisms favoring nosocomial

infections after septic shock. They deserve to be further

investigated in a larger clinical study and in animal

models recapitulating these alterations. J. Leukoc. Biol.

98: 000–000; 2015.

Introduction

Septic syndrome represents the major cause of death among

critically ill patients worldwide, constituting an important public

health problem. Despite an overall modest decline in the

proportional mortality, the total number of patients dying of

sepsis is greater than in the past [1]. The incidence of sepsis is

still increasing, reaching 10–30% of ICU admissions. A recent

epidemiologic study also highlighted that mortality remains

.30% for septic shock patients in Europe and the United

States [2].

Septic syndromes deeply perturb immune homeostasis and

impair innate and adaptive immunity. Both pro- and anti-

inflammatory responses are initially induced in septic shock

patients, with the secondary occurrence of sepsis-induced

immunosuppression. The intensity and duration of this immuno-

suppressive phase are associated with increased mortality and

nosocomial infections [3].

Among leukocytes, neutrophils are crucial components of the

innate immune response and the first line of defense against

infection. They also play a central role in the initiation of

adaptive immune responses by secreting cytokines [4]. Thus, for

the past decades, the role of neutrophils in the early phase after

the onset of injury has been widely studied. An overwhelming

activation of granulocytes and a reduced motility is thought to

participate in the development of organ damage after sepsis,

notably because of the massive production by neutrophils of ROS

and proinflammatory cytokines at sites distant from the initial

infection [5, 6]. Little is known about their phenotype and

functions during the phase of sepsis-induced immunosuppres-

sion. However, an immunosuppressive neutrophil subset has

recently been reported in the blood of volunteers challenged

with LPS [7]. Pillay et al. [7] highlighted that suppression of

T-cell function can be accomplished by a subset of human

neutrophils that can be systemically induced in response to

acute inflammation. In addition, they showed that these cells can
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be detected in the peripheral blood of few patients after

trauma [7].

Considering the lack of information available on neutrophil

status during sepsis-induced immunosuppression and given these

new elements on neutrophil suppressive functions, our aim was

to investigate neutrophil alterations during the sepsis-induced

immunosuppressive phase. The objective of the present study was

to perform, for the first time, a global evaluation of the

neutrophil alterations in immunosuppressed septic patients

using phenotypic and functional studies. In addition, we assessed

the potential association between these parameters and delete-

rious outcomes.

MATERIALS AND METHODS

Study population

Septic shock was defined according to the diagnostic criteria of the American

College of Chest Physicians/Society of Critical Care Medicine [8] by an

identifiable site of infection, persisting hypotension despite fluid resuscitation

requiring vasopressor therapy, and evidence of a systemic inflammatory

response manifested by $2 of the following criteria: (a) temperature .38°C

or ,36°C; (b) heart rate .90 beats/min; (c) respiratory rate .20 breaths/min;

and (d) white blood cell count .12,000/mm3 or ,4000/mm3. The

exclusion criteria were age ,18 yr and the presence of aplasia or

immunosuppressive disease (e.g., HIV infection). During the follow-up

period, clinical and biologic data were collected. The data collection included

demographic characteristics (age, gender); admission category (elective or

emergency surgery, medicine); referral pattern (community-, hospital-, or

ICU-acquired septic shock); microbiological findings (infection characteristics

[e.g., source and identified microorganisms]), and comorbidities (e.g.,

chronic obstructive pulmonary disease, chronic heart failure, malignant

diseases, diabetes). Two clinical scores were recorded: the initial severity

assessed by the SAPS II (range 0–194) and the SOFA score (range 0–24) at

admission. Mortality was defined as death occurring within 28 d after the onset

of shock. Secondary ICU-acquired infections were defined according to

European definitions of the European Centre for Disease Prevention and

Control.

This work was a part of a global study on ICU-induced immune

dysfunctions. Our institutional review board for ethics (Comité de Protection

des Personnes) approved the study and waived the need for patient informed

consent, because the study was observational and biomarker expression was

measured using residual blood after completion of the routine follow-up

period. The present study is also registered at the French Ministry of Research

and Teaching (DC-2008-509) and recorded at the Commission Nationale de

l’Informatique et des Libertés.

Forty-three septic shock patients admitted to the ICUs of the Lyon-Sud

University Hospitals (France) were prospectively enrolled in our study.

Peripheral blood was collected in sampling tubes containing EDTA or heparin

at d 3 or 4 (d3–4) and d 6–8 (d6–8) after the onset of shock. Only patients

alive at d 3 or 4 after the onset of shock were considered. The onset of septic

shock was defined as the beginning of vasopressor therapy. Considering the

complexity of the functional, morphologic, and transcriptomic studies and the

limited available amount of blood, it was not possible to perform all

experiments on every patient; thus, the sample size for each experiment has

been provided in the text or figures. Reference values and control samples

were obtained from a cohort of 23 healthy volunteers who had provided

informed consent (median age 36 yr; 15 women, 8 men).

To confirm that the patients had presented with immunosuppression,

mHLA-DR was assessed by flow cytometry (FC500; Beckman-Coulter, Miami,

FL, USA) at d3–4, as previously described [9]. An mHLA-DR nadir is known to

occur at this time point [10]. The results are expressed as the number of

antibodies bound per cell. The absolute lymphocyte counts and percentages

of regulatory Treg at d3–4 are also reported [11].

Phenotypic study

The PerFix-No Centrifuge Assay Kit (Beckman-Coulter, Hialeah, FL, USA) was

used with 7-color flow cytometry immunophenotyping. Staining of fresh

EDTA whole blood was performed using FITC-labeled anti-myeloperoxidase,

PE-labeled anti-lactoferrin, ECD-labeled anti-CD62L, PE-cyanine7-labeled

anti-CD10, AA750-labeled anti-CD11b, PB-labeled anti-CD16, and Krome

Orange-labeled anti-CD14. All reagents were purchased from Beckman-

Coulter. According to the manufacturer’s instructions, the samples were first

fixed with the fixative reagent and incubated for 15 min. Next, the aliquots

were simultaneously permeabilized using the permeabilizing reagent and

stained with fluorochrome-conjugated antibodies. After 35 min of incubation,

the samples were fixed using a solution containing formaldehyde. Cytometry

analyses were performed on a Navios flow cytometer using the Navios software

(Beckman-Coulter). Neutrophils were identified on a forward light scatter/

SSC histogram and a CD14/SSC plot was used to exclude monocytes.

Neutrophil subsets were eventually sorted using a FacsARIA II (BD Biosci-

ences, San Jose, CA, USA), and cytospins were made based on CD10, CD16,

and CD62L staining. At the end of the cell sorting, microscope slides were

observed using the May-Grünwald-Giemsa staining protocol. Fluorescence

thresholds to assess percentages and sorting of granulocyte subsets were set up

by comparison with healthy controls such that .99% of the control samples

exhibited CD10bright, CD16bright, or CD62Lbright neutrophils.

The following antibodies were also used to study chemokine receptors: PE-

labeled anti-CXCR2, allophycocyanin-labeled anti-CXCR1, and PB-labeled

anti-CD16 (Beckman-Coulter). After 30 min of incubation with the antibodies,

RBCs were lysed using FACS Lysing Solution (BD Biosciences). Samples were

run on a Navios flow cytometer (Beckman-Coulter). The results are expressed

as the MFI for each of the parameters studied.

Activation capacity

Fresh EDTA whole blood was stimulated with increasing IL-8 (R&D Systems,

Minneapolis, MN, USA) or fMLP (Sigma-Aldrich, St. Louis, MO, USA) doses

at 37°C in a water bath for 15 min. Staining with ECD-labeled anti-CD62L and

AA750-labeled anti-CD11b (Beckman-Coulter) was performed during 30 min

after RBC lysis (FACS Lysing Solution, BD Biosciences). The samples were

analyzed on a Navios (Beckman-Coulter). The MFI of CD62L and CD11b was

examined for each condition.

The PerFix EXPOSE reagents from Beckman-Coulter were used to study

STAT5 phosphorylation. Staining of fresh EDTA whole blood was performed

using PE-labeled antiphosphorylated STAT5 and allophycocyanin-labeled anti-

CD14 (Beckman-Coulter) antibodies. The blood samples were first stimulated

with increasing recombinant human GM-CSF (ImmunoTools, Friesoythe,

Germany) concentrations at 37°C in a water bath for 15 min. The samples

were fixed for 10 min using a fixative reagent. Aliquots were then

permeabilized using the permeabilizing reagent (which also lyses RBCs) and

incubated for 5 min at 37°C in a water bath. The samples were centrifuged,

and intracellular staining was performed with a mixture of staining reagent,

including fluorochrome-conjugated antibodies for 30 min. After a last washing

step, the samples were fixed using a solution containing formaldehyde.

Samples were run on a Navios flow cytometer (Beckman-Coulter). The MFI of

phosphorylated STAT5 is reported in neutrophils.

Chemotaxis

The Migratest Kit (Glycotope Biotechnology, Berlin, Germany) allows the

determination of the number of neutrophils that have migrated through cell

culture inserts toward a concentration gradient of the chemoattractant,

similar to the Boyden chamber technique. The chemoattractants used are

fMLP (1028 M; Sigma-Aldrich), IL-8 (10 ng/ml, R&D Systems), and GRO-a

(10 ng/ml; R&D Systems), all diluted in incubation buffer. The neutrophils

were isolated from heparinized whole blood by spontaneous sedimentation

over leukocyte separation medium containing dextran and placed into cell

culture inserts. Chemotaxis was conducted at 37°C (heat chamber) toward

a gradient of chemoattractant compared with a control of incubation buffer.

The cells were then stained with FITC-labeled anti-CD62L and counting

beads. Just before flow cytometry analysis on a Navios flow cytometer
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(Beckman-Coulter), a special vital DNA dye was added. The main readout in

this experiment was the ratio of emigrated neutrophils in a stimulated well to

the emigrated neutrophils in a control well (incubation buffer).

Phagocytosis

Quantitative determination of neutrophil phagocytosis (ingestion of bacteria)

was assessed using the Phagotest Kit (Glycotope Biotechnology). It measures

the percentage of phagocytes that have ingested bacteria and their activity

(number of bacteria per cell). Heparinized whole blood was incubated with

the FITC-labeled Escherichia coli at 37°C (water bath); a negative control

sample remained on ice. Phagocytosis was stopped by placing the samples on

ice and adding a quenching solution. This solution allows the discrimination

between attachment and internalization of bacteria by quenching the FITC

fluorescence of surface bound bacteria, leaving the fluorescence of inter-

nalized particles unaltered. After 2 washing steps, the erythrocytes were lysed.

The DNA staining solution, which was added just before flow cytometry

analysis, excludes aggregation artifacts of bacteria or cells. The MFI (number

of ingested bacteria) in neutrophils was then analyzed on a Navios flow

cytometer (Beckman-Coulter).

Oxidative burst

The FagoFlowEx Kit (Exbio Antibodies, Vestec, Czech Republic) was used to

measure the oxidative burst of the neutrophils after their stimulation with

E. coli in heparinized whole blood. After the ingestion of bacteria, phagocytes

activate NADPH oxidase, producing reactive oxidative intermediates that can

oxidate dihydrorhodamine 123 into fluorescent rhodamine 123, which is

detected by flow cytometry. PMA was used as a positive control. Heparinized

whole blood was stimulated with either E. coli or PMA, or was nonstimulated

(negative control), before adding the substrate. After an incubation of 20 min

at 37°C (water bath), RBCs were lysed, and samples were analyzed on a Navios

flow cytometer (Beckman-Coulter) quickly after the last washing step. The

stimulation index was measured; it is the MFI ratio of positive neutrophils of

a stimulated sample (E. coli) to negative neutrophils of a negative control.

According to the manufacturer’s instructions, it can be used to compare the

respiratory burst intensity between blood samples.

Statistical analysis

The nonparametric Mann-Whitney U test was used to compare results between

the septic patients and healthy volunteers. The nonparametric Wilcoxon

paired test was performed to evaluate the evolution over time within a group.

The receiver operating characteristic curves were established, and the best

cutoff values were determined using the Youden index. Kaplan-Meier survival

curves were obtained after patient stratification according to these values.

Differences in survival between groups were evaluated using the log-rank test.

To determine the variables associated with death, uni- and multivariate logistic

regression analyses were performed, and odds ratios were estimated, with the

associated P values. The parameters were not stratified for logistic regression

analyses. We performed statistical analyses using SPSS, version 19.0 (SPSS,

Chicago, IL, USA), and GraphPad Prism, version 5.03 software (GraphPad

Software, La Jolla, CA, USA).

RESULTS

Clinical and biologic characteristics of the cohort

A total of 43 septic shock patients were included in the present

study. The clinical and biologic characteristics for this cohort are

listed in Table 1. Among the patients with septic shock, the

median value for the SAPS II and SOFA scores at the onset of

shock were 67 (IQR 51–79) and 11 (IQR 9–12), respectively. Of

the 43 patients with septic shock, 8 died within 28 d (mortality

19%), and secondary nosocomial infections were diagnosed in 13

(30%). At d3–4, the septic shock patients presented with the

previously described characteristics of injury-induced immuno-

suppression, with reduced mHLA-DR, low CD4+ lymphocyte

count, and an increased percentage of circulating Treg cells

compared with normal values.

Number of circulating neutrophils

As presented in Table 1, the number of circulating neutrophils

was increased in the septic shock patients compared with the

normal values (2.5–7.5 3 109/L). A significant increase in the

neutrophil count (P , 0.05) was noted in the nonsurvivors

compared with the survivors at d6–8. However, this significance

was lost on univariate analysis (detailed in the following sections).

Neutrophil immaturity—subset analysis

At d3–4 and d6–8, significantly decreased CD10 expression was

measured on the neutrophils from septic patients compared with

those from healthy volunteers. Furthermore, in paired samples,

a slight increase over time was observed between d3–4 and d6–8

(Fig. 1A). The same trend was noted regarding CD16 expression,

with decreased expression in septic patients compared with

controls (Fig. 1B). Therefore, patients with septic shock exhibited

increased proportions of immature CD10dimCD16dim granulo-

cytes. For several patients, immature CD10dimCD16dim neutrophils

were FACS sorted and stained with May-Grünwald-Giemsa. The

morphology of this subset was compared with CD10brightCD16bright,

considered mature neutrophils (Fig. 1D). Immature CD10dimCD16dim

granulocytes appeared as band cells (Fig. 1E).

In addition, as described by Pillay et al. [7], a potentially

immunosuppressive CD16brightCD62Ldim neutrophil subset was

studied. At d3–4 and d6–8, CD62L expression was lower in

neutrophils from patients with sepsis than in those from healthy

subjects (Fig. 1C). In addition, and as observed by Pillay et al. [7]

and illustrated in Fig. 1F, CD16brightCD62Ldim neutrophils

displayed a hypersegmented nuclear morphology. However, even

if this subset was detected in some patients’ samples, it was not

systematically present, and its frequency was low.

Activation capacity

Activation capacity in response to stimuli was measured by

studying the differences in CD62L and CD11b expression after

stimulation. In response to increasing doses of fMLP or IL-8, we

observed a similar decrease in CD62L expression for septic

patients at d3–4 and healthy volunteers (Fig. 2A and B). We also

observed increased CD11b expression in patients with septic

shock (d3–4) and healthy controls when stimulated with

increasing doses of fMLP or IL-8 (Fig. 2C and D). The same

results were obtained when studying CD11b and CD62L

expression in septic patients at d6–8 (data not shown).

STAT5 is a transcription factor for which phosphorylation is

a key marker of cellular activation. We measured STAT5

phosphorylation to assess neutrophil activation in response to

increasing concentrations of GM-CSF. We observed increased

STAT5 phosphorylation in response to increasing doses of GM-CSF

in both patients at d3–4 and healthy donors (Fig. 2E). The same

results were obtained in septic patients at d6–8 (data not shown).

Most importantly, no difference was noted between patients

and healthy volunteers in both experiments (Fig. 2).

Demaret et al. Neutrophil and sepsis-induced immunosuppression
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Chemotaxis

We also investigated whether the chemotactic response was

impaired in patients with septic shock. At d3–4 and d6–8, CD11b

expression was decreased in septic patients compared with

healthy volunteers (Fig. 3A). Regarding the chemokine recep-

tors, CXCR1 and CXCR2, a significant decrease in their

expression was noted in patients at d6–8, although a decrease

over time was observed between d3–4 and d6–8 (Fig. 3B and C).

We measured neutrophil migration in response to fMLP, GRO-a,

and IL-8. In agreement with the decreased chemokine receptor

expression, septic patients presented with a significantly de-

creased number of emigrated neutrophils in the stimulated

wells at d3–4. The same trend was noted regardless of the

chemoattractant used (Table 2). Overall, these results showed

that the chemotactic response is altered a few days after septic

shock.

Phagocytosis

Phagocytosis was evaluated by measuring using flow cytometry

the ingestion of fluorescent E. coli by neutrophils. No significant

TABLE 1. Demographic, clinical, and immunologic data for patients with septic shock

Parameter

Septic shock patients

P valueOverall (n = 43) Survivors (n = 35; 81%) Nonsurvivors (n = 8; 19%)

Age at admission (yr) 70 (65–80) 67 (62–79) 80 (73–84) 0.008
Male 29 (67) 22 (63) 7 (88) 0.240
Main admission category
Medical 21 (49) 18 (51) 3 (38) 0.698
Surgery 22 (51) 17 (49) 5 (62)

Comorbidities (n)
0 13 (30) 13 (37) 0 0.082
$1 30 (70) 22 (63) 8

SAPS II 67 (51–79) 66 (45–79) 71 (66–80) 0.190
SOFA score 11 (9–12) 12 (9–15) 11 (9–12) 0.413
McCabe score
1 28 (65) 25 (71) 3 (38) 0.104
2 15 (35) 10 (29) 5 (62)
3 0 0 0

28–d Nonsurvivors 8 (19)
Infection diagnosis
Microbiology 29 (67) 24 (69) 5 (63) 1
Radiology 9 (21) 7 (20) 2 (25)
Surgery 1 (2) 1 (3) 0

Microbiologically documented
Bacilli gram negative 31 (59) 27 (63) 4 (44) 0.457
Cocci gram positive 15 (28) 11 (26) 3 (33) 0.688
Fungi 6 (11) 4 (9) 2 (22) 0.275
Other 1 (2) 1 (2) 0 1

Type of infection
Community acquired 25 (58) 21 (60) 4 (50) 0.701
Nosocomial 18 (42) 14 (40) 4 (50)

Site of infection
Pulmonary 14 (33) 12 (34) 2 (25) 1
Abdominal 15 (34) 12 (34) 3 (38)
Other 14 (33) 11 (32) 3 (38)
Secondary nosocomial infection 13 (30) 10 (29) 3 (38)

Immunologic parameter
mHLA–DR d3–4 (AB/C) 2528 (1381–5361) 2949 (1464–5361) 1671 (1368–6750) 0.642
mHLA–DR d6–8 (AB/C) 4386 (2712–6333) 4487 (2653–7247) 3300 (2647–4714) 0.269
Absolute CD4+ T cell count (d3–4) 278 (164–402) 285 (165–398) 229 (153–535) 0.913
Percentage of Treg (d3–4) 8.5 (6.1–12.8) 7.8 (5.8–12.5) 9.2 (8.4–16.3) 0.092

Neutrophil count
d3–4 (109/L) 13.4 (10–21.5) 13 (9–19.7) 16.7 (13.2–32.2) 0.155
d6–8 (109/L) 13.6 (8.6–18.9) 11.8 (7.5–15.5) 29.8 (18.3–38.3) 0.004

Blood samples were obtained from 43 septic shock patients after the onset of shock. Continuous data and biologic parameters are presented as median
and IQR (quartile 1 to quartile 3). For clinical parameters, categorical data are presented as number of cases and percentages among the total
population. SAPS II and McCabe scores were calculated after admission. SOFA score was measured after 24 h of ICU stay. mHLA-DR expressed as
numbers of anti-HLA-DR antibodies bound per monocyte (AB/C; normal value from age-matched healthy volunteers, .15,000 AB/C). Count of CD4+
lymphocytes (cells/ml), percentage of Treg and monocyte HLA-DR were measured 3 or 4 d after onset of shock. Neutrophil counts were available for 38
septic patients at d3–4 and 34 at d6–8. Statistical analysis: Mann-Whitney U test used for continuous variables and Fisher’s exact test for categorical data.
AB/C, number of antibodies bound per cell.
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differences were observed between patients and controls at either

d3–4 or d6–8 (Supplemental Fig. 1).

Bactericidal parameters

The intracellular myeloperoxidase content was significantly de-

creased in neutrophils from patients with septic shock at d3–4 and

d6–8 relative to those from healthy volunteers (Fig. 3D). Similarly,

the expression of intracellular lactoferrin was significantly de-

creased in the septic patients compared with that in the healthy

volunteers (Fig. 3E). Finally, we assessed oxidative burst by

measuring, using flow cytometry, oxidation of a substrate by

NAPDH oxidase after ingestion of bacteria. We observed that the

stimulation index, as a measure of oxidative burst capacity, was

significantly reduced in patients versus controls (Fig. 3F). In paired

samples, a significant increase over time was observed between the

d3–4 and d6–8 samples. Overall, these results suggest that the

production of bactericidal agents is impaired after septic shock.

Logistic regression analysis

Despite the limited number of nonsurvivors (n = 8), multivariate

analyses were finally performed to test the predictive value on 28-d

mortality of nonstratified variables selected on the basis of the

univariate analysis results (variables presenting with P# 0.15; data not

shown). Only myeloperoxidase, lactoferrin, CD62L, CD11b, CD10,

and CD16 expression, the percentage of CD10dimCD16dim neutro-

phils measured at d6–8, and the SAPS II score were included in

2 parameter models for 34 patients (Table 3). Therefore, each

multivariate model always included the SAPS II score (calculated from

12 routine physiologic measurements, including age, WBCs, and

others) and a biologic parameter measured on neutrophils at d6–8.

In these models, lower intracellular expression of myeloperoxidase,

lactoferrin, or extracellular CD62L expression measured at d6–8

remained significantly associated with a higher risk of death after

septic shock (myeloperoxidase: odds ratio 8.39, 95% CI 1.185–59.441,

P = 0.033; lactoferrin: odds ratio 1.25, 95% CI 1.019–1.530, P = 0.032;

CD62L: odds ratio 1.52, 95% CI 1.003–2.307, P = 0.048; Table 3).

Among these parameters, and even if the results could be considered

underpowered, diminished myeloperoxidase expression seemed to

appear as the best predictor to identify a group of septic shock

patients at high risk of death. Kaplan-Meier survival curves were

established after stratification using the calculated thresholds (Youden

index 2 myeloperoxidase d6–8 expression = 3). The survival rates of

patients were significantly different when stratified according to

myeloperoxidase expression. Patients with higher expression had

significantly better survival (P = 0.040, log-rank test; Fig. 4).

It is noteworthy that although not found on multivariate

analysis, but in accordance with a recent study performed by

Guerin et al. [12], the percentage of immature CD10dimCD16dim

Figure 1. CD10, CD16, and CD62L differential expression in septic shock patients and healthy volunteers. Cell surface expression was measured as the
MFI on neutrophils from septic shock patients at d3–4 (white, n = 34) and d6–8 (striped, n = 30; serial samples) after the onset of shock compared with
healthy volunteers (HVs; gray, n = 23) for CD10 (A), CD16 (B), and CD62L (C). Subsets were FACS sorted, and cytospins were stained with May-
Grünwald-Giemsa. Original magnification 3100. Distinct neutrophil subsets were identified, including mature CD10brightCD16bright neutrophils (D),
immature CD10dimCD16dim neutrophils (E), and CD16brightCD62Ldim neutrophils (F). The nonparametric Mann-Whitney U test was used to compare
the results between groups. The nonparametric Wilcoxon paired test was used to evaluate evolution over time within a group. **P , 0.01. *P , 0.05.

Demaret et al. Neutrophil and sepsis-induced immunosuppression
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neutrophils appeared more important in nonsurvivors compared

with survivors at d6–8 (survivors: 2.05%, IQR 0.92–6.03; non-

survivors: 5.89%, IQR 4.95–25.1; P = 0.023; data not shown). We

therefore established Kaplan-Meier survival curves after stratifi-

cation by the Youden index for the percentage of immature

granulocytes measured at d6–8 (i.e. 4%). Patients with a lower

proportion of CD10dimCD16dim neutrophils had significantly

better survival than did patients presenting with a higher

percentage (P = 0.040, log-rank test; Supplemental Fig. 2).

DISCUSSION

It is now well established that, in parallel with a massive

proinflammatory response leading to shock and organ failure,

septic patients rapidly develop an immunosuppressive state

associated with severe immune dysfunction [13]. In addition, the

intensity and duration of these alterations have been linked to an

increased risk of death and the development of ICU-acquired

infections [14].

Neutrophils are the most abundant leukocytes providing the

first line of host defense against a wide range of infectious

pathogens [4]. Therefore, it is no surprise that these cells have

a pivotal role in the defense against bacterial infections,

including sepsis. In line with this, the role of these cells has been

studied at the onset of sepsis pathophysiology. In brief, the

recruitment of neutrophils from bone marrow is augmented and

their apoptosis is reduced. Moreover, neutrophil oxidative burst

and phagocytosis were increased in patients with septic shock but

chemotaxis was strongly inhibited. This reduced motility associ-

ated with acute activation of neutrophils is believed to play a role

in the development of organ damage after sepsis. The extensive

production of ROS and proinflammatory cytokines by

Figure 2. Activation capacity of neutrophils from

septic patients and healthy controls. MFI and
standard deviations in neutrophils from septic
shock patients at d3–4 (black diamonds, n = 9) and
healthy volunteers (white triangles, n = 9) in
response to increasing fMLP concentrations for
CD62L (A) and CD11b (C) expression and
increasing doses of IL-8 for CD62L (B) and CD11b
(D) expression. MFI and SD of phosphorylated
STAT5 (pSTAT5) expression in neutrophils from
septic shock patients at d3–4 (black diamonds, n =
15) and healthy volunteers (white triangles, n =
13) in response to increasing concentrations of
GM-CSF (E).
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neutrophils at sites distant to the initial infection might be a part

of the physiopathology of sepsis [5, 6]. However, these studies

were conducted during the proinflammatory phase of sepsis, and

no data are yet available during the delayed immunosuppressive

phase. However, recent works, notably that by Pillay et al. [7],

have suggested putative immunosuppressive properties for

neutrophils, highlighting a possible involvement of these cells

during sepsis-induced immunosuppression.

The aim of the present study was thus to perform an extensive

investigation of neutrophil alterations during sepsis-induced

immunosuppression through phenotypic and functional studies.

Although most studies have reported overwhelming activation of

neutrophils during the sepsis early proinflammatory phase [5, 6],

our results showed, for the first time in patients, that circulating

neutrophils present with phenotypic and functional alterations

during sepsis-induced immunosuppression. Our main results

included that septic patients present with (a) a persisting

increased proportion of immature cells in circulating neutro-

phils, (b) major neutrophil functional alterations, and (c) both

aspects are associated with an increased risk of death after septic

shock.

We found an increased frequency of immature CD10dimCD16dim

neutrophils in septic shock patients sampled at d3–4 and d6–8

and decreased expression of CD10 and CD16 on granulocytes,

characteristic of immature myeloid cells [15]. This is important,

because Drifte et al. [16] recently showed that circulating

immature neutrophils from patients with severe sepsis and

septic shock are less potent in supporting innate immune

defenses compared with mature neutrophils. Therefore, this

increased proportion of immature cells might participate in the

Figure 3. Chemotaxis and bactericidal parameters. Cell surface expression was measured as the MFI on neutrophils from septic shock patients at d3–4,
white, n = 34) and d6–8 (striped, n = 30) serial samples after the onset of shock compared with healthy volunteers (HVs; gray, n = 23) for CD11b (A).
Similarly, MFI on neutrophils from septic shock patients at d3–4 (n = 11), d6–8 (n = 10; serial samples), and HVs (n = 14) are reported for CXCR1 (B)
and CXCR2 (C). MFI of intracellular myeloperoxidase (D) and intracellular lactoferrin (E) were also measured for patients at d3–4 (n = 34), d6–8 (n =
30; serial samples), and HVs (n = 23). The stimulation index (MFI ratio of positive neutrophils of stimulated sample [E. coli] to negative neutrophils of
negative control) after E. coli stimulation in neutrophils are presented for patients at d3–4 (n = 11), d6–8 (n = 10; serial samples), and HVs (n = 14) (F).
The nonparametric Mann-Whitney U test was used to compare the results between groups. The nonparametric Wilcoxon paired test was used to evaluate
evolution over time within a group. **P , 0.01. *P , 0.05.
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alterations of neutrophil functions we observed in our patients.

This is supported by our observation of a lower oxidative burst

capacity (decreased stimulation index) in CD10dimCD16dim

neutrophils compared with CD10brightCD16bright cells (data not

shown).

In addition, we observed markedly decreased function of

circulating neutrophils in the septic shock patients. In particular,

neutrophil chemotaxis was decreased (reduced integrin, selectin,

and chemokine receptor expression with altered ex vivo

migration in response to different chemoattractants). Similar

results have been found by Tavares-Murta et al. [17] in response

to fMLP and leukotriene B4 within the first 4 d after sepsis. In the

present study, impairment of neutrophil chemotaxis occurred

mainly in neutrophils obtained from nonsurvivor patients.

Similarly, we found a clear reduction in oxidative burst for late

samples measured using the ex vivo functional test. This is in line

with a decrease in myeloperoxidase and lactoferrin intracellular

expression. Many studies have noted an upregulation in ROS

generation 48 h after sepsis onset that could participate in organ

dysfunctions after sepsis [18, 19]. We found contrasting results

that might illustrate the shift from an initial overwhelming

proinflammatory response with exacerbated neutrophil function

to an immunosuppressive phase with functional alterations after

septic shock.

Although our study was purely observational and thus did not

allow to draw conclusions regarding the effective role of

neutrophil alterations in the development of immunosuppres-

sion in patients with septic shock, diminished myeloperoxidase

expression appeared to be the best predictor to identify a group

of septic shock patients at high risk of death (odds ratio 8.39,

95% CI 1.185–59.441, P = 0.033). However, this result must be

taken with caution, given the limited number of nonsurvivors in

our cohort. Similarly, patients with a lower proportion of

CD10dimCD16dim granulocytes had significantly better survival

compared with patients presenting with a higher percentage (P =

0.040, log-rank test). This last aspect is in accordance with data

from Guérin et al. [12]. They associated the prediction of the

early deterioration of patients with sepsis with the presence of the

TABLE 2. Ratio of emigrated neutrophils in stimulated wells versus control wells

Variable fMLP GRO-a IL-8

Healthy volunteers (n = 7) 4.9 (0.55–10.49) 2.97 (1.69–15.10) 6.01 (2.21–37.63)
Septic shock patients
d3–4 (n = 9)

0.16a (0.03–0.49) 0.92a (0.29–1.65) 1.96a (0.88–3.94)

Septic shock patients
d3–4 (n = 6)

0.62 (0.15–1.05) 3 ( 1.11–9.04) 4.21 (2.51–6.61)

The ratio of emigrated neutrophils in stimulated wells to emigrated neutrophils in control wells
(incubation buffer) are presented for neutrophils from healthy volunteers (n = 7) compared with that for
septic shock patients at d3–4 (n = 9) and d6–8 (n = 6; different patients) in response to fMLP, GRO-a, and
IL-8. Data presented as median and IQR (quartile 1 to quartile 3; nonparametric Mann-Whitney U test used
to compare results between groups. aP , 0.05.

TABLE 3. Multivariate analysis results

Multivariate analysis parameter Odds ratio 95% CI P value

Myeloperoxidase 8.39 1.185–59.441 0.033a

SAPS II 0.96 0.874–1.043 0.303
Lactoferrin 1.25 1.019–1.530 0.032a

SAPS II 0.96 0.885–1.036 0.283
CD62L 1.52 1.003–2.307 0.048a

SAPS II 0.96 0.898–1.035 0.311
CD11b 8.40 0.903–88.495 0.061
SAPS II 0.91 0.812–1.028 0.132

CD10 1.23 0.988–1.525 0.064
SAPS II 0.95 0.884–1.027 0.207

CD16 1.31 0.961–1.797 0.087
SAPS II 0.86 0.705–1.051 0.140

Neutrophil count 0.86 0.736–1.007 0.061
SAPS II 0.96 0.884–1.044 0.342

% CD10dimCD16dim 0.86 0.730–1.007 0.061
SAPS II 0.95 0.882–1.021 0.160

Multivariate logistic regression analysis used to identify variables associated with death (n = 35 survivors
and 8 nonsurvivors). SAPS II scoreincluded in models with myeloperoxidase, lactoferrin, CD62L, CD11b,
CD10, and CD16 expression (MFI), neutrophil count, and percentage of CD10dimCD16dim neutrophils
measured at d6–8. SAPS II score was calculated after admission. aStatistically significant (P , 0.05).
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CD10dimCD16dim subset [12]. This suggests that these neutro-

phils might participate in the deleterious role of immunosup-

pression after septic shock. In particular, it is well known that

primary innate immunodeficiencies affecting neutrophil func-

tion such as oxidative burst and chemotaxis lead to severe

pathologic entities characterized by an increased susceptibility to

infections. Thus, it is tempting to speculate that neutrophil

alterations could participate in the increased risk of nosocomial

infection observed in septic patients. This aspect needs to be

further evaluated in experimental studies, recapitulating in mice

the results we observed in patients and including additional

microbiological experiments such as bacterial killing or

clearance.

Finally, not all neutrophil functions were altered in our study.

In particular, the phagocytosis capacity was preserved. Likewise,

the activation capacity was also conserved in patients during

sepsis-induced immunosuppression compared with controls. We

observed a similar increased CD11b and decreased CD62L

expression on neutrophils after either IL-8 or fMLP stimulation.

Likewise, when measuring STAT5 phosphorylation in response

to increasing concentrations of GM-CSF, no differences were

noted between patients and controls. This suggests that

neutrophils from septic shock patients remain responsive to

stimulation. This could be interesting in the perspective of

immunoadjuvant therapies that are now emphasized in the

treatment of septic patients.

Our study had some limitations. First, because of the difficulty

in conducting such functional tests in the clinic, the sample size

of our cohort was relatively modest. Considering the limited

amount of blood, it was difficult to perform each experiment on

every patient. Therefore, the observed dysfunctions and their

link to deleterious outcomes need to be confirmed in larger

clinical studies. In addition, healthy volunteers were not strictly

age-matched to the septic shock patients; thus, we could not

definitely rule out an effect of age on our results. Because the

effects of age on neutrophil function seem to be multifaceted

(i.e., some functions have been reported to be decreased and

others might be augmented, which remains a matter of debate

[20–22]), this aspect needs to be specifically explored further in

a dedicated study of age-matched patients and controls. Finally,

despite the increasing data on the subject, we did not investigate

the link between myeloid-derived suppressor cells (MDSCs) and

our results. Therefore, this aspect deserves further investigation,

in particular, regarding the definition of a consensual pheno-

typing procedure for MDSCs in humans.

CONCLUSIONS

Taken together, in this extensive study of neutrophil phenotype

and function during sepsis-induced immunosuppression, our

results have highlighted a markedly altered neutrophil chemo-

taxis and oxidative burst and an increased number of immature

circulating granulocytes in patients with septic shock. Both

aspects were associated with an increased risk of death after

septic shock. The association of selected parameters with

subsequent mortality requires confirmation in a larger clinical

study. In addition, the importance of neutrophil alterations

during sepsis-induced immunosuppression could be evaluated in

animal models.
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Laboratory, Hôpital E. Herriot, Lyon, and Elisabeth Cerrato,

Hospices Civils de Lyon, bioMérieux Joint Research Unit, for their

help in performing preanalytical handling of the samples; and

Hélène Vallin, Nathalie Panel, and Marion Provent (Clinical

Research Center, Lyon-Sud) for their work on patient inclusion

and clinical data acquisition.

DISCLOSURES

The authors declare no competing financial interests.

REFERENCES

1. Pavon, A., Binquet, C., Kara, F., Martinet, O., Ganster, F., Navellou, J. C.,
Castelain, V., Barraud, D., Cousson, J., Louis, G., Perez, P., Kuteifan, K.,
Noirot, A., Badie, J., Mezher, C., Lessire, H., Quantin, C., Abrahamowicz,

Figure 4. Survival curve. Kaplan-Meier survival curves were established
after stratification by myeloperoxidase expression at d6–8 (MFI = 3;
Youden index). A significant difference was measured between the
2 curves (P = 0.040, log-rank test).

Demaret et al. Neutrophil and sepsis-induced immunosuppression

www.jleukbio.org Volume 98, December 2015 Journal of Leukocyte Biology 9



M., Quenot, J. P.; EPIdemiology of Septic Shock (EPISS) Study Group.
(2013) Profile of the risk of death after septic shock in the present era: an
epidemiologic study. Crit. Care Med. 41, 2600–2609.

2. Levy, M. M., Artigas, A., Phillips, G. S., Rhodes, A., Beale, R., Osborn, T.,
Vincent, J. L., Townsend, S., Lemeshow, S., Dellinger, R. P. (2012)
Outcomes of the surviving sepsis campaign in intensive care units in the
USA and Europe: a prospective cohort study. Lancet Infect. Dis. 12,
919–924.

3. Hotchkiss, R. S., Monneret, G., Payen, D. (2013) Immunosuppression in
sepsis: a novel understanding of the disorder and a new therapeutic
approach. Lancet Infect. Dis. 13, 260–268.

4. Amulic, B., Cazalet, C., Hayes, G. L., Metzler, K. D., Zychlinsky, A. (2012)
Neutrophil function: from mechanisms to disease. Annu. Rev. Immunol.
30, 459–489.

5. Brown, K. A., Brain, S. D., Pearson, J. D., Edgeworth, J. D., Lewis, S. M.,
Treacher, D. F. (2006) Neutrophils in development of multiple organ
failure in sepsis. Lancet 368, 157–169.

6. Kovach, M. A., Standiford, T. J. (2012) The function of neutrophils in
sepsis. Curr. Opin. Infect. Dis. 25, 321–327.

7. Pillay, J., Kamp, V. M., van Hoffen, E., Visser, T., Tak, T., Lammers, J. W.,
Ulfman, L. H., Leenen, L. P., Pickkers, P., Koenderman, L. (2012) A
subset of neutrophils in human systemic inflammation inhibits T cell
responses through Mac-1. J. Clin. Invest. 122, 327–336.

8. Bone, R. C., Balk, R. A., Cerra, F. B., Dellinger, R. P., Fein, A. M., Knaus,
W. A., Schein, R. M., Sibbald, W. J.; The ACCP/SCCM Consensus
Conference Committee. American College of Chest Physicians/Society
of Critical Care Medicine. (1992) Definitions for sepsis and organ failure
and guidelines for the use of innovative therapies in sepsis. Chest 101,
1644–1655.

9. Demaret, J., Walencik, A., Jacob, M. C., Timsit, J. F., Venet, F., Lepape, A.,
Monneret, G. (2013) Inter-laboratory assessment of flow cytometric
monocyte HLA-DR expression in clinical samples. Cytometry B Clin. Cytom.
84, 59–62.

10. Venet, F., Lukaszewicz, A. C., Payen, D., Hotchkiss, R., Monneret, G.
(2013) Monitoring the immune response in sepsis: a rational approach to
administration of immunoadjuvant therapies. Curr. Opin. Immunol. 25,
477–483.

11. Venet, F., Chung, C. S., Kherouf, H., Geeraert, A., Malcus, C., Poitevin, F.,
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1Hospices Civils de Lyon, Hôpital Edouard Herriot, Laboratoire d’Immunologie, Lyon F-69003, France
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Background: Diminished expression of human leukocyte antigen DR on circulating monocytes
(mHLA-DR) is a reliable indicator of immunosuppression in critically ill patients, predictive of both
adverse outcome and septic complications. The objective of the present work was to test, in an inter-
laboratory clinical study, a standardized protocol for mHLA-DR measurement by flow cytometry.

Methods: mHLA-DR was assessed in fresh whole blood according to a standardized staining protocol.
Cells were analyzed on different flow cytometers (FC500, Navios, FACS Canto II) in different laboratories
(Lyon and Grenoble). Results were expressed as numbers of antibodies bound per cell (AB/C).

Results: Correlations between results were excellent (Pearson and interclass correlation coefficients >

0.98). Coefficients of variations for intra-assay precision ranged from 1.9 to 3.2%. Conclusion: The
present report highlights the robustness of this standardized flow cytometric protocol for mHLA-DR mea-
surement in multicentric clinical studies. VC 2012 International Clinical Cytometry Society
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After severe stress/injury, the development of a state
of immunosuppression is now a well-documented phe-
nomenon in intensive care unit (ICU) patients. This
might directly participate in detrimental outcome and in
lowering patients’ resistance to secondary infections
(1,2). Therefore, it is now hypothesized that restoring
immune functions in ICU patients could represent a
major therapeutic avenue (3). Preliminary clinical trials
in the field, testing either IFN-g or GM-CSF, have shown
promising results (4–6). Nevertheless, a crucial aspect is
our capacity to identify only the most immunosup-
pressed patients (i.e., who could benefit the most from
immunostimulating therapies).

To date, a diminished expression of human leukocyte
antigen-DR on circulating monocytes (mHLA-DR) meas-
ured by flow cytometry is consensually accepted as a

reliable indicator of immunosuppression in critically ill
patients (2). In terms of functionality, monocytes with
low HLA-DR expression are known to be unable to
mount a pro-inflammatory response to any subsequent
bacterial challenge or to properly present antigens to T
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cells (2,7). In terms of clinical information, decreased
mHLA-DR has been shown to be predictive of both
adverse outcome and septic complications after trauma,
surgery, pancreatitis, burn, and septic shock (8–11).

Recently, mHLA-DR has been used to stratify the
administration of GM-CSF in a clinical trial including a
small cohort of septic patients (6). This biomarker-guided
GM-CSF therapy appeared safe and effective in restoring
monocytic immunocompetence and shortening the dura-
tion of mechanical ventilation and hospital/ICU stay (6).
Therefore, the next challenge would be to design a multi-
centric clinical trial to test this hypothesis in a large
cohort of patients. However, a prerequisite is to ensure a
standardized flow cytometric protocol for mHLA-DR mea-
surement, so as to obtain reproducible results between
centers. Regarding this aspect, pre-analytical requirements
have been published in 2002 (12). Then, an international
group of experts established a consensually accepted
standardized protocol in 2005 (13). Using this standar-
dized protocol, the objective of the present work was to
assess the reproducibility of flow cytometric mHLA-DR
measurements in an inter-laboratory clinical study.

MATERIALS AND METHODS

Cell Preparation and Flow Cytometric Analysis

Samples of peripheral blood were collected in EDTA
anticoagulant tubes. The protocol (thereafter called
‘‘standardized protocol’’) has been extensively described
in 2005 (13). Briefly, whole blood (50 lL) was stained
with 20 lL of QuantiBrite HLA-DR/Monocyte mixture
(QuantiBrite anti-HLA-DR PE (clone L243)/Anti-mono-
cytes (CD14) PerCP-Cy5.5 (clone MUP9), Becton Dickin-
son San Jose, CA, USA) at room temperature for 30 min
in a dark chamber. Alternatively, cells were stained with
FITC-labeled anti-CD14 (BeckmanCoulter, Miami, FL) and
PE-labeled anti-HLA-DR (clone L243, Becton Dickinson-
Pharmingen, San Jose, CA) at room temperature for 30
min in a dark chamber according to a previously used
protocol (thereafter called ‘‘alternate protocol" (11)).
Samples were then lysed using the FACS Lysing solution
(Becton Dickinson) for 15 min. After a washing step,
cells were analyzed on three different flow cytometers:
FC500, Navios (BeckmanCoulter) and FACSCanto-II (Bec-
ton Dickinson). A lyse-no wash procedure was also eval-
uated for some samples. Monocytes were first gated out
from other cells on the basis of CD14 expression and
mHLA-DR expression was then measured on their sur-
face (mono-parametric histogram) as median of fluores-
cence intensity related to the entire monocyte
population (as recommended by manufacturer). These
results were then transformed in AB/C (number of anti-
bodies fixed per cell) thanks to calibrated PE-beads (BD
QuantiBriteTM - PE Beads, Becton Dickinson) that were
run on each flow cytometer.

Results obtained with FC500 and Navios flow cytome-
ters, both located in the same laboratory in Lyon (Immu-
nology Laboratory, Hôp. E. Herriot), were first
compared. In this case, cell stainings (i.e., standardized

and alternate protocols) were performed within 2 h
after blood collection. Every sample was obtained from
our routine workout (17 septic shock patients, 12 HIV-
infected patients, and 13 healthy donors). In a second
experiment, comparison was made between results
obtained in Lyon (Navios) and Grenoble (FACSCanto-II)
according to the standardized protocol. Samples were
obtained in Lyon ICU (n ¼ 5), Grenoble ICU (n ¼ 6)
and from healthy donors (n ¼ 3). As there is a 90 min-
drive between the cities of Lyon and Grenoble, samples
were collected on the same day as follows. First, Lyon
samples were obtained at 8:30am immediately placed on
ice and driven to Grenoble. Meanwhile, in Grenoble,
samples were collected at 9:30am and stored on ice. At
10:00am in Grenoble, every sample (i.e., from Lyon and
Grenoble) were split in two aliquots. The first batch of
aliquot was driven to Lyon on ice, the second stayed on
ice in Grenoble. Finally, at 12:00am, staining procedure
was simultaneously started in both centers after phone
call to ensure a perfect synchronization.

Statistical Analysis

Correlations were evaluated using the Pearson’s corre-
lation coefficient and intra-class correlation coefficient
tests. The statistical analyses were performed using SPSS
software (version 16.0, SPSS, Chicago, IL).

RESULTS

FC500 (Alternate Protocol)/Navios
(Standardized Protocol) Comparison

In a previous study (11), we set up a homemade pro-
tocol based on the same principle as the standardized
procedure for mHLA-DR measurement (i.e., monocyte
identification through CD14 expression / PE-HLA-DR -
clone L243, Becton for HLA-DR expression measurement
and QuantiBrite beads for calculation of AB/C) but with-
out using the ready-to-use QuantiBrite mixture. As a first
step, we compared this protocol run on a FC500 flow
cytometer to the standardized protocol run on a Navios
analyzer. For this purpose, we included 42 samples.
Results are shown in Figure 1A. An excellent correlation
was obtained between protocols (y ¼ x þ 582, r: 0.98,
p < 0.001) without any outlier.

Navios (Lyon) / FACSCanto-II (Grenoble) Comparison

In a second step, we compared results of clinical sam-
ples stained according to the standardized protocol but an-
alyzed simultaneously in two different laboratories on flow
cytometers provided by different manufacturers (Navios –
BeckmanCoulter and FACSCanto-II – BectonDickinson).
Again, we observed an excellent correlation (y ¼ 1.05x þ

258, r: 0.99, p < 0.001 and intra-class correlation coeffi-
cient: 0.996, p < 0.001). Indeed, results were thus found
to be identical between centers (Fig. 1B).

Wash/No Wash Procedure and Method Precision

As the necessity for a washing step before data acqui-
sition on flow cytometers was not definitely established
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in the 2005 standardized protocol (13), we assessed
again this aspect in both centers. As shown in Figure
1D, the wash procedure decreases mHLA-DR values.
This loss was more pronounced for the lowest mHLA-
DR values. Nevertheless, when comparing results
obtained in both centers with the ‘‘no wash’’ protocol,
we again observed an excellent correlation (r: 0.99, p <

0.001 and intra-class correlation coefficient: 0.994, p <

0.001, Fig. 1C). In addition, in Lyon, the intra-assay pre-
cision was evaluated in the ‘‘wash’’ protocol by two
ways: one sample stained once and analyzed five times
or one sample stained five times and analyzed five times.
Importantly, this showed that, by using the ‘‘wash’’ pro-
cedure, the intra-assay coefficients of variations (CVs)
ranged from 1.9 to 3.2%.

DISCUSSION

The major result of the present report is to show the
excellent correlation between mHLA-DR results obtained
in two different laboratories when the standardized pro-
tocol is performed according to previously described
pre-analytical recommendations (e.g., staining < 2 h af-
ter sampling or < 4 h at þ4�C (12,13)). Measured on
clinical samples, this observation was valid between lab-
oratories, between different flow cytometers (Beckman-
Coulter and Becton-Dickinson) and was even found
when performed with slightly different staining proce-
dures (alternate versus standardized protocols). To the
best of our knowledge, such an inter-laboratory assess-
ment on fresh clinical samples has never been per-
formed since publication of the standardized protocol in

FIG. 1. Comparison of FC500 (alternate protocol) and Navios (standardized protocol) results in a same laboratory. 47 blood samples from patients
(12 HIV-infected and 17 ICU patients) and 13 healthy donors were either treated according to homemade staining procedure (11) or the standar-
dized protocol (13). Cells were washed after staining. Results were expressed as number of antibodies bound per cell (AB/C). B. Comparison of
Navios – Lyon (standardized protocol) and FACS Canto II - Grenoble (standardized protocol) results. 14 blood samples from ICU patients (n ¼ 11)
and healthy donors (n ¼ 3) were treated according to standardized procedure (13). Cells were washed after staining. Results were expressed as num-
ber of antibodies bound per cell (AB/C).C. No wash procedure results comparison (standardized protocol, Navios – Lyon and FACS Canto II – Greno-
ble). 14 blood samples from ICU patients (n ¼ 11) and healthy donors (n ¼ 3) were treated according to standardized protocol (13). Cells were not
washed after staining. Results were expressed as number of antibodies bound per cell (AB/C). D. Wash-induced loss of mHLA-DR in Grenoble and
Lyon (standardized protocol). The effect of a washing step was evaluated by calculating the percentage of mHLA-DR loss in comparison with the no
wash procedure. 14 blood samples from ICU patients (n ¼ 11) and healthy donors (n ¼ 3) were treated according to standardized protocol (13).
Cells were either washed or not after staining. Results were expressed as number of antibodies bound per cell (AB/C) and as logarithmic regression.
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2005 (13). In the original paper, only two clinical sam-
ples were sent to participating laboratories and staining
was started > 24 h after sampling (13). In this study,
coefficients of variation (i.e., values from different labo-
ratories) were found at 20% (mHLA-DR around 11,000
AB/C) and 15% (for mHLA-DR around 35,000 AB/C).
Meanwhile, some multicentric studies have been pub-
lished. However, whereas patients’ inclusions were mul-
ticentric, mHLA-DR measurements were all performed in
a single laboratory (6,14).

As initially reported (13), we observed that the final
washing step before cell acquisition induces a decrease
in mHLA-DR expression while both protocols remained
well correlated. As, in some cases, this loss may not be
reproducible due to non-specific antibody binding
caused by inflammation-induced up-regulation of Fc-c
receptors – which is obviously the case in ICU patients
– the wash procedure may be preferred. Furthermore,
this step clearly diminishes the non-specific background
and thus ameliorates cell identification on dot plots.
This may explain that we obtained an almost perfect
regression line (slope equals 1, intercept at the origin of
the y- and x-axes) when comparing results obtained
using the wash protocol between centers (Fig. 1B). In
line, regarding the wash procedure, intra-assay precision
CVs were found below 5% which is excellent for such a
manual technique. As far as we know, most groups that
have published on mHLA-DR (and that we have con-
tacted during completion of the manuscript) are cur-
rently performing this wash procedure, which is actually
not significantly time consuming. Collectively, these data
indicate that, although requiring one additional working
step, the final wash step is preferable.

To date, the main indication of mHLA-DR measurement
is to identify ICU patients at increased risk of nosocomial
infections/death. One promising application in the future
is to help these immunosuppressed patients in restoring
their immune defenses. As an example, decreased mHLA-
DR expression has recently been used to stratify the
administration of GM-CSF in a small cohort of septic
patients (6). This biomarker-guided GM-CSF therapy has
been demonstrated to be safe and effective for restoring
monocytic immunocompetence and shortening the time
of mechanical ventilation and hospital/ICU stay (6).
Patients were included into this prospective, randomized,
double-blinded, placebo-controlled trial on the basis of a
low mHLA-DR (i.e., below 8000 AB/C) on two consecu-
tive days. The next step would be to conduct multicen-
tric studies to validate these promising GM-CSF effects on
larger cohorts of patients by using this standardized
mHLA-DR procedure providing reproducible results
between centers.

More generally, regarding the measurement of mHLA-
DR after severe stress, a key challenge will be to delin-
eate, for each subgroup of ICU patients (i.e., burn,
trauma, sepsis, pancreatitis), the best thresholds defining
the risk of secondary infection / death. Indeed, it is very
likely that these thresholds will be different between sep-
tic shock, trauma or burn patients. Obviously, such per-

spective will rely on the use of flow cytometry, which is
now ready for clinical applications when standardized
protocols are properly designed and validated (15–17).

In conclusion, the present report and previous results
(13) highlight the robustness of this standardized flow
cytometry protocol for mHLA-DR measurement in multi-
centric studies.
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Background: By measuring multiple parameters on a single-cell basis, flow cytometry is a potent tool
to dissect the phenotypes and functions of cell subsets. However, because this technique may be time-
consuming, particularly for intracellular staining, it could be problematic for its use in daily routine or
in large cohorts. Recently, a novel reagent has been developed to perform intracellular staining in one
step. The objective of our study was thus to assess this new method in comparison with the reference
technique by focusing on FOXP3 staining in clinical samples.

Methods: Peripheral blood was collected from 15 HIV-1-infected patients, 5 critically ill patients, and
5 healthy volunteers and stained using the two different methods. Different subsets of FOXP3 positive
cells were investigated by flow cytometry.

Results: When comparing results obtained with the two techniques, no statistical differences between
the percentages of CD41FOXP31, CD41CD251FOXP31, and CD41CD251CD1272FOXP31 cells were
observed. Besides, a strong correlation between percentages of CD41FOXP31CD251CD1272 lympho-
cytes measured with both techniques was found in patients (r: 0.843, P < 0.001, intra-class correlation
coefficient: 0.820, P < 0.001). Importantly, flow cytometry stainings obtained with the one-step method
were very robust with an excellent intra-assay precision, a better discriminative power and correct sta-
bility and reproducibility of the staining even after blood storage.

Conclusions: With a strong correlation between the percentages of FOXP31 Tregs when compared
with the reference method, a better staining quality, a shorter realization time and no need of isotype
control, this one step procedure may represent an important improvement for a daily routine use of intra-
cellular staining. VC 2013 International Clinical Cytometry Society
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Flow cytometry is considered as a powerful tool for
cellular analysis, either for studying cell phenotypes or
various immune cell functions (1). However, several
issues exist when considering flow cytometric intracellu-
lar stainings, especially in the context of a daily routine
use and in clinical research protocols including large
cohorts of patients for whom samples need to be proc-
essed immediately (2). In particular, this technique is
time-consuming due to permeabilization and multiple
washing steps and most importantly, results are usually
poorly reproducible and hardly standardizable. This ren-
ders intracellular flow cytometry use poorly suitable for
multicentric clinical studies.

Recently, a novel reagent has been developed to per-
form flow cytometry intracellular staining in one step
(including permeabilization and staining). The aim of
this study was thus to test the robustness of this reagent
in daily routine conditions in clinical samples.

Accumulated evidence suggests the essential functions
of regulatory T cells (Treg) in the pathophysiology of
many clinical conditions such as autoimmune diseases
(3), transplantations (4), severe septic shock (5), cancer
(6), HIV infection (7), and in the development and main-
tenance of immunologic tolerance (8). However, very
few studies have been conducted in large prospective
clinical cohorts. This could be partly explained as Treg
can only be precisely identified by flow cytometry using
intracellular FOXP3 staining, the key transcriptional
factor for Treg (9,10). Even if other phenotypes (such as
CD4þCD25þ or CD4þCD25þCD127�) are known to
be good surrogate identification strategy for Treg (11),
FOXP3 remains to date, the only marker to appropriately
identify those cells (9,12).

In this study, we thus assessed the quality and repro-
ducibility of FOXP3 intracellular staining by using this
novel one-step protocol in comparison with the well-
accepted reference method in clinical samples.

MATERIAL AND METHODS

Study Population

HIV-1-infected patients from the Hospices Civils de Lyon
HIV cohort, located in Croix-Rousse Hospital and intensive
care unit (ICU) patients from Lyon-Sud Hospital and
Edouard Herriot Hospital (Hospices Civils de Lyon, Lyon,
France) were included. Samples were collected in EDTA
anticoagulant tubes. Analyses were performed on available
residual blood after routine analyses were performed.

Fifteen HIV-1-infected patients [men ¼ 10 (67%),
median age ¼ 50 years, inter-quartile range (IQR):
38–69] were included. They all received highly active
anti-retroviral therapy (HAART) [median treatment dura-
tion ¼ 7.65 years, IQR: 3.03–11.03] and were aviremic
with a viral load (VL) at baseline below 50 copies/ml
(Abbott RealTime HIV-1 assay and m2000 RT system
platform). Their median CD4þ cell count at baseline
was 573 cells/mm3 [IQR: 391–761].

Five ICU patients were included [men ¼ 2 (40%),
median age ¼ 70 years, IQR: 29–79]. Three of them met

criteria for septic shock diagnosis of the American Col-
lege of Chest Physicians/Society of Critical Care Medi-
cine (13) and two were trauma patients (Injury Severity
Score: ISS > 25).

Five healthy volunteers [men ¼ 2 (40%), median age
¼ 34, IQR: 26–56], all members of the laboratory staff,
were also included after informed consent was given.

No statistical differences were observed in clinical
data for age (P ¼ 0.317) and gender (P ¼ 0.342) among
HIV patients, ICU patients, and healthy donors.

Reference Method of Intracellular Staining

Samples were stained with Anti-Human Foxp3 Stain-
ing Set following manufacturer’s recommendations
(eBioscience, San Diego, CA). As already described (14),
samples were first stained using surface markers: anti
human phycoerythrin (PE)-labeled anti-CD127, PE-Texas
Red (ECD)-labeled anti-CD4 and PE-Cyanine5 (PC5)-
labeled anti-CD25 antibodies (Beckman Coulter, Hialeah,
FL) and incubated for 15 min. Samples were then lysed
using Versalyse lysing solution (Beckman Coulter) for 15
min. After a washing step, permeabilization was per-
formed using Fix/Perm Buffer for 40 min. Following
three more washing steps with permeabilization buffer
and incubation with this buffer and normal rat serum
for 15 min (blocking step), the FoxP3 intracellular
staining using anti human FoxP3-FITC antibody (clone
PCH101, eBioscience) was performed for 30 min.
Samples were finally washed two times with permeabili-
zation buffer. Rat IgG2a isotype control was used to
evaluate non-specific staining.

One-Step Method of Intracellular Staining

The PerFix-no centrifuge assay Kit from Beckman
Coulter was assessed. Staining of fresh whole blood was
performed using PE-labeled anti-CD25, PE-Cyanine7
(PC7)-labeled anti-CD127, Alexa fluor 647 (AF647)-
labeled anti-FoxP3, and Pacific Blue (PB)-labeled anti-
CD4 (Beckman Coulter). FoxP3-antibodies (clone 259D)
were purchased from BioLegend (San Diego, CA).
According to the manufacturer’s instructions, samples
were first fixed with the fixative reagent and incubated
for 15 min. Then, aliquots were simultaneously perme-
abilized thanks to the permeabilizing reagent and stained
with fluorochrome-conjugated antibodies. After 60 min
of incubation, samples were washed once with PBS and
secondly with a solution containing formaldehyde.

One-Step Method Robustness

To study intra-assay precision, two sets of analyses
were performed: (i) one sample stained 10 times and
analyzed 10 times (ii) one sample stained once and ana-
lyzed 10 times. To assess the stability of the staining,
expression of the markers was measured immediately
after staining, then 2 h and 24 h later for five patients.
To assess the effect of blood storage before staining,
results from fresh whole blood or obtained after blood
storage for 24 h at 4�C and at room temperature for
three patients were compared.
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Flow Cytometric Data Acquisition and Analysis

Cytometry analyses were performed on a NAVIOS
flow cytometer using the NAVIOS software (Beckman
Coulter). FOXP3 expression was examined in three dif-
ferent CD4þ subsets as followed: CD4þ, CD4þCD25þ,
and CD4þCD25þCD127� lymphocytes.

Statistical Analysis

Statistical analyses were performed using SPSS
(version 17.0; SPSS, Chicago, IL) and GraphPad Prism
(version 5.03, GraphPad Software, La Jolla, CA) software.
Normality of the parameters was assessed using the
Kolmogorov–Smirnov test. T-test, Wilcoxon test for con-
tinuous variables and exact Fisher test for categorical
variables were performed. Correlations were studied
using the Pearson’s correlation coefficient test and the
intra-class correlation coefficient (ICC). The Bland–
Altman approach was also used to assess the agreement
between the methods. P-values were considered signifi-
cant when lower than 0.05.

RESULTS

As Treg, independently of FOXP3 expression, are
usually described as either CD4þCD25þ or CD4þ
CD25þCD127� lymphocytes, FOXP3 expression was
evaluated in these different subsets. Examples of plots
representing co-expression of either FOXP3 and CD25
or FOXP3 and CD127 in CD4þ gated cells are shown in
Figure 1.

No statistical differences between the percentages
of CD4þFOXP3þ, CD4þCD25þFOXP3þ, and CD4þ
CD25þCD127�FOXP3þ lymphocytes measured with
the two techniques were observed. This was true for
the overall patient population as well as in each group
individually (Table 1). In line, a strong correlation
between percentages of CD4þFOXP3þ cells obtained
with the two different techniques was identified in
the global population (r: 0.763, P < 0.001, ICC: 0.759,

P < 0.001). Likewise, percentages of CD4þCD25þ
FOXP3þ (r: 0.715, P < 0.001, ICC: 0.659, P < 0.001)
and CD4þCD25þCD127�FOXP3þ lymphocytes (r:
0.843, P < 0.001, ICC: 0.820, P < 0.001) (Fig. 2) were
nicely correlated between reference and one-step proce-
dures. Moreover, Bland–Altman plots revealed good
agreement between both methods regardless of the phe-
notype (Fig. 2).

We then compared the cell separation/discriminative
power of these two techniques for FOXP3þ lympho-
cytes gating. The signal to noise ratio was calculated for
each technique by comparing the mean of fluorescence
intensity (MFI) of FOXP3 positive versus negative cells
among CD4þ lymphocytes (MFI ratios and differences).
Interestingly, significantly different discriminative power
was identified between these two techniques in each
study group and in the whole study population (Table
1). We indeed observed that FOXP3þ cell identification
after one-step intracellular staining was largely easier
than with the reference method (Fig. 3).

When testing intra-assay precision, we observed that
coefficients of variation (CV) of the percentage of
CD4þFOPX3þ cells measured with the one-step tech-
nique ranged from 4 to 5.8%. Similar results were
obtained when percentages of CD4þCD25þFOXP3þ
lymphocytes were measured (CV between 3.3 and
6.4%).

When testing stability of the staining, we did not
observe any statistical difference. We observed in five
patients that mean percentage of CD4þFOXP3þ cells
was 7.6% (standard deviation, SD: 1.7) at T0, 7.1% (SD:
1.1) at Tþ2 h, and 7.4% (SD: 1.4) at Tþ24 h (Fig. 4a). In
the same patients, the mean MFI ratio between FOXP3�
and FOXP3þ cells among CD4þ lymphocytes was 10.5
(SD: 2.2) at T0, 10.3 (SD: 1.5) at Tþ2 h, and 9.6 (SD: 2)
at Tþ24 h (Fig. 4b). Similar results were obtained with
other phenotypes of Treg (CD4þCD25þFOXP3þ and
CD4þCD25þCD127�FOXP3þ). These results indicated
an excellent staining stability.

FIG. 1. Examples of plots representing co-expression of FOXP3 and CD25 or FOXP3 and CD127 in CD4þ cells. Cells were first gated on
SSC/CD4 (left histogram).
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Finally, when blood storage before staining was tested,
we did not observe any statistical difference. The mean
percentage of CD4þFOXP3þ cells for three patients
were respectively, 7.0% (SD: 0.8) at T0, 6.9% (SD: 1.6)
after storage for 24 h at 4�C, and 7.1% (SD: 0.9) after 24
h storage at room temperature (Fig. 4c). The mean MFI
ratio between FOXP3� and FOXP3þ cells among CD4þ
population for these patients was found to be very
stable at 10.7 (SD: 3.1) at T0, 11.7 (SD: 3.2) after 24 h
storage at 4�C, and 10.6 (SD: 2.1) after 24 h storage at
room temperature (Fig. 4d). We obtained the same
results considering other phenotypes of Treg (CD4þ
CD25þFOXP3þ and CD4þCD25þCD127�FOXP3þ).

DISCUSSION

The main result of our study is to show that Treg
percentages obtained using reference and one-step
techniques are well correlated. This was observed
whatever the phenotype used for Treg identification
(i.e., FOXP3þ cells among CD4þ, CD4þCD25þ, or
CD4þCD25þCD127� lymphocytes). Another important
result was that flow cytometry staining obtained by
using one-step intracellular staining appeared as a robust
technique with good intra-assay precision and adequate
staining stability even after blood storage.

Interestingly, this novel technique presents with
better advantages than reference technique.

Indeed, this one-step intracellular staining procedure
offers several improvements. Intracellular FOXP3 stain-
ing with this technique takes about 90 min to complete
(CD4, CD25, CD127, and FOXP3 stainings) whereas 200
min are needed for the usual reference method. This is

due to the steps of permeabilization and staining (extra
and intracellular) that are done at the same time in the
one-step technique therefore shortening additional incu-
bation times and wash/centrifugations cycles. Impor-
tantly, this diminished number of washing cycles did not
impact the non-specific background fluorescence that
could have been expected to be amplified. In contrast,
the signal to noise ratio between FOXP3þ and FOXP3�
cells was even improved with the one-step approach
(Table 1). This enables for a better discrimination of the
positive FOXP3 cells amongst CD4þ population with
the one-step method. This is without the requirement of
an isotype control use. In contrary, such specific cell
separation appears as virtually impossible in some
patients with the reference technique (Fig. 2).

Therefore, specifically regarding FOXP3 staining in
clinical samples, our results open new perspectives of
Treg investigation either in large prospective clinical
studies or in daily routine. This could also be relevant
for the study of different Treg subsets such as cells co-
expressing CD45RA, CD38, or CTLA4 (15,16). Moreover,
this new technique obviously allows for the staining of
other intracellular markers whatever the cells/pheno-
types considered and could be of major interest for vari-
ous users of flow cytometry.

Our study presents some limitations. In particular,
two different fluorochromes and two different clones
were used for intracellular FOXP3 staining in the com-
pared techniques. This could partly explain the differ-
ence in discriminative power between the methods. For
example, some studies have pointed out that the clone
used in the reference method was associated with a

Table 1
Percentages of Positive Cells Among CD4þ Lymphocytes and Mean of Fluorescence Intensity (MFI) of FOXP3 for

Different Treg Phenotypes

Reference method One step method P

Percentages among CD4þ cells
FOXP3þ HIV 9.26 [7.09–10.44] 10.66 [9.62–12.27] 0.072

ICU 11.85 [9.11–17.32] 12.65 [9.68–16.53] 0.98
HV 11.92 [9.45–12.53] 11.65 [10–12.08] 0.99
Total 10.08 [7.89–11.89] 11.29 [9.80–12.5] 0.257

FOXP3þ CD25þ HIV 7.27 [5.28–9.09] 6.91 [5.27–8.16] 0.492
ICU 10.51 [6.96–14.86] 9.04 [5.85–10.32] 0.314
HV 5.96 [5.69–7.83] 6.73 [6.41–8.11] 0.481
Total 7.34 [5.63–9.44] 6.97 [5.97–8.59] 0.33

FOXP3þ CD25þ CD127� HIV 5.62 [4.63–6.46] 6.32 [5.83–7.13] 0.192
ICU 9 [6.07–12.7] 8.9 [6.35–10.68] 0.753
HV 5.72 [5.03–6.83] 6.18 [5.22–7.28] 0.666
Total 5.74 [4.83–7.92] 6.32 [5.84–8.46] 0.529

Mean of Fluorescence Intensity
MFI Difference: FOXP3þ minus FOXP3� HIV 1.81 [1.60–2.01] 7.40 [6.16–9.52] <0.001

ICU 2.6 [1.57–3.16] 10.59 [6.51–17.43] 0.019
HV 1.27 [1.16–1.36] 9.94 [5.67–10] 0.003
Total 1.63 [1.36–2.03] 7.52 [6.18–10.13] <0.001

MFI Ratio: FOXP3þ versus FOXP3� HIV 3.17 [2.71–3.46] 10.84 [9.82–12.19] <0.001
ICU 4.92 [3.3–5.35] 12.64 [11.24–17.29] 0.001
HV 2.78 [2.64–2.94] 12.5 [10–12.76] <0.001
Total 3.17 [2.74–3.46] 11.81 [10.35–12.58] <0.001

Results were obtained in HIV-infected patients (HIV, n ¼ 15), critically ill patients (ICU, n ¼ 5), healthy volunteers (HV, n ¼ 5)
and in the whole cohort (Total, n ¼ 25). Results are presented as median and IQR (inter quartile range) between brackets. P values
were calculated using student T-test.
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higher level of non-specific staining compared with
other clones (17,18). This obviously needs to be con-
firmed in a subsequent study. Moreover, we only studied
the correlation between the methods in three different
pathologic situations. This novel method may therefore
not be suitable in other clinical conditions. Thus,
these preliminary results should be validated in a larger
cohort of patients and in other clinical contexts.

Besides, standardization of this novel technique should
be elaborated on.

CONCLUSION

By comparing a one-step intracellular staining proce-
dure with a reference protocol, we obtained a strong
correlation between percentages of FOXP3þ Treg. More-
over, with a better staining quality, a shorter realization

FIG. 2. Correlation and Bland–Altman plots between Treg percentages measured by using reference and one-step techniques. For each Treg pheno-
type, correlation (left side—Pearson’s correlation coefficient test) and Bland–Altman plot (right side—the black line indicates the average value of
the differences between the two methods; the two dotted lines form the 95% reference range) are represented as (a)
CD4þCD25þCD127�FOXP3þcells; (b) CD4þCD25þFOXP3þ cells, and (c) CD4þFOXP3þ cells.
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FIG. 3. Representative biparametric histograms of CD4þFOXP3þ cells for one-step and reference procedures. Both procedures were simultaneously
used in one healthy volunteer, one HIV-infected patient, and one ICU patient.

FIG. 4. One-step method robustness (example of CD4þFOXP3þ cells). (a,b) Staining stability was evaluated for the one-step technique at three
time points (T0, Tþ2 h after staining, Tþ24 h after staining) in five HIV-infected patients for (a) % CD4þFOXP3þ cells and (b) MFI ratio between
FOXP3þ and FOXP3- cells. (c,d). Effect of blood storage before staining was evaluated for (c) CD4þFOXP3þ cells and (d) MFI ratio between
FOXP3þ and FOXP3� cells. The one-step technique was performed in three HIV-infected patients. Cells were stained at T0 and after 24 h storage
at 4�C and 24 h storage at room temperature (RT). For each graph, individual values are presented.



time and no isotype control requirement, this one-step
procedure appears adequate for a daily routine use and
in prospective clinical studies. This one-step procedure
of intracellular staining therefore may represent an im-
portant improvement in the study of intracellular mole-
cules by flow cytometry in clinical studies.
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ABSTRACT

Septic shock is characterized by lymphocyte alterations

associated with increased risk of nosocomial infections

and mortality. IL-7, a cytokine required for T cell survival,

is thought as a novel therapy for septic patients with

severe lymphopenia. We assessed CD4+ lymphocyte

responsiveness to rhIL-7 in septic shock patients ex vivo.

Thirteen septic shock patients and 10 controls were

included. TheMFI of pSTAT5, a key signalingmolecule for

IL-7, was measured by flow cytometry in CD4+FOXP32

(Teffs) and CD4+FOXP3+ (Tregs) lymphocytes after whole-

blood incubation with increasing doses of rhIL-7. The

basal level of pSTAT5 in nonstimulated T cells was higher

in patients. However, the maximal activation level in

response to the highest doses of rhIL-7 was similar in

both groups. Importantly, low doses of rhIL-7 preferen-

tially activated Teff versus Treg in patients and nonsurvi-

vors tended to present with decreased pSTAT5

expression. This pilot study is the first to highlight, in

septic patients, the interest of pSTAT5 measurement in

whole blood for the monitoring of rhIL-7 therapy. Such

a method could represent an innovative, biologic tool for

monitoring leukocyte pharmacological responses to

biotherapies in daily clinical practice in other clinical

contexts. J. Leukoc. Biol. 97: 000–000; 2015.

Introduction

Severe sepsis and septic shock are major health care problems

and represent the leading cause of mortality in ICUs. Despite

improved treatment algorithms that have resulted in an

increasing number of patients surviving the early inflammatory

phase of the disease, the mortality rate in these patients is still

high [1, 2]. Importantly, it is reported that a majority of deaths

occurs after the first 3 days of the disorder [3]. At this time, it is

well established that septic patients develop severe immune

alterations (innate and adaptive), of which the intensity and

duration are correlated with viral reactivation and increased risk

of death or nosocomial infections. Therefore, immunotherapy

may represent an interesting treatment to restore patients’

immunity [3].

IL-7 is an indispensable cytokine for growth, proliferation, and

differentiation of CD4+ T cells [4]. As a drug, rhIL-7 is currently

being assessed in various clinical conditions with the objective of

rejuvenating T cells. In clinical trials, rhIL-7 has been used to

treat patients with lymphopenia and lymphopenia-driven dis-

eases. In addition, this cytokine is currently undergoing clinical

testing as an immune-enhancing agent in patients with cancer,

HIV-1 infection, and progressive multifocal leukoencephalop-

athy [5–7].

As sepsis-induced lymphocyte alterations share many similar-

ities with immune dysfunctions observed in these clinical

conditions [3, 8], rhIL-7 has been proposed as a potential

candidate for treating septic patients with severe lymphocyte

alterations [3, 9]. In mouse models of septic shock, IL-7 was

shown to be protective against secondary infections and to

improve survival [10, 11]. In septic patients, rhIL-7 ex vivo

incubation totally restored normal lymphocyte functions [9].

Interestingly, recent clinical and experimental studies have

suggested that depending on its dosage, rhIL-7 may have

differential effects on Teffs versus CD4
+ Tregs. This has been

related to the different levels of expression of its receptor

(CD127; IL-7Ra chain) on these T cell subsets [4]. As Tregs are

hypothesized to play a deleterious role during sepsis-induced

immunosuppression [12], there is a great interest in testing this

differential response in septic patients.

In this study, we assessed the ex vivo responses of septic

shock patients’ T cell subsets to increasing doses of rhIL-7

compared with healthy volunteers by measuring
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2. Correspondence: Immunology Laboratory, Hopital E. Herriot, Hospices
Civils de Lyon, 5 places d’Arsonval, 69437 Lyon Cedex 03, France. E-mail:
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recombinant human, SAPS II = Simplified Acute Physiologic Score II, SOFA =

Sequential Organ Failure Assessment score, Teff = effector T lymphocyte,

Treg = regulatory T cell
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intracellular pSTAT5 by flow cytometry in cells as native as

possible (in fresh whole blood).

MATERIALS AND METHODS

Study population

The study group consisted of 13 septic shock patients (diagnostic criteria of

the International Guidelines for Management of Severe Sepsis and Septic

Shock [13]), admitted to the surgical or medical ICUs of Saint-Etienne and

Lyon University hospitals. Ten healthy volunteers were included in the study

after informed consent was given (median age, 45; 6 women and 4 men). This

work belongs to a global study on ICU-induced immune dysfunctions. It has

been approved by our Institutional Review Board for ethics (“Comité de

Protection des Personnes”) and registered at the French Ministry of Research

and Enseignement (#DC-2008-509). It is also recorded at the Commission

Nationale de l’Informatique et des Libertés.

The exclusion criteria were patients under the age of 18 yr old and subjects

with aplasia or immunosuppressive disease (e.g., HIV infection). Septic shock

was defined by an identifiable site of infection, persisting hypotension despite

fluid resuscitation requiring vasopressor therapy, and evidence of a systemic

inflammatory response manifested by at least 2 of the following criteria: 1)

temperature .38°C or ,36°C; 2) heart rate .90 beats/min; 3) respiratory

rate.20 breaths/min; or 4) white blood cell count.12,000/mm3 or,4000/mm3.

Severity was assessed by the SAPS II, calculated at inclusion in the protocol.

Development of organ dysfunction was assessed by the SOFA (range: 0–24),

measured after 24 h of ICU stay. Mortality was defined as death occurring

within 28 days after the onset of shock, which was defined as the beginning of

vasopressor therapy. The immunosuppressive state of septic patients was

verified by measuring decreased mHLA-DR expression, low CD4+

lymphocyte count, and elevated Treg percentage, as described

previously [14].

Flow cytometry staining

EDTA anticoagulated blood was collected once from patients at day 3 or day 4

after diagnosis of septic shock. The staining of fresh whole blood was

performed as described previously [15]. The preanalytical procedure was

exactly the same between healthy volunteers and septic shock patients. Blood

samples were stimulated with increasing concentrations of rhIL-7 (R&D

Systems, Minneapolis, MN, USA) to measure pSTAT5 in CD4+ T cell subsets

with the PerFix EXPOSE kit (Beckman Coulter, Hialeah, FL, USA). Staining

was performed by use of Pacific Blue-labeled anti-CD4, PE-labeled anti-

pSTAT5 (Beckman Coulter), and AF647-labeled anti-FOXP3 (Clone 259D;

BioLegend, San Diego, CA, USA) antibodies. It takes 90 min to complete the

entire protocol (both intra and cell surface staining, lysis, and wash steps).

Analyses were performed on a NAVIOS flow cytometer by use of NAVIOS

software (Beckman Coulter). pSTAT5 expression was measured in both CD4+

T populations: Treg (CD4
+FOXP3+ cells) and CD4+FOPX32 cells (which are

a mixture of effector, memory, and naı̈ve CD4+ T cells and which we will

abbreviate as Teff as opposed to Treg), selected among CD4+ lymphocytes

(Fig. 1A and B). MFIs were reported for each subset (Fig. 1C).

Statistical analysis

Results (MFI) are expressed as means 6 SD. MFIs were compared between

T cell subsets by use of the nonparametric Mann-Whitney U-test and Wilcoxon

test. Based on the percentages of maximal effect, the EC50 were calculated for

each cytokine in Tregs and Teffs. EC50 were then compared by use of extra sum-

of-squares F-test. Statistical analyses were performed with GraphPad Prism

Software (version 5.0; GraphPad Software, La Jolla, CA, USA). P , 0.05 was

considered significant.

RESULTS AND DISCUSSION

Septic syndromes represent the first cause of mortality in ICUs

[2]. Although a huge effort has been expended during the last

20 yr to find new, specific therapies, the mortality of septic

patients remains considerable. It is now well established that

septic patients develop innate and adaptive severe immune

alterations. Besides, intensity and duration of these alterations

are linked with increased risk of death and development of ICU-

acquired infections [16]. Consequently, immune-stimulating

therapies are now considered in the treatment of sepsis [14, 17,

18]. Interestingly, several studies supported the hypothesis that

IL-7, a cytokine required for T cell development and differen-

tiation, could represent an innovative therapy in the treatment of

sepsis [3, 6, 19, 20]. IL-7R (i.e., CD127) is differently expressed

on Teffs and Tregs, explaining why rhIL-7 may have differential

effects on these T cell subsets. With the consideration of the

putative, harmful role of Treg during sepsis-induced immuno-

suppression, it was of interest to assess this differential response

in septic patients. Thus, the main goal of this pilot study was to

compare the ex vivo responses of septic shock patients and

healthy volunteers’ T cell subsets with increasing rhIL-7

concentrations by measuring intracellular pSTAT5 in whole

blood by flow cytometry.

Thirteen septic shock patients were included in this study. Five

of them died (31.5%) after 28 days follow-up. Clinical charac-

teristics are listed in Table 1. Patients were sampled once at day 3

or day 4 after the onset of shock, as previous studies showed that

sepsis-induced lymphocyte anergy is maximal at this time-point

[14]. Indeed, we observed that patients presented with low CD4+

T cell counts, elevated Treg percentage, and decreased mHLA-

DR expression (Table 1).

We observed typical dose responses for pSTAT5 to rising doses

of rhIL-7 in Teffs and Tregs in patients and healthy volunteers.

Moreover, maximal responses to the highest rhIL-7 concen-

trations were similar between septic patients and controls, and no

difference in plateau effects was observed (Fig. 2). This

Figure 1. Gating strategy and representative

examples of pSTAT5 expression in T cell subsets.

CD4+ lymphocytes were identified based on side-
scattered (SSC) versus CD4 expression on
a biparametric histogram (A). Tregs and Teffs were
identified among selected CD4+ cells depending
on FOXP3 expression (B). The MFI of pSTAT5
was reported for Teff (C) at baseline (white) and
after low rhIL-7 stimulation (1 pg/ml; gray) in an
overlay representation for a septic shock patient.
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important result shows that rhIL-7 can still activate circulating

CD4+ lymphocytes during sepsis-induced immunosuppression.

This result agrees with a previous report showing that anergic/

exhausted septic patients’ lymphocytes were rejuvenated by

ex vivo IL-7 treatment (i.e., restoration of proliferation and

IFN-g production) [9].

A second noteworthy result is that basal levels of pSTAT5

expression in nonstimulated cells were significantly higher in

CD4+ lymphocytes from septic patients compared with controls

(Fig. 2; Teff, P = 0.0004; Treg, P = 0.0006). This increased pSTAT5

expression in circulating lymphocytes from patients might be the

consequence of the major cellular activation occurring during

the very first hours of septic shock (cytokine storm).

Regarding rhIL-7 stimulation with the lowest dose (1 pg/ml),

both healthy volunteers’ Teffs and Tregs were activated (Fig. 3A

and B; Teff, P = 0.002; Treg, P = 0.002). Importantly, we

observed that depending on its dosage, rhIL-7 could stimulate

preferentially Teff over Treg in septic shock patients. Indeed, the

lowest concentrations of rhIL-7 (1 pg/ml) significantly

activated Teff (Fig. 3C; P = 0.027) but had no effect on Treg

(Fig. 3D; P = 0.151) subsets. This is of utmost importance, as Tregs

are known to play a deleterious role during sepsis-induced

immunosuppression. These results are in accordance with results

reported in clinical trials. In HIV-infected patients, Lévy et al. [5]

observed that the relative frequency of Treg decreased signifi-

cantly for the rhIL-7-treated subjects at day 28, whereas other

CD4+ subsets had greater expansions. Similar results were

observed by Sportès et al. [7] in subjects with refractory

malignancy. In these studies, no major adverse effect was

recorded for IL-7. Regarding septic shock, Unsinger et al. [10]

observed in mice models of fungal sepsis that IL-7 improved

survival, increased CD4+ and CD8+ cells’ absolute counts, and

improved proliferation and activation of CD4+ T cells. In

line, in septic shock patients presenting features of severe

immunosuppression, ex vivo IL-7 administration restored all

altered lymphocyte functions, e.g., proliferation and IFN-g

production [9]. In this preclinical study, the authors pointed out

that the rhIL-7 intracellular pathway remained active in

immunosuppressed septic patients.

One intriguing development of the present results was that

despite similar kinetic responses in both T cell subsets (Fig. 4A

and B), nonsurviving patients exhibited significantly lower

STAT5 expression. Indeed, EC50 were not significantly

different between survivors and nonsurvivors for Teff or Treg

(Teff: EC50 survivors, 0.001 ng/ml, and EC50 nonsurvivors,

0.0025 ng/ml, P = 0.163; Treg: EC50 survivors, 0.005 ng/ml, and

EC50 nonsurvivors, 0.015 ng/ml, P = 0.100). However, lower

TABLE 1. Demographic, clinical, and immunological data for
septic shock patients

Parameters
Overall septic shock

patients, n = 13

Age at admission (yr) 78 (65–79)
Gender—male, n (%) 10 (76.9)
SAPS II at diagnosis of shock 51 (46–72)
SOFA at diagnosis of shock 9 (7–12)
28 day nonsurvivors, n (%) 5 (38.5)
Main admission category
Medical, n (%) 7
Surgery, n (%) 6

Number of comorbidities
0, n (%) 3 (23.1)
$1, n (%) 10 (76.9)

Macabe score at diagnosis of shock
0, n (%) 10 (76.9)
1, n (%) 2 (15.4)
2, n (%) 1 (7.7)

Infection diagnosis, n (%)
Radiology 3 (23.1)
Microbiology 7 (53.8)
Surgery 2 (15.4)

Microbiologically documented, n (%)
Bacilli gram2 7 (53.8)
Cocci gram+ 1 (7.7)
Fungi 0
Other 0

Type of infection, n (%)
Community acquired 10 (76.9)
Nosocomial 3 (23.1)

Site of infection, n (%)
Pulmonary 4 (30.8)
Abdominal 4 (30.8)
Others 5 (38.5)

Immunologic parameters
CD4 days 3–4 (cells/ml) 278 (146–540)
Treg (%) 7.9 (6.9–16.5)
mHLA-DR Days 3–4 (antibody
bound per cell)

3927 (3017–8643)

Figure 2. rhIL-7 dose effects on pSTAT5 in T cells

from septic patients and healthy controls. MFI of
pSTAT5 expressions in Teffs (A) and in Tregs (B)
from septic shock patients (open triangles, n = 13)
and healthy volunteers (closed circles, n = 10) in
response to rhIL-7 challenge. Results are presented
as means and SD. *P , 0.05 (Mann-Whitney tests)
for a given rhIL-7 concentration.

Demaret et al. pSTAT5 in rhIL-7-stimulated lymphocytes in sepsis
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pSTAT5 expressions were observed in nonsurvivors (Fig. 4A

and B; Teff: rhIL-7, 1 pg/ml, P = 0.045, Teff: rhIL-7, 10 ng/ml,

P = 0.019; Treg: rhIL-7, 1 pg/ml, P = 0.045, Treg: rhIL-7,

10 ng/ml, P = 0.093). Even at high rhIL-7 dosage, they could

not reach activation levels seen in healthy donors. We also

found that stimulation with the lowest concentration of rhIL-7

induced an activation of Teff in survivors (Fig 4D; P = 0.047),

whereas no significant difference was observed between

baseline and lowest rhIL-7 stimulation in nonsurvivors (Fig 4C;

P = 0.438). One may hypothesis that this could be related to the

newly described phenomenon of cellular exhaustion, in which

upon strong activation, lymphocytes progressively lose their

Figure 3. pSTAT5 expression variations between baseline and low rhIL-7 stimulation. Individual MFIs of pSTAT5 expression variations between
baseline and after rhIL-7 stimulation (1 pg/ml) in healthy volunteers for Teffs (A) and Tregs (B) and in septic shock patients for Teff (C) and Tregs

(D; Wilcoxon tests).

Figure 4. rhIL-7 dose effects on pSTAT5 in T cells

from septic patients in survivors and nonsurvivors.

MFIs of pSTAT5 expressions in Teffs (A) and in
Tregs (B) from survivor (closed squares, n = 8) and
nonsurvivor (open diamonds, n = 5) patients in
response to rhIL-7 challenge. Results are presented
as means and SD. *P , 0.05 (Mann-Whitney tests)
for a given rhIL-7 concentration. Individual MFIs
of pSTAT5 expression variations between baseline
and after rhIL-7 stimulation (1 pg/ml) for Teffs in
nonsurvivors (C; n = 5) and survivors (D; n = 8;
Wilcoxon tests).
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effector functions. However, this aspect needs to be confirmed

by additional study investigating simultaneously pSTAT5

expression, effector function (proliferation and cytokine

production), and negative coregulator protein expression

(e.g., CTLA-4 or programmed cell death 1) in lymphocytes

from septic shock patients. Indeed, further work should be

performed to investigate whether pSTAT5 might represent

a surrogate marker of lymphocyte functions (such as

proliferation, cytokine secretion, etc.).

By nature, a pilot study presents with limitations (in this case,

few patients, controls not matched in age), but 1 of our

objectives was, as a first step, to establish the feasibility of

conducting this kind of pharmacological approach in the whole

blood of patients. As results appear to be of interest, further

works should be conducted in larger cohort of patients with serial

sampling to assess immune response over time evolution, while

considering the effect of age on a putative STAT5 overexpression

and including critically ill, nonseptic patients as controls. In

addition, the exact role of Treg during sepsis remains a matter

of debate. Authors report different effects (deleterious or

protective) depending on time and model of experimental

sepsis [21–23]. This aspect has not been investigated in the

present work.

Finally, the present report illustrates the value of this simple

flow cytometric approach for monitoring pharmacological

responses to drugs used in daily ICU practice. Direct treatment of

whole blood, including surface (e.g., CD4) and intracellular

staining (here, phosphoantigen and FOXP3), represents a true

improvement in the field. Although this protocol cannot be

considered as a typical functional test (e.g., equivalent to the

measurement of lymphocyte proliferation or cytokine produc-

tion), it functionally assesses the immediate cellular response to

a given cytokine. On the basis of discrepant results between

survivors and nonsurvivors, we may also envisage this method for

identifying the more immune-depressed patients. In addition,

this approach might be of considerable interest to monitor the

effects of recombinant cytokines used in a clinical setting and to

get further insights into a cell’s activation status, in addition to

the usual measurement of cell count, as performed previously.

This may be particularly interesting with respect to rhIL-7, which

has been proposed by some authors as a good candidate to treat

patients surviving the first hours of septic shock, who present with

major lymphocyte alterations [18].

In conclusion, we showed here the capacity of rhIL-7 to ex vivo

activate CD4+ lymphocyte subsets from septic shock patients

through pSTAT5 measurement. Importantly, we have reported

here a differential response of Teff versus Treg from patients

exposed to rhIL-7 at low concentration and observe

significantly lower Teff STAT5 expression in patients who

were going to die. In lieu of validation in a larger cohort of

patients, the present report indicates that such results, obtained

in ,90 min, may serve to monitor rhIL-7 therapy efficacy

in future clinical studies.
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E. Herriot, Hospices Civils de Lyon,
Pavillon E, 5 place d’Arsonval, 69437 Lyon
Cedex 03, France
e-mail: guillaume.monneret@chu-lyon.fr
Tel.: ?33 4 72 11 97 58

J. Demaret � A. Lepape �
G. Monneret � F. Venet
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Abstract Purpose: Adjunctive
immunoadjuvant therapies are now
proposed in the treatment of septic
patients that develop immune dys-
functions. However, a prerequisite is
to identify patients at high risk of
death that would benefit from such
therapy. Knowing that rhIL-7 is a
putative candidate for septic shock
treatment, we evaluated the associa-
tion between increased plasmatic
level of soluble CD127 (sCD127, IL-
7 receptor alpha chain) and mortality
after septic shock.
Methods: sCD127 plasmatic level
was measured in 70 septic shock
patients sampled at day 1–2 (D1) and
day 3–4 (D3) after the onset of shock
and 41 healthy volunteers.
Results: Compared with survivors,
non-survivors presented with

significantly higher sCD127 concen-
trations at D1 and D3 (p\ 0.001 and
p = 0.002). At D1, the area under the
receiver operating characteristic curve
for sCD127 level association with
mortality was 0.846 (p\ 0.0001).
Kaplan–Meier survival curves illus-
trated that mortality was significantly
different after stratification based on
D1 sCD127 level (log rank test, haz-
ard ratio 9.10, p\ 0.0001). This
association was preserved in multi-
variate logistic regression analysis
including clinical confounders (age,
SAPS II and SOFA scores, odds ratio
12.71, p = 0.003). Importantly,
patient stratification on both D1
sCD127 value and SAPS II score
improved this predictive capacity (log
rank test, p = 0.0001). Conclu-
sions: Increased sCD127 plasmatic
level enables the identification of a
group of septic shock patients at high
risk of death. After confirmation in a
larger cohort, this biomarker may be
of interest for patient stratification in
future clinical trials.

Keywords IL-7 receptor � CD127 �
Septic shock � Mortality � Biomarker

Introduction

Despite improvement in patient care and the implemen-
tation of Surviving Sepsis Campaign guidelines, septic
syndromes are still associated with a high risk of death in

intensive care units (ICU) [1]. Indeed, a recent epidemi-
ological study including more than 25,000 patients in the
USA and in Europe showed that overall hospital mortality
from severe sepsis or septic shock is still over 30 % [2].
In line with this, one in 1,200 Americans will die of
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severe sepsis this year and this is despite numerous clin-
ical trials testing various adjuvant therapies and including
thousands of patients [3].

One proposed explanation for the failure of these
clinical trials was the absence of patient selection
before the initiation of such adjunctive therapies.
Indeed septic syndromes represent a group of hetero-
geneous diseases (from chronic pulmonary infection to
purpura fulminans or peritonitis) with various germs
(Gram-positive or Gram-negative bacteria or even
fungi) occurring in patients with various clinical history
(age, comorbidities like type I diabetes or hyperten-
sion). Moreover, host immune response to septic shock
is heterogeneous as well: from massive cytokine release
and cytokine storm to immune suppression [3–7].
Therefore, biomarker-based patient stratification is now
strongly recommended as a prerequisite to drug
administration in the design of future clinical tri-
als testing adjunctive therapies in septic shock [8].
Such biomarkers of host response to infection
should help the clinicians to (1) identify the most
severe patients (at high risk of death or secondary
nosocomial infection), (2) stratify patients before the
initiation of targeted therapy, and (3) follow response
to treatment.

Among adjunctive treatments now proposed in the
therapeutic arsenal of sepsis are immunoadjuvant thera-
pies [4, 8, 9]. Indeed, it is now well accepted that septic
patients develop immune alterations that affect both
innate and adaptive immune responses and whose
intensity and duration are linked to increased risk of
death and ICU-acquired infections [10]. In particular,
one such therapy is recombinant human IL-7 (rhIL-7) as
four studies in mice recently described its beneficial
effects on mortality and sepsis-induced immune dys-
functions [11–14]. rhIL-7 is currently undergoing
clinical trials notably to treat patients with cancer or
chronic viral infections such as HIV or HBV infections.
So far, this immunostimulant treatment has been well
tolerated [15]. Moreover, we recently showed that
ex vivo rhIL-7 treatment of septic patients’ cells sig-
nificantly restored sepsis-induced lymphocyte functions
to a normal response [16].

The biological activities of IL-7 are mediated by its
binding to a specific cell surface receptor partly con-
sisting of the IL-7Ra chain (CD127). Soluble forms of
IL-7Ra (sCD127) have been reported and recent stud-
ies associated their concentration with the pathogenesis
of autoimmune diseases [17–19]. As IL-7 is to be
tested in septic patients, we investigated whether its
soluble receptor (i.e., sCD127) may be associated with
clinical deleterious outcomes, and thus could constitute
a potential biomarker for patient stratification. In the
current study, we assessed the potential value of
sCD127 as a predictor of mortality or nosocomial
infection.

Methods

Study population

Seventy consecutive septic shock patients, according to
the diagnostic criteria of the American College of Chest
Physician/Society of Critical Care Medicine [20], who
were alive 3 days after the onset of shock were included
in this study (Table 1). This inclusion criterion was cho-
sen because IL-7 (or any other potential immunoadjuvant
therapy) is thought to be used in a delayed step of the
disease (i.e., after day 3) [4]. Additional information is
available in the electronic supplementary material (ESM).

Biological analyses were performed on residual blood
after completing routine follow-up performed in the ICU.
EDTA-anticoagulated tubes were collected at two time
points after septic shock onset: day 1–2 (D1) and day 3–4
(D3). Reference values and control samples were
obtained from a cohort of 41 healthy volunteers after
informed consent was given.

Results

Seventy consecutive septic shock patients were included
in this study. Fifty-six (80 %) were still alive after 28-day
follow-up (10 in-ICU and 4 in-hospital deaths). No sta-
tistical difference was observed regarding gender, number
of comorbidities, McCabe score, ventilation, use of va-
sopressors, or renal replacement therapy between
survivors and non-survivors (Table 1). However, a sig-
nificant difference was observed between these patients
when considering age (p = 0.041), initial SAPS II
(p = 0.001) and SOFA scores (p = 0.026). Reference
values and control samples were obtained from a cohort
of 41 healthy volunteers (median age 42 years, 23
women, 18 men).

As a first step, we measured plasmatic IL-7 concen-
tration to assess whether it can predict, by itself, mortality
or nosocomial infection in septic shock patients. Although
very close to the detection limit of our technique, plas-
matic IL-7 concentrations were significantly increased in
septic shock patients versus healthy volunteers at D1 and
D3 (p\ 0.001, Fig. 1a in ESM). However, no evolution
of IL-7 concentrations over time could be detected
between D1 and D3 in patients and no difference was
observed between survivors and non-survivors, or
between patients developing or not developing secondary
ICU-acquired infection (data not shown).

Despite the absence of difference at D1 (p = 0.99), we
observed a small decrease of plasmatic sCD127 levels
between healthy volunteers and septic shock patients at
D3 (p = 0.03). Interestingly, a significant decrease in
sCD127 concentrations was noted between D1 and D3
after septic shock (p\ 0.001, Fig. 1a).
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No correlation between plasmatic sCD127 and IL-7
concentrations was found at day D1 or D3 (respective
Spearman’s rank correlation coefficients, r = -0.148 and
r = -0.066). Similarly, no significant correlation
between sCD127 levels and mHLA-DR, SOFA or SAP-
S II scores was observed at D1 or D3 (data not shown).
Moreover, no statistical difference was observed for
sCD127 measurements when comparing patients with or
without comorbidities and with nosocomial or commu-
nity-acquired septic shock at both time points.

When comparing sCD127 concentrations between
patients developing or not developing secondary ICU-

acquired infections, no statistical difference was observed
at D1 (p = 0.60) or D3 (p = 0.28, Fig. 1b in ESM).
However, non-survivors presented with significantly
higher sCD127 concentrations at D1 (p\ 0.001) and at
D3 (p = 0.002) compared with survivors (Fig. 1b).

The areas under the receiver operating characteristic
curves (AUC) for prediction of 28-day mortality were
calculated for sCD127, SAPS II, and SOFA scores. The
best AUC was observed for sCD127 concentration at D1
(0.846, [95 % CI] 0.741–0.951, p\ 0.001, Fig. 2). At
D3, the AUC for sCD127 was 0.774 ([95 % CI]
0.618–0.930, p = 0.002). The AUC for SOFA and

Table 1 Clinical characteristics of the 70 septic shock patients

Parameters Overall septic shock patients Survivors Non-survivors p value
n = 70 n = 56 (80 %) n = 14 (20 %)

Age at admission (years) 67 [56–76] 64 [55–74] 71 [67–77] 0.041
Gender—male, n (%) 45 (64.3) 36 (64.3) 9 (64.3) 1
Main admission category
Medical, n (%) 34 (48.6) 27 (48.2) 7 (50) 1
Surgery, n (%) 36 (51.4) 29 (51.8) 7 (50)
Number of comorbidities
0, n (%) 40 (57.1) 30 (53.6) 10 (71.4) 0.366
C1, n (%) 30 (42.9) 26 (46.4) 4 (28.6)
SAPS II 52 [42–65] 50 [39–60] 66 [52–77] 0.001
SOFA score 10 [8–13] 10 [8–12] 13 [10–17] 0.026
McCabe score
1, n (%) 44 (62.8) 36 (64.3) 8 (57.2) 0.196
2, n (%) 20 (28.6) 17 (30.3) 3 (21.4)
3, n (%) 6 (8.6) 3 (5.4) 3 (21.4)
Infection (n, %)
Diagnosis
Radiology 10 (14.3) 7 (12.5) 3 (21.4) 0.505
Surgery 9 (12.9) 7 (12.5) 2 (14.3)
Microbiologically documented
Bacilli Gram- 37 (52.9) 29 (51.8) 8 (57.1) 0.772
Cocci Gram? 27 (38.6) 23 (41.1) 4 (28.6) 0.542
Fungi 6 (8.6) 4 (7.1) 2 (14.3) 0.592
Other 7 (10) 5 (8.9) 2 (14.3) 0.621
Type of infection
Community acquired 39 (55.7) 32 (57.1) 7 (50) 0.766
Nosocomial 31 (44.3) 24 (42.9) 7 (50)
Site of infection
Pulmonary 27 (38.6) 19 (34) 8 (57.2) 0.192
Abdominal 29 (41.4) 26 (46.4) 3 (21.4)
Others 14 (20) 11 (19.6) 3 (21.4)
Ventilation D3–4 64 (91.4) 50 (89.3) 14 (100) 0.337
Vasopressors D3–4 50 (71.4) 39 (69.6) 11 (78.6) 0.742
Renal replacement therapy D3–4 15 (21.4) 9 (16.1) 6 (42.9) 0.062
Secondary nosocomial infections, n (%) 22 (31.4)
In-ICU mortality, n (%) 10 (14.3)
Post-ICU mortality, n (%) 4 (5.7)
Immunologic parameters
mHLA-DR day 3–4 (AB/C) 5,396 [2,159–10,033] 8,041 [2,237–10,854] 5,024 [1,949–6,688] 0.428
Lymphocyte count D3–4 (109/l) 0.84 [0.54–1.38] 0.90 [0.66–1.42] 0.59 [0.43–1.07] 0.120

Blood samples were obtained from 70 septic shock patients after
the onset of shock. For clinical parameters, categorical data are
presented as number of cases and percentage of the total population
in brackets. Continuous data and biological parameters are pre-
sented as medians and interquartile ranges [Q1–Q3]. SAPS II
(Simplified Acute Physiology Score II) and McCabe scores were
calculated after admission. SOFA (Sequential Organ Failure

Assessment) score was measured after 24 h of ICU stay. mHLA-
DR (AB/C), number of anti-HLA-DR antibodies bound per
monocyte (normal value from age-matched healthy volunteers is
[15,000 AB/C). Continuous parameters are compared between
survivors and non-survivors using Mann–Whitney tests and Fish-
er’s exact tests were performed for categorical data
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SAPS II scores were, respectively 0.692 ([95 % CI]
0.531–0.853, p = 0.027) and 0.770 ([95 % CI]
0.644–0.897, p = 0.002).

Logistic regression analyses were then performed to
assess if this marker remained independently associated
with mortality after septic shock. When considering
independently other usual clinical confounders such as
SOFA or SAPS II scores, higher sCD127 concentrations
at D1 or D3 remained significantly associated with a
higher risk of death after septic shock (Table 2).

Using cutoff values determined on ROC curves based
on calculation of the minimum d (sCD127 at D1,
48.78 ng/ml; sCD127 at D3, 41.56 ng/ml; SAPS II, 59),
Kaplan–Meier survival curves were established (Fig. 3a,
b). The survival rates of septic patients were significantly
different when stratified according to sCD127 concen-
trations at D1 and D3. Patients with lower sCD127
concentration had better survival compared with patients
with higher sCD127 concentration (log rank test, at D1,
p\ 0.001, hazard ratio 9.10, [95 % CI] 2.92–28.35; at
D3, p\ 0.001, hazard ratio 13.47, [95 % CI]
3.93–46.14). When using cutoff value of 59 for SAPS II,
we observed a statistical difference in the survival rates of
septic patients (p = 0.0082, log rank test, hazard ratio
4.61, [95 % CI] 1.48–14.31, data not shown).

Besides, using this threshold (sCD127 at D1, 48.78 ng/
ml), the sensitivity of sCD127 concentration for differentiat-
ing survivors from non-survivors was 79 % and its specificity
73 %. The positive predictive value (PPV) was 42 % and the
negative predictive value (NPV) 93 %. In comparison,
respective sensitivity and specificity for SAPS II score were
64 and 73 %. PPV and NPV were 38 and 89 %.

Interestingly, at D1, when stratified on the basis of the
combination of sCD127 concentration and SAPS II score,
the difference between the survival rates of patients was
even greater. Indeed, patients with lower sCD127 con-
centration and lower SAPS II had a significantly better
survival than patients with higher sCD127 concentration
and higher SAPS II (p\ 0.001, log rank test, Fig. 2a in

ESM). This was even conserved when sCD127 mea-
surement was delayed until D3 after the onset of shock
(p\ 0.001, log rank test, Fig. 2b in ESM).

Discussion

The failure of several high-profile clinical trials in sepsis
testing various adjuvant therapies represents one of the

A

D1-2 D3-4

B

Fig. 1 Plasmatic concentration of soluble IL-7R a-chain (sCD127)
in septic shock patients. Plasmatic sCD127 concentrations were
measured in septic shock patients (n = 70) at day 1–2 (D1–2, red
circles) and day 3–4 (D3–4, red squares) after the onset of shock in
comparison with healthy volunteers (HV, black triangles, n = 41)

(a), and in survivors (S, blue, n = 56) versus non-survivors (NS,
green, n = 14) (b). Non-parametric Mann–Whitney U test was
used to compare results between groups. Non-parametric Wilcoxon
paired test was used to evaluate overtime evolution within a group

Fig. 2 Receiving operating characteristic curves of SAPS II,
SOFA, and sCD127 at D1–2 for predicting mortality. Area under
receiver operating characteristic curves, 0.846 (p\ 0.001) for
sCD127 D1, 0.770 (p = 0.002) for SAPS II, and 0.692 (p = 0.027)
for SOFA. Regarding sCD127 values, the best threshold calculated
on the basis of minimum d (minimum distance between ROC curve
and point of sensitivity and specificity = 1) was 48.78 ng/ml at D1.
For this cutoff value at day 1–2, positive predictive value was 42 %
and negative predictive value was 93 %
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greatest disappointments of the past 30 years [3]. Among
others, one explanation proposed for the failure of these
trials is that the heterogeneity of the septic patient pop-
ulation and of their pathophysiologic response was never
considered in the design of these clinical studies. Indeed,
septic syndrome affects a group of patients with different
etiologies (from pneumopathy to peritonitis) caused by
different germs (Gram-positive or Gram-negative bacteria
or even fungi) and with different medical history (with or
without comorbidities). Moreover, it is now clear that the
host immune response after septic shock is variable from
one patient to another and also evolves over time, being
associated with both an overwhelming cytokine release
called cytokine storm and the later development of sepsis-
induced immune dysfunctions [4, 5]. Therefore, the need
for patient stratification before the initiation of any ther-
apy targeting host response is now considered as
mandatory in the design of future clinical trials testing
such adjunctive therapies in sepsis [8].

To enable such stratification, robust and reliable bio-
markers identifying patients at high risk of death or
nosocomial infections are mandatory. One example is the
decreased expression on circulating monocytes of human
leukocyte antigen-DR (mHLA-DR), which has been
shown to be associated with increased risk of death or
secondary infections in various ICU clinical contexts
(septic shock, trauma, burn, pancreatitis, etc.) [8, 21].
Interestingly, the measurement of this marker is now
included for patient stratification in the design of clinical
trials evaluating immune-stimulating therapies such as
GM-CSF [22]. One limitation to the use of this biomarker
is that its measurement is performed by flow cytometry
which requires strict pre-analytical conditions and is not
available 24/7 in most clinical labs.

In the current study, knowing that IL-7 is to be
assessed in sepsis clinical trials, we tested the hypothesis
that plasmatic sCD127 (its soluble receptor) level mea-
surement might represent a robust and easy-to-measure
biomarker for identification of patients at high risk of

death after septic shock. The main result was to observe
the highest sCD127 levels in a group of patients pre-
senting with increased mortality.

CD127 constitutes the alpha chain of the IL-7 recep-
tor, a heterodimer comprised of CD127 and the common
cytokine receptor c-chain (CD132). As with many cyto-
kine receptors, a soluble form of the IL-7Ra chain
(sCD127) has been identified [23]. However, the origins
(alternative splicing and release of membrane-bound
form) and functions of plasmatic sCD127 as well as the
mechanisms regulating the level of CD127 expression on
the cell surface are not well known. The soluble protein
was shown to bind to IL-7 in solution and is known to be
involved in several aspects of the immune response
including inflammation, cellular proliferation, and apop-
tosis [24, 25]. In addition, studies have pointed out that
sCD127 could be a marker of immunopathogenesis in
several diseases such as HIV infection, multiple sclerosis
[26], leukemia [26, 27], systemic lupus erythematosus
[17], and type 1 diabetes [18].

In the current study, we observed a significant asso-
ciation between increased sCD127 plasmatic level and
increased risk of death after septic shock. Moreover,
maximal difference in sCD127 concentrations between
survivors and non-survivors was observed as early as D1
after the onset of shock. This is interesting because most
biomarkers of host immune response usually present with
predictive value in regard to deleterious outcome later on
after the onset of shock (as is the case for mHLA-DR).
Therefore, increased sCD127 could thus prove to be a
very early biomarker usable for patient stratification
rapidly after septic shock. Moreover, as suggested by
experts in the field, as the immune response after sepsis is
a rapidly evolving phenomenon, the dynamic measure-
ment of sCD127 over time could be more informative
than a single measurement [28]. Although we may
hypothesize that sCD127 is a consequence of tremendous
lymphocyte activation, the reason for this amplified
increase in non-survivors remains to be investigated.

Table 2 Multivariate analysis

Parameters included
in multivariate analysis

Threshold OR 95 % CI p*

sCD127 D1–2 [48.78 8.97 2.10–38.36 0.003
SAPS II [59 4.18 1.07–16.33 0.040
sCD127 D1–2 [48.78 10.74 2.36–48.95 0.002
SOFA [13.5 0.82 0.17–4.00 0.811
sCD127 D3–4 [41.56 13.53 2.95–62.09 0.001
SAPS II [59 7.01 1.54–31.91 0.012
sCD127 D3–4 [41.56 10.35 2.47–43.40 0.001
SOFA [13.5 0.96 0.19–4.93 0.964

Multivariate logistic regression analysis was used to identify the
variables associated with death (n = 56 survivors and 14 non-
survivors). sCD127 (D1–2 or D3–4) was included in models either
with SAPS II (Simplified Acute Physiology Score II) or SOFA
(Sequential Organ Failure Assessment) scores. SAPS II score was

calculated after admission. SOFA score was measured after 24 h of
ICU stay
OR odds ratio, 95 % CI 95 % confidence interval
* Backward selection was used and a p value of 0.05 was consid-
ered as statistically significant
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In addition, the association between increased sCD127
and higher risk of death was preserved in multivariate
analysis including clinical confounders such as SOFA and
SAPS II scores. This suggests that the predictive value of
this biomarker is independent of patients’ initial severity
and that this marker may be informative by itself. Most
interestingly, the combination of sCD127 level and
SAPS II improved the predictive value compared with
each parameter considered alone. Thus, as proposed in the
PIRO (Predisposition, Infection, Response, Organ dys-
function) score, this highlights the interest of combining
clinical parameters and biomarkers of host response in a

single score to improve patient characterization and thus
their stratification [29].

Furthermore, as opposed to other parameters such as
mHLA-DR, sCD127 concentration may appear easy to
measure in plasma on routine automated tests which are
available in emergency laboratories. In fact, ELISA
techniques are commonly used for many biological
parameters in routine practice and sCD127 measurement
may be easily automated.

Thus our results suggest that this parameter may be
used for identification of a group of patients with a high
risk of death after septic shock. Such stratification strat-
egy is now highly recommended in the design of future
clinical trials testing immunoadjuvant therapies in sepsis.
Interestingly, one such immunostimulating drug proposed
for the treatment of septic shock patients is recombinant
human interleukin-7 (rhIL-7) whose receptor partly
comprises CD127. Indeed, since T lymphocyte anergy has
been shown to be a hallmark of sepsis-induced immune
dysfunctions, rhIL-7 has been proposed as a putative
therapeutic strategy in sepsis. IL-7 is a pluripotent cyto-
kine and plays a fundamental role in T cell development,
peripheral T cell homeostasis, and immune tolerance.
Importantly, IL-7 is currently undergoing numerous
clinical trials, including in patients with cancer or human
immunodeficiency virus 1 (HIV-1), and could represent
an innovative therapy in the treatment of sepsis [15].
Indeed, rhIL-7 treatment has been shown to act at mul-
tiple levels to improve host immunity during sepsis in
different studies in mice such as prevention of T cell
apoptosis and improvements in T cell trafficking and
functionality after bacterial or fungal sepsis. Beneficial
effects on mortality and sepsis-induced immune dys-
functions have been described with rhIL-7 treatment [11–
14]. We recently evaluated the interest of ex vivo rhIL-7
administration in septic shock patients. We showed that
the IL-7 pathway was not significantly altered and was
still functional in septic shock patients. Moreover, in this
study, ex vivo rhIL-7 treatment significantly restored
sepsis-induced lymphocyte functions to a normal
response [16]. Although we did not investigate the cor-
relation between high levels of sCD127 and the response
following ex vivo rhIL-7 administration, we believe that
this is worth assessing in a further study.

Our study has some limitations. First, these results
need to be confirmed in a larger ideally multicentric study
including important cohorts of patients. Furthermore,
other groups of septic patients should be included, as here
we focused on a specific group of patients still alive after
day 3. A prerequisite would be the optimization of
sCD127 ELISA measurement so as to allow its stan-
dardization. In addition, as this study was exploratory and
very preliminary, mechanisms responsible for plasmatic
sCD127 increase after septic shock (altered clearance in
the most severe patients, shedding from activated cells,
etc.) as well as the link between plasmatic sCD127 level,

Fig. 3 Survival curves. Kaplan–Meier survival curves were estab-
lished on the basis of sCD127 cutoff values at day 1–2 (48.78 ng/
ml) (a) and day 3–4 (41.56 ng/ml) (b). A significant difference was
measured between the two curves (a: p\ 0.001, log rank test,
hazard ratio 9.10, [95 % CI] 2.92–28.35 at day 1–2. b: p\ 0.001,
log rank test, hazard ratio 13.47, [95 % CI] 3.93–46.14 at day 3–4)
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lymphopenia, and lymphocyte anergy and/or its restora-
tion by rhIL-7 need to be evaluated in a dedicated study.
Understanding how sCD127 measurement could direct
rhIL-7 therapy would also deserve investigation in a
dedicated study, especially regarding sCD127 measure-
ment and lymphocyte alterations. Finally, healthy
volunteers were not age-matched with septic shock
patients. Nevertheless, as the main outcome was mortality
among septic patients, we hypothesize that this did not
interfere with the results.

To conclude, our results strongly support the hypoth-
esis that sCD127 measurement could represent a new
attractive biomarker for identification of a group of
patients presenting with higher risk of mortality. Upon

association studies showing a link between sCD127
measurement and sepsis-induced immune/lymphocyte
alterations and/or response to rhIL-7 treatment, we can
imagine that in upcoming clinical trials evaluating new
immunoadjuvant therapies in sepsis (especially aimed at
rejuvenating the adaptive side of immunity), assessment
of sCD127 might be of help for patient stratification.

Acknowledgments The authors would like to thank Anne Portier
and Caroline Guignant from the Immunology Laboratory of Hôpital
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RÉSUMÉ

Les syndromes septiques représentent un problème majeur de santé publique 
du fait de leur incidence en constante augmentation et du taux élevé de décès 
associé. La forme la plus grave est le choc septique dont la mortalité approche 
encore les 40 %. La réponse immunitaire au cours du choc septique associe 
une importante réponse inflammatoire initiale responsable de l’état de choc 
et le développement secondaire d’altérations du système immunitaire.
Les polynucléaires neutrophiles (PNN), sentinelles de l’immunité grâce à leur 
rôle de phagocytose et leur potentiel antimicrobien, possèdent également un 
rôle central dans la réponse immunitaire du fait d’interactions constantes avec 
les cellules dendritiques, macrophages et lymphocytes via des cytokines. En 
conséquence, il n’est pas étonnant que les PNN participent à la physiopa-
thologie des états septiques sévères.
Au cours de la phase pro-inflammatoire, on observe une augmentation du 
nombre de PNN, dont une proportion importante de cellules immatures 
circulantes d’origine médullaire, ainsi qu’une diminution de leur apoptose. 
Leurs réponses fonctionnelles telles que le métabolisme oxydatif et la pha-
gocytose sont augmentées alors que leurs propriétés de chimiotactisme 
sont fortement inhibées. Ceci serait à l’origine d’effets délétères sur certains 
organes, notamment le poumon. Ainsi, la production sur les sites distants de 
l’infection par les PNN d’espèces réactives de l’oxygène et de cytokines pro-
inflammatoires jouerait un rôle majeur dans le développement de défaillances 
d’organes chez les patients septiques.
Enfin, des données récentes de la littérature décrivent également un nouveau 
rôle immunosuppresseur pour les PNN suggérant non seulement un nouvel 
aspect de l’implication de ces cellules dans la réponse immunitaire mais 
également dans la physiopathologie du choc septique.
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SUMMARY

Phenotypic and functional study of neutrophils 

during severe septic syndromes

Septic syndromes still represent a major public health 
challenge as they are the leading cause of death in 
intensive care units. In particular, septic shock (most 
severe form of septic syndromes) is associated with 
a high mortality approaching 40%. Immune response 
after septic shock associates a major inflammatory 
response leading to organ dysfunction and shock and 
the secondary development of immune dysfunctions 
affecting both innate and adaptive immune responses.
Neutrophils are crucial components of the innate immune 
response and the first line of defense against infection. 
They also play a central role in initiation of adaptive 
immune responses by secreting cytokines. It is not 
surprising that neutrophils participate in the pathophy-
siology of severe septic syndromes.
During sepsis pro-inflammatory phase, recruitment of 
neutrophils from bone marrow is augmented and is illus-
trated by the increased proportion of immature PNN in 
circulating blood. This is also associated with a reduc-
tion in their apoptosis. Moreover, neutrophil oxidative 
burst and phagocytosis were found to be increased in 
patients whereas chemotaxis is strongly inhibited. This 
overwhelming activation of neutrophils and reduced 
motility is thought to participate in the development 
of organ damage after sepsis, notably because of the 
massive production by neutrophils of reactive oxygen 
species and pro-inflammatory cytokines at sites distant 
of the initial infection.
Interestingly, a novel aspect of neutrophils’ function in 
immune response has recently been reported. Indeed, 
immunosuppressive properties have been described for 
PNN subsets both in murine models and in clinic. This 
adds a new complexity about their involvement in immune 
response let alone in septic shock pathophysiology.

Neutrophils – sepsis – immunosuppression.

induites par un processus infectieux. Il existe différents 
stades de gravité croissante : sepsis, sepsis sévère et 
choc septique. Le sepsis est un véritable problème de 
santé publique, il est responsable de 10 à 30 % des 
entrées en service de réanimation et son incidence est 
en constante augmentation. Malgré des progrès dans 

1. Généralités

1.1. Les syndromes septiques
Les syndromes septiques sont classiquement définis comme 
l’ensemble des manifestations immuno-inflammatoires 
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1.2. Physiologie  
des polynucléaires neutrophiles
Les polynucléaires neutrophiles (PNN) représentent 60 à 
75 % des globules blancs totaux. Ils ont été décrits pour 
la première fois par Paul Ehrlich à la fin du XIXe siècle. 
Ces cellules sont caractérisées par un noyau plurilobé, la 
présence de nombreux granules cytoplasmiques et une 
affinité pour les colorants neutres. Ils sont sécrétés par 
la moelle osseuse et ont une durée de vie dans le sang 
de quelques heures. 
Les PNN sont indispensables à la défense contre les micro-
organismes. Grâce à leur rôle de sentinelle, ils constituent 
la première ligne d’action du système immunitaire inné. 
En effet, les patients souffrant de déficits immunitaires 
quantitatif ou qualitatif des neutrophiles (neutropénie 
congénitale, granulomatose septique chronique, déficit 
d’adhésion leucocytaire) sont souvent sujets à des infec-
tions sévères voire mortelles [7].
Si les micro-organismes parviennent à passer les bar-
rières physiques telles que la peau ou les muqueuses, 
ils accèdent aux tissus et activent les cellules endothé-
liales qui vont alors attirer les neutrophiles circulants. La 
migration des PNN vers le site de l’infection est une étape 
importante dans le contrôle de l’infection.
En conditions normales, les neutrophiles s’attachent fai-
blement aux cellules endothéliales grâce à l’expression 
constitutive de molécules de faible affinité, les sélectines 
(L-sélectine, CD62L – figure 1). Leur interaction leur 
permet ainsi de « rouler » sur la paroi des vaisseaux, 
emportés par le flux sanguin. Lors d’un contact avec un 
composant bactérien, une cytokine inflammatoire ou une 
chimiokine, les PNN expriment à leur surface des inté-
grines (CD11b/CD18) qui, grâce à leur haute affinité pour 
les molécules d’adhésion (ICAM-1, VCAM-1), permettent 
une adhésion ferme à la paroi du vaisseau sanguin. Grâce 
à cette interaction, les PNN se fixent à la paroi du vais-
seau sanguin et traversent ensuite la couche de cellules 
endothéliales via les jonctions serrées, guidés par un 
gradient de chimioattractant (IL-8, fMLP, C5a – figure 1). 
En effet, les chimiokines ont un rôle important dans le 
recrutement et l’activation des PNN. L’interleukine-8 est un 
acteur essentiel pour la migration des neutrophiles dans 
de nombreux contextes inflammatoires chez l’homme et 
l’animal [7]. La réponse à l’IL-8 est médiée par l’interac-
tion avec deux récepteurs de haute affinité : CXCR1 et 
CXCR2. Ces récepteurs ont différents ligands avec des 
affinités variables ; alors qu’ils interagissent avec l’IL-8 
avec une affinité équivalente, CXCR2 fixe également 
d’autres chimiokines telles que GRO-a (CXCL1), GRO-β 
(CXCL2) et GRO-γ (CXCL3).

Abréviations

CMV : cytomégalovirus

FcγR : récepteur au fragment constant des immunoglobulines 
G (IgG)

fMLP : formyl-methionyl-leucyl-phenylalanine

GM-CSF : granulocyte-macrophage colony-stimulating factor

IFN-g : interféron gamma

LPS : lipopolysaccharide

MDSC : cellules myéloïdes suppressives

NETs : neutrophil extracellular traps

NF-κB : nuclear factor kappa B

PAMPs : pathogen-associated molecular patterns

PMA : phorbol myristate acetate

PNN : polynucléaires neutrophiles

rhDNase : DNases recombinantes humaines

sTREM-1 : soluble triggering receptor expressed on myeloid 
cells-1

TLR : toll like receptor

sa prise en charge, il représente la première cause de 
décès en service de réanimation avec un taux de morta-
lité variant de 45 à 63 % [1]. Une étude épidémiologique 
récente réalisée sur une cohorte française a permis de 
mettre en évidence une incidence de 13,7 % et un taux 
de mortalité de 42 % pour le choc septique [2]. Une autre 
étude incluant plus de 25 000 patients hospitalisés aux 
États-Unis et en Europe a montré un taux de mortalité 
dû au sepsis sévère et au choc septique toujours supé-
rieur à 30 % [3].
Le point de départ de l’état septique est la colonisation 
locale de l’organisme par un microorganisme pathogène, 
induisant une réaction inflammatoire locale. Sur le site 
de l’infection, les macrophages résidents et cellules 
dendritiques détectent la présence du pathogène par 
l’intermédiaire des toll like récepteurs (TLR) qui recon-
naissent des motifs présents sur la grande majorité 
des bactéries, virus ou champignons regroupés sous 
le terme de pathogen-associated molecular patterns 
(PAMPs). L’activation par les TLR initie une cascade 
de réactions aboutissant à la translocation du nuclear 
factor kappa B (NF-κB) entraînant la sécrétion de cyto-
kines pro-inflammatoires dont l’IL-1β, l’IL-6 et le TNF-α. 
D’autres composants de l’immunité innée se mettent 
simultanément en place tels que les polynucléaires neu-
trophiles ou le système du complément. Chez certains 
patients, le sepsis se développe lorsque la réponse 
anti-infectieuse initiale normale chez l’hôte est ampli-
fiée et dérégulée. Les mécanismes indispensables au 
niveau local pour combattre une infection deviennent 
alors délétères lorsqu’ils se propagent au niveau de 
l’organisme. Cette amplification de la réponse immu-
nitaire au niveau systémique provoque des dommages 
cellulaires et des dysfonctions d’organes conduisant au 
sepsis sévère et pouvant s’aggraver en choc septique 
voire même conduire au décès précoce des patients 
par défaillance multiviscérale [4].
Chez les patients qui survivent cette phase pro-inflam-
matoire initiale, une réponse anti-inflammatoire compen-
satrice se met en place [4] qui peut induire un état de 
dépression immunitaire affectant les versants innés et 
acquis de la réponse immunitaire. En effet, cette immu-
nosuppression post-septique est illustrée par des don-
nées récentes de la littérature montrant, chez les patients 
survivants au 3e jour du choc septique, une non éradi-
cation du pathogène initial, une susceptibilité accrue au 
développement d’infections nosocomiales secondaires  
(P. aeruginosa, C. albicans), ou à des réactivations virales 
(CMV, Herpes virus) généralement observées chez les patients 
immunodéprimés [5, 6].
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Une fois que les PNN ont reconnu leur cible, ils émettent 
des pseudopodes pour englober la bactérie dans une 
vacuole de phagocytose. Différents mécanismes tels que 
la dégranulation, la libération d’enzymes et de protéines 
à activité bactéricide comme la myéloperoxydase ou la 
lactoferrine, ou l’activation de la NADPH oxydase, sont 
alors mis en œuvre au niveau du phagolysosome pour 
détruire la bactérie [8] (figure 1).
Lors de leur stimulation, les neutrophiles peuvent être 
également soumis au phénomène de NETose, une forme 
active de mort cellulaire qui conduit à la libération de 
chromatine décondensée dans le milieu extracellulaire. 
Ces structures fibreuses, appelées neutrophil extracel-
lular traps (NETs) contiennent aussi bien des histones 
que des protéines cytoplasmiques. La nature des méca-
nismes mis en jeu dans leur formation n’est pas encore 
bien définie. Les NETs sont capables de piéger différents 
pathogènes extracellulaires grâce à de puissantes pro-
priétés antimicrobiennes et immunomodulatrices [9].  
En étant l’une des premières cellules présentes sur le site 
de l’infection, les neutrophiles possèdent un rôle central 
dans l’immunité. Ils sécrètent des cytokines et chimio-
kines nécessaires à l’initiation de la réponse immunitaire 
adaptative. Les PNN sont notamment impliqués dans le 
recrutement et l’activation des cellules dendritiques et  

interagissent avec les lymphocytes [7]. Comparés à d’autres 
types cellulaires tels que les macrophages, les neutro-
philes produisent de plus faibles quantités de cytokines 
mais grâce à un recrutement abondant au niveau du site 
inflammatoire, leur contribution au pool total de cytokines 
est conséquente.
En l’absence d’inflammation, les PNN circulent pendant 
une courte période (durée de vie de quelques heures) 
avant de devenir sénescents et d’être éliminés par le foie, 
la rate ou la moelle osseuse grâce à des mécanismes 
apoptotiques. Ce processus de mort cellulaire program-
mée est essentiel dans la régulation de l’homéostasie 
des neutrophiles. Dès qu’ils arrivent au niveau du site de 
l’infection, leur durée de vie est prolongée par la présence 
de médiateurs inflammatoires, comme le GM-CSF, ou 
de chimiokines (IL-8, GRO-α). Bien que les neutrophiles 
jouent un rôle majeur dans l’élimination des pathogènes, 
ils peuvent également se montrer potentiellement délétères 
pour les cellules environnantes s’ils sont continuellement 
stimulés. Leur survie peut être à l’origine du développe-
ment de défaillances d’organes en produisant à l’excès 
les médiateurs pro-inflammatoires et ainsi, nuire à l’hôte. 
Il est donc important que les PNN soient efficacement 
éliminés en même temps que les micro-organismes nocifs 
à l’origine de leur activation [10].

Figure 1 – Rôle physiologique des polynucléaires neutrophiles dans la réponse anti-infectieuse  

et réponse physiopathologique au cours du choc septique.

fMLP : formyl-methionyl-leucyl-phenylalanine, IL-8 : interleukine 8, ERO : espèces réactives de l’oxygène
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Des données récentes de la littérature décrivent un nou-
veau rôle pour les neutrophiles. En effet, Pillay et al. rap-
portent l’apparition d’une sous population de PNN avec 
des propriétés immunosuppressives sur la prolifération 
des lymphocytes T grâce à la libération locale de peroxyde 
d’hydrogène au sein d’une synapse immunologique [11]. 
Une autre équipe a également mis en évidence la capa-
cité des neutrophiles à dégrader des cytokines par la 
production d’une élastase et ainsi affaiblir la réponse 
pro-inflammatoire [12].
Ces nouveaux travaux apportent une nouvelle complexité 
sur l’implication des PNN dans la réponse immunitaire.

2. Rôle des polynucléaires 

neutrophiles  

dans la physiopathologie  

des syndromes septiques

De par leur rôle central comme première ligne de défense 
anti-infectieuse, un certain nombre d’études s’est intéressé 
au rôle des PNN dans la physiopathologie du choc septique.

2.1. Phase pro-inflammatoire
En particulier, de nombreuses modifications phénoty-
piques et fonctionnelles des PNN ont essentiellement été 
rapportées pendant la phase précoce des états septiques 
sévères. Nous allons détailler ces altérations fonction par 
fonction (figure 1).

2.1.1. Phénotypage
Les polynucléaires neutrophiles expriment à leur surface un 
récepteur au fragment constant des immunoglobulines G 
(FcγRI et IgG), CD64, uniquement lorsqu’ils sont activés. 
Ainsi, c’est en 1995 que la mesure en cytométrie en flux de 
l’expression de CD64 à la surface des PNN a été proposée 
comme marqueur diagnostique d’infection et de sepsis. 
Grâce à une sensibilité et une spécificité élevées, il a été 
évalué dans de nombreuses études en tant que biomar-
queur, ou composant de combinaisons de biomarqueurs, 
dans les infections chez l’adulte et l’enfant [13]. À titre 
d’exemple, dans une étude publiée par Muller Kobold et al., 
une importante augmentation d’expression du CD64 a 
été rapportée chez des patients adultes en choc septique 
comparés à des volontaires sains [14]. Des résultats simi-
laires ont été retrouvés chez les enfants et nouveaux nés. 
De plus, l’association de niveaux d’expressions élevés de 
CD64 à d’autres biomarqueurs pourrait ajouter une valeur 
diagnostique intéressante comme suggéré par Gibot et al. 
avec la combinaison CD64 – procalcitonine et sTREM-1 
(soluble triggering receptor expressed on myeloid cells-1) 
dans le diagnostic du sepsis [15].

2.1.2. Myélémie
Le sepsis sévère ou toute autre réponse inflammatoire 
systémique s’accompagne d’une augmentation de la 
production de PNN au sein de la moelle osseuse, parfois 
décuplée, et le recrutement dans la circulation sanguine 
de neutrophiles immatures [16]. Ainsi, la présence de 
PNN immatures dans le sang périphérique traduisant une 

activité de la moelle osseuse augmentée a été évaluée 
dans plusieurs études comme marqueur diagnostique 
dans le sepsis. Notamment, Nierhaus et al. ont souligné 
la supériorité du pouvoir discriminant du compte de PNN 
immatures pour différencier les patients infectés des non 
infectés par rapport à des marqueurs fréquemment utili-
sés tels que la protéine C réactive ou l’interleukine-6, et 
en particulier pendant les premières heures critiques [17].
Cependant, la capacité des PNN immatures à participer effi-
cacement à la défense immunitaire contre les pathogènes, 
reste à définir. Drifte et al. ont étudié les fonctions immuni-
taires des neutrophiles matures et immatures en se basant sur 
le phénotypage de CD16 (expression du récepteur FcγRIII) 
chez des patients en sepsis ou présentant une réponse 
systémique inflammatoire et des volontaires sains [18]. 
Ils ont montré que les PNN circulants des patients étaient 
dans l’ensemble moins matures que ceux des contrôles et 
que ces PNN immatures étaient globalement moins effi-
caces (chimiotactisme, bactéricidie, phagocytose diminués) 
comparés aux PNN matures. Il reste encore à déterminer 
si l’immaturité des neutrophiles lors du sepsis a une inci-
dence clinique importante sur les défenses immunitaires 
des patients.

2.1.3. Apoptose
L’apoptose est impliquée dans l’élimination des cellules 
sénescentes et est nécessaire à la résolution de l’inflam-
mation. En plus du phénomène de myélémie, l’absence de 
régulation de ce processus de mort programmée participe 
à la physiopathologie du sepsis. En effet, la survie prolon-
gée des neutrophiles permet une réponse inflammatoire 
robuste et protège donc l’hôte d’une manière plus efficace. 
Cependant, elle est également à l’origine de développe-
ment de défaillances d’organes et augmente le risque 
de mortalité suite à la production continue de radicaux 
libres. Beaucoup se sont intéressés à cette thématique 
à travers différentes techniques (annexin V, iodure de 
propidium, TUNEL). Par exemple, dans une étude portant 
sur une cohorte de patients avec des degrés de sepsis 
différents et comparés à des volontaires sains, Fialkow 
et al. ont démontré que l’apoptose des neutrophiles est 
inversement proportionnelle à la sévérité [19]. De plus, 
d’après Tamayo et al., dans un groupe de patients en choc 
septique plus important, l’apoptose est toujours diminuée 
chez les patients. En revanche, cette diminution n’est pas 
statistiquement différente chez les non-survivants [20].

2.1.4. Adhésion et migration
En conditions normales, la L-sélectine est présente à la 
surface des neutrophiles. Si les PNN entrent en contact 
avec un produit pro-inflammatoire ou infectieux (LPS, 
fMLP), ils s’activent et expriment à leur surface des molé-
cules d’adhésion de forte affinité : les intégrines (CD11b/
CD18). Ils se fixent alors aux molécules d’adhésion (I-CAM, 
V-CAM) et traversent la couche de cellules endothéliales 
guidés par un gradient de chimioattractants (IL-8) qui 
se fixent sur les récepteurs correspondants (CXCR1 et 
CXCR2) [7] (figure 1). De nombreux auteurs tels que 
Chishti et al. mettent en évidence dans une cohorte de 
patients en choc septique, une augmentation de l’expres-
sion du CD11b [21]. Une autre étude de Muller Kobold et al.  
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sur des patients en sepsis soulignent un lien entre l’ex-
pression augmentée du CD11b et la mortalité avec une 
expression plus importante chez les survivants [14]. Néan-
moins, d’autres auteurs ne retrouvent pas ces modifications 
d’expressions comme Martins et al. qui, dans leur cohorte 
de patients en sepsis, sepsis sévère et choc septique, ne 
rapportent pas de différence d’expression pour le CD11b 
et le CD11c par rapport aux volontaires sains [22]. Concer-
nant l’expression des récepteurs aux chimiokines, Chishti 
et al. ont montré une diminution de l’expression de CXCR2 
jusqu’à 5 jours après le début du choc par rapport à une 
cohorte de volontaires sains, alors que l’expression de 
CXCR1 reste inchangée [21]. Enfin, dans une étude de 
Tavares-Murta et al. sur des patients septiques, une sup-
pression de la réponse aux stimuli de fMLP est notée et 
est d’autant plus importante chez les non-survivants [23].
Au total, il semble que la capacité d’activation et de migra-
tion des PNN soit altérée dans la phase précoce du choc 
septique.

2.1.5. Phagocytose
Une fois activés par des produits bactériens ou des média-
teurs endogènes, les neutrophiles traversent les cellules 
endothéliales pour phagocyter et détruire les pathogènes 
(figure 1). Les études évaluant la phagocytose des PNN 
après un choc septique montrent des résultats divergents. 
Certaines études observent une phagocytose augmentée 
des PNN chez les patients en sepsis ou en choc sep-
tique lors de la phase précoce [24] en accord avec une 
augmentation de l’activité des PNN au début du choc. 
Cependant, d’autres auteurs mettent en évidence plutôt 
une diminution [25] voire aucune altération de la phagocy-
tose. Ces résultats contradictoires pourraient être liés au 
degré de maturité des PNN au moment de la mesure de 
cette phagocytose. Par exemple, Taneja et al. soulignent 
une phagocytose inchangée chez des patients en sepsis 
sévère mais décrivent une différence dans l’activité pha-
gocytaire des neutrophiles en fonction de leur maturité ; 
les PNN immatures des patients auraient une phagocytose 
diminuée comparée aux PNN matures. Ainsi, la phago-
cytose plus importante des neutrophiles matures serait 
contrebalancée par l’activité phagocytaire moindre des 
PNN immatures [26].

2.1.6. Métabolisme oxydatif
Le métabolisme oxydatif représente l’un des mécanismes 
de défense les plus importants pour contrôler une infection 
bactérienne [8]. Nous pouvons supposer que l’augmenta-
tion du métabolisme oxydatif est bénéfique au début du 
choc pour contenir le pathogène, mais la persistance de 
cette activité élevée peut s’avérer délétère pour l’orga-
nisme. Plusieurs études montrent une augmentation de 
la production d’espèces réactives de l’oxygène chez des 
patients en sepsis, sepsis sévère et choc septique sur des 
prélèvements précoces. Par exemple, dans une cohorte 
de patients septiques, Martins et al. soulignent une aug-
mentation du métabolisme oxydatif en réponse à différents 
stimuli (LPS, PMA, fMLP, S. aureus) [22]. En lien avec la 
diminution de leur motilité, cet état d’activation augmentée 
des PNN pourrait participer au développement de dys-
fonctions d’organes chez les patients en choc septique 

puisque les PNN piégés dans les veinules post-capillaires 
des organes tels que le poumon ou le rein libéreraient leurs 
granules au niveau de ces sites distants de l’infection ini-
tiale et induiraient des dommages tissulaires.

2.1.7. NETs (neutrophil extracellular traps)
Outre la capacité d’élimination des pathogènes grâce à 
la phagocytose et au métabolisme oxydatif, l’activation 
des PNN génère la formation de NETs [27]. Alors que la 
formation de NETs a été détectée lors d’infections et de 
sepsis, leur rôle in vivo n’est pas clairement défini. Il s’agit 
d’une arme à double tranchant. En effet, le confinement 
des pathogènes au niveau d’un site d’infection localisé 
est une fonction importante des NETs mais il peut aussi 
être délétère pour l’hôte. Les NETs réduisent l’infection 
localement et limitent la dispersion du pathogène dans 
l’organisme mais libèrent ainsi une concentration locale 
importante de composants antimicrobiens comme les pro-
téases dans les tissus adjacents, qui peut être à l’origine 
de dommages tissulaires et de dysfonctions d’organes [9]. 
Dans le but d’évaluer l’implication des NETs dans la phy-
siopathologie du sepsis, plusieurs équipes utilisent des 
DNases recombinantes humaines (rhDNase) qui catalysent 
l’hydrolyse de l’ADN extracellulaire dans des modèles 
murins. À titre d’exemple, Meng et al. rapportent que la 
déplétion des NETs par l’administration de rhDNase aggrave 
la pathologie qui suit un sepsis polymicrobien in vivo et 
qu’ainsi, induire la formation des NETs serait préférable à 
favoriser leur destruction dans une potentielle approche 
thérapeutique chez l’homme [28].

2.1.8. Conclusion
Lors du sepsis, le nombre de neutrophiles circulants est 
augmenté avec une proportion importante de PNN imma-
tures au niveau du sang circulant et leur survie est allongée. 
De plus, les réponses fonctionnelles telles que la phago-
cytose et le métabolisme oxydatif sont renforcées alors 
que le chimiotactisme est inhibé. En effet, il y a un défaut 
dans le recrutement des PNN caractérisé par une inca-
pacité des neutrophiles à migrer vers le site de l’infection 
combiné à une séquestration inappropriée de ces cellules 
dans les organes tels que les poumons, le cœur, le foie 
ou les reins. L’hyperactivation de ces PNN, ainsi qu’une 
augmentation de leur capacité à produire des espèces 
réactives de l’oxygène et de leur fonction phagocytaire 
vont créer un environnement nocif pour les organes voi-
sins. Cette accumulation de neutrophiles dans les tissus 
participe alors aux dysfonctions d’organes observées 
dans la physiopathologie des états septiques sévères [29].

2.2. Neutrophiles et immunosuppression 
post septique
Peu d’études ont été réalisées jusqu’ici sur les altérations 
phénotypiques et fonctionnelles des neutrophiles au cours 
de la phase d’immunosuppression post-septique.
Néanmoins, alors que le rôle des PNN semblait limité à 
leur fonction de sentinelle et de coordinateur de la réponse 
anti-infectieuse, un nouvel aspect d’immunosuppression 
a été récemment décrit dans la littérature.
En effet, Gresnigt et al. ont souligné la capacité des neu-
trophiles à dégrader des cytokines par la production d’une 
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elastase et ainsi affaiblir la réponse pro-inflammatoire [12].
De plus, Pillay et al. ont mis en évidence une sous popu-
lation de neutrophiles présentant des propriétés immu-
nosuppressives et un phénotype distinct dans un modèle 
d’endotoxémie humaine [11]. Trois heures après l’injection 
de LPS par voie intraveineuse chez des volontaires sains, 
plusieurs sous populations de PNN sont apparues dis-
tinctement et notamment des neutrophiles présentant un 
phénotype CD16+CD62L- capables d’inhiber la prolifération 
des lymphocytes T. Ceci grâce à la formation d’une synapse 
immunologique entre le neutrophile et le lymphocyte par 
l’intermédiaire de Mac-1 (CD11b/CD18) et à la libération 
de petites quantités de peroxyde d’hydrogène au niveau 
local. Cette sous population est confrontée morphologi-
quement et phénotypiquement à une sous population de 
PNN immatures CD16-CD62L- qui ne présente pas les 
mêmes fonctions immunosuppressives. Ces différentes 
sous populations sont également retrouvées dans une 
petite cohorte de patients polytraumatisés graves. De plus, 
dans une étude ultérieure réalisée par la même équipe, la 
sous population CD16+CD62L- présentait des propriétés 
d’adhésion altérées, facilitant la migration de ces cellules 
aux autres localisations tissulaires plutôt qu’au niveau du 
site de l’inflammation [30]. Cette même équipe a ensuite 
montré que l’administration de GM-CSF et d’IFN-γ induit 
un changement dans la composition des neutrophiles en 
faveur d’un profil anti-inflammatoire en augmentant la 
proportion de PNN CD16+CD62L- avec une diminution du 
nombre total de neutrophiles [31].
Pillay et al. assimilent le rôle de la sous population immu-
nosuppressive CD16+CD62L- aux cellules myéloïdes sup-
pressives (MDSC). Les MDSC ont été caractérisées pour 
la première fois dans des modèles murins tumoraux et 
chez des patients atteints de cancer. Cette population 
hétérogène de cellules myéloïdes immatures présente 
une activité suppressive via un contact cellulaire proche 
et des études récentes s’interrogent sur leur potentielle 
implication dans l’immunosuppression post-septique, 
notamment dans la réponse inadaptée des lymphocytes T, 

observée chez les patients atteints de choc septique [32, 33]. 
Ces cellules, impliquées dans la physiopathologie du can-
cer, pourraient donc participer à celle du choc septique. 
Néanmoins, beaucoup d’éléments restent encore à défi-
nir concernant les MDSC, notamment leur phénotypage 
chez l’homme, leurs mécanismes d’action et les stimuli 
aboutissant à leur expansion et activation en conditions 
pathologiques.

3. Perspectives – Conclusion

Les polynucléaires neutrophiles sont considérés comme 
les sentinelles de l’immunité grâce à leur rôle de cellules 
phagocytaires et leur potentiel antimicrobien. Ils ont éga-
lement un rôle central dans l’immunité en échangeant 
constamment avec les cellules dendritiques, macrophages 
et lymphocytes au moyen des cytokines. Ils jouent donc 
un rôle central dans la physiopathologie des états sep-
tiques sévères. Les études évaluant le rôle des PNN chez 
des patients de réanimation rapportent un recrutement 
important de PNN immatures et des neutrophiles plutôt 
« hyperactivés » pendant la phase précoce pro-inflam-
matoire du choc et un rôle potentiel de ces cellules dans 
le développement de défaillances d’organes post-choc 
septique. Néanmoins, l’article de Pillay et al. apporte une 
nouvelle lumière sur la potentielle implication des PNN 
dans l’immunosuppression du choc septique [11]. Il serait 
ainsi intéressant d’étudier la fonctionnalité des neutrophiles 
chez des patients en choc septique pendant la phase 
immunosuppressive.
À travers l’étude des neutrophiles, ce sont les mécanismes 
de l’équilibre inflammation/immunosuppression du choc 
septique qui pourraient être mieux compris et ainsi offrir de 
nouvelles perspectives thérapeutiques dans un contexte 
clinique toujours caractérisé par une très lourde mortalité.

Déclaration d’intérêts : les auteurs déclarent ne pas avoir de 

conflits d’intérêts en relation avec cet article.
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Chapter 20 

Intracellular Flow Cytometry Improvements in Clinical Studies 

Julie Demaret, Morgane Gossez, Fabienne Venet, Guillaume Monneret 

Abstract  

Flow cytometry has become a basic of biological research and clinical diagnostics, and its 

application has been crucial to numerous advances in immunology and cell biology. However, 

several issues remain when considering intracellular stainings, especially in the context of a 

daily routine use and in multicenter clinical research protocols including large cohorts of 

patients. The requirements for multiple protocol steps are not only time-consuming but also 

frequently associated with high cell loss and non-specific binding or reduced fluorescence. 

These drawbacks make standardized intracellular flow cytometry use in multicenter studies 

struggling. As a consequence, intracellular flow cytometry has mostly remained a tool for 

experimental and clinical research. In the current chapter, we will complete flow cytometry 

protocols described in the previous edition by presenting novel intracellular protocols usable 

in clinic. These present with many advantages including shorter time-to-results, one-step 

whole blood procedures, lyse-no-wash-no-centrifuge protocols, improved staining quality, 

and lyophilized coated reagents in ready-to-use tubes. This opens novel perspectives for 

standardization and feasibility in clinical studies, for drug efficacy monitoring and for 

patients’ stratification within a context of personalized medicine. Here, we will present 

illustrative examples taken from septic patients’ immunomonitoring. We will consider the 

evaluation of myeloperoxidase and lactoferrin expressions in neutrophils, FOXP3 lymphocyte 

expression and STAT5 phosphorylation in lymphocyte subsets. 

Key words: Intracellular flow cytometry, sepsis, neutrophil, myeloperoxidase, lactoferrin, 

FOXP3, regulatory T cells, STAT5 



1.Introduction

1.1 Flow Cytometry for Clinics 

 Flow cytometry represents one inevitable method for cell study and identification through 

cell analyses and sorting according to their distinguishing characteristics. Such single cell 

technique has helped to reveal much about cells function and position in the immune system 

[1]. It has evolved over the past 50 years from a niche laboratory technique to a routine tool 

used by clinical pathologists and immunologists for diagnosis and monitoring of patients 

notably with cancer and immune deficiencies [2]. However, several issues exist when 

considering flow cytometric intracellular stainings (ICS), especially in the context of a daily 

routine use and in clinical research protocols including large cohorts of patients for whom 

samples need to be processed immediately [3]. More specifically, this technique is time-

consuming due to permeabilisation and multiple washing steps. In addition, results are usually 

poorly reproducible and hardly standardisable. This rendered intracellular flow cytometry 

barely usable on a routine basis. Novel protocols have been recently developed to perform 

faster and more convenient ICS protocols in order to meet criteria of improved 

standardization. In particular, a promising domain of application for ICS is functional testing 

which remains, immunologically speaking, a gold standard approach. 

Here we extend our previous report on standardized flow cytometry cell surface markers 

for critically ill patients monitoring (HLA-DR on circulating monocytes, percentage of 

CD4+CD25+ regulatory T cells and CD64 expression on neutrophils in ICU patients [4]). In 

the current chapter, we will describe novel ICS protocols (including functional testing) and 

will provide clinical examples in septic patients illustrating their potential as stratification 

tools in immunostimulating clinical trials.  



1.2 Sepsis Pathophysiology  

Septic syndromes are still associated with a high risk of death in ICU. Indeed, a recent 

epidemiological study including more than 25,000 patients in the USA and in Europe showed 

that overall hospital mortality from severe sepsis or septic shock is still over 30 % [5]. In 

particular, over the past 30 years, the prognosis for septic patients has improved substantially, 

due to advances in the supportive care delivered to critically ill patients. Immune response 

after septic shock associates a major inflammatory response leading to organ dysfunction and 

shock and the development of immune dysfunctions affecting both innate and adaptive 

immune responses. Sepsis directly or indirectly impairs the function of almost all types of 

immune cells. Importantly, the intensity and duration of sepsis-induced immune alterations 

have been associated with increased risk of deleterious events in patients [6, 7].   

    There is a recognized need for markers that can rapidly 1) identify the immunological 

status of the patient and 2) the immune response to therapy [8]. As an example, many studies 

have described altered monocyte phenotype and functions in sepsis. In particular, decreased 

expression of HLA-DR (mHLA-DR) on circulating monocytes has been proposed as a 

surrogate marker of immune failure [8, 9] and is now used for patient stratification in clinical 

trial (NCT02361528 [10]. Likewise, T lymphocyte anergy has been shown to be a hallmark of 

sepsis-induced immune dysfunctions and leads the way for future IL-7 trials to rejuvenate T 

cells [11, 12].  

    This new chapter will focus on biomarkers measurable by intracellular flow cytometry: the 

expressions of myeloperoxidase and lactoferrin in neutrophils’ granules, FOXP3 lymphocyte 

expression and STAT5 phosphorylation in various lymphocyte subsets. 

1.3  Marked Neutrophil Alterations in Sepsis 

Neutrophils (PNN) are crucial components of the innate immune response and the first line 

of defense against infection. They also play a central role in initiation of adaptive immune 



responses by secreting cytokines [13]. Interestingly, an immunosuppressive neutrophil subset 

has recently been reported in the blood of volunteers challenged with LPS [14]. Furthermore, 

Guérin et al. described a CD10-CD16- subset of immature neutrophils associated with 

mortality in septic patients, and presenting some immunosuppressive properties [15]. In 

agreement, we recently observed that circulating neutrophils present with phenotypic, 

functional, and morphologic alterations a few days after sepsis onset [16]. Indeed, activation 

capacities (in response to fMLP, IL-8 and GM-CSF), chemotaxis (functional test and 

chemokine receptor expressions), phagocytosis, oxidative burst were found to be altered. In 

addition, we reported a decrease in myeloperoxidase and lactoferrin intracellular expressions 

a few days after sepsis onset. Most importantly, of these parameters, we observed that a 

diminished myeloperoxidase (MPO) expression appeared as the best predictor to identify a 

group of patients at higher risk of death [16].  

    Myeloperoxidase and lactoferrin, both contained respectively in azurophilic and secondary 

neutrophil granules are essential components of PNN function. Lactoferrin possess anti-

microbial properties with the potential to prevent infections in young children. Several clinical 

trials involving lactoferrin for prevention of neonatal sepsis have been carried out [17]. MPO 

is a major player in oxidant metabolism as it reacts with hydrogen peroxide and chloride ions 

to generate hypochlorous acid, the most potent antimicrobial oxidant [18]. MPO activity is 

also a plausible mechanism for neutrophil extracellular traps (NETs) – a fibrous network 

released from neutrophils that can trap micro-organisms [19] – antimicrobial activity and 

could be detrimental by generating reactive oxidants in severe inflammatory conditions, 

where NETs are produced [20]. Myeloperoxidase measurement is usually performed using 

activity assay kits, assessing peroxidase activity in a sample, or ELISA kits, in order to 

measure MPO expression in plasma and tissue samples. Another approach relies on ICS and 

flow cytometry and novel protocols have been developed to perform ICS in whole blood and 

in one step (including permeabilisation, intra and surface stainings). 



1.4 Regulatory T Cells – FOXP3 Expression 

Regulatory T cells are an important CD4+ T cell subset involved in immune regulation. Treg 

percentages have been shown to differ in numerous disease states. Indeed, accumulated 

evidence suggests the essential functions of Treg in the pathophysiology of many clinical 

conditions such as autoimmune diseases [21], transplantations [22], severe septic shock [23], 

cancer [24], HIV infection [25], and in the development and maintenance of immunologic 

tolerance [26]. More specifically, regulatory T lymphocytes may play a role in the control of 

immune responses and are affected by injury and sepsis [27]. This may be related to their 

capacity to interact with components of the innate and adaptive immune systems. The analysis 

of regulatory T cells is also becoming an increasingly important consideration in the 

development of novel immunotherapeutic strategies. Accurate quantification of Treg during 

treatment protocols is crucial, particularly where the therapeutic strategy is targeting Treg.  

However, very few studies have been conducted in large prospective clinical cohorts. This 

could be partly explained as Treg can only be precisely identified by ICS flow cytometry 

using forkhead box protein 3 (FOXP3) staining, the key transcriptional factor for Treg [28]. 

The requirement for permeabilisation is not only time-consuming; it is also highly susceptible 

to cell loss, reduced fluorescence of antibody conjugates included in the staining mix, and 

therefore inaccurate quantification. Even if other phenotypes (such as CD4+CD25+ or 

CD4+CD25+CD127-) are known to be good surrogate identification strategies for Treg [29], 

FOXP3 remains to date, the only marker to appropriately identify those cells. We recently 

assessed the robustness of a new protocol allowing permeabilisation and staining in one-step 

in daily routine conditions in clinical samples with FOXP3 [30]. By comparing a one-step 

ICS procedure with a reference protocol, we obtained a strong correlation between 

percentages of FOXP3+ Treg according to difference phenotypic identification strategies. 

Moreover, with a better staining quality, a shorter realization time and no isotype control 



requirement, this one-step procedure appears adequate for a daily routine use and in whole 

blood prospective clinical studies.  

1.5 STAT5 Phosphorylation 

Signal Transducer and Activator of Transcription (STAT) family is composed of seven 

related proteins. STATs are latent transcription factors that mainly reside in the cytoplasm in 

an inactive state. STATs become activated by phosphorylation on a critical tyrosine residue. 

Many upstream kinases can activate STATs, though the most common is the Jak family of 

kinases. Additional receptor and non-receptor tyrosine kinases also have the ability to 

phosphorylate STATs. Tyrosine phosphorylation allows for STATs to form active dimers 

[31], which can be homodimers or heterodimers with another STAT family member [32]. 

This dimer conformation triggers translocation to the nucleus. STATs then recruit additional 

cofactors to modulate expression of key target genes involved in growth, survival, and 

differentiation. Assaying these phosphorylation networks within the cellular context could 

therefore contribute to the mechanistic understanding of kinase activities in normal and 

disease states as well as assessing the efficacy of targeted agents. But the expansion of 

phospho-specific intracellular detection requires the improvement of reagents and tailored 

protocols. The development of phospho-specific antibodies against unique epitopes of 

individual proteins has been a key step that enabled intracellular phosphorylation analysis by 

flow cytometry to become useful for functional studies. Multiparametric staining, using both 

surface and intracellular stains, allows for the study of discrete biochemical events in readily 

discernible subsets [33]. However, again, the need of permeabilisation is time-consuming and 

results are usually poorly reproducible and hardly standardisable. By using a novel flow 

cytometry procedure of intracellular signaling pathway staining, we were able to detect 

STAT5 phosphorylation with a one-step whole blood method (simultaneous permeabilisation 

and staining) [34]. As an example, we combined intracellular FOXP3 staining [30] to 



specifically measure STAT5 phosphorylation in Treg (CD4+FOXP3+) and CD4+FOXP3- cells 

in response to cytokines. Interleukin(IL)-2 and IL-7 are two cytokines indispensable for 

growth, proliferation, and differentiation of CD4+ T cells [35]. Recombinant (r)IL-2 is 

particularly assessed in auto-immune diseases [36]. In this context, low doses of IL-2 are 

administered so as to increase the number of Treg. In contrast, IL-7 is currently assessed in 

various clinical conditions with the objective of stimulating/rejuvenating CD4+FOXP3-

lymphocytes [11]. We used increasing doses of human (h)IL-2 versus recombinant human 

(rh)IL-7 to investigate STAT5 phosphorylation. This novel functional testing in fresh whole 

blood was completed in about 70min [34]. To our knowledge, we confirm for the first time, in 

human whole blood, that low dose of hIL-2 preferentially activated Treg whereas low dose of 

rhIL-7 preferentially induced CD4+FOXP3- activation (Fig. 20.1). This work also illustrated 

the interest of this flow cytometry approach for monitoring pharmacological responses to 

drugs in daily clinical practice. In another study, we then assessed the ex vivo responses of 

septic shock patients’ T cell subsets to increasing doses of rhIL-7 by measuring intracellular 

pSTAT5 by flow cytometry [37]. We have reported a differential rhIL-7-induced response of 

T cells between surviving and non-surviving patients. In lieu of validation in a larger cohort 

of patients, this report indicated that such results, obtained in 70 min, may serve to stratify and 

monitor rhIL-7 therapy efficacy in future clinical studies. 

1.6 Using Intracellular flow Cytometry in Larger Clinical Studies 

Based on these new protocols for ICS, standardization of intracellular flow cytometry seems 

already well underway. By shortening the realization time (less than 90 minutes) and 

guaranteeing staining quality, these one-step procedures available on fresh whole blood may 

represent, upon validation in large cohort of patients, a major improvement in study of 

intracellular molecules by flow cytometry in clinical studies. Furthermore, these improved 

protocols open various perspectives. Functional tests with phospho-epitopes have 



demonstrated an undeniable interest. They pave the way to other fields, in particular, 

intracellular cytokine staining. More generally, beyond ICU patients, various clinical contexts 

such as cancer therapy or immunotherapy should benefit from these new protocols for 

stratifying and monitoring patients.  

2. Materials 

2.1 Solutions 

1. PerFix-nc (no centrifuge assay kit – Beckman Coulter, Brea, CA) is composed of three 

reagents: Buffer 1 (fixative reagent containing formaldehyde), Buffer 2 

(permeabilising reagent containing proclin 300), and Buffer 3 (final 10X solution, to 

be diluted to 1X solution in distilled water, containing formaldehyde).

2. PerFix EXPOSE (Phospho-Epitopes Exposure kit – Beckman Coulter) is composed of 

four reagents: Buffer 1 (fixative reagent containing formaldehyde), Buffer 2 

(permeabilising reagent containing proclin 300, sodium perchlorate and detergent), 

Buffer 3 (staining reagent containing proclin 300, sodium perchlorate and sodium 

azide) and Buffer 4 (final 20X solution, to be diluted to 1X solution in distilled water, 

containing formaldehyde and detergent).

3. PBS: dissolve 8.0g of NaCl, 0.2g of KCl, 1.15g of Na2HPO4, and 0.2g of KH2PO4 in 

1l of distilled water (with adjusted pH at 7.4). This solution may be stored at 4°C up to 

a month.

2.2 Cytokines 

1. Human IL-2 (hIL-2 - Roche Diagnostics, Indianapolis, IN) from 0.01 U/ml to 100 

U/ml. 

2. Recombinant human IL-7 (rhIL-7 - R&D systems, Minneapolis, MN) from 0.001 

ng/ml to 10 ng/ml. 



2.3 Antibodies 

1. Fluorescein isothiocyanate (FITC)-Phycoerythrin (PE)-labeled anti-myeloperoxidase 

(MPO – clone CLB-MPO-1) and anti-lactoferrin (clone CLB 13.17) (Beckman 

Coulter) 

2. PE-Texas Red (ECD)-labeled anti-CD62L (clone DREG56) (Beckman Coulter) 

3. PE-Cyanine 7 (PC7)-labeled anti-CD10 (clone ALB1) (Beckman Coulter) 

4. Allophycocyanin-Alexa fluor 750 (AA750)-labeled anti-CD11b (clone Bearl) 

(Beckman Coulter) 

5. Pacific Blue (PB)-labeled anti-CD16 (clone 3G8) (Beckman Coulter) 

6. Krome Orange (KrO)-labeled anti-CD14 (clone RMO52) (Beckman Coulter) 

7. PE-labeled anti-CD25 (clone B1.49.9) (Beckman Coulter) 

8. PC7-labeled anti-CD127 (clone R34.34) (Beckman Coulter) 

9. Alexa Fluor 647 (AF647)-labeled anti-FOXP3 (clone 259D) (BioLegend, San Diego, 

CA) 

10. PB-labeled anti-CD4 (clone 13B8.2) (Beckman Coulter) 

11. PE-labeled anti-phosphorylated STAT5 (Beckman Coulter) 

3. Methods 

3.1 Neutrophils – MPO and Lactoferrin Expressions 

1. Collect samples of peripheral blood in EDTA anticoagulant tubes. 

2. Mix 50μl of whole blood with 5μl of ECD-labeled anti CD62L, vortex and incubate 2 

min at room temperature. 

3. Add 20μl of PerFix-nc Buffer 1 (fixative reagent). 

4. Vortex immediately and incubate at room temperature for 15 min in the dark. 

5. During these 15 min, mix in a new tube 300μl of PerFix-nc Buffer 2 (permeabilising 

reagent) with 10μl of FITC-PE-labeled anti-myeloperoxidase and lactoferrin,  2.5μl of 



PC7-labeled anti-CD10, 2.5μl of AA750-labeled anti-CD11b, 5μl of PB-labeled anti-

CD16, and 5μl of KrO-labeled anti-CD14. Vortex and keep it at room temperature, in 

the dark. 

6. At the end of the 15 min, mix 325μl of the second tube with the tube containing the 

blood. 

7. Vortex and incubate at room temperature for 35 min in the dark. 

8. Add 3ml of PerFix-nc Buffer 3 1X (previously dilute PerFix-nc Buffer 3 10X to 1X in 

distilled water), vortex. 

9. Flow cytometry gating strategy: Neutrophils are identified on a FSC/SSC histogram 

and a CD14/SSC dot-plot is used to exclude monocytes (Fig. 20.2). MPO, lactoferrin, 

CD62L, CD11b, CD10 and CD16 are then measured on the surface of neutrophils. 

Results are expressed as mean fluorescence intensity (MFI) related to the entire 

neutrophil population. Percentages of cells’ subsets are also reported regarding CD10 

and CD16 expressions. 

3.2 Regulatory T cells – FOXP3 Expression 

1. Collect samples of peripheral blood in EDTA anticoagulant tubes. 

2. Mix 50μl of whole blood with 5μl of PerFix-nc Buffer 1 (fixative reagent). 

3. Vortex immediately and incubate at room temperature for 15 min in the dark. 

4. During these 15 min, mix in a new tube 300μl of PerFix-nc Buffer 2 (permeabilising 

reagent) with 10μl of PE-labeled anti-CD25, 10μl of PC7-labeled anti-CD127, 10μl of 

AF647-labeled anti-FOXP3 and 5μl of PB-labeled anti-CD4. Vortex and keep it at 

room temperature, in the dark. 

5. At the end of the 15 min, mix 335μl of the second tube with the tube containing the 

blood. 

6. Vortex and incubate at room temperature for 60 min in the dark. 



7. Add 3ml of PBS. Vortex and incubate at room temperature for 5 min in the dark. 

8. Centrifuge for 5 min at 500xg at 10°C. 

9. Discard the supernatant and resuspend the pellet in 3ml of PerFix-nc Buffer 3 1X 

(previously dilute PerFix-nc Buffer 3 10X to 1X in distilled water), vortex, and 

centrifuge for 5 min at 500xg at 10°C. 

10. Discard the supernatant and resuspend the pellet in 500μl of PerFix-nc Buffer 3 1X. 

11. Flow cytometry gating strategy: CD4+ T cells are first gated on a SSC/CD4 bi-

parametric dot-plot. The CD25+CD127low gate is then set in order to encompass an 

obviously distinct population among CD4+. CD4+FOXP3+ lymphocytes are also 

selected on a FOXP3/CD4 histogram (Fig. 20.3). Results are expressed as percentages 

of CD25+CD127low and CD4+FOXP3+ cells among CD4+. 

3.3 Lymphocytes – STAT5 Phosphorylation 

1. Collect samples of peripheral blood in EDTA anticoagulant tubes. 

2. First, stimulate blood samples (100μl of whole blood) with increasing hIL-2 or rhIL-7 

concentrations (vortex immediately after adding the cytokine) at 37°C in a water bath 

for 10 min. Incubate an unstimulated blood sample at the same time.  

3. Add 5μl of PB-labeled anti-CD4, vortex and incubate at 37°C in a water bath for 5 

min. 

4. Mix 50μl of PerFix EXPOSE Buffer 1 (fixative reagent) in each tube, vortex and 

incubate at room temperature for 10 min in the dark. 

5. Add 1ml of PerFix EXPOSE Buffer 2 (permeabilising reagent), vortex and incubate at 

37°C in a water bath for 5 min. 

6. Centrifuge for 5 min at 300xg at 10°C and discard carefully the supernatant. 



7. Resuspend the pellet in a mix of 100μl of PerFix EXPOSE Buffer 2 (staining reagent), 

5μl of PE-labeled anti-STAT5 and 5μl of AF647-labeled anti-FOXP3 that can be 

previously reconstituted. 

8. Vortex and incubate at room temperature for 30 min in the dark. 

9. Add 3ml of PerFix-nc Buffer 4 1X (previously dilute PerFix-nc Buffer 4 20X to 1X in 

distilled water), vortex. 

10. Centrifuge for 5 min at 300xg at 10°C and discard the supernatant. Resuspend the 

pellet in 500μl of PerFix-nc Buffer 4 1X. 

11. Flow cytometry gating strategy: CD4+ lymphocytes are first gated based on SSC/CD4 

biparametric histogram. Regulatory T lymphocytes (Treg) and CD4+FOXP3- T cells 

are then identified among selected CD4+ cells depending on FOXP3 expression. The 

mean fluorescence intensity of phosphorylated STAT5 is reported for each population 

(Fig. 20.1). 

4. Notes 

1. There is a whole-blood protocol given by the manufacturer with PerFix-nc reagents, as 

follows:  

o Mix 50μl of whole blood with 5μl of PerFix-nc Buffer 1 (fixative reagent). 

o Vortex immediately and incubate at room temperature for 15 min in the dark. 

o Vortex again the fixed blood and add 300μl of PerFix-nc Buffer 2 

(permeabilising reagent) to each tube. Vortex immediately. 

o Add immediately to each tube the fluorochromes-conjugated antibodies against 

intracellular epitopes and surface molecules (alternatively, the antibodies can 

be pre-mixed into the PerFix-nc Buffer 2 and added altogether at the end of the 

fixation step) 



o Vortex immediately and incubate at room temperature for 15-30 min in the 

dark. 

o Add 3ml of PerFix-nc Buffer 3 1X (prepared from the 10X concentrated 

PerFix-nc Buffer 3 in distilled water) to each tube, vortex immediately.  

o The sample is now ready for analysis on a flow cytometer. 

This protocol should be optimized according to the type of cells analyzed and the 

antibodies used (extracellular and intracellular staining). That is what we have performed 

for MPO and lactoferrin expressions in neutrophils and FOXP3 in Treg. Feel free to adapt 

at your convenience times of incubation or volumes of reagents to optimize your 

experiment. 

2. Be careful about the different volumes of PerFix-nc Buffer 1 (fixative reagent) 

between the procedure for measuring MPO and lactoferrin expression in neutrophils, 

which is 20μl, and the protocol for intracellular staining of FOXP3 (i.e., 5μl). 

3. Red blood cell lysis can be problematic with PerFix-nc reagents. Therefore, the usual 

discriminant threshold used for the analyses, based on Forward Scatter 

Characteristics, might not exclude all these cells. Thus, in such cases, it can be settled 

on a fluorochrome channel. 

4. Surprisingly, to study STAT5 phosphorylation with PerFix EXPOSE method and 

reagents, peripheral blood can be collected in sampling tubes containing EDTA. 

5. In PerFix EXPOSE protocol to explore STAT5 phosphorylation in T lymphocytes 

subsets, in order to obtain a better staining quality, it is preferable to add CD4-PB 

antibody before the one-step of intracellular/extracellular staining and 

permeabilisation. We chose to split the stimulation with hIL-2 and rhIL-7 and add this 

antibody 5min before the end of the stimulation. 



6. In PerFix EXPOSE protocol, it is very important to discard carefully the supernatant 

after incubation with PerFix EXPOSE Buffer 2 in order to stop red blood cell lysis 

that can continue insidiously otherwise.
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Figure legends  

Fig. 20.1. Gating strategy for STAT5 phosphorylation on different T cell subsets and response 

to low dose of cytokines. CD4+ were first gated based on SSC versus CD4 expression on a 

biparametric histogram (A). Regulatory T cells (Treg) and CD4+FOXP3- were then identified 

among selected CD4+ cells depending on FOXP3 expression (B). The mean fluorescence 

intensity (MFI) of phosphorylated STAT5 (pSTAT5) was reported for each population (C 

and D). Box plots representing MFI of pSTAT5 after stimulation with low dose of IL-7 (E)

and low dose of IL-2 (F) for Treg (light grey) and CD4+FOXP3- lymphocytes (dark grey) for 

8 healthy controls. As expected, low dose of IL-7 preferentially activates effector T 

lymphocytes whereas low dose IL-2 preferentially activates Treg. The nonparametric Mann-

Whitney U test was used to compare the results between subsets. 



Fig. 20.2. Gating strategy for neutrophils. Neutrophils (PNN) are first identified on a 

FSC/SSC histogram (A) and a CD14/SSC dot-plot is used to exclude monocytes (B). (C)

represents an overlay of myeloperoxidase expression for an Intensive Care Unit (ICU) patient 

and a healthy control gated on [PNN AND NOT (Monocytes)]. 

Fig. 20.3. Treg measurement by flow cytometry. SSC versus CD4 dot plots allow the gating 

of CD4+ lymphocytes for representative examples of healthy volunteer and ICU patient (A 

and D). Gated on CD4+ lymphocytes, regulatory T cells are measured as CD4+FOXP3+ cells 

(B and E). On C and F (gated on CD4+), red colored cells represent CD4+FOXP3+ cells 

among CD25+CD127- lymphocytes.
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