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Abstract 

Background: Venoarterial extracorporeal membrane oxygenation (VA‑ECMO) provides heart mechanical support 
in critically ill patients with cardiogenic shock. Despite important progresses in the management of patients under 
VA‑ECMO, acquired infections remain extremely frequent and increase mortality rate. Since immune dysfunctions 
have been described in both critically ill patients and after surgery with cardiopulmonary bypass, VA‑ECMO initiation 
may be responsible for immune alterations that may expose patients to nosocomial infections (NI). Therefore, in this 
prospective study, we aimed to study immune alterations induced within the first days by VA‑ECMO initiation.

Methods: We studied immune alterations induced by VA‑ECMO initiation using cytometry analysis to characterize 
immune cell changes and enzyme‑linked immunosorbent assay (ELISA) to explore plasma cytokine levels. To analyze 
specific changes induced by VA‑ECMO initiation, nine patients under VA‑ECMO (VA‑ECMO patients) were compared 
to nine patients with cardiogenic shock (control patients).

Results: Baseline immune parameters were similar between the two groups. VA‑ECMO was associated with a signifi‑
cant increase in circulating immature neutrophils with a significant decrease in C5a receptor expression. Furthermore, 
we found that VA‑ECMO initiation was followed by lymphocyte dysfunction along with myeloid‑derived suppressor 
cells (MDSC) expansion. ELISA analysis revealed that VA‑ECMO initiation was followed by an increase in pro‑inflamma‑
tory cytokines such as IL‑6, IL‑8 and TNF‑α along with IL‑10, a highly immunosuppressive cytokine.

Conclusion: VA‑ECMO is associated with early immune changes that may be responsible for innate and adaptive 
immune alterations that could confer an increased risk of infection.
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Introduction
Severe impairment of innate and adaptive immune func-
tions has been described in critically ill state and has been 
associated with nosocomial infection (NI) acquisition 

and worst outcome [1, 2]. Identical immune dysfunctions 
on both monocyte and lymphocyte have been observed 
after cardiac surgery with cardiopulmonary bypass (CPB) 
and attributed to contact of blood with artificial surfaces 
and surgical injury, directly or indirectly impairing the 
function of almost all innate and adaptive immune cell 
subsets [3–5].

Venoarterial extracorporeal membrane oxygena-
tion (VA-ECMO) provides mechanical support to the 
heart in patients with cardiogenic shock unresponsive 
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to conventional medical therapy [6, 7]. The use of VA-
ECMO has dramatically increased over the last 5  years 
and has been recognized as a valuable and easy to 
implant device, allowing myocardial recovery or bridge 
to cardiac transplantation or mechanical support such 
as left ventricular assist device (LVAD) [8, 9]. Despite 
important progress in the management of patients under 
VA-ECMO, complications and mortality rates remain 
extremely high [6, 10]. Notably, reactivations of quies-
cent viruses or infections due to opportunistic pathogens 
are commonly found in patients undergoing VA-ECMO 
[1, 11]. Although there is no consistent definition of 
VA-ECMO-associated infections [12], NI acquisition 
under VA-ECMO is particularly significant since almost 
two patients under VA-ECMO support out of three 
develop NI, with dramatic clinical consequences such as 
delayed cardiac transplantation or implantation of LVAD 
and increased mortality [11, 13, 14]. Hence, strategies to 
prevent or decrease NI rates in these critically ill patients 
will undoubtedly improve outcome. As CPB during car-
diac surgery, VA-ECMO has been suspected to affect 
the immune system through several mechanisms such 
as induction of endothelial dysfunction with both activa-
tion of neutrophils, platelets and coagulation pathways 
[15, 16]. As a consequence, changes in pro-inflammatory 
interleukins (IL)-6, IL-8, tumor necrosis factor (TNF)-α 
and anti-inflammatory IL-10 production have been 
reported during VA-ECMO [17]. Although no immuno-
logical study has been performed, the complex inflam-
matory reaction associated with VA-ECMO initiation 
may favor immune dysfunctions and organ injury and 
therefore might increase the susceptibility to develop NI 
[1]. Besides functional impact on immune cells that are 
involved in defense against bacteria or virus reactivation 
such as neutrophils, dendritic cells (DC), monocytes and 
lymphocytes, cytokines are responsible for recruitment 
and expansion of myeloid suppressive cells (MDSC) [18]. 
MDSC have been associated with a worsened outcome 
and nosocomial infections in ICU patients, and various 
aspects of MDSC-mediated T-cell immunosuppression 
have been reported in other conditions where MDSC are 
amplified, such as cancers, obesity or after cardiac sur-
gery with CPB [19–22]. In agreement with the suspected 
increase in circulating MDSC, cytokines involved in their 
recruitment and expansion such as IL-6 were found at 
higher concentration in the plasma of patients under VA-
ECMO. Additionally, IL-10, one of the major factors of 
immune suppression mediated by MDSC, is abundant in 
patients under VA-ECMO [1, 19].

Therefore, the aim of our study was to prospectively 
study immune alterations induced within the first days 
by VA-ECMO initiation. Since it is challenging to discern 
the extent of the immunosuppression that is due solely to 

VA-ECMO initiation or to critical illness, patients under 
VA-ECMO were compared to patients admitted to ICU 
for cardiac failure without VA-ECMO indication.

Immune monitoring should bring evidences to the 
suspected underlying immunosuppression induced by 
VA-ECMO and responsible for secondary infections 
acquisition.

Material and methods
Patients
To analyze specific changes induced by VA-ECMO initia-
tion, we compared patients under VA-ECMO for cardio-
genic shock (VA-ECMO patients) and patients admitted 
to intensive care unit (ICU) for cardiogenic shock with-
out VA-ECMO (control patients). The study protocol was 
approved by local ethic committee (n°16.11). Because of 
the observational nature of the study, a non-opposition 
form was provided to families and patients.

Inclusion criteria were as follows: Patients older than 
18  years old hospitalized in ICU for cardiogenic shock 
with or without VA-ECMO. Exclusion criteria were any 
confirmed or suspected immunosuppressive or immune-
deficient state, including HIV infection, asplenia, immu-
nosuppressant medication within the past 6  months or 
implementation of immunosuppressive therapy such as 
chemotherapy, cyclophosphamide, high-dose corticos-
teroids (methylprednisolone or equivalent > 0.5  mg/kg/
day) and pregnancy. Furthermore, since infection induces 
immune changes, patients with known or suspected 
infection at admission were not included in our study.

Cardiogenic shock was defined as follows: (1) systolic 
blood pressure < 90  mmHg for > 30  min or inotropic 
drugs required to achieve a blood pressure ≥ 90 mmHg; 
(2) pulmonary congestion or elevated left ventricular 
filling pressures; and (3) signs of impaired organ perfu-
sion with at least one of the following criteria: (a) altered 
mental status; (b) cold, clammy skin; (c) oliguria; and 
(d) increased serum-lactate [23]. Since chronic cardio-
myopathy has been shown to activate immune system, 
interval between onsets of cardiogenic shock signs and 
symptoms and inclusion must be < 5 days [24].

Cannulation strategy was as follows: A peripheral 
approach through the femoral vessels was employed. 
Cannulation was done using a Seldinger technique after 
groin incision and direct access to the femoral vein and 
artery. Depending on the patient’s body surface area and 
the vessels’ dimensions, we used inflow cannulae from 
16 to 20Fr in diameter, and drainage cannulae from 18 
to 32Fr in diameter (Edwards Lifesciences, Inc., Irvine, 
CA, USA). A reperfusion catheter was systematically 
introduced within the superficial femoral artery in case 
of peripheral VA ECMO, in order to avoid limb ischemia.
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The following data were recorded: reasons for VA-
ECMO initiation, gender, age, preexisting chronic kidney 
disease [25], preexisting chronic heart failure [23], body 
mass index (BMI), highest blood lactate level within 24 h 
following admission, SAPS II, SOFA at admission and 
after 24  h in ICU, duration of mechanical ventilation, 
duration of vasopressor treatment, length of hospital stay 
and outcome (alive or dead) on day 7, day 30 and day 90. 
The occurrence of NI was also recorded during hospital 
stay. NI were defined following CDC criteria as previ-
ously described [5].

Blood samples for cytometry analysis and cytokine 
quantification were withdrawn before VA-ECMO 
implantation (D0), 24  h after implantation (D1) and 
4 days after implantation (D4). Blood samples were with-
drawn in control group patients at ICU admission (D0), 
24  h after ICU admission (D1) and 4  days after ICU 
admission (D4). The delay between sampling and begin-
ning of laboratory procedures was < 1 h.

Cytometry
Quantification of neutrophil, monocyte and dendritic 
cell populations was performed on whole blood by using 
three antibodies panels. For the neutrophil panel, whole 
blood was stained with CD11b PerCP5.5, CD88 (C5AR) 
APC, CD16 A700, CD15 Pacific Blue (Biolegend, San 
Diego, CA, USA), CD66b FITC, CD35 PE, CD63 PC7, 
CD64 APC-H7 and CD45 BV510 (Becton Dickinson, 
San Jose, CA, USA). Neutrophil differentiation stages 
were determined based on CD11b and CD16 expres-
sion. Immature neutrophils were CD16dimCD11bdim 
and mature neutrophils are CD16highCD11high. For the 
monocyte panel, whole blood was stained with CD274 
FITC, CD163 PE, HLA-DR BUV395, CD64 APC-H7, 
CD66b BV421, CD45 BV510 (Becton Dickinson), CD14 
PC7 (Beckman Coulter, Miami, FL, USA) CX3CR1 APC 
(Miltenyi, Bergisch Gladbach, Germany), CD16 A700, 
CD3 Pacific Blue and CD335 BV421 (Biolegend). Mono-
cyte populations have been determined based on CD14 
and CD16 expression. Monocytic MDSC (M-MDSC) 
were defined as  CD14high HLA-DRlow cells. For the den-
dritic cell panel, whole blood was stained with Lin FITC 
(Lineage 1, CD3, CD14, CD19, CD20 and CD56), HLA-
DR BUV395, CD123 BV786, CD45 BV510 (Becton 
Dickinson), CD141 PE and CD1c APC (Miltenyi). Den-
dritic cell populations have been determined based on 
HLA-DR, CD123, CD141 and CD1c expression. After 
whole blood staining, erythrocytes were lysed twice with 
EasyLyse (Dako, Glostrup, Denmark) before washing in 
PBS. For granulocytic-MDSC (G-MDSC), peripheral 
blood mononuclear cells (PBMC) isolated after Ficoll 
density gradient were stained with HLA-DR PE-CF594, 
CD45 BV510 (Becton Dickinson), CD14 PC7 (Beckman 

Coulter), CD3 PE, CD16 A700, CD15 Pacific Blue (Bio-
legend) before washing in PBS. G-MDSC were defined 
as  CD15pos cells. Samples were assessed by flow cytom-
etry on Fortessa X-20 (Becton Dickinson) and the results 
were analyzed with Kaluza 2.0 software. Expression 
markers were presented as mean fluorescence intensity 
ratio (rMFI) or ratio of mean fluorescence intensity ratio 
(rrMFI). rMFI was defined as the ratio between the fluo-
rescence of stained cells and unstained cells. rrMFI was 
defined as the ratio between the rMFI at the studied time 
point and the rMFI at D0. Therefore, the rrMFI at D0 is 1.

Proliferation assay
Peripheral blood mononuclear cell (PBMC) were labeled 
with carboxyfluorescein succinimidyl ester (CFSE, 
200  nM; interchim, Montluçon, France) and seeded in 
96-well round-bottom plates at 2.105/well. Cells were 
cultured in RPMI 1640 supplemented with 10% human 
AB serum (Biowest, Nuaillé, France) and anti-CD3 and 
anti-CD28 monoclonal antibodies (0.6  µg/mL, Sanquin, 
Amsterdam, The Netherlands). After 4  days of culture, 
cells were harvested and labeled with CD2 PC7, CD8 
APC (Beckman Coulter, Miami, FL), CD4 BUV496, CD14 
BV605 (Becton Dickinson, San Jose, CA, USA) and DAPI 
(Sigma-Aldrich, St Louis, MO, USA). CFSE dilution was 
assessed on  DAPIneg viable T-cells by flow cytometry on 
Fortessa X-20 (Becton Dickinson) and the results were 
analyzed with ModFit LT software.

Apoptosis assay
Whole blood was labeled with CD3 PC7, CD4 PE and 
CD8 APC (Becton Dickinson, San Jose, CA, USA). 
Erythrocytes were lysed twice with EasyLyse (Dako) 
before washing in PBS. Cells were resuspended in 
AnnexinV buffer and stained with AnnexinV FITC (Tau 
technologies, Kattendijke, The Netherlands) and Dapi 
(Sigma-Aldrich) before assessment of apoptosis by flow 
cytometry on Fortessa X-20 (Becton Dickinson). Data 
were analyzed using Kaluza 2.0 software.

Cytokine quantification
Interleukin (IL)-6, IL-10, tumor necrosis factor (TNF)-α, 
granulocyte-colony stimulating factor (G-CSF), IL-8 and 
IL-7 were quantified in patient plasma by ELISA DuoSET 
(R&D system, Abingdon, UK).

Statistical analysis
Quantitative variables are expressed as median (inter-
quartile range, IQR) and qualitative variables as num-
ber (percentages). Continuous variables were compared 
using the nonparametric Mann–Whitney U test or Wil-
coxon test for matched pairs as appropriate. Qualitative 
data were compared using Chi-square test or Fisher 
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exact test when required. We considered a P value of 
less than 0.05 to be statistically significant. All proba-
bility values reported are two-sided. Analyses were per-
formed with GraphPad Prism 6.2 (GraphPad Software, 
La Jolla, CA).

Sample sizes
Since the effects of VA-ECMO on immune cells func-
tions have not been previously established, there was no 
data available for the expected results for each experi-
ment. However, we calculated the number of patients 
based on our previous results in cardiac surgery with 
cardiopulmonary bypass. In this study, we found that 
patients under VA-ECMO had a decrease in monocyte 
HLA-DR expression (MFI) from 7.3 to 2.8. Therefore, 
a total sample size of 14 patients (7 per group) was 
required to achieve 80% power to detect a decrease in 
the rate of HLA-DR expression after VA-ECMO, using 
a two-sided test with a type I error of 5% [5].

Results
Studied population
From January 2017 to January 2019, 18 patients were 
prospectively enrolled in the study to analyze immune 
changes induced by VA-ECMO initiation in the tertiary 
university hospital of Rennes (France). Nine patients 
under VA-ECMO (VA-ECMO patients) were compared 
to nine patients with cardiogenic shock (control patients). 
Baseline characteristics of the population are summa-
rized in Table  1. Patients under VA-ECMO appeared 
more severely ill than control patients since duration of 
both mechanical ventilation and vasopressive infusion 
were significantly longer, although no differences were 
found between the two groups for SOFA or SAPS II 
scores at admission nor in the mortality rate. No patient 
received antibiotics nor immunosuppressant medica-
tion during the study period. Importantly, none of our 
patients presented infection at admission. Nosocomial 
infections were diagnosed in five VA-ECMO patients 
(four pneumonia and one bacteremia) and in one control 

Table 1 : Characteristics of the studied population

VA-ECMO, venoarterial extracorporeal membrane oxygenation; BMI, Body mass index; ICU, Intensive care unit; SAPS II, Simplified acute physiology score; SOFA, 
Sequential organ failure assessment

Variables VA–ECMO
n = 9

Control
n = 9

p

Gender, n (%) 0.99

 Male 6 (67) 7 (77)

 Female 3 (33) 2 (23)

Age, years, median (IQR) 59 (57–63) 56 (47–68) 0.87

BMI, kg/m2, median (IQR) 26 (24–29) 28 (27–35) 0.19

Diabetes, n (%) 2 (22) 2 (22) 0.99

Cancer, n (%) 1 (11) 0 0.99

Chronic kidney disease, n (%) 0 1 (11) 0.99

Chronic heart failure, n (%) 2 (22) 4 (44) 0.62

Tobacco use, n (%) 4 (44) 1 (11) 0.29

Causes of cardiogenic shock 0.22

 Acute coronary syndrome 7 (78) 3 (33)

 Acute decompensated heart failure 1 (11) 4 (44)

 Myocarditis 1 (11) 1 (11)

 Acute stress‑induced cardiomyopathy 0 (0) 1 (11)

Highest blood lactate level, median (IQR) 2.7 (2.3–4.2) 3.6 (2,6–6.8) 0.31

SAPS II, median (IQR) 45 (36–54) 41 (34–44) 0.39

SOFA baseline, median (IQR) 9 (7–13) 7 (3–9) 0.16

SOFA day 1, median (IQR) 9 (8–13) 9 (7–9) 0.32

Mechanical ventilation duration, days, median (IQR) 17 (9–21) 0 (0–14) 0.01

Vasopressor use duration, days, median (IQR) 15.5 (9.8–19.5) 6 (3–8) 0.049

Length of hospital stay, days, median (IQR) 17 (14–21) 0 (0–14) 0.001

Nosocomial infection, n (%) 5 (56) 1 (11) 0.13

7‑day mortality, n (%) 1 (11) 1 (8) 0.99

30‑day mortality, n (%) 5 (56) 4 (30) 0.99

90‑day mortality, n (%) 5 (56) 6 (67) 0.99
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(one pneumonia). The median time from ICU admission 
to diagnosis of nosocomial infection was 10 days [10–19].

VA‑ECMO initiation induced an increase in immature 
circulating neutrophils
As shown Fig.  1a, circulating neutrophils were signifi-
cantly increased in VA-ECMO patients compared to 

controls at admission. Interestingly, while starting from 
similar numbers at admission, VA-ECMO patients 
reached a higher number of immature neutrophils at D1 
and D4 compared to controls patients (D4: VA-ECMO 
patients (n = 6) 284/mm3 (213–1924) vs control patients 
(n = 5) 84/mm3 (31–228), p = 0.019). Although expres-
sion of the degranulation markers CD35, CD63 and 

a

b

c

Fig. 1 VA‑ECMO induced increased in immature circulating neutrophils. a Total neutrophils were determined by blood count formula at admission 
or VA‑ECMO initiation (D0), 24 h and 4 days (D1 and D4) (n = 9 Control (Ctrl) group, n = 9 VA‑ECMO group). Mature and immature peripheral blood 
neutrophil counts were determined by flow cytometry at admission or VA‑ECMO initiation (D0), 24 h and 4 days (D1 and D4) (n = 8 Control (Ctrl) 
group, n = 9 VA‑ECMO group). b Surface marker of neutrophil degranulation (CD35, CD63, CD66b) was compared by flow cytometry at admission 
or VA‑ECMO initiation (D0), 24 h and 4 days (D1 and D4) (n = 8 Ctrl group, n = 9 VA‑ECMO group). Data presented as ratio of mean fluorescence 
intensity ratio (rrMFI), defined as the ratio of rMFI between D0 and D1 or D4. C. Expression of C5a receptor on mature and immature neutrophils 
compared by flow cytometry at admission or VA‑ECMO initiation (D0), 24 h and 4 days (D1 and D4) (n = 8 Ctrl group, n = 9 VA‑ECMO group). Data 
expressed as rMFI
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CD66b remained unchanged after VA-ECMO initia-
tion and similar to controls (Fig. 1b), we found that the 
C5a receptor, which has been associated with ability of 
neutrophils to kill cocci gram positive bacteria [26], sig-
nificantly decreased within 24  h following VA-ECMO 
initiation, in both mature and immature neutrophils 
(Fig. 1c).

VA‑ECMO initiation induced changes in antigen presenting 
cell phenotype
Monocytes and dendritic cells (DC) are important 
antigen-presenting cells and play a key role in immune 
response by regulating the innate and adaptive immunity. 
The number of DCs, the differentiation of monocytes 
into DC and the levels of surface molecules associated 
with the function of DC undergo important changes in 
critically ill patients [27, 28]. VA-ECMO did not induce 
changes in the number of circulating monocytes num-
ber nor in their expression of HLA-DR (Fig.  2a, b). On 
the contrary for DCs, although their number was not 
affected, HLA-DR expression decreased after VA-ECMO 
initiation (DCs HLA-DR expression (rrMFI) at D0 1 
(1–1) (n = 7) vs 0.87 (0.72–0.95) (n = 7) at D1, p = 0.047) 
(Fig.  2c, d). Furthermore, when analyzing DC subsets, 
we found that the number of circulating mDC  CD141pos, 
decreased significantly after VA-ECMO initiation and 
persisted at D4, although numbers of the two other 
circulating DC subsets plasmacytoid DC (pDC) and 
myeloid DC (mDC  CD1cpos) remained unchanged after 
VA-ECMO initiation (Fig. 2e).

VA‑ECMO initiation induced MDSC expansion and T‑cell 
dysfunction
As shown in Fig. 3a, late T-cell apoptosis which has been 
associated with mortality and nosocomial infection 
acquisition was enhanced in VA-ECMO patients com-
pared to control group (Apoptotic  CD3pos T-Cells at D4 
11.49% (4.14–19.32) in controls (n = 6) vs 29.26% (25.43–
36.66) in VA-ECMO patients (n = 4) p = 0.003) [29].

Moreover, T-cell proliferation was decreased within 
24 h following VA-ECMO initiation although no changes 
were observed in control patients (Fig. 3b). Along these 
T-cells dysfunctions, we observed the expansion of 
myeloid-derived suppressor cells (MDSC). MDSC con-
sist of two major subsets of granulocytic (G-MDSC) and 
monocytic cells (M-MDSC) and have been described 
as strongly immunosuppressive [30]. Initiation of VA-
ECMO was associated with expansion of MDSC, and 
we found that both circulating G-MDSC and M-MDSC 
were significantly expanded after VA-ECMO initia-
tion but with a different kinetic (Fig. 3c). The number of 
M-MDSC was markedly increased in VA-ECMO patients 
(n = 8) at D1 (28.5 × 106/mm3 (21.7 × 106–77.8 × 106) 

compared to D0 (9.27 × 106/mm3 (5.92 × 106–14.5 × 106), 
p = 0.007). Of note, we found that patients with noso-
comial infection had a higher M-MDSC count at day 1 
compared to patients without nosocomial infections 
(6.5 × 107/mm3 (3.2 × 107–9.0 × 107) vs. 1.7 × 107/mm3 
(6.8 × 107–2.4 × 107), respectively, p = 0.002).

Cytokine analysis
Cytokine analysis in patients under VA-ECMO revealed 
a preexisting inflammatory response with significantly 
higher plasma levels of pro-inflammatory cytokines such 
as IL-6, IL-8 and TNF-α compared to control patients 
at admission. Plasma levels of these pro-inflammatory 
cytokines remained increased after VA-ECMO initiation. 
Furthermore, we found higher levels of IL-10 in patients 
under VA-ECMO compared to controls. Noteworthy, 
plasmatic levels of IL-7 were not analyzable since most 
of the data were below the limit of detection, and G-CSF 
was increased within 24 h after VA-ECMO (Fig. 4).

Discussion
Our study reveals that VA-ECMO initiation is associ-
ated with immune changes responsible for an immu-
nosuppression which may explain the high incidence of 
acquired infections observed in these patients. These 
changes occurred within 24  h following VA-ECMO ini-
tiation with major modifications in crucial immune 
functions that have been associated with nosocomial 
infections. Our results confirm the suspected immune 
dysfunction that comes along with interleukin changes 
observed in previous studies.

As immune changes observed in patients undergo-
ing cardiac surgery with CPB, VA-ECMO was sus-
pected to strongly weaken the adaptive immune system 
[3, 20]. However, our study brings evidences that VA-
ECMO initiation also affected innate cells. First, we 
found an increased proportion of immature neutro-
phils within 24  h following VA-ECMO initiation, along 
with an increased G-CSF plasma level. Immature neu-
trophils could display immunosuppressive properties 
with impaired phagocytosis and bactericidal activities, 
thus increasing the risk of secondary infections [31, 32]. 
They arise under stimulation by G-CSF, a key granu-
lopoietic cytokine, the secretion of which is increased 
after VA-ECMO initiation [33]. As observed in critically 
ill patients, we found that neutrophils of patients under 
VA-ECMO underwent modification that could affect 
their function and their ability to effectively kill invading 
organisms such as decreased C5a receptor expression, a 
key receptor for phagocytosis of Staphylococcus aureus, 
a bacteria commonly responsible for acquired infection 
[34]. Since neutrophil-mediated killing is the most impor-
tant mechanism against Staphylococcus aureus infection, 
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a

c

b

e

d

Fig. 2 VA‑ECMO induced changes in antigen presenting cell phenotype. a Peripheral monocyte counts were determined by flow cytometry 
at admission or VA‑ECMO initiation (D0), 24 h and 4 days (D1 and D4) (n = 8 Control (Ctrl) group, n = 9 VA‑ECMO group). b Monocyte HLA‑DR 
expression was measured by flow cytometry at admission or VA‑ECMO initiation (D0), 24 h and 4 days (D1 and D4) (n = 8 Control (Ctrl) group, 
n = 9 VA‑ECMO group). HLA‑DR expression has been represented as ratio of mean fluorescence intensity ratio (rrMFI) defined as the ratio of rMFI 
between D0 and D1 or D4. c Peripheral dendritic cell (DC) counts were determined by flow cytometry at admission or VA‑ECMO initiation (D0), 24 h 
and 4 days (D1 and D4) (n = 8 Control (Ctrl) group, n = 9 VA‑ECMO group). d Dendritic cells HLA‑DR expression was measured by flow cytometry 
at admission or VA‑ECMO initiation (D0), 24 h and 4 days (D1 and D4) (n = 8 Control (Ctrl) group, n = 9 VA‑ECMO group). HLA‑DR expression has 
been represented as ratio of mean fluorescence intensity ratio (rrMFI) defined as the ratio of rMFI between D0 and D1 or D4. (n = 8 Control (Ctrl) 
group, n = 9 ECMO group). E. Peripheral dendritic cell (DC) subsets counts (plasmacytoid DC (pDC) and myeloid DC (mDC CD1cpos and mDC 
CD141pos)) were determined by flow cytometry at admission or VA‑ECMO initiation (D0), 24 h and 4 days (D1 and D4) (n = 8 Control (Ctrl) group, 
n = 9 VA‑ECMO group)
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these modifications may have dramatic consequences 
[1, 26]. Our findings highlight the specificity of changes 
induced by VA-ECMO compared to those observed in 
patients undergoing cardiac surgery with CPB as it has 
been found that cardiac surgery with CPB significantly 
increased the number of circulating neutrophils with 

enhanced ability to kill bacteria [35]. Noteworthy, we 
observed no changes in monocyte expression of HLA-
DR after VA-ECMO initiation. This last result was unex-
pected because early and significant changes in monocyte 
expression of HLA-DR are usually reported in patients 
undergoing cardiac surgery with CPB, although it could 

b

c

a

Fig. 3 VA‑ECMO induced MDSC expansion and T‑cell dysfunction. a Total lymphocytes were determined by blood count formula. b Proportion of 
apoptotic T‑cells and their subpopulations,  CD4pos and  CD8pos, were determined at admission or VA‑ECMO initiation (D0), 24 h and 4 days (D1 and 
D4) (n = 6 Control (Ctrl) group, n = 6 VA‑ECMO group) by flow cytometry with an annexinV binding assay (n = 6). Results expressed as percentage 
of  AnnexinVpos  Dapineg cells. c Fresh PBMC obtained at admission or VA‑ECMO initiation (D0) and 24 h after (D1) were stimulated with anti‑CD3/
anti‑CD28 monoclonal antibodies after CFSE labelling. The proportion of  CD4pos (two left graphics) and  CD8pos (two right graphics) proliferated 
T cells were determined by flow cytometry (n = 9 Ctrl group, n = 7 ECMO group). d Percentage of granulocytic (G)‑MDSC among PBMCs was 
determined by flow cytometry at admission or VA‑ECMO initiation (D0), 24 h and 4 days (D1 and D4) (n = 8 Control (Ctrl) group, n = 9 VA‑ECMO 
group). Peripheral monocytic (M)‑MDSC counts were determined by flow cytometry at admission or VA‑ECMO initiation (D0), 24 h and 4 days (D1 
and D4) (n = 8 Control (Ctrl) group, n = 9 VA‑ECMO group)
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be related to a very low monocyte expression of HLA-DR 
in severely ill VA-ECMO patients at admission which is 
not usually observed in patients before undergoing car-
diac surgery with CPB [5, 36, 37]. However, we found that 
VA-ECMO induced a transient decrease in the HLA-DR 
expression on DC along to a significant decrease in the 
number of circulating mDC  CD141pos subset, the main 
human DC subset involved in infection control [38]. Such 
differences in immune changes observed could be related 
to the duration of inflammatory stimulation. The immune 
response to strong stimulation from pathogens or surgi-
cal procedure with CPB consists into a rapid mobiliza-
tion of short duration of monocytes or neutrophils with 
enhance capacity in phagocytosis and respiratory burst 
[27, 39]. During unresolved inflammation, neutrophils 
and monocytes arise with an immature phenotype along 
with markers of immunosuppression [40].

Most importantly, we demonstrated that VA-ECMO 
induced MDSC expansion and T-cell dysfunction. MDSC 
levels are increased in critically ill patients and after car-
diac surgery [5, 18, 30]. These cells can impair the adap-
tive immune system by suppressing  CD4pos and  CD8pos 
T-cell activation and function and can promote their 

apoptosis, altogether favoring infection and mortal-
ity in septic patients [30, 41, 42]. MDSC consist of two 
large groups of cells termed G-MDSC, which are pheno-
typically and morphologically similar to neutrophils, and 
M-MDSC, which are more suppressive than G-MDSC 
and phenotypically and morphologically similar to 
monocytes [40, 43]. We found that both G-MDSC and 
M-MDSC were significantly increased in patients with 
VA-ECMO although we did not find MDSC expansion in 
patients with cardiogenic shock treated medically. Both 
subsets are released from the bone marrow after stimu-
lation with various inflammatory/infectious signals such 
as G-CSF and IL-6 which were more increased after VA-
ECMO initiation compared to patients with cardiogenic 
shock without ECMO [18]. Although MDSC are impli-
cated in the suppression of different cells of the immune 
system, the main targets of MDSC are T-cells [19]. 
Along these lines, patients under VA-ECMO presented 
T-cells dysfunctions with increased T-cells apoptosis 
and decreased ability of T-cells to proliferate. Lympho-
cyte dysfunction has been initially described in chronic 
infection and has been related to late death in septic 
patients and increased risk of nosocomial infection [28]. 

Fig. 4 Cytokine analysis in patients under VA‑ECMO and control patients. Quantification of interleukine (IL)‑6, tumor necrosis factor (TNF)‑α, IL‑10, 
granulocyte‑colony stimulating factor (G‑CSF) and IL‑8 by ELISA in plasma from patients at admission or VA‑ECMO initiation (D0), 24 h and 4 days 
(D1 and D4) (n = 6 Control (Ctrl) group, n = 6 VA‑ECMO group)
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Apoptotic lymphocytes are characterized by immuno-
suppressive properties through liberation of Damage 
Associated Molecular Patterns (DAMPS) [29, 44, 45] 
and MDSC induce T-cells dysfunctions through various 
mechanisms such as depleting the extracellular milieu in 
amino-acids which induce cellular metabolism dysfunc-
tion [46, 47].

Lastly, IL-7, which promotes T-cells viability and func-
tionality and improves survival in critically ill patients 
[48, 49], was mainly undetectable in the plasma from 
VA-ECMO patients, and we found higher levels of IL-10 
in patients under VA-ECMO compared to cardiogenic 
shock patients. IL-10 is an interleukin known to decrease 
the ability of DC and macrophages to stimulate the pro-
liferation of T-cells, and it has been shown that addition 
of anti-IL-10 almost completely blocked the anti-prolifer-
ative effects of MDSCs on T cells [50–52].

This study has several limitations that have to be 
acknowledged. To study specific effects of VA-ECMO 
initiation in cardiogenic shock, we decided to include, 
as controls, ICU patients with cardiogenic shock treated 
medically. Although closely related to VA-ECMO 
patients, this control group featured a less severe car-
diac status responsive to medical treatment. While 
these groups did not differ in terms of starting immune 
status, marked immune changes appeared within 24  h 
after VA-ECMO initiation. The strict inclusion criteria 
and the methodology used meant that only few patients 
could be included. As a consequence, only 18 patients 
have been included over a two years period. Small size of 
both groups undoubtedly limits the value of our results. 
For instance, the trend for differences in cytokine levels 
could indicate that the study is under-powered. Of note, 
no practice changes have been observed during the study 
period. The VA ECMO patient population and the con-
trol patient population have important differences in rate 
of mechanical ventilation and median days of vasopres-
sor use, and the differences observed in our study could 
also be related to the severity of shock at admission. For 
instance, both of these differences may have important 
implications for MDSC expansion [53]. The function of 
monocytes has not been studied through functional test-
ing such as cytokine production under stimulation. We 
only described the number of monocytes, and the levels 
of surface molecules which could be associated with their 
function. Since it has been shown that monocytes from 
critically ill patients (septic and non-septic patients) pro-
duce lower amount of cytokine and that survival patients 
recovered their capacity to produce normal amounts of 
cytokines upon stimulation, performing these experi-
ments would have been of great value [54]. Lastly, we 
acknowledge that our study does not provide an exhaus-
tive analyze in immune changes, and we did not conduct 

in-vitro experiment to demonstrate the role of MDSC 
in T cell dysfunction. However, our findings allow us 
to suggest that VA-ECMO induces profound changes 
in immune cells that may expose patients to develop 
infections.

Conclusions
In conclusion, we found that VA-ECMO induced early 
immune changes identical to those associated with 
increased risk of infection acquisition and mortality 
in critically ill patients. A better knowledge of mecha-
nisms involved would allow therapeutic interventions to 
decrease VA-ECMO associated infections and decrease 
mortality.

Acknowledgements
None.

Authors’ contributions
JMT, KT, MR, ML, AF and FU designed and supervised research. FU, MG, ML, 
FR and JMT designed experiments. AF, ML, MG, FR and CM performed experi‑
ments. AF, AL, AA, AMa, AF, JPV and YLT provided samples. MC, KT, MR, JMT, NN 
and AG analyzed data. AG and FR conducted the statistical analysis. JMT, KT, 
MC and MR wrote the manuscript. All authors reviewed, revised and approved 
the final version of the manuscript.

Funding
Supported by a grant from the Fondation de l’Avenir to JMT (Prix Mutualité 
Fonction Publique des donateurs‑Fondation de l’Avenir 2018.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Ethics approval and consent to participate
The study protocol was approved by the ethic committee of the CHU de 
Rennes (n°16.11).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Maladies Infectieuses Et Réanimation Médicale, CHU Rennes, 35033 Rennes, 
France. 2 INSERM, EFS Bretagne, UMR U1236, Université de Rennes 1, 
35000 Rennes, France. 3 Pôle Biologie, CHU Rennes, 35033 Rennes, France. 
4 Service de Bactériologie, CHU Rennes, 35033 Rennes, France. 5 Service de 
Cardiologie et maladies vasculaires, CHU de Rennes, 35033 Rennes, France. 
6 Anesthésie‑Réanimation, CHU Rennes, 35033 Rennes, France. 7 Chirurgie 
Cardio‑Thoracique Et Vasculaire, CHU Rennes, 35033 Rennes, France. 

Received: 11 September 2020   Accepted: 16 December 2020

References
 1. Delano MJ, Ward PA. Sepsis‑induced immune dysfunction: can immune 

therapies reduce mortality? J Clin Invest. 2016;126:23–31.
 2. Grimaldi D, Louis S, Pene F, Sirgo G, Rousseau C, Claessens YE, Vimeux 

L, Cariou A, Mira JP, Hosmalin A, Chiche JD. Profound and persis‑
tent decrease of circulating dendritic cells is associated with ICU‑
acquired infection in patients with septic shock. Intensive Care Med. 
2011;37:1438–46.



Page 11 of 12Frerou et al. Crit Care            (2021) 25:9  

 3. Chalk K, Meisel C, Spies C, Volk T, Thuenemann K, Linneweber J, Wernecke 
KD, Sander M. Dysfunction of alveolar macrophages after cardiac surgery 
and postoperative pneumonia? An observational study. Crit Care. 
2013;17:R285.

 4. Hadley JS, Wang JE, Michaels LC, Dempsey CM, Foster SJ, Thiemermann 
C, Hinds CJ. Alterations in inflammatory capacity and TLR expression 
on monocytes and neutrophils after cardiopulmonary bypass. Shock. 
2007;27:466–73.

 5. Gaudriot B, Uhel F, Gregoire M, Gacouin A, Biedermann S, Roisne A, 
Flecher E, Le Tulzo Y, Tarte K, Tadie JM. Immune dysfunction after cardiac 
surgery with cardiopulmonary bypass: beneficial effects of maintaining 
mechanical ventilation. Shock. 2015;44:228–33.

 6. Guglin M, Zucker MJ, Bazan VM, Bozkurt B, El Banayosy A, Estep JD, Gurley 
J, Nelson K, Malyala R, Panjrath GS, et al. Venoarterial ECMO for adults: 
JACC Scientific Expert Panel. J Am Coll Cardiol. 2019;73:698–716.

 7. Squiers JJ, Lima B, DiMaio JM. Contemporary extracorporeal membrane 
oxygenation therapy in adults: fundamental principles and systematic 
review of the evidence. J Thorac Cardiovasc Surg. 2016;152:20–32.

 8. Abrams D, Combes A, Brodie D. Extracorporeal membrane oxygenation 
in cardiopulmonary disease in adults. J Am Coll Cardiol. 2014;63:2769–78.

 9. Chang CH, Chen HC, Caffrey JL, Hsu J, Lin JW, Lai MS, Chen YS. Survival 
analysis after extracorporeal membrane oxygenation in critically ill adults: 
a nationwide cohort study. Circulation. 2016;133:2423–33.

 10. Burns S, Constantin N, Robles P, Investigators RP. Understanding the long‑
term sequelae of ECMO survivors. Intensive Care Med. 2018;44:1144–7.

 11. Schmidt M, Brechot N, Hariri S, Guiguet M, Luyt CE, Makri R, Leprince P, 
Trouillet JL, Pavie A, Chastre J, Combes A. Nosocomial infections in adult 
cardiogenic shock patients supported by venoarterial extracorporeal 
membrane oxygenation. Clin Infect Dis. 2012;55:1633–41.

 12. Abrams D, Grasselli G, Schmidt M, Mueller T, Brodie D. ECLS‑associated 
infections in adults: what we know and what we don’t yet know. Inten‑
sive Care Med. 2020;46:182–91.

 13. Messika J, Schmidt M, Aubry A, Combes A, Ricard JD. Extracorporeal 
membrane oxygenation‑associated infections: carefully consider cannula 
infections! Crit Care Med. 2018;46:e171–2.

 14. Grasselli G, Scaravilli V, Di Bella S, Biffi S, Bombino M, Patroniti N, Bisi L, Peri 
AM, Pesenti A, Gori A, Alagna L. Nosocomial infections during extra‑
corporeal membrane oxygenation: incidence, etiology, and impact on 
patients’ outcome. Crit Care Med. 2017;45:1726–33.

 15. Al‑Fares A, Pettenuzzo T, Del Sorbo L. Extracorporeal life support and 
systemic inflammation. Intensive Care Med Exp. 2019;7:46.

 16. Granja T, Hohenstein K, Schussel P, Fischer C, Prufer T, Schibilsky D, Wendel 
HP, Jaschonek K, Serna‑Higuita L, Schlensak C, et al. Multi‑modal charac‑
terization of the coagulopathy associated with extracorporeal membrane 
oxygenation. Crit Care Med. 2020;48:e400–8.

 17. Millar JE, Fanning JP, McDonald CI, McAuley DF, Fraser JF. The inflam‑
matory response to extracorporeal membrane oxygenation (ECMO): a 
review of the pathophysiology. Crit Care. 2016;20:387.

 18. Venet F, Demaret J, Gossez M, Monneret G. Myeloid cells in sepsis‑
acquired immunodeficiency. Ann N Y Acad Sci. 2020. https ://doi.
org/10.1111/nyas.14333 .

 19. Gabrilovich DI. Myeloid‑derived suppressor cells. Cancer Immunol Res. 
2017;5:3–8.

 20. Hubner M, Tomasi R, Effinger D, Wu T, Klein G, Bender M, Kilger E, Juchem 
G, Schwedhelm E, Kreth S. Myeloid‑derived suppressor cells mediate 
immunosuppression after cardiopulmonary bypass. Crit Care Med. 
2019;47:e700–9.

 21. Hollen MK, Stortz JA, Darden D, Dirain ML, Nacionales DC, Hawkins RB, 
Cox MC, Lopez MC, Rincon JC, Ungaro R, et al. Myeloid‑derived sup‑
pressor cell function and epigenetic expression evolves over time after 
surgical sepsis. Crit Care. 2019;23:355.

 22. Waeckel L, Venet F, Gossez M, Monard C, Rimmele T, Monneret G. Delayed 
persistence of elevated monocytic MDSC associates with deleteri‑
ous outcomes in septic shock: a retrospective cohort study. Crit Care. 
2020;24:132.

 23. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, Falk 
V, Gonzalez‑Juanatey JR, Harjola VP, Jankowska EA, et al. 2016 ESC Guide‑
lines for the diagnosis and treatment of acute and chronic heart failure: 
The Task Force for the diagnosis and treatment of acute and chronic 
heart failure of the European Society of Cardiology (ESC) Developed with 

the special contribution of the Heart Failure Association (HFA) of the ESC. 
Eur Heart J. 2016;37:2129–200.

 24. Frantz S, Falcao‑Pires I, Balligand JL, Bauersachs J, Brutsaert D, Ciccarelli M, 
Dawson D, de Windt LJ, Giacca M, Hamdani N, et al. The innate immune 
system in chronic cardiomyopathy: a European Society of Cardiology 
(ESC) scientific statement from the Working Group on Myocardial Func‑
tion of the ESC. Eur J Heart Fail. 2018;20:445–59.

 25. Levey AS, Eckardt KU, Tsukamoto Y, Levin A, Coresh J, Rossert J, De Zeeuw 
D, Hostetter TH, Lameire N, Eknoyan G. Definition and classification 
of chronic kidney disease: a position statement from Kidney Disease: 
Improving Global Outcomes (KDIGO). Kidney Int. 2005;67:2089–100.

 26. Spaan AN, Surewaard BG, Nijland R, van Strijp JA. Neutrophils versus 
Staphylococcus aureus: a biological tug of war. Annu Rev Microbiol. 
2013;67:629–50.

 27. Shi C, Pamer EG. Monocyte recruitment during infection and inflamma‑
tion. Nat Rev Immunol. 2011;11:762–74.

 28. Le Tulzo Y, Pangault C, Amiot L, Guilloux V, Tribut O, Arvieux C, Camus C, 
Fauchet R, Thomas R, Drenou B. Monocyte human leukocyte antigen‑DR 
transcriptional downregulation by cortisol during septic shock. Am J 
Respir Crit Care Med. 2004;169:1144–51.

 29. Le Tulzo Y, Pangault C, Gacouin A, Guilloux V, Tribut O, Amiot L, Tattevin P, 
Thomas R, Fauchet R, Drenou B. Early circulating lymphocyte apop‑
tosis in human septic shock is associated with poor outcome. Shock. 
2002;18:487–94.

 30. Uhel F, Azzaoui I, Gregoire M, Pangault C, Dulong J, Tadie JM, Gacouin 
A, Camus C, Cynober L, Fest T, et al. Early expansion of circulating 
granulocytic myeloid‑derived suppressor cells predicts development of 
nosocomial infections in patients with sepsis. Am J Respir Crit Care Med. 
2017;196:315–27.

 31. Darcy CJ, Minigo G, Piera KA, Davis JS, McNeil YR, Chen Y, Volkheimer AD, 
Weinberg JB, Anstey NM, Woodberry T. Neutrophils with myeloid derived 
suppressor function deplete arginine and constrain T cell function in 
septic shock patients. Crit Care. 2014;18:R163.

 32. Drifte G, Dunn‑Siegrist I, Tissieres P, Pugin J. Innate immune functions of 
immature neutrophils in patients with sepsis and severe systemic inflam‑
matory response syndrome. Crit Care Med. 2013;41:820–32.

 33. Pedersen CC, Borup R, Fischer‑Nielsen A, Mora‑Jensen H, Fossum A, Cow‑
land JB, Borregaard N. Changes in gene expression during G‑CSF‑induced 
emergency granulopoiesis in humans. J Immunol. 2016;197:1989–99.

 34. Guo RF, Riedemann NC, Laudes IJ, Sarma VJ, Kunkel RG, Dilley KA, 
Paulauskis JD, Ward PA. Altered neutrophil trafficking during sepsis. J 
Immunol. 2002;169:307–14.

 35. Mekontso‑Dessap A, Honore S, Kirsch M, Plonquet A, Fernandez E, 
Touqui L, Farcet JP, Soussy CJ, Loisance D, Delclaux C. Blood neutrophil 
bactericidal activity against methicillin‑resistant and methicillin‑sensitive 
Staphylococcus aureus during cardiac surgery. Shock. 2005;24:109–13.

 36. Tepaske R, Velthuis H, Oudemans‑van Straaten HM, Heisterkamp SH, van 
Deventer SJ, Ince C, Eysman L, Kesecioglu J. Effect of preoperative oral 
immune‑enhancing nutritional supplement on patients at high risk of 
infection after cardiac surgery: a randomised placebo‑controlled trial. 
Lancet. 2001;358:696–701.

 37. Sbrana S, Bevilacqua S, Buffa M, Spiller D, Parri MS, Gianetti J, De Filip‑
pis R, Clerico A. Post‑reperfusion changes of monocyte function in 
coronary blood after extracorporeal circulation. Cytometry B Clin Cytom. 
2005;65:14–21.

 38. Jongbloed SL, Kassianos AJ, McDonald KJ, Clark GJ, Ju X, Angel CE, Chen 
CJ, Dunbar PR, Wadley RB, Jeet V, et al. Human CD141+ (BDCA‑3)+ 
dendritic cells (DCs) represent a unique myeloid DC subset that cross‑
presents necrotic cell antigens. J Exp Med. 2010;207:1247–60.

 39. Kruger P, Saffarzadeh M, Weber AN, Rieber N, Radsak M, von Bernuth 
H, Benarafa C, Roos D, Skokowa J, Hartl D. Neutrophils: Between 
host defence, immune modulation, and tissue injury. PLoS Pathog. 
2015;11:e1004651.

 40. Veglia F, Perego M, Gabrilovich D. Myeloid‑derived suppressor cells com‑
ing of age. Nat Immunol. 2018;19:108–19.

 41. Gey A, Tadie JM, Caumont‑Prim A, Hauw‑Berlemont C, Cynober L, Fagon 
JY, Terme M, Diehl JL, Delclaux C, Tartour E. Granulocytic myeloid‑derived 
suppressor cells inversely correlate with plasma arginine and overall 
survival in critically ill patients. Clin Exp Immunol. 2015;180:280–8.

 42. Gabrilovich DI, Nagaraj S. Myeloid‑derived suppressor cells as regulators 
of the immune system. Nat Rev Immunol. 2009;9:162–74.

https://doi.org/10.1111/nyas.14333
https://doi.org/10.1111/nyas.14333


Page 12 of 12Frerou et al. Crit Care            (2021) 25:9 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 43. Dolcetti L, Peranzoni E, Ugel S, Marigo I, Fernandez Gomez A, Mesa C, 
Geilich M, Winkels G, Traggiai E, Casati A, et al. Hierarchy of immunosup‑
pressive strength among myeloid‑derived suppressor cell subsets is 
determined by GM‑CSF. Eur J Immunol. 2010;40:22–35.

 44. Birge RB, Ucker DS. Innate apoptotic immunity: the calming touch of 
death. Cell Death Differ. 2008;15:1096–102.

 45. Hotchkiss RS, Chang KC, Grayson MH, Tinsley KW, Dunne BS, Davis CG, 
Osborne DF, Karl IE. Adoptive transfer of apoptotic splenocytes worsens 
survival, whereas adoptive transfer of necrotic splenocytes improves 
survival in sepsis. Proc Natl Acad Sci U S A. 2003;100:6724–9.

 46. Rodriguez PC, Ochoa AC. Arginine regulation by myeloid derived 
suppressor cells and tolerance in cancer: mechanisms and therapeutic 
perspectives. Immunol Rev. 2008;222:180–91.

 47. Wherry EJ. T cell exhaustion. Nat Immunol. 2011;12:492–9.
 48. Unsinger J, McGlynn M, Kasten KR, Hoekzema AS, Watanabe E, Muenzer 

JT, McDonough JS, Tschoep J, Ferguson TA, McDunn JE, et al. IL‑7 pro‑
motes T cell viability, trafficking, and functionality and improves survival 
in sepsis. J Immunol. 2010;184:3768–79.

 49. Venet F, Foray AP, Villars‑Mechin A, Malcus C, Poitevin‑Later F, Lepape 
A, Monneret G. IL‑7 restores lymphocyte functions in septic patients. J 
Immunol. 2012;189:5073–81.

 50. Ouyang W, O’Garra A. IL‑10 Family Cytokines IL‑10 and IL‑22: from Basic 
Science to Clinical Translation. Immunity. 2019;50:871–91.

 51. Park MJ, Lee SH, Kim EK, Lee EJ, Baek JA, Park SH, Kwok SK, Cho ML. Inter‑
leukin‑10 produced by myeloid‑derived suppressor cells is critical for the 
induction of Tregs and attenuation of rheumatoid inflammation in mice. 
Sci Rep. 2018;8:3753.

 52. Zhou L, Miao K, Yin B, Li H, Fan J, Zhu Y, Ba H, Zhang Z, Chen F, Wang J, 
et al. Cardioprotective role of myeloid‑derived suppressor cells in heart 
failure. Circulation. 2018;138:181–97.

 53. Stolk R, van der Pasch E, Naumann F, Schouwstra J, Bressers S, van Her‑
waarden T, Gerretsen J, Schambergen R, Ruth M, van der Hoeven H, et al. 
Norepinephrine dysregulates the immune response and compromises 
host defense during sepsis. Am J Respir Crit Care Med. 2020;202:830–42.

 54. Munoz C, Carlet J, Fitting C, Misset B, Bleriot JP, Cavaillon JM. Dysregula‑
tion of in vitro cytokine production by monocytes during sepsis. J Clin 
Invest. 1991;88:1747–54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Venoarterial extracorporeal membrane oxygenation induces early immune alterations
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Material and methods
	Patients
	Cytometry
	Proliferation assay
	Apoptosis assay
	Cytokine quantification
	Statistical analysis
	Sample sizes

	Results
	Studied population
	VA-ECMO initiation induced an increase in immature circulating neutrophils
	VA-ECMO initiation induced changes in antigen presenting cell phenotype
	VA-ECMO initiation induced MDSC expansion and T-cell dysfunction
	Cytokine analysis

	Discussion
	Conclusions
	Acknowledgements
	References


