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Abstract

Background: Sepsis is the leading cause of mortality for critically ill patients worldwide. Patients develop T
lymphocyte dysfunctions leading to T-cell exhaustion associated with increased risk of death. As interleukin-7
(IL-7) is currently tested in clinical trials to reverse these dysfunctions, it is important to evaluate the expression of its
specific CD127 receptor on the T-cell surface of patients with septic shock. Moreover, the CD127°"PD-1"9" phenotype
has been proposed as a T-cell exhaustion marker in chronic viral infections but has never been evaluated in sepsis. The
objective of this study was first to evaluate CD127 and CD127°"PD-1"9" phenotype in septic shock in parallel with
functional T-cell alterations. Second, we aimed to reproduce septic shock-induced T-cell alterations in an ex vivo
model.

Methods: CD127 expression was followed at the protein and mRNA levels in patients with septic shock and healthy
volunteers. CD127°"PD-1"9" phenotype was also evaluated in parallel with T-cell functional alterations after ex vivo
activation. To reproduce T-cell alterations observed in patients, purified T cells from healthy volunteers were activated
ex vivo and their phenotype and function were evaluated.

Results: In patients, neither CD127 expression nor its corresponding mRNA transcript level was modified compared
with normal values. However, the percentage of CD127°“PD-1"9" T cells was increased while T cells also presented
functional alterations. CD127'°PD-1"9" T cells co-expressed HLA-DR, an activation marker, suggesting a role for T-cell
activation in the development of this phenotype. Indeed, T-cell receptor (TCR) activation of normal T lymphocytes

ex vivo reproduced the increase of CD127°“PD-1"9" T cells and functional alterations following a second stimulation,
as observed in patients. Finally, in this model, as observed in patients, IL-7 could improve T-cell proliferation.

Conclusions: The proportion of CD127'°"PD-1"9" T cells in patients was increased compared with healthy volunteers,
although no global CD127 regulation was observed. Our results suggest that TCR activation participates in the occurrence of
this T-cell population and in the development of T-cell alterations in septic shock. Furthermore, we provide an ex vivo model
for the investigation of the pathophysiology of sepsis-induced T-cell immunosuppression and the testing of innovative
immunostimulant treatments.
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Background

Sepsis has recently been re-defined as a life-threatening
organ dysfunction caused by a dysregulated host re-
sponse to infection [1]. It represents a major health-care
challenge with high incidence and mortality [2, 3]. For
example, it was recently shown that septic shock (that is,
the subset of sepsis associated with acute circulatory fail-
ure) is associated with a crude mortality of over 45% [3].
Sepsis also represents a high economic burden, which is
due in part to long and costly hospital stays [4].

Patients with sepsis develop severe immune dysfunc-
tion affecting innate and adaptive immune responses,
whose intensity and duration are associated with in-
creased risk of death and nosocomial infections [5].
Thus, innovative therapies targeting these dysfunctions
are being evaluated in sepsis [6]. T lymphocyte dysfunc-
tion, or more specifically T-cell exhaustion, occurs dur-
ing the immunosuppressive phase of sepsis, as
previously described in the cancer literature [7, 8]. In-
deed, most patients with sepsis are lymphopenic [9], and
the remaining T lymphocytes show a poor functional
status. This includes decreased proliferation and cyto-
kine production ex vivo and increased apoptosis [8, 10,
11] along with an increased expression of co-inhibitory
receptors such as PD-1 [12, 13]. Several clinical studies
showed that these dysfunctions are associated with in-
creased mortality or secondary infections [8, 12]. There-
fore, clinical trials evaluating immuno-adjuvant therapies
to target T-cell alterations are ongoing in sepsis.

In particular, preclinical studies showed that IL-7
treatment reduced mortality in murine models of sepsis
and improved cell functionality upon ex vivo activation
of T lymphocytes of patients with septic shock [10, 14,
15]. A recent phase II clinical trial evaluating IL-7 in pa-
tients with septic shock showed that IL-7 treatment re-
stored T-cell count in patients with severe lymphopenia
in the absence of any severe side effects [16].

IL-7 is a hematopoietic growth factor whose main role
is to maintain T-cell homeostasis and favor T-cell func-
tions [17]. IL-7 activity is mediated through its binding
to its specific IL-7 receptor (IL-7R). IL-7R is expressed
mainly on the T-cell surface and is composed of two
chains: an IL-7-specific chain (CD127) and a common
receptor y-chain [18]. In regard to IL-7 functions, IL-7
receptor expression is tightly regulated at both protein
and mRNA levels. For example, decreased CD127 ex-
pression on T cells has been described in several clinical
contexts of T lymphocyte exhaustion, such as human
immunodeficiency virus (HIV), hepatitis C virus (HCV)
infections, and cancer [19-21]. In sepsis, preliminary
data have been generated at the protein level but the
corresponding mRNA transcript expression has never
been concomitantly studied [10, 12]. In addition, the
CD127°*PD-1M8" T lymphocyte subset has been
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proposed as a T-cell exhaustion marker in several clin-
ical contexts [22]. Indeed, CD127°%PD-1"8" T cells were
identified in chronic viral infections and in cancer. These
cells have been shown to display an exhausted function-
ality with poor cytokine production and proliferation
[23-26]. The occurrence of this specific CD127'°%pD-1"ieh
phenotype among T cells has never been specifically stud-
ied in patients with septic shock.

Thus, in the present study, we aimed to evaluate
CD127 expression on T cells at both protein and mRNA
levels and the development of CD127"°"PD-1"8" T cells
in parallel with functional alterations of T lymphocytes
in patients with septic shock. We also aimed to evaluate
the effect of T-cell activation through T-cell receptors
(TCRs) on the development of these phenotypic and
functional alterations in an ex vivo model.

Material and methods

Patients and healthy volunteers

This study was conducted in the intensive care unit
(ICU) of the Hépital Edouard Herriot (Hospices Civils
de Lyon, Lyon, France). This project was approved by
our Institutional Review Board for Ethics (“Comité de
Protection des Personnes Sud-Est II”), which waived the
need for informed consent, as the study was observa-
tional and performed on residual blood, after the com-
pletion of routine follow-up (#IRB 11236). This study is
registered at the French Ministry of Research and
Teaching (#DC-2008-509), at the Commission Nationale
de I'Informatique et des Libertés, and on ClinicalTrials.-
gov  (ClinicalTrials.gov  Identifier: NCT02803346).
Non-opposition to inclusion in the study was registered
for each patient. Patients with septic shock were identi-
fied in accordance with the diagnostic criteria of the
American College of Chest Physicians/Society of Critical
Care Medicine and to the new sepsis definition from
2016 [1, 27]. Patients with septic shock were excluded
with regard to the following exclusion criteria: age of less
than 18, immunosuppressive disease (HIV, cancer, or
primary immune deficiency), immunosuppressive or cor-
ticoid treatment (dosage of more than 10 mg/day or cu-
mulative dose of more than 700mg equivalent
prednisolone), aplasia as defined by number of circulat-
ing neutrophils of less than 500 cells/mm?, and extracor-
poreal circulation during the month prior ICU
admission. Nosocomial infections were defined as previ-
ously reported [28]. Patients were screened daily during
the ICU stay for microbiologically documented pulmon-
ary infection, urinary tract infection, bloodstream infec-
tion, and catheter-related infection. Nosocomial
infections were defined in accordance with the European
Center for Disease Control and Prevention [29]. Expres-
sion of HLA-DR on monocytes (mHLA-DR) was mea-
sured as previously described and was expressed as the
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number of anti-HLA-DR antibodies bound per cell (AB/
C) [30]. The percentage of CD4*CD25M8hCD127°"
regulatory T (Treg) cells among CD4" T cells was deter-
mined as previously described [31]. Peripheral blood
samples were collected at three time points after the on-
set of septic shock: from 24 h to 48 h (D1, n = 15), 72h
to 96 h (D3, n = 30), and 7 to 8 days (D7, n = 10). Per-
ipheral blood from healthy volunteers (HVs) was pro-
vided by the “Etablissement Francais du Sang”: 34
age-matched HVs for the cohort of patients with septic
shock (median age 56 [52—61] years, male 31%) and 13
HVs for the ex vivo experiments. According to the stan-
dardized procedure for blood donation, written informed
consent was obtained from HVs and personal data for
blood donors were anonymized at the time of blood do-
nation, prior to blood transfer to our research lab.

T-cell purification

Human T cells were isolated from HV and septic shock
patient samples by antibody-based negative selection
and density gradient centrifugation by using a human
T-cell enrichment cocktail (Rosette Sep™, StemCell
Technologies, Grenoble, France), as described in the in-
structions of the manufacturer. Quality of T-cell purifi-
cation was systematically controlled. Purified cells were
labeled with a Pacific Blue (PB) anti-CD3 antibody (Ab)
(Beckman Coulter, Hialeah, FL, USA) and lithium dode-
cyl sulfate 751 as a marker of nucleated cells (Molecular
Probes, Life Technologies, Saint-Aubin, France). Sample
purity was systematically greater than 95%.

TCR activation and cell culture of T lymphocytes purified
from healthy donors

T cells were purified as described above and cultured at
1 x 10° cells per mL in complete culture medium: RPMI
1640 (Eurobio, Les Ulis, France), supplemented with
10% AB human serum (Life Technologies), 2 mM L-Glu-
tamine (Eurobio), 1000IU/mL penicillin (Eurobio),
1000 pg/mL  streptomycin (Eurobio), and 200 pg/mL
amphotericin B (Gibco, Thermo Fisher Scientific, Wilm-
slow, UK). After overnight culture, T cells were seeded
in a complete culture medium in 48-well cell culture
plates (Corning, Corning, NY, USA) with or without
aCD3/28 antibody-coated beads (aCD3/28, T-cell activa-
tion/expansion kit, Miltenyi Biotec, Auburn, CA, USA,
1:1 bead-to-cell ratio). T cells cultured with aCD3
antibody-coated beads (aCD3) were used as a control
condition, mimicking an incomplete activation and an-
ergy [32]. After 5 days of culture, HLA-DR, CD127, and
PD-1 expressions were evaluated by flow cytometry.
T-cell functionality (cytokine production and prolifera-
tion) was then evaluated, as described below, in response
to a secondary stimulation using aCD2/3/28
antibody-coated beads (aCD2/3/28) (T-cell activation/
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expansion kit, Miltenyi Biotec, 1:1 bead-to-cell ratio) for
3 days. This second stimulation step was intended to
mimic experiments performed when evaluating func-
tionality of T lymphocytes from patients with septic
shock which are re-stimulated ex vivo to induce their ef-
fector functions. When IL-7 efficacy in improving T-cell
function ex vivo was tested, recombinant human IL-7
(100 ng/mL, R&D Systems, Minneapolis, MN, USA) was
added simultaneously to aCD2/3/28 for the 3 days of
the second activation.

CD127 mRNA level evaluation

Total RNA was extracted from T cells by using an RNeasy
kit (Qiagen, Hilden, Germany). RNA integrity was assessed
with an RNA 6000 Nano kit (Agilent Technologies, Santa
Clara, CA, USA). Total RNA was reverse-transcribed into
complementary DNA (cDNA) by using a SuperScript VILO™
cDNA synthesis kit (Life Technologies). A specific polymer-
ase chain reaction (PCR) assay amplifying the IL7R1 tran-
script coding for the transmembrane protein (Ensembl
release 87) was used with the forward primer CTCT
GTCGCTCTGTTGGTC targeting exon 6, the backward
primer TCCAGAGTCTTCTTATGATCG targeting exon 7,
and the probe CTATCGTATGGCCCAGTCTCC targeting
exon 7. Quantitative PCR was conducted on a LightCycler
480 instrument (Roche, Bale, Switzerland) using a LightCy-
cler 480 probes master kit (Roche) in accordance with the in-
structions of the manufacturer. Thermocycling was
performed in a final volume of 20 pL. containing 0.5 pM of
primers and 0.1 uM of probe, with an initial denaturation
step of 10 min at 95 °C, followed by 45 cycles of 10 s denatur-
ation at 95 °C, annealing for 29 s at 68-58°C, and a 1 s ex-
tension period at 72 °C. The crossing point for each sample
was calculated by using the second derivative maximum
method with the LightCycler software. Standard curves were
generated by using five replicates of cDNA standards and
were used to perform efficiency-corrected quantification. Re-
sults were expressed as absolute concentrations (copy num-
ber per microliter) and normalized by the RNA quantity
used for reverse transcription.

Flow cytometry

For septic shock patients and HV cohorts, flow cytome-
try surface stainings were performed by using 50 puL of
whole blood. Erythrocytes were lysed with Versalyse so-
lution (Beckman Coulter). Antibodies were purchased
from Beckman Coulter: PB anti-CD4, Krome Orange
(KRO) anti-CD8, allophycocyanin (APC) anti-CD127,
phycoerythrin-cyanin (PC) 7 anti-CD25, PC7 anti-CD3,
phycoerythrin (PE) anti-PD-1, PE anti-CD25, PC5.5
anti-PD-1, PC7 anti-CD127, Alexa Fluor (AF) 700
anti-CD8, and fluorescein isothiocyanate (FITC)
anti-CD38 Ab. KRO anti-HLA-DR Ab was purchased
from Becton Dickinson (San Jose, CA, USA) and FITC
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anti-CCR7 Ab from R&D Systems. AF647 anti-FoxP3
Ab was purchased from BioLegend (San Jose, CA, USA).
To measure CD127 and PD-1 expressions, correspond-
ing isotypic controls were purchased from Beckman
Coulter. All antibodies were used in accordance with
concentrations recommended by the manufacturers.

In the ex vivo experiments of TCR activation of puri-
fied T cells from HVs, 100000 T lymphocytes were
stained after 5 days of activation. Antibodies were pur-
chased from Beckman Coulter: PB anti-CD4, FITC
anti-CD8, PB anti-HLA-DR, APC anti-CD4, and KRO
anti-CD8 Ab. PC7 anti-CD127 and APC anti-PD-1 Ab
were purchased from BioLegend.

Flow cytometry assays were performed on a Navios
cytometer (Beckman Coulter). Results were expressed as
medians of fluorescence intensity (MFIs) for the meas-
urement of CD127 on total CD4* and CD8" T lympho-
cytes and as percentages of positive cells for all other
parameters. Flow cytometry data were analyzed by using
Kaluza software (Beckman Coulter).

Spanning-tree Progression Analysis of Density-normalized
Events
T-cell phenotypes of septic shock patients and healthy
donors were also evaluated through an unsupervised
computational approach using the Spanning-tree Pro-
gression Analysis of Density-normalized Events (SPADE)
algorithm as described by Qiu et al. [33]. Analysis was
performed by using Cytobank (Santa Clara, CA, USA).
SPADE analysis was performed on manually gated sin-
gulet events from 14 HVs and 17 patients with septic
shock. These patients with septic shock were consecu-
tively enrolled during a fixed period of time. Nine of
them were also included in the analysis of cytokine pro-
duction and IL-7 receptor and PD-1 expressions. We
verified that the clinical characteristics of this subgroup
of patients did not differ from those of the entire cohort.
Raw median intensity values were transformed to a
hyperbolic arcsine (arcsinh) scale with a cofactor of 5.
The target numbers of nodes were adjusted to 4 for
CD4" T cells and 3 for CD8" T cells. Clustering channels
included all CD127, CD38, HLA-DR, PD-1, FoxP3, and
CD25 parameters. Percentage downsampling was 10%.
Intensity and cellular abundance of each node from each
individual were exported for further analysis. Relative ex-
pressions of each marker in each node were then com-
pared by the MFI of cells included in the node. Finally,
the percentages of cells in each node were compared be-
tween patients with septic shock and HVs.

Intracellular cytokine stainings

For patients with septic shock and HVs, intracellular
cytokine contents were measured from a 50 pL whole
blood sample after 3h of incubation at 37°C with
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pre-coated tubes containing phorbol 12-myristate
13-acetate (PMA), ionomycin, and brefeldin A (Beckman
Coulter). The mitogen PMA is a classic stimulant for
intracellular cytokine production experiments [34],
which we had previously evaluated on samples from pa-
tients with septic shock [35]. Intracellular staining was
then performed by using a PerFix-nc no centrifuge assay
kit (Beckman Coulter) and tubes containing dry AF750
anti-CD3, PB anti-CD4, AF700 anti-CD8, FITC
anti-interferon gamma (anti-IFNy), PE anti-tumor ne-
crosis factor alpha (anti-TNFa), and PC7 anti-IL-2 Ab
(DuraClone IF T Activation Tube, Beckman Coulter).
Gating was performed as previously described [35].

In the ex vivo experiments evaluating TCR activation
of purified T cells from HVs, T lymphocytes were incu-
bated with brefeldin A (Sigma-Aldrich, St. Louis, MO,
USA) at a final concentration of 10 ug/mL during the
last 4 h of the secondary stimulation step at 37 °C in 5%
CO,. T cells were then stained for surface markers: PC7
anti-CD4 and KRO anti-CD8 Ab (Beckman Coulter).
Samples were then fixed using Iotest 3 fixing solution
(Beckman Coulter) and permeabilized using BD perm/
wash buffer (Becton Dickinson) in accordance with the
instructions of the manufacturer. Samples were then
stained for intracellular cytokines: FITC anti-IFNy and
PE anti-IL-2 Ab (Beckman Coulter) and APC anti-TNFa
Ab (BioLegend). Results were expressed as percentages
of positive cells for each cytokine or for the three cyto-
kines among CD4" and CD8" T cells.

Proliferation assay

In the ex vivo experiments of TCR activation of T cells
purified from HVs, T-cell proliferation was evaluated
after 3 days of re-activation using aCD2/3/28 using a
Click-it AF488 EdU Flow Cytometry assay kit (Thermo
Fisher Scientific) in accordance with the instructions of
the manufacturer and the protocol used in our lab [36].
Cells were additionally stained with APC anti-CD4 and
APC-AF750 anti-CD8 Ab from Beckman Coulter. Re-
sults were expressed as percentages of EdU-positive cells
(that is, proliferating cells) among CD4" or CD8" T cells.

Statistical analysis

Results are presented as Tukey boxplots. Bottom and
top of the box represent the first and third quartiles, re-
spectively. The horizontal bar within the box represents
the median value. Lower and higher extremities of the
whiskers respectively represent the lowest datum still
within 1.5 interquartile range of the lower quartile and
the highest datum still within 1.5 interquartile range of
the upper quartile. Mann—Whitney unpaired tests were
used to assess variations between patients with septic
shock and HVs, and Mann—Whitney paired tests were
used to assess variations between ex vivo non-stimulated
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and activated T cells purified from HVs. Statistical ana-
lyses were performed by using R statistics software (R
version 3.2.4). P values lower than 0.05 were considered
statistically significant.

Results

Cohort of patients with septic shock

Thirty-one patients with septic shock were included in
the study. Their clinical and biological data are pre-
sented in Table. 1. Twenty-three (73%) were still alive

Table 1 Clinical characteristics of patients with septic shock

Parameters Patients with septic
shock (n = 31)

Sex, male 19 (62%)
Age, years 72 [63.5-76.5]
SAPS I 60 [49.5-75.5]
SOFA (n = 29) 8 [8-11]
Charlson co-morbidity score

0 4 (13%)

1 13 (42%)

>1 14 (45%)
Initial infection

Abdominal infection 14 (45%)

Urinary infection 4 (13%)

Pneumopathy 1 (3%)

Other 12 (39%)

Type of admission

Medical 19 (61.5%)
Emergency surgery 11 (35.5%)
Elective surgery 1 (3%)
Microbiological documentation
Gram-negative 8 (26%)
Gram-positive 8 (26%)
Other 1 (3%)
Non-documented 14 (45%)
Mortality at day 28 8 (27%)
Nosocomial infections 1 (3%)
ICU length of stay, days 6 [5-13]
Lactate at admission, mmol/L (n = 28) 3.35[2.5-5.83]

Lymphocytes at day 3, G/L (n = 21)
mHLA-DR at day 3, AB/C

1.05 [0.55-1.45]
7748 [3358-15,200]

Percentage of Treg cells among CD4" cells at day 5.0 [3.0-6.8]

3 (n=20)

For clinical parameters, categorical data are presented as numbers of cases
and percentages of the total population in brackets. Continuous data and
biological parameters are presented as medians and interquartile ranges [Q1-
Q3]. SAPS 1l (Simplified Acute Physiology Score Il) was calculated on admission.
SOFA (Sequential Organ Failure Assessment) score was measured after 24 h of
intensive care unit (ICU) stay. mHLA-DR (AB/C): number of anti-HLA-DR
antibodies bound per monocyte. Regulatory T (Treg): CD4*CD25M9"CD127'%
Treg cells
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after 28 days. The median Sequential Organ Failure As-
sessment (SOFA) score at admission was 8 and the me-
dian Simplified Acute Physiology Score II (SAPS II)
score was 60, illustrating the severity of this cohort. The
median lymphocyte count at D3 was 1.05 G/L, which is
below normal value [37]. The median HLA-DR expres-
sion on monocytes was 7748 AB/C, characteristic of
sepsis-induced immunosuppression [38]. Thirty-four
age-matched healthy donors were also included (median
age 56 [52—-61] years, male 31%).

In order to evaluate the occurrence of sepsis-induced
T-cell functional alterations in this cohort, we measured
intracellular IL-2, TNFa, and IFNy productions after
ex vivo activation of T lymphocytes from patients and
HVs. As expected, cytokine production was partially de-
creased in T cells of patients compared with those of
HVs. We observed that the percentage of IL-2—produ-
cing cells was significantly decreased among CD4" T
cells at D1 and D3 and among CD8" T cells at D1 in pa-
tients with septic shock in comparison with HVs (Fig. 1a
and b). In addition, the percentage of TNFa—producing
cells was decreased among CD4" T cells at D1 but not
in CD8" T cells after septic shock (Fig. 1a and b). When
evaluating the proportion of polyfunctional T cells, we
showed that the proportion of triple-positive CD4" and
CD8" T cells (that is, IL-2"TNFa*IFNy"—producing
cells) was greatly reduced at D1 in patients with septic
shock compared with controls (Fig. 1c). This decrease
was also observed in CD8" T cells and persisted until D7
after the onset of shock. In comparison, the proportion
of triple-negative CD4" T cells (that is, cells producing
none of the three cytokines) was increased at D1 and
D3, but no strong modifications were observed in CD8"
T cells (Fig. 1d).

Increased proportion of CD127'°*PD-1"9" T cells after
septic shock
We evaluated CD127 surface expression on circulating
CD4" and CD8" T cells from patients and HVs (Fig. 2a).
CD127 expression on the membrane of CD4" and CD8"
T cells did not differ between patients with septic shock
and HVs at any time point. We observed only a slight but
not significant decrease on CD8" T cells at D3. The ex-
pression of cell surface CD127 corresponding transcript
IL-7R1 was similar between purified T cells from patients
with septic shock and those of HVs (Fig. 2b). This result is
in agreement with the absence of regulation of CD127 ex-
pression on T lymphocyte surface. Thus, membrane IL-7R
expression is not strongly deregulated at both protein and
transcript levels in T cells of patients with septic shock
compared with those of HVs.

We then investigated whether CD127 expression
might be deregulated on some specific T-cell subpopula-
tions. In particular, the CD127'°*PD-1"€" phenotype has
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Fig. 1 Cytokine production in T cells of patients with septic shock compared with those of healthy volunteers (HVs). Intracellular interleukin-2 (IL-2),
tumor necrosis factor alpha (TNFa), and interferon gamma (IFNy) staining was performed after 3 hours of T-cell activation using phorbol 12-myristate
13-acetate (PMA)/ionomycin in whole blood samples from patients with septic shock at day 1 (D1, n = 14), day 3 (D3, n = 18), and day 7 (D7, n = 10)
after the onset of shock in comparison with HVs (n = 18). The percentages of cells producing each cytokine (IFNy: left panel, IL-2: middle panel, and
TNFa: right panel) are represented among CD4" (a) and CD8" (b) T cells. The percentages of polyfunctional cells simultaneously producing the three
cytokines (c) or none of the three cytokines (d) are represented among CD4" (left panel) and CD8" (right panel) T cells. Data are presented as Tukey
boxplots. Mann-Whitney tests were used to compare values between patients with septic shock and HVs, *P <0.05, **P <0.01

been proposed as a marker of T-cell exhaustion in sev-
eral clinical contexts [22, 39]. We therefore measured
PD-1 and CD127 expressions on circulating T cells from
patients with septic shock and HVs. In accordance with
the literature [13], we observed that PD-1 was signifi-
cantly overexpressed on CD4" T cells at D3 in patients
with septic shock compared with HVs (Additional file 1:
Figure =~ S1). Meanwhile, the  percentage of
CD127"°"PD-1M" CD8" T cells was significantly in-
creased in patients with septic shock at D3 and D7 com-
pared with HVs. This percentage also tended to be
higher in CD4" T cells from patients at D3 and D7 com-
pared with HVs (Fig. 2c and d).

CD127"°"PD-1"9" T lymphocytes expressed HLA-DR, a

late activation marker on T cells

In addition to being a marker of T-cell exhaustion, PD-1
expression is known to be increased on T cells after acti-
vation [40]. Thus, we next evaluated whether this
CD127"°"PD-1"8" phenotype was associated with in-
creased expression of activation markers on T lympho-
cytes after septic shock. For this, we used an
unsupervised computational approach using a SPADE
algorithm to cluster cells in nodes according to their ex-
pressions of activation/exhaustion markers measured by
flow cytometry. Indeed, whereas traditional methods for
flow cytometry data analysis are based on the selection
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represented. Data are presented as Tukey boxplots. Mann-Whitney tests were used to compare values between patients with septic

shock and HV, *P <0.05.

of subsets of cells in a process called “gating” (a gate be-
ing a region, defined in a biaxial plot of two measure-
ments, used to select cells with a desired phenotype for
downstream analysis), SPADE clusters cells into popula-
tions (or nodes) on the basis of their similarities in phe-
notypes for all the markers included in the staining

without any a priori considerations on the expected cell
subpopulations or marker expressions on these cell
subtypes.

Thus, we performed an eight-color staining of CD4"
and CD8" lymphocytes with CD127, CD38, HLA-DR,
PD-1, FoxP3, and CD25 markers in 14 healthy donors
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and 17 patients with septic shock and we parametered
SPADE software to cluster these cells in four subpopula-
tions (or nodes) for CD4" and three subpopulations for
CD8" T cells with similar phenotypes. Cell surface
marker expressions in each node in patients with septic
shock and HVs are presented in Fig. 3. The proportions
of each node between patients and HVs are presented in
Additional file 2: Figure S2.

First, it was observed that, among the different nodes,
PD-1 was highly expressed only on node number 3 in
both CD4" and CD8" T cells (Fig. 3). Moreover, node
number 3 in CD4" and CD8" T cells displayed a
CD127°%  phenotype, thus  corresponding  to
CD127"°"PD-1M" T cells previously mentioned. This
confirms that the increased PD-1 expression on CD4"
and CD8" T cells from patients and controls was solely
observed on CD127'°¥ T cells both in CD4* and CD8"
cells. In addition, the identification of this specific cell
subset using an unsupervised analysis reinforces the re-
sults obtained using a classic flow cytometry analysis.
Interestingly, in this subgroup of patients, the proportion
of node 3 in CD4" T cells was higher in patients with
septic shock than in HVs (Additional file 2: Figure S2).

In addition, we showed that these CD127'°“PD-1"8"
CD4" T cells were a different cell population than regu-
latory CD4" Foxp3™ T cells as a significant Foxp3 ex-
pression was observed in node 4 among the CD4" T
cells but not in any other node.

Finally, this CD127'°*PD-1"8" phenotype was associ-
ated with a high expression of HLA-DR, a late activation
marker on T lymphocytes, but not of CD38 and CD25
(earlier activation markers) on both CD4" and CD8" T
cells (Fig. 3) [41]. We therefore show that the proportion
of CD127"°*PD-1"8" T lymphocytes is increased after
septic shock, especially in CD8" T cells, and that these
cells co-express a high level of HLA-DR, a late activation
marker, concomitantly with circulating T-cell functional
alterations.

Sepsis-induced CD127'°"*PD-1"9" phenotype and
functional T-cell alterations are reproduced ex vivo after
TCR activation

As CD127 and PD-1 are known to be regulated on T
cells following activation, and in light of the high
HLA-DR expression on CD127'°*PD-1"€" T cells, we
hypothesized that T-cell activation through TCR may
play a role in the occurrence of this specific phenotype
in T cells of patients with septic shock. We also further
questioned whether such initial activation could lead to
functional alterations to a second TCR challenge as ob-
served in septic shock. To test this hypothesis, we evalu-
ated phenotype and functions of purified T cells from
HVs following ex vivo TCR activation.
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Purified T cells from HVs were cultured for 5 days
with aCD3/28, mimicking complete TCR activation.
CD3 stimulation alone, mimicking incomplete TCR acti-
vation and anergy [32], and non-stimulated T cells were
used as controls. When evaluating the proportion of
CD127"°%PD-1"8" T cells, we observed that this popula-
tion was strongly induced in fully activated CD4" and
CD8" T cells but not in T cells stimulated through CD3
alone or cells left untreated (Fig. 4a). Moreover,
CD127"°"PD-1"8" T cells represented a large proportion
of T cells in this experimental condition: around 30% of
CD4" and 50% of CD8" T cells. We also observed that
CD3/28 activated T cells expressed high levels of
HLA-DR in comparison with non-stimulated T cells or
cells stimulated through CD3 alone (Fig. 4b). As a result,
we show that a complete ex vivo TCR activation of puri-
fied T cells from healthy donors led to the induction of
CD127"°"PD-1"8" T cells and HLA-DR expression, as
observed in patients with septic shock.

We then tested whether such activated T lymphocytes
also presented with functional alterations to a second
stimulation ex vivo as observed in patients. T cells acti-
vated ex vivo were subsequently activated with aCD2/3/
28 and their cytokine production and proliferation were
measured (Fig. 5). As observed in patients with septic
shock, cytokine production was altered. The percentages
of triple-positive IL-2"TNFa ' IFNy" T cells were mark-
edly decreased in the aCD3/28 activated condition com-
pared with the non-stimulated condition in both CD4"
and CD8" (Fig. 5a) T cells. The percentages of
triple-negative IL-2"IFNy TNFa~ T lymphocytes were
also markedly increased in CD8" T cells and with a
strong trend in CD4" T cells (Fig. 5b). Upon incomplete
TCR activation with CD3 stimulation alone, the percent-
ages of triple-positive cells among CD4" and CD8" T
cells were slightly decreased whereas the percentages of
triple-negative cells were stable among CD4" and
slightly increased among CD8" T cells in comparison
with non-stimulated T cells. In regard to T lymphocyte
proliferation, T-cell activation through «CD3/28 stimula-
tion induced a significant decrease in both CD4" and
CD8" proliferating T cells following a second activation
(Fig. 5¢). Incomplete activation with «CD3 induced no
major difference in the proliferation for both CD4" and
CDS8" T cells.

IL-7 partially restored T-cell functionality in the ex vivo
model of TCR activation

As IL-7 has been shown to efficiently restore
sepsis-induced T-cell proliferation in ex vivo T cells of
patients with sepsis and in murine models of sepsis [10,
14], we tested IL-7 efficacy in restoring a functional sta-
tus in the current model of TCR activation of T cells
from HVs. After the activation phase with aCD3/28, T
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for both CD4" and CD8" T cells compared with T cells
stimulated in the absence of this cytokine (Fig. 6). This
signified that, in this model of TCR activation as ob-
served in T cells from patients with septic shock, IL-7
could improve T-cell proliferation. This final result

cells purified from HVs were re-stimulated ex vivo in the
presence or absence of IL-7 and proliferation was
measured.

We observed that the percentages of proliferating T
cells were significantly increased in the presence of IL-7
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further supports the capacity of our model to reproduce
ex vivo sepsis-induced intrinsic T-cell alterations.

Overall, the present model of TCR activation of T cells
from healthy donors reproduced ex vivo phenotypic and
functional alterations of T cells, as described in patients
with septic shock. In addition, as observed in patients,
decreased proliferation could be improved by IL-7 in
this model.

Discussion

In the present study, we showed that, despite the ab-
sence of a global regulation of CD127 expression on
CD4" and CD8" T cells, the proportion of
CD127°"PD-1"M8" cells among T lymphocytes was
higher in patients than in controls, as were T lympho-
cyte functional alterations. Interestingly, ex vivo TCR ac-
tivation of purified T cells from HVs also produced the
increased proportion of CD127'°*PD-1"8" T cells and
their functional alterations. In this model, as observed in
patients [10], IL-7 could improve T-cell proliferation.
This suggests that initial T-cell activation through TCR
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Fig. 5 Altered T-cell functionality in an ex vivo model of T-cell
receptor activation of purified T cells from healthy volunteers (n
= 9). Purified T cells were activated with anti-CD3/28 antibody-
coated beads (aCD3/28, 1:1 bead-to-cell ratio) or anti-CD3
antibody-coated beads (aCD3, 1:1 bead-to-cell ratio) or not
stimulated (NS) for 5 days. T cells were then activated a second
time with anti-CD2/3/28 antibody-coated beads (aCD2/3/28, 1:1
bead-to-cell ratio) for 3 days. Intracellular interleukin 2 (IL-2),
tumor necrosis factor alpha (TNFa), and interferon gamma (IFNy)
staining was performed. The percentages of cells producing the
three cytokines simultaneously (@) or none of the three cytokines
(b) are represented for CD4" (left panel) and CD8" (right panel)
T cells. ¢ The percentages of proliferating cells are represented
for CD4™ (left panel) and CD8" (right panel) T cells. Data are
presented as Tukey boxplots. Mann-Whitney paired tests were
used to compare values between non-stimulated and stimulated

conditions, *P <0.05, **P <0.01

may participate in sepsis-induced T-cell immunosup-
pression. Moreover, we describe an ex vivo model to fur-
ther investigate the pathophysiology of sepsis-induced
T-cell immunosuppression as well as to test innovative
immunostimulant treatments ex vivo.
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A recent reassessment in sepsis pathophysiology has
led to a significant gain of interest in the central role of
acquired immunosuppression in this clinical context [1].
Sepsis, and in particular septic shock, is associated with
the development of immune dysfunction affecting both
innate and adaptive immune responses [6]. Importantly,
intensity and duration of sepsis-induced immune alter-
ations are associated with increased risk of secondary in-
fections and mortality, therefore identifying immune
alterations as a novel therapeutic target in sepsis [8, 42].
T lymphocyte response is highly dysfunctional in pa-
tients, and a state of T-cell exhaustion rapidly develops
after sepsis [8, 11]. Indeed, lymphocyte count, pheno-
type, and effector functions are markedly altered in pa-
tients. The first phase II clinical trial of IL-7 indicated
the capacity of the IL-7 treatment in restoring T-cell
count in septic shock patients with severe lymphopenia
[16]. Therefore, it appears worthwhile to further delin-
eate the expression of its specific cell surface receptor in
patients with septic shock.

Overall, we did not observe any major regulation of
membrane IL-7R expression on circulating T cells, at ei-
ther the protein or the transcriptional level. This result
is in contrast with CD127 regulation on circulating T
cells described in cancer and chronically infected pa-
tients. Indeed, a decreased CD127 expression on circu-
lating T cells has been described in patients with HIV,
HCV, or cancer [19-21]. Thus, although it has been sug-
gested that sepsis-induced immune alterations present
some similarity with T-cell exhaustion observed in can-
cer or chronic infections [43], CD127 regulation on cir-
culating T cells is different in these clinical contexts.

Nonetheless, the absence of CD127 regulation on T
cells after septic shock is consistent with results from
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Boomer et al., who also observed a similar CD127 sur-
face expression in T cells of patients with sepsis 24 h
after the onset of shock compared with HVs [12]. The
overall absence of membrane IL-7R regulation in pa-
tients strengthens the use of IL-7 in septic shock and is
consistent with preliminary data in preclinical models of
sepsis which showed the efficacy of this molecule in re-
storing sepsis-induced T-cell alterations [10, 14, 15, 44].
Moreover, CD127 surface expression was reduced in T
cells of patients with septic shock following IL-7 treat-
ment and therefore could be evaluated as a biomarker of
the efficiency of IL-7 therapy [16].

This absence of global regulation of CD127 on total
CD4" and CD8" T cells in patients with septic shock
does not preclude the regulation of this molecule on any
specific T-cell subpopulation. In particular, the
CD127"°¥PD-1"8" phenotype has been described in clin-
ical contexts characterized by T-cell exhaustion, such as
cancer and HIV and HCV infections. For example,
CD127°"PD-1M8" T  cells were identified in
tumor-infiltrating T lymphocytes from patients with
ovarian cancer and in liver-infiltrating T lymphocytes
from patients with HCV [23, 24]. Moreover, these
CD127°¥PD-1"8" HCV-specific T cells showed an al-
tered proliferation upon ex vivo stimulation [25]. Upon
ex vivo activation, CD8" CD127"°*PD-1"€" HIV-specific
T cells presented an altered production of IL-2 and
TNFa« [26]. The culmination of these results led to the
description of the CD127"°“PD-1"€" phenotype as an ex-
haustion marker [22]. Interestingly, we describe here for
the first time a higher proportion of CD127'°¥PD-1"8" T
cells in patients with septic shock compared with HVs in
both CD4" and CD8" T cells. In addition, we show that
these cells represent a cell population distinct from
CD25"8"CD127'" CD4* T cells or Treg cells. We previ-
ously reported that patients with septic shock presented
a high proportion of Treg cells, which have been shown
to participate to sepsis-induced immunosuppression
[31]. In the present study, the unsupervised SPADE clus-
tering of T lymphocytes showed that the subpopulation
of CD127"°*PD-1"€" T cells was clustered in a node dif-
ferent from that of Foxp3™ CD4" T cells. In addition, this
analysis showed that Treg cells did not overexpress
PD-1. Finally, we showed that when measured in all pa-
tients, the percentage of Treg cells among CD4" was not
correlated with the proportion of CD127'°*PD-1Msh
CD4" T cells (Spearman correlation coefficient was 0.23,
data not shown). This phenotype occurred in parallel
with T-cell functional alterations such as decreased cyto-
kine production ex vivo, illustrating the development of
T-cell exhaustion in patients with septic shock, as ob-
served in chronic viral infections. This reinforces the
similarities between T-cell exhaustion in chronic viral
infection and in sepsis. Furthermore, as proposed in
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other clinical contexts, this suggests that the proportion
of CD127"°%PD-1"€" T cells could be evaluated as a spe-
cific biomarker of T-cell dysfunctions in septic shock.
This also suggests that similar mechanisms may lead to
increased CD127"°"PD-1"¢" T cells and T-cell functional
alterations in chronic viral infections and in sepsis.

In particular, we showed that these cells also expressed
the late activation marker HLA-DR. A similar phenotype
CD127°*PD-1M8"HLA-DRME" was already described in
tumor-infiltrating T lymphocytes from metastatic melan-
oma patients and was associated with an exhausted
CD8" T-cell functionality [45]. Although chronic antigen
stimulation has been proposed to participate in T-cell
exhaustion in chronic viral infection and cancer, the
mechanisms leading to T-cell alterations in sepsis are
not fully understood [7]. The co-expression of a late ac-
tivation marker in parallel with a characteristic pheno-
type of T-cell exhaustion suggests a potential role for
T-cell activation in the development of T-cell alterations
following septic shock. Similarly, it has been shown that
T cells from patients with sepsis present an activated
phenotype [46, 47]. Furthermore, this potential role for
T-cell activation is supported by ex vivo data. Indeed, we
showed that after ex vivo TCR activation, and as ob-
served in patients with septic shock, the proportion of
CD127"°*PD-1"8" T cells was increased compared with
un-stimulated cells or cells stimulated through CD3
alone. Additionally, these cells were unresponsive to a
second TCR activation showing decreased percentages
of polyfunctional CD4" and CD8" T cells and decreased
cell proliferation. Finally, the present model of TCR acti-
vation of purified T cells from HVs reproduced the
ex vivo phenotypic and functional alterations that were
observed in patients with septic shock.

To note, in our model, only full TCR activation
through CD3/28 co-activation, and not through CD3
alone, led to phenotypic and functional alterations simi-
lar to those observed in patients with septic shock. Pre-
vious studies in mice and in humans showed that TCR
crosslinking with anti-CD3 Ab in the absence of a
co-stimulatory signal induced T-cell anergy [48]. T-cell
anergy is a tolerance mechanism in which the lympho-
cyte is intrinsically functionally inactivated and remains
in this hyporeactive state for a long period of time [49].
While we observed that such experimental conditions
led to altered T-cell response, in particular in regard to
cytokine production capacity, such a model of T-cell an-
ergy did not replicate sepsis-induced T lymphocyte alter-
ations. This suggests that T-cell alterations described in
patients with septic shock are not due to an aberrant
and incomplete T-cell activation phenomenon but to an
overwhelming T-cell activation in a pro-inflammatory
context. They are thus probably more related to the
phenomenon of exhaustion, as reported in chronic viral
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infections and cancer. The massive initial T-cell activa-
tion in sepsis could have a role in the onset of T-cell ex-
haustion in a similar but accelerated way. These
similarities should be further explored in dedicated ex-
periments (for example, by comparing T-cell transcrip-
tional profiles in these different conditions).

Finally, we showed that IL-7 improved T-cell prolifera-
tion in our model, as observed ex vivo with T cells from
patients with sepsis [10, 15]. This further reinforces the
capacity of our model to recapitulate sepsis-induced in-
trinsic T-cell alterations. To the best of our knowledge,
this is the first ex vivo model to reproduce intrinsic
phenotypic and functional T-cell alterations observed in
patients. This model could be used to monitor the effi-
ciency of immuno-adjuvant treatments on T-cell alter-
ations or to investigate pathophysiological mechanisms
leading to these alterations in septic shock, such as the
role of the altered metabolism that we recently described
[15]. Preliminary data are already available in the litera-
ture. Patsoukis ez al. showed that an increased expression
of GLUT-1 following TCR activation was inhibited if T
cells were pre-activated compared with non-pre-activated
T cells [50]. This is very similar to the absence of GLUT-1
induction upon ex vivo activation that is observed on T
cells from patients with septic shock [15].

The present study has some limitations. In particular,
given the small size of this cohort, the differences in per-
centages of CD127'°"PD-1"8" population between pa-
tients and HVs over time have to be confirmed in a larger
number of patients. In addition, further studies should be
initiated to better characterize this CD127'°*PD-1"€"
population in patients with septic shock, such as the de-
termination of its transcriptomic profile. It would also be
important to study their putative regulatory functions in
order to determine whether this subpopulation of CD4" T
cells participates in sepsis-induced immune alterations. In
addition, several aspects of T-cell dysfunctions remain to
be explored in patients with septic shock and in the
ex vivo model. For example, it would have been interesting
to study T-cell phenotype and T helper (Th) polarization
in proliferation experiments. Finally, although our results
in the ex vivo model suggest that TCR activation plays a
role in phenotypic and functional alterations observed in
septic shock, that does not exclude any other mechanisms
that may also contribute to these alterations. For example,
the effects induced by other cell types or soluble factors
such as cytokines remain to be explored.

Conclusion

We present here an evaluation of CD127 expression,
and more specifically of CD127'°"PD-1"¢" phenotype, in
parallel with T-cell activated/exhausted status in patients
with septic shock. We also developed an ex vivo model
of TCR activation-induced T-cell alterations. Our results
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suggest that T-cell activation may participate in
sepsis-induced T lymphocyte exhaustion in patients
through the induction of CD127'°*PD-1"€" T cells. Fur-
ther comprehension of such activation-induced T-cell
exhaustion is now mandatory in order to improve our
understanding of the pathophysiology of sepsis-induced
T-cell alterations, to develop innovative biomarkers and
immuno-adjuvant therapies to restore normal lympho-
cyte functions in patients. Moreover, the CD127°*PD-1"e"
T-cell subpopulation should be further investigated given
its potential role as a specific marker of T-cell immunosup-
pression in septic shock.

Additional files

Additional file 1: Figure S1. PD-1 expression in T cells of patients with
septic shock in comparison with healthy volunteers (HVs). Cell surface ex-
pression of PD-1 was measured on septic shock patients’ CD4™ (left
panel) and CD8" (right panel) T cells at day 1 (D1, n = 15), day 3 (D3, n =
21), and day 7 (D7, n = 10) after the onset of shock in comparison with
HVs (n = 20). Results are expressed as median of fluorescence intensity
(MFI) on selected T-cell subpopulation. Mann-Whitney tests were used to
compare values between patients with septic shock and HVs, *P <0.05.
(TIF 79 kb)

Additional file 2: Figure S2. Proportions of each node among T cells
in patients with septic shock and healthy volunteers (HVs). T-cell pheno-
type was evaluated by using a SPADE (Spanning-tree Progression Analysis
of Density-normalized Events) algorithm based on the expression of dif-
ferent markers measured by flow cytometry on whole blood samples in
patients with septic shock at day 3 after the onset of shock (D3, n = 17)
and in HVs (n = 14). Each node represents a cell population with a similar
phenotype for the different markers. The proportions of each node are
represented among CD4™ (left panel) and CD8™ (right panel) T cells for
patients with septic shock and HVs. Data are presented as Tukey boxplots.
Mann-Whitney tests were used to compare values between patients with
septic shock and HVs, *P <0.05. (TIF 260 kb)
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