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Technical note

Flow cytometric evaluation of lymphocyte transformation test
based on 5-ethynyl-2′deoxyuridine incorporation as a clinical
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In clinical laboratories, the evaluation of lymphocyte proliferative response (lymphocyte

transformation test—LTT) is routinely performed by the measurement of [3H]-thymidine uptake

after stimulation. In this study we evaluated the performances of a recently developed non-

radioactive test based on the detection by flow cytometry of 5-ethynyl-2′deoxyuridine (EdU)

incorporation for the measurement of LTT in routine lab conditions. After definition of optimal

protocol parameters, EdU incorporation test showed good repeatability and reproducibility.

Moreover, this assay was flexible enough to fit important clinical laboratory constraints (delayed

stimulation, low number of cells and delayed analysis after staining). Importantly, correlations

between results obtained with EdU and [3H]-thymidine incorporation assays were excellent both

inhealthy volunteers and pediatric and septic patients. In particular, the two techniques identified

patients presenting with altered LTT. Upon confirmation in a larger cohort of patients, EdU

incorporation assay may be a relevant non-radioactive candidate for LLT in clinic.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Beyond its interest in research, the evaluation of lymphocyte
proliferative response to mitogens and recall antigens (usually
known as lymphocyte transformation test, LTT) remains
important in many clinical contexts. In particular, assessing
lymphocyte functionality is routinely performed in the diag-
nosis of primary immunodeficiencies, in the follow-up of
immune functions recovery after bonemarrow transplantation
and in the diagnosis of certain delayed type hypersensitivities
(e.g., hypersensitivity to beryllium) (Lindegren, 2004; de Vries,
2012; Barna et al., 2003).

Themost widely used assay in clinic labs relies on detection
of [3H]-thymidine incorporation into DNA during cell
replication. Due to its good sensibility and reproducibility,
the [3H]-thymidine incorporation assay is considered as the
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gold standard for cell proliferation measurement in clinic
(Rew & Wilson, 2000; Bading & Shields, 2008) and is
recommended by experts for the diagnosis of lymphocyte
proliferation defects (Lindegren, 2004; de Vries, 2012).
However, [3H]-thymidine is a radioactive base detected by
scintillation measurement. Consequently, measuring its incor-
poration is a toxic, cumbersome, and expensive assay. As in
many countries, French medical authorities aim to reduce
radioactivity use in hospital labs. There is thus a crucial need for
its replacement by a less cumbersome and toxic assay.

Few years ago a new DNA base analog (5-ethynyl-2′
deoxyuridine—EdU) has been developed (Buck et al., 2008).
Similarly to [3H]-thymidine, it is incorporated into replicating
DNA. However, as it can be linked to a fluorescent dye, its
incorporation into cells can be detected by flow cytometry. This
test could therefore represent a non-radioactive alternative to
[3H]-thymidine assay in routine immunology labs.

Up to date, only few studies evaluated EdU flow cytometric
incorporation assay for LTT, and the majority was performed
for research purpose only (cell line, animalmodels…) (Yu et al.,
2009; Sun et al., 2012). The goal of this study was therefore
to evaluate EdU incorporation assay performances for the
measurement of LTT in routine lab conditions and to compare
its results with [3H]-thymidine incorporation measurement in
clinical samples.

2. Material and method

2.1. Patients and healthy donors

Heparinized peripheral blood was obtained from healthy
volunteers from the Etablissement Français du Sang (Lyon,
France) (n=48), from septic shock patients 3 to 4 days after
septic shock onset (n = 8), and from patients with T cell
disorder suspicion (out of routine work from the immunology
lab, n = 3). According to Etablissement Français du Sang,
standardized procedures for blood donation, informed consent
was obtained from healthy volunteers and personal data for
blood donors were anonymized at time of blood donation
and before blood transfer to our research lab. To note, Bacillus
Calmette–Guérin (BCG) immunization has been mandatory
in France till 2007, all adult healthy volunteers are thus
immunized against BCG. Septic patients belong to a global
study on intensive care unit (ICU)-induced immune dysfunc-
tions approved by our Institutional Review Board for ethics
(“Comité de Protection des Personnes”) and registered at
Ministère Français de la Recherche et de l'Enseignement
(#DC-2008-509).

2.2. Cell culture

Peripheral blood mononuclear cells (PBMC) were obtained
by Ficoll gradient centrifugation and diluted to a concentration
of 1 × 106 cells/mL in complete medium: RPMI 1640 (Eurobio,
Montpellier, France) supplemented with 10% SAB (AB human
serum, Life Technologies, Carlsbad, CA, USA), 2 mM L-Glutamine
(Eurobio, Montpellier, France), 2 μg/mL Fungizone (Gibco,
Life technologies, Carlsbad, CA, USA), 20 U/mL penicillin and
20 μg/mL streptomycin (Peni 10 000 UI/Strepto 10 000 ug,
Eurobio, Montpellier, France). For each culture condition,
triplicates were performed. PBMC were seeded in 200 μL of

complete medium in 96-wells plates, with or without stimu-
lants at different concentrations, for 48 h to 120 h at 37 °C in
humidified 5% CO2 atmosphere. Because of the low number of
cells available, this protocol was adapted for patients' PBMC
testing. In particular, cell cultures were performed in either
duplicate or triplicate, and PBMC were seeded in 100 μL of
complete medium, other parameters being constant.

Different stimuli were tested: anti-CD2/CD3/CD8 anti-
bodies coated beads (T cell activation/expansion kit, Miltenyi
Biotec, Bergisch Gladbach, Germany), phytohemagglutinin
(PHA, Oxoid Limited, Basingstoke, UK), concanavalin A
(ConA, Sigma-Aldrich, Saint Louis, MO, USA), pokeweed
mitogen (PWM, lectin from Phytolacca americana, Sigma-
Aldrich, Saint Louis, MO, USA), phorbol 12-miristate 13-
acetate (PMA, Sigma-Aldrich, Saint Louis, MO, USA), anti-
CD3 antibody (OKT3 clone, Tonbo biosciences, San Diego,
CA, USA), and tuberculin (Statens Serum Institut, Copenhagen,
Denmark).

2.3. [3H]-Thymidine proliferation assay

Ten μCi/mL [3H]-Thymidine (PerkinElmer, Waltham, MA,
USA) was added 24 h before harvesting cells on fiberglass
filters by means of an automated cell harvester (PerkinElmer,
Waltham, MA, USA). Incorporated radioactivity was measured
as counts per minute (cpm) in a scintillation beta counter
(PerkinElmer, Waltham, MA, USA).

2.4. EdU labeling and flow cytometry

After cell stimulation, EdU diluted in cell media was added
to PBMC and incubated from 2 h to 14 h at 37 °C in humidified
5% CO2 atmosphere.

Cells were then stained with allophycocyanin (APC)-
labeled anti-CD3 monoclonal antibody (Beckman Coulter,
Brea, CA, USA), fixed and EdU was activated according to the
manufacturer's instructions, withmodifications according to
protocol optimization performed in this study. In particular,
for reaction volume optimization, cells were incubated with
either 500 μL, 250 μL or 100 μL of “Click-iT® reaction cocktail”
(containing Alexa Fluor® 488 azide, component A Click-iT EdU
flow cytometry kit, Life technologies, Carlsbad, CA, USA). For
fixative solution evaluation, cells were fixed with 100 μL of
either the manufacturer's kit fixative or alternative IOTest®3
fixative solution (Beckman Coulter, Brea, CA, USA).

Flow cytometry analyses were performed on a Navios flow
cytometer (Beckman Coulter, Brea, CA, USA). CD3+ cells were
first selected among total events based on a monoparametric
CD3-APC histogram (Fig. 1A1–B1). Then the percentage of
EdU+ cells among CD3+ cells, along with the geometric means
of fluorescence intensity (MFI) of EdU-AF488 in this popula-
tion, weremeasured on amonoparametric histogramas shown
in Fig. 1A2–B2. For every experiment, a minimum of 5 × 103

CD3+ cells was recorded. Data were analyzed using Kaluza
software (version 1.2, Beckman Coulter, Brea, CA, USA).

2.5. Statistical analysis

Statistical analyses were performed using GraphPad Prism
(version 5.03, GraphPad Software Inc., La Jolla, CA, USA)
software. Correlations were evaluated according to Spearman
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or Pearson correlation calculation methods. A p value b0.05
was considered as statistically significant.

3. Results

3.1. Protocol optimization

Before evaluating the assay performances; optimal protocol
for EdU labeling had to be set up.

First, we determined optimal EdU incorporation concen-
trations. While the manufacturer's recommendations were
to incubate cells with 10 μMEdU, we tested several lower (5, 2,
1, 0.5 μM) and higher (50, 100 μM) concentrations. When
decreasing concentrations below 10 μM, we observed a rapid
decrease in the percentage of proliferating cells and EdU MFI
(Fig. 2). Moreover, at these low concentrations, poorer discrim-
ination between proliferating and non-proliferating CD3+ T cells
was apparent (Fig. 2C). When increasing concentrations, we did
not observe any significant improvement in percentages or MFI

of proliferating cells (Supplementary Fig. 1). Therefore we chose
10 μM as the EdU concentration used in our protocol.

Regarding cell incubation lengthwithEdU, themanufacturer's
recommendationswere to use 2 h of cell contactwith EdU before
cell staining. Nonetheless, we wondered whether, by increasing
this duration, wewould be able to better detect cell proliferation.
After 2 h, 6 h or 14 h incubation with EdU (Fig. 3), we noticed
that proliferating T cell percentage increased as EdU incubation
length increased. However, this was associated with the erratic
apparition of a non-specific fluorescence peak (data not shown).
Moreover as the percentage of labeled cells was already sig-
nificant after 2 h incubation (more than 60% of the CD3+ T cells),
we decided to keep 2 h of EdU incorporation in our protocol.

Regarding stimulation length, either 48 h or 72 h cell
incubation with stimulants was tested. We observed a higher
percentage of proliferative T cells after 72 h of stimulation as
comparedwith 48 h (Supplementary Fig. 1). Longer stimulations
(96 h) led to a strong decrease in T cell proliferative response
(data not shown). Therefore, in further experiments, cells were
stimulated during 72 h before EdU incorporation measurement.

Fig. 1. Flow cytometry gating strategy. Results from one representative experiment are shown. Peripheral blood mononuclear cells were either non-stimulated (A) or

stimulatedwith 4 μg/mL phytohemagglutinin (PHA) for 72 h (B), before incubationwith 10 μMEdU for 2 h. CD3+ cells were first selected (A1–B1) out of total acquired

events. The percentages of EdU+ cells were then determined among gated CD3+ cells (A2–B2).
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We then evaluated the possibility of increasing the
number of stainings per kit. The fixative solution and the
reaction cocktail are limiting components of the kit provided

by the manufacturer. First, we tested in similar stimulation
conditions an alternative fixative solution containing form-
aldehyde. Results are presented in Supplementary Fig. 2A–B.
We observed that the change of fixative solution did not
modify percentages or EdU-AF488 MFI of proliferating T cells.
Therefore, in further experiments, we used this alternative
fixative reagent instead of the kit's fixative solution. Regarding
reaction cocktail volume,while themanufacturer's recommen-
dations were to use 500 μL of this solution; we first tested the
reduction to a lower volume of 250 μL per tube, then, in a
second set of experiments, of 100 μL per tube. We did not
observe any difference regarding percentages of proliferating
cells or EdU-AF488 MFI when using 500 μL or 250 μL reaction
cocktail (data not shown). However, while the percentages
of proliferating lymphocytes were overall not affected, the
reduction of this volume to 100 μL was associated with a
significant reduction of EdU-AF488 MFI in proliferating cells.
This led to a lower resolution between proliferating and non-
proliferating T cells (Supplementary Fig. 2C–D). Therefore in
further experiments, a volume of 250 μL reaction cocktail was
systematically used.

Thus our final optimal protocol for cell stimulation and EdU
staining was defined. After 72 h stimulation with mitogens,
PBMC were incubated with 10 μM EdU for 2 h, labeled with
APC-labeled anti-CD3 antibodies, fixedwith alternative fixative
solution, permeabilized and incubated with 250 μL of reaction
cocktail, before being analyzed on flow cytometer.

3.2. Repeatability and reproducibility

Using this protocol, we next designed an experiment to
assess both repeatability and reproducibility. Briefly, as shown
in Fig. 4A, responses to PHA and OKT3 stimulations were
compared between 3 different experiments. After PBMC pu-
rification and an overnight cell seeding, cell stimulations
were either started on Day 1 or on Day 2 (after one additional
day in cell media at 37 °C, 5% CO2). On Day 4, EdU protocol was
either performed at T0 or at T0 + 4 h. Moreover, each
condition was performed with 4 to 5 technical replicates and

Fig. 2. Decreasing EdU concentration. Peripheral blood mononuclear cells

were stimulated with 4 μg/mL phytohemagglutinin for 72 h and incubated

with increasing concentrations of EdU for 2 h (n=4donors). (A)—Percentages of

EdU + cells among CD3+ cells. (B)—EdU means of fluorescence intensity (MFI)

in proliferating CD3+ cells. Results are presented as means +/− standard

deviations. C—One representative overlay for EdU-AF488 MFI.

Fig. 3. Increasing incubation length with EdU. Peripheral blood mononuclear

cells were stimulated for 72 h with anti-CD2/CD3/CD28 antibodies coated beads

and incubated for 2 to 14 h with 10 μM EdU (n = 5 donors). Controls were

unstimulated cells incubatedwith 100 μMEdU (open diamonds), stimulated cells

incubatedwithout EdU (black diamonds). Results are presented as percentages of

CD3+EdU+ cells among T cells (means +/− standard deviations).
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on 4 healthy volunteers. For repeatability experiments (intra-
replicates variations), coefficients of variation (CV) were b15%
for OKT3 (except for one outlier) and b9% for PHA stimulations
(Fig. 4B). Reproducibility CV (intra-experiments variations)were
excellent for both OKT3 and PHA stimulations (respectively
b14%—except for one outlier—and b7%, Fig. 4C). Moreover,
beyond the good quality of the technique, these results further
show that cell stimulation can be delayed by at least a day
after cell purificationwithout any alteration of the proliferative
response.

3.3. Cell staining stability

To address clinical laboratories time constraints (such as
non-working days or flow cytometer availability)we evaluated
the stability of EdU cell staining after 3 or 7 days of storage
at 4 °C in the dark. PBMC from 2 healthy volunteers were
stimulated for 72 h with either OKT3 or PHA, stained and
stored at 4 °C in capped flow cytometry tubes. Each tube
was processed three times with the same flow cytometer: at

Day 0 (same day as staining), Day 3 and Day 7 (Supplementary
Fig. 4). We did not observe any significant modification of the
percentages of proliferating T cells or any decrease in EdU-
AF488 MFI in proliferating cells between the three time points.
Therefore we concluded that EdU staining is stable for at least a
week when cells are stored at 4 °C away from light. Taken
together, the possibility to delay, first, cell stimulation for at
least 24 h, and second, cytometer processing of labeled cells for
at least a week, makes this test flexible enough to comply with
clinical laboratories constraints.

3.4. Minimum cell number per test

Finally, considering the very low number of cells often
available in clinical samples, especially in pediatrics, we
wondered if we could reduce the minimum number of cells
per test. We tested 4 different cell concentrations, correspond-
ing to 25 × 103 to 200 × 103 cells in a constant volume of
200 μL per well. PBMC were then stimulated with either
OKT3 or PHA for 72 h before being processed according to the

Fig. 4.Evaluation of repeatability and reproducibility. (A)After cell purification, stimulations (PHAor anti-CD3OKT3 antibody) started onDay 1 orDay 2 (one additional

seeding day). On Day 4, EdU protocol was performed at T0 or T0 + 4 h. Five replicates were performed for each condition (n = 4 healthy volunteers—HV1

to HV4) (B) Coefficient of variations (CV) for intra-replicate repeatability. C. CV for intra-experiments reproducibility.
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protocol described above. Results are shown in Supplementary
Fig. 5. When decreasing the number of cells per test, we did
not observe any decrease in the percentages of proliferating
T cells or any dispersion of the replicates, whatever the
stimulation. Therefore we concluded that the number of
cells per well could be lowered to a minimum of 25 000 cells
in 200 μL of culture media.

3.5. Comparison with [3H]-thymidine incorporation assay

3.5.1. Healthy volunteers

In order to perform a comparison-of-method study between
EdU and [3H]-thymidine incorporation assays; we compared cell
proliferations measured by both techniques in parallel on blood
samples fromhealthy volunteers (n=30). Cellswere stimulated
with increasing concentrations of the most commonly used
stimulants: mitogens (PHA, ConA, PWM, PMA), specific T cell
stimulant (OKT3) and recall antigen (tuberculin). Stimulation
conditions and experimental design are described in Supple-
mentary Fig. 6. Briefly, PBMC were extracted and seeded on
Day 0, stimulated on Day 1 with increasing doses of stimulants,
incubated for 48 h (e.g., PHA) to 120 h (tuberculin). EdU staining
was performed on the same day as [3H]-thymidine harvesting
and scintillation measurement. For each stimulant, the experi-
ment was repeated on 4 to 6 different healthy donors.

Fig. 5 shows the results of the comparison-of-methods
study between [3H]-thymidine and EdU incorporation assays.
We observed a strong correlation between cell proliferations
measured with the two techniques. Indeed the Spearman cor-
relation coefficient r was equal to 0.9084 (p b 0.0001). We
therefore concluded that there was a good correlation between
results obtained with [3H]-thymidine assay and EdU incorpo-
ration measurement in healthy volunteers.

3.5.2. Patients

Following excellent results obtained on healthy volunteers'
blood samples, we next evaluated EdU flow cytometry assay in

patients' samples. We compared results obtained with both
technique on blood samples taken either from septic patients
(n = 8), or from pediatric patients with suspicion of primary
immunodeficiencies (from routine workload, n = 3, immuno-
logical data described in Table 1).

PBMC were stimulated with PHA and, based on the
thresholds routinely used in our clinical lab for [3H]-thymidine
assay, patients were qualified either as low responders or
responders, as shown in Fig. 6A. Importantly, we observed that
patients' classification was similar with both techniques.

In addition, we compared the PHA-induced T cell prolif-
eration from septic patients with responses of healthy volun-
teers. In accordance with previous results obtained with [3H]-
thymidine assay (Venet et al., 2012; Guignant et al., 2011), septic
patients presented with decreased T cell proliferation compared
to healthy volunteers (Fig. 6B). Thereforewe concluded that EdU
flow cytometry technique is likely to provide identical diagnostic
conclusion as the [3H]-thymidine-based technique.

4. Discussion

The main goal of this study was to assess whether LTT
performed by flow cytometry based on EdU incorporation
assay could replace the gold standard technique based on [3H]-
thymidine incorporation in clinical laboratories conditions.

Therefore we first defined optimal protocol for EdU assay.
It consisted in PBMC stimulation (2 × 105 cells/well) during
various incubation times depending on proliferative agents,
then on DNA labeling with 10 μM EdU during 2 h, followed by
CD3 cell surface staining, fixation and activation with 250 μL
reaction cocktail before flow cytometry processing. Using this
protocol, we obtained good repeatability and reproducibility
results for such manual technique. Moreover, we showed the
flexibility of this technique regarding stimulation initiation
(which can be delayed by 24 h after cell purification) and
flow cytometer processing (which can be delayed by 7 days
after cell staining); which will facilitate the implementation of

Fig. 5.Comparison-of-method study between [3H]-thymidine and EdU incorporation assays. For experimental conditions see Supplemental Fig. 6. Each point represents

the mean of a triplicate for one stimulation condition in one healthy volunteer (n = 30 donors). Regression curve is shown. Cpm: counts per minute.
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this test in clinical labs that do not function 24/7. In addition,
we demonstrated that this protocol can be performed on
a very low number of cells (down to 25 000 PBMC), which
is a crucial parameter when dealing with limited blood
volumes (pediatric samples) or lymphopenic blood samples
(bone marrow transplants). Most importantly, in our hands,
comparison-of-methods study between this EdU protocol
and [3H]-thymidine assay on healthy volunteers' samples
provided very good results. When working on clinical samples,
we similarly observed that results from this EdU assay led to an
identical patients' classification in low responders and re-
sponders as the gold-standard [3H]-thymidine assay. Interest-
ingly, we also confirmed, with this novel technique, the
previously observed reduced proliferative response in septic
shock patients compared with healthy volunteers (Venet
et al., 2012; Guignant et al., 2011).

Overall, these results show that the EdU incorporation assay
allows for the measurement of LTT response with similar
performances as [3H]-thymidine assay in routine lab condi-
tions.Moreover, as this test uses a non-radioactive technique; it
represents a considerable advantage over the [3H]-thymidine
assay at a time when radioactivity is being progressively
banned from hospital labs. Therefore, the EdU incorporation
assay probably represents a robust non-radioactive alternative
test to the [3H]-thymidine assay for LTT evaluation in clinic.

Previous studies compared EdU flow cytometry assay with
[3H]-thymidine incorporation test (Yu et al., 2009; Sun et al.,
2012). However both were conducted on murine splenocytes.
Our study is thus the first to evaluate EdU incorporation assay
on human circulating T lymphocytes. This could explain the
minor discrepancies observed between our results and previ-
ous works regarding optimal protocol conditions. In addition,
we optimized the EdU protocol in order to fit with clinical
routine lab constraints, such as reducing time to results. This
could lead to protocol adaptations that would not have been
necessary in basic research conditions. Finally, our work is the
first to evaluate this technique in clinical samples from patients
with suspected immunodeficiencies.

Several techniques have been developed to measure cell
proliferation: detection of cell cycle specific antigens like
Ki-67, cell division tracking through DNA incorporating dyes,
such as propidium iodide, or through membrane dyes, such as

PKH26. The two most commonly used flow cytometry tech-
niques for lymphocyte proliferation measurement in research
laboratories are the 5-bromo-2′-deoxyuridine (BrdU) and the
carboxyfluorescein succinimidyl ester (CFSE) incorporation
based assays.

In the first technique, BrdU is a thymidine analog; which is
incorporated into DNA during cell proliferation similarly to
[3H]-thymidine or EdU. However, as opposed to EdU; which
is detected through a azide-coupled fluorochrome reactions
(small molecules that only require cell membrane perme-
abilization and can bind to EdU on hellicoidal DNA (Buck et al.,
2008; Ranall et al., 2010)), its detection requires antigen
retrieval by acid (Gonchoroff et al., 1986), heat (Dolbeare
et al., 1985), UV exposure(Hammers et al., 2002), or DNAse
treatment (Gonchoroff et al., 1986; Rothaeusler & Baumgarth,
2006) and permeabilization of both cell and nucleusmembranes
to allow for anti-BrdU antibodies entry into the cells. It is usually
dedicated to cell cycle analysis rather than LTT measurement.

In the second technique, CFDA-SE, a cell-permeant mole-
cule, enters the cells, where intra-cellular esterases turn it into
CFSE, a fluorescent and less membrane-permeant molecule
able to covalently bind amino groups. Cell proliferation is
then measured through the halving of the cell fluorescence
consequent to each cell division (Lyons & Parish, 1994).
Because of its mechanism, CFSE labels every cell present
in the culture, including cell populations that may be
different from the population of interest. As a consequence,
the detection of a low proliferative response of a small cell
subpopulation in a complex sample may be difficult by using
this technique. This is exemplified by the spectral properties
of CFSE that can make peak resolution challenging (Begum
et al., 2013). For these reasons, CFSE approach is more
commonly used for experimental approaches, in particular
to evaluate the number of cell divisions during proliferation.
With that said, analytical characteristics (e.g., repeatability,
reproducibility, stability of fluorescence overtime…) of CFSE
staining for LTT evaluation in clinical samples are not known.
A comparison of methods between CFSE and EdU techniques
for LTT should be performed in a future study.

Other techniques such as thequantification of blast formation
after stimulation have been tested in clinic (Marits et al., 2014).
Compared with BrdU, CFSE, or EdU assays, this protocol is

Table 1

Immunological data of pediatric patients with suspicion of primary immunodeficiencies.

Age Sex Lymphocytes T lymphocytes B lymphocytes NK cells Diagnostic

CD3+ CD3+CD4+ CD3+CD8+ CD20+ CD3−CD16+

and/or CD56+

Patient 1 16 F 1 698 1 409 679 713 170 119 Congenital

hypogammaglobulinemia30 83 42 40 10 7

Normal

values

1400–4170 1100–2750 550–1600 400–1050 250–550 135–750

Patient 2 10 M 1 405 1 180 843 295 141 56 No immunological deficit

60 84 60 21 10 4

Normal

values

1440–5340 1060–3370 420–1930 410–1380 230–1130 145–600

Patient 3 1,5 M 5 540 3 379 2 271 831 1496 609 Undetermined

52 61 41 15 27 11

Normal

values

3430–8700 2025–4775 1325–3225 600–1930 580–2570 200–900

Datawere obtained by flow cytometry technique using internal calibrator for absolute values, expressed as number of cell permicroliter of blood. Numbers in italic font

are percentages. Lymphocyte percentage is expressed as percentage of circulating white blood cells; CD3, CD4 and CD8 T lymphocytes, B lymphocytes and NK cells,

as percentage of lymphocytes; ages are expressed in years. Matched age absolute normal values are indicated.
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simpler and shorter. However, depending on the stimulant,
it could beup to 3 days longer than the EdUassay. Furthermore,
lymphocyte proliferation is only evaluated through cell in-
crease in size during blast formation that can be detected as an
increase in forward scatter by flow cytometry. Obviously, this
is not as specific to cell proliferation as base incorporation
into DNA as in EdU protocol. Additionally, as for CFSE assay,
analytical performances (repeatability, reproducibility) still
need to be evaluated.

A drawback of EdU protocol might be its cost. Indeed, in
our hands, it remains slightly higher than the cost of the
[3H]-thymidine assay, when taking into account cell culture,
testing reagents, instruments andmachines,wastemanagement,
and technicianhandling time.However, this drawback is likely to
be minimized, as the technique is still recent and its cost may be
reduced in a close future if this assay is implemented in routine

labs. Moreover themany advantages of this assay (especially the
absence of radioactivity) make the additional cost worth it.
Another aspect that needs to be evaluated is the possibility
to perform EdU incorporation assay in whole blood, as it
would represent an easier and faster approach. This needs to
be evaluated in a further study.

In conclusion,with good analytical performances and a high
correlationwith the gold standard technique of [3H]-thymidine
uptake, we demonstrated that EdU incorporation assay is a
relevant non-radioactive candidate for LTT evaluation in clinic.
Upon validation in larger cohorts of patients, we anticipate that
routinely replacing the [3H]-thymidine gold standard tech-
nique by this new innovative flow cytometry technique in
clinical immunology laboratories is a reasonable strategy.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jim.2014.10.006.

Fig. 6.Results on clinical samples. Peripheral bloodmononuclear cellswere stimulatedwith PHA (n=8 septic shock, 3 pediatric patients). (A)—Proliferationsmeasured

by [3H]-thymidine and EdU incorporation assays were compared. Each symbol = mean of a replicate in one patient. Cpm: counts per minute. (B) Percentages of

proliferating cells in septic patients vs healthy donors (box-plots). Statistics: Mann–Whitney test.
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Abstract

Context

Sepsis is characterized by the development of adaptive immune cell alterations, which

intensity and duration are associated with increased risk of health-care associated infec-

tions and mortality. However, pathophysiological mechanisms leading to such lymphocyte

dysfunctions are not completely understood, although both intrinsic lymphocyte alterations

and antigen-presenting cells (APCs) dysfunctions are most likely involved.

Study

The aim of the current study was to evaluate whether lipopolysaccharide (LPS, mimicking

initial Gram negative bacterial challenge) could directly impact lymphocyte function after

sepsis. Therefore, we explored ex-vivo the effect of LPS priming on human T lymphocyte

proliferation induced by different stimuli.

Results

We showed that LPS priming of PBMCs reduced T cell proliferative response and altered

IFNγ secretion after stimulation with OKT3 but not with phytohaemagglutinin or anti-CD2/

CD3/CD28-coated beads stimulations. Interestingly only LPS priming of monocytes led to

decreased T cell proliferative response as opposed to LPS priming of lymphocytes. Impor-

tantly, LPS priming was associated with reduced expression of HLA-DR, CD86 and CD64

on monocytes but not with the modification of CD3, CTLA4, PD-1 and CD28 expressions on

lymphocytes. Finally, IFNγ stimulation restored monocytes accessory functions and T cell

proliferative response to OKT3.

Conclusion

We conclude that LPS priming does not directly impact lymphocyte functions but reduces

APC’s capacity to activate T cells. This recapitulates ex vivo indirect mechanisms
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participating in sepsis-induced lymphocyte alterations and suggests that monocyte-target-

ing immunoadjuvant therapies in sepsis may also help to improve adaptive immune dys-

functions. Direct mechanisms impacting lymphocytes being also at play during sepsis, the

respective parts of direct versus indirect sepsis-induced lymphocyte alterations remain to

be evaluated in clinic.

Introduction

Septic syndromes represent a major healthcare problem worldwide accounting for a high num-

ber of deaths every year [1,2].

Sepsis is characterized by the development of a phase of immunosuppression affecting both

innate and adaptive immunity. In particular, T cells are deeply altered. After a massive apopto-

sis, the remaining T cells are anergic, display lower proliferation and secretion of pro-inflam-

matory cytokine after ex-vivo stimulation. In addition, circulating lymphocytes in septic

patients present an exhausted phenotype, characterized by lower levels of CD3 and co-stimula-

tory molecule, increased expression of co-inhibitory receptors such as PD-1 (programmed cell

death receptor-1) or CTLA-4 (cytotoxic T lymphocyte associated protein 4) [3,4]. Many studies

have demonstrated an association between intensity and length of sepsis-induced T cell anergy

and/or lymphopenia and increased risk of HAI (healthcare associated infections) and mortality

[5,6]. This constitutes the rational for innovative therapeutic interventions (such as rhIL-7

(recombinant human interleukin-7) or anti-PD-1/PD-L1 (PD-1 ligand) antibodies) targeting

these lymphocyte alterations that are now considered in the treatment of septic patients [7].

However, pathophysiological mechanisms leading to such lymphocyte dysfunctions are not

completely understood. In particular, a potential direct effect of the initial infectious challenge

on lymphocyte effector functions has never been evaluated in the context of sepsis.

Therefore, the aims of the current study were to explore lymphocyte functions after LPS

(lipopolysaccharide, mimicking initial Gram negative infection) challenge ex-vivo in order to

improve our understanding of sepsis-induced T cell alterations pathophysiology and to estab-

lish a lymphocyte functional tests that would help patients’ stratification in clinical trials.

Therefore, we evaluated the effect of LPS priming on lymphocyte proliferation and cytokine

production induced by different stimuli ex-vivo.

Material and Methods

Healthy volunteers

Whole blood samples were purchased from the Etablissement Français du Sang (EFS) (n = 50

different donors, aged 21 to 65, 39 men and 11 women). According to EFS standardized proce-

dures for blood donation, written informed consent was obtained from HVs (healthy volun-

teers) and personal data for blood donors were anonymized at time of blood donation and

before blood transfer to our research lab. This work belongs to a global study on ICU-induced

immune dysfunctions which has been approved by our Institutional Review Board for ethics

(“Comité de Protection des Personnes Sud- Est II”, Ref 2014–003).

Cell isolation and seeding

PBMC (peripheral blood mononuclear cells) were obtained by Ficoll gradient centrifugation.

Monocyte depleted PBMCwere obtained using RosetteSep™HumanMonocyte Depletion

Lymphocyte Proliferation and LPS Priming
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Cocktail (Stem Cell, Vancouver, Canada), according to manufacturer’s instructions. T cells were

isolated through negative selection using the RosetteSep™Human T Cell Enrichment Cocktail

(Stem Cell), according to manufacturer’s instructions. Monocytes were isolated through positive

CD14 selection, using CD14 MicroBeads, MS columns andMiniMACS™ Separator, according to

manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach, Germany).

Cell culture

Cells were diluted to working concentration (1x106 cells/mL unless otherwise stated) in com-

plete culture medium: RPMI 1640 (Eurobio, Les Ulis, France) supplemented with 10% SAB

(AB human serum, Life technologies, Carlsbad, CA, USA), 2 mM L-Glutamine (Eurobio),

2 μg/mL Fungizone (Gibco, Life technologies), 20 U/mL penicillin and 20 μg/mL streptomycin

(Peni 10000 UI/Strepto 10000 μg, Eurobio), and incubated at 37°C in humidified 5% CO2

atmosphere.

LPS priming. Cells were treated overnight with either medium or various concentration

of LPS (from 0.01 to 1000 ng/mL) mix of gel filtration chromatography purified LPS from

Escherichia coli O111:B4, O55:B5, O124:B8, Sigma Aldrich, Saint Louis, MO, USA).

IFNγ treatment. Following LPS priming, PBMC were washed with PBS, re-suspended in

complete medium, treated with either medium or 100 ng/mL of human recombinant inter-

feron gamma-1b (IFNγ, Immukin, Boehringer Ingelheim, Germany) and incubated at 37°C in

humidified 5% CO2 atmosphere. For proliferation assay, T cell stimulant was added simulta-

neously with IFNγ.

T cell proliferation assay

T cells were stimulated 72h at 37°C in humidified 5% CO2 atmosphere with one of the follow-

ing stimulants: anti-CD2/CD3/CD8 antibodies-coated beads (αCD2/3/28-Abs coated beads, T

cell activation/expansion kit, Miltenyi Biotec, 1 bead for 2 cells), 4 μg/mL phytohemagglutinin

(PHA, Oxoid), 25 ng/mL anti-CD3 antibody (OKT3, mouse monoclonal IgG2a,κ, Tonbo Bio-

sciences, San Diego, CA, USA).

T cell proliferation was then evaluated using the Click-iT1 flow cytometry assay (Life-

Technologies, Carlsabad, CA, USA), as previously described [8]. Flow cytometry analyses were

performed on a Navios flow cytometer (Beckman Coulter). CD3+ cells were first selected

among total events based on a monoparametric CD3-allophycocyanin (APC) histogram (APC

labeled anti-CD3 antibody, mouse monoclonal IgG1, clone UCHT1, Beckman Coulter). Then

the percentage of EdU+ cells among CD3+ cells were measured on a monoparametric

EdU-AF488 histogram. For every experiment, a minimum of 2.5x103 CD3+ cells was recorded.

Data were analyzed using Kaluza software (version 1.2, Beckman Coulter).

IFNγ concentration dosage in cell supernatants

After PBMC culture, culture plates were centrifuged, supernatants harvested and stored at

-80°C. All tested supernatants were thawed simultaneously and the Bio-Plex Pro™Human

Cytokine 8-plex Assay (Bio-Rad, Hercules, CA, USA) was performed on 50μL of each superna-

tant in duplicates, according to manufacturer’s instructions, and processed with a BioPlex 200

(Bio-Rad). Results were analyzed with the BioPlex Manager software 6.1.

Flow cytometry immunophenotyping

Multiparametric flow cytometry panels were used to characterize expressions on monocytes

and lymphocytes of various receptors. Antibodies were: PC7 (PE (phycoerythrin)-cyanin7)

Lymphocyte Proliferation and LPS Priming

PLOS ONE | DOI:10.1371/journal.pone.0144375 December 7, 2015 3 / 17



labeled anti-CD64 antibody (mouse monoclonal IgG1, clone 22,Beckman Coulter), PB (pacific

blue) labeled anti-CD14 antibody (mouse monoclonal IgG22a, clone RMO52, Beckman Coul-

ter), PE-labeled anti-CD86 antibody (mouse monoclonal IgG2b,κ, clone IT2.2 Biolegend, San

Diego, CA, USA), Allophycocyanin-labeled anti-CD80 antibody (mouse monoclonal IgG1,

clone MAB104, Beckman Coulter), PC7 labeled anti-HLA-DR antibody (human leukocyte

antigen-DR) (mouse monoclonal IgG2aκ, clone L243, Biolegend), PE labeled anti-PD-1 anti-

body (goat polyclonal IgG, R&D systems, Mineapolis, MN, USA), PC7 labeled anti-CD28 anti-

body (mouse monoclonal IgG1, clone CD28.2, Beckman Coulter), APC-labeled anti-CTLA4

antibody (mouse monoclonal IgG1κ, clone L3D10, Biolegend, San Diego, CA, USA), and PB

labeled anti-CD3 antibody (mouse monoclonal IgG1, clone UCHT1, Beckman Coulter). Cor-

responding isotypic antibodies labeled with the same fluorophores and purchased from the

same suppliers were used as controls. Regarding monocyte receptor evaluation, CD14+ cells

were first selected among total events based on a bi-parametric CD14-PB/side scatter plot.

Then the MFI (means of fluorescence intensity) of each parameter on CD14+ cells were mea-

sured on mono-parametric histograms. For every experiment, a minimum of 2.5x103 CD14+

cells was recorded.

Regarding T cell receptor expression evaluation, CD3+ cells were first selected among total

events based on a bi-parametric CD3-PB/side scatter plot. Then the MFI of each parameter on

CD3+ cells were measured on mono-parametric histograms. For every experiment, a minimum

of 2.5x103 CD3+ cells was recorded.

Statistics

For each individual, technical replicates (a minimum of 2 per measurement) were summarized

by their means. Such individual values are presented in the figures. In addition, for each condi-

tion, individual values are summarized on the plots by a horizontal line representing the mean

of a given condition. Non parametric Wilcoxon matched paired signed rank test was used to

evaluate the significance of quantitative measurements (the effect of the priming of T cells,

monocytes or both on T cell proliferative response to OKT3, the restorative effect of IFNγ on

decreased lymphocyte proliferation after LPS priming). Differences between groups were con-

sidered statistically significant for P-values lower than 0.05. Regarding dose-response effect of

LPS priming on T cell proliferative response or production of IFNγ, the goodness of fit of the

dose-response curve obtained was assessed through fitting the experimental data to a dose-

response model for an inhibitor. The adequacy of the fit is measured by the r2. An r2> 0.5 was

considered as a strong adequacy between observed data and the model therefore showing a

dose-response effect. Anova analysis was performed to evaluate (i) the impact of LPS stimula-

tion and the dose of LPS on T cell proliferative response; (ii) the impact of LPS stimulation,

stimulation time, and interaction of both on monocyte expression of HLA-DR, CD64, CD86

and CD80. A statistically significant impact of the variables was considered for P-values lower

than 0.05.

Results

Decreased lymphocyte effector functions after LPS priming

Sepsis-induced lymphocyte anergy is characterized by decreased effector functions (i.e. prolif-

eration and cytokine production) in response to ex vivo stimulation [7,9]. Therefore, we tested

the effect of LPS priming (mimicking initial Gram negative infectious challenge) on lympho-

cyte effector functions after incubation with different stimuli (PHA, anti-CD2/CD3/

CD28-coated beads and OKT3) on cells from healthy donors [10–12].

Lymphocyte Proliferation and LPS Priming
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First, lymphocyte proliferative response was evaluated. We did not observe any effect of

LPS-priming on PHA- or anti-CD2/CD3/CD28-coated beads-induced lymphocyte prolifera-

tion independently of LPS concentration used during the priming phase (Fig 1A and 1B). In

contrast, LPS priming induced a strong decrease in T cell proliferative response after OKT3

stimulation (Fig 1C). Importantly, this decrease was dose-dependent (r2 = 0.78) of LPS concen-

tration (Fig 1C).

In order to exclude a putative dose effect of proliferation stimuli on these initial observa-

tions; we tested the effect of LPS priming on lymphocyte proliferation induced by lower stimuli

concentrations. As shown in Fig 2A and 2B, no effect of LPS priming was observed on lympho-

cyte proliferation induced by PHA or anti-CD2/CD3/CD28-coated beads regardless of their

concentrations levels. In marked contrast, after LPS priming, we observed a complete suppres-

sion of T cell proliferative response induced by OKT3 (P<10−8), for every tested concentration

(Fig 2C).

Based on these preliminary results, we evaluated another important aspect of sepsis-induced

lymphocyte anergy, the decreased cytokine production [13,14]. Hence, IFNγ concentrations

were measured in culture supernatants of LPS-primed PBMCs after OKT3 stimulation. As

shown in Fig 3, in addition to the reduced proliferation, we also observed a dose-dependent

(r2 = 0.53) effect of LPS priming on the reduction of IFNγ secretion induced after OKT3

stimulation.

Therefore, in this first set of experiments, we have shown that OKT3-induced lymphocyte

proliferation and IFNγ production were altered after LPS priming ex vivo.

Monocytes mediate the decreased lymphocyte proliferation after LPS
priming

In order to understand the putative mechanisms leading to decrease T cell proliferation, we

investigated which cell populations could be involved in LPS-priming effect. In particular, we

wanted to know if LPS priming acts directly on T cell to affect their proliferation or may

require interactions with other cells such as antigen presenting cells (APC). This aspect has

never been investigated before.

Therefore, the effect of LPS priming on OKT3-induced proliferation was first tested on iso-

lated T cells in comparison with PBMCs from the same donor. We did not observe any evi-

dence that OKT3 induces proliferation on isolated T cells. In the contrary, PBMCs stimulated

with OKT3 were induced to proliferate, but LPS priming decreased their proliferative responses

(Fig 4A). This result shows that OKT3 stimulation requires the presence of accessory cells to

induce T cell proliferation in accordance with the literature [15–17].

Among accessory cells, we next investigated the role of monocytes in our model. T cell pro-

liferative responses induced by OKT3 were thus evaluated in monocyte-depleted PBMCs cul-

tures. Consistently with our previous results, we observed that OKT3 stimulation did not

induce any T cell proliferation if monocytes were depleted, while PBMC proliferations as well

as the inhibitory effect of LPS priming on these proliferative responses from the same donors

were conserved (Fig 4B). This highlights the central role of monocytes in this model and sug-

gests that the reductive effect of LPS priming on OKT3-induced lymphocyte proliferation

might be mostly mediated by monocytes.

To confirm this aspect, we designed experiments in which purified T cells and purified

monocytes were first primed separately by LPS before being co-cultured to evaluate OKT3-in-

duced proliferation (Fig 4C). We observed that T cell proliferative response to OKT3 was

decreased only when monocytes where primed with LPS, while LPS priming of purified T cells

Lymphocyte Proliferation and LPS Priming
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had no effect (Fig 4D). This confirms that LPS priming affects monocytes to reduce OKT3-in-

duced T cells proliferation in our model.

Fig 1. LPS dose-dependently decreases T cell proliferative response to OKT3. PBMC were primed
overnight with LPS concentrations ranging from 0.01 ng/mL to 100 ng/mL (in case of OKT3 stimulation) or
from 0.1 ng/mL to 1000 ng/mL (in case of anti-CD2/CD3/CD28-coated beads and PHA stimulations). Then
PBMCwere stimulated with 4 μg/mL PHA (A), 0.5x106 anti-CD2/CD3/CD28-coated beads/mL (B), or 25 ng/
mL OKT3 (C) for 72h. T cell proliferation was measured by flow cytometry and results are expressed as
percentages of proliferating cells among total T cells. Each experiment was performed on n = 3 to 4 HV.
Technical replicates were summarized by the mean for each individual. For each condition, individual values
are summarized on the plots by a horizontal line representing the mean of a given condition.

doi:10.1371/journal.pone.0144375.g001

Lymphocyte Proliferation and LPS Priming

PLOS ONE | DOI:10.1371/journal.pone.0144375 December 7, 2015 6 / 17



Finally, to evaluate how LPS priming of monocytes could participate in their reduced capac-

ity to induce OKT3-mediated proliferation; we measured CD64, HLA-DR, CD86, and CD80

expressions on these cells during incubation with LPS. Indeed, it has been shown that co-stim-

ulations through MHC II molecules, CD80 and CD86 co-receptors as well as FcγRI (CD64)

Fig 2. LPS decreases only T cell proliferative response to OKT3. PBMC were first treated with medium
(white points) or primed with 10 ng/mL LPS (black points), then cells were stimulated with 0.1 to 4 μg/mL PHA
(A), or 63x103 to 500x103 anti-CD2/CD3/CD28-coated beads /mL (B), or 5 to 50 ng/mL OKT3 (C) for 72h. T
cell proliferation was measured by flow cytometry and results are expressed as percentages of proliferating
cells among total T cells. Each experiment was performed on n = 4 HV. Technical replicates were
summarized by the mean for each individual. For each condition, individual values are summarized on the
plots by a horizontal line representing the mean of a given condition.

doi:10.1371/journal.pone.0144375.g002
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presentation participate in OKT3-induced proliferation[15,17,18]. We observed that CD64

and CD86 expressions were significantly decreased on monocytes during LPS priming

(P<0.05) whereas CD80 expression was not modified (Fig 5A). HLA-DR was not decreased

during priming (Fig 5A2) but significantly decreased during the following days (data not

shown). This suggests that these decreased co-stimulatory molecules expressions after LPS

priming may participate in the lowered T cell proliferative response observed after OKT3 stim-

ulation of primed PBMCs. To note, LPS priming had no effect on CD28, CTLA4, PD-1 and

CD3 expressions on T lymphocytes (Fig 5B).

Taken together, these results showed that LPS priming acts on monocytes to impair

OKT3-induced lymphocyte proliferation through an alteration of monocytes’ accessory cell

functions. Importantly, in this model, LPS priming does not appear to have any direct effect on

lymphocytes.

Ex vivo restoration of lymphocyte proliferation after LPS priming

Finally, we tested the effect of an immunoadjuvant therapy (i.e. IFNγ), known to restore mono-

cyte functions, on lymphocyte proliferative response and monocytes accessory cell functions ex

vivo after LPS priming.

As shown in Fig 6, we observed that IFNγ treatment significantly improved OKT3-induced

T cell proliferative response after LPS priming (while IFNγ treatment alone did not affect T cell

proliferative response to OKT3, data not shown). In addition, we observed that this was associ-

ated with increased CD64, HLA-DR and CD80 monocyte expressions (Fig 7).

This confirms that, after LPS priming, IFNγ treatment can improve T cell proliferative

response through the restoration of monocyte’s accessory functions.

Discussion

The pathophysiology of sepsis associates a complex interplay between pro- and anti-inflamma-

tory responses alternatively predominating overtime [7]. Indeed, while initial overwhelming

pro-inflammatory response occurs after septic shock (responsible for organ dysfunctions and

Fig 3. LPS dose-dependent reduction of IFNg secretion by T cells in response to OKT3 stimulation.
PBMCwere primed overnight with 1 ng/mL, 10 ng/mL or 100 ng/mL LPS. Then PBMCwere stimulated with
25 ng/mL OKT3 for 72h before the surpernatant was recovered for IFNγmeasurement. Each experiment was
performed on n = 4 HV. Technical replicates were summarized by the mean for each individual. For each
condition, individual values are summarized on the plots by a horizontal line representing the mean of a given
condition.

doi:10.1371/journal.pone.0144375.g003
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early deaths); anti-inflammatory mechanisms rapidly develop in patients that survive this ini-

tial peak of cytokine production. If persisting overtime, such compensatory immune response

might become deleterious, as it could lead to major immune alterations [13,14]. Indeed, during

sepsis, immune dysfunctions affecting both the innate and the adaptive immune responses

have been described. Importantly, several clinical studies showed that the intensity and dura-

tion of sepsis-induced immune alterations are associated with increased risk of death and HAI.

This represents the rational for novel clinical trials testing immuno-adjuvant therapies in septic

patients that present with such immune alterations [7].

Fig 4. Monocytes mediate LPS induced decrease of T cell proliferative response to OKT3. PBMC (open diamonds) and T cells (A—black diamonds) or
monocyte depleted PBMC (B- black diamonds) were, first, primed overnight by 10 ng/mL LPS, then, stimulated 72h with 25 ng/mL OKT3. T cell proliferation
was measured by flow cytometry and results are expressed as percentages of proliferating cells among total T cells. This experiments were performed on
n = 2 or 4 HV. Technical replicates were summarized by the mean for each individual. For each condition, individual values are summarized on the plots by a
horizontal line representing the mean of a given condition. C- T cells and monocytes were isolated from each HV and were incubated separately overnight in
medium alone or with 10 ng/mL LPS. After thorough PBS wash of each fraction, primed or unprimed T cell fractions were mixed with primed or unprimed
monocyte fractions (0.5x106 monocytes/mL and 1.5x106 T cells–every combination was tested), and stimulated or not with 25 ng/mL OKT3 for 72h before T
cell proliferation measurement. T cell proliferation was measured by flow cytometry and results are expressed as percentages of proliferating cells among
total T cells. Similar experiment with total PBMC from each HV was performed in parallel as control.D-Results on purified monocytes and lymphocytes are
presented. The different conditions of LPS priming of monocytes and / or T cells are underlined under the graph. Open circles represent results for cell culture
conditions with no T cell stimulation. Black circles represent results after 25 ng/mL OKT3 stimulation for 72h. The experiment was performed on n = 5 HV.
Technical replicates were summarized by the mean for each individual. For each condition, individual values are summarized on the plots by a horizontal line
representing the mean of a given condition.

doi:10.1371/journal.pone.0144375.g004
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In particular, sepsis-induced lymphocyte alterations are characterized by (i) a marked

decrease in circulating cell number due to increased apoptosis, (ii) phenotypic alterations such

as increased co-inhibitory receptor, decreased CD3 and co-stimulatory receptor expressions,

(iii) reduced TCR diversity, (iv) increased proportion of regulatory T cells and, (iv) functional

alterations such as decreased proliferation and cytokine production ex vivo [4,5,14,19]. This

last aspect is characteristic of lymphocyte anergy / exhaustion with similarities with lympho-

cyte alterations described after chronic viral infections [3]. Importantly, several observational

studies in clinic showed an association between the intensity and duration of sepsis-induced

lymphocyte alterations and increased risk of death or HAI in patients [13,20,21].

Mechanisms leading to such lymphocyte alterations are not completely understood. How-

ever, preliminary studies in patients showed that both antigen-specific and mitogen-mediated

lymphocyte responses are altered after septic shock. Indeed, Manjuck et al. showed the

decreased proliferative response to recall antigen stimulations (tetanus toxoid or candidin) in

patients with sepsis in association with a loss of HLA-DR and CD86 expressions on monocytes

[22]. In addition, the decreased proliferation of septic patients’ lymphocytes after a non-specific

direct stimulation through TCR (anti-CD2/CD3/CD28-Abs coated beads [23]) or to mitogen

stimulation (PHA [24,25]) has been described. Therefore, both intrinsic lymphocyte alterations

as well as antigen-presenting cells dysfunctions are most likely involved in sepsis-induced lym-

phocyte dysfunctions. In that context, the exploration of these aspects ex vivo could help to

Fig 5. LPS priming alters monocyte T cell accessory cell function but not T cell receptor expression. PBMCwere treated with medium or 10 ng/mL
LPS and flow cytometry phenotyping was performed every 2h for 8h. Four markers were studied on monocytes (A): CD64 (A1), HLA-DR (A2), CD86 (A3)
and CD80 (A4). For each marker, mean fluorescence intensities (MFI) on CD14+ cells were measured. Four markers were studied on T cells (B): CD3 (B1),
CD28 (B2), CTLA-4 (B3) and PD-1 (B4). For each marker, mean fluorescence intensities (MFI) on CD3+ cells were measured. MFI ratio were calculated as
follow = MFI of LPS treated cells divided by the MFI of the medium-treated cells at the same time point. The experiments were performed on n = 4 HV.
Technical replicates were summarized by the mean for each individual. For each condition, individual values are summarized on the plots by a horizontal line
representing the mean of a given condition.

doi:10.1371/journal.pone.0144375.g005

Fig 6. IFNγ partially restores T cell proliferative response to OKT3. PBMC were treated or not overnight
with 10 ng/mL LPS, washed and then treated simultaneously or not with 100 ng/mL IFNγ and 25 ng/mL OKT3
for 72 h before T cell proliferation measurement (Black circles: cells primed with LPS and treated with
IFNγ+OKT3; open circles: cells primed with LPS and treated with OKT3 but with no IFNγ treatment). T cell
proliferation was measured by flow cytometry and results are expressed as percentages of proliferating cells
among total T cells. In addition, results are normalized versus proliferation measured after OKT3 stimulation
without any LPS priming or IFNγ treatment (control condition). Results are expressed as percentages to the
reference proliferative response. The experiments were performed on n = 6 HV. Technical replicates were
summarized by the mean for each individual. For each condition, individual values are summarized on the
plots by a horizontal line representing the median of a given condition.

doi:10.1371/journal.pone.0144375.g006
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understand the pathophysiology of sepsis-induced lymphocyte dysfunctions. This represents

the goal of the current study.

In this set of experiments, we investigated whether LPS priming (mimicking initial infec-

tious challenge) could directly act on lymphocytes to affect their effector functions. Indeed,

although TLR activation is the hallmark of the innate immune response, recent evidence dem-

onstrates that adaptive immune cells use these innate signaling pathways as well [26].

We showed that LPS priming of PBMCs led to a reduced T cell proliferative response and

altered IFNγ secretion only after OKT3 stimulation, while no effect of LPS priming was

observed on PHA and anti-CD2/CD3/CD28 coated beads-induced lymphocyte responses.

This suggests that LPS does not act directly on T cells to reduce their effector functions but

may impact lymphocyte responses through their interactions with APCs even in a non-antigen

specific manner. Here we present evidence for the indirect effect of LPS on T cells. We provide

the first report showing that only LPS priming of monocytes led to decreased T cell prolifer-

ative response (although the possible impact of positive versus negative purification techniques

of monocytes should be evaluated) as opposed to direct LPS priming of purified lymphocytes.

Importantly, LPS priming effect was associated with decreased HLA-DR, CD86 and CD64

expressions on monocytes but no change in CD28, CTLA4, PD-1 or CD3 expressions on T

cells. Finally, IFNγ stimulation of monocytes restored their accessory functions (i.e. increased

CD64, CD80 and HLA-DR expressions) and T cell proliferative response to OKT3.

Importantly, this highlights that, depending on the stimuli used to induce lymphocyte effec-

tor functions, APC-mediated T cell dysfunctions or intrinsic lymphocyte alterations could be

evaluated. Indeed, the 3 stimuli evaluated in the current study use different mechanisms to pro-

mote T cell effector functions. PHA is a lectin that aggregates TCRs at T cell surface, thus lead-

ing to lymphocyte activation [27,28]. Anti-CD2/CD3/CD28-coated beads mimic TCR

stimulation and induce T cell activation with no need for help from APC. Finally, OKT3 is an

anti-CD3 antibody that stimulates TCR with the need for an interaction with APC but in a

non-antigen specific manner. Indeed the mitogenic activity of OKT3 clone is dependent on

monocyte accessory functions. In particular, it correlates with the capacity of the Fc portion of

this antibody to interact with FcRs that are present on phagocytes [16,29] and requires interac-

tions with co-stimulatory molecules such as CD80/CD86 or even HLA-DR [17,18]. This

Fig 7. IFNγ partially restores monocyte accessory cell function. PBMC were incubated for 12h with medium or 10 ng/mL LPS, washed, and treated with
medium or 100 ng/mL IFNγ. MFI of either CD64 (A), HLA-DR (B), CD86 (C) or CD80 (D) on CD14+ cells were measured, and MFI ratios calculated by
dividing the MFI of treated cells by the MFI of control cells (no treatment). The experiment was performed on n = 4 HV. Technical replicates were summarized
by the mean for each individual.

doi:10.1371/journal.pone.0144375.g007
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supports the importance to evaluate in parallel several stimuli in clinic to decipher intrinsic

versus extrinsic/APC-mediated lymphocyte dysfunctions.

Our results show that LPS priming does not directly impact lymphocyte effector functions

in our model. Numerous studies have investigated the effect of TLR4 ligands such as LPS on

lymphocyte effector functions [26]. Several different models were evaluated (in vivo experi-

ments in mice [30–33], ex vivo studies on purified cells [34,35], on various cell populations

(cell lines [36]; PBMC [37,38], purified CD4+ T cells [39–41]) with various experimental condi-

tions (for example: LPS dosage ranging from 10ng [30] to 250μg [33]). In addition, a number

of different read-outs were evaluated: (i) cell proliferation [42]; (ii) cell activation [30], (iii) cell

survival / apoptosis [33], (iv) cytokine production [41] or (v) cell adherence [43]. Depending

on the experimental set-up, either an activating or an inhibitory effect or the absence of any

effect of LPS on lymphocytes was observed. In particular, most of the studies that observed a

stimulatory effect of LPS on T cells were performed in mice in vivo; a different experimental

set-up compared with our current study. Indeed, if considering only studies performed with

primary human cells ex vivo, results are less clear. Indeed, while some authors did not observe

any effect of LPS on T cells [40]; some authors reported either a direct stimulating effect of LPS

on T cells [38], a stimulating effect mediated by monocytes [37] or, conversely, a direct [44] or

monocyte-mediated [45] inhibitory effect. Here again, different experimental conditions (work

on purified cells or mixed cell populations, different LPS dosages . . .) could explain these dis-

crepant results. In addition and most importantly, studies showing an immunoadjuvant effect

of LPS on T cell functions evaluated the simultaneous incubation of LPS with T cell stimuli. In

our current experimental protocol, we tested whether a priming phase of T cells with LPS

could impact a subsequent stimulation of lymphocytes. This experimental design was derived

from the model of endotoxin tolerance that has been shown to recapitulate ex vivo monocyte-

induced immune dysfunctions [10].

With that said, our results are in accordance with previous studies that reported no direct

effecy of LPS on T cells [39–41,46]. In particular, Komai-Koma et al. did not observe any effect

of LPS on proliferation and cytokine production of anti-CD3 activated human T cells [40]. To

note, our current experimental protocol (EdU incorporation after 72h of stimulation) does not

permit the evaluation of an “early” stimulating effect of LPS on TCR-induced proliferation.

This specific point now needs to be evaluated in a dedicated study with the use of another read-

out for cell proliferation such as CFSE incorporation.

Interestingly, stimulation of other TLRs such as TLR2 has been repeatedly reported to

improve T cell proliferation and cytokine production in mice and humans [26,40]. Therefore,

despite our negative results, such direct effect of TLR ligands in sepsis-induced lymphocyte

alterations could not be excluded and this remains to be evaluated by, for example, studying

the effect of other TLRs and PAMPs or DAMPS stimulations. For example, Domingez-Villar

et al. set-up a model of T cell exhaustion by treating CD4+ T cells with Imiquimod, a TLR7 ago-

nist, and observed a decrease of proliferation and of IFNγ production in response to soluble

anti-CD3 and anti-CD28 stimulations. This model was developed to study aspects of lympho-

cyte exhaustion after chronic viral infections (i.e. HIV) which shares characteristics with sepsis

induced T cell anergy [47].

In our model, LPS acts on monocytes/APCs to reduce their capacity to activate T cells. This

is clearly relevant with the pathophysiology of sepsis in which monocyte alterations have been

shown to participate in sepsis-induced lymphocyte dysfunctions [22,48]. Other groups have

reported similar results. For example, the study by Yaqub et al. showed, in a whole blood

model, that LPS stimulation could reduce T cell effector functions induced by TCR/CD3 or

SEB stimulations through the production of PGE2 [49,50]. Interestingly in a second study by

this group, the authors showed that this effect was indeed mediated by monocyte production of
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PGE2 after LPS stimulation [50]. Similarly, Wolk et al. showed that LPS priming of mononu-

clear cells down-regulated MHC II molecules and CD86 expressions, as observed in the current

study, in association with diminished T-cell proliferation and IFNγ production in response to

presentation of different recall antigens [45]. In the current study, we extend these previous

results by showing that not only antigen-specific but also antigen non-specific monocyte-medi-

ated lymphocyte activation (after OKT3 stimulation) is altered after bacterial challenge; an

aspect that was not evaluated in Wolk’s work. This is important since it allows for the study of

monocyte accessory cell functions / co-stimulatory molecule expressions role in sepsis-induced

lymphocyte alterations. This might be of major interest in a context of already starting clinical

trials testing treatments targeting such immune checkpoints in clinic [51,52], and knowing that

such therapies are considered in the treatment of septic shock patients that present with

immune alterations [53,54]. In addition, from a technical perspective, the proliferative

response induced by OKT3 is of a larger proportion than that induced by recall antigens,

which facilitates its evaluation in particular in a case of a reduced effect.

Finally, similar results have also been observed after monocyte stimulation with other TLR

ligands. For example, Nakagawa et al. stimulated PBMC of healthy volunteers with peptidogly-

can prepared from S. aureus and observed a loss of T cell IFNγ production and proliferation in

response to fixed anti-CD3 antibody plus soluble anti-CD28 antibody stimulation [55]. They

demonstrated that this effect required cell-to-cell contact of T cells with peptidoglycan-stimu-

lated monocytes.

Notably, our results also suggest that therapies that restore APC functions (such as IFNγ as

tested here) probably have a positive effect not only on innate immunity but also on adaptive

immune cells after sepsis. This may be of major importance and may have participated in the

positive effect observed for such treatments in the preliminary clinical studies testing these

interventions [56–58]. However, this aspect has not been investigated in these clinical trials,

but should be considered in the forthcoming clinical studies testing immunoadjuvant

therapies.

However, it is highly possible that other mechanisms directly targeting lymphocytes could

also participate in sepsis-induced lymphocyte alterations. One can speculate on the roles of

immunosuppressive cytokines, apoptosis increasing molecules and/or glucocorticoids. How-

ever, this still deserves to be demonstrated in clinic, in particular regarding the respective parts

of direct versus indirect mechanisms of sepsis-induced lymphocyte alterations. To that purpose

and as discussed above, we would recommend that both direct T cell stimuli (such as PHA)

and molecules that require interactions with monocytes to induce lymphocyte proliferation

(such as OKT3) should be evaluated in parallel in the forthcoming clinical studies evaluating

sepsis-induced lymphocyte alterations in clinic.

In this study, we show that LPS priming does not directly impact lymphocyte effector func-

tions. However such stimulation could act on monocytes/APCs to reduce their capacity to acti-

vate T cells. Interestingly, this negative regulation of lymphocyte proliferation was restored ex

vivo by APC-targeting drugs such as IFNγ. We think that our results recapitulate ex vivo the

part played by sepsis-induced innate immune cell dysfunctions in sepsis-induced lymphocyte

alterations. Further work is now necessary to study the respective parts of direct versus indirect

mechanisms of sepsis-induced lymphocyte alterations in clinic and to develop complementary

ex vivomodels recapitulating other mechanisms directly leading to sepsis-induced lymphocyte

alterations. The ultimate goal would be to be able to assess ex vivo the various candidate mole-

cules targeting these dysfunctions.
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