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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
IFNy 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, IFNy 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

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

1/17


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0144375&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@'PLOS ‘ ONE

Lymphocyte Proliferation and LPS Priming

Competing Interests: The authors have declared
that no competing interests exist.

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 Francais 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 HV's (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 PBMC were obtained using RosetteSep™ Human Monocyte Depletion
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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 and MiniMACS™ Separator, according to
manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach, Germany).

Cell culture

Cells were diluted to working concentration (1x10° 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 ug/mL Fungizone (Gibco, Life technologies), 20 U/mL penicillin and 20 pg/mL streptomycin
(Peni 10000 UI/Strepto 10000 ug, Eurobio), and incubated at 37°C in humidified 5% CO,
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, 055:B5, O0124:B8, Sigma Aldrich, Saint Louis, MO, USA).

IFNy 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 (IFNy, Immukin, Boehringer Ingelheim, Germany) and incubated at 37°C in
humidified 5% CO, atmosphere. For proliferation assay, T cell stimulant was added simulta-
neously with IFNy.

T cell proliferation assay

T cells were stimulated 72h at 37°C in humidified 5% CO, atmosphere with one of the follow-
ing stimulants: anti-CD2/CD3/CD8 antibodies-coated beads (0.CD2/3/28-Abs coated beads, T
cell activation/expansion kit, Miltenyi Biotec, 1 bead for 2 cells), 4 pg/mL phytohemagglutinin
(PHA, Oxoid), 25 ng/mL anti-CD3 antibody (OKT3, mouse monoclonal IgG2a,k, Tonbo Bio-
sciences, San Diego, CA, USA).

T cell proliferation was then evaluated using the Click-iT®) 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 EQU™ cells among CD3" cells were measured on a monoparametric
EdU-AF488 histogram. For every experiment, a minimum of 2.5x10° CD3" cells was recorded.
Data were analyzed using Kaluza software (version 1.2, Beckman Coulter).

IFNy 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 50pL 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)
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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,k, 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 IgG2ax, 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 IgG1x, 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 2.5x10°> 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 2.5x10° 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 OKT?3, the restorative effect of [IFNy 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 IFNy, 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 r*. An r*> 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].
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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 (r* = 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~%), 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, IFNy 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
(% = 0.53) effect of LPS priming on the reduction of IFNy secretion induced after OKT3
stimulation.

Therefore, in this first set of experiments, we have shown that OKT3-induced lymphocyte
proliferation and IFNy 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 OKT?3 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 OKT?3 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
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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
PBMC were stimulated with 4 ug/mL PHA (A), 0.5x10° 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 onn =310 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

had no effect (Fig 4D). This confirms that LPS priming affects monocytes to reduce OKT3-in-
duced T cells proliferation in our model.
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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 pg/mL PHA
(A), or 63x10° to 500x10? 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.0144375.9002

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 FcyRI (CD64)
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Fig 3. LPS dose-dependent reduction of IFNg secretion by T cells in response to OKT3 stimulation.
PBMC were primed overnight with 1 ng/mL, 10 ng/mL or 100 ng/mL LPS. Then PBMC were stimulated with
25 ng/mL OKT3 for 72h before the surpernatant was recovered for IFNy measurement. 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.0144375.9g003

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. IFNy), 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 IFNy treatment significantly improved OKT3-induced
T cell proliferative response after LPS priming (while IFNy 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, IFNYy 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
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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
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doi:10.1371/journal.pone.0144375.g004

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 HAL
This represents the rational for novel clinical trials testing immuno-adjuvant therapies in septic
patients that present with such immune alterations [7].
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Fig 5. LPS priming alters monocyte T cell accessory cell function but not T cell receptor expression. PBMC were 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 (MF1) 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 onn =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

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
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Fig 6. IFNy 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 IFNy and 25 ng/mL OKT3
for 72 h before T cell proliferation measurement (Black circles: cells primed with LPS and treated with
IFNy+OKT3; open circles: cells primed with LPS and treated with OKT3 but with no IFNy 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 IFNy 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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Fig 7. IFNy 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 IFNy. 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.0144375.9007

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 PBMC:s led to a reduced T cell proliferative response and
altered IFNYy 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, IFNy 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 butin 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
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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 250ug [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 IFNy 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 IFNy 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 OKTS3 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 IFNYy 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 IFNy 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 IFNy. 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 vivo models 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.

PLOS ONE | DOI:10.1371/journal.pone.0144375 December 7,2015 14/17



@ PLOS | one

Lymphocyte Proliferation and LPS Priming

Acknowledgments

The authors would like to thank Dr Sophie Blein for her great help in the statistical analysis of
these results.

Author Contributions

Conceived and designed the experiments: FP GM JT FV. Performed the experiments: FP. Ana-
lyzed the data: FP FV JT. Contributed reagents/materials/analysis tools: JT AP. Wrote the
paper: FP FV. Critical discussion of the results: AP GM JT FV. Text editing: AP GM JT.

References

1.

10.

1.

12

13.

14.

15.

16.

Deutschman CS, Tracey KJ. Sepsis: current dogma and new perspectives. Immunity. 2014 Apr 17; 40
(4):463-75. doi: 10.1016/j.immuni.2014.04.001 PMID: 24745331

Angus DC, van der Poll T. Severe Sepsis and Septic Shock. N Engl J Med. 2013 Aug 29; 369(9):840—
51. doi: 10.1056/NEJMra1208623 PMID: 23984731

Wherry EJ. T cell exhaustion. Nat Immunol. 2011 Jun; 12(6):492—-9. PMID: 21739672

Boomer JS, Shuherk-Shaffer J, Hotchkiss RS, Green JM. A prospective analysis of lymphocyte pheno-
type and function over the course of acute sepsis. Crit Care 2012 Jun 28; 16(3):R112. doi: 10.1186/
cc11404 PMID: 22742734

Guignant C, Lepape A, Huang X, Kherouf H, Denis L, Poitevin F, et al. Programmed death-1 levels cor-
relate with increased mortality, nosocomial infection and immune dysfunctions in septic shock patients.
Crit Care. 2011; 15(2):R99. doi: 10.1186/cc10112 PMID: 21418617

Drewry AM, Samra N, Skrupky LP, Fuller BM, Compton SM, Hotchkiss RS. Persistent lymphopenia
after diagnosis of sepsis predicts mortality. Shock 2014 Nov; 42(5):383-91. doi: 10.1097/SHK.
0000000000000234 PMID: 25051284

Hotchkiss RS, Monneret G, Payen D. Sepsis-induced immunosuppression: from cellular dysfunctions
to immunotherapy. Nat Rev Immunol. 2013 Dec; 13(12):862—-74. doi: 10.1038/nri3552 PMID:
24232462

Poujol F, Monneret G, Friggeri A, Rimmelé T, Malcus C, Poitevin-Later F, et al. Flow cytometric evalua-
tion of lymphocyte transformation test based on 5-ethynyl-2’deoxyuridine incorporation as a clinical
alternative to tritiated thymidine uptake measurement. J Immunol Methods. 2014 Dec 15; 415:71-9.
doi: 10.1016/}.jim.2014.10.006 PMID: 25450005

Venet F, Lukaszewicz A-C, Payen D, Hotchkiss R, Monneret G. Monitoring the immune response in
sepsis: a rational approach to administration of immunoadjuvant therapies. Curr Opin Immunol. 2013
May 28; 25(4):477-83. doi: 10.1016/j.coi.2013.05.006 PMID: 23725873

Turrel-Davin F, Venet F, Monnin C, Barbalat V, Cerrato E, Pachot A, et al. nRNA-based approach to
monitor recombinant gamma-interferon restoration of LPS-induced endotoxin tolerance. Crit Care
2011; 15(5):R252. doi: 10.1186/cc10513 PMID: 22027436

Allantaz-Frager F, Turrel-Davin F, Venet F, Monnin C, De Saint Jean A, Barbalat V, et al. Identification
of Biomarkers of Response to IFNg during Endotoxin Tolerance: Application to Septic Shock. Caldwell
CC, editor. PLoS ONE. 2013 Jul 11; 8(7):e68218. doi: 10.1371/journal.pone.0068218 PMID: 23874546

Fontaine M, Planel S, Peronnet E, Turrel-Davin F, Piriou V, Pachot A, et al. S100A8/A9 mRNA induc-
tion in an ex vivo model of endotoxin tolerance: roles of IL-10 and IFNy. PloS One. 2014; 9(6):e100909.
doi: 10.1371/journal.pone.0100909 PMID: 24956170

Boomer JS, To K, Chang KC, Takasu O, Osborne DF, Walton AH, et al. Immunosuppression in patients
who die of sepsis and multiple organ failure. JAMA 2011 Dec 21; 306(23):2594—605. doi: 10.1001/
jama.2011.1829 PMID: 22187279

Muszynski JA, Nofziger R, Greathouse K, Steele L, Hanson-Huber L, Nateri J, et al. Early adaptive
immune suppression in children with septic shock: a prospective observational study. Crit Care. 2014;
18(4):R145. doi: 10.1186/cc13980 PMID: 25005517

Schwab R, Crow MK, Russo C, Weksler ME. Requirements for T cell activation by OKT3 monoclonal
antibody: role of modulation of T3 molecules and interleukin 1. J Immunol. 1985 Jan 9; 135(3):1714-8.
PMID: 3926880

Chang TW, Testa D, Kung PC, Perry L, Dreskin HJ, Goldstein G. Cellular origin and interactions
involved in gamma-interferon production induced by OKt3 monoclonal antibody. J Immunol. 1982 Feb;
128(2):585-9. PMID: 6172498

PLOS ONE | DOI:10.1371/journal.pone.0144375 December 7,2015 15/17


http://dx.doi.org/10.1016/j.immuni.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24745331
http://dx.doi.org/10.1056/NEJMra1208623
http://www.ncbi.nlm.nih.gov/pubmed/23984731
http://www.ncbi.nlm.nih.gov/pubmed/21739672
http://dx.doi.org/10.1186/cc11404
http://dx.doi.org/10.1186/cc11404
http://www.ncbi.nlm.nih.gov/pubmed/22742734
http://dx.doi.org/10.1186/cc10112
http://www.ncbi.nlm.nih.gov/pubmed/21418617
http://dx.doi.org/10.1097/SHK.0000000000000234
http://dx.doi.org/10.1097/SHK.0000000000000234
http://www.ncbi.nlm.nih.gov/pubmed/25051284
http://dx.doi.org/10.1038/nri3552
http://www.ncbi.nlm.nih.gov/pubmed/24232462
http://dx.doi.org/10.1016/j.jim.2014.10.006
http://www.ncbi.nlm.nih.gov/pubmed/25450005
http://dx.doi.org/10.1016/j.coi.2013.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23725873
http://dx.doi.org/10.1186/cc10513
http://www.ncbi.nlm.nih.gov/pubmed/22027436
http://dx.doi.org/10.1371/journal.pone.0068218
http://www.ncbi.nlm.nih.gov/pubmed/23874546
http://dx.doi.org/10.1371/journal.pone.0100909
http://www.ncbi.nlm.nih.gov/pubmed/24956170
http://dx.doi.org/10.1001/jama.2011.1829
http://dx.doi.org/10.1001/jama.2011.1829
http://www.ncbi.nlm.nih.gov/pubmed/22187279
http://dx.doi.org/10.1186/cc13980
http://www.ncbi.nlm.nih.gov/pubmed/25005517
http://www.ncbi.nlm.nih.gov/pubmed/3926880
http://www.ncbi.nlm.nih.gov/pubmed/6172498

@' PLOS ‘ ONE

Lymphocyte Proliferation and LPS Priming

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kawakami K, Yamamoto Y, Kakimoto K, Onoue K. Requirement for delivery of signals by physical inter-
action and soluble factors from accessory cells in the induction of receptor-mediated T cell proliferation.
Effectiveness of IFN-gamma modulation of accessory cells for physical interaction with T cells. J Immu-
nol. 1989 Mar 15; 142(6):1818-25. PMID: 2493498

Manzo C, Ruggiero G, Vecchio L del, Racioppi L, Pirozzi G, Temponi M, et al. Monoclonal antibody
OKT3-induced T cell proliferation: Differential role of HLA class Il determinants expressed by T cells
and monocytes. Cell Immunol. 1990 Jan; 125(1):79-91. PMID: 1688405

Venet F, Foray A-P, Villars-Méchin A, Malcus C, Poitevin-Later F, Lepape A, et al. IL-7 restores lympho-
cyte functions in septic patients. J Immunol. 2012 Nov 15; 189(10):5073-81. doi: 10.4049/jimmunol.
1202062 PMID: 23053510

Monneret G, Venet F, Kullberg B-J, Netea MG. ICU-acquired immunosuppression and the risk for sec-
ondary fungal infections. Med Mycol. 2011 Apr 1; 49(S1):S17-23.

Heininger A, Haeberle H, Fischer |, Beck R, Riessen R, Rohde F, et al. Cytomegalovirus reactivation
and associated outcome of critically ill patients with severe sepsis. Crit Care. 2011; 15(2):R77. doi: 10.
1186/cc10069 PMID: 21362193

Manjuck J, Saha DC, Astiz M, Eales LJ, Rackow EC. Decreased response to recall antigens is associ-
ated with depressed costimulatory receptor expression in septic critically ill patients. J Lab Clin Med.
2000 Feb; 135(2):153-60. PMID: 10695660

Inoue S, Suzuki K, Komori Y, Morishita Y, Suzuki-Utsunomiya K, Hozumi K, et al. Persistent inflamma-
tion and T cell exhaustion in severe sepsis in the elderly. Crit Care. 2014; 18(3):R130. doi: 10.1186/
cc13941 PMID: 24962182

Venet F, Chung C-S, Kherouf H, Geeraert A, Malcus C, Poitevin F, et al. Increased circulating regula-
tory T cells (CD4(+)CD25 (+)CD127 (-)) contribute to lymphocyte anergy in septic shock patients. Inten-
sive Care Med. 2009 Apr; 35(4):678-86. doi: 10.1007/s00134-008-1337-8 PMID: 18946659

Gomez HG, Gonzalez SM, Londofio JM, Hoyos NA, Nifio CD, Leon AL, et al. Inmunological characteri-
zation of compensatory anti-inflammatory response syndrome in patients with severe sepsis: a longitu-
dinal study*. Crit Care Med. 2014 Apr; 42(4):771-80.

Reynolds JM, Dong C. Toll-like receptor regulation of effector T lymphocyte function. Trends Immunol.
2013 Oct; 34(10):511-9. doi: 10.1016/.it.2013.06.003 PMID: 23886621

Lohrmann HP, Novikovs L, Graw RG. Cellular interactions in the proliferative response of human T and
B lymphocytes to phytomitogens and allogeneic lymphocytes. J Exp Med. 1974 Jun 1; 139(6):1553—
67. PMID: 4598019

Miller K. The stimulation of human B and T lymphocytes by various lectins. Immunobiology. 1983 Aug;
165(2):132—-46. PMID: 6354918

Cole MS, Anasetti C, Tso JY. Human IgG2 variants of chimeric anti-CD3 are nonmitogenic to T cells. J
Immunol. 1997 Jan 10; 159(7):3613-21. PMID: 9317161

Tough DF, Sun S, Sprent J. T cell stimulation in vivo by lipopolysaccharide (LPS). J Exp Med. 1997 Jun
16; 185(12):2089-94. PMID: 9182680

Lahn M, Kalataradi H, Mittelstadt P, Pflum E, Volimer M, Cady C, et al. Early preferential stimulation of
gamma delta T cells by TNF-alpha. J Immunol. 1998 Jun 1; 160(11):5221-30. PMID: 9605117

Maxwell JR, Ruby C, Kerkvliet NI, Vella AT. Contrasting the roles of costimulation and the natural adju-
vant lipopolysaccharide during the induction of T cell immunity. J Immunol. 2002 May 1; 168(9):4372—
81. PMID: 11970979

McAleer JP, Zammit DJ, Lefrancois L, Rossi RJ, Vella AT. The Lipopolysaccharide Adjuvant Effect on
T Cells Relies on Nonoverlapping Contributions from the MyD88 Pathway and CD11c+ Cells. J Immu-
nol. 2007 Nov 15; 179(10):6524—-35. PMID: 17982041

Vogel SN, Hilfiker ML, Caulfield MJ. Endotoxin-induced T lymphocyte proliferation. J Immunol. 1983
Apr; 130(4):1774-9. PMID: 6601137

Mattern T, Thanhduser A, Reiling N, Toellner KM, Duchrow M, Kusumoto S, et al. Endotoxin and lipid A
stimulate proliferation of human T cells in the presence of autologous monocytes. J Immunol. 1994 Oct
1; 153(7):2996-3004. PMID: 7916368

Bismuth G, Duphot M, Theze J. LPS and specific T cell responses: interleukin 1 (IL 1)-independent
amplification of antigen-specific T helper (TH) cell proliferation. J Immunol. 1985 Mar; 134(3):1415-21.
PMID: 2578506

Mattern T, Flad H-D, Brade L, Rietschel ET, Uimer AJ. Stimulation of Human T Lymphocytes by LPS Is
MHC Unrestricted, But Strongly Dependent on B7 Interactions. J Immunol. 1998 Jan 4; 160(7):3412--8.
PMID: 9531301

Ulmer AJ, Flad H, Rietschel T, Mattern T. Induction of proliferation and cytokine production in human T
lymphocytes by lipopolysaccharide (LPS). Toxicology. 2000 Nov 2; 152(1-3):37—45. PMID: 11090938

PLOS ONE | DOI:10.1371/journal.pone.0144375 December 7,2015 16/17


http://www.ncbi.nlm.nih.gov/pubmed/2493498
http://www.ncbi.nlm.nih.gov/pubmed/1688405
http://dx.doi.org/10.4049/jimmunol.1202062
http://dx.doi.org/10.4049/jimmunol.1202062
http://www.ncbi.nlm.nih.gov/pubmed/23053510
http://dx.doi.org/10.1186/cc10069
http://dx.doi.org/10.1186/cc10069
http://www.ncbi.nlm.nih.gov/pubmed/21362193
http://www.ncbi.nlm.nih.gov/pubmed/10695660
http://dx.doi.org/10.1186/cc13941
http://dx.doi.org/10.1186/cc13941
http://www.ncbi.nlm.nih.gov/pubmed/24962182
http://dx.doi.org/10.1007/s00134-008-1337-8
http://www.ncbi.nlm.nih.gov/pubmed/18946659
http://dx.doi.org/10.1016/j.it.2013.06.003
http://www.ncbi.nlm.nih.gov/pubmed/23886621
http://www.ncbi.nlm.nih.gov/pubmed/4598019
http://www.ncbi.nlm.nih.gov/pubmed/6354918
http://www.ncbi.nlm.nih.gov/pubmed/9317161
http://www.ncbi.nlm.nih.gov/pubmed/9182680
http://www.ncbi.nlm.nih.gov/pubmed/9605117
http://www.ncbi.nlm.nih.gov/pubmed/11970979
http://www.ncbi.nlm.nih.gov/pubmed/17982041
http://www.ncbi.nlm.nih.gov/pubmed/6601137
http://www.ncbi.nlm.nih.gov/pubmed/7916368
http://www.ncbi.nlm.nih.gov/pubmed/2578506
http://www.ncbi.nlm.nih.gov/pubmed/9531301
http://www.ncbi.nlm.nih.gov/pubmed/11090938

@ PLOS | one

Lymphocyte Proliferation and LPS Priming

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Gelman AE, Zhang J, Choi Y, Turka LA. Toll-like receptor ligands directly promote activated CD4+ T
cell survival. J Immunol. 2004 May 15; 172(10):6065—-73. PMID: 15128790

Komai-Koma M, Jones L, Ogg GS, Xu D, Liew FY. TLR2 is expressed on activated T cells as a costimu-
latory receptor. Proc Natl Acad Sci U S A. 2004 Mar 2; 101(9):3029-34. PMID: 14981245

Caron G, Duluc D, Frémaux I, Jeannin P, David C, Gascan H, et al. Direct stimulation of human T cells
via TLR5 and TLR7/8: flagellin and R-848 up-regulate proliferation and IFN-gamma production by
memory CD4+ T cells. J Immunol. 2005 Aug 1; 175(3):1551-7. PMID: 16034093

Chien EJ, Chien CH, Chen JJ, Wang SW, Hsieh DJ. Bacterial lipopolysaccharide activates protein
kinase C, but not intracellular calcium elevation, in human peripheral T cells. J Cell Biochem. 2000 Jan;
76(3):404—10. PMID: 10649438

Zanin-Zhorov A, Tal-Lapidot G, Cahalon L, Cohen-Sfady M, Pevsner-Fischer M, Lider O, et al. Cutting
Edge: T Cells Respond to Lipopolysaccharide Innately via TLR4 Signaling. J Immunol. 2007 Jan 7; 179
(1):41-4. PMID: 17579019

Caramalho |, Lopes-Carvalho T, Ostler D, Zelenay S, Haury M, Demengeot J. Regulatory T cells selec-
tively express toll-like receptors and are activated by lipopolysaccharide. J Exp Med. 2003 Feb 17; 197
(4):403-11. PMID: 12591899

Wolk K, Décke W-D, Baehr V von, Volk H-D, Sabat R. Impaired antigen presentation by human mono-
cytes during endotoxin tolerance. Blood. 2000 Jul 1; 96(1):218-23. PMID: 10891454

Cottalorda A, Verschelde C, Margais A, Tomkowiak M, Musette P, Uematsu S, et al. TLR2 engagement
on CD8 T cells lowers the threshold for optimal antigen-induced T cell activation. Eur J Immunol. 2006
Jul; 36(7):1684-93. PMID: 16761317

Dominguez-Villar M, Gautron A-S, de Marcken M, Keller MJ, Hafler DA. TLR7 induces anergy in
human CD4(+) T cells. Nat Immunol. 2015 Jan; 16(1):118-28. doi: 10.1038/ni.3036 PMID: 25401424

Roger P-M, Hyvernat H, Breittmayer J-P, Dunais B, Dellamonica J, Bernardin G, et al. Enhanced T-cell
apoptosis in human septic shock is associated with alteration of the costimulatory pathway. Eur J Clin
Microbiol Infect Dis. 2009 Jun; 28(6):575-84. doi: 10.1007/s10096-008-0673-5 PMID: 19229566

Yaqub S, Solhaug V, Vang T, Solberg R, Aasen A, Taskén K, et al. A human whole blood model of
LPS-mediated suppression of T cell activation. Med Sci Monit. 2003 Mar; 9(3):BR120-6. PMID:
12640334

Bryn T, Yaqub S, Mahic M, Henjum K, Aandahl EM, Taskén K. LPS-activated monocytes suppress T-
cellimmune responses and induce FOXP3+ T cells through a COX-2-PGE2-dependent mechanism.
Int Immunol. 2008 Feb 1; 20(2):235-45. PMID: 18156149

Porichis F, Kwon DS, Zupkosky J, Tighe DP, McMullen A, Brockman MA, et al. Responsiveness of
HIV-specific CD4 T cells to PD-1 blockade. Blood. 2011 Jul 28; 118(4):965—74. doi: 10.1182/blood-
2010-12-328070 PMID: 21652684

Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al. Safety, Activity, and
Immune Correlates of Anti-PD-1 Antibody in Cancer. N Engl J Med. 2012 Jun 2; 366(26):2443-54. doi:
10.1056/NEJMoa1200690 PMID: 22658127

Brahmamdam P, Inoue S, Unsinger J, Chang KC, McDunn JE, Hotchkiss RS. Delayed administration
of anti-PD-1 antibody reverses immune dysfunction and improves survival during sepsis. J Leukoc Biol.
2010 Jan 8; 88(2):233—40. doi: 10.1189/jlb.0110037 PMID: 20483923

Chang KC, Burnham C-A, Compton SM, Rasche DP, Mazuski R, Smcdonough J, et al. Blockade ofthe
negative co-stimulatory molecules PD-1 and CTLA-4 improves survival in primary and secondary fun-
gal sepsis. Crit Care. 2013 May 11; 17(3):R85. doi: 10.1186/cc12711 PMID: 23663657

Nakagawa Y, Murai T. Staphylococcal Peptidoglycan Suppresses Production of Interleukin-2 by T
Cells through a T Cell-Derived Factor Induced by Direct Contact between T Cells and Monocytes. J
Infect Dis. 2003 Jan 11; 188(9):1284-94. PMID: 14593585

Décke WD, Randow F, Syrbe U, Krausch D, Asadullah K, Reinke P, et al. Monocyte deactivation in
septic patients: restoration by IFN-gamma treatment. Nat Med. 1997 Jun; 3(6):678-81. PMID: 9176497

Lukaszewicz A- C, Grienay M, Resche-Rigon M, Pirracchio R, Faivre V, Boval B, et al. Monocytic HLA-
DR expression in intensive care patients: interest for prognosis and secondary infection prediction. Crit
Care Med. 2009 Oct; 37(10):2746-52. doi: 10.1097/CCM.0b013e3181ab858a PMID: 19707128

Leentjens J, Kox M, Koch RM, Preijers F, Joosten LAB, van der Hoeven JG, et al. Reversal of immuno-
paralysis in humans in vivo: a double-blind, placebo-controlled, randomized pilot study. Am J Respir
Crit Care Med. 2012 Nov 1; 186(9):838-45. doi: 10.1164/rccm.201204-06450C PMID: 22822024

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


http://www.ncbi.nlm.nih.gov/pubmed/15128790
http://www.ncbi.nlm.nih.gov/pubmed/14981245
http://www.ncbi.nlm.nih.gov/pubmed/16034093
http://www.ncbi.nlm.nih.gov/pubmed/10649438
http://www.ncbi.nlm.nih.gov/pubmed/17579019
http://www.ncbi.nlm.nih.gov/pubmed/12591899
http://www.ncbi.nlm.nih.gov/pubmed/10891454
http://www.ncbi.nlm.nih.gov/pubmed/16761317
http://dx.doi.org/10.1038/ni.3036
http://www.ncbi.nlm.nih.gov/pubmed/25401424
http://dx.doi.org/10.1007/s10096-008-0673-5
http://www.ncbi.nlm.nih.gov/pubmed/19229566
http://www.ncbi.nlm.nih.gov/pubmed/12640334
http://www.ncbi.nlm.nih.gov/pubmed/18156149
http://dx.doi.org/10.1182/blood-2010-12-328070
http://dx.doi.org/10.1182/blood-2010-12-328070
http://www.ncbi.nlm.nih.gov/pubmed/21652684
http://dx.doi.org/10.1056/NEJMoa1200690
http://www.ncbi.nlm.nih.gov/pubmed/22658127
http://dx.doi.org/10.1189/jlb.0110037
http://www.ncbi.nlm.nih.gov/pubmed/20483923
http://dx.doi.org/10.1186/cc12711
http://www.ncbi.nlm.nih.gov/pubmed/23663657
http://www.ncbi.nlm.nih.gov/pubmed/14593585
http://www.ncbi.nlm.nih.gov/pubmed/9176497
http://dx.doi.org/10.1097/CCM.0b013e3181ab858a
http://www.ncbi.nlm.nih.gov/pubmed/19707128
http://dx.doi.org/10.1164/rccm.201204-0645OC
http://www.ncbi.nlm.nih.gov/pubmed/22822024

