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Abstract

Immunological dysregulation in sepsis is associated with often lethal secondary infections.
Loss of effector cells and an expansion of immunoregulatory cell populations both contribute
to sepsis-induced immunosuppression. The extent and duration of this immunosuppression
are unknown. Interleukin 7 (IL-7) is important for the maintenance of lymphocytes and can
accelerate the reconstitution of effector lymphocytes in sepsis. How IL-7 influences immu-
nosuppressive cell populations is unknown. We have used the mouse model of peritoneal
contamination and infection (PCl) to investigate the expansion of immunoregulatory cells as
long-term sequelae of sepsis with or without IL-7 treatment. We analysed the frequencies
and numbers of regulatory T cells (Tregs), double negative T cells, IL-10 producing B cells
and myeloid-derived suppressor cells (MDSCs) for 3.5 months after sepsis induction. Sep-
sis induced an increase in IL-10" B cells, which was enhanced and prolonged by IL-7 treat-
ment. An increased frequency of MDSCs in the spleen was still detectable 3.5 months after
sepsis induction and this was more pronounced in IL-7-treated mice. MDSCs from septic
mice were more potent at suppressing T cell proliferation than MDSCs from control mice.
Our data reveal that sepsis induces a long lasting increase in IL-10™ B cells and MDSCs.
Late-onset IL-7 treatment augments this increase, which should be relevant for clinical
interventions.

Introduction

Sepsis syndrome is a life-threatening organ dysfunction resulting from a dysregulated host
response to an infection [1]. Immunological dysregulation is one of the major pathological
events in sepsis [2-4]. Over-exuberant inflammatory responses and immunosuppression can
occur simultaneously [4-6]. Treatment strategies for sepsis have improved, consequently more
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patients survive the acute sepsis episode [4,7]. These patients are burdened with significantly
increased morbidity and mortality as long-term sequelae of sepsis [8-10] and mortality is fur-
ther increased in sepsis survivors who had a secondary infection [11]. Currently neither the
extent nor the duration of sepsis-induced immunosuppression is known. Furthermore, it has
been impossible to rule out pre-existing immunodeficiency in sepsis patients. While the factors
responsible for this increased morbidity and mortality are still unknown it is likely that long-
term survival of sepsis patients depends on overcoming sepsis-induced immunosuppression.
It is currently unknown if all sepsis survivors eventually recover from immunosuppression or
if immune-recuperation proceeds with different kinetics and outcomes or selectively for par-
ticular cell populations in different subjects.

Considering the failure of various clinical trials aimed at targeting the hyper-inflammatory
mediators, particularly cytokines such as tumor necrosis factor-o. [3,4,12], it is necessary to
analyse the long-term immune-perturbations in sepsis [13,14]. Moreover, immunological
alterations in sepsis survivors are prognostically relevant [5,6]. Thus, it is necessary to perform
basic and translational studies to understand post-sepsis immune-regulation. Immunoregula-
tory cells, including regulatory T cells (Tregs), IL-10 producing B cells, myeloid derived sup-
pressor cells (MDSCs) and double negative (DN) T cells are important to dampen immune
responses and to prevent autoimmunity and allergy [15-20]. In contrast, the role of these cells
in the long-term sequelae of sepsis is unknown. To study the immunological sequelae of sepsis,
we used the model of peritoneal contamination and infection (PCI) [21]. In this model,
approximately 50% of the mice survive the acute phase of sepsis. Therefore, it is possible to
determine the magnitude, duration and long-term consequences of sepsis-induced changes in
the frequency and function of immunoregulatory cell populations in this model. We analysed
Tregs, IL-10 producing B cells, MDSCs and double negative (DN) T cells 1 week, 1 month and
3.5 months after sepsis induction, replicating the post-acute, late and very late time points,
respectively. IL-7 is required for lymphocyte development and maintenance [22] and sepsis
induces ablation of IL-7-producing osteoblasts [23]. Early IL-7 treatment has been shown to
be a promising approach in a mouse sepsis model [24] and ex vivo studies with IL-7-treated
lymphocytes from sepsis patients showed significant improvement in their function [25]. To
determine the effect of IL-7 treatment on the immunophenotype of sepsis-survivors we also
analysed the effects of late-onset IL-7 treatment on the immunoregulatory cell populations.

Methods
Mice

C57BL/6 mice were bred and maintained at the animal facility of the University Hospital Jena.
All animal experiments were approved by the appropriate governmental authority (Thiiringer
Landesamt fiir Lebensmittelsicherheit und Verbraucherschutz; Registered Number 02-007/
14) and conducted in accordance with institutional and state guidelines.

Sepsis induction and IL-7 treatment

Sepsis induction in mice was performed as previously described [21]. Briefly, human stool
samples were collected and stored at -80°C. Animals were randomly allocated to the sepsis or
sham group. Sepsis was induced by intraperitoneal (i.p.) injection of 1.75 ml/kg body weight
stool suspension, diluted (1:4) in saline. Sham mice received the equivalent volume of saline (i.
p.)- The septic mice received antibiotic treatment (meropenem 12 mg/kg, administered subcu-
taneously). The first antibiotic injection was performed 7 h post sepsis induction, after which
it was given every 12 h for the next 3 days. Mice were monitored for symptoms including con-
junctivitis, diarrhea, weakness and lack of movement. On average 50% of the mice died during
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the acute phase of sepsis (days 1-5). Surviving mice were used for the analysis of long-term
sequelae following sepsis. The experimental scheme is depicted in S1A Fig.

From day 5-9 septic mice were either subcutaneously injected with PBS or recombinant
human IL-7 (R&D Systems, 2.5 pg/mouse/day). Human IL-7 can bind and signal via the
murine IL-7 receptor [26]. In order to stabilize the cytokine, IL-7 was mixed with a ten-fold
higher concentration of an anti-human IL-7 antibody (clone M25; BioXCell) [27,28].

Flow cytometry

After blockade of Fc receptors with anti-CD16/CD32 (clone 2.4G2, in house production), sin-
gle cell suspensions were incubated for 15 min with conjugated antibodies against cell surface
markers. For intracellular cytokine staining of T and B cells, cells were first incubated in RPMI
1640 medium with PMA (50 ng/ml, final concentration), ionomycin (500 ng/ml, final concen-
tration), LPS (10 pg/ml, final concentration), and monensin (2 mM, final concentration) for 5
h in 48-well flat-bottom plates. After 5 h culture, the surface markers were first stained fol-
lowed by fixation and permeabilization using BD Cytofix/Cytoperm and intracellular staining.
Samples were analysed using a LSRII (BD Biosciences). Data were analysed using FlowJo soft-
ware (TreeStar Inc.).

Antibodies

The following anti-mouse antibodies and conjugates were used in the flow cytometry experi-
ments: Alexa Fluor 647: CD19 (clone 1D3; eBioscience); Alexa Fluor 700: GR-1 (RB6-8C5,
eBioscience); APC: CD11b (clone M1/70; eBioscience); IL-10 (JES5-16E3, eBioscience); APC-
eFluor780: CD4 (clone GK1.5; eBioscience), CD8 (53-6.7, eBioscience); eFluor-450: Foxp3
(FJK16s, eBioscience); FITC: CD5 (53-7.3, eBioscience); Pacific Blue: CD1d (1B1, Biolegend),
CD3 (clone 145-2Cl1, in house production); PE: IFN-y (XMG-1.2, eBioscience); PECy5:
ySTCR (GL3, eBioscience); PECy7: CD25 (PC61.5, eBioscience), NK1.1 (clone PK136;
eBioscience).

MDSC-T Cell co-culture assay

CD4™" T cells and Gr1™ MDSCs were isolated from total spleen cells using biotin-labeled anti-
bodies followed by automatic MACS (autoMACS Pro Separator, Miltenyi Biotec). The CD4"
T cells were first labeled with eFluor 670-labeled cell proliferation dye (eBioscience) followed
by co-incubation of 2 x 10 cells with Gr1* cells in the ratio 1:1 in 96 well round bottom plates.
T cells were stimulated with anti-CD3/CD28 (3 pg/ml) antibodies. Proliferation of CD4" cells
was analysed 3 days later by flow cytometry.

Statistics

Statistical calculations were performed using GraphPad Prism. Experiments with two groups
were analysed by unpaired two-sided Student’s ¢ test. Comparisons involving multiple groups
were analysed in a two-stage procedure by one-way ANOVA. If the ANOVA indicated a sig-
nificant difference between the groups (P < 0.05), all groups were further compared pairwise
by Tukey’s multiple comparison test. In case of comparisons involving multiple groups with
non-parametric data, a Kruskal-Wallis test was performed. * P < 0.05, ** P < 0.01, ***

P < 0.001. Data are expressed as mean + SEM as indicated in the figure legends.
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Results
Sepsis induces a sustained increase of IL-10" B cells

The aim of this study was to evaluate the numbers and frequencies of immunoregulatory cell
populations for 3.5 months after sepsis induction in the presence or absence of early IL-7 treat-
ment. As expected in the PCI model [21], the mortality within the first five days after sepsis
induction was > 40%. On day five, mice were randomly allocated to the IL-7 treatment group,
which were treated subcutaneously with 2.5 ug recombinant human IL-7 daily from day 5-9,
or the control group, which received no further treatment. Mortality was similar in both
groups throughout observation period of 3.5 months (S1B Fig).

To examine if increased numbers of IL-10 producing B cells are a long-term outcome of
sepsis, we performed IL-10 staining in CD19" B cells from the spleens of septic and control
mice (Fig 1A). IL-10 producing B cells have also been dubbed “regulatory B cells” (Bregs) and
CD1d and CD5 are commonly used as surface markers for these IL-10 producing regulatory B
cells [29]. Most of the IL-10" B cells were in the CD1d"/CD5* population (Fig 1A). One week
and one month after sepsis induction, both the percentage and the numbers of IL-10" cells
among B cells were increased threefold in mice with sepsis compared with non-septic (sham)
mice (Fig 1B and 1C). 3.5 months after sepsis, IL-10 expressing B cells were still slightly, but no
longer significantly, increased in septic mice. Interestingly, 1 month post-sepsis both the fre-
quency and the numbers of IL-10" B cells were higher in IL-7-treated septic mice than in sham
mice and remained elevated even 3.5 months after sepsis induction (Fig 1B and 1C). IL-7 is
essential for the development of B cells [30] and an increase in total B cells was also seen in the
IL-7 treated mice, 1 month and 3.5 months after sepsis induction (S2 Fig). The results indicate
that short-term treatment with IL-7 can result in long-term changes in the development of B
cells including IL-10 expressing B cells.
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Fig 1. Sepsis induces a sustained increase of IL-10" B cells. Mice were injected with PBS i.p. (Sham) or subjected to
sepsis induction. IL-7 (Sepsis + IL-7) or PBS (Sepsis + PBS) was injected daily for 5 days from day 5-9 post sepsis
induction. IL-10* and CD1d™ B cells from the spleen were analysed 1 week, 1 month and 3.5 months after sepsis
induction. (A) Representative flow cytometry images from analyses 1 week after sepsis induction showing IL-10" cells
among CD19" B cells (left panel) and distribution of IL-10" cells (blue) with respect to CD1d and CD5 markers (right
panel). (B) Frequency of IL-10" cells among CD19" B cells. (C) Number of IL-10* CD19" cells in the spleen. n
(number of mice per group) = 6-10 (1 week), 9-16 (1 month), 7-16 (3.5 months). *P< 0.05, **P< 0.01 (ANOVA).
Data are expressed as mean + SEM. Data are representative of three experiments.

https://doi.org/10.1371/journal.pone.0192304.g001
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Sepsis does not induce a lasting expansion of Tregs

Increased Treg frequencies in early sepsis have been reported in clinical and experimental
studies [2,14,31-34]. To determine if increased Treg numbers are maintained as a long-term
consequence of sepsis, we analysed the frequency and numbers of Tregs in spleen from septic
and control mice at different time points after sepsis induction. Two distinct populations of
Foxp3*CD4" T cells were detectable: Foxp3*CD25" and Foxp3*CD25™ (Fig 2A). Numbers and
frequencies of both these populations were similar in the sepsis and control groups from 1
week until 3.5 months after sepsis induction. Interestingly, IL-7 treatment resulted in an
immediate increase in the classical Foxp3"CD25" Treg population, 1 week after sepsis induc-
tion (Fig 2B and 2C). In contrast, no increase in total CD4" T cells was observed 1 week post
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Fig 2. Sepsis induces a transient expansion of Tregs. Mice were injected with PBS i.p. (Sham) or subjected to sepsis
induction. IL-7 (Sepsis + IL-7) or PBS (Sepsis + PBS) was injected daily for 5 days from day 5-9 post sepsis induction.
CD4" T cells from the spleen were analysed for expression of Foxp3 and CD25, 1 week, 1 month and 3.5 months after
sepsis induction. (A) Representative flow cytometry images from analysis after 1 month showing CD25" and Foxp3*
cells among CD4" T cells. (B) Frequency of Foxp3"CD25" (top) and Foxp3"CD25 (bottom) cells among CD4" T cells.
(C) Number of Foxp3*CD25"CD4" cells (top) and Foxp3"CD25CD4" T cells (bottom). n = 7-13 (1 week), 9-16 (1
month), 5-18 (3.5 months). *P< 0.05, **P< 0.01 (ANOVA). Data are expressed as mean + SEM. Data are
representative of three experiments.

https://doi.org/10.1371/journal.pone.0192304.g002
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sepsis induction in IL-7-treated septic mice (S3 Fig), indicating a preferential expansion of
Foxp3"CD25" Tregs upon IL-7 treatment. The increase in the Treg population following IL-7
treatment was only short-term and there were no significant differences in the frequency or
numbers of Tregs between IL-7-treated mice and controls at 1 month and 3.5 months after
sepsis induction (Fig 2B and 2C).

Sepsis results in sustained activation of CD3"CD4 CDS8 T cells

CD3*CD4°CD8" double negative T cells (DN T cells) that are neither NK T cells nor y3 T cells
are believed to be T cells that escape negative selection in the thymus [20]. Some studies sug-
gest that these cells play a pathogenic role by producing inflammatory cytokines, such as IFN-
v [35]. Other studies reported these cells to be anti-inflammatory [36]. During flow cytometric
analysis, we gated and analysed from spleen the CD3" T cells that did not express CD4, CD8,
vOTCR and NK1.1 as DN T cells (S4 Fig). The frequency and numbers of DN T cells in the
spleen increased dramatically, more than threefold, 1 week after sepsis induction. This increase
was even greater in IL-7-treated septic mice (Fig 3A and 3B). To examine the effector functions
of the DN T cell population in septic and post-septic mice, we analysed their production of
IFN-y and IL-10. One week after sepsis induction, the frequency of IFN-y producers among
the DN T cells was similar in all three groups of mice (Fig 3C). Given the highly increased
absolute numbers of DN T cells in the IL-7-treated septic mice, the number of IFN-y* DN T
cells was significantly increased in these mice compared with sham mice (Fig 3C). The fre-
quency of IFN-y producers among DN T cells continued to increase in septic mice, most
prominently in the IL-7-treated septic mice throughout the observation period (Fig 3C). IL-7
treatment also increased the IL-10" DN T cells shortly after administration (Fig 3E). After sep-
sis, the frequency and numbers of IFN-y-expressing DN T cells consistently remained higher
than IL-10" cells.

Sepsis induces a massive and long-lasting increase in MDSCs that is
augmented by IL-7 treatment

MDSCs are a heterogeneous group of immature myeloid cells, which dampen immune
responses [17,37]. We stained spleen and bone marrow preparations for the classical markers
of MDSCs: Gr1 and CD11b (Fig 4A and 4B). The frequency and numbers of Gr1"CD11b*
cells were massively increased in the bone marrow and spleen of mice with sepsis, most promi-
nently in the septic mice treated with IL-7, compared with sham mice (Fig 4C and 4D). The
frequency and numbers of MDSCs in the spleen were already increased (approximately 10
fold) in both groups of septic mice 1 week after sepsis induction compared with control mice
(Fig 4C and 4D). This increase was long-lasting and even at 3.5 months after sepsis induction,
the frequency of Gr1"CD11b" cells was significantly increased in both groups of septic mice
compared with controls. Remarkably, similar to our observations of DN T cells and IL-10 pro-
ducing B cells, the sepsis-induced increase in this immunosuppressive cell population was fur-
ther enhanced in IL-7-treated septic mice (Fig 4). The frequency of Gr1"CD11b" cells was also
significantly increased in septic mice as well as IL-7-treated septic mice in bone marrow at all
of the analysed time points. Interestingly, even at the very late time point of 3.5 months after
sepsis induction, the frequency of the Gr1*CD11b" population in the bone marrow of septic
and IL-7-treated septic mice remained higher than the sham mice (Fig 4C and 4D).

Increased suppressive capacity of MDSCs from septic mice

The phenotypic characterization of Gr1*CD11b" cells is a convenient starting point for identi-
tying MDSCs, but their immunosuppressive capacity must also be demonstrated. Inhibition of
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Fig 3. Sepsis results in sustained activation of DN T cells. Mice were injected with PBS i.p. (Sham) or subjected to sepsis
induction. IL-7 (Sepsis + IL-7) or PBS (Sepsis + PBS) was injected daily for 5 days from day 5-9 post sepsis induction. The
cytokine expression in CD3"NK1.1 y§TCR CD4 CD8 (double negative, DN) T cells from the spleen was analysed 1 week, 1
month and 3.5 months after sepsis induction. (A) Representative flow cytometry images from analysis after 1 week showing
DN T cells and IFN-y and IL-10 expression. (B) Frequency of DN T cells among CD3" cells (left) and their absolute
numbers (right). (C) Frequency of IFN-y" cells among DN T cells (left) and their absolute numbers (right). (D) Frequency of
IL-10" cells among DN T cells (left) and their absolute numbers (right). n = 7-13 (1 week), 5-10 (1 month), 3-6 (3.5
months) for IL-10 staining and 3-12 (3.5 months) for IFN-y staining. *P< 0.05, **P< 0.01, ***P< 0.001 (ANOVA). Data are
expressed as mean + SEM. Data are representative of three experiments for the sham and sepsis + PBS groups. Data are
representative of two experiments for the sepsis + IL-7 group.

https://doi.org/10.1371/journal.pone.0192304.9003

T-cell activation is currently considered the gold standard to identify Gr1*CD11b" cells as
MDSCs [37]. To determine if the Gr1"CD11b" cells possess the immunosuppressive effector
functions of MDSCs, we co-cultured Gr1™ cells with CD4" T-helper (Th) cells and analysed T
cell proliferation. In this assay, Gr1™ cells from sham, septic or IL-7-treated septic mice were
co-cultured with equal numbers of CD4" T cells for 3 days. To rule out any Th-cell intrinsic
difference in susceptibility to MDSC-mediated suppression, we cultured MDSCs from spleens
of sham, septic or IL-7-treated septic mice with splenic Th cells from all 3 different groups of
mice (Fig 5B). Approximately 80% of CD4" T cells from all of the 3 groups proliferated in the
presence of Gr1 cells from sham mice (Fig 5), similar to the proliferation observed in T cells
cultured in the absence of Gr1™ cells (S5 Fig). In contrast, the T cell proliferation was signifi-
cantly reduced upon co-culture with Gr1™ cells from untreated septic mice as well as IL-
7-treated septic mice (Fig 5A and 5B). This finding confirmed that the Gr1"CD11b" cells
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Fig 4. Sepsis results in a sustained expansion of MDSCs. Mice were injected with PBS i.p. (Sham) or subjected to
sepsis induction. IL-7 (Sepsis + IL-7) or PBS (Sepsis + PBS) was injected daily for 5 days from day 5-9 post sepsis
induction. Gr1"CD11b" cells from the spleen and bone marrow were analysed 1 week, 1 month and 3.5 months after
sepsis induction. (A, B) Representative flow cytometry images from spleen (A) and bone marrow (B) from analysis
after 3.5 months. (C) Frequency of Gr1"CD11b" cells among total spleen cells (top) and among total bone marrow
cells (bottom). (D) Number of Gr1*CD11b" cells in spleen (top) and bone marrow (bottom). n = 6-9 (1 week), 5-12 (1
month), 8-20 (3.5 months). *P< 0.05, **P< 0.01, ***P< 0.001 (ANOVA). Data are expressed as mean + SEM. Data are
representative of three experiments.

https://doi.org/10.1371/journal.pone.0192304.9004

observed in septic mice are indeed immunosuppressive MDSCs. Interestingly, the T cells from
IL-7-treated septic mice were slightly, if not significantly, more resistant to the effect of
MDSCs compared with non-septic sham mice (Fig 5B).
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Fig 5. MDSCs from septic mice efficiently suppress T cell proliferation. Mice were injected with PBS i.p. (Sham) or
subjected to sepsis induction. IL-7 (Sepsis + IL-7) or PBS (Sepsis + PBS) was injected daily for 5 days from day 5-9 post
sepsis induction. The proliferation of CD4" T cells in the presence of Gr1™ cells from spleen was analysed 1 week, 1
month and 3.5 months after sepsis induction. (A) Representative flow cytometry images from analysis after 1 month
showing proliferation of T cells (determined by dilution of cell proliferation dye, CPD) from septic mice treated with
IL-7 when cultured with MDSCs from sham mice (left), sepsis + PBS mice (middle) and sepsis + IL-7 mice (right). (B)
Graph representing frequency of proliferating CD4" T cells from spleen when cultured with MDSCs from spleen from
different groups of mice for 3 days. This graph is representative of the experiment performed 1 month post-sepsis
induction. n = 34 (for all time points). *P< 0.05, **P< 0.01, ***P< 0.001 (ANOVA). Data are expressed as

mean + SEM. Data are representative of one of three experiments.

https://doi.org/10.1371/journal.pone.0192304.9005

Discussion

Immunoregulatory cells have been shown in various infection models to cause immunosup-
pression and failure to control the infection [38-41]. This study has demonstrated massive and
long-lasting expansions of IL-10-producing B cells and MDSCs in septic mice; a transient
increase in number and activation of DN T cells and a very brief increase in Tregs. Three main
conclusions emerge from this study. First, there is no restitutio ad integrum in the immune sys-
tem in mice having survived acute sepsis. Secondly, our experimental study, in which we used
wild-type animals, rules out a pre-existing immunodeficiency and affirms that long-lasting
immunological alterations are a consequence of sepsis. In our experimental setting (specific
pathogen free mice) secondary infections did not occur, which is clearly different from the clin-
ical situation. It is outside the scope of this experimental study to evaluate possible clinical con-
sequences of the prolonged expansion of immunoregulatory cells. Thirdly, the administration
of IL-7 at a relatively late time point (days 5-9 post sepsis induction) did not have the same
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beneficial effect as previously described with earlier initiation of IL-7 treatment (starting 90
minutes after cecal ligation and puncture [24]). Instead late IL-7 treatment further increased
and prolonged the expansion of immunoregulatory cell populations. Given the well-docu-
mented critical function of IL-7 for lymphocyte homeostasis, our findings do not indicate any
sepsis-specific effect of IL-7 but rather reflect the physiological functions of IL-7 which also
occur in the setting of sepsis (22).

IL-10-expressing B cells have been implicated in various diseases, including infections
[38,39]. These cells have not been studied in sepsis. In our study, we examined B-cells for their
ability to express the immunosuppressive cytokine, IL-10. Additionally, we analyzed these cells
for the expression of previously defined murine phenotypic markers for so-called Bregs
(CD1d™CD5"). We show, for the first time, significantly increased frequency and numbers of
IL-10 expressing B cellsin septic mice. Interestingly, the expanded IL-10" B cell population
remained for almost one month after sepsis induction and is, thus, likely to contribute to long-
term post-sepsis immunosuppression. Moreover, IL-10" B cell frequency and numbers were
further increased by IL-7 treatment. Whether these cells protect against sepsis-associated
hyperinflammation and/or contribute to immunosuppression causing further susceptibility to
secondary infections is a topic of further investigation.

Clinical studies have revealed an increased frequency of Tregs within the diminished T cell
population during the first few days after sepsis diagnosis. These findings indicate a preferen-
tial survival of Tregs compared with effector T cells in early sepsis [14,33,42] Experimental
studies in preclinical models also revealed an early, transient increase in Treg frequency
[14,42]. To date, it is not clear whether an increased frequency of Tregs in early sepsis is benefi-
cial, due to their capacity to dampen hyper-inflammatory responses; detrimental, by contribut-
ing to an increased susceptibility for secondary infections; or inconsequential. The available
experimental data are contradictory: Treg depletion has been reported to improve, worsen or
to be inconsequential for sepsis-outcome [14,31,42]. Although Treg frequency and numbers
have been studied extensively in human and experimental sepsis, there is a lack of knowledge
on Tregs in sepsis-survivors. We report that there are no significant differences in Treg fre-
quency or numbers between septic and control mice between 1 week and 3.5 months after sep-
sis. Interestingly, however, 1 week post sepsis, both the relative frequency and the absolute
number of Tregs were significantly higher in IL-7-treated septic mice than in untreated septic
mice or control mice, indicating a preferential survival of Tregs over effector T cells upon IL-7
administration. This finding confirms and extends earlier reports on IL-7-dependent survival
of Tregs [43] and is, therefore, easily compatible with earlier reports on increased Treg fre-
quency in early sepsis [14,33,42].

CD3*CD4°CD8" T cells with ofTCR (DN T cells) are thought to arise after escaping nega-
tive selection in the thymus and proliferating in the periphery [20]. We report here for the first
time, the increased presence of DN T cells in sepsis, particularly 1 week post sepsis. The high
frequency of DN T cells even in non-treated septic mice indicates that the increase in this cell
population was not primarily due to IL-7-related T cell survival and proliferation [44].

Protective as well as pathogenic effector functions have been ascribed to MDSC in sepsis
[4]. We observed an expansion of MDSCs for as long as 3.5 months after sepsis induction.
This confirms and extends an earlier report on lasting MDSCs expansion after sepsis [45].
Moreover, here we show for the first time, the induction of MDSCs upon IL-7 treatment,
which led to an even greater increase in these cells, especially in the spleen. Whether IL-7
directly supports the development of Gr1*CD11b" cells or whether it has an indirect effect via
T cells, needs to be further investigated. The role of MDSCs in sepsis remains enigmatic.
Whereas a preclinical study found that adoptive transfer of MDSCs reduced mortality in a
mouse model of sepsis [46], a recent clinical study reported that an increase in MDSCs beyond
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the acute phase of sepsis, up to day 28, was associated with increased nosocomial infections
[47]. Importantly, the MDSCs from septic mice were much more potent inhibitors of T-cell
proliferation than the MDSCs from healthy controls. Given that MDSCs from non-treated and
IL-7-treated septic mice strongly inhibited T-cell proliferation, the sustained presence of large
numbers of these cells for months after sepsis strongly suggests that the MDSCs contribute to
the lasting immunosuppression in sepsis survivors. The relative contribution of MDSC or the
other immunoregulatory cell types investigated here, alone or in combination, to the immuno-
suppression observed in sepsis patients remains to be investigated.

Conclusion

Our study sheds light on the expansion and function of immunosuppressive cells for up to 3.5
months after sepsis. Such a detailed long-term follow up study to analyse all the regulatory cell
types has not been performed in mouse sepsis models or human sepsis patients to date. The
increased and persistent presence of these cells and their immunosuppressive capacity in the
PCI sepsis mouse model suggests that analysing these cells in sepsis patients and survivors is
also relevant. Moreover, the fact that the frequencies of all of the investigated immunosuppres-
sive cell populations, particularly the IL-10 producing B cells and MDSCs, were further
increased by late IL-7 treatment should be considered for clinical studies.

Supporting information

S1 Fig. Survival of mice following sepsis induction and IL-7 treatment. Mice were injected
with PBS i.p. (Sham) or subjected to sepsis induction. IL-7 (Sepsis + IL-7) or PBS (Sepsis +
PBS) was injected daily for 5 days from day 5-9 post sepsis induction. Mice were checked for
survival every day. (A) Experimental setup scheme. (B) Graph representing percentage sur-
vival of mice over the entire period of observation.

(TIF)

S2 Fig. B cell population long-term post sepsis. Mice were injected with PBS i.p. (Sham) or
subjected to sepsis induction. IL-7 (Sepsis + IL-7) or PBS (Sepsis + PBS) was injected daily for
5 days from day 5-9 post sepsis induction. CD19" from the spleen were analyzed 1 month and
3.5 months later. (A) Representative flow cytometry plots from 1 month post sepsis induction.
(B) Graphs showing number of B cells in spleen 1 month and 3.5 months post sepsis induc-
tion. n = 6. *P< 0.05, **P< 0.01 (ANOVA). Data are expressed as mean + SEM. Data are rep-
resentative of two experiments.

(TIF)

S$3 Fig. IL-7 treatment does not increase CD4" cell numbers. Mice were injected with PBS i.
p. (Sham) or subjected to sepsis induction. IL-7 (Sepsis + IL-7) or PBS (Sepsis + PBS) was
injected daily for 5 days from day 5-9 post sepsis induction. The graph represents the absolute
numbers of CD4" T cells in the spleen, 1 week, 1 month and 3.5 months following sepsis
induction. (A) Representative flow cytometry plots from 1 week post sepsis induction. (B)
Graphs showing number of CD4™ T cells in spleen 1 week, 1 month and 3.5 months post sepsis
induction. n = 6. *P< 0.05 (ANOVA). Data are expressed as mean + SEM. Data are representa-
tive of two experiments.

(TIF)

$4 Fig. Schematic showing analysis of DN T cells using flow cytometry.
(TTF)
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S5 Fig. Controls in MDSC assay. (A) Representative flow cytometry images showing CD4" T
cell proliferation when T cells were cultured without any stimulation (negative control) and
when T cells were stimulated alone without addition of Gr1™ cells (positive control). (B)
Graph representing the same.

(TIF)

Acknowledgments

The authors wish to thank D. Himsel, A. Krause, F. Rost and B. Schikowski for expert technical
assistance.

This study was supported by grants from the German Ministry of Education and Science
(BMBF, Center for Sepsis Control and Care to MB and TK). CH is supported by the Studien-
stiftung des deutschen Volkes.

Author Contributions

Conceptualization: Michael Bauer, Thomas Kamradt.

Funding acquisition: Thomas Kamradt.

Investigation: Upasana Kulkarni, Christoph Herrmenau, Stephanie J. Win.
Supervision: Michael Bauer, Thomas Kamradt.

Writing - original draft: Upasana Kulkarni, Christoph Herrmenau.

Writing - review & editing: Michael Bauer, Thomas Kamradt.

References

1. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et al. (2016) The Third
International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 315: 801-810.
https://doi.org/10.1001/jama.2016.0287 PMID: 26903338

2. Hotchkiss RS, Monneret G, Payen D (2013) Sepsis-induced immunosuppression: from cellular dys-
functions to immunotherapy. Nat Rev Immunol 13: 862—-874. https://doi.org/10.1038/nri3552 PMID:
24232462

3. Deutschman CS, Tracey KJ (2014) Sepsis: current dogma and new perspectives. Immunity 40: 463—
475. https://doi.org/10.1016/j.immuni.2014.04.001 PMID: 24745331

4. Delano MJ, Ward PA (2016) The immune system’s role in sepsis progression, resolution, and long-term
outcome. Immunol Rev 274: 330-353. hitps://doi.org/10.1111/imr.12499 PMID: 27782333

5. Scicluna BP, Klein Klouwenberg PM, van Vught LA, Wiewel MA, Ong DS, Zwinderman AH, et al.
(2015) A molecular biomarker to diagnose community-acquired pneumonia on intensive care unit
admission. Am J Respir Crit Care Med 192: 826—835. https://doi.org/10.1164/rccm.201502-03550C
PMID: 26121490

6. Bauer M, Giamarellos-Bourboulis EJ, Kortgen A, Moller E, Felsmann K, Cavaillon JM, et al. (2016) A
Transcriptomic Biomarker to Quantify Systemic Inflammation in Sepsis—A Prospective Multicenter
Phase Il Diagnostic Study. EBioMedicine 6: 114—125. https://doi.org/10.1016/j.ebiom.2016.03.006
PMID: 27211554

7. Levy MM, Rhodes A, Phillips GS, Townsend SR, Schorr CA, Beale R, et al. (2015) Surviving Sepsis
Campaign: association between performance metrics and outcomes in a 7.5-year study. Crit Care Med
43: 3—12. https://doi.org/10.1097/CCM.0000000000000723 PMID: 25275252

8. Winters BD, Eberlein M, Leung J, Needham DM, Pronovost PJ, Sevransky JE (2010) Long-term mortal-
ity and quality of life in sepsis: a systematic review. Crit Care Med 38: 1276—1283. https://doi.org/10.
1097/CCM.0b013e3181d8cc1d PMID: 20308885

9. Cuthbertson BH, Elders A, Hall S, Taylor J, Maclennan G, Mackirdy F, et al. (2013) Mortality and quality
of life in the five years after severe sepsis. Crit Care 17: R70. https://doi.org/10.1186/cc12616 PMID:
23587132

PLOS ONE | https://doi.org/10.1371/journal.pone.0192304  February 21,2018 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192304.s005
https://doi.org/10.1001/jama.2016.0287
http://www.ncbi.nlm.nih.gov/pubmed/26903338
https://doi.org/10.1038/nri3552
http://www.ncbi.nlm.nih.gov/pubmed/24232462
https://doi.org/10.1016/j.immuni.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24745331
https://doi.org/10.1111/imr.12499
http://www.ncbi.nlm.nih.gov/pubmed/27782333
https://doi.org/10.1164/rccm.201502-0355OC
http://www.ncbi.nlm.nih.gov/pubmed/26121490
https://doi.org/10.1016/j.ebiom.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/27211554
https://doi.org/10.1097/CCM.0000000000000723
http://www.ncbi.nlm.nih.gov/pubmed/25275252
https://doi.org/10.1097/CCM.0b013e3181d8cc1d
https://doi.org/10.1097/CCM.0b013e3181d8cc1d
http://www.ncbi.nlm.nih.gov/pubmed/20308885
https://doi.org/10.1186/cc12616
http://www.ncbi.nlm.nih.gov/pubmed/23587132
https://doi.org/10.1371/journal.pone.0192304

@° PLOS | ONE

Immunosuppression in long-term sequelae of sepsis

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Prescott HC, Langa KM, Liu V, Escobar GJ, lwashyna TJ (2014) Increased 1-year healthcare use in
survivors of severe sepsis. Am J Respir Crit Care Med 190: 62—69. https://doi.org/10.1164/rccm.
201403-04710C PMID: 24872085

van Vught LA, Wiewel MA, Hoogendijk AJ, Frencken JF, Scicluna BP, Klein Klouwenberg PM, et al.
(2017) The Host Response in Sepsis Patients Developing Intensive Care Unit-acquired Secondary
Infections. Am J Respir Crit Care Med.

Fisher CJ Jr., Agosti JM, Opal SM, Lowry SF, Balk RA, Sadoff JC, et al. (1996) Treatment of septic
shock with the tumor necrosis factor receptor:Fc fusion protein. The Soluble TNF Receptor Sepsis
Study Group. N Engl J Med 334: 1697-1702. https://doi.org/10.1056/NEJM199606273342603 PMID:
8637514

Cohen J, Opal S, Calandra T (2012) Sepsis studies need new direction. Lancet Infect Dis 12: 503-505.
https://doi.org/10.1016/S1473-3099(12)70136-6 PMID: 22742624

Bermejo-Martin JF, Andaluz-Ojeda D, Almansa R, Gandia F, Gomez-Herreras JI, Gomez-Sanchez E,
et al. (2016) Defining immunological dysfunction in sepsis: A requisite tool for precision medicine. J
Infect 72: 525-536. https://doi.org/10.1016/j.jinf.2016.01.010 PMID: 26850357

Josefowicz SZ, Lu LF, Rudensky AY (2012) Regulatory T cells: mechanisms of differentiation and func-
tion. Annu Rev Immunol 30: 531-564. https://doi.org/10.1146/annurev.immunol.25.022106.141623
PMID: 22224781

Rosser EC, Mauri C (2015) Regulatory B cells: origin, phenotype, and function. Immunity 42: 607—612.
https://doi.org/10.1016/j.immuni.2015.04.005 PMID: 25902480

Gabrilovich DI, Nagaraj S (2009) Myeloid-derived suppressor cells as regulators of the immune system.
Nat Rev Immunol 9: 162—174. https://doi.org/10.1038/nri2506 PMID: 19197294

Kamradt T, Mitchison NA (2001) Tolerance and autoimmunity. N Engl J Med 344: 655-664. https://doi.
org/10.1056/NEJM200103013440907 PMID: 11228281

Kumar V, Patel S, Tcyganov E, Gabrilovich DI (2016) The Nature of Myeloid-Derived Suppressor Cells
in the Tumor Microenvironment. Trends Immunol 37: 208-220. https://doi.org/10.1016/.it.2016.01.004
PMID: 26858199

D’Acquisto F, Crompton T (2011) CD3+CD4-CD8- (double negative) T cells: saviours or villains of the
immune response? Biochem Pharmacol 82: 333-340. https://doi.org/10.1016/j.bcp.2011.05.019
PMID: 21640713

Gonnert FA, Recknagel P, Seidel M, Jbeily N, Dahlke K, Bockmeyer CL, et al. (2011) Characteristics of
clinical sepsis reflected in a reliable and reproducible rodent sepsis model. J Surg Res 170: e123—-134.
https://doi.org/10.1016/j.jss.2011.05.019 PMID: 21737102

Mackall CL, Fry TJ, Gress RE (2011) Harnessing the biology of IL-7 for therapeutic application. Nat Rev
Immunol 11:330-342. https://doi.org/10.1038/nri2970 PMID: 21508983

Terashima A, Okamoto K, Nakashima T, Akira S, lkuta K, Takayanagi H (2016) Sepsis-Induced Osteo-
blast Ablation Causes Immunodeficiency. Immunity 44: 1434-1443. https://doi.org/10.1016/j.immuni.
2016.05.012 PMID: 27317262

Unsinger J, McGlynn M, Kasten KR, Hoekzema AS, Watanabe E, Muenzer JT, et al. (2010) IL-7 pro-
motes T cell viability, trafficking, and functionality and improves survival in sepsis. J Immunol 184:
3768-3779. https://doi.org/10.4049/jimmunol.0903151 PMID: 20200277

Venet F, Foray AP, Villars-Mechin A, Malcus C, Poitevin-Later F, Lepape A, et al. (2012) IL-7 restores
lymphocyte functions in septic patients. J Immunol 189: 5073-5081. https://doi.org/10.4049/jimmunol.
1202062 PMID: 23053510

Goodwin RG, Lupton S, Schmierer A, Hjerrild KJ, Jerzy R, Clevenger W, et al. (1989) Human interleukin
7: molecular cloning and growth factor activity on human and murine B-lineage cells. Proc Natl Acad Sci
US A 86:302-306. PMID: 2643102

Martin CE, van Leeuwen EM, Im SJ, Roopenian DC, Sung YC, Surh CD (2013) IL-7/anti-IL-7 mAb com-
plexes augment cytokine potency in mice through association with IgG-Fc and by competition with IL-
7R. Blood 121: 4484—-4492. https://doi.org/10.1182/blood-2012-08-449215 PMID: 23610371

Boyman O, Ramsey C, Kim DM, Sprent J, Surh CD (2008) IL-7/anti-IL-7 mAb complexes restore T cell
development and induce homeostatic T Cell expansion without lymphopenia. J Immunol 180: 7265—
7275. PMID: 18490726

Yanaba K, Bouaziz JD, Haas KM, Poe JC, Fujimoto M, Tedder TF (2008) A regulatory B cell subset
with a unique CD1dhiCD5+ phenotype controls T cell-dependent inflammatory responses. Immunity
28: 639-650. https://doi.org/10.1016/j.immuni.2008.03.017 PMID: 18482568

Herzog S, Reth M, Jumaa H (2009) Regulation of B-cell proliferation and differentiation by pre-B-cell
receptor signalling. Nat Rev Immunol 9: 195-205. https://doi.org/10.1038/nri2491 PMID: 19240758

PLOS ONE | https://doi.org/10.1371/journal.pone.0192304  February 21,2018 13/14


https://doi.org/10.1164/rccm.201403-0471OC
https://doi.org/10.1164/rccm.201403-0471OC
http://www.ncbi.nlm.nih.gov/pubmed/24872085
https://doi.org/10.1056/NEJM199606273342603
http://www.ncbi.nlm.nih.gov/pubmed/8637514
https://doi.org/10.1016/S1473-3099(12)70136-6
http://www.ncbi.nlm.nih.gov/pubmed/22742624
https://doi.org/10.1016/j.jinf.2016.01.010
http://www.ncbi.nlm.nih.gov/pubmed/26850357
https://doi.org/10.1146/annurev.immunol.25.022106.141623
http://www.ncbi.nlm.nih.gov/pubmed/22224781
https://doi.org/10.1016/j.immuni.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/25902480
https://doi.org/10.1038/nri2506
http://www.ncbi.nlm.nih.gov/pubmed/19197294
https://doi.org/10.1056/NEJM200103013440907
https://doi.org/10.1056/NEJM200103013440907
http://www.ncbi.nlm.nih.gov/pubmed/11228281
https://doi.org/10.1016/j.it.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26858199
https://doi.org/10.1016/j.bcp.2011.05.019
http://www.ncbi.nlm.nih.gov/pubmed/21640713
https://doi.org/10.1016/j.jss.2011.05.019
http://www.ncbi.nlm.nih.gov/pubmed/21737102
https://doi.org/10.1038/nri2970
http://www.ncbi.nlm.nih.gov/pubmed/21508983
https://doi.org/10.1016/j.immuni.2016.05.012
https://doi.org/10.1016/j.immuni.2016.05.012
http://www.ncbi.nlm.nih.gov/pubmed/27317262
https://doi.org/10.4049/jimmunol.0903151
http://www.ncbi.nlm.nih.gov/pubmed/20200277
https://doi.org/10.4049/jimmunol.1202062
https://doi.org/10.4049/jimmunol.1202062
http://www.ncbi.nlm.nih.gov/pubmed/23053510
http://www.ncbi.nlm.nih.gov/pubmed/2643102
https://doi.org/10.1182/blood-2012-08-449215
http://www.ncbi.nlm.nih.gov/pubmed/23610371
http://www.ncbi.nlm.nih.gov/pubmed/18490726
https://doi.org/10.1016/j.immuni.2008.03.017
http://www.ncbi.nlm.nih.gov/pubmed/18482568
https://doi.org/10.1038/nri2491
http://www.ncbi.nlm.nih.gov/pubmed/19240758
https://doi.org/10.1371/journal.pone.0192304

@° PLOS | ONE

Immunosuppression in long-term sequelae of sepsis

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Kuhlhorn F, Rath M, Schmoeckel K, Cziupka K, Nguyen HH, Hildebrandt P, et al. (2013) Foxp3+ regula-
tory T cells are required for recovery from severe sepsis. PLoS One 8: €65109. https://doi.org/10.1371/
journal.pone.0065109 PMID: 23724126

Scumpia PO, Delano MJ, Kelly KM, O’'Malley KA, Efron PA, McAuliffe PF, et al. (2006) Increased natu-
ral CD4+CD25+ regulatory T cells and their suppressor activity do not contribute to mortality in murine
polymicrobial sepsis. J Immunol 177: 7943-7949. PMID: 17114466

Venet F, Pachot A, Debard AL, Bohe J, Bienvenu J, Lepape A, et al. (2004) Increased percentage of
CD4+CD25+ regulatory T cells during septic shock is due to the decrease of CD4+CD25- lymphocytes.
Crit Care Med 32: 2329-2331. PMID: 15640650

Monneret G, Debard AL, Venet F, Bohe J, Hequet O, Bienvenu J, et al. (2003) Marked elevation of
human circulating CD4+CD25+ regulatory T cells in sepsis-induced immunoparalysis. Crit Care Med
31:2068—2071. https://doi.org/10.1097/01.CCM.0000069345.78884.0F PMID: 12847405

Zlotnik A, Godfrey DI, Fischer M, Suda T (1992) Cytokine production by mature and immature CD4-
CD8- T cells. Alpha beta-T cell receptor+ CD4-CD8- T cells produce IL-4. J Immunol 149: 1211-1215.
PMID: 1386860

Zhang ZX, Young K, Zhang L (2001) CD3+CD4-CD8- alphabeta-TCR+ T cell as immune regulatory
cell. J Mol Med (Berl) 79: 419-427.

Bronte V, Brandau S, Chen SH, Colombo MP, Frey AB, Greten TF, et al. (2016) Recommendations for
myeloid-derived suppressor cell nomenclature and characterization standards. Nat Commun 7: 12150.
https://doi.org/10.1038/ncomms12150 PMID: 27381735

Kulkarni U, Karsten CM, Kohler T, Hammerschmidt S, Bommert K, Tiburzy B, et al. (2016) IL-10 medi-
ates plasmacytosis-associated immunodeficiency by inhibiting complement-mediated neutrophil migra-
tion. J Allergy Clin Immunol 137: 1487—-1497 e1486. https://doi.org/10.1016/j.jaci.2015.10.018 PMID:
26653800

Neves P, Lampropoulou V, Calderon-Gomez E, Roch T, Stervbo U, Shen P, et al. (2010) Signaling via
the MyD88 adaptor protein in B cells suppresses protective immunity during Salmonella typhimurium
infection. Immunity 33: 777-790. https://doi.org/10.1016/j.immuni.2010.10.016 PMID: 21093317

Tebartz C, Horst SA, Sparwasser T, Huehn J, Beineke A, Peters G, et al. (2015) A major role for mye-
loid-derived suppressor cells and a minor role for regulatory T cells in immunosuppression during
Staphylococcus aureus infection. J Immunol 194: 1100—1111. https://doi.org/10.4049/jimmunol.
1400196 PMID: 25548227

El Daker S, Sacchi A, Tempestilli M, Carducci C, Goletti D, Vanini V, et al. (2015) Granulocytic myeloid
derived suppressor cells expansion during active pulmonary tuberculosis is associated with high nitric
oxide plasma level. PLoS One 10: e0123772. https://doi.org/10.1371/journal.pone.0123772 PMID:
25879532

Tatura R, Zeschnigk M, Hansen W, Steinmann J, Vidigal PG, Hutzler M, et al. (2015) Relevance of
Foxp3(+) regulatory T cells for early and late phases of murine sepsis. Immunology 146: 144—156.
https://doi.org/10.1111/imm.12490 PMID: 26059660

Kim GY, Ligons DL, Hong C, Luckey MA, Keller HR, Tai X, et al. (2012) An in vivo IL-7 requirement for
peripheral Foxp3+ regulatory T cell homeostasis. J Immunol 188: 5859-5866. https://doi.org/10.4049/
jimmunol.1102328 PMID: 22593613

Tan JT, Dudl E, LeRoy E, Murray R, Sprent J, Weinberg Kl, et al. (2001) IL-7 is critical for homeostatic
proliferation and survival of naive T cells. Proc Natl Acad Sci U S A 98: 8732—8737. https://doi.org/10.
1073/pnas.161126098 PMID: 11447288

Delano MJ, Scumpia PO, Weinstein JS, Coco D, Nagaraj S, Kelly-Scumpia KM, et al. (2007) MyD88-
dependent expansion of an immature GR-1(+)CD11b(+) population induces T cell suppression and Th2
polarization in sepsis. J Exp Med 204: 1463—1474. https://doi.org/10.1084/jem.20062602 PMID:
17548519

Sander LE, Sackett SD, Dierssen U, Beraza N, Linke RP, Muller M, et al. (2010) Hepatic acute-phase
proteins control innate immune responses during infection by promoting myeloid-derived suppressor
cell function. J Exp Med 207: 1453-1464. https://doi.org/10.1084/jem.20091474 PMID: 20530204
Mathias B, Delmas AL, Ozrazgat-Baslanti T, Vanzant EL, Szpila BE, Mohr AM, et al. (2016) Human

Myeloid-derived Suppressor Cells are Associated With Chronic Immune Suppression After Severe
Sepsis/Septic Shock. Ann Surg.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192304  February 21,2018 14/14


https://doi.org/10.1371/journal.pone.0065109
https://doi.org/10.1371/journal.pone.0065109
http://www.ncbi.nlm.nih.gov/pubmed/23724126
http://www.ncbi.nlm.nih.gov/pubmed/17114466
http://www.ncbi.nlm.nih.gov/pubmed/15640650
https://doi.org/10.1097/01.CCM.0000069345.78884.0F
http://www.ncbi.nlm.nih.gov/pubmed/12847405
http://www.ncbi.nlm.nih.gov/pubmed/1386860
https://doi.org/10.1038/ncomms12150
http://www.ncbi.nlm.nih.gov/pubmed/27381735
https://doi.org/10.1016/j.jaci.2015.10.018
http://www.ncbi.nlm.nih.gov/pubmed/26653800
https://doi.org/10.1016/j.immuni.2010.10.016
http://www.ncbi.nlm.nih.gov/pubmed/21093317
https://doi.org/10.4049/jimmunol.1400196
https://doi.org/10.4049/jimmunol.1400196
http://www.ncbi.nlm.nih.gov/pubmed/25548227
https://doi.org/10.1371/journal.pone.0123772
http://www.ncbi.nlm.nih.gov/pubmed/25879532
https://doi.org/10.1111/imm.12490
http://www.ncbi.nlm.nih.gov/pubmed/26059660
https://doi.org/10.4049/jimmunol.1102328
https://doi.org/10.4049/jimmunol.1102328
http://www.ncbi.nlm.nih.gov/pubmed/22593613
https://doi.org/10.1073/pnas.161126098
https://doi.org/10.1073/pnas.161126098
http://www.ncbi.nlm.nih.gov/pubmed/11447288
https://doi.org/10.1084/jem.20062602
http://www.ncbi.nlm.nih.gov/pubmed/17548519
https://doi.org/10.1084/jem.20091474
http://www.ncbi.nlm.nih.gov/pubmed/20530204
https://doi.org/10.1371/journal.pone.0192304

