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Major trauma-induced tissue injury causes a dysregulation of the immune system. Severe

systemic inflammation occurs early after the insult. Later on, an enhanced risk for

life-threatening opportunistic infections develops that culminates at the end of the first

week after trauma. CD56bright Natural killer (NK) cells play a key role in the defense

against infection due to their rapid release of Interferon (IFN) γ in response to Interleukin

(IL) 12. NK cells are impaired in IFN-γ synthesis after severe injury due to a disturbed

IL-12/IFN-γ axis. Thereby, a circulating factor mediates extrinsic suppression of NK cells.

Yet unknown cell-intrinsic mechanisms manifest by day 8 after trauma and render NK

cells unresponsive to stimulatory cytokines. In the present study, we investigated the

origin of such late NK cell-intrinsic suppression after major trauma. Peripheral blood

mononuclear cells (PBMC) were isolated from patients 8 day after severe injury and from

healthy control subjects and were stimulated with inactivated Staphylococcus aureus.

The expression of diverse cytokine receptors, intracellular signaling molecules, and the

secretion of IFN-γ by CD56bright NK cells were examined. After stimulation with S. aureus,

NK cells from patients expressed enhanced levels of c-kit/CD117 that inversely correlated

with IFN-γ synthesis and IL-12 receptor (IL-12R) β2 expression. Supplementation with

IL-15 and inhibition of the transforming growth factor receptor (TGF-βR) I reduced CD117

expression and increased the level of IL-12Rβ2 and IFN-γ. NK cells from patients showed

reduced phosphorylation of mammalian target of rapamycin (mTOR). Addition of IL-15

at least partly restored mTOR phosphorylation and increased IL-12Rβ2 expression.

The reduced mTOR phosphorylation after severe injury was cell-intrinsic as it was not

induced by serum factors. Inhibition of mTOR in purified NK cells from healthy donors

by rapamycin decreased the synthesis of IFN-γ. Thus, impaired mTOR phosphorylation

in response to a microbial challenge contributes to the cell-intrinsic mechanisms that

underlie NK cell dysregulation after trauma. Restoration of the mTOR phosphorylation

capacity along with inhibition of the TGF-βRI signaling in NK cells after severe injury might

improve the immune defense against opportunistic infections.
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INTRODUCTION

Severe traumatic injury induces systemic inflammation that may
cause early multi-organ damage. In parallel, an enhanced
susceptibility to opportunistic infections develops that
culminates at the end of the first week after injury and may
persist even after discharge (1). The origin of the long-lasting
suppression of the immune defense mechanisms after major
trauma is only poorly understood (2, 3). Accordingly, effective
therapeutic strategies that aim to restore immune homeostasis
are lacking. Appropriate therapy of the immune dysregulation of
injured patients is further complicated as the unbalance between
inflammation and immunosuppression may shift to either side
and at its best requires a personalized treatment (4).

Natural killer (NK) cells are cells of the innate immune system
and play a central role in the defense against diverse infectious
diseases and cancer (5). In human blood, two main populations
of NK cells are distinguished: CD56dim NK cells are highly
cytotoxic and may kill cells infected with viruses or tumor cells.
CD56bright NK cells are potent in the secretion of cytokines
such as Interferon (IFN) γ that is required for the activation of
macrophages and dendritic cells (DCs) during the elimination
of bacterial infection (6, 7). Interleukin (IL) 12 is released by
monocytes/macrophages and DCs upon contact with microbial
components and stimulates NK cells for IFN-γ synthesis (8, 9).
The IL-12 receptor (IL12R) consists of a constitutively expressed
β1 and an induced β2 chain. Binding of IL-12 to its receptor
induces the phosphorylation of Signal Transducer and Activator
of Transcription (STAT) 4 that translocates into the nucleus
where it enables the transcription of the IFNG gene (10, 11).
The T-box transcription factor T-bet cooperates with STAT4
in IFNG gene transcription and additionally promotes IL12RB2
gene transcription (12). The cytokines IL-2 and IL-15 increase
the IL-12-induced IFN-γ synthesis by NK cells in a synergistic
manner (13, 14).

NK cells express both T-box transcription factors T-bet and
Eomesodermin (EOMES) and therebymay be distinguished from
innate lymphoid cells (15). A part of circulating CD56bright NK
cells expresses the tyrosine kinase CD117 (also known as c-kit)
that was originally associated with the phenotype of NK cell
progenitors (16, 17).

Considering the relevance of NK cells in immune defense
it is apparent that NK cells might be involved in the immune
dysregulation after major injury. A recent study followed total
NK cells for 5 d after trauma and observed a transient decrease
in the expression of T-bet and IFN-γ (18). We have previously
shown that CD56bright NK cells are rapidly and long-lasting
suppressed after major trauma in terms of IFN-γ synthesis
in response to Staphylococcus aureus, a frequent cause of
opportunistic infections after injury (19). We identified an
impaired IL-12Rβ2 expression that was associated with decreased
STAT4 activation and IFN-γ synthesis. Although NK cells were
similarly suppressed in IFN-γ synthesis from 24 h to at least
4 weeks after injury there were qualitative differences in the
underlying mechanisms: extrinsic suppression of NK cells occurs
early after injury and is mediated by a soluble factor that
signals through the transforming growth factor (TGF) β receptor

(TGF-βR) I. In addition, so far unknown endogenous changes
establish in NK cells between 6 and 8 day after trauma that impair
the IL-12/IFN-γ axis independent of the suppressive factor in
the serum (19). Thus, the endogenous changes in NK cells
overlap with the reported time window of cumulating infectious
complications after trauma. In the present study, we aimed to
shed light on the endogenous mechanisms in NK cells that arise
late after traumatic injury and contribute to the impaired IFN-γ
synthesis in the context of S. aureus infection.

MATERIALS AND METHODS

Study Design and Patients
Severely injured patients (Injury Severity Score ≥16; age
≥18 years) who were admitted to the emergency room
of the Department of Trauma, Hand and Reconstructive
Surgery of the University Hospital Essen between August
2017 and September 2018 were included after approval by an
independent physician. Exclusion criteria were isolated head
injury, immunosuppressive therapies, cancer, and autoimmune
diseases. Serum and heparinized blood samples were obtained
from n = 14 patients 8 day after trauma. Blood from sex and
age matched healthy donors was drawn as controls. The patient
characteristics are shown in Supplementary Table 1.

The study was approved by the local ethic committee of
the University Hospital Essen and written informed consent
was obtained from patients or their legal representatives and
from healthy donors. The study was conducted according to the
Declaration of Helsinki.

Isolation of Mononuclear Cells and
Preparation of Serum
Peripheral blood mononuclear cells (PBMC) were isolated from
heparinized blood by Ficoll density gradient centrifugation and
subsequent red blood cell lysis (Sigma-Aldrich, Taufkirchen,
Germany). PBMCs were used for cell culture or immediately
stained for FACS analysis. Serum was obtained from clotted
whole blood after centrifugation at 2,000 g for 10min and
immediately used or stored at−20◦C for further analysis.

Cell Culture
PBMC were cultured in VLE RPMI 1640 Medium (containing
stable glutamine; Biochrom, Berlin, Germany) supplemented
with 100 U/ml Penicillin and 100µg/ml Streptomycin
(Sigma-Aldrich Chemie, Taufkirchen, Germany) and 10%
autologous serum.

4 × 105 cells/well were cultured in 96-well flat bottom
plates (BD Biosciences, Heidelberg, Germany) in a total volume
of 200 µl/well and incubated at 37 ◦C and 5% CO2 in a
humidified atmosphere.

After 1 h rest, PBMC were stimulated with heat-killed S.
aureus (106 bacteria /ml; Invivogen, San Diego, CA). Eighteen
hour later, the cells were harvested for FACS analysis. Where
indicated, 4µM SB431542 (inhibitor of ALK4, ALK5, and ALK7;
Tocris Bioscience, Bristol, UK), 5 ng/ml recombinant human IL-
15 (PeproTech, Hamburg, Germany), or a combination of both
was added to the cells before stimulation with the bacteria.
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For the preparation of “conditioned medium,” PBMC were
cultured in 2% FCS and stimulated with heat-killed S. aureus (0.5
× 106 bacteria /ml). Supernatants were harvested after 18 h.

NK Cell Assay
NK cells were isolated from PBMC of healthy donors using
the “Human NK cell isolation kit” (Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the manufacturer’s protocol.
NK cells were seeded in 96-well plates (2 × 104/well) in medium
supplemented with 5% serum from healthy donors. Conditioned
medium from PBMCwas added at 25% v/v. The mTOR inhibitor
rapamycin (2 nM; PeproTech, Hamburg, Germany) or its solvent
(DMSO) was added. Eighteen hour later, the cells were harvested
for FACS analyses.

Flow Cytometry
Three color staining of cell surface molecules was performed
as described previously (19) using antibodies against CD3
(clone MEM-57, FITC-labeled, ImmunoTools, Friesoythe,
Germany) and CD56 (clone CMSSB, APC-labeled, Thermo
Fisher Scientific, Waltham, MA) in combination with one of the
following PE-labeled antibodies: anti-IL-12Rβ2 (clone REA333,
Miltenyi Biotec), anti-CD94 (clone DX22, BioLegend, San
Diego, CA), anti-CD122 (clone TU27, BioLegend), anti-CD132
(clone TUGh4, BioLegend). Where indicated PE-Cy7-labeled
antibodies against CD117 (clone 104D2, BioLegend) was used as
a fourth color.

Intracellular staining of IFN-γ was performed as described
previously (19) using antibodies against IFN-γ (clone 4S.B3,
PE-labeled, BioLegend) in combination with anti-CD3 and
anti-CD56. Intracellular staining of mTOR, EOMES, and T-
bet was performed using the “FoxP3/Transcription Factor
Staining Buffer Set” (Thermo Fisher Scientific) according to the
manufacturer’s instructions. After surface staining with anti-
CD3 and anti-CD56 as described above, the cells were fixed
and permeabilized before staining with PE-labeled antibodies (all
from eBioscience, Thermo Fisher Scientific) against T-bet (clone
4B10), EOMES (clone WD1928), or mTOR (clone MRRBY). For
all stainings appropriate isotype control antibodies were used to
determine the threshold of positive staining.

Data were acquired using a FACSCalibur (BD Biosciences;
Franklin Lakes, NJ) and analyzed using NovoExpress software
(ACEABiosciences, San Diego, CA). The expression of respective
molecules was determined on gated CD3−CD56bright NK cells.

Due to technical failure or an insufficient number of PBMC
after isolation from whole blood it was unfeasible to generate all
data from all patients.

Statistical Analyses
Statistical analysis and graphical presentation were performed
using GraphPad Prism Version 5 software (GraphPad Software,
La Jolla, CA). The non-parametric Mann-Whitney U-test and
Wilcoxon signed rank test were used for statistical analysis as
depicted in the figure legends. Spearman r analysis was used to
test the correlation between two parameters.

RESULTS

CD3−CD56bright Cells Express
Characteristic Markers of Differentiated
NK Cells Late After Trauma
We included n = 14 severely injured patients and n = 14
age- and sex-matched healthy controls in our study (patient
characteristics are listed in Supplementary Table 1). On day 8
after trauma, the patients displayed elevated levels of C-reactive
protein but normal levels of procalcitonin. Twenty-one percent
of the patients developed sepsis that was diagnosed beyond day 8.

In order to evaluate the activity of CD56bright NK cells, PBMC
obtained from patients 8 day after trauma and from healthy
control subjects were stimulated with inactivated S. aureus
bacteria and the expression of IFN-γ and of the IL-12Rβ2 chain
by CD3−CD56bright NK cells was determined by flow cytometry
(for gating see Figure 1A). For our study, we used flow cytometry
because it allows the analysis of surface and intracellular
protein expression on and in selected cell subpopulations. As
expected, NK cells from trauma patients displayed diminished
levels of IFN-γ and IL-12Rβ2 (Figures 1B,C). The expression
of IFN-γ correlated with the expression of the IL-12Rβ2 chain
(Figure 1D).

CD3−CD56bright cells from patients expressed the
transcription factors T-bet and EOMES as well as CD94 ex
vivo that are all characteristic markers for NK cells [(20);
Figures 2A–D]. CD56bright NK cells moreover expressed the β

and γ chains of the IL-15 receptor comparable to NK cells from
controls (Supplementary Figure 1). The percentage of NK cells
that expressed CD117, a marker that has been linked with NK
cell progenitors, was decreased after trauma (Figure 2E). Thus,
despite their reduced capacity to secrete IFN-γ late after trauma
CD3−CD56bright cells display a phenotype of mature NK cells
similar to NK cells from controls.

Expression of CD117 Is Linked With the
Suppressed Cytokine Release of NK Cells
After Trauma
The expression of the IL-12Rβ2 chain is a check point in IFN-
γ synthesis by NK cells after major trauma (19). In search of
a potential mechanism that controls the expression of the IL-
12Rβ2 chain we investigated how NK cells that do not express
the IL-12Rβ2 (and therefore do not secrete IFN-γ) differ from
IL-12Rβ2+cells. In order to induce IL-12Rβ2 expression PBMC
from patients and controls were stimulated with S. aureus. There
was a striking difference in terms of CD117 expression between
IL-12Rβ2+ and IL-12Rβ2− NK cells: the IL-12Rβ2 chain was
almost exclusively expressed on CD117− NK cells (Figure 3A).
Further analysis of IL-12Rβ2− NK cells revealed a two-fold
increased percentage of CD117+ NK cells after major injury
(Figure 3B). The expression of CD117 inversely correlated with
the expression of the IL-12Rβ2 chain (Figure 3C) and with the
production of IFN-γ (Figure 3D).

Next, the potential relationship between the expression of
CD117 and NK cell function was examined. The expression of
CD117 on NK cells is regulated by IL-15 in the environment (21).
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FIGURE 1 | Impaired IFN-γ synthesis of CD56bright NK cells after severe trauma correlates with reduced expression of the IL-12Rβ2 chain. PBMCs were isolated from

healthy donors (c) and trauma patients (t) 8 day after trauma. Cells were exposed to heat-killed S. aureus. After 18 h, the IFN-γ synthesis and IL-12Rβ2 expression

were determined by flow cytometry. (A) Gating strategy of CD3−CD56bright NK cells. Representative dot plots are shown. Numbers indicate the percentage of positive

cells. (B,C) Cumulative results of the percentage of IFN-γ+ cells (B; n = 13) and IL-12Rβ2+ cells (C; n = 13) among CD56bright NK cells. Horizontal lines indicate the

median/interquartile range. Statistical differences between control and trauma were tested using the Mann-Whitney U-test. (D) Spearman correlation between the

percentage of IL-12Rβ2+ and IFN-γ+ CD56bright NK cells. **p < 0.01.

NK cell function after trauma is regulated by TGF-βRI signaling
(19). Therefore, PBMC from injured patients were stimulated
with S. aureus in the presence of recombinant IL-15, with an
inhibitor of the TGF-βRI, or with the combination of both. Each
component alone decreased the expression of CD117 on NK cells
from injured patients. Even more effective was the combination
of IL-15 with the TGF-βRI inhibitor (Figure 3E). Likewise, but in
the inverse direction, the expression of the IL-12Rβ2 changed and
increased by up to six-fold in the presence of IL-15 and the TGF-
βRI inhibitor (Figure 3F). In contrast, only the combination of
IL-15 with the TGF-βRI inhibitor enhanced the synthesis of IFN-
γ (Figure 3G). Thus, IL-15 and inhibition of TGF-βRI signaling
decrease the expression of CD117 that is associated with impaired
NK cell function after trauma.

T-bet Expression Is Reduced in NK Cells
After Trauma
T-bet is a relevant transcription factor that promotes IL12RB2
and IFNG gene transcription in T lymphocytes and NK cells
(12, 22). We examined the expression of T-bet in NK cells after
severe injury and asked whether the expression of T-bet was
altered in the presence of IL-15 or upon inhibition of the TGF-
βRI. T-bet expression did not differ between NK cells from
injured patients and healthy controls when analyzed ex vivo
(Figure 1B). In contrast, after stimulation with S. aureus, NK cells
from injured patients expressed less T-bet than NK cells from
healthy subjects (Figures 4A,B). The expression of T-bet slightly
increased in the presence of IL-15 (Figure 4C) or of the TGF-βRI
inhibitor (Figure 4D). Thus, the changes of IL-12Rβ2 expression
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FIGURE 2 | CD56bright NK cells from trauma patients express characteristic markers of mature NK cells. PBMCs from control subjects (c) and trauma patients (t) were

stained ex vivo for the expression of T-bet, EOMES, CD94, and CD117. CD3−CD56bright NK cells were gated. (A) Representative histograms. (B–E) Cumulative data

on the expression of T-bet (B; n = 12), EOMES (C; n = 13), CD94 (D; n = 12), and CD117 (E; n = 14). Horizontal lines indicate the median/interquartile range.

Statistical differences between control and trauma were tested using the Mann-Whitney U-test. **p < 0.01 and ***p < 0.001. iso, isotype control.

that are mediated by IL-15 and inhibition of the TGF-βRI in
NK cells from injured patients are in part reflected by altered
T-bet expression.

Decreased Phosphorylation of mTOR
Correlates With CD117 Expression
A central molecule in the IL-15 signaling pathway during NK
cell activation is “mammalian target of rapamycin” (mTOR)
(23). We determined the expression of phosphorylated mTOR
in NK cells after trauma and evaluated its potential regulation
by IL-15 and inhibition of the TGF-βRI. There was no
difference in mTOR phosphorylation in NK cells from injured
patients and from healthy controls when analyzed ex vivo
(Figures 5A,B). Stimulation with S. aureus strongly induced the
phosphorylation of mTOR in NK cells from healthy controls
but not in NK cells from trauma patients (Figures 5C,D).
The presence of IL-15 during stimulation with S. aureus
increased the phosphorylation of mTOR in NK cells from
trauma patients while the inhibition of the TGF-βRI remained
without consequences (Figure 5E). The pattern of mTOR
phosphorylation resembled the changes in CD117 expression
on NK cells (Figure 3E) though in the opposite direction.
Indeed, there is a negative correlation between mTOR and
CD117 (Figure 5F). Thus, mTOR phosphorylation in NK cells

after severe injury is reduced and inversely correlates with
CD117 expression.

mTOR Phosphorylation in NK Cells
Promotes the Synthesis of IFN-γ
Considering the suppressive activity of serum from injured
patients on the function of NK cells (19) the question
arose whether any factors in the serum interfere with mTOR
phosphorylation in NK cells. To address this issue, PBMC from
healthy subjects were stimulated with S. aureus in the presence
of serum from trauma patients or from healthy controls. The
basal level of mTOR phosphorylation in NK cells was not affected
by serum from injured patients but tended to decrease upon
stimulation with S. aureus (Figure 6A).

In order to examine the relevance of mTOR in NK cell
function we established a cell culture system with purified NK
cells. Purified NK cells do not respond to S. aureus since they
require the interaction with monocytes or DCs as source of IL-
12 (24). Therefore, isolated NK cells from healthy donors were
cultured in conditioned cell-free medium obtained from PBMC
after stimulation with S. aureus. Rapamycin was used to inhibit
mTOR activity. The presence of rapamycin diminished the
production of IFN-γ (Figure 6B) by NK cells but did not affect
the expression of the IL-12Rβ2 chain (Figure 6C). Furthermore,
inhibition of mTOR did not change the expression of CD117 on
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FIGURE 3 | Stimulated CD56bright NK cells express increased levels of CD117 after trauma that inversely correlates with IFN-γ synthesis and IL-12Rβ2 expression.

PBMC from control subjects (c) or patients (t) were stimulated with S. aureus and the expression of CD117, IFN-γ, and the IL-12Rβ2 chain was examined.

Unstimulated cells (none) served as control. (A) Representative contour plots of the expression of CD117 and IL-12Rβ2 on gated CD3−CD56bright NK cells. Numbers

indicate the percentage of CD117+ among IL-12Rβ2− cells (rectangle). (B) Cumulative data of the percentage of CD117+ cells among IL-12Rβ2− cells (n = 12).

(C,D) Spearman correlation of CD117 expression with IFN-γ synthesis (C) and IL-12Rβ2 expression (D) on CD3−CD56bright NK cells. (E–G) Recombinant IL-15 or

SB431542 (inhibitor of the TGF-βRI) was added during stimulation of PBMC from trauma patients with S. aureus [the values for cells stimulated with S. aureus alone

are also shown in Figures 1B,C and (B)]. (E) Percentage of CD117+ cells among IL-12Rβ2−CD3−CD56bright NK cells (n = 11–12). (F) Expression of the IL-12Rβ2

chain on CD3−CD56bright NK cells (n = 11–12). (G) Expression of IFN-γ in CD3−CD56bright NK cells (n = 12–13). Horizontal lines indicate the median/interquartile

range. Statistical differences between control and trauma (B) were tested using the Mann-Whitney U-test, differences between different culture conditions (E–G) were

tested using the Wilcoxon signed rank test. *p < 0.05; **p < 0.01; and ***p < 0.001.
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FIGURE 4 | T-bet expression in stimulated CD56bright NK cells is reduced after trauma. PBMC from control subjects (c) or patients (t) were stimulated with S. aureus

and the expression of intracellular T-bet was examined. (A) Representative histogram of T-bet expression in gated CD3−CD56bright NK cells. (B) Cumulative data of

T-bet expression in CD56bright NK cells (n = 13). (C,D) Recombinant IL-15 (C; n = 9) or SB431542 (D; n = 9) was added during stimulation of PBMC from trauma

patients with S. aureus [the values for cells stimulated with S. aureus alone are also shown in (B)]. Horizontal lines indicate the median/interquartile range. Statistical

differences between control and trauma (B) were tested using the Mann-Whitney U-test, differences between different culture conditions (C,D) were tested using the

Wilcoxon signed rank test. *p < 0.05 and **p < 0.01. iso, isotype control.

NK cells (Figure 6D). Thus, mTOR is an intrinsic regulator of
IFN-γ synthesis in NK cells in the context of S. aureus infection.

DISCUSSION

Immediately after major injury, circulating NK cells display a
long-lasting impaired capacity to produce IFN-γ in response to
microbial stimuli (19).While soluble factors in the serummediate
NK cell suppression early after injury, cell-intrinsic changes in
NK cells are responsible for the anergic state late after trauma that
renders NK cell unresponsive to otherwise stimulatory cytokines
such as IL-12 and IL-2 (19). NK cells do not show signs of
activation such as CD25 and CD69 after injury (19) nor differed
in the expression of various characteristic markers of mature NK
cells from cells of control subjects (except a reduced expression
of CD117). Thus, the impaired function of NK cells after severe
injury is not reflected by an altered phenotype at least according
to the markers that we have examined so far. According to a
recent study, CD39 is differentially expressed on NK cells after
trauma (25) and might be a candidate for phenotyping NK cells
from trauma patients.

The striking modulation of NK cells after major injury was
only visible when the cells were exposed to S. aureus that
mimicked an infectious challenge. This finding indicates that

severe injury “primes” NK cells for an altered responsiveness
to infectious agents. We propose that major injury induces a
functional reprogramming of NK cells that is responsible for
the impaired capacity of the cells to secrete IFN-γ while their
cytotoxic function remains unaffected (19).

Our previous work has shown that the cell-intrinsic inhibition

of NK cells requires 8 day to be fully established (19). Here,

we provide first evidence that CD117 and mTOR are potential
key molecules in the development of NK cell dysregulation

after trauma. The expression of CD117 inversely correlated

with the expression of IL-12Rβ2 and IFN-γ. This finding
points to a potential inhibitory effect of the CD117-induced
signaling pathway on the IL-12Rβ2/IFN-γ axis. Cell type-
specific differences in the biological effect of CD117 signaling
have been reported: in mast cells the activation of the CD117
tyrosine kinase triggers PI3K, MAPK, and JAK/STAT pathways
and thereby induces the release of pro-inflammatory cytokines
and histamine (26). In DCs, signaling through CD117 induces
the secretion of IL-6 through PI3K activation (27). Some of
these CD117-induced pathways overlap with IL-12Rβ2 signaling
(28). Since CD117-induced signaling in NK cells has not
been addressed so far it remains speculative whether and
how CD117 interferes with IL-12-induced IFN-γ synthesis in
NK cells.
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FIGURE 5 | The expression of phosphorylated mTOR is reduced in stimulated CD56bright NK cells after trauma and inversely correlates with the expression of CD117.

(A) Representative histograms of phosphorylated mTOR expression in CD56bright NK cells from control subjects (c) and trauma patients (t) ex vivo. (B) Cumulative data

of phosphorylated mTOR expression ex vivo (n = 10). (C,D) PBMC were stimulated with S. aureus and intracellular expression of phosphorylated mTOR was

determined after 18 h. Representative histograms after stimulation with S. aureus (C) and cumulative data (n = 10) of phosphorylated mTOR (D) are shown. (E)

Recombinant IL-15 or SB431542 was added during stimulation of PBMC from trauma patients (n = 10) with S. aureus [the values for cells stimulated with S. aureus

alone are also shown in (D)]. Horizontal lines indicate the median/interquartile range. Statistical differences between control and trauma (B,D) were tested using the

Mann-Whitney U-test, differences between different culture conditions (E) were tested using the Wilcoxon signed rank test. (F) Spearman correlation between

expression of CD117 and phosphorylated mTOR after stimulation with S. aureus. **p < 0.01. iso, isotype control.

We observed a striking inverse correlation of CD117
expression with the phosphorylation of mTOR in NK cells
late after trauma. mTOR is an intracellular serine/threonine
kinase and plays a central role in cytokine secretion, survival,
and proliferation through its role as master switch in cell
metabolism. CD117 signaling has been described to regulate
mTOR phosphorylation in mesenchymal stem cells (29). A
similar regulatory function of CD117 on mTOR might take place
in NK cells and explain the inverse correlation of CD117 and
mTOR. Detailed analyses of signaling pathways in NK cells are
required in future to prove this assumption of such a functional
relationship between CD117 and mTOR.

Previous studies have shown that mTOR is critical for the
maintenance of the cytotoxic activity and for metabolic control
of NK cells but not for their IFN-γ secretion in response to
recombinant cytokines (23, 30, 31). We established a novel in
vitro model that mimicked the activation of NK cells as it takes
place during stimulation of PBMC with S. aureus but that was
independent from recombinant cytokines and from accessory
cells such as monocytes. We provide evidence that under certain
circumstances mTOR indeed promotes the synthesis of IFN-γ by
NK cells. However, so far we could not identify the mediators
that are responsible for mTOR activation in NK cells in our in
vitro model. Based on these findings we assume that reduced

Frontiers in Immunology | www.frontiersin.org 8 June 2020 | Volume 11 | Article 1200

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bösken et al. mTOR in NK Cells After Injury

FIGURE 6 | mTOR is a cell-intrinsic regulator of IFN-γ synthesis in NK cells exposed to S. aureus. (A) Cultures of PBMC from healthy donors (n = 3) were set up in

serum from control subjects (c) or from trauma patients (t) and were stimulated with S. aureus. Unstimulated cells served as control (none). The mean fluorescence

intensity (MFI) of phosphorylated mTOR was determined in gated CD3−CD56bright NK cells after 18 h. Horizontal lines indicate the median/interquartile range. (B–D)

Purified NK cells from healthy donors (n = 2–4) were exposed to conditioned medium of PBMC from healthy donors that had been obtained after stimulation with S.

aureus (2–3 different batches). Rapamycin (rapa) was added or not (–). The percentage of CD56bright NK cells positive for IFN-γ (B), IL-12Rβ2 (C), and CD117 (D) was

quantified. Statistical differences were tested using the Wilcoxon signed rank test. *p < 0.05.

phosphorylation of mTOR in NK cells late after trauma and
signaling through the TGF-βRI both contribute to their impaired
capacity to produce IFN-γ in response to S. aureus.

In contrast to IFN-γ synthesis, the inhibition of mTOR in NK
cells did not affect the expression of CD117. Thus, it is unlikely
that the expression of CD117 is directly regulated by mTOR in
NK cells.

It has been described that Smad1/5/8, components of
the signaling pathway downstream of the TGF-β receptor,
promote the expression of CD117 in primordial follicles
(32). In line, we detected decreased CD117 expression on
NK cells from injured patients upon inhibition of the TGF-
βRI. We have previously shown that growth/differentiation
factor (GDF) 15 is present in the serum at high levels after
major trauma, signals through the TGF-βRI and activates
Smad1/5/8 (19). Accordingly, the increased expression of
CD117 on NK cells after major injury might be mediated
by circulating GDF-15. In contrast, the inhibition of
TGF-βRI signaling did not affect the phosphorylation of
mTOR in NK cells of the patients. This finding further

supports our assumption that CD117 is not under control
of mTOR.

In line with a previous study (21), we observed that the
expression of CD117 on NK cells decreased when recombinant
IL-15 was added during stimulation with S. aureus. Maximal
reduction of CD117 expression was achieved with a combination
of IL-15 and inhibition of the TGF-βRI that was at the same
time the most effective in upregulation of the IL-12Rβ2 chain.
Interestingly, IL-12Rβ2 was only expressed on CD117− NK cells.
This finding implies that the signaling pathways induced by
CD117 and TGF-βRI cooperate and prevent the expression of
the IL-12Rβ2 chain. Certainly, additional studies are required to
confirm the existence of this novel cross-talk between CD117 and
TGF-βRI in NK cells.

The synthesis of IFN-γ by NK cells correlated with the
expression of the IL-12Rβ2 chain. Unexpectedly, addition of IL-
15 or inhibition of the TGF-βRI did not result in increased IFN-
γ synthesis by NK cells after major trauma despite augmented
expression of the IL-12Rβ2 chain. This is in contrast to the well-
known capacity of IL-15 to enhance IFN-γ secretion by NK
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cells from healthy subjects (33). NK cells from trauma patients
expressed the IL-15 receptor subunits at levels comparable to
NK cells from controls. This finding argues against a reduced
sensing of IL-15 as the origin of the unchanged IFN-γ synthesis.
But IL-15 was efficient in amplifying the production of IFN-
γ when it was combined with the inhibitor of the TGF-βRI
inhibitor. We suggest that yet unknown mechanisms exist in
NK cells of severely injured patients that interfere with the
signaling pathway downstream of the IL-12Rβ2 chain and that
are regulated by IL-15- and TGF-βRI-induced signaling. In this
regard, the transcription factor T-bet might be of relevance as it
was reduced after trauma and increased in response to IL-15 and
inhibition of the TGF-βRI.

Increased mTOR activity is a central component in the
development of so called “trained immunity” that describes
the long-term increased response to a secondary stimulus
after an acute, often infectious insult (34). Trained immunity
of NK cells is a consequence of cytomegalo virus infection
and is associated with enhanced cytotoxicity in response
to repeated infection (35). Defective trained immunity of
monocytes occurs during sepsis and is considered to enhance
the risk for secondary infections (36). Considering the reduced
mTOR phosphorylation and the relevance of IFN-γ in immune
defense we hypothesize that NK cells undergo an impaired
trained immunity after major traumatic injury that, in case
of a subsequent infectious insult, may result in a disturbed
NK cell function. Due to the small sample size of our
pilot study we could not differentiate NK cell function
between patients who later developed infectious complications
and those who remained free of an infection to prove
this hypothesis.

In conclusion, there exists an inverse relationship between
CD117 and phosphorylated mTOR in CD56bright NK cells after
exposure to S. aureus. After trauma, this relationship is shifted
toward CD117 and is associated with a disturbed IL-12/IFN-
γ axis. Restoration of the capacity for mTOR phosphorylation
by application of IL-15 in combination with inhibition of

the TGF-βRI signaling pathway might represent a potential
therapeutic option to improve the function of NK cells after
major trauma.
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