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Non-apoptotic TRAIL function modulates NK cell
activity during viral infection
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Abstract

The role of death receptor signaling for pathogen control and
infection-associated pathogenesis is multifaceted and controver-
sial. Here, we show that during viral infection, tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) modulates NK cell
activity independently of its pro-apoptotic function. In mice
infected with lymphocytic choriomeningitis virus (LCMV), Trail defi-
ciency led to improved specific CD8+ T-cell responses, resulting in
faster pathogen clearance and reduced liver pathology. Depletion
experiments indicated that this effect was mediated by NK cells.
Mechanistically, TRAIL expressed by immune cells positively and
dose-dependently modulates IL-15 signaling-induced granzyme B
production in NK cells, leading to enhanced NK cell-mediated T cell
killing. TRAIL also regulates the signaling downstream of IL-15
receptor in human NK cells. In addition, TRAIL restricts NK1.1-trig-
gered IFNc production by NK cells. Our study reveals a hitherto
unappreciated immunoregulatory role of TRAIL signaling on NK
cells for the granzyme B-dependent elimination of antiviral T cells.

Keywords CD8 T cells; IL-15 signaling; lymphocytic choriomeningitis virus; NK

cells; TNF-related apoptosis-inducing ligand

Subject Categories Immunology; Microbiology, Virology & Host Pathogen

Interaction; Signal Transduction

DOI 10.15252/embr.201948789 | Received 3 July 2019 | Revised 16 October

2019 | Accepted 18 October 2019 | Published online 19 November 2019

EMBO Reports (2020) 21: e48789

Introduction

Natural killer (NK) cells and CD8+ cytotoxic T cells (CTLs) repre-

sent a central line of defense against viral infections through their

ability to induce apoptotic death in infected cells. Target cell apopto-

sis involves exocytosis of cytolytic granules containing perforin and

granzymes by cytotoxic lymphocytes [1]. In addition, NK cells and

CTLs may trigger apoptosis through the engagement of death recep-

tor ligands such as Fas ligand (FasL), tumor necrosis factor (TNF),

or TNF-related apoptosis-inducing ligand (TRAIL) on cognate

receptors expressed on target cells [2–5]. Death receptor-mediated

apoptosis exerts distinct effects on viral replication and infection-

associated pathogenesis [5–7]. In particular, the role of TRAIL

during infection is controversial. TRAIL is selectively upregulated

on influenza-specific CD8+ T cells to eliminate virus-infected alveo-

lar epithelial cells [2]. TRAIL expression on NK cells also appears to

limit the in vivo replication of encephalomyocarditis virus [8].

However, TRAIL leads to severe inflammation and tissue damage in

Listeria-infected wild-type (WT) mice, which is associated with

impaired pathogen clearance and reduced survival compared with

Tnfsf10/Trail�/� counterparts [9]. Moreover, NK cells induce TRAIL

signaling to eliminate hepatitis B virus (HBV)-specific CD8+ T cells

[10] or activated CD4+ T cells during chronic murine cytomegalo-

virus (MCMV) infection [11], thereby negatively regulating antiviral

immunity. A comparable immunomodulatory effect of TRAIL has

also been reported in rheumatoid arthritis, where TRAIL signaling

limits pathology and inflammation, possibly independently of its

pro-apoptotic function [12,13]. Indeed, such non-apoptotic (non-

canonical) TRAIL activity has been mainly reported in cancer, with

TRAIL signaling exerting a pro-tumorigenic effect in resistant tumor

cells [14]. Non-canonical TRAIL signaling in cancer cells elicits

receptor-induced kinase activation triggering survival, proliferation,

migration, and metastasis [15,16]. Although the ability of TRAIL to

induce such non-canonical signaling in malignant cells is well estab-

lished, it is currently unclear whether TRAIL may exert a non-apop-

totic function in non-transformed cells, in particular in the context

of viral infection.

Here, we investigated the contribution of TRAIL to the immune

response induced by lymphocytic choriomeningitis virus (LCMV).

We found an increased specific CD8+ T-cell response and a faster

virus control in infected Trail�/� versus WT mice. This phenotype

was ascribed to a reduced ability of NK cells to limit LCMV-specific

CD8+ T cells in Trail�/� mice. Further mechanistic studies revealed

that Trail blockade mitigated the IL-15 signaling-induced granzyme

B production in NK cells in a cell-extrinsic and dose-dependent

manner—thereby accounting for the reduced T-cell killing. In addi-

tion, TRAIL signaling in NK cells repressed IFNc production induced
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upon NK1.1 receptor activation. Taken together, these results unveil

a previously unappreciated regulatory role of TRAIL for NK cell

function during infection, which is independent of TRAIL pro-apop-

totic activity.

Results

LCMV-infected Trail�/� mice show increased CD8+ T-cell response
and improved virus clearance

To study the impact of TRAIL on virus immunity, we analyzed

virus-specific CD8+ T-cell responses in WT and Trail�/� mice after

infection with LCMV strain WE. The frequencies (Fig 1A) and total

numbers (Fig EV1A) of IFNc-positive and IFNc/TNF double-positive

CD8+ T cells specific for the LCMV glycoprotein (GP) epitope GP33–41
were increased in spleens and livers of Trail�/� mice compared with

control animals. We also observed higher frequencies of cytokine-

producing CD8+ T cells specific for the H-2Db-restricted nucleopro-

tein (NP) epitope NP396–404 in Trail�/� mice (Fig EV1B). No dif-

ferences in CD4+ T cells specific for the GP epitope GP61–80 were

detected (Fig EV1C), indicating that TRAIL exerts a CD8+ T cell-

restricted effect on the LCMV-specific T-cell response. Trail�/� mice

also showed reduced CD8+ T cell-mediated liver immunopathology,

as measured by lower levels of serum alanine transaminase (ALT)

(Fig 1B).

As CD8+ T cells are crucial for LCMV clearance [17], we next

analyzed virus titers in spleen and liver at different time points. No

differences in virus titer were observed until 8 days of infection,

suggesting that TRAIL does not affect early control of LCMV-WE.

However, Trail�/� mice showed accelerated virus clearance

compared with WT animals, with complete virus elimination in

spleen and liver 12 days after LCMV infection (Fig 1C).

In the following, we addressed whether TRAIL expression on

CD8+ T cells may directly contribute to the LCMV-specific CD8+ T-

cell response. To this end, we transferred congenic Trail+/+ T-cell

receptor (TCR) transgenic CD8+ T cells specific for the LCMV glyco-

protein GP33–41 (P14 cells) into WT and Trail�/� mice previously

infected with LCMV (Fig 1D). Under these conditions, P14 cells

primed in Trail�/� recipients expanded at higher frequencies

(Fig 1E) and produced more inflammatory cytokines (Fig 1F).

Taken together, these data reveal that TRAIL limits the expansion

of LCMV-specific CD8+ T cells in a cell-extrinsic manner, thereby

modulating virus clearance and liver immunopathology.

The increased specific CD8+ T-cell response in LCMV-infected
Trail�/� mice depends on NK cells

To further investigate the role of Trail for the LCMV-specific

immune response, we assessed the kinetics of Trail expression in

infected mice. There was a substantial increase in Trail transcripts

in spleen and liver in the first days of infection, which then progres-

sively declined to naı̈ve levels after 8 days (Fig 2A), thus suggesting

a contribution of TRAIL early during LCMV infection. We next

measured inflammatory cytokines released systemically to identify

immune populations that were possibly altered in recently infected

Trail�/� versus WT animals. Among the cytokines analyzed, we

found in Trail�/� mice threefold higher serum levels of IFNc

(Figs 2B and EV1D), a cytokine that is rapidly secreted by innate

lymphocytes, in particular NK cells, following viral infection [18].

Indeed, early LCMV infection triggered an upregulation of TRAIL

and TRAIL receptor (TRAIL-R or DR5, which is encoded by Tnfrs-

f10b) on NK cells (Fig 2C), thus indicating a potential effect of

TRAIL/TRAIL-R signaling on NK cell activity during LCMV infec-

tion. Of note, other immune cell populations including CD3+,

CD4+, or CD8+ T cells; dendritic cells (DCs, defined as

CD11c+MHCII+Ly6C�Ly6G�, CD11c+MHCII+Ly6C�Ly6G�CD8+,

or CD11c+MHCII+Ly6C�Ly6G�CD8� cells); or neutrophils (defined

as CD11b+CD11c�Ly6G+) did not express DR5 24 h after infection,

while monocytes (defined as CD11b+CD11c�Ly6C+Ly6G� cells)

upregulated DR5 (Fig EV1E).

Previous reports have shown that besides their well-described

antiviral and anti-tumor functions, NK cells can also regulate T-cell

responses and thereby influence the outcome of viral infections

[11,19–21]. To address a possible role of these cells in our model,

we next depleted NK1.1+ cells in WT and Trail�/� mice before

infection with LCMV-WE. In line with previous studies [19–21],

antibody-mediated NK cell depletion increased the LCMV-specific

CD8+ T-cell response in WT mice. However, NK cell depletion also

abrogated the limiting effect of Trail on T-cell priming (Fig 2D), and

it comparably prevented liver immunopathology in WT and Trail�/�

mice (Fig 2E). The virus-specific CD4+ T-cell response was also

enhanced in NK cell-depleted animals, yet to the same extent in the

two mouse strains (Fig EV1F).

These results indicate that, during LCMV-WE infection, Trail

contributes to the NK cell-mediated regulation of the specific CD8+

T-cell response.

Trail controls cytokine production in NK cells during
LCMV-WE infection

We next applied flow cytometry to determine whether NK cells were

the source of higher serum IFNc in LCMV-infected Trail mice. The

frequencies and numbers of IFNc-positive NK cells were increased

in the spleens and livers of Trail�/� versus WT mice, most promi-

nently 24 h after infection (Fig 3A and B). In addition, Trail�/� NK

cells expressed higher levels of IFNc (Fig 3C). These data on altered

IFNc in the NK cells of infected Trail�/� mice were further corrobo-

rated by a gene expression analysis, revealing that several pathways

related to inflammation and cytokine production or signaling are dif-

ferently affected in Trail�/� versus WT NK cells upon LCMV infec-

tion (Figs EV2A–C and EV3). This was associated with a threefold

rise in serum IFNc in infected Trail�/� animals, which could be

abrogated by NK cell depletion (Fig 3D). Yet, this increase in serum

IFNc was not due to alterations in absolute numbers of NK cells in

spleens and livers of Trail�/� mice compared with WT counterparts

(Fig EV4A).

NK cell-secreted IFNc induces the maturation of DCs, leading to

enhanced CD8+ T-cell priming [22,23]. However, we did not find

differences in cell frequencies, total numbers or expression of acti-

vation markers for DCs in WT and Trail�/� animals 24 h after infec-

tion (Fig EV4B–E). Therefore, we concluded that DCs likely did not

account for the altered response to LCMV-WE in Trail�/� mice.

Alternatively, IFNc has also been reported to directly promote T-

cell responses [24,25]. Therefore, to investigate whether NK cell-

produced IFNc contributed to T-cell activation in our model, we
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depleted NK cells immediately before or early after LCMV infection

and analyzed specific CD8+ T cells (Fig 3E). This approach allowed

discriminating possible effects of NK cells versus NK cell-derived

early IFNc during T-cell priming, respectively. Whereas both NK cell

depletion regimens improved the virus-specific T-cell response

8 days after LCMV infection, they also both abolished the dif-

ferences between WT and Trail�/� animals (Fig 3F).

Taken together, these data suggest that the augmented CD8+ T-

cell priming in Trail�/� mice is independent of their initial elevated

level of systemic IFNc.

Trail�/� NK cell shows impaired cytotoxicity associated with
reduced granzyme B expression

Besides cytokine production early during infection, NK cells may also

regulate specific T-cell responses through their cytolytic activity [19–

21,26,27]. To assess the cytotoxicity of WT versus Trail�/� NK cells

after LCMV infection, we next performed an in vitro killing assay

using TRAIL-resistant YAC-1 cells [28] as NK cell targets. Trail�/�

splenic NK cells isolated from LCMV-infected animals showed

reduced cytotoxicity compared with WT NK cells (Fig 4A). Using
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Figure 1. Altered response to LCMV in Trail�/� mice.

A Frequencies of cytokine-producing GP33–41-specific CD8
+ T cells were measured on days 8, 10, and 12 after LCMV infection; n = 3 mice per group per day. Data

indicate mean � SEM and show one representative of at least 2–4 experiments. Statistical analyses were performed using unpaired two-tailed t-test. *P < 0.05;
**P < 0.01; ***P < 0.001 between IFNc+ cells. ##P < 0.01; ###P < 0.001 between IFNc+ TNF+ cells.

B Liver immunopathology was assessed by measuring serum ALT at the indicated time points post-LCMV infection. Data shown are mean � SEM of n = 6 mice per
group per day, pooled from two independent experiments. Statistical analyses were performed using unpaired two-tailed t-test. *P < 0.05; **P < 0.01.

C Virus titers were determined in spleen and liver; n = 3–11 mice per group per time point. Dotted horizontal lines indicate the limit of detection (LOD). Data were
pooled from 1 to 4 independent experiments. Statistical analyses were performed using Mann–Whitney test. *P < 0.05; **P < 0.01.

D, E Experimental setup of P14 cell transfer experiments following LCMV infection of WT and Trail�/� mice (D). P14 cell expansion was analyzed in spleen 4 days
postinfection; n = 3 mice per group (E). Data indicate mean � SEM and show one representative of at least 2–4 experiments. Statistical analyses were performed
using two-tailed t-test. **P < 0.01.

F Frequencies of IFNc+ TNF+ P14 cells were measured in the indicated organs 7 days postinfection with LCMV; n = 3 mice per group. Data indicate mean � SEM
and show one representative of at least 2–4 experiments. Statistical analyses were performed using unpaired two-tailed t-test. **P < 0.01.
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Ifnar1�/� cells as in vivo targets, which are particularly susceptible to

perforin/granzyme-triggered NK cell-mediated lysis [29,30], we also

found that the NK cell-mediated elimination of antigen-specific T cells

was reduced in LCMV-infected Trail�/� versus WT mice (Fig 4B and

C). The underlying mechanisms appeared to be independent of TRAIL

pro-apoptotic function since virus-specific CD8+ T cells do not

express DR5 in LCMV-infected mice (Fig 4D). The altered cytotoxicity

of Trail�/� NK cells was also not due to impaired degranulation, as

assessed by surface CD107a expression (Fig 4E), but rather linked to

reduced levels of granzyme B protein (Fig 4F).

Importantly, Trail�/� NK cells in LCMV-infected mice showed

WT levels of several activating or inhibiting markers including
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Figure 2. NK cells contribute to the altered CD8+ T-cell response in infected Trail�/� mice.

A WT mice were infected with LCMV, and Tnfsf10/Trail transcript levels were measured in spleen and liver at the indicated time points. Data are represented as fold
induction after normalization to levels in naïve tissue and are mean � SEM of n = 3–9 mice per group per time point, pooled from two independent experiments.

B Mice were infected with LCMV, and cytokine concentrations (left panel) or type I IFN activity (right panel) was measured in the serum after 24 h using a cytokine
multiplex assay or a bioassay, respectively. Data indicate mean � SEM of n = 4 mice per group. nd, non-detectable. One experiment was performed. Statistical
analyses were performed using unpaired two-tailed t-test. **P < 0.01.

C TRAIL and TRAIL-R (DR5) surface protein expression were measured by flow cytometry on splenic NK cells. Representative histograms (left-hand side) and
corresponding fold increase of mean fluorescence intensity (right-hand side) are depicted. Values shown were normalized to naive controls. Data indicate
mean � SEM of n = 4 for groups of infected mice. One experiment was performed. Statistical analyses were performed using one-sample t-test. ***P < 0.001;
****P < 0.0001.

D Frequencies of IFNc+ GP33–41-specific CD8
+ T cells were measured in the indicated organs 8 days postinfection. When indicated, NK cells were depleted (aNK1.1). Data

indicate mean � SEM of n = 3 for spleen and n = 6 for liver. One representative of three independent experiments is shown. Statistical analyses were performed
using one-way ANOVA with Tukey post-test. Only the indicated groups were compared for statistical analysis. ns, non-significant; *P < 0.05; ***P < 0.001;
****P < 0.0001.

E Serum ALT was measured in the indicated groups of mice 8 days postinfection. Data shown are mean � SEM of n = 3 mice per group. One representative of three
independent experiments is shown. Statistical analyses were performed using one-way ANOVA with Tukey post-test. Only the indicated groups were compared for
statistical analysis. ns, non-significant; ***P < 0.001.
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CD69, thus suggesting that these cells had been properly activated.

Only the activating receptor Ly49H was reduced by 20 and 31.7%

on splenic and hepatic NK cells of infected Trail�/� mice, respec-

tively (Fig EV4F and G). Yet, Ly49H levels were also diminished on

NK cells from naı̈ve Trail�/� animals (Fig EV4H), implying that

LCMV infection did not contribute to this reduced expression.

Furthermore, T-bet (Tbx21) and Eomesodermin (Eomes), two

transcriptional regulators of NK cell development, maturation and

function [31], were comparably expressed in NK cells from WT and

Trail�/� infected mice (Fig EV4I and J). Thus, these results suggest

that these transcription factors likely do not play a role for the

decreased cytolytic activity of Trail�/� NK cells.

Therefore, our findings indicate that the reduced cytotoxicity of

NK cells likely underlies the increased specific CD8+ T-cell response

in LCMV-infected Trail�/� mice.

Impaired IL-15 signaling contributes to reduced granzyme B
production in Trail�/� NK cells

Resting murine NK cells express high levels of granzyme B tran-

scripts. Upon activation, granzyme B protein expression is strongly

enhanced in NK cells, yet with minimal changes in granzyme B

mRNA abundance [32]. To investigate a potential effect of TRAIL on

granzyme B transcription, we measured Gzmb expression in naı̈ve
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Figure 3. Enhanced IFNc production in Trail�/� NK cells does not directly modulate the specific CD8+ T-cell response.
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E, F Experimental setup of aNK1.1 treatment before or after LCMV infection (E). Frequencies of cytokine-producing GP33–41-specific CD8
+ T cells were measured 8 days

postinfection in the indicated groups of control or aNK1.1-treated mice (F). Data indicate mean � SEM of n = 6 mice per group and show one representative of at
least two independent experiments. Statistical analyses were performed using unpaired two-tailed t-test. Only the indicated groups were compared for statistical
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NK cells from spleen and bone marrow. There were comparable

levels of Gzmb transcripts in naı̈ve Trail�/� versus WT NK cells,

indicating that Trail deficiency does not affect constitutive Gzmb

expression (Fig EV4K). In agreement with these data, frequencies of

CD11bhighCD27low NK cells, which upregulate cytotoxicity-related

transcripts [33], were unchanged in naı̈ve Trail�/� mice (Fig EV4L).

Granzyme B protein production in NK cells is induced by engage-

ment of IL-15/IL-15 receptor (IL-15R) signaling [32]. To address a

possible defect in this signaling pathway, we first measured Il15 and

IL-15Rb (CD122) expression during LCMV infection. We found

comparable Il15 transcript levels in spleen and liver tissues of WT

and Trail�/� mice 24 h after LCMV infection (Fig 5A). In addition,

there was no difference in surface expression of IL-15b receptor on

Trail�/� versus WT NK cells, implying intact ability for these cells

to bind trans-presented IL-15 (Fig 5B and C).

IL-15/IL-15R signaling is conveyed through the PI3K-AKT-mTOR

pathway to induce granzyme B expression in NK cells [34]. Flow

cytometry analysis of splenocytes isolated 24 h after LCMV infection
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Figure 4. Impaired cytotoxicity of Trail�/� NK cells is linked to reduced GZMB production.

A WT and Trail�/� mice were infected with LCMV, and NK cells were analyzed 5 days postinfection. Splenocytes were incubated with TRAIL-resistant YAC-1 cells at
the indicated effector/target ratios. Frequencies of annexin V- and DAPI-double-positive cells are indicated. Prf�/� indicates splenocytes from infected perforin-
deficient mice. Data indicate mean � SEM of n = 3 mice per group and show one representative of three independent experiments. Statistical analyses were
performed using two-way ANOVA with Tukey post-test. *P < 0.05; ****P < 0.0001.

B–D Experimental setup of in vivo NK cytotoxicity assay using Ifnar1�/� P14 cells as target cells (B). Frequencies of Ifnar1�/� P14 cells were measured in the spleen 6 h
after adoptive transfer. Data indicate mean � SEM of n = 3 mice per group (C). DR5 expression was assessed on adoptively transfer P14 cells 6 days after LCMV
infection (D). Naïve P14 cells were used as a control (n = 3 mice). (C, D) One experiment was performed. Statistical analyses were performed using unpaired two-
tailed t-test. *P < 0.05.

E WT and Trail�/� mice were infected with LCMV, and NK cells were analyzed 5 days postinfection. CD107a expression on splenic and hepatic NK cells was measured
5 h after incubation with YAC-1 cells seeded at an effector/target ratio of 1:1. Data indicate mean � SEM of n = 3 mice per group and show one representative of
three independent experiments. MFI, mean fluorescence intensity. Statistical analyses were performed using unpaired two-tailed t-test.

F WT and Trail�/� mice were infected with LCMV, and NK cells were analyzed 5 days postinfection. Splenic and hepatic NK cells were stained for granzyme B
(GZMB). Data indicate mean � SEM of n = 3 mice per group and show one representative of at least two independent experiments. MFI, mean fluorescence
intensity. Statistical analyses were performed using unpaired two-tailed t-test. *P < 0.05.
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Figure 5. IL-15 signaling-dependent GZMB pathway is defective in Trail�/� NK cells.

A Mice were infected with LCMV, and Il15 transcript levels were measured in the indicated organs 24 h postinfection. Data are represented as fold induction after
normalization to levels in corresponding naïve tissue. Data indicate mean � SEM of n = 3 mice per group and show one representative of two independent
experiments. Statistical analyses were performed using unpaired two-tailed t-test.

B–E Mice were infected with LCMV, and flow cytometry was applied on splenic NK cells from infected animals to assess frequencies of IL-15Rb-positive cells (B), IL-15Rb
expression levels (C), AKT phosphorylation (D), or S6 phosphorylation (E). For AKT and S6 phosphorylation, representative histograms and cumulative results are
depicted. MFI, mean fluorescence intensity; Isotype, isotype-matched control antibody. Data indicate mean � SEM of n = 3 (B–D) or n = 4 (E) mice per group and
show one representative of at least three independent experiments. Statistical analyses were performed using unpaired two-tailed t-test. *P < 0.05.

F, G Splenic NK cells from naïve donors were stimulated in vitro for 1 h with IL-15, and phosphorylation of AKT (F) or S6 (G) was measured. Data indicate mean � SEM
of n = 3 (F) or n = 4 (G) mice per group and show one representative of at least three independent experiments. Statistical analyses were performed using
unpaired two-tailed t-test. *P < 0.05; **P < 0.01.

H GZMB expression was measured in splenic NK cells after stimulation with IL-15 for 20 h. Data indicate mean � SEM of n = 4 mice per group and show one
representative of at least three independent experiments. Statistical analyses were performed using one-way ANOVA with Tukey post-test. ***P < 0.001;
****P < 0.0001.

I WT splenocytes were cultured with IL-15 � TRAIL-R2-Fc chimeric protein, and GZMB expression was measured in NK cells. Values shown were normalized to
unstimulated controls. Data show n = 3 mice per group and show one representative of at least three independent experiments. Statistical analyses were
performed using paired two-tailed t-test. *P < 0.05.
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revealed decreased phosphorylation of AKT and S6—two markers

of PI3K-AKT-mTOR pathway activation—in NK cells from Trail�/�

compared with WT mice (Fig 5D and E). These findings were

further substantiated by a transcriptomic analysis, indicating that

several pathways related to PI3K/AKT signaling and IL-2 family

signaling (to which IL-15 belongs) are differently affected in WT

versus Trail�/� NK cells upon LCMV infection (Tables 1 and 2).

To confirm that these differences were associated with IL-15/IL-

15R signaling and not due to confounding factors related to LCMV

infection, we next assessed the ability of Trail�/� NK cells to

transduce IL-15 signals in vitro. We indeed found diminished phos-

phorylation of AKT (Fig 5F) and S6 (Figs 5G and EV5A) in IL-15-

stimulated NK cells from Trail�/� versus WT mice. This resulted in

reduced granzyme B levels in these cells (Fig 5H). Of note, basal

levels of phosphorylated AKT and S6 were comparable in naı̈ve

Trail�/� versus WT NK cells (Fig EV5B). Moreover, pharmacologi-

cal inhibition of PI3K reduced granzyme B production in IL-15-

stimulated WT NK cells to levels observed in Trail�/� counterparts,

thereby suggesting a link between TRAIL signaling and PI3K activa-

tion in NK cells (Fig EV5C).

To establish a direct involvement of TRAIL for downstream IL-

15/IL-15R signaling and granzyme B expression, we next addressed

the effect of simultaneous TRAIL blockade and IL-15 activation.

Such combined treatment led to a reduction in the phosphorylation

of AKT (Fig EV5D) and S6 (Fig EV5E), and a consequent diminished

granzyme B expression in treated WT NK cells (Fig 5I).

Importantly, TRAIL blockade of activated human NK cells also

repressed S6 phosphorylation downstream of IL-15 receptor (Fig 6).

Although this effect was less pronounced than in murine NK cells,

these results hint at similar TRAIL signaling-dependent regulatory

mechanisms in NK cells of both species.

As our transcriptomic analysis had disclosed multiple pathways

related to inflammation to be differently affected in Trail�/�

versus WT NK cells upon LCMV infection, we then also investi-

gated the mechanisms underlying the increased IFNc levels in NK

cells of infected Trail�/� mice. IFNc in NK cells can be induced

following stimulation with IL-12 or IL-18, which exhibit synergistic

effects [35]. Alternatively, IFNc may be produced downstream of

activating NK receptors [36,37]. Following incubation of WT and

Trail�/� splenocytes with IL-12 or IL-18, we did not find dif-

ferences in the frequency of IFNc-positive NK cells (Fig EV5F) or

in the amount of IFNc produced (Fig EV5G and H). In contrast,

splenocyte activation by NK1.1 crosslinking resulted in higher

percentages of IFNc-positive Trail�/� than WT NK cells

(Fig EV5I), yet comparable granzyme B expression (Fig EV5J).

These results indicate that Trail deficiency promotes NK1.1 recep-

tor-induced NK cell activation.

Taken together, these findings reveal that TRAIL promotes IL-15

signaling-induced granzyme B production in NK cells. The impaired

expression of granzyme B in Trail-deficient NK cells is associated

with a reduced cytotoxicity, which likely accounts for the improved

virus-specific CD8+ T-cell response observed in LCMV-infected

Trail�/� mice. In addition, TRAIL restricts NK1.1-induced IFNc
production by NK cells.

Dose-dependent effect of TRAIL on granzyme B production by
NK cells

We next addressed whether the mode of action of TRAIL on NK

cells was cell-autonomous or cell-extrinsic. To do so, we co-cultured

WT and Trail�/� splenocytes at different ratios and stimulated them

with IL-15 to assess downstream IL-15/IL-15R signaling (Fig 7A).

Table 1. REACTOME pathways that are associated with differentially expressed genes in NK cells of WT mice during LCMV infection.

Reactome ID Definition Enrichment Hypergeometric P-value

194306 Neurophilin interactions with VEGF and VEGFR 3/4 0.00042

4641265 Repression of WNT target genes 4/9 0.00055

2029485 Role of phospholipids in phagocytosis 10/66 0.00114

1236975 Antigen processing-Cross presentation 11/90 0.00383

2029481 FCGR activation 8/57 0.0056

983170 Antigen Presentation: Folding, assembly and peptide
loading of class I MHC

6/39 0.01009

392154 Nitric oxide stimulates guanylate cyclase 4/17 0.00758

8985947 Interleukin-9 signaling 3/10 0.01023

449836 Other interleukin signaling 4/19 0.01143

451927 * Interleukin-2 family signaling 6/43 0.01604

418346 Platelet homeostasis 8/72 0.02167

389357 * CD28-dependent PI3K/Akt signaling 4/22 0.01926

139853 Elevation of cytosolic Ca2+ levels 3/13 0.02189

70895 Branched-chain amino acid catabolism 4/23 0.02245

2173782 Binding and Uptake of Ligands by Scavenger Receptors 8/79 0.03536

REACTOME pathways that are associated with differentially expressed genes in NK cells of WT mice during LCMV infection (with a hypergeometric P-value ≤ 0.05
and adjusted P-value ≤ 0.1). Enrichment indicates the number of differently expressed genes among all genes listed in a specific pathway. Pathways related to
PI3K/AKT signaling and IL-2 family signaling are indicated by an asterisk. This table relates to Fig 5.
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We found that S6 phosphorylation and granzyme B expression were

directly proportional to the frequency of TRAIL-expressing cells in

the culture, irrespectively of the genotype of the analyzed NK cells.

Indeed, increased ratios of co-cultured Trail�/� splenocytes reduced

S6 phosphorylation and granzyme B expression in WT NK cells

(Fig 7B-left panel). Conversely, augmentation of the proportion of

WT, TRAIL-expressing cells reversed the impaired downstream IL-

15/IL-15R signaling of Trail�/� NK cells in a dose-dependent fash-

ion (Fig 7B-right panel).

To evaluate the physiological relevance of these findings, we

transferred congenic WT (Ly5.1) splenocytes into recipient WT

(Ly5.2) and Trail�/� (Ly5.2) mice, which were then infected with

LCMV (Fig 7C). Similar to the in vitro co-culture studies, donor WT

NK cells showed decreased S6 phosphorylation when activated in

Trail�/� compared with WT recipient mice (Fig 7D).

As these results implied a cell-extrinsic contribution of TRAIL to

the control of NK cell function, we next examined the role of soluble

versus membrane-bound TRAIL for this regulatory mechanism. For

Table 2. REACTOME pathways that are associated with differentially expressed genes in NK cells of Trail�/� mice during LCMV infection.

Reactome ID Definition Enrichment Hypergeometric P-value

1059683 Interleukin-6 signaling 5/11 0.00011

391903 Eicosanoid ligand-binding receptors 5/14 0.00043

447115 Interleukin-12 family signaling 5/20 0.00259

6799990 Metal sequestration by antimicrobial proteins 2/3 0.00727

879518 Transport of organic anions 4/15 0.00549

202433 Generation of second messenger molecules 5/26 0.00855

425407 SLC-mediated transmembrane transport 22/250 0.00782

1442490 Collagen degradation 9/71 0.00885

8957275 Post-translational protein phosphorylation 13/123 0.00885

382551 Transport of small molecules 50/705 0.00932

389948 PD-1 signaling 4/19 0.01329

1433557 Signaling by SCF-KIT 6/40 0.01395

199418 * Negative regulation of the PI3K/AKT network 11/104 0.01519

425397 Transport of vitamins, nucleosides, and related molecules 6/41 0.01566

5357801 Programmed Cell Death 11/105 0.01622

425393 Transport of inorganic cations/anions and amino acids/oligopeptides 11/109 0.02088

1475029 Reversible hydration of carbon dioxide 3/12 0.01964

157118 Signaling by NOTCH 6/45 0.02398

352230 Amino acid transport across the plasma membrane 5/33 0.02313

6811558 * PI5P, PP2A, and IER3 regulate PI3K/AKT signaling 10/97 0.02353

REACTOME pathways that are associated with differentially expressed genes in NK cells of Trail�/� mice during LCMV infection (with a hypergeometric
P-value ≤ 0.05 and adjusted P-value ≤ 0.1). Enrichment indicates the number of differently expressed genes among all genes listed in a specific pathway.
Pathways related to PI3K/AKT signaling are indicated by an asterisk. This table relates to Fig 5.
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this, we used human NK-92 cells that show constitutive expression

of TRAIL and its receptors DR4 and DR5, and which are thus inher-

ently endowed with the capacity to engage TRAIL signaling

(Fig EV5K–M). Of note, NK-92 cells were found to behave similarly

to primary murine and human NK cells, since TRAIL blockade also

repressed the signaling downstream of IL-15 receptor in this cell line
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(Fig EV5N and O). Remarkably, addition of plate-coated—but not

soluble—recombinant TRAIL promoted, in a dose-dependent

manner, IL-15 signaling in NK-92 cells (Fig 7E). Therefore, cell-

extrinsic membrane-bound TRAIL activates TRAIL signaling in NK

cells during inflammation to dose-dependently regulate granzyme B

production.

Collectively, our findings uncover a non-canonical role of TRAIL

signaling for the modulation of essential NK cell functions, which

restrains T-cell response and thereby determines the course of

LCMV infection (Appendix Fig S1).

Discussion

In this study, we identified a novel, non-apoptotic role of TRAIL as

a modulator of cytokine production and cytotoxic granule content in

NK cells, during viral infection. Our data indicate that Trail-deficient

NK cells have reduced granzyme B expression that is associated

with impaired NK cell-mediated restriction of T-cell response. This

resulted in better virus control and reduced liver pathology in LCMV

WE-infected Trail�/� animals.

A previous study reported no alteration in the primary CD8+

T-cell response of Trail�/� mice infected with the Armstrong (ARM)

strain of LCMV [38]. In agreement with these findings, we found

that, compared to WT control recipients, Trail�/� mice only showed

an increased expansion of donor Trail-competent transgenic P14

cells when they were infected with LCMV-WE, but not with LCMV-

ARM (Appendix Fig S2). These Trail-dependent differences in the T-

cell response induced by LCMV-WE compared to LCMV-ARM are

likely due to distinct virus-specific CD8+ T-cell expansion magni-

tude or kinetics, which are directly related to different kinetics of

virus replication between LCMV-WE and LCMV-ARM strains [39].

Thus, it is conceivable that the Trail-controlled modulation of NK

cell activity may differently regulate the virus-specific CD8+ T-cell

response in dependence of its extent or kinetics.

NK cells directly interact with T cells via the engagement of acti-

vating and inhibitory ligands whose integration determines overall

NK cell function [40–42]. Although granzyme B production in

Trail�/� NK cells was markedly altered, there were no substantial

differences in NK cell receptor expression in Trail�/� versus WT

NK cells. Of the NK cell receptors analyzed, only Ly49H was

affected in its expression, with decreased levels on Trail�/� NK

cells. Ly49H is an activating NK receptor that recognizes the m157

glycoprotein of murine cytomegalovirus (MCMV) on infected cells.

Engagement of Ly49H triggers activation, robust expansion and dif-

ferentiation of NK cells into a long-lived memory subset [43,44].

While the function of this receptor during LCMV infection is

unknown, Ly49H-positive NK cells from LCMV-infected mice—but

also from naı̈ve animals—produce more IFNc than their Ly49H-

negative counterparts when stimulated ex vivo by pro-inflammatory

cytokines [45]. In contrast, our results indicate that whereas Trail�/�

NK cells exhibit lower Ly49H expression than WT cells during

LCMV-WE infection, they show increased IFNc production.

Together, these findings suggest that TRAIL has only minor effects—

if any—on NK cell development and that it likely does not alter the

ability of NK cells to recognize activated T cells.

Our data establish that TRAIL positively modulates IL-15 signal-

ing-induced granzyme B production in NK cells. A previous study

reported no change in the cytotoxicity of NK cells from MCMV-

infected Tnfrsf10b/TRAIL-R2�/� mice [46]. These different findings

might be explained by the fact that upon MCMV infection Il15ra- or

Il15-deficient NK cells are still capable to secrete cytokines and exert

cytotoxicity. Indeed, NK cell effector functions during MCMV infec-

tion chiefly rely on the m157 viral glycoprotein-induced activation

of Ly49H receptor on NK cells [47].

IL-15 not only shapes the function of NK cells. It is also of central

relevance for the development, homeostasis, and proliferation of

these cells [48], which is induced downstream of IL-15/IL-15R

signaling by phosphorylation of the transcription factor STAT5 [49].

In spite of a reduced ability to engage IL-15/IL-15R signaling upon

activation, NK cells in Trail�/� mice were found to develop simi-

larly as in WT animals, with comparable numbers at steady state

and upon LCMV infection. As mTOR activation requires higher

concentration of IL-15 than STAT5 phosphorylation [35], we there-

fore conclude that TRAIL only regulates IL-15/IL-15R signaling asso-

ciated with PI3K-mTOR pathway.

Our results indicate that DR5 is upregulated on NK cells during

LCMV infection, but not on virus-specific CD8+ T cells. Although

this strongly suggests that in our model NK cells control T cells

independently of TRAIL pro-apoptotic function, we cannot formally

exclude that TRAIL-induced cell death may be engaged in other cells

in vivo, which might subsequently affect NK cell function.

Besides the well-characterized induction of caspase-dependent

apoptosis, TRAIL/TRAIL-R signaling may also activate non-cano-

nical pro-survival pathways through activation of NF-jB, ERK1/2,
and PI3K/AKT pathways [50,51]. Furthermore, TRAIL treatment

induces rapid phosphorylation of Akt and mTOR in TRAIL-resistant

cancer cell lines [52,53]. While this non-canonical TRAIL-PI3K-AKT

signaling has been described in transformed cells, its precise under-

lying molecular mechanisms are still unclear [54]. Here, we provide

evidence that a similar mechanistic link between TRAIL and the

PI3K-mTOR pathway exists in primary NK cells. Hence, TRAIL

appears to enhance IL-15/IL-15R signaling by synergistic induction

of AKT phosphorylation and subsequent mTOR activation.

◀ Figure 7. Dose-dependent effect of TRAIL on NK cell function.

A, B Experimental setup of co-culture assays (A). WT and Trail�/� splenocytes were co-cultured and at the indicated ratios and stimulated with IL-15 to assess NK cell
pS6 and GZMB expression (B). Data were normalized to mean fluorescence intensity (MFI) levels of cultures containing only WT (left panel) or Trail�/� (right panel)
cells. Data shown are mean � SEM and are representative of three independent experiments (n = 6 for GZMB and n = 3 for S6). Statistical analyses were
performed using one-way ANOVA. **P < 0.01; ****P < 0.0001.

C, D Experimental setup of adoptive transfers (C). WT (Ly5.1) donor splenocytes (107) were transferred into WT (Ly5.2) or Trail�/� (Ly5.2) recipient mice that were then
infected with LCMV. Expression of pS6 was assessed after 24 h on donor and host NK cells (D). Data shown are mean � SEM and are representative of two
independent experiments (n = 4). Statistical analyses were performed using one-way ANOVA with Tukey post-test. ns, non-significant; **P < 0.01; ****P < 0.0001.

E NK-92 cells were cultured at various concentrations of plate-bound or soluble recombinant TRAIL followed by stimulation with IL-2. Phosphorylation of S6 was
measured by flow cytometry. Data are representative of two independent experiments (n = 1 per condition).
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Our finding of a negative contribution of TRAIL signaling to IFNc
secretion by NK cells relates to a previous report indicating

increased serum IFNc and IL-12 in MCMV-infected TRAIL-R2�/�

mice. However, TRAIL-R2�/� mice did not show higher frequency

of IFNc+ NK cells in this infection model. Rather, enhanced IL-12

producing by TRAIL-R2�/� DCs likely induced increased numbers of

IFNc-secreting NK cell upon MCMV infection [46].

IFNc signaling is critical to restrict the spread of various LCMV

strains at the onset of infection and therefore promote the virus-

specific CD8+ T-cell response and later pathogen clearance

[55–58]. Yet, our data from NK cell depletion experiments indicate

that the higher levels of IFNc that are produced by NK cells in

LCMV-infected Trail�/� mice do not account for the increased

CD8+ T-cell response in these animals. This conclusion is further

supported by the findings from the in vivo NK cell-mediated killing

assay, suggesting that reduced NK cell cytotoxicity, rather than

increased IFNc production, regulates the expansion of virus-

specific CD8+ T cells in infected Trail�/� mice. Although IFNc can

affect donor T-cell survival, motility, and migration [59–61], this

effect is unlikely to happen within the 6-h window of this in vivo

cytotoxicity assay, as also suggested by a previous study using as

a readout transgenic CD8+ T cells and antibody-mediated IFNc
blockade [59–61].

We found that crosslinking of the activating NK cell receptor

NK1.1 leads to enhanced IFNc production in Trail�/� compared

with WT NK cells, implying an inhibitory effect of the TRAIL/

TRAIL-R pathway on the signaling downstream of NK1.1. Activation

of NK1.1 engages a CARMA1/BCL10/MALT1 complex that induces

JNK and MAPK phosphorylation and promotes canonical NF-jB
pathway. While this pathway was shown to be largely dispensable

for NK cell-mediated cytotoxicity, it specifically controls the produc-

tion of cytokines including TNF and IFNc [62]. Absence of TRAIL-R

is associated with prolonged NF-jB pathway activation in stimu-

lated DC and macrophages, possibly via regulation of IjB-a degrada-

tion or stability [46]. Therefore, the TRAIL/TRAIL-R axis might

similarly regulate activating NK cell receptor-dependent cytokine

production via modulation of NF-jB signaling.

NK cell activation by cytokines or engagement of NK cell recep-

tors can promote cytokine secretion or cytotoxicity either conjointly

or independently [48,63]. Our results indicate that TRAIL constrains

the ability of activated NK cells to secrete cytokine while enhancing

their cytotoxic potential.

NK cells may show divergent roles during infection and subse-

quent pathophysiology, in a microbe- or organ-specific manner [64].

NK cell-derived cytokines can promote infection-induced

immunopathology [65–68]. Yet, IFNc produced by NK cells during

infection can be also beneficial for recovery—while at the same time

NK cytotoxic activity is detrimental [69]. The dual regulatory role of

TRAIL in NK cells may have evolved in such context to fine-tune

NK effector function and balance protective immunity versus

immunopathology.

In conclusion, these findings reveal an unprecedented and unex-

pected contribution of TRAIL to the control of NK cell function, inde-

pendently of its pro-apoptotic role. Furthermore, they also show the

relevance of this novel regulatory mechanism for the modulation of

CD8+ T-cell response and subsequent virus control. Our results

warrant further investigation on whether manipulation of TRAIL

signaling may be exploited for NK cell-based immunotherapy.

Materials and Methods

Mice

C57BL/6J mice were purchased from Jackson Laboratories (Bar

Harbor, ME, USA) and subsequently bred in-house. Tnfsf10/Trail�/�

[70] (referred to as Trail�/� mice), Prf1�/� [71], congenic B6.SJL-

PtprcaPepcb/BoyJ (Ly5.1), and Tg(TcrLCMV)327Sdz;Rag1tm1Mom;

B6.SJL-PtprcaPepcb/BoyJ (P14) [72] mice were housed and bred in

specific pathogen-free facilities. Annette Oxenius (ETH Zurich, Switzer-

land) kindly provided us with spleens from B6.129S7-Ifnar1tm1Agt;Tg

(TcrLCMV)327Sdz;B6.PL-Thy1a/CyJ (Thy1.1+ Ifnar1�/� P14) mice [73].

Trail�/� mice were backcrossed at least ten times onto a C57BL/6

background, and all mice were maintained on a C57BL/6 genetic back-

ground. For all experiments, non-randomized groups of 8- to 12-week-

old females or males were used. Animal experiments were carried out

in compliance with the ARRIVE reporting guidelines. All experiments

were performed in accordance with Swiss Federal regulations and were

approved by the Cantonal Veterinary Office of Bern, Switzerland.

Antibodies and reagents

All fluorescent-labeled antibodies used in this study are indicated in

Appendix Table S1. LCMV-specific peptides GP33–41 (KAVYNFATC),

GP61–80 (GLKGPDIYKGVYQFKSVEFD), and NP396–404 (FQPQNGQFI)

were purchased from Eurogentec (Lüttich, Belgium). Cell proliferation

dye eFluor 670 was obtained from eBioscience (Santa Clara, CA, USA).

Virus and virus titration

LCMV strain WE was obtained from Stefan Freigang (Institute of

Pathology, University of Bern, Switzerland) and was propagated at

a low multiplicity of infection on L929 fibroblast cells. Virus titers

were measured using a plaque-forming assay, as previously

described [72]. Mice were injected intravenously (i.v.) with 105

plaque-forming units (pfu) LCMV strain WE, a dose range shown to

induce liver immunopathology [20]. In the Fig 1C, group size is as

follows: for each group of mice, virus titers in the spleen: day 1,

n = 9; day 2, n = 9; day 3, n = 3; day 5, n = 3; day 7, n = 3; day 8,

n = 9; day 10, n = 11; day 12, n = 6; virus titers in the liver: day 1,

n = 3; day 2, n = 3; day 3, n = 3; day 5, n = 3; day 8, n = 6; day

10, n = 8; day 12, n = 3.

NK cell depletions

NK cells were depleted either with 200 lg of anti-NK1.1 (clone

PK136, BioXcell, New Hampshire, USA), as performed in a previous

study [26], or 20 ll of anti-asialo GM1 antibody, as recommended

by the manufacturer (Wako Pure Chemical Industries, Virginia,

USA). Depletions were performed by intraperitoneal (i.p.) injection

of the respective depleting antibodies 3 and 1 days before LCMV

infection. Saline (PBS) was injected as a negative control. The effi-

cacy of NK cell depletion was verified.

Adoptive cell transfers

CD8+ T cells were purified from naı̈ve P14 spleens by immune-

magnetic negative selection (Miltenyi Biotec, Bergisch Gladbach,
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Germany), and 106 cells were transferred per recipient mouse 48 h

after LCMV infection. P14 cells were analyzed for expansion and

activation 2 and 5 days after transfer, respectively.

Alternatively, 8 × 106 wild-type (Ly5.1) splenocytes were trans-

ferred per wild-type or Trail�/� (Ly5.2) recipient mouse 16 h before

infection and both donor and recipient NK cells were analyzed by

flow cytometry after LCMV infection.

Quantification of alanine aminotransferase and cytokine levels
in serum

Alanine aminotransferase (ALT) concentration in the serum was

measured at the Department of Clinical Chemistry of the Inselspital/

Bern University Hospital using a Roche Modular P800 Analyzer

(Roche Diagnostics, Rotkreuz, Switzerland).

Serum cytokine levels were measured using a mouse IFNc ELISA

set kit (BD Biosciences, San Jose, CA, USA) or by flow cytometry

using a bead-based multiplex assay (LEGENDplex, BioLegend, San

Diego, CA, USA). Type I IFN activity was measured using an L-929 cell

line transfected with an interferon-sensitive luciferase construct [74].

Isolation of spleen and liver lymphocytes

Spleens were homogenized to single-splenocyte suspensions using a

70 lm cell strainer (Falcon Technologies BD, NY, USA). For livers,

lymphocytes were isolated from single-cell suspensions by Percoll

gradient centrifugation (800 × g, 15 min).

Flow cytometry

For intracellular cytokine staining, lymphocyte preparations were

first incubated for 5 h at 37°C with 20 lg/ml Brefeldin A (Sigma-

Aldrich, St. Louis, MO, USA) (for NK cells), or with 20 lg/ml

Brefeldin A and 10�7 M of a particular LCMV-specific peptide (for T

cells). After incubation, cells were stained for surface markers for

20 min. Cells were then washed, fixed, and permeabilized using BD

Bioscience Cytofix/Cytoperm solution, followed by intracellular

staining with anti-IFNc and anti-TNF antibodies.

For intracellular staining of phosphorylated proteins, cells were

fixed using paraformaldehyde 4% w/v in PBS and methanol 90%

v/v in water.

Data were acquired on a LSRII flow cytometer (BD Bioscience)

and analyzed using a FlowJo software (Tree Star Inc., Ashland,

Oregon, USA).

Isolation and RNA sequencing of NK cells

Single-cell suspensions were prepared from spleens isolated from

naive (n = 3 per group) or from LCMV-WE-infected (n = 4 per group)

WT or Trail�/� mice, 1 day postinfection. NK cells (defined as NK1.1+

and CD3- cells) were sort-purified by flow cytometry and resuspended

in TRI-reagent (Sigma-Aldrich). RNA was isolated according to the

manufacturer’s instructions, and RNA concentration and integrity were

assessed using a Bioanalyzer 2100 (Agilent, Santa Clara, CA).

Barcoded stranded mRNA sequencing libraries were prepared

from high-quality total RNA samples (~10 ng/sample) using combi-

nation of the NEBNext Poly(A) mRNA Magnetic Isolation Module

(NEB #E7490, Ipswich, MA, USA) to enrich the samples for

polyadenylated RNA transcripts and the Ultra II Directional RNA

Library Prep Kit (NEB #E7760). Obtained libraries that passed the

quality check step were pooled in equimolar amounts, and 1.8 pM

solution of this pool was loaded on the Illumina sequencer NextSeq

500 and sequenced uni-directionally, generating ~500 million reads,

each 85 bases long. Library preparation and sequencing was

performed at the EMBL Genomics Core Facilities (GeneCore, Heidel-

berg, Germany).

Computational analysis of RNA sequencing data

RNA sequencing (RNA-seq) data processing was performed on the

SevenBridges platform [75]. Between 39.9 and 47.6 million reads

were obtained per sample. Read quality was assessed using FastQC

[76], and STAR [77] was applied to align the reads to the reference

genome (Ensembl m38, build 93) [78]. We then used HTSeq-count

[79] to count the number of reads per gene. Differential expression

analysis was performed with DESeq2 [80] to identify genes for

which the relative frequency of transcripts differed in NK cells upon

infection with LCMV-WE (i.e., transcripts were compared before

and after infection and selected for adjusted P-value < 0.01 and

absolute log2 fold change ≥ 2). Samples of WT and Trail-deficient

populations were then compared separately to extract two lists of

differentially expressed genes.

Pathway analysis

BioInfoMiner [81] was applied for the functional interpretation of

the differently expressed genes, using the Biological Process domain

of Gene Ontology (GO). BioInfoMiner is an automated tool embed-

ded on the SevenBridges platform that was created for the transla-

tional analysis of genomic data. It takes into account the topological

organization of terms, targeting to correct the ontological annota-

tion, while it adopts a non-parametric statistical correction during

the enrichment analysis in order to ensure the promotion of non-

trivial, system-level terms. For the analysis, two lists of significant

pathways were extracted, one for each comparison. To disclose dif-

ferences between these pathway lists, the parent–child relations of

Gene Ontology graph were exploited. The difference between a set

of terms N to a set M could be defined as those terms which belong

to N, so that neither their descendants nor themselves are included

in M. Using this approach, unique terms were revealed for each

pathway list. In order to remove potential redundancy, terms whose

descendants were also significant were filtered out. Thereby, start-

ing from the functional interpretation of differentially expressed

genes, the analysis ended to disclose the most specific, uniquely

associated biological processes found to be affected during infection

for each genotype.

Alternatively, REACTOME [82] was used instead of Gene Ontol-

ogy as a reference database, with BioInfoMiner as an analysis tool.

Data from the RNA-seq analysis with detailed gene and pathway

lists are provided in the source data files related to Figs EV2 and

EV3.

NK cell cytotoxicity assays

For the ex vivo NK cell cytotoxicity assays, total splenocytes were

isolated on day 5 post-LCMV-WE infection and incubated for 5 h and
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at different effector/target ratios with eFluor 670-stained YAC-1 cells.

The number of effector cells was adjusted based on NK cell frequen-

cies among splenocytes. Live/dead discrimination of YAC-1 cells was

performed using annexin V (BioLegend) and DAPI (BioLegend).

For the in vivo NK cell cytotoxicity assay, 5 × 107 splenocytes

from Ifnar1�/� P14 mice were transferred into NK cell-depleted WT

recipient mice that were then infected with LCMV. Four days after

infection, splenic CD8+ T cells were MACS-purified and transferred

into groups of day 4 LCMV-infected recipient mice. Frequencies of

Ifnar1�/� P14 cells in the spleen were measured 6 h after transfer.

Quantitative PCR analysis

Total RNA was isolated from mouse spleen and liver tissue using

TRI-reagent (Sigma-Aldrich) according to the manufacturer’s

instructions. RNA was reverse-transcribed into cDNA using M-MLV

Reverse Transcriptase (Promega, Fitchburg, WI, USA). FastStart

SYBR Green Master (Roche, Basel, Switzerland) and commercial

primers (Qiagen, Venlo, Netherlands) were used to detect Trail,

Il15, and Gapdh transcript levels. All PCR products were run and

analyzed on a StepOnePlus Real-Time PCR System (Life Technolo-

gies, Carlsbad, CA, USA). Expression levels of the tested genes were

normalized to Gapdh mRNA, or fold induction was calculated using

the 2�DDCT method [83].

In vitro cytokine stimulation of NK cells and TRAIL signaling
inhibition studies

Splenocytes were isolated from naı̈ve mice and cultured with recom-

binant murine IL-15 (100 ng/ml) (PeproTech, NJ, USA). For PI3K

pathway inhibition, 1 lM wortmannin and 50 lM LY294002 were

added 1 h prior to activation with IL-15. TRAIL signaling was

blocked using 3 lg/ml of mouse TRAIL-R2-Fc chimeric protein

(Enzo Life Sciences, NY, USA) added 1 h prior to activation with IL-

15. Kinase phosphorylation was assessed 1 h and granzyme B

expression 20 h after the addition of IL-15.

Whole blood samples from health donors were obtained from

Interregional Blood Transfusion SCR Ltd, Bern, Switzerland, under

the signed consent of the donors and in agreement with the local

legislation. Human peripheral blood mononuclear cells were

isolated by Ficoll gradient centrifugation and were stimulated for

1 h at 37°C with 1,000 UI/ml of recombinant human IL-2, as previ-

ously described [35]. TRAIL signaling was blocked using 3 lg/ml of

human TRAIL-R2-Fc chimeric protein (Enzo Life Sciences).

Co-culture of wild-type and Trail�/� splenocytes

Splenocytes isolated from naı̈ve wild-type (Ly5.1) and Trail�/�

(Ly5.2) mice were co-cultured at different ratios and stimulated with

IL-15 (100 ng/ml) for 1 h to assess kinase phosphorylation or for

20 h to evaluate granzyme B expression.

In vitro experiments using NK-92 cells

Human NK-92 cells were initially obtained from ATCC and kindly

provided to us by Eva Szegezdi (NUI, Galway, Ireland). Cell lines

were tested negative for mycoplasma. NK92 cells were maintained

in medium supplemented with 100 UI/ml of IL-2. To assess the

mechanisms underlying the immunoregulatory effect of TRAIL

signaling on NK cells, NK-92 cells were first washed and cultured

for 16 h in medium not supplemented with IL-2. NK-92 cells were

next incubated at 37°C with different concentrations of plate-coated

or soluble human TRAIL (BioLegend) for 30 min, and IL-2

(2,000 UI/ml) was then added to these cultures for one or 20–24

more hours before flow cytometry analysis of S6 phosphorylation or

GZMB expression, respectively.

Statistical analysis

Sample size for in vivo studies was estimated by power analysis and

adjusted for b = 0.2, with the assumption that differences between

the groups were 1.5- to 2-fold. Statistical tests were selected based

on the variation in each data group and on whether multiple

comparisons were performed. Groups with similar variance were

compared using parametric tests; groups with significantly different

variations were analyzed using non-parametric tests. For datasets

including several time points, tests were selected based on the type

of variance present in the majority of the time points. Statistical tests

are two-tailed and indicated in the figure legends. All statistical eval-

uations were performed using GraphPad Prism v.7.0b for Mac or

v.6.03 for Windows (GraphPad Software, La Jolla, CA, USA). Unless

specified, only statistically significant differences are indicated in

the figures. For all statistical analyses: *P < 0.05; **P < 0.01;

***P < 0.001; ****P < 0.0001.

Data availability

The datasets produced in this study are available in the following

database: RNA-Seq data: ArrayExpress E-MTAB-7562 (https://

www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-7562/).

Expanded View for this article is available online.

Acknowledgements
We thank Regula Stuber for her excellent technical support. We are grateful to

Annette Oxenius (ETH Zurich, Switzerland) and Eva Szegezdi (NUI, Galway,

Ireland) for providing us with reagents and to Vladimir Benes (GeneCore, Heidel-

berg, Germany) for advice on RNA isolation methods. We also like to extend our

gratitude toward Haifeng C. Xu, Werner Held, Stefan Freigang, Daniel L. Popkin,

Antoine Marçais, Christian M. Schürch, Mario Noti, and Lukas F. Mager for

advice or critical comments. This work was supported by grants from the Swiss

National Science Foundation (310030_138188 and 314730_163086), the “Vontobel

Stiftung”, the “OlgaMayenfisch Stiftung”, the “Kurt und Senta Herrmann‐Stiftung”,

a generous donor advised by CARIGEST SA, the Bern University Research Founda-

tion (all to P.K.). This project has also received funding from the European Union

Seventh Framework Program (FP7) under grant agreement No PCIG12-GA-2012-

334081 (X-talk) (to P.K.) and the European Union’s Horizon 2020 research and inno-

vation program under theMarie Skłodowska-Curie grant agreement No 777995

(DISCOVER) (to P.K. and A.C.).

Author contributions
LCA conceived and performed experiments and wrote the manuscript. MDB,

NK, and CL performed experiments. TK and AC performed computational anal-

ysis. RS provided key reagents. NC provided expertise and feedback. PK

conceived experiments, wrote the manuscript, and secured funding.

14 of 17 EMBO reports 21: e48789 | 2020 ª 2019 The Authors

EMBO reports Ludmila Cardoso Alves et al

https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-7562/
https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-7562/
https://doi.org/10.15252/embr.201948789


Conflict of interest
The authors declare that they have no conflict of interest.

References

1. Voskoboinik I, Whisstock JC, Trapani JA (2015) Perforin and granzymes:

function, dysfunction and human pathology. Nat Rev Immunol 15:

388 – 400

2. Brincks EL, Katewa A, Kucaba TA, Griffith TS, Legge KL (2008) CD8 T cells

utilize TRAIL to control influenza virus infection. J Immunol 181: 4918 –4925

3. Ishikawa E, Nakazawa M, Yoshinari M, Minami M (2005) Role of tumor

necrosis factor-related apoptosis-inducing ligand in immune response to

influenza virus infection in mice. J Virol 79: 7658 – 7663

4. Walczak H (2013) Death receptor-ligand systems in cancer, cell death,

and inflammation. Cold Spring Harb Perspect Biol 5: a008698

5. Zhou X, Jiang W, Liu Z, Liu S, Liang X (2017) Virus infection and death

receptor-mediated apoptosis. Viruses 9: E316

6. Cummins N, Badley A (2009) The TRAIL to viral pathogenesis: the good,

the bad and the ugly. Curr Mol Med 9: 495 – 505

7. Salek-Ardakani S, Croft M (2010) Tumor necrosis factor receptor/tumor

necrosis factor family members in antiviral CD8 T-cell immunity. J Inter-

feron Cytokine Res 30: 205 – 218

8. Sato K, Hida S, Takayanagi H, Yokochi T, Kayagaki N, Takeda K, Yagita H,

Okumura K, Tanaka N, Taniguchi T et al (2001) Antiviral response by

natural killer cells through TRAIL gene induction by IFN-alpha/beta. Eur

J Immunol 31: 3138 – 3146

9. Zheng SJ, Wang P, Tsabary G, Chen YH (2004) Critical roles of TRAIL in

hepatic cell death and hepatic inflammation. J Clin Invest 113: 58 – 64

10. Peppa D, Gill US, Reynolds G, Easom NJ, Pallett LJ, Schurich A, Micco L,

Nebbia G, Singh HD, Adams DH et al (2013) Up-regulation of a death

receptor renders antiviral T cells susceptible to NK cell-mediated dele-

tion. J Exp Med 210: 99 – 114

11. Schuster IS, Wikstrom ME, Brizard G, Coudert JD, Estcourt MJ, Manzur

M, O’Reilly LA, Smyth MJ, Trapani JA, Hill GR et al (2014) TRAIL+ NK cells

control CD4+ T cell responses during chronic viral infection to limit

autoimmunity. Immunity 41: 646 – 656

12. Lamhamedi-Cherradi SE, Zheng SJ, Maguschak KA, Peschon J, Chen YH

(2003) Defective thymocyte apoptosis and accelerated autoimmune

diseases in TRAIL�/� mice. Nat Immunol 4: 255 – 260

13. Song K, Chen Y, Goke R, Wilmen A, Seidel C, Goke A, Hilliard B, Chen Y

(2000) Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)

is an inhibitor of autoimmune inflammation and cell cycle progression. J

Exp Med 191: 1095 – 1104

14. Azijli K, Weyhenmeyer B, Peters GJ, de Jong S, Kruyt FA (2013) Non-

canonical kinase signaling by the death ligand TRAIL in cancer cells:

discord in the death receptor family. Cell Death Differ 20: 858 – 868

15. Ehrhardt H, Fulda S, Schmid I, Hiscott J, Debatin KM, Jeremias I (2003)

TRAIL induced survival and proliferation in cancer cells resistant towards

TRAIL-induced apoptosis mediated by NF-kappaB. Oncogene 22:

3842 – 3852

16. von Karstedt S, Conti A, Nobis M, Montinaro A, Hartwig T, Lemke J,

Legler K, Annewanter F, Campbell AD, Taraborrelli L et al (2015) Cancer

cell-autonomous TRAIL-R signaling promotes KRAS-driven cancer

progression, invasion, and metastasis. Cancer Cell 27: 561 – 573

17. Fung-Leung WP, Kundig TM, Zinkernagel RM, Mak TW (1991) Immune

response against lymphocytic choriomeningitis virus infection in mice

without CD8 expression. J Exp Med 174: 1425 – 1429

18. Pallmer K, Oxenius A (2016) Recognition and regulation of T cells by NK

cells. Front Immunol 7: 251

19. Waggoner SN, Cornberg M, Selin LK, Welsh RM (2011) Natural killer

cells act as rheostats modulating antiviral T cells. Nature 481: 394 – 398

20. Lang PA, Lang KS, Xu HC, Grusdat M, Parish IA, Recher M, Elford AR,

Dhanji S, Shaabani N, Tran CW et al (2012) Natural killer cell activation

enhances immune pathology and promotes chronic infection by limiting

CD8+ T-cell immunity. Proc Natl Acad Sci USA 109: 1210 – 1215

21. Cook KD, Whitmire JK (2013) The depletion of NK cells prevents T cell

exhaustion to efficiently control disseminating virus infection. J Immunol

190: 641 – 649

22. Gerosa F, Baldani-Guerra B, Nisii C, Marchesini V, Carra G, Trinchieri G

(2002) Reciprocal activating interaction between natural killer cells and

dendritic cells. J Exp Med 195: 327 – 333

23. Mocikat R, Braumuller H, Gumy A, Egeter O, Ziegler H, Reusch U, Bubeck

A, Louis J, Mailhammer R, Riethmuller G et al (2003) Natural killer cells

activated by MHC class I(low) targets prime dendritic cells to induce

protective CD8 T cell responses. Immunity 19: 561 – 569

24. Martin-Fontecha A, Thomsen LL, Brett S, Gerard C, Lipp M, Lanzavecchia

A, Sallusto F (2004) Induced recruitment of NK cells to lymph nodes

provides IFN-gamma for T(H)1 priming. Nat Immunol 5: 1260 – 1265

25. Morandi B, Bougras G, Muller WA, Ferlazzo G, Munz C (2006) NK cells of

human secondary lymphoid tissues enhance T cell polarization via IFN-

gamma secretion. Eur J Immunol 36: 2394 – 2400

26. Krebs P, Barnes MJ, Lampe K, Whitley K, Bahjat KS, Beutler B, Janssen E,

Hoebe K (2009) NK-cell-mediated killing of target cells triggers robust

antigen-specific T-cell-mediated and humoral responses. Blood 113:

6593 – 6602

27. Rabinovich BA, Li J, Shannon J, Hurren R, Chalupny J, Cosman D, Miller

RG (2003) Activated, but not resting, T cells can be recognized and killed

by syngeneic NK cells. J Immunol 170: 3572 – 3576

28. Kayagaki N, Yamaguchi N, Nakayama M, Takeda K, Akiba H, Tsutsui H,

Okamura H, Nakanishi K, Okumura K, Yagita H (1999) Expression and

function of TNF-related apoptosis-inducing ligand on murine activated

NK cells. J Immunol 163: 1906 – 1913

29. Crouse J, Bedenikovic G, Wiesel M, Ibberson M, Xenarios I, Von Laer D,

Kalinke U, Vivier E, Jonjic S, Oxenius A (2014) Type I interferons protect

T cells against NK cell attack mediated by the activating receptor NCR1.

Immunity 40: 961 – 973

30. Xu HC, Grusdat M, Pandyra AA, Polz R, Huang J, Sharma P, Deenen R,

Kohrer K, Rahbar R, Diefenbach A et al (2014) Type I interferon protects

antiviral CD8+ T cells from NK cell cytotoxicity. Immunity 40: 949 – 960

31. Simonetta F, Pradier A, Roosnek E (2016) T-bet and eomesodermin in

NK cell development, maturation, and function. Front Immunol 7: 241

32. Fehniger TA, Cai SF, Cao X, Bredemeyer AJ, Presti RM, French AR, Ley TJ

(2007) Acquisition of murine NK cell cytotoxicity requires the translation

of a pre-existing pool of granzyme B and perforin mRNAs. Immunity 26:

798 – 811

33. Chiossone L, Chaix J, Fuseri N, Roth C, Vivier E, Walzer T (2009) Matura-

tion of mouse NK cells is a 4-stage developmental program. Blood 113:

5488 – 5496

34. Nandagopal N, Ali AK, Komal AK, Lee SH (2014) The critical role of IL-15-

PI3K-mTOR pathway in natural killer cell effector functions. Front

Immunol 5: 187

35. Marcais A, Cherfils-Vicini J, Viant C, Degouve S, Viel S, Fenis A, Rabilloud

J, Mayol K, Tavares A, Bienvenu J et al (2014) The metabolic checkpoint

kinase mTOR is essential for IL-15 signaling during the development and

activation of NK cells. Nat Immunol 15: 749 – 757

ª 2019 The Authors EMBO reports 21: e48789 | 2020 15 of 17

Ludmila Cardoso Alves et al EMBO reports



36. Arase H, Arase N, Saito T (1996) Interferon gamma production by natural

killer (NK) cells and NK1.1+ T cells upon NKR-P1 cross-linking. J Exp Med

183: 2391 – 2396

37. Vivier E, Ugolini S, Nunes JA (2013) ADAPted secretion of cytokines in NK

cells. Nat Immunol 14: 1108 – 1110

38. Badovinac VP, Messingham KA, Griffith TS, Harty JT (2006) TRAIL defi-

ciency delays, but does not prevent, erosion in the quality of “helpless”

memory CD8 T cells. J Immunol 177: 999 – 1006

39. Bocharov G, Ludewig B, Bertoletti A, Klenerman P, Junt T, Krebs P,

Luzyanina T, Fraser C, Anderson RM (2004) Underwhelming the immune

response: effect of slow virus growth on CD8+-T-lymphocyte responses. J

Virol 78: 2247 – 2254

40. Lanier LL (1998) NK cell receptors. Annu Rev Immunol 16: 359 – 393

41. Lu L, Ikizawa K, Hu D, Werneck MB, Wucherpfennig KW, Cantor H

(2007) Regulation of activated CD4+ T cells by NK cells via the Qa-1-

NKG2A inhibitory pathway. Immunity 26: 593 – 604

42. Waggoner SN, Taniguchi RT, Mathew PA, Kumar V, Welsh RM (2010)

Absence of mouse 2B4 promotes NK cell-mediated killing of activated

CD8+ T cells, leading to prolonged viral persistence and altered patho-

genesis. J Clin Invest 120: 1925 – 1938

43. French AR, Sjolin H, Kim S, Koka R, Yang L, Young DA, Cerboni C, Toma-

sello E, Ma A, Vivier E et al (2006) DAP12 signaling directly augments

proproliferative cytokine stimulation of NK cells during viral infections. J

Immunol 177: 4981 – 4990

44. Orr MT, Sun JC, Hesslein DG, Arase H, Phillips JH, Takai T, Lanier LL

(2009) Ly49H signaling through DAP10 is essential for optimal natural

killer cell responses to mouse cytomegalovirus infection. J Exp Med 206:

807 – 817

45. Freeman BE, Raue HP, Hill AB, Slifka MK (2015) Cytokine-mediated acti-

vation of NK cells during viral infection. J Virol 89: 7922 – 7931

46. Diehl GE, Yue HH, Hsieh K, Kuang AA, Ho M, Morici LA, Lenz LL, Cado D,

Riley LW, Winoto A (2004) TRAIL-R as a negative regulator of innate

immune cell responses. Immunity 21: 877 – 889

47. Sun JC, Ma A, Lanier LL (2009) Cutting edge: IL-15-independent NK cell

response to mouse cytomegalovirus infection. J Immunol 183:

2911 – 2914

48. Marcais A, Viel S, Grau M, Henry T, Marvel J, Walzer T (2013) Regulation

of mouse NK cell development and function by cytokines. Front

Immunol 4: 450

49. Eckelhart E, Warsch W, Zebedin E, Simma O, Stoiber D, Kolbe T, Rulicke

T, Mueller M, Casanova E, Sexl V (2011) A novel Ncr1-Cre mouse reveals

the essential role of STAT5 for NK-cell survival and development. Blood

117: 1565 – 1573

50. Secchiero P, Gonelli A, Carnevale E, Milani D, Pandolfi A, Zella D, Zauli G

(2003) TRAIL promotes the survival and proliferation of primary human

vascular endothelial cells by activating the Akt and ERK pathways.

Circulation 107: 2250 – 2256

51. Zauli G, Sancilio S, Cataldi A, Sabatini N, Bosco D, Di Pietro R (2005)

PI-3K/Akt and NF-kappaB/IkappaBalpha pathways are activated in

Jurkat T cells in response to TRAIL treatment. J Cell Physiol 202:

900 – 911

52. Xu J, Zhou JY, Wei WZ, Wu GS (2010) Activation of the Akt survival path-

way contributes to TRAIL resistance in cancer cells. PLoS ONE 5: e10226

53. Azijli K, Yuvaraj S, Peppelenbosch MP, Wurdinger T, Dekker H, Joore J,

van Dijk E, Quax WJ, Peters GJ, de Jong S et al (2012) Kinome profiling of

non-canonical TRAIL signaling reveals RIP1-Src-STAT3-dependent inva-

sion in resistant non-small cell lung cancer cells. J Cell Sci 125:

4651 – 4661

54. Falschlehner C, Emmerich CH, Gerlach B, Walczak H (2007) TRAIL signal-

ling: decisions between life and death. Int J Biochem Cell Biol 39:

1462 – 1475

55. Ou R, Zhou S, Huang L, Moskophidis D (2001) Critical role for alpha/

beta and gamma interferons in persistence of lymphocytic chori-

omeningitis virus by clonal exhaustion of cytotoxic T cells. J Virol 75:

8407 – 8423

56. Moskophidis D, Battegay M, Bruendler MA, Laine E, Gresser I, Zinker-

nagel RM (1994) Resistance of lymphocytic choriomeningitis virus to

alpha/beta interferon and to gamma interferon. J Virol 68:

1951 – 1955

57. Wille A, Gessner A, Lother H, Lehmann-Grube F (1989) Mechanism of

recovery from acute virus infection. VIII. Treatment of lymphocytic chori-

omeningitis virus-infected mice with anti-interferon-gamma monoclonal

antibody blocks generation of virus-specific cytotoxic T lymphocytes and

virus elimination. Eur J Immunol 19: 1283 – 1288

58. Bartholdy C, Christensen JP, Wodarz D, Thomsen AR (2000) Persistent

virus infection despite chronic cytotoxic T-lymphocyte activation in

gamma interferon-deficient mice infected with lymphocytic chori-

omeningitis virus. J Virol 74: 10304 – 10311

59. Bhat P, Leggatt G, Waterhouse N, Frazer IH (2017) Interferon-gamma

derived from cytotoxic lymphocytes directly enhances their motility and

cytotoxicity. Cell Death Dis 8: e2836

60. Hollenbaugh JA, Dutton RW (2006) IFN-gamma regulates donor CD8 T

cell expansion, migration, and leads to apoptosis of cells of a solid

tumor. J Immunol 177: 3004 – 3011

61. Nakajima C, Uekusa Y, Iwasaki M, Yamaguchi N, Mukai T, Gao P,

Tomura M, Ono S, Tsujimura T, Fujiwara H et al (2001) A role of inter-

feron-gamma (IFN-gamma) in tumor immunity: T cells with the capac-

ity to reject tumor cells are generated but fail to migrate to tumor sites

in IFN-gamma-deficient mice. Cancer Res 61: 3399 – 3405

62. Gross O, Grupp C, Steinberg C, Zimmermann S, Strasser D, Hanness-

chlager N, Reindl W, Jonsson H, Huo H, Littman DR et al (2008) Multiple

ITAM-coupled NK-cell receptors engage the Bcl10/Malt1 complex via

Carma1 for NF-kappaB and MAPK activation to selectively control cyto-

kine production. Blood 112: 2421 – 2428

63. Rajasekaran K, Kumar P, Schuldt KM, Peterson EJ, Vanhaesebroeck B,

Dixit V, Thakar MS, Malarkannan S (2013) Signaling by Fyn-ADAP via the

Carma1-Bcl-10-MAP3K7 signalosome exclusively regulates inflammatory

cytokine production in NK cells. Nat Immunol 14: 1127 – 1136

64. Shi FD, Ljunggren HG, La Cava A, Van Kaer L (2011) Organ-specific

features of natural killer cells. Nat Rev Immunol 11: 658 – 671

65. Badgwell B, Parihar R, Magro C, Dierksheide J, Russo T, Carson WE III

(2002) Natural killer cells contribute to the lethality of a murine model

of Escherichia coli infection. Surgery 132: 205 – 212

66. Kerr AR, Kirkham LA, Kadioglu A, Andrew PW, Garside P, Thompson H,

Mitchell TJ (2005) Identification of a detrimental role for NK cells in

pneumococcal pneumonia and sepsis in immunocompromised hosts.

Microbes Infect 7: 845 – 852

67. Hansen DS, Bernard NJ, Nie CQ, Schofield L (2007) NK cells stimulate

recruitment of CXCR3+ T cells to the brain during Plasmodium berghei-

mediated cerebral malaria. J Immunol 178: 5779 – 5788

68. Li F, Zhu H, Sun R, Wei H, Tian Z (2012) Natural killer cells are involved

in acute lung immune injury caused by respiratory syncytial virus infec-

tion. J Virol 86: 2251 – 2258

69. Alsharifi M, Lobigs M, Simon MM, Kersten A, Muller K, Koskinen A, Lee E,

Mullbacher A (2006) NK cell-mediated immunopathology during an

acute viral infection of the CNS. Eur J Immunol 36: 887 – 896

16 of 17 EMBO reports 21: e48789 | 2020 ª 2019 The Authors

EMBO reports Ludmila Cardoso Alves et al



70. Sedger LM, Glaccum MB, Schuh JC, Kanaly ST, Williamson E, Kayagaki N,

Yun T, Smolak P, Le T, Goodwin R et al (2002) Characterization of the

in vivo function of TNF-alpha-related apoptosis-inducing ligand, TRAIL/

Apo2L, using TRAIL/Apo2L gene-deficient mice. Eur J Immunol 32:

2246 – 2254

71. Kagi D, Ledermann B, Burki K, Seiler P, Odermatt B, Olsen KJ, Podack ER,

Zinkernagel RM, Hengartner H (1994) Cytotoxicity mediated by T cells

and natural killer cells is greatly impaired in perforin-deficient mice.

Nature 369: 31 – 37

72. Pircher H, Moskophidis D, Rohrer U, Burki K, Hengartner H, Zinkernagel

RM (1990) Viral escape by selection of cytotoxic T cell-resistant virus

variants in vivo. Nature 346: 629 – 633

73. Aichele P, Unsoeld H, Koschella M, Schweier O, Kalinke U, Vucikuja S

(2006) CD8 T cells specific for lymphocytic choriomeningitis virus

require type I IFN receptor for clonal expansion. J Immunol 176:

4525 – 4529

74. Jiang Z, Georgel P, Du X, Shamel L, Sovath S, Mudd S, Huber M, Kalis C,

Keck S, Galanos C et al (2005) CD14 is required for MyD88-independent

LPS signaling. Nat Immunol 6: 565 – 570

75. Lau JW, Lehnert E, Sethi A, Malhotra R, Kaushik G, Onder Z, Groves-

Kirkby N, Mihajlovic A, DiGiovanna J, Srdic M et al (2017) The cancer

genomics cloud: collaborative, reproducible, and democratized-A new

paradigm in large-scale computational research. Cancer Res 77: e3 – e6

76. Andrews S (2010) FastQC: a quality control tool for high throughput

sequence data. (http://www.bioinformatics.babraham.ac.uk/projects/fa

stqc)

77. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P,

Chaisson M, Gingeras TR (2013) STAR: ultrafast universal RNA-seq

aligner. Bioinformatics 29: 15 – 21

78. Zerbino DR, Achuthan P, Akanni W, Amode MR, Barrell D, Bhai J, Billis K,

Cummins C, Gall A, Giron CG et al (2018) Ensembl 2018. Nucleic Acids

Res 46: D754 –D761

79. Anders S, Pyl PT, Huber W (2015) HTSeq–a Python framework to work

with high-throughput sequencing data. Bioinformatics 31: 166 – 169

80. Love MI, Huber W, Anders S (2014) Moderated estimation of fold

change and dispersion for RNA-seq data with DESeq2. Genome Biol 15:

550

81. Koutsandreas T, Binenbaum I, Pilalis E, Valavanis I, Papadodima O,

Chatziioannou A (2016) Analyzing and visualizing genomic complexity

for the derivation of the emergent molecular networks. Int J Monit

Surveill Technol Res 4: 30 – 49

82. Croft D, Mundo AF, Haw R, Milacic M, Weiser J, Wu G, Caudy M, Garap-

ati P, Gillespie M, Kamdar MR et al (2014) The reactome pathway

knowledgebase. Nucleic Acids Res 42: D472 –D477

83. Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the

comparative C(T) method. Nat Protoc 3: 1101 – 1108

License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

ª 2019 The Authors EMBO reports 21: e48789 | 2020 17 of 17

Ludmila Cardoso Alves et al EMBO reports

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc

