
Citation: Stoyanova, A.K.; Sattler, A.;

Hahn, E.M.; Hering, N.A.; Arndt, M.;

Lauscher, J.C.;

Speichinger-Hillenberg, F.; Kotsch, K.;

Berg, A.-K.; Beyer, K. Immune

Phenotypic Characterization of a

TRAIL-Knockout Mouse. Cancers

2023, 15, 1475. https://doi.org/

10.3390/cancers15051475

Academic Editor: Marie-Thérèse

Dimanche-Boitrel

Received: 20 January 2023

Revised: 17 February 2023

Accepted: 23 February 2023

Published: 25 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Article

Immune Phenotypic Characterization of a TRAIL-Knockout Mouse
Ani K. Stoyanova * , Arne Sattler, Elisabeth M. Hahn, Nina A. Hering , Marco Arndt,
Johannes Christian Lauscher, Fiona Speichinger-Hillenberg, Katja Kotsch, Ann-Kathrin Berg †

and Katharina Beyer *,†

Department of General, Visceral and Vascular Surgery, Campus Benjamin Franklin,
Charité-Universitätsmedizin Berlin, Hindenburgdamm 30, 12203 Berlin, Germany
* Correspondence: ani.stoyanova@charite.de (A.K.S.); katharina.beyer2@charite.de (K.B.)
† These authors contributed equally to this work.

Simple Summary: The role of the TNF-superfamily member TRAIL (TNF-related apoptosis in-
ducing ligand) for potential interactions with the immunological tumor network is not completely
understood. This article provides a comprehensive immune phenotype profile of a TRAIL-knockout
(TRAIL−/−) mouse model and should serve as a tool to study the functional relevance of TRAIL in
proof-of-concept studies.

Abstract: The TNF-superfamily member TRAIL is known to mediate selective apoptosis in tumor cells
suggesting this protein as a potential antitumor drug target. However, initial successful pr-clinical
results could not be translated into the clinic. Reasons for the ineffectiveness of TRAIL-targeting in
tumor therapies could include acquired TRAIL resistance. A tumor cell acquires TRAIL resistance,
for example, by upregulation of antiapoptotic proteins. In addition, TRAIL can also influence the
immune system and thus, tumor growth. We were able to show in our previous work that TRAIL−/−

mice show improved survival in a mouse model of pancreatic carcinoma. Therefore, in this study
we aimed to immunologically characterize the TRAIL−/− mice. We observed no significant differ-
ences in the distribution of CD3+, CD4+, CD8+ T-cells, Tregs, and central memory CD4+ and CD8+

cells. However, we provide evidence for relevant differences in the distribution of effector memory
T-cells and CD8+CD122+ cells but also in dendritic cells. Our findings suggest that T-lymphocytes
of TRAIL−/− mice proliferate at a lower rate, and that the administration of recombinant TRAIL
significantly increases their proliferation, while regulatory T-cells (Tregs) from TRAIL−/− mice are
less suppressive. Regarding the dendritic cells, we found more type-2 conventional dendritic cells
(DC2s) in the TRAIL−/− mice. For the first time (to the best of our knowledge), we provide a
comprehensive characterization of the immunological landscape of TRAIL-deficient mice. This will
establish an experimental basis for future investigations of TRAIL-mediated immunology.

Keywords: TRAIL: immunological phenotype; lymphocytes; dendritic cells; knockout mouse

1. Introduction

The TNF-superfamily member TRAIL is known to mediate selective apoptosis in
tumor cells which, together with a nearly nonexistent systemic toxicity, suggests this
molecule as a potential antitumor drug [1]. However, initial successful pre-clinical results
could not be translated into the clinic [2]. Reasons for the ineffectiveness of recombinant
TRAIL or TRAIL agonists in the clinic are that tumor cells can become resistant to TRAIL-
induced apoptosis, and the characterization of the underlying mechanisms is subject of
ongoing research. Another currently less considered mechanism are the effects of TRAIL
on the immunological microenvironment of the tumor.

In humans, two TRAIL receptors are known to have a functional death domain and
thus can induce apoptosis: TRAIL receptor 1 (DR4) and TRAIL receptor 2 (DR5). In
mice, only one TRAIL receptor with a functional death domain exists, namely TRAIL
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receptor 2 (DR5), which, however, is structurally not homologous to the two human DRs.
TRAIL can also bind to two antiapoptotic decoy receptors (DcRs), DcR1 and DcR2. Indeed,
overexpression of corresponding decoy receptors results in an inhibition of TRAIL-induced
apoptosis [3].

Apart from signal transduction pathways resulting in apoptosis or necroptosis, TRAIL
can activate numerous other signal transduction pathways including the NFkB, MAPK,
Src, and PI3K pathways, which are known to maintain carcinoma cells [4]. In this context
it has been demonstrated that with an appropriate stimulation under certain conditions,
TRAIL can promote immune cell migration and invasion into tumors [5]. On the other
hand, stimulation with TRAIL can lead to the release of cytokines by tumor cells, which in
turn affects the immune system [6].

When studying the pleiotropic effect of TRAIL on cells of the immune system,
T-lymphocytes became the focus of interest early on. Previous studies suggest that TRAIL
acts on the T-cell milieu and thus, influences the adaptive immune response. The inhibition
of T-cell-activation through apoptosis-independent pathways has been demonstrated in
multiple experimental autoimmune disease models [7–10]. With regard to interactions of
recombinant TRAIL with CD4+ cells, Lehnert et al. showed that in a culture of human
CD4+ cells, TRAIL inhibits the proliferation of CD3/CD28-activated CD4+ cells without
inducing apoptosis [11].

Dendritic cells (DCs) are a key interface between the innate and adaptive immune
system [12]. The sensitivity of DCs towards TRAIL-induced apoptosis and their interaction
with TRAIL in the tumor microenvironment are not yet fully understood. For future inves-
tigation of possible cancer therapies in a mouse model, the profiling of the immunological
tumor microenvironment should be also expanded on cells of the innate immune system.

To our knowledge, there is no published record of a comprehensive immune pheno-
type profile of TRAIL in a mouse model. As further potential interactions of TRAIL with the
immunological network tumors have still to be examined, a comprehensive phenotyping
of TRAIL in a mouse model will shed new light into TRAIL-mediated immunology.

2. Materials and Methods
2.1. Mice

8- to 12-week-old naïve wildtype C57BL/6 mice with body weights of 20–25 g were
obtained from Charles River Laboratories (Sulzfeld, Germany) and were allowed to adapt
to the new environment for about 14 days. TRAIL-knockout (TRAIL−/−) mice on C57BL/6
background were obtained from Amgen (Seattle, WA, USA). TRAIL deficiency was con-
firmed by the polymerase chain reaction of genomic DNA from ear biopsies, using primer
pairs specific to the TRAIL-knockout allele (5’ gCC CTg AAT gAA CTg CAg gAC G 3’ and
3‘ CAC ggg TAg CCA ACg CTA TgT C5’) and WT TRAIL allele (5’ AAA gAC ggA TgA
ggA TTT CTg gg 3’ and 3’ gAC AgA ACA CCA TAT TgC Tgg Cg 5’). Mice received food
and water ad libitum. Animal rooms had a 12:12-h circadian cycle and were maintained at
constant temperature and humidity. All animal studies had been approved by the ethics
committee for animal care of the Landesamt für Gesundheit und Soziales Berlin. The
experiments were done according to the German Animal Welfare Act (TierSchG).

2.2. Cell Isolation and Culture

Mice were sacrificed by cervical dislocation under deep anesthesia. Spleen, kidney,
liver, small intestine, and lymph nodes were extracted. Spleen and lymph nodes were
separately passed through a 100-µm nylon mesh (BD falcon cell strainer; BD Bioscience)
and washed with full medium, containing RPMI 1640 media (Corning), and supplemented
with 10% fetal bovine serum (FBS, Gibco) and 1% Penicillin/Streptomycin (PAN Biotech).
Lymphocytes were isolated from the cell suspension using histopaque (Sigma-Aldrich)
and filtered through a 40 µm nylon mesh. Cells were stored on ice with 2% bovine serum
albumin (BSA, Biochrom) in phosphate-buffered saline (PBS).
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The small intestines were incubated in extraction media containing RPMI, EDTA,
FBS, and dithiothreitol (DTT)-Solution for 15 min at 37 ◦C and 200 rpm. Afterwards, the
intestine tissue was digested in RPMI 1640 media, Collagenase IVa (2 mg/mL, Roche), and
DNase I (40 U/mL, Roche) for 40 min at 37 ◦C and 200 rpm. For cell extraction from the
liver and kidney tissue, the same digestion was performed. The reaction was stopped by
adding 10 mL ice-cold media RPMI 1640. The subsequent steps for lymphocyte isolation
were performed as described above.

Additionally, for the extraction of lymphocytes from the kidney, CD45 beads were
added to the cell suspension and magnetically labeled cells were purified over MACS® LS
columns (Miltenyi Biotec, Auburn, CA, USA) according to the manufacturer’s instructions.

If incubation was needed, cells were cultured in a conventional environment at 37 ◦C,
5% CO2 and 100% humid atmosphere.

2.3. Flow Cytometry

Cells were analyzed by fluorescence-activated cell sorting (FACS) on BD LSRFortessa
X-20 (BD Biosciences) to reveal their immune phenotype within the cell populations of
interest. For surface staining, after blocking of the samples with FcBlock (Miltenyi Biotec,
Auburn, CA, USA) the cells were stained according to the manufacturer’s instructions
with the antibodies listed in Tables 1 and 2 for DCs. Unwanted cell populations were
intentionally excluded from the flow cytometry analysis using a “dump channel” for
the dead cells (fixable Live/dead, BV510) as well as the murine pan B-cell marker B220+

(BV510). FACS data were analyzed using FlowJo software v10 (Treestar Inc., Ashland, OR,
USA) with polyfunctionality of cells being assessed using hierarchical gating.

Table 1. List of the anti-mouse conjugated antibodies for immune cell analysis via FACS.

Marker Fluorophore Company

CD3 PerCP Miltenyi Biotec GmbH, Bergisch Gladbach, Germany
CD8 BV605 BioLegend, San Diego, CA, USA

CD44 APC-eFluor780 eBioScience, Waltham, MA, USA
CD62L BV421 BioLegend, San Diego, CA, USA
FoxP3 Alexa-fluor-647 BD Biosciences, San Jose, CA, USA
CD25 PE Miltenyi Biotec GmbH, Bergisch Gladbach, Germany
CD45 BUV395 BD Biosciences, San Jose, CA, USA

CD122 FITC BioLegend, San Diego, CA, USA
CD127 BV785 BioLegend, San Diego, CA, USA

DR5 VioBrightB515 (FITC) Miltenyi Biotec GmbH, Bergisch Gladbach, Germany
Dcr1 APC Miltenyi Biotec GmbH, Bergisch Gladbach, Germany
DcR2 PE BioLegend, San Diego, CA, USA
Ki67 PE-eFluor 610 ThermoFisher, Waltham, MA, USA

B220 * BV510 BioLegend, San Diego, CA, USA
Live/dead * BV510 BioLegend, San Diego, CA, USA

CD4
PeCy7 BD Biosciences, San Jose, CA, USA
BV711 BioLegend, San Diego, CA, USA

* “Dump channel”.

For intracellular staining, cells were fixed with FoxP3 Fix/Perm Buffer (eBiosciences)
for 30 min at 4 ◦C, permeabilized with FoxP3 Perm Buffer (eBiosciences), and then stained
with AF647-conjugated FoxP3 and PE-eFluor 610-conjugated Ki67 antibody. All intracellu-
lar staining procedures were performed after surface staining.

The gating strategy for the identification of the different immune cell subsets within
the examined organs is depicted in the supplementary figures.
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Table 2. List of the anti-mouse conjugated antibodies for the analysis of dendritic cells via FACS.

Marker Fluorophore Company

CD3 * BV510 BioLegend, San Diego, CA, USA
NKp60 * BV510 BioLegend, San Diego, CA, USA

B220 * BV510 BioLegend, San Diego, CA, USA
CD45 UV395 BD Biosciences, San Jose, CA, USA
CD11c BV421 BioLegend, San Diego, CA, USA
CD11b BV785 BioLegend, San Diego, CA, USA
MHCII BV650 BioLegend, San Diego, CA, USA
F4/80 APCCy7 BioLegend, San Diego, CA, USA
CD64 Pe-Cy7 BioLegend, San Diego, CA, USA
Ly6C PE-Dazzle BioLegend, San Diego, CA, USA
CD80 FITC BioLegend, San Diego, CA, USA
CD8a BV605 BioLegend, San Diego, CA, USA

CD103 PE BioLegend, San Diego, CA, USA
CX3CR1 PerCPCy5.5 BioLegend, San Diego, CA, USA

CD38 BV711 BD Biosciences, San Jose, CA, USA
MHCI H2KD Alexa700 BioLegend, San Diego, CA, USA
Live/dead * BV510 BioLegend, San Diego, CA, USA

* “Dump channel”.

2.4. Proliferation Assay of CD3+ Cells

CD3+ T-cells were purified from the spleen of wildtype and TRAIL−/− mice using
the MACS® cell-sorting system (Pan T cell isolation kit II, Miltenyi Biotec, Auburn, CA,
USA) according to the manufacturer’s instructions, specifically using an antibody cocktail
(provided by the manufacturer) against CD11b, CD11c, CD19, CD45R (B220), CD49b (DX5),
CD105, Anti-MHC-class II, and Ter-119 over MACS LD columns. Resulting cells were >95%
CD3 positive by FACS analysis. 96-well plates were incubated over at least one hour at
37 ◦C with an anti-CD3 antibody at a concentration of 1 µg/mL and afterwards washed
three times with PBS. CD3+ T-cells were stained with carboxyfluorescein succinimidyl
ester (CFSE, LifeTechnologies, Invitrogen) at a concentration of 4 µM and 5 × 104 cells
per well in the coated 96-well plate and distributed in 200 µL. Furthermore, an anti-CD28
antibody (BioLegend) at a concentration of 1 µg/mL was added. The cells were then
treated with recombinant soluble murine TRAIL (Biolmol GmbH, Hamburg, Germany)
(purity 95%, <1.0 EU per 1 g) and dissolved in sterile RPMI-1640 medium in different
concentrations (0, 100 and 1000 ng/µL final concentration). Proliferation was checked by
FACS on day 2 and 3.

2.5. Suppression Assay

CD4+CD25− effector T-cells (Teff) and CD4+CD25+ regulatory T-cells (Treg) were
purified from the spleen of wildtype and TRAIL−/− mice using the MACS® cell-sorting
system (CD4+CD25+ Regulatory T Cell Isolation Kit, mouse in combination with LD
columns) according to the manufacturer’s instructions. Specifically, all non-CD4+ are
labeled with an antibody cocktail against CD8, CD11b, CD45R, CD49b, Ter-119, and Anti-
Biotin, and depleted. In a second step, for the positive selection of Tregs, the CD4+ cells
were incubated with CD25+ MicroBeads. To confirm the Teff and Treg phenotype, the cells
were first labeled with the cell surface antibodies CD4-PECy7 and CD25-APC and then fixed
and permeabilized for an intracellular staining as described above. CD4+CD25−FOXP3−

and CD4+CD25+FOXP3+ subsets were confirmed to be >95% pure by FACS analysis.
CD4+CD25+FOXP3+ regulatory T-cells were stimulated overnight (18 h) in IL-2-enriched
medium (200 U/mL murine IL2). Meanwhile, CD4+CD25− effector cells were cultured
in an incubator in RPMI-1640 medium without stimulating agents. The next day, 96-well
plates were coated over one hour at 37 ◦C with an anti-CD3 antibody at a concentration of
1 µg/mL and afterwards washed three times with PBS. CD4+CD25− T-cells were stained
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with CFSE and distributed in the coated 96-well plate, followed by an anti-CD28 antibody at
a concentration of 1 µg/mL. Proliferation and suppression were checked by FACS on day 3.

2.6. Statistical Methods

Graphs were generated and statistical analysis was performed using GraphPad Prism
v9.5.0 (GraphPad, La Jolla, CA, USA). After testing for normal distribution, ANOVA (with
Tukey post hoc test) was chosen for multiple comparisons. For 2-group comparisons,
2-tailed, unpaired student’s t-test or Mann-Whitney U test were used depending on the
values distribution. A p value < 0.05 was considered significant in all statistical tests. All
bar graphs show mean ± SEM.

3. Results

3.1. Immune Phenotyping of TRAIL−/− Mice

To assess the immunological profile of TRAIL−/− mice and their comparison to
wildtype C57BL/6 mice, we isolated leukocytes from multiple lymphoid (spleen, lymph
nodes, small intestines) and non-lymphoid tissues (liver and kidney) and analyzed them
by FACS.

Frequency of Dendritic Cell (DC) Populations in a TRAIL−/− Mice

DCs are critical regulators of the primary immune response due to their ability to
stimulate the activation and differentiation of naïve T-cells. Legge et al. classified dendritic
cells into CD8 negative (DC2) and CD8 positive (DC1) DCs and assigned characteristic
cytokines to each, namely IL-10 and IL-12, respectively. CD8- DCs directly inhibit T-cell
function by changing the CD28 expression and, on the other hand, indirectly through
downregulation of IL-12 from CD8+ DCs by negative regulation of IL-10 [13]. Of special in-
terest are CD103+ DC2s, which are typically sparsely represented but play a key role in the
antigen cross-presentation as well as in stimulating the generation of CD4+CD25+FoxP3+

Tregs [14]. We found significantly decreased frequencies of overall CD11c+MHCII+ DCs
in the kidney, lymph nodes, and small intestines in TRAIL−/− mice (Figure 1). After
investigating the distribution of the DC subtypes 1 and 2, we additionally found signifi-
cantly reduced frequencies of CD103+MHCII+ DC1 cells in the kidney of TRAIL−/− mice
(* p < 0.01). In comparison, CD11b+MHCII+ DC2 subtypes were significantly more
present in the kidney and spleen of TRAIL−/− mice versus wildtype C57BL/6 mice
(** p < 0.01 resp. * p < 0.05). The gating strategy to identify DCs is depicted in Supple-
mental Figure S1.

CD80, primarily expressed on antigen-presenting cells, and mostly DCs, is known
to trigger T-cell activation and to promote NK-cell-mediated cytotoxicity [15,16]. In the
context of the tumor microenvironment, reduction of CD80-expression in cancer cells is
a powerful mechanism of immune response evasion [17,18]. We found a pronounced
CD80-expression of TRAIL−/− CD11b+MHCII+ DC2s in the spleen compared to wildtype
mice (Figure 2). The CX3C chemokine receptor 1 (CX3CR1) is widely expressed in T- and
NK-cells, monocytes, macrophages, and most dendritic cells [19]. CX3CR1 promotes the
recruitment and migration of immune cells to the inflammation origin. This axis of CX3CR1
with its ligand Fractalkine CX3CL1 is suggested to play an ambiguous role in oncogenesis
since it can exercise pro- and anti-tumor functions [20]. Previous studies have further
demonstrated that CX3CR1 may play a key role in the regulation of immune tolerance and
inflammation through DCs [21]. Therefore, we interrogated the frequencies of CX3CR1+

CD11b+MHCII+ DC2 cells of the lymphatic organs of TRAIL−/− mice. Intriguingly, we
found a significantly increased number of CX3CR1+ CD11b+MHCII+ DC2s in the spleen,
kidney, and lymph nodes TRAIL−/− mice (* p < 0.05) (Figure 2).
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Figure 1. Distribution of DCs in the kidney, spleen, lymph nodes, liver, and small intestines of 
TRAIL−/− mice versus wildtype C57BL/6 mice. (A) Exemplary dot plots illustrate higher frequencies 
of CD11c+MHCII+ dendritic cells in the kidney, lymph nodes, and small intestine of a TRAIL−/− mice. 
(C) Exemplary dot plots illustrate distribution of CD103+MHCII+ DC1 and CD11b+MHCII+ DC2 sub-
types in kidney and spleen of TRAIL−/− mice versus wildtype C57BL/6 mice. (B) Histogram compares 
means ± SEM of all CD11c+MHCII+ DCs in the different organs (n = 6). (D,E) Exemplary dot plot 
illustrate the distribution of CD103+MHCII+ DC1 and CD11b+MHCII+ DC2 subtypes in kidney, 
spleen, lymph nodes, small intestine, and liver ((B,D,E) t-test, n = 6 per group, * p < 0.05, ** p < 0.01). 

Figure 1. Distribution of DCs in the kidney, spleen, lymph nodes, liver, and small intestines of
TRAIL−/− mice versus wildtype C57BL/6 mice. (A) Exemplary dot plots illustrate higher frequencies of
CD11c+MHCII+ dendritic cells in the kidney, lymph nodes, and small intestine of a TRAIL−/− mice.
(C) Exemplary dot plots illustrate distribution of CD103+MHCII+ DC1 and CD11b+MHCII+ DC2 sub-
types in kidney and spleen of TRAIL−/− mice versus wildtype C57BL/6 mice. (B) Histogram compares
means ± SEM of all CD11c+MHCII+ DCs in the different organs (n = 6). (D,E) Exemplary dot plot
illustrate the distribution of CD103+MHCII+ DC1 and CD11b+MHCII+ DC2 subtypes in kidney, spleen,
lymph nodes, small intestine, and liver ((B,D,E) t-test, n = 6 per group, * p < 0.05, ** p < 0.01).
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Figure 2. Distribution of CD80+ (A) and CX3CR1+ (B) CD11c+MHCII+ DCs in the kidney, spleen,
lymph nodes, small intestines, and liver of TRAIL−/− mice versus wildtype C57BL/6 mice.
(A,B) Exemplary dot plot illustrate the CD80 (A) and CX3CR1 (B) expression on CD11c+MHCII+ den-
dritic cells in the kidney, spleen, and lymph nodes of a TRAIL−/− mice. (C,D) Histogram compares
means ± SEM of all CD80+ (C), CX3CR1+ and (D) CD11c+MHCII+ DCs in kidney, spleen, lymph
nodes, intestine, and liver ((C,D) t-test, n = 6 per group, * p < 0.05).

We did not observe any significant differences in the overall distribution of macrophages
between TRAIL−/− and wildtype mice. We further investigated the expression of CD80 and
CX3CR1 in macrophages. CD80 is a marker of classically polarized macrophages (M1) [22].
M1 macrophages typically produce pro-inflammatory cytokines such as IL-6, IL-12, and
TNF-alpha. Overall, we found no increase of the CD80 expression on the macrophages
except in the TRAIL−/− lymph nodes (Figure 3). Previous studies suggest a role of CX3CR1
in tumor metastasis by promoting angiogenic macrophage survival and angiogenesis in
the tumor microenvironment [23]. Increased frequencies of CX3CR1+ macrophages were
found on macrophages in the murine TRAIL−/− kidney and spleen (** p < 0.01 resp.
* p < 0.05). The gating strategy to identify macrophages is depicted in Supplemental Figure S1.

No significant differences In the distribution of CD3+, CD4+, and CD8+ T-cells in
the kidney, spleen, lymph nodes, and small intestines of TRAIL−/− mice versus wildtype
C57BL/6 mice were detected (Figure 4). The gating strategy to identify main lymphocyte
subpopulations is depicted in Supplemental Figure S2.
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Figure 3. Distribution of CD80+ (A) and CX3CR1+ (B) macrophages in the lymph nodes, kidney, and
spleen of TRAIL−/− mice versus wildtype C57BL/6 mice. (A,B) Exemplary dot plot illustrate the
CD80 (A) and CX3CR1 (B) expression on macrophages in the kidney, spleen, and lymph nodes of
TRAIL−/− mice versus wildtype C57BL/6 mice. (C,D) Histogram compares means ± SEM of all
CD80+ (C) and CX3CR1+ (D) macrophages in the kidney, spleen, lymph nodes, and small intestine
((C,D) Mann-Whitney test, n = 6 per group, * p < 0.05, ** p < 0.01).
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(not significant, p = 0.157) of TRAIL−/− mice. Interestingly, we detected a decreased pres-
ence of CD8+CD122+ T-cells in the TRAIL−/− small intestine (Figure 9). 

We analyzed the proliferation capacity of wildtype and TRAIL-deficient CD3+ lym-
phocytes. We isolated CD3+ lymphocytes from the splenocytes using MACS and verified 
the isolation purity via FACS. The proliferation was analyzed after 72 h of stimulation 
with CD3/CD28 using FACS. Our findings suggest that wildtype CD3+ lymphocytes pro-
liferate at a significantly higher rate (p = 0.037) compared to the TRAIL-knockout lympho-
cytes (Figure 10). The gating strategy to identify CFSE-based proliferation of CD4+ T cells 
is depicted in Supplemental Figure S3. 

Figure 4. Histogram compares means of frequencies ± SEM of CD3, CD4, and CD8 T-cells in the
kidney, spleen, lymph nodes, and small intestine of TRAIL−/− mice versus wildtype C57BL/6 mice
(t-test for CD3 and CD4, Mann-Whitney test for CD8, n = 6–7 per group).
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In addition to the two TRAIL receptors that have a functional death domain and
can thus, induce apoptosis (DR4 and DR5), other TRAIL receptors exist that act as decoy
receptors. These include TRAIL receptor 3 (DcR1), which has no intracellular domain, and
the functionally inactive TRAIL receptor 4 (DcR2) [24]. In this study, we found significantly
increased frequencies of DR5 (* p < 0.05) on CD3-lymphocytes in the murine TRAIL−/−

spleen. In contrast, we observed a decreased expression of the functionally inactive DcR2
receptor in TRAIL−/− (* p < 0.05) (Figure 5).
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We observed no significant differences in the presence of central memory CD4+ and
CD8+ cells (Figure 6).
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Figure 6. Histogram compares means ± SEM of CD4+ and CD8+ central memory T-lymphocytes in
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Next, we explored the distribution of CD4+ and CD8+ (CD62lowCD44high) effector
memory cells and found that these lymphocyte subtypes are more pronounced in the spleen
in of TRAIL−/− mice (Figure 7).
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Next, we examined the frequencies of Tregs in lymphatic and non-lymphatic organs.
We observed a tendency towards accumulation of Tregs in the kidney, spleen, lymph nodes,
and small intestines of TRAIL−/− mice versus wildtype C57BL/6 mice; however, it was not
significant (Figure 8).
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CD8+CD122+ T-cells belong to a central-memory regulatory T-cell subset. They are
known to exhibit potent suppressant functions towards auto- as well as alloimmunity [25].
We found an increased number of CD8+CD122+ T-cells in the kidney (* p < 0.05) and
spleen (not significant, p = 0.157) of TRAIL−/− mice. Interestingly, we detected a decreased
presence of CD8+CD122+ T-cells in the TRAIL−/− small intestine (Figure 9).

We analyzed the proliferation capacity of wildtype and TRAIL-deficient CD3+ lym-
phocytes. We isolated CD3+ lymphocytes from the splenocytes using MACS and verified
the isolation purity via FACS. The proliferation was analyzed after 72 h of stimulation with
CD3/CD28 using FACS. Our findings suggest that wildtype CD3+ lymphocytes proliferate
at a significantly higher rate (p = 0.037) compared to the TRAIL-knockout lymphocytes
(Figure 10). The gating strategy to identify CFSE-based proliferation of CD4+ T cells is
depicted in Supplemental Figure S3.
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To examine the effect of exogenous TRAIL on lymphocyte proliferation, we treated
CD3+ lymphocytes with different concentrations of recombinant murine TRAIL. The
experiment was performed as described in 2.4. Recombinant TRAIL was added to the
batches in a final concentration of 0, 100, and 1000 ng/µL. Proliferation was measured
72 h after treatment by FACS. The TRAIL treatment had a significant impact on the
proliferation of TRAIL-deficient lymphocytes (** p < 0.01); however, it had no effect on
the wildtype group (Figure 11).

Previous studies suggest that regulatory CD4+ cells exert suppressive properties on
T-effector cells via the expression of TRAIL [26]. We hypothesized that the suppressive
properties of TRAIL-deficient regulatory CD4+ cells differ from those of wildtype mice. We
isolated CD4+CD25+ as well as CD4+CD25− lymphocytes using MACS. We then performed
a suppression assay as described in 2.5. We cultivated wildtype CD4+CD25+ lymphocytes
with CD4+CD25− lymphocytes as well as TRAIL-deficient CD4+CD25+ with CD4+CD25−

cells. The assay was performed in the absence of antigen-presenting cells. Proliferation and
suppression rates were measured by FACS on day 3. As shown in Figure 12, wildtype regu-
latory T-cells exert significantly stronger suppression over the effector T-cell proliferation
capacity (p = 0.0006), whereas in TRAIL−/− mice the proliferation of effector T-cells was
barely affected in the presence of CD4+CD25+ cells.
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ation peaks. (B) Division index of CD3+ T-cells from TRAIL−/− mice versus wildtype C57BL/6 mice 
after TRAIL treatment in different concentrations (n = 6–8 per group, two-way ANOVA, Tukey cor-
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Figure 10. CD3+ T-cell proliferation in TRAIL−/− and wildtype mice. (A) FACS histogram of
proliferation peaks. (B) Cumulative percentage of undivided CD3+ T-cells, proliferation index, and
division index of CD3+ T-cells from of TRAIL−/− mice versus wildtype C57BL/6 mice (t-test, n = 6–8,
* p < 0.05). Graphs show mean ± SD.
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Figure 11. Effect of treatment with different concentrations of recombinant TRAIL (0, 100 and
1000 ng/µL) on CD3+ T-cell proliferation in TRAIL−/− and wildtype mice. (A) FACS histogram of
proliferation peaks. (B) Division index of CD3+ T-cells from TRAIL−/− mice versus wildtype C57BL/6
mice after TRAIL treatment in different concentrations (n = 6–8 per group, two-way ANOVA, Tukey
correction test, ** p < 0.01). Graphs show mean ± SD.
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Figure 12. (A) CD4+CD25+ T-cell proliferation alone versus proliferation in the presence of
CD4+CD25+ regulatory T-cells from TRAIL−/− mice versus wildtype C57BL/6 mice. (B) Histogram
compares the TRAIL effect on the suppressive capacity of the regulatory T-cells of TRAIL−/− mice
versus wildtype C57BL/6 mice. Data were obtained (n = 4–6 per group, one-way ANOVA, Tukey
post-test, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Graphs show mean ± SD.

4. Discussion

The TNF-superfamily member TRAIL is known for its selective apoptosis induction
in tumor cells through engagement of DR4 and DR5 [1,3]. Based on pre-clinical data,
TRAIL appeared to be a promising anti-tumor target. However, it has failed to show
positive outcomes in the clinic [2]. Besides, recombinant human TRAIL as an anti-cancer
therapeutic, which was unsuccessful in clinical trials due to poor bioavailability and
short half-life, agonistic TRAIL-receptor antibodies have also shown limited effectiveness.
Reasons for this are possibly due to acquired resistance of primary tumor cells to DR4/5-
induced signaling [27]. Regardless, a general immunosuppressive effect of TRAIL could
also influence the tumor-specific immune response and thus, lead to tumor progression.
TRAIL-deficient mice have been broadly implemented in pre-clinical studies as a model
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for TRAIL research in the context of oncology. TRAIL−/− mice have been shown to be
more susceptible to carcinogenic substances, are more vulnerable for metastases, and
show predisposition of autoimmune diseases such as diabetes [1,27–30]. However, we
have seen in preliminary work that TRAIL−/− mice have a survival advantage in an
orthotopic pancreatic carcinoma model in fully immunocompetent mice. In this model,
the administration of recombinant TRAIL led to significantly increased tumor growth.
TRAIL−/− mice, on the other hand, had significantly smaller tumors and showed a highly
significantly improved survival compared to corresponding wildtype mice. We have
provided evidence that the proportion of regulatory CD4+ cells in pancreatic tumors of
TRAIL−/− mice is significantly lower compared to wildtype mice. TRAIL treatment in
wildtype mice, on the other hand, leads to a significantly increased proportion of regulatory
CD4+ cells in the tumors while the proportion in the lymphoid organs does not change
significantly [31]. These results suggest that not only the direct effect of TRAIL and
corresponding agonistic receptor antibodies on tumor cells but also the interactions of
these substances with the immune system can limit clinical use of TRAIL and TRAIL-
agonists. In this regard, we have hypothesized that this survival benefit is caused by
TRAIL’s interactions with the immune system. For this purpose, we have characterized the
TRAIL−/− mouse immunologically.

In this study, we have found differences in distribution of T-cells and in DCs. We
observed no significant differences in the distribution of CD3+, CD4+, CD8+ T-cells, Tregs,
and central memory CD4+ and CD8+ cells in the lymphatic and non-lymphatic organs
of TRAIL−/− versus wildtype C57BL/6 mice. However, we found an increased number
of CD8+CD122+ T-cells in the kidney and spleen of a TRAIL−/− mouse and a decreased
number of CD8+CD122+ T-cells in the TRAIL−/− small intestine. CD8+CD122+ T-cells
(CD44highCD62Lhigh) are central memory T-cells with regulatory functions exerted through
secretion of IL-10, TGFβ1 and IFNγ [25]. There is evidence that CD8+CD122+ T-cells can
suppress allo- and autoimmunity in various murine disease models [32]. These cells do
not express FoxP3; thus, they differ from the classical suppressor CD8+FoxP3+ subset [33].
Furthermore, we found an increased proportion of CD62low CD44high effector memory cells
within the CD4+ and CD8+ populations in the TRAIL−/− spleen. CD8+ effector memory
cells are known to play an inferior role in antitumor immunity when compared to CD8+

central memory cells, based on their proliferative capacity [34].
The overall T-cell differences are inconclusive since TRAIL appears to promote both

CD4 cell proliferation and suppression by Tregs. It has been previously shown that TRAIL
suppresses the activation of T-cells [10]. Reports regarding the effects of TRAIL on regula-
tory and effector T-cells have been discordant. Ikeda et al. provided evidence that TRAIL
promotes the proliferation of regulatory T-cells and inhibits the proliferation of Th1-cells,
thereby suppressing autoimmunity [26]. It is assumed that these different effects are due
to the expression of different TRAIL-receptors on the cell subpopulations: even though
both subtypes express DR5-receptor, the regulatory T-cells also express mDcR1. In this
study, we explored a different aspect, and our findings suggest that TRAIL is required
for the proliferation of CD3+ T-cells, since first, lymphocytes from a TRAIL−/− mouse
proliferate at a significantly lower rate, and second, treatment with recombinant TRAIL can
increase the proliferation of CD3+ T-cells in a dose-dependent manner. In this study, we
have observed that TRAIL-deficient regulatory CD4+CD25+FoxP3+ T-cells are unable to
unfold their suppressive capacity over the proliferation of the effector CD4+CD25-FoxP3−

T-cells. Unfortunately, in our study the murine regulatory T-cells have presented as fairly
unstable and apoptosis could not be delayed for the purpose of further experiments, such
as exploring the effects on suppression and proliferation after treatment with recombinant
TRAIL. Therefore, further investigation is needed.

We have found decreased frequencies of overall CD11c+MHCII+ DCs in the kidney,
lymph nodes, and small intestines of the TRAIL−/− mouse. Specifically, there were reduced
frequencies of CD103+MHCII+ DC1 cells in the kidney of TRAIL−/− mice; however, we
have observed increased frequencies of CD11b+MHCII+ DC2 cells in the kidney and spleen
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of TRAIL−/− versus wildtype C57BL/6 mice. This is interesting because DC2s have
different roles in tumor growth. Specifically in tumors that are less immunogenic (such
as pancreatic carcinoma), DC2s seem to exert anti-tumorigenic effects [35]. This could
provide a possible explanation for the better survival of TRAIL−/− mice in the pancreatic
carcinoma model.

In lung cancer, for example, TRAIL plays a major role in the polarization of macrophages [36].
Specifically, TRAIL can re-educate tumor-associated macrophages (TAMs) to an M1-like
phenotype and induce cytotoxic effects in the tumor cells [36–38]. Furthermore, it has been
shown that M1-macrophages promote TRAIL expression and as a result suppress tumor
development and progression [39]. In a murine tumor model, myeloid-derived suppressor
cells (MDSCs) show an increased expression of TRAIL receptors and render them more
susceptible to TRAIL-induced apoptosis [40]. Dendritic cells and M2-macrophages also
appear to be sensitive to TRAIL-induced apoptosis under certain circumstances [41,42].
Aside from the TRAIL−/− lymph nodes, no significant increase of the CD80 expression
on the macrophages was observed. Furthermore, we have found that macrophages and
dendritic cells in TRAIL−/− lymphatic organs express higher levels of CX3CR1. It has
been shown that higher expression of CX3CR1 in macrophages correlates with higher
metastasizing potential and poorer clinical prognosis in tumor patients [23].

To this day, there is no standardized protocol for immune phenotype profiling in a
murine model in health and disease. New markers for defining a specific immune cell
subset are constantly emerging. TRAIL remains an interesting focal point of investigations
in an oncogenic and immunological sense, and the TRAIL−/− mouse is a very useful tool
in this context. Therefore, there is an urgent need for a comprehensive understanding of
this experimental model for the purpose of exploring TRAIL interactions with the tumor
microenvironment.

5. Conclusions

We present for the first time a comprehensive immunological phenotype profile of a
TRAIL−/− mouse by systematically investigating the distributions of immune cell subsets
in multiple lymphatic organs. Our findings suggest that the TRAIL−/− T-lymphocytes
proliferate at a lower rate, whereby the administration of recombinant TRAIL increases their
proliferation. Furthermore, our study suggests that TRAIL is required for the suppression
of the CD4+CD25− effector T-cells (Teffs) by the CD4+CD25+ regulatory T cells (Tregs).
These findings support the hypothesis that TRAIL interacts with the immunological milieu
and therefore, can modulate tumor growth.

Supplementary Materials: The following supporting information can be downloaded at:
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subpopulations. Figure S3: Gating strategy for CFSE-based proliferation of CD4+ T cells.

Author Contributions: Conceptualization, A.K.S., A.-K.B. and K.B.; methodology A.K.S., K.K. and
K.B.; software A.K.S., E.M.H. and F.S.-H.; validation, K.B., K.K. and A.S.; formal analysis, A.K.S.,
E.M.H. and A.S.; investigation, A.K.S., K.B. and A.-K.B.; resources, K.B. and K.K.; data curation, A.K.S.,
E.M.H., A.S. and M.A.; writing—original draft preparation, A.K.S.; writing—review and editing, K.B.,
A.S., K.K., J.C.L., N.A.H. and A.-K.B.; visualization, E.M.H., A.K.S. and F.S.-H.; supervision, K.B., K.K.
and J.C.L.; project administration, A.K.S., K.B. and A.-K.B.; funding acquisition, K.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was funded by a grant of the German Research Foundation to KB (DFG BE
5515/6-1). We acknowledge the support from the German Research Foundation (DFG).

Institutional Review Board Statement: The animal study protocol was approved by the Landesamt
für Gesundheit und Soziales Berlin (G0349/17).

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/cancers15051475/s1


Cancers 2023, 15, 1475 17 of 18

Data Availability Statement: A dataset of the present study can be requested from the corresponding
author on reasonable request.

Acknowledgments: We would like to thank the Benjamin Franklin Flow Cytometry Facility-Charité-
University Medical Center Berlin for the assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cretney, E.; Takeda, K.; Yagita, H.; Glaccum, M.; Peschon, J.J.; Smyth, M.J. Increased Susceptibility to Tumor Initiation and

Metastasis in TNF-Related Apoptosis-Inducing Ligand-Deficient Mice. J. Immunol. 2002, 168, 1356–1361. [CrossRef] [PubMed]
2. Alizadeh Zeinebad, H.; Szegezdi, E. TRAIL in the Treatment of Cancer: From Soluble Cytokine to Nanosystems. Cancers 2022, 14,

5125. [CrossRef]
3. Wu, G.S.; Burns, T.F.; Zhan, Y.; Alnemri, E.S.; El-Deiry, W.S. Molecular Cloning and Functional Analysis of the Mouse Homologue

of the KILLER/DR5 Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL) Death Receptor. Cancer Res. 1999, 59,
2770–2775. [PubMed]

4. Johnstone, R.W.; Frew, A.J.; Smyth, M.J. The TRAIL Apoptotic Pathway in Cancer Onset, Progression and Therapy. Nat. Rev.
Cancer 2008, 8, 782–798. [CrossRef] [PubMed]

5. Cullen, S.P.; Martin, S.J. Fas and TRAIL “death Receptors” as Initiators of Inflammation: Implications for Cancer. Semin. Cell Dev.
Biol. 2015, 39, 26–34. [CrossRef]

6. Zhou, D.-H.; Trauzold, A.; Röder, C.; Pan, G.; Zheng, C.; Kalthoff, H. The Potential Molecular Mechanism of Overexpression of
UPA, IL-8, MMP-7 and MMP-9 Induced by TRAIL in Pancreatic Cancer Cell. Hepatobiliary Pancreat. Dis. Int. HBPD INT 2008, 7,
201–209.

7. Chyuan, I.T.; Tsai, H.F.; Wu, C.S.; Hsu, P.N. TRAIL Suppresses Gut Inflammation and Inhibits Colitogeic T-Cell Activation in
Experimental Colitis via an Apoptosis-Independent Pathway. Mucosal Immunol. 2019, 12, 980–989. [CrossRef]

8. Chyuan, I.-T.; Tsai, H.-F.; Wu, C.-S.; Sung, C.-C.; Hsu, P.-N. TRAIL-Mediated Suppression of T Cell Receptor Signaling Inhibits T
Cell Activation and Inflammation in Experimental Autoimmune Encephalomyelitis. Front. Immunol. 2018, 9, 15. [CrossRef]

9. Chyuan, I.-T.; Tsai, H.-F.; Liao, H.-J.; Wu, C.-S.; Hsu, P.-N. An Apoptosis-Independent Role of TRAIL in Suppressing Joint
Inflammation and Inhibiting T-Cell Activation in Inflammatory Arthritis. Cell. Mol. Immunol. 2018, 15, 846–857. [CrossRef]

10. Chyuan, I.-T.; Hsu, P.-N. TRAIL Regulates T Cell Activation and Suppresses Inflammation in Autoimmune Diseases. Cell. Mol.
Immunol. 2020, 17, 1281–1283. [CrossRef]

11. Lehnert, C.; Weiswange, M.; Jeremias, I.; Bayer, C.; Grunert, M.; Debatin, K.-M.; Strauss, G. TRAIL–Receptor Costimulation
Inhibits Proximal TCR Signaling and Suppresses Human T Cell Activation and Proliferation. J. Immunol. 2014, 193, 4021–4031.
[CrossRef] [PubMed]

12. Palucka, K.; Banchereau, J. Dendritic Cells: A Link between Innate and Adaptive Immunity. J. Clin. Immunol. 1999, 19, 12–25.
[CrossRef] [PubMed]

13. Legge, K.L.; Gregg, R.K.; Maldonado-Lopez, R.; Li, L.; Caprio, J.C.; Moser, M.; Zaghouani, H. On the Role of Dendritic Cells in
Peripheral T Cell Tolerance and Modulation of Autoimmunity. J. Exp. Med. 2002, 196, 217–227. [CrossRef]

14. Del Rio, M.-L.; Bernhardt, G.; Rodriguez-Barbosa, J.-I.; Förster, R. Development and Functional Specialization of CD103+ Dendritic
Cells. Immunol. Rev. 2010, 234, 268–281. [CrossRef] [PubMed]

15. Chen, R.; Ganesan, A.; Okoye, I.; Arutyunova, E.; Elahi, S.; Lemieux, M.J.; Barakat, K. Targeting B7-1 in Immunotherapy. Med.
Res. Rev. 2020, 40, 654–682. [CrossRef] [PubMed]

16. Chambers, B.J.; Salcedo, M.; Ljunggren, H.G. Triggering of Natural Killer Cells by the Costimulatory Molecule CD80 (B7-1).
Immunity 1996, 5, 311–317. [CrossRef] [PubMed]

17. Imasuen, I.; Bozeman, E.; He, S.; Patel, J.; Selvaraj, P. Increased B7-1 (CD80) Expression Reduces Overall Tumorigenicity and
Metastatic Potential of the Murine Pancreatic Cancer Cell Model Pan02 (P2085). J. Immunol. 2013, 190, 53-43. [CrossRef]

18. Vackova, J.; Polakova, I.; Johari, S.D.; Smahel, M. CD80 Expression on Tumor Cells Alters Tumor Microenvironment and Efficacy
of Cancer Immunotherapy by CTLA-4 Blockade. Cancers 2021, 13, 1935. [CrossRef]

19. Zhang, J.; Patel, J.M. Role of the CX3CL1-CX3CR1 Axis in Chronic Inflammatory Lung Diseases. Int. J. Clin. Exp. Med. 2010, 3,
233–244.

20. Conroy, M.J.; Lysaght, J. CX3CL1 Signaling in the Tumor Microenvironment. Adv. Exp. Med. Biol. 2020, 1231, 1–12. [CrossRef]
21. Niess, J.H.; Brand, S.; Gu, X.; Landsman, L.; Jung, S.; McCormick, B.A.; Vyas, J.M.; Boes, M.; Ploegh, H.L.; Fox, J.G.; et al.

CX3CR1-Mediated Dendritic Cell Access to the Intestinal Lumen and Bacterial Clearance. Science 2005, 307, 254–258. [CrossRef]
[PubMed]

22. Bertani, F.R.; Mozetic, P.; Fioramonti, M.; Iuliani, M.; Ribelli, G.; Pantano, F.; Santini, D.; Tonini, G.; Trombetta, M.; Businaro, L.; et al.
Classification of M1/M2-Polarized Human Macrophages by Label-Free Hyperspectral Reflectance Confocal Microscopy and Multivariate
Analysis. Sci. Rep. 2017, 7, 8965. [CrossRef] [PubMed]

23. Zheng, J.; Yang, M.; Shao, J.; Miao, Y.; Han, J.; Du, J. Chemokine Receptor CX3CR1 Contributes to Macrophage Survival in Tumor
Metastasis. Mol. Cancer 2013, 12, 141. [CrossRef] [PubMed]

http://doi.org/10.4049/jimmunol.168.3.1356
http://www.ncbi.nlm.nih.gov/pubmed/11801676
http://doi.org/10.3390/cancers14205125
http://www.ncbi.nlm.nih.gov/pubmed/10383128
http://doi.org/10.1038/nrc2465
http://www.ncbi.nlm.nih.gov/pubmed/18813321
http://doi.org/10.1016/j.semcdb.2015.01.012
http://doi.org/10.1038/s41385-019-0168-y
http://doi.org/10.3389/fimmu.2018.00015
http://doi.org/10.1038/cmi.2017.2
http://doi.org/10.1038/s41423-020-0410-2
http://doi.org/10.4049/jimmunol.1303242
http://www.ncbi.nlm.nih.gov/pubmed/25217163
http://doi.org/10.1023/A:1020558317162
http://www.ncbi.nlm.nih.gov/pubmed/10080101
http://doi.org/10.1084/jem.20011061
http://doi.org/10.1111/j.0105-2896.2009.00874.x
http://www.ncbi.nlm.nih.gov/pubmed/20193025
http://doi.org/10.1002/med.21632
http://www.ncbi.nlm.nih.gov/pubmed/31448437
http://doi.org/10.1016/S1074-7613(00)80257-5
http://www.ncbi.nlm.nih.gov/pubmed/8885864
http://doi.org/10.4049/jimmunol.190.Supp.53.43
http://doi.org/10.3390/cancers13081935
http://doi.org/10.1007/978-3-030-36667-4_1
http://doi.org/10.1126/science.1102901
http://www.ncbi.nlm.nih.gov/pubmed/15653504
http://doi.org/10.1038/s41598-017-08121-8
http://www.ncbi.nlm.nih.gov/pubmed/28827726
http://doi.org/10.1186/1476-4598-12-141
http://www.ncbi.nlm.nih.gov/pubmed/24245985


Cancers 2023, 15, 1475 18 of 18

24. Degli-Esposti, M.A.; Smolak, P.J.; Walczak, H.; Waugh, J.; Huang, C.-P.; DuBose, R.F.; Goodwin, R.G.; Smith, C.A. Cloning and
Characterization of TRAIL-R3, a Novel Member of the Emerging TRAIL Receptor Family. J. Exp. Med. 1997, 186, 1165–1170.
[CrossRef]

25. Liu, J.; Chen, D.; Nie, G.D.; Dai, Z. CD8+CD122+ T-Cells: A Newly Emerging Regulator with Central Memory Cell Phenotypes.
Front. Immunol. 2015, 6, 494. [CrossRef] [PubMed]

26. Ikeda, T.; Hirata, S.; Fukushima, S.; Matsunaga, Y.; Ito, T.; Uchino, M.; Nishimura, Y.; Senju, S. Dual Effects of TRAIL in
Suppression of Autoimmunity: The Inhibition of Th1 Cells and the Promotion of Regulatory T Cells. J. Immunol. 2010, 185,
5259–5267. [CrossRef] [PubMed]

27. Finnberg, N.; Klein-Szanto, A.J.P.; El-Deiry, W.S. TRAIL-R Deficiency in Mice Promotes Susceptibility to Chronic Inflammation
and Tumorigenesis. J. Clin. Investig. 2008, 118, 111–123. [CrossRef]

28. Seki, N.; Hayakawa, Y.; Brooks, A.D.; Wine, J.; Wiltrout, R.H.; Yagita, H.; Tanner, J.E.; Smyth, M.J.; Sayers, T.J. Tumor Necrosis
Factor-Related Apoptosis-Inducing Ligand-Mediated Apoptosis Is an Important Endogenous Mechanism for Resistance to Liver
Metastases in Murine Renal Cancer. Cancer Res. 2003, 63, 207–213.

29. Lamhamedi-Cherradi, S.-E.; Zheng, S.-J.; Maguschak, K.A.; Peschon, J.; Chen, Y.H. Defective Thymocyte Apoptosis and
Accelerated Autoimmune Diseases in TRAIL-/- Mice. Nat. Immunol. 2003, 4, 255–260. [CrossRef]

30. Smyth, M.J.; Cretney, E.; Takeda, K.; Wiltrout, R.H.; Sedger, L.M.; Kayagaki, N.; Yagita, H.; Okumura, K. Tumor Necrosis
Factor-Related Apoptosis-Inducing Ligand (TRAIL) Contributes to Interferon Gamma-Dependent Natural Killer Cell Protection
from Tumor Metastasis. J. Exp. Med. 2001, 193, 661–670. [CrossRef]

31. Beyer, K.; Normann, L.; Sendler, M.; Käding, A.; Heidecke, C.-D.; Partecke, L.I.; von Bernstorff, W. TRAIL Promotes Tumor
Growth in a Syngeneic Murine Orthotopic Pancreatic Cancer Model and Affects the Host Immune Response. Pancreas 2016, 45,
401–408. [CrossRef] [PubMed]

32. Adams, A.B.; Williams, M.A.; Jones, T.R.; Shirasugi, N.; Durham, M.M.; Kaech, S.M.; Wherry, E.J.; Onami, T.; Lanier, J.G.; Kokko, K.E.; et al.
Heterologous Immunity Provides a Potent Barrier to Transplantation Tolerance. J. Clin. Investig. 2003, 111, 1887–1895. [CrossRef] [PubMed]

33. Lerret, N.M.; Houlihan, J.L.; Kheradmand, T.; Pothoven, K.L.; Zhang, Z.J.; Luo, X. Donor-Specific CD8+Foxp3+ T Cells Protect
Skin Allografts and Facilitate Induction of Conventional CD4+Foxp3+ Regulatory T Cells. Am. J. Transplant. 2012, 12, 2335–2347.
[CrossRef] [PubMed]

34. Klebanoff, C.A.; Gattinoni, L.; Torabi-Parizi, P.; Kerstann, K.; Cardones, A.R.; Finkelstein, S.E.; Palmer, D.C.; Antony, P.A.; Hwang,
S.T.; Rosenberg, S.A.; et al. Central Memory Self/Tumor-Reactive CD8+ T Cells Confer Superior Antitumor Immunity Compared
with Effector Memory T Cells. Proc. Natl. Acad. Sci. USA 2005, 102, 9571–9576. [CrossRef] [PubMed]

35. Plesca, I.; Benešová, I.; Beer, C.; Sommer, U.; Müller, L.; Wehner, R.; Heiduk, M.; Aust, D.; Baretton, G.; Bachmann, M.P.; et al.
Clinical Significance of Tumor-Infiltrating Conventional and Plasmacytoid Dendritic Cells in Pancreatic Ductal Adenocarcinoma.
Cancers 2022, 14, 1216. [CrossRef] [PubMed]

36. Gao, J.; Wang, D.; Liu, D.; Liu, M.; Ge, Y.; Jiang, M.; Liu, Y.; Zheng, D. Tumor Necrosis Factor–Related Apoptosis-Inducing Ligand
Induces the Expression of Proinflammatory Cytokines in Macrophages and Re-Educates Tumor-Associated Macrophages to an
Antitumor Phenotype. Mol. Biol. Cell 2015, 26, 3178–3189. [CrossRef] [PubMed]

37. Lee, G.T.; Kim, J.H.; Kwon, S.J.; Stein, M.N.; Hong, J.H.; Nagaya, N.; Billakanti, S.; Kim, M.M.; Kim, W.-J.; Kim, I.Y. Dihydrotestos-
terone Increases Cytotoxic Activity of Macrophages on Prostate Cancer Cells via TRAIL. Endocrinology 2019, 160, 2049–2060.
[CrossRef]

38. Voigt, S.; Philipp, S.; Davarnia, P.; Winoto-Morbach, S.; Röder, C.; Arenz, C.; Trauzold, A.; Kabelitz, D.; Schütze, S.; Kalthoff, H.; et al.
TRAIL-Induced Programmed Necrosis as a Novel Approach to Eliminate Tumor Cells. BMC Cancer 2014, 14, 74. [CrossRef]

39. Eom, Y.W.; Akter, R.; Li, W.; Lee, S.; Hwang, S.; Kim, J.; Cho, M.-Y. M1 Macrophages Promote TRAIL Expression in Adipose
Tissue-Derived Stem Cells, Which Suppresses Colitis-Associated Colon Cancer by Increasing Apoptosis of CD133+ Cancer Stem
Cells and Decreasing M2 Macrophage Population. Int. J. Mol. Sci. 2020, 21, 3887. [CrossRef]

40. Dominguez, G.A.; Condamine, T.; Mony, S.; Hashimoto, A.; Wang, F.; Liu, Q.; Forero, A.; Bendell, J.; Witt, R.; Hockstein, N.; et al.
Selective Targeting of Myeloid-Derived Suppressor Cells in Cancer Patients Using DS-8273a, an Agonistic TRAIL-R2 Antibody.
Clin. Cancer Res. 2017, 23, 2942–2950. [CrossRef]

41. Sag, D.; Ayyildiz, Z.O.; Gunalp, S.; Wingender, G. The Role of TRAIL/DRs in the Modulation of Immune Cells and Responses.
Cancers 2019, 11, 1469. [CrossRef] [PubMed]

42. Liguori, M.; Buracchi, C.; Pasqualini, F.; Bergomas, F.; Pesce, S.; Sironi, M.; Grizzi, F.; Mantovani, A.; Belgiovine, C.; Allavena, P.
Functional TRAIL Receptors in Monocytes and Tumor-Associated Macrophages: A Possible Targeting Pathway in the Tumor
Microenvironment. Oncotarget 2016, 7, 41662–41676. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1084/jem.186.7.1165
http://doi.org/10.3389/fimmu.2015.00494
http://www.ncbi.nlm.nih.gov/pubmed/26539191
http://doi.org/10.4049/jimmunol.0902797
http://www.ncbi.nlm.nih.gov/pubmed/20921531
http://doi.org/10.1172/JCI29900
http://doi.org/10.1038/ni894
http://doi.org/10.1084/jem.193.6.661
http://doi.org/10.1097/MPA.0000000000000469
http://www.ncbi.nlm.nih.gov/pubmed/26390425
http://doi.org/10.1172/JCI200317477
http://www.ncbi.nlm.nih.gov/pubmed/12813024
http://doi.org/10.1111/j.1600-6143.2012.04120.x
http://www.ncbi.nlm.nih.gov/pubmed/22681667
http://doi.org/10.1073/pnas.0503726102
http://www.ncbi.nlm.nih.gov/pubmed/15980149
http://doi.org/10.3390/cancers14051216
http://www.ncbi.nlm.nih.gov/pubmed/35267524
http://doi.org/10.1091/mbc.e15-04-0209
http://www.ncbi.nlm.nih.gov/pubmed/26224317
http://doi.org/10.1210/en.2019-00367
http://doi.org/10.1186/1471-2407-14-74
http://doi.org/10.3390/ijms21113887
http://doi.org/10.1158/1078-0432.CCR-16-1784
http://doi.org/10.3390/cancers11101469
http://www.ncbi.nlm.nih.gov/pubmed/31574961
http://doi.org/10.18632/oncotarget.9340
http://www.ncbi.nlm.nih.gov/pubmed/27191500

	Introduction 
	Materials and Methods 
	Mice 
	Cell Isolation and Culture 
	Flow Cytometry 
	Proliferation Assay of CD3+ Cells 
	Suppression Assay 
	Statistical Methods 

	Results 
	Immune Phenotyping of TRAIL-/- Mice 

	Discussion 
	Conclusions 
	References

