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Abstract

TNF and LTa.

In the early 1990s, it has been described that LTa and LT form LTa,B and LTap, heterotrimers, which bind to TNFR1
and LTPBR, respectively. Afterwards, the LTa3,—LTPR system has been intensively studied while the LTa,3-TNFR1

interaction has been ignored to date, presumably due to the fact that at the time of identification of the LTa,3-TNFR1
interaction one knew already two ligands for TNFR1, namely TNF and LTa. Here, we show that LTa,[3 interacts not only
with TNFR1 but also with TNFR2. We furthermore demonstrate that membrane-bound LTa,f (memLTa,B), despite its
asymmetric structure, stimulates TNFR1 and TNFR2 signaling. Not surprising in view of its ability to interact with

TNFR2, LTa,P is inhibited by Etanercept, which is approved for the treatment of rheumatoid arthritis and also inhibits

Introduction

The ligands of the tumor necrosis factor (TNF) super-
family (TNFSF) are characterized by a C-terminal TNF
homology domain (THD), which promotes (i) the
assembly into homotrimeric, and in a few cases also
heterotrimeric, molecules and (ii) the binding to receptors
of the TNF receptor superfamily (TNFRSF)"% The
TNESF ligands (TNFLs) form a structurally comparatively
homogeneous protein family'>. With the exception of
lymphotoxin-a (LTa), all TNFLs are initially expressed as
type II transmembrane proteins in which the extracellular
THD is linked to the transmembrane domain and the
intracellular domain by a “stalk” region. Some TNFLs also
occur as soluble variants that arise from the membrane-
bound molecules by processing in the “stalk” region. Since
the soluble TNFLs, including LT«, contain the THD,
these molecules also occur as trimers. Although LT«
protomers do not have a transmembrane domain, they
can be membrane-bound by the formation of hetero-
trimeric molecules with lymphotoxin-B (LTB)*>"°. Indeed,
in addition to the very-well-investigated homotrimeric
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molecule variants, which with the exception of LT[ have
been described for all ligands of the TNESF, a few cases
are known in which two different ligands of the TNFSF
assemble to form stable heterotrimeric molecules. In
addition to the LTa—LTp heterotrimers already men-
tioned, Baff-APRIL and Baff-TWEAK heterotrimers
have also been described”®. Due to their intrinsic asym-
metry, the heterotrimeric ligands of the TNFSF inevitably
have three different receptor interaction surfaces (Fig. 1).
One of these three interaction areas corresponds to one of
the homotypic interaction areas that can be found in the
two corresponding homotrimeric TNFLs (Fig. 1). The two
other heterotypic receptor interaction surfaces (ie.,
formed by different protomers) are different and common
to the two possible heterotrimeric ligand configurations
(Fig. 1).

In the initial publications on the production of the
LTa—LTp heterotrimers, it was described that LT a5 and
LTap, heterotrimers are formed after ectopic coexpres-
sion of LTa and soluble LTB"®. Systematic FACS analysis
with a panel of different LTa antibodies also argued for
the existence of two different forms of membrane-bound
and thus LTB-bound LTa®. The early studies with
recombinantly produced LTa—-LTp heterotrimers repor-
ted only a binding of LTayp to TNFR1 but found no
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Fig. 1 Receptor interaction surfaces of homo- and heterotrimeric TNFL molecules. Homo- and heterotrimeric ligand molecules assembled from
protomers of two different types of TNFSF ligands (TNFLT and TNFL2) can form four different (CIN1, CIN2, C2N1, C2N2) interaction areas for the
TNFRs (R1, R2) recognized by TNFL1 and TNFL2. While the two homotrimeric variants possess each three identical (3xCINT or 3xC2N2), symmetrically
organized receptor interaction surfaces, heterotrimeric TNFLs have inevitably three different receptor interaction areas (C1N1+ CIN2 + C2N1 or
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| i)

binding to the LTPR, which interacts with LTaf}, but not
with LTa homotrimers or TNF. The LTa,B species of
LTa-LTP heterotrimers has therefore not received any
further attention to date. It has not been investigated
whether LTa,f activates TNFR1 signaling and it is also
unclear whether LTa,p binds to and activates TNFR2.

Here, we show that LTa,p is able to trigger
TNEFRI1 signaling despite having reduced valency compared
to LTa and TNF homotrimers to this receptor. We also
demonstrate that soluble and transmembrane LTa,B
interact with TNFR2. More intriguingly, we found that
transmembrane LTa,[3 robustly activates TNFR2 signaling.
We have thus identified transmembrane LTa,p as a novel
TNEFR2 agonist.

Results
TNFR1 and TNFR2 interact with LTa,p heterotrimers

To initially confirm the reported binding of LTayf
heterotrimers to TNFR1, we coexpressed soluble LTa
along with soluble LTB (sLTP) bearing an N-terminal
Gaussia princeps luciferase (GpL) reporter domain and
analyzed the binding of the resulting cell culture super-
natants with respect to TNFR1 and LTPR binding
(Fig. 2A—C). We included in this analysis also TNFR2 for
which an interaction with LTay,p heterotrimers has not
been evaluated so far. To determine the binding of GpL-
sLTB-containing ligand species to TNFR1, TNFR2, and
LTPR, HEK293T cells, which have no or only very low
endogenous expression of these receptors, were tran-
siently transfected with expression plasmids encoding a
TNFR2-GFP fusion protein, glycophosphatidylinositol
(GPI)-anchor-tagged variants of the ectodomains of
TNFR1 (TNFRled-GPI) and LTPR (LTPRed-GPI) or
empty vector (EV). In contrast to the EV-transfected cells,
the HEK293T cells transfected with plasmids encoding
the various TNFR variants all showed strong binding of
GpL-sLTB-containing ligand species (Fig. 2C). Binding of
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GpL-sLTB-containing ligand species to TNFR1led-GPI-
expressing cells was efficiently blocked by soluble TNF
and also reduced by a ligand-blocking anti-TNFR1-Fab,
while a ligand-blocking anti-TNFR2 antibody and a
ligand-blocking LTPR-specific Fab showed no effect
(Fig. 2C). Similarly, binding of GpL-sLTp-containing
ligand species to TNFR2-GFP-expressing cells was almost
completely prevented by soluble TNF and the ligand-
blocking anti-TNFR2 antibody, while the blocking
TNEFR1- and LTPR-specific Fabs showed no inhibitory
effect (Fig. 2C). Last but not least, neither TNF or TNFR1-
specific Fab nor the blocking TNFR2-specific antibody
interfered with binding of GpL-sLTp-containing ligand
species to the LTPRed-GPI-expressing transfectants while
the ligand-blocking LTpR-specific Fab significantly
reduced the binding (Fig. 2C). Since it is well established
that LTaf, does not interact with other TNFRs and that
LTP homotrimers are not stable/functional (see also
Fig. 2B), these data confirmed the formation of sLTa,
heterotrimers in LTa- and LTP-coexpressing cells that
can interact with TNFR1. Moreover, these data similarly
argue that sLTa, heterotrimers interact with TNFR2. To
further substantiate the evidence of the interaction of
TNEFR2 with a GpL-sLTB-containing ligand species, we
analyzed binding to cells with stable TNFR2 expression.
For this, we used stable HeLa-TNFR?2 transfectants, which
express app. 2000 TNFR1 molecules and 50,000 TNFR2
molecules’, and Kym-1 cells expressing app. 1000-3000
TNFR1 molecules and 30,000 TNFR2 molecules'®. Again,
there was strong binding of GpL-sLTp-containing ligand
species to these cells. In accordance with the quite dif-
ferent expression levels of TNFR1 and TNFR2, the anti-
TNFR2 antibody but not the anti-TNFR1-Fab diminished
binding of the GpL-sLTB-containing ligand species
(Fig. 2D). Blockade of endogenous LTPR in HeLa-TNFR2
cells with anti-LTPR-Fab also reduced binding and a
mixture of all three blocking reagents significantly
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Fig. 2 Heterotrimeric LTaf species interact with LTBR, TNFR1, and TNFR2. A Scheme of possible trimers formed upon coexpression of LTa and a
GpL fusion protein of soluble LTR (GpL-sLTB). Please note, LT trimers are expressed but do not bind to LTRR. B HEK293T cells were transiently
transfected with empty vector (EV) or an expression plasmid encoding LTBRed-GP!I. Cells were then incubated for 1h with 1 ug/ml of cell culture
supernatant, transfected with GpL-sLT(3 or a mixture of LTa and GpL-sLTR-encoding expressions plasmids. Cell bound molecules were quantified by
measuring GpL activity. Shown are results from three independent experiments. C HEK293T cells were transiently transfected with empty vector (EV)
or expression plasmids encoding TNFR1-GPI, TNFR2-GFP, or LTPRed-GPI and were preincubated the next day as indicated for 30 min with 10 pg/ml
TNF, 10 pug/ml of a TNFR2-specific antibody, TNFR1- or LTPBR-specific Fabs. Cells were then incubated for 1 h with a cell culture supernatant of cells
transfected with a 1:1 mixture of LTa and GpL-sLTB-encoding expressions plasmid (final ligand concentration 20 ng/ml). Finally, cell bound molecules
were quantified by measuring GpL activity. Shown are results from 10 (EV), 3 (TNFR1-GPI), 6 (TNFR2-GPI) and 8 (LTBR-GPI) independent experiments.
D Hela-TNFR2 and Kym-1 cells were preincubated for 30 min with 10 ug/ml anti-TNFR1-Fab, anti-TNFR2, anti-LTBR-Fab, or a combination of all three
molecules and were then evaluated with respect to binding of GpL-sLTp-containing ligand species as in (C). Shown are the results from six different
experiments. ***p < 0.001; **p < 0.01; *p < 0.05; repeated-measures ANOVA.
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inhibited binding of the GpL-sLTp-containing ligand
species (Fig. 2D).

Next, we wondered whether LTa and membrane LT
form TNFR1- and TNFR2-interacting heteromers as well.
To clarify this issue, we transiently coexpressed LTa and
memLTp in HEK293T cells and analyzed the binding of
soluble TNFR fusion proteins consisting of the extra-
cellular domain of TNFR1, TNFR2, and LTPR and
a C-terminal GpL reporter domain (TNFRled-GpL,
TNFR2ed—-GpL, LTBRed-GpL; Fig. 3A). It turned out that
all three TNFRed—-GpL fusion proteins specifically bound
to cells coexpressing LTa and memLTp (Fig. 3B). The
addition of an excess of soluble TNF inhibited the binding
of the soluble TNFRled-GpL and TNFR2ed-GpL
molecules to the LTa/memLTp-cotransfected cells, but
showed no effect on LTpRed—GpL binding (Fig. 3B). This
is not only consistent with the established formation of
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LTPR-interacting membrane-bound LTaf3, heterotrimers
(memLTap,), but also indicates the interaction of
membrane-bound LTa,p molecules (memLTa,p) with
TNFR1 and TNFR2.

Single-chain-encoded memLTa,B heterotrimers activate
TNFR1 and TNFR2

To investigate in the following more specifically the
interaction of memLTa,p and the two TNF receptors, we
fused by genetic engineering a memLT[ protomer and
two LT« protomers to obtain membrane-bound single-
chain-encoded LTayB (mem(sc)LTayf). For comparison,
we included, where appropriate, in our investigations
single-chain-encoded memLTaf, (mem(sc)LTap,) and
memTNF (Fig. 4A). Flp-In HEK293 cells, which express
no endogenous LTPR or TNFR2 and only low levels of
TNFR1 (Supplemental Fig. 1), were stably transfected
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with mem(sc)LTa,f and mem(sc)LTap, encoding
expression plasmids, resulting in clones with roughly
comparable ligand expression (Fig. 4B, Supplemental Fig.
2). Flow cytometry showed a shift in the MFI by a factor of
approximately 10 and 50 (Fig. 4B), which is in the range
observed in reference 3 for endogenous expression of total
LTa—LTp heterotrimers. Even if the staining efficacy of
antibodies varies to some extent, this suggests that
the expression levels in the stable transfectants are
not excessively high. We considered membrane TNF
(memTNF)-expressing transfectants as a positive control
for TNFR1 and TNFR2 binding. We used for this purpose
CHO-A(1-12)TNF, a previously described!! stable CHO
transfectant expressing a non-cleavable deletion
mutant of membrane TNF (Fig. 4B). Cellular binding
studies with soluble LTPpRed-GpL, TNFR1led-GpL, and
TNFR2ed—-GpL revealed exclusive interaction of mem(sc)
LTap, with LTBRed-GpL (Fig. 4C). In contrast, the mem
(sc)LTayp- and the memTNF-expressing cells bound
TNFRled-GpL and TNFR2ed-GpL (Fig. 4C). Note-
worthy, the mem(sc)LTa,p expressing transfectants
showed also some binding of LTPRed-GpL (Fig. 4C).
Next, we analyzed the ability of the mem(sc)LTa,p and
mem(sc)LTaf, heterotrimers to trigger TNFR1 and/or
TNER2 activation. For this purpose, we cocultivated the
Flp-In HEK293 mem(sc)LTa,p and Flp-In HEK293 mem
(sc)LTap, transfectants and the corresponding control
cells with (i) HeLa cells, only expressing TNFR1, (ii)
HeLa-TNFR2 transfectants’, expressing TNFR1 and
TNFR2, and (iii) HeLa—TNFR2-TNFR1xo cells, a deri-
vative of HeLa—TNFR2 cells expressing only TNFR2
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(Supplemental Fig. 3A, B). Exclusive stimulation of both,
TNEFR1 and TNFR2, result in IL8 production in HeLa
cells what could be straightforwardly quantified by ELISA
(Supplemental Fig. 3C). It turned out that mem(sc)LTaf,-
expressing cells triggered in all three HeLa variants a very
minor IL8 response (Fig. 4D). This is in good accordance
with the hardly detectable expression of the LTPR in
HeLa cells. In contrast, mem(sc)LTa,p-expressing trans-
fectants induced robust IL8 production in all three HeLa
variants, indicating that this variant can stimulate TNFR1
as well as TNFR2 signaling (Fig. 4D). Upregulation of
IL8 expression reflects activation of the classical NF«kB
pathway, which can be activated by TNFR1 and TNFR2.
We also tested the ability of mem(sc)LTa,p to trigger
necroptosis and apoptosis. We recently showed that
FADD-deficient HeLa—RIPK3 transfectants are highly
susceptible to TNFR1-induced necroptosis'?. Cocultiva-
tion of these cells with the mem(sc)LTa,p-expressing
transfectants resulted in cell death induction, which could
be prevented by treatment with the RIPK1 inhibitor nec-1,
which prevents necroptotic activation of RIPK1 (Fig. 5A).
In contrast, as expected, the pan-caspase inhibitor zZVAD
showed no protective effect (Fig. 5A). We furthermore
detected RIPK1 S166 phosphorylation, a hallmark of
necroptotic signaling, in cocultures of HeLa-RIPK3 with
mem(sc)LTa,f expressing cells but not in cocultures with
Flp-In Hek293 control cells (Fig. 5B). Similarly, the mem
(sc)LTayp-expressing cells induced cell death and caspase
activation in Kym-1 cells (Fig. 5C,D), a well-established
cell system in which both TNF receptors cooperate to
induce apoptosis'®'*. Thus, despite its asymmetric nature
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Fig. 4 mem(sc)LTa,B but not mem(sc)LTaf, activate TNFR1 and TNFR2. A Scheme of single-chain encoded memLTaf variants and memTNF.
B Flow cytometry analysis of Flp-In HEK293 transfectants stably expressing mem(sc)LTa, and mem(sc)LTa@, and of a CHO transfectant stably
expressing a non-cleavable mutant of memTNF. Empty vector (EV) transfected cells served as negative controls. C The indicated Flp-In HEK293 and
CHO-A(1-12)TNF cells were analyzed with respect to binding of TNFR1ed-GpL, TNFR2ed-GpL, and LTBRed-GpL. One representative experiment of
three independent experiments are shown. D Hela, Hela-TNFR2, and Hela-TNFR2-TNFR1yo cells were cocultured 1:1 (50,000 cells each) with the
indicated ligand transfectants. Cell culture supernatants were analyzed the next day for their IL8 content by ELISA. Shown are results from three
different experiments. **p < 0.001; **p < 0.01; n.s,, not significant, repeated-measures ANOVA.

and its reduced valency for TNFR1/2 binding, mem(sc)
LTayp is able to trigger TNFR1 and TNFR2 signaling. Not
surprising that in view of these results, mem(sc)
LTaypB-induced TNFR1 and TNFR2 activation was
inhibited by Etanercept (Supplemental Fig. 4), a dimeric
Fc fusion protein of the human TNFR2 ectodomain that is
widely used in the clinic to treat rheumatoid arthritis.

Discussion

The intrinsic asymmetry of heterotrimeric TNFLs
results in three different receptor interaction surfaces
(Fig. 1). TNFR1 and TNFR2 do not or only weakly bind
LTap,. The latter do not share an identical receptor
interaction area with LTas homotrimers but share with
the LTayp heterotrimer the two differing heterotypic
receptor interaction surfaces formed between LTa und
LTP protomers in LTaf heterotrimers (Fig. 1). Thus, it
can be concluded that LTayB bind TNFR2 only/
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preferentially with its single homotypic receptor interac-
tion surface formed between the two LTa protomers. We
also observed residual binding of GpL—s(sc)LTa,f3 to the
LTPR. Again, this makes sense in the view of what is
known about the interaction between LTaf, and the
LTBR. Structural data of the complex between a single
chain-encoded LTaf; heterotrimer and the LTBR showed
that two molecules of the latter interact with the scLTaf3,
molecule: while one binds to the single homotypic
receptor interaction surface formed between the two LT
protomers, the second one binds to one of the two dif-
fering heterotypic receptor interaction surfaces'”. Thus, it
can be expected that LTa,p binds with one of its het-
erotypic receptor interaction surfaces to the LTBR which
is in accordance with our binding data.

TNFR1 and TNFR2 are of paramount importance in the
regulation of acquired and adaptive immunity and play
accordingly a crucial role in the development and
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Fig. 5 mem(sc)LTa,PB induces necroptosis and apoptosis. A, B Hel a-RIPK3-FADDyq cells were challenged with the indicated cell lines/
transfectants 1:1 overnight (5 x 10* cells each) (A) or for 8 h (1 x 10° cells each) (B). Cell cultures were then analyzed by crystal violet staining for
cellular viability (A) and by western blotting (B) for S166 phosphorylation of RIPK1. Where indicated the RIPK1 inhibitor nec-1 was added to prevent
necroptosis, and the pan-caspase inhibitor ZVAD was added to prove involvement of caspases. Shown in (A) are the results of five independent
experiments. B shows one of two experiments with comparable results. C, D Kym-1 cells were challenged 1:1 with the indicated cell lines overnight
(5% 10* cells each) and were then analyzed by crystal violet staining for cellular viability (C) and by western blotting (1 x 10° cells each) (D) for
processing of the indicated proteins. Where indicated the RIPK1 inhibitor nec-1 was added to prevent necroptosis and the protein synthesis inhibitor
cycloheximide (CHX) was added for apoptosis sensitization. Shown in (C) are the results of six independent experiments. D shows one of two
experiments with comparable results. ***p < 0.001; **p < 0.01; *p < 0.05; repeated-measures ANOVA.

progression of autoimmune diseases, such as rheumatoid
arthritis, multiple sclerosis, Crohn’s disease and psoriasis.
Against this background, it would be interesting and
important to know what relative contribution TNF, LTa,
and LTa,p make in vivo to the biology and pathobiology
of the two TNF receptors. However, this aspect is difficult
to investigate with the tools and experimental approaches
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currently available. So, there is e.g, no antibody that
allows to distinguish LT o from LTaf, and LTas. In vivo
studies to identify LTo,p-mediated effects furthermore
are challenging because the knockout (but also the ectopic
expression) of LTa or LT inevitably also affects LTaf3,
biology. Only the indirect study of memLTa,B-mediated
TNER?2 activation is conceivable using knockout models.
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Under consideration of the fact that LTa does not activate
TNEFR2, the comparison of TNF knockout mice and TNE-
TNFR2 double-deficient mice may provide insights into
memLTa,B-induced TNFR2 activities, e.g., in context of
the biology of regulatory T-cells where TNFR2 seems to
play an important function'®. For such studies, however, it
would first have to be clarified whether murine LT a5, has
receptor binding properties analogous to those of the
human LTa,p examined in our study.

Methods
Cell lines and reagents
HEK293T, HelLa, HeLa-TNFR2, HeLa-TNFR2-

TNFR1go, HeLa-RIP3-FADDyo, Kym-1, and CHO cells,
and a stable CHO transfectant expressing a non-cleavable
mutant form of membrane TNF (CHO-A(1-12)TNF)"!
cells were cultivated in RPMI 1640 medium (Sigma-
Aldrich, Germany) with 10% fetal calf serum (FCS)
(GIBCO). HEK-Flp In cells and all transfectants derived
thereof were cultivated in DMEM medium (Sigma-
Aldrich, Germany) with 10% FCS. For the HEK Flp In
cells and not the transfectants, the medium was supple-
mented with 100 pg/ml Zeocin™ (Thermo Fisher Sci-
entificc, MA, USA). Antibodies used in this study were
purchased from the following suppliers: BD Biosciences,
NJ, USA (anti-PARP, 551025; anti-RIPK1, 610459), Cell
Signaling, MA, USA (anti-p-RIPK1, 65746 S; anti-Cas-
pase-9, 9502 S), Enzo Life Sciences, Germany (anti-Cas-
pase-8, ADI-AAM-118-E), Santa Cruz Biotechnology,
Santa Cruz, CA, USA (anti-TNFB (TNFB=LTa) (E-6),
sc-28345), Sigma-Aldrich, Germany (anti-mouse IgG
(whole molecule), R-PE-labeled, P9670; anti-B-Aktin,
A1978) and Thermo Fisher Scientificc MA, USA (anti-
TNFa, PE-labeled, #12-7349-82). Expression plasmids
encoding antibodies, antibody fragments, TNFRSF
receptors, and the various TNESF ligand variants were
obtained by cloning corresponding DNA fragments and
PCR amplicons or combinations thereof in the pCR3
expression vector (Invitrogen, Germany) or into
pcDNAS5/ERT (Thermo Fisher Scientific, MA, USA). The
amino acid sequences of the resulting proteins are indi-
cated in Supplemental Table 1.

Generating stable cell lines

Stable HEK293 transfectants expressing mem(sc)LTa,[3
and mem(sc)LTaf, were established using the Flp/FRT
system. For this, Flp-In-HEK293 cells were cultivated in
10 cm tissue cell culture plates in DMEM supplemented
with 10% FCS until 60—70% confluence had been reached.
Then, for each plate, 1 ml of serum free DMEM medium
was supplemented with 3 pg of the recombinase encoding
plasmid pOG44 and 3 pg of pOG44 (negative control) or
the empty vector plasmid pcDNAS5/FRT or mem(sc)
LTayf and mem(sc)LTaP, encoding derivatives of
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pcDNAS5/FRT. After dropwise addition of 18l of a
1 mg/ml polyethylenimine (PEI, Polyscience Inc., War-
rington, USA) solution, the mixture was vortexed and
incubated for 10 to 15 min at room temperature. Then,
the medium on the Flp-In-HEK393 plates was replaced by
the DNA/PEI-mixture and 7ml of serum-free DMEM
medium. Stable transfectants were selected by supple-
menting the medium next day with 75 pg/ml Hygromycin
(Merck, Germany, 400051) and 10% FCS. When all cells
were dead in the negative control, the surviving cells of
the pcDNA/FRT, pcDNA/FRT-memLTa,f, and pcDNA/
FRT-memLTaf3, transfections were used for limited
dilution. Finally, clones were analyzed by flow cytometry
for expression of membrane-bound LTaf heterotrimers.

Expression, production, and purification of antibodies,
antibody fragments, TNFRSF receptors, and TNFSF ligands

HEK293T cells were transiently transfected with the
expression plasmid(s) of interest using polyethylenimine
(PEL Polyscience Inc., Warrington, USA) as described
elsewhere'”'®'°, Cells transfected with membrane-bound
TNERSF receptors or membrane-bound TNESF ligands
were used for binding studies and flow cytometry 1 or
2 days post transfection. For production of secreted pro-
teins, all of which were tagged with a Flag epitope, 1 day
post transfection the PEI/DNA-containing transfection
medium was replaced by RPMI 1640 medium supple-
mented with 2% FCS. After 5-7 days supernatants were
cleared from cellular debris by centrifugation (10 min,
4630 x g). Protein concentrations were determined by
western blotting and comparison with a dilution series of
a Flag-tagged protein standard of known concentration.
Constructs containing a Gaussia princeps luciferase
reporter domain for binding studies were used without
further purification. The other proteins were purified by
anti-Flag affinity chromatography as described else-
where'”. The purity and concentration of the purified
proteins were controlled by SDS-PAGE, silver staining of
the gel (12.5%) with the Pierce Silver Stain Kit (Thermo
Fisher Scientific, MA, USA, 24612), and protein standard
proteins of known concentrations and molecular weight
(Amersham LMW Calibration Kit for SDS Electrophor-
esis, GE Healthcare).

Binding studies
Binding of GplL-tagged soluble ligand variants to cell-
expressed TNFRs

HEK293T cells transiently transfected with TNFR
expression plasmids, HeLa-TNFR2, or Kym-1 cells were
harvested and aliquoted in 1.5ml safety-lock tubes
(0.5-1.5 x 10° cells/tube). Cells were then, when indi-
cated, pretreated with blocking TNFR1-, TNFR2- or
LTPBR-specific antibodies or antibody fragments for
30 min at 37°C prior. Cells were incubated for 1h with
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supernatants of HEK293T cells transiently co-transfected
with LTa and GpL-sLTB or GpL-sLTP only encoding
expression plasmids, washed four times by centrifugation
(1 min, 13,000 rpm), resuspended in ice-cold PBS, and
were finally resuspended in 50 ul of RPMI 1640 media
supplemented with 0.5% FCS for the determination of
GpL activity. For this purpose, cells were transferred to a
black 96-well plate and 25 pl of the GpL assay solution
(1.5 uM Coelenterazin (Carl Roth, Germany, 4094.3) in
PBS) was added. Luciferase activity was immediately
measured (1s per well) using a PHOMO Photometer
(Anthos Mikrosysteme, Germany).

Binding of Gpl-tagged soluble receptor variants to
membrane-bound TNF ligands

HEK293T cells transiently transfected with expression
plasmids encoding LTa and memLT( or empty vector
(EV), or Flp-In-HEK293-mem(sc)LTa,f3, Flp-In-HEK293-
mem(sc)LTap,, and Flp-In-HEK293-EV or CHO and
CHO-A(1-12)TNF cells were harvested and aliquoted in
1.5 ml safety-lock tubes (0.5-1.5x 10° cells/tube). Indi-
cated cells were pretreated with 20 pg/ml TNF for
30 min at 37°C. Cells were incubated for 1 h (37°C) with
supernatants containing TNFRled-, TNFR2ed-, and
LTPRed-GpL. After removal of unbound molecules, cells
were washed four times by centrifugation (1 min,
13,000 rpm) and cell-bound GpL activity was determined
as described above. Specific binding was obtained by
subtraction of the non-specific binding values, derived
from the empty vector control cells, from the corre-
sponding total binding values derived from the ligand-
expressing cells. Data analysis was performed with the
GraphPad Prism5 software.

Flow cytometry

To control the success of transient and endogenous
expression of TNF receptors and membrane-bound TNF
ligands, cells were harvested and washed with PBS. Cells
(0.3-2 x 10° cells) were resuspended in PBS and were
incubated for 1 h on ice with the PE-labeled antibody of
interest or an appropriate PE-labeled isotype control
antibody with the dilution/concentration recommended
by the supplier. After removal of unbound antibodies by
washing with PBS, cells were analyzed with an Attune
NxT Flow Cytometer (Invitrogen, CA, USA).

IL8 ELISA

Cells of interest were seeded in 96-well plates. Next day,
the medium was replaced with fresh medium containing
the reagents or stimulator cells of interest. After an
additional day, supernatants were analyzed for IL8
expression using the BD OptEIA™ human IL8-ELISA kit
(BD Biosciences, NJ, USA).
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Determination of necroptosis and apoptosis

Fairly adherent responder cells were seeded in 96-well
plates. The next day, responder cells (HeLa-RIPK3-
FADDyo, Kym-1) were challenged with the stimulator
cells of interest (e.g. mem(sc)LTayp and mem(sc)LTaf,
transfectants) overnight at a ratio of 1:1. Where indicated,
cells were pretreated with 2.5 pg/ml CHX to sensitize for
apoptosis. To prove that the reduced viability was due to
necroptotic or apoptotic cell death, cells were rescued by
adding 90 uM nec-1 to inhibit necroptosis or by adding
20 uM zVAD to prevent apoptosis. Induction of necrop-
totic and apoptotic cell death was furthermore sub-
stantiated by quantification of viable cells using crystal
violet staining and by analyzing total cell lysates by wes-
tern blot for S166 phosphorylation of RIPK1 and cleavage
of caspase-8 and caspase-9, as well as PARP and B-Aktin.
Before the final analysis, mem(sc)LTa,p and mem(sc)
LTap, transfectants, which poorly adhere to the cell
culture plastic or the adherent responder cells, were
removed by one wash with PBS.

Acknowledgements

We thank Prof. Daniela Mannel (University of Regensburg, Germany) for
providing the human TNF, Prof. Dr. Hans-Peter Tony (Department of Internal
Medicine Il, UKW) for providing Etanercept (TNFR2-Fc), and Prof. Pascal
Schneider (University of Lausanne, Switzerland), who provided the expression
plasmids encoding GPl-anchored TNFR1T and LTRR. We thank AG Geier,
Hepatology, UKW, for providing the Flp/FRT system plasmids.

Author contributions

KK. executed the majority of the experiments. I.L, T.Z. and D.S. designed and
conducted specific experiments or developed novel reagents. HW.,, JM. and
KK. conceived the concept, designed the experiments, and wrote the paper.

Funding

This work was supported by Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation: Projektnummer 324392634 — TRR 221; WA 1025/31-1
and WA 1025/33-1) and the European Union’s Horizon 2020 research and
innovation programme (Marie Sklodowska-Curie grant agreement No 813871).
Open Access funding enabled and organized by Projekt DEAL.

Ethics statement
The study did not require ethical approval.

Conflict of interest
The authors declare no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/541419-021-03633-8.

Received: 19 November 2020 Revised: 11 March 2021 Accepted: 15 March
2021

Published online: 06 April 2021

References
1. Bodmer, J. L, Schneider, P. & Tschopp, J. The molecular architecture of the TNF
superfamily. Trends Biochem Sci. 27, 19-26 (2002).


https://doi.org/10.1038/s41419-021-03633-8

Kucka et al. Cell Death and Disease (2021)12:360

Locksley, R. M, Killeen, N. & Lenardo, M. J. The TNF and TNF receptor super-
families: integrating mammalian biology. Cell 104, 487-501 (2001).
Browning, J. L. et al. Characterization of surface lymphotoxin forms. Use of
specific monoclonal antibodies and soluble receptors. J. Immunol. 154, 33-46
(1995).

Browning, J. L. et al. Preparation and characterization of soluble recombinant
heterotrimeric complexes of human lymphotoxins alpha and beta. J. Biol.
Chem. 271, 8618-8626 (1996).

Browning, J. L. et al. Lymphotoxin beta, a novel member of the TNF family
that forms a heteromeric complex with lymphotoxin on the cell surface. Cell
72, 847-856 (1993).

Hochman, P. S, Majeau, G. R, Mackay, F. & Browning, J. L. Proinflammatory
responses are efficiently induced by homotrimeric but not heterotrimeric
lymphotoxin ligands. J. Inflamm. 46, 220-234 (1995).

Roschke, V. et al. BLyS and APRIL form biologically active heterotrimers that are
expressed in patients with systemic immune-based rheumatic diseases. J.
Immunol. 169, 4314-4321 (2002).

Wang, H. Y. et al. Antibody deficiency associated with an inherited autosomal
dominant mutation in TWEAK. Proc. Natl Acad. Sci. USA 110, 5127-5132
(2013).

Weiss, T. et al. Enhancement of TNF receptor p60-mediated cytotoxicity by
TNF receptor p80: requirement of the TNF receptor-associated factor-2
binding site. J. Immunol. 158, 2398-2404 (1997).

Medvedev, A. E, Espevik, T, Ranges, G. & Sundan, A. Distinct roles of the two
tumor necrosis factor (TNF) receptors in modulating TNF and lymphotoxin
alpha effects. J. Biol. Chem. 271, 9778-9784 (1996).

Official journal of the Cell Death Differentiation Association

Page 9 of 9

Grell, M. et al. The transmembrane form of tumor necrosis factor is the prime
activating ligand of the 80 kDa tumor necrosis factor receptor. Cell 83,
793-802 (1995).

Fullsack, S, Rosenthal, A, Wajant, H. & Siegmund, D. Redundant and receptor-
specific activities of TRADD, RIPK1 and FADD in death receptor signaling. Cell
Death Dis. 10, 122 (2019).

Grell, M. et al. Induction of cell death by tumour necrosis factor (TNF) receptor
2, CD40 and CD30: a role for TNF-R1 activation by endogenous membrane-
anchored TNF. EMBO J. 18, 3034-3043 (1999).

Weingartner, M. et al. Endogenous membrane tumor necrosis factor (TNF) is a
potent amplifier of TNF receptor 1-mediated apoptosis. J. Biol Chem. 277,
34853-34859 (2002).

Sudhamsu, J. et al. Dimerization of LTbetaR by LTalphalbeta2 is necessary and
sufficient for signal transduction. Proc. Natl Acad. Sci. USA 110, 1989619901
(2013).

Medler, J. & Wajant, H. Tumor necrosis factor receptor-2 (TNFR2): an
overview of an emerging drug target. Expert Opin. Ther. Targets 23,
295-307 (2019).

Kums, J. et al. Quantitative analysis of cell surface antigen-antibody interaction
using Gaussia princeps luciferase antibody fusion proteins. MAbs 9, 506-520
(2017).

Medler, J. et al. TNFRSF receptor-specific antibody fusion proteins with tar-
geting controlled FcgammaR-independent agonistic activity. Cell Death Dis.
10, 224 (2019).

Rauert, H. et al. Membrane tumor necrosis factor (TNF) induces p100 pro-
cessing via TNF receptor-2 (TNFR2). J. Biol. Chem. 285, 7394-7404 (2010).



	Membrane lymphotoxin-&#x003B1;2&#x003B2; is a novel tumor necrosis factor (TNF) receptor 2 (TNFR2) agonist
	Introduction
	Results
	TNFR1 and TNFR2 interact with LT&#x003B1;2&#x003B2; heterotrimers
	Single-chain-encoded memLT&#x003B1;2&#x003B2; heterotrimers activate TNFR1 and TNFR2

	Discussion
	Methods
	Cell lines and reagents
	Generating stable cell lines
	Expression, production, and purification of antibodies, antibody fragments, TNFRSF receptors, and TNFSF ligands
	Binding studies
	Binding of GpL-tagged soluble ligand variants to cell-expressed TNFRs
	Binding of GpL-tagged soluble receptor variants to membrane-bound TNF ligands

	Flow cytometry
	IL8 ELISA
	Determination of necroptosis and apoptosis

	Acknowledgements




