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The family of tumor necrosis factor receptors (TNFRs) and their ligands form a regulatory signaling network that controls im-
mune responses. Various members of this receptor family respond differently to the soluble and membrane-bound forms of
their respective ligands. However, the determining factors and underlying molecular mechanisms of this diversity are not yet
understood. Using an established system of chimeric TNFRs and novel ligand variants mimicking the bioactivity of membrane-
bound TNF (mTNF), we demonstrate that the membrane-proximal extracellular stalk regions of TNFR1 and TNFR2 are crucial
in controlling responsiveness to soluble TNF (sTNF). We show that the stalk region of TNFR2, in contrast to the corresponding
part of TNFRI, efficiently inhibits both the receptor’s enrichment/clustering in particular cell membrane regions and ligand-
independent homotypic receptor preassembly, thereby preventing sSTNF-induced, but not mTNF-induced, signaling. Thus, the
stalk regions of the two TNFRs not only have implications for additional TNFR family members, but also provide potential tar-

gets for therapeutic intervention.

Tumor necrosis factor (TNF) is a central proinflammatory reg-
ulator of the innate immune system mainly produced by mac-
rophages and other cells of the immune system (41). TNF is an
important modulator of cell function and is critically involved in
immune homeostasis, carcinogenesis, and stem cell development
(41, 56, 62). The cytokine is also associated with the pathophysi-
ology of several acute and chronic diseases, including neurode-
generative, fibrotic, and autoimmune diseases. Neutralization of
TNF in autoimmune diseases, such as rheumatoid arthritis, in-
flammatory bowel disease, and psoriasis, represents a major ther-
apeutic success story, illustrating the importance of the cytokine
in disease progression (70). However, the use of TNF-specific
drugs leads to heterogeneous clinical responses and, in some cases,
undesirable side effects, such as infection, autoimmune exacerba-
tions, increased risk of congestive heart failure, and lymphomas
(78). These effects highlight the complexity of TNF signaling.

TNF is produced as a typical type II transmembrane protein
(membrane-bound TNF [mTNF]), which can be cleaved by met-
alloproteases to release the soluble ligand (sTNF) (77). Evidence
for distinct roles of mTNF and sTNF in vivo has been obtained
from diverse studies of genetically modified mice. These animal
models demonstrate that sSTNF is required for the development of
acute and chronic inflammation, whereas mTNF supports pro-
cesses underlying the development of lymphoid tissue and protec-
tion against intracellular bacterial infections, chronic inflamma-
tion, and autoimmunity (2, 36, 64-66). For example, mTNF
exerts autoimmune-suppressive functions in the autoimmune en-
cephalomyelitis model of demyelination (EAE model) and was
insufficient to support the development of chronic arthritis. In
contrast, wild-type TNF promoted inflammation in the EAE
model and arthritogenic functions in diverse mouse models of
arthritis (1, 3). In general, it seems that mTNF has distinct bene-
ficial functions while lacking sTNF’s harmful ones. This may ex-
plain its apparently contradictory observed effects, such as its pro-
versus anti-inflammatory activities or growth stimulation versus
apoptosis induction (41).
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Cellular TNF responses are mediated through signaling via two
members of the TNF receptor (TNFR) superfamily, TNFR1
(CD120a) and TNFR2 (CD120b) (41). Whereas TNFRI1 is ubiq-
uitously expressed at low levels with a few hundred binding sites
per cell, TNFR2 expression is highly regulated and is primarily
found on cells of the immune system, but also on endothelial and
neurological tissues. Differential responsiveness of the two TNFRs
to sSTNF provides an important layer of complexity in the regula-
tion of TNF responses. Whereas TNFR1 can be fully activated by
both forms of TNF, TNFR2 is efficiently activated only by mTNF,
despite binding sTNF with high affinity (24). Thus, mTNF-medi-
ated signaling occurs in a juxtacrine fashion through cell-cell con-
tacts, whereas sTNF is capable of promoting paracrine and sys-
temic functions via TNFRI. The reason for these differential
activation patterns, which are also exhibited by other TNF super-
family members, is unclear at present, but we have previously
shown that the regulatory mechanism for the TNFR system is
located upstream of receptor-signaling complex formation (38)
and was proposed to be linked to the association/dissociation ki-
netics of the given ligand-receptor pair (25).

Once activated, both TNFRs use distinct, but partly overlap-
ping, signaling pathways. TNFR1 initiates strong NF-kB signaling
and efficient activation of caspases via its cytoplasmic death do-

Received 21 October 2011 Returned for modification 15 November 2011
Accepted 18 April 2012

Published ahead of print 30 April 2012

Address correspondence to Anja Krippner-Heidenreich, anja.krippner
-heidenreich@ncl.ac.uk.

*Present address: Division of Molecular Structure, MRC-National Institute for
Medical Research London, United Kingdom.

Supplemental material for this article may be found at http://mcb.asm.org/.
Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/MCB.06458-11

mcb.asm.org 2515


http://dx.doi.org/10.1128/MCB.06458-11
http://mcb.asm.org

Richter et al.

main. It is also capable of initiating necrotic and necroptotic sig-
naling, finally leading to cell death (50). In contrast, TNFR2,
which lacks a death domain, initiates cytoprotective functions
through both classical and nonclassical NF-kB pathways (50, 61).
Hence, TNFR1 and TNEFR?2 are capable of transmitting opposing
signals (6, 22, 41, 54), with TNFR2 being capable of suppressing
TNFR1-mediated proinflammatory responses and exerting neu-
roprotective and tissue regeneration functions in animal models
of diverse pathologies (3, 6, 50, 51, 54). TNFR1-independent
functions of TNFR2 have been convincingly demonstrated in T
cells, showing the importance of TNFR2 for antigen-stimulated
activation, proliferation, and survival (25, 31-33). More recently,
arole for TNFR2 signaling in the selective killing of autoreactive T
cells (4) and the promotion of regulatory T-cell function and ex-
pansion (14) have been demonstrated. In line with this, tolero-
genic roles of mTNF could also be attributed to TNFR2 (1, 34).
Indeed, the importance of differential signaling via TNFR1 and
TNFR2 in balancing specific immune responses provides a poten-
tial target to improve anti-TNF therapies (11, 14, 20, 36) and
requires a more detailed understanding of the differential respon-
siveness of the two TNFRs to sTNF.

Here, we made use of our previously developed unique cellular
system comprising human TNFR chimeras expressed in cells lack-
ing TNFR background and novel TNF variants mimicking mTNF
bioactivity (10, 38). The chimeras contain the relevant TNFR ex-
tracellular domain fused to the intracellular domain of Fas
(TNFR-Fas). They allow exogenous expression of the otherwise
cytotoxic TNFR1 and, in addition, link the signaling of the two
TNFR molecules to identical pathways while maintaining the dif-
ferent patterns of response to sSTNF. By swapping various domains
between TNFR1 and TNFR2, as well as investigating specific re-
ceptor variants, we identified a particular extracellular region
proximal to the transmembrane region, referred to as the “stalk
region,” which effectively prevents sTNF responsiveness via
TNFR2. We demonstrate that a fundamental parameter deter-
mining the responsiveness of TNFRs to sTNF is their arrangement
in the plasma membrane in the absence of ligand. Ligand-inde-
pendent local enrichment of receptors confers sSTNF responsive-
ness and perfectly correlates with enhanced pre-ligand binding
assembly domain (PLAD)-mediated homomultimer formation.
Due to a high degree of homology within the TNFR superfamily,
our results are likely to be relevant to other members. In the long
run, the stalk regions of TNFR family members could represent
potential targets for the modulation of cellular responses, for ex-
ample, by enhancing selective killing of autoreactive T cells and/or
promoting regulatory T-cell functions in autoimmune diseases.

MATERIALS AND METHODS
A detailed description of molecular cloning can be found in the supple-
mental material.

Cell culture, antibodies, and reagents. Simian virus 40 large-T-im-
mortalized murine embryonic fibroblasts (MF) from tnfrl '~ tnfr2~'~
double-knockout mice were kindly supplied by Daniela Madnnel (Univer-
sity of Regensburg, Regensburg, Germany). HeLa cells were obtained
from ATCC and HEK 293 Flp-In T-Rex cells from Invitrogen. MF, HeLa
cells, and cell lines derived from them were cultivated in RPMI 1640
supplemented with 5% (vol/vol) fetal calf serum (FCS) and 2 mM r-glu-
tamine. KYM-1 cells were cultured in RPMI 1640 supplemented with 2
mM L-glutamine and 10% (vol/vol) fetal calf serum. Stably transfected
HEK 293 Flp-In T-Rex cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM), 4.5 g/liter glucose, L-glutamine medium supple-
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mented with 10% (vol/vol) FCS, 15 pg/ml blasticidin S, and 100 pg/ml
hygromycin B (both from Invitrogen Ltd.). Recombinant human TNF
(2 X 107 units/mg) was provided by Knoll AG (Ludwigshaven, Germany).
The cloning, expression, and purification of recombinant CysTNF, a TNF
mutant carrying a cysteine residue near the N terminus, were performed
as described previously (10). Briefly, His-tagged CysTNF was purified
with the help of a nickel column, and endotoxin was removed with Endo-
Trap (Profos AG). The various antibodies were obtained as follows:
mouse anti-human TNFR1 IgG2a (H398) and mouse anti-human TNFR2
IgG1 (MR2-1) were from Hbt Hycult; anti-active caspase 3 IgG (C92-605)
and mouse anti-human TRAF2 IgG2a (C90-481) were from BD; Fas-
specific antibodies (B10) and rabbit anti-human p65 IgG (C-20/sc-372)
were from Santa Cruz; fluorescein isothiocyanate (FITC)-conjugated goat
anti-mouse IgG plus IgM and goat anti-mouse IgG-horseradish peroxi-
dase (HRP) were from Dianova; goat anti-human TNFR2 was from R&D;
and Alexa Fluor 594-conjugated goat anti-rabbit IgG was from Invitro-
gen. The rabbit serum was obtained from Sigma, bis-(sulfosuccinimidyl)-
suberate (BS®) was purchased from Perbio, the protease inhibitors from
Roche Applied Science, and z-Val-Ala-pL-Asp-fluoromethylketone
(zVAD-fmk) from Bachem.

Generation of stable cell lines and transient protein expression. MF
stably transfected with chimeric receptors consisting of the intracellular
portion of Fas and the extracellular and transmembrane regions of
TNFR1 (TNFR1-Fas) and TNFR2 (TNFR2-Fas), respectively, were gen-
erated and described previously (38). All other receptor constructs were
stably transfected into MF using Lipofectamine 2000 (Invitrogen Ltd.)
and a protocol detailed previously (38). For the generation of HeLa cells
stably expressing wild-type TNFR2 and variants thereof, 2.5 X 10° cells/
well were seeded into 6-well plates, grown overnight, and transfected us-
ing Effectene (Qiagen). The next day, cells were selected with 3 g/ml
puromycin A. The medium was replaced every 2 to 3 days, and 2 weeks
later, they were sorted for TNFR2- and TNFR2 variant-positive cells by
flow cytometry using FACSDiva (Becton Dickinson) as described previ-
ously (38). Doxycyline-inducible HEK 293 Flp-In T-Rex cells expressing
TNFR1-Fas were generated previously (9). HEK 293 Flp-In T-Rex cells
inducibly expressing TNFR1-S2T2-Fas, TNFR1-S2,,,T2-Fas, TNFR2-
Fas, TNFR2-S1T1-Fas, TNFR2-S2,,T2-Fas, wild-type TNFR2, TNFR2-
S1T1-R2, and TNFR2-S2, ,,T2-R2 were generated by stable transfection
of pcDNA/FRT/TO encoding the respective construct. The cells were
grown in T75 cell culture flasks to 75% confluence and transfected with
the pcDNA/FRT/TO vector encoding the receptor and the Flp recombi-
nase-encoding pOG44 vector in a 1:10 ratio using the TransIt-293 system
(Mirus Bio). Two days after transfection, cells were selected with 15 pg/ml
blasticidin S and 100 wg/ml hygromycin B. The medium was replaced
every 4 to 5 days, and a typical cell line was obtained from 5 to 10 isogenic
clones.

For transient transfections of HeLa cells with expression constructs in
which O-glycosylation sites had been mutated, 2.5 X 10 cells/well were
seeded into 6-well plates, grown overnight, transfected using Effectene
(Qiagen), and harvested the next day.

Cell viability and apoptosis assays. Cell viability assays with MF sta-
bly expressing TNFR-Fas chimeras were performed as described previ-
ously (38). Briefly, 1 X 10* cells/well were seeded into 96-well plates and
grown overnight. The next day, the cells were stimulated for 8 h as indi-
cated and then stained with crystal violet solution (0.5% [wt/vol] crystal
violet, 20% [vol/vol] methanol) for 15 min. The plates were washed with
H,O and air dried. The dye was resolved in methanol, and the optical
density at 550 nm was measured on a microplate reader (Sunrise; Tecan
Ltd.). The 50% effective dose (EDs,) of the diverse ligands and the
indicated standard error of the mean (SEM) were determined by using
GraphPad Prism software. For the analysis of active caspase 3 levels,
HEK 293 Flp-In T-Rex cells expressing various TNFR-Fas and TNFR2
variants (2 X 10 cells) were induced with 6 ng/ml of doxycycline for 18 h
or left untreated. Cells were harvested, fixed with Cytofix/Cytoperm buf-
fer (BD), washed with Wash/Perm buffer (BD), and incubated with

Molecular and Cellular Biology


http://mcb.asm.org

Wash/Perm buffer containing 2% (vol/vol) rabbit serum for 15 min on
ice. Phycoerythrin (PE)-conjugated rabbit anti-active caspase 3 antibod-
ies (1:13) were added, and the cells were stained at room temperature for
20 min. The cells were washed with Wash/Perm bulftfer, resuspended in
PBA (0.25% [wt/vol] bovine serum albumin [BSA], 0.02% [wt/vol] NaN;
in phosphate-buffered saline [PBS]) and acquired on a FACSCanto II flow
cytometer.

Coimmunoprecipitation of TNFR2-TRAF2 complexes. HeLa cells
stably expressing wild-type TNFR2 and variants thereof (2.5 X 10° cells/
well) were seeded into 6-well plates. The next day, cells were left untreated
or were treated with sSTNF or CysTNF (10 ng/ml each) for 5 to 15 min at
37°C. The cells were washed with ice-cold PBS, harvested, and pelleted.
The cells were then lysed in solubilization buffer (20 mM Tris-HCl, pH
7.5,150 mM NaCl, 1 mM EDTA, 1% [vol/vol] Triton X-100, 30 mM NaF)
supplemented with protease inhibitors and 0.5 mM phenylmethylsulfo-
nyl fluoride (PMSF). Two micrograms of monoclonal goat anti-human
soluble TNFR2 antibodies was added and incubated at 4°C for 2 h prior to
the addition of 10 pl of protein G Sepharose beads (Invitrogen) for 1 h on
a rotary mixer at 4°C. The beads were washed with solubilization buffer,
and Laemmli sample buffer with 5% (vol/vol) 2-mercaptoethanol was
added.

Western blot analyses. Protein samples were supplemented with
Laemmli buffer containing 5% 2-mercaptoethanol, resolved by SDS-
PAGE, and then transferred to nitrocellulose membranes. TNFR-Fas chi-
meras were detected using anti-Fas antibodies and TRAF2 was detected by
anti-human TRAF2 antibodies, in combination with either goat anti-
mouse IgG-HRP or goat anti-rabbit IgG-HRP antibodies. SuperSignal
West Pico or SuperSignal West Dura chemiluminescence substrate
(Thermo Scientific/Pierce) was used, and chemiluminescence was cap-
tured on Kodak BioMax MR autoradiography films (Sigma-Aldrich) or
detected using a Syngene G:Box and GeneSnap v7.09 acquisition software
(Syngene). Western blot band quantification was performed using Gene-
Tools v4.01 analysis software (Syngene).

Microscopy analyses. For the analysis of nuclear translocation of p65,
5 X 10* MF expressing wild-type TNFR2 and variants thereof were seeded
onto glass coverslips in a 24-well plate. The next day, the cells were stim-
ulated with sTNF or CysTNF (100 ng/ml each) for 30 min at 37°C. The
cells were washed with ice-cold PBS and fixed with 3.7% formaldehyde for
10 min at room temperature. The cells were then washed with PBS, per-
meabilized with saponin solution (0.1% [wt/vol] saponin, 0.5% [wt/vol]
BSA in PBS) for 10 min, and blocked with 3% (wt/vol) BSA in PBS for 45
min. Coverslips were stained with rabbit anti-human p65 IgG (1:100) for
2 h, washed with PBS, and stained with Alexa Fluor 594-conjugated goat
anti-rabbit IgG (1:100) for 1 h. The coverslips were washed with PBS and
mounted on microscope slides using Vectashield DAPI (4',6-diamidino-
2-phenylindole)-containing mounting medium. Images were acquired at
X40 magnification on a Zeiss Axio Imager 2 fluorescence microscope
using AxioVision 4.7.2 software. For quantifications of nuclear p65 levels,
more than 200 cells were microscopically assessed. The mean percentage
and standard deviation were calculated from three independent experi-
ments. For receptor cell surface distribution analysis, 8 X 10* HEK Flp-In
T-Rex cells/well were seeded onto poly-L-lysine-coated glass coverslips in
12-well plates and grown for 6 h. The cells were left untreated or induced
with 6 ng/ml doxycycline for 18 h, in the case of cell lines inducibly over-
expressing TNFR-Fas chimeras, in combination with 10 pM zVAD-fmk
when not otherwise stated. sSTNF was labeled using the Alexa Fluor 546
Protein Labeling Kit (Molecular Probes Inc.) according to the manufac-
turer’s instructions. Briefly, sSTNF (1 mg/500 wl) was mixed with 50 pl 1 M
bicarbonate buffer and the reactive dye and incubated for 1 h at room
temperature. sSTNF-Alexa Fluor 546 was purified by exclusion gel chro-
matography, and the bioactivity was verified in cytotoxicity assays. The
cells were washed with ice-cold PBS, stained with 1.7 pg/ml Alexa Fluor
546-labeled sSTNF on ice for 5 min, washed again with ice-cold PBS, and
fixed with 4% formaldehyde at room temperature for 20 min. The cover-
slips were washed and mounted on glass microscope slides using Fluoro-
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mount G mounting medium (Southern Biotech). Images were acquired
on an Andor Revolution XD confocal microscope using Andor iQ 1.9.1
software. For quantitative analyses, images closest to the glass surface were
cropped to generate images with definable cell counts, and receptor clus-
ters were analyzed using Volocity (PerkinElmer) image analysis software.
The images were subjected to thresholding using a standard deviation of
1.5 above the mean pixel intensity of the region selected. Receptor clusters
ranging from 0.04 to 9.72 pm? were quantified and expressed as the av-
erage number of clusters per cell.

TNF dissociation kinetics experiments. TNF was labeled with '*°
using the chloramine-T method, and bioactivity was determined via cell
viability assays on KYM-1 cells. The dissociation kinetics experiments
were performed as described previously (25). Cells were incubated in
binding buffer with '?*I-labeled TNF (60 ng/ml) for 1 h on ice in the
absence or presence of a 200-fold excess of unlabeled TNF. Fifty microli-
ters of cell suspension was suspended in 100 pl of prewarmed binding
buffer (37°C) containing a 150-fold excess of unlabeled TNF on a layer of
phthalate oil and immediately centrifuged or incubated for different times
(10 s to 10 min) prior to centrifugation. Cell-bound radioactivity after
centrifugation was determined as described previously (25).

Immunostaining and flow cytometry. For cell surface staining of
TNFR2, TNFR1-Fas, TNFR2-Fas, and variants thereof, 5 X 10° cells were
harvested and resuspended in PBA containing 5 pg/ml mouse anti-hu-
man TNFR1 and 2.5 pg/ml mouse anti-human TNFR2 and incubated on
ice for 1 h. The cells were washed with PBA and incubated with FITC-
conjugated goat anti-mouse IgG plus IgM antibodies in PBA for 1 h onice
prior to analysis by flow cytometry on a FACSCanto II (Becton Dickin-
son) or an Epics XL-MCL (Beckman Coulter). The percentages of cells
that gated positive and the median fluorescence intensities (MnX) were
calculated using Flow]Jo analysis software.

Chemical protein cross-linking of TNFR-Fas chimeras. Chemical
protein cross-linking of TNFR-Fas chimeras was performed as described
previously (9). MF TNFR-Fas variants were seeded into 6-well plates (3 X
10° cells/well). The next day, the cells were washed with ice-cold PBS and
left untreated or incubated with increasing concentrations of the NH,-
reactive cross-linking reagent BS® (33 wM to 500 wM) for 30 min on ice.
The reaction was stopped by addition of 10 mM Tris-HCl, pH 7.2, and
incubation at room temperature for 15 min. Cells were harvested, pel-
leted, and lysed in buffer A (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1
mM EDTA, 1% [vol/vol] TritonX-100) supplemented with protease in-
hibitors. Protein loading was corrected for equal protein content using
BradfordUltra reagent (Expedeon) and receptor cell surface expression as
determined by flow cytometry.

RESULTS

The stalk regions of TNFR1 and TNFR2 control sTNF respon-
siveness. To elucidate the molecular determinant(s) of the differ-
ent responsiveness of TNFR1 and TNFR2 to sTNF, we swapped
and deleted different regions between the two TNFRs (Fig. 1).
These receptor variants were stably expressed as TNFR-Fas chi-
meras in fibroblasts (MF) from tnfrl '~ tnfr2~’~ double-knock-
out mice, and the response patterns were compared in standard-
ized cytotoxicity assays. TNFR1 and TNFR2 are both readily
activated by mTNF. Accordingly, the efficient activation of the
various TNFR-Fas chimeras by CysTNF, an oligomerized TNF
derivative featuring mTNF-like bioactivity (10, 38), and CHOA1-
12TNF (CHO cells expressing a mutant form of membrane-
bound TNF that cannot be processed to sSTNF), but not wild-type
CHO cells, indicated that all receptor variants were comparably
signaling competent (ED5, = 0.1 to 0.3 ng/ml) (Fig. 2; see Fig. S2
in the supplemental material). MF expressing TNFR1-Fas readily
underwent apoptosis after stimulation with increasing concentra-
tions of STNF (EDs, = 0.1 ng/ml) (Fig. 2A) (38). In contrast,
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FIG1 (A) Schematic representation of wild-type TNFR and TNFR-Fas chimeras. The chimeric receptors TNFR1-Fas and TNFR2-Fas consist of the extracellular
and transmembrane domains of TNFR1 (aa 1 to 236) and TNFR2 (aa 1 to 301), respectively, and the intracellular domain of Fas (aa 191 to 335). The characteristic
four cysteine-rich domains (CRDI to -4), the stalk region (S), the transmembrane region (T), and the amino acids in the fused regions are indicated. In the
TNFRI1-S2T2-Fas and TNFR2-S1T1-Fas chimeras, aa 197 to 236 of TNFR1 and aa 202 to 301 of TNFR2 have been exchanged between the chimeric receptors.
TNFR1-S2,,,T2-Fas and TNFR2-S2,,,T2-Fas represent chimeras in which aa 202 to 243 of the stalk region of TNFR2 have been deleted. (B) Amino acid
sequences of the TNFR1 stalk region (aa 197 to 211), the TNFR2 stalk region (aa 202 to 257), and the stalk region in TNFR2-S,,,T2-Fas after deletion of 42 aa.
Underlining indicates additional amino acids introduced through the applied cloning strategy (see the supplemental material).

TNFR2-Fas was resistant to sTNF even at high concentrations
(100 ng/ml) (Fig. 2B) (38).

Interestingly, swapping the stalk regions (S) (amino acids [aa]
197 to 211 of TNFR1 and aa 202 to 357 of TNFR2), together with
the transmembrane domains (T) between TNFR1-Fas and
TNFR2-Fas (TNFR1-S2T2-Fas and TNFR2-S1T1-Fas, respec-
tively), exchanged their sSTNF responses almost completely (Fig.
2C and D). TNFR1-S2T2-Fas was fully resistant to sSTNF, whereas
TNFR2-S1T1-Fas was nearly as susceptible to sSTNF as TNFR1-
Fas, indicating that the stalk and/or transmembrane region is a
critical determinant of STNF responsiveness. To further deter-
mine the influence of the stalk regions of TNFR on the control of
STNF responsiveness, we deleted 42 amino acids in the TNFR2
stalk region of sSTNF-unresponsive receptor chimeras, resulting in
TNFR1-S2,,,T2-Fas and TNFR2-S2,,,T2-Fas (Fig. 1). Notably,
STNF responsiveness was largely restored in both molecules com-
pared to TNFR1-S2T2-Fas and TNFR2-Fas, both containing the
full-length TNFR?2 stalk region (Fig. 2E and F). While in compar-
ison to CysTNF, TNFR1-S2,,,T2-Fas showed full sSTNF respon-
siveness, the sTNF sensitivity of TNFR2-S2,,,T2-Fas was in-
creased by at least 100-fold relative to that of TNFR2-Fas (Fig. 2E
and compare Fig. 2F and B, respectively) (38), suggesting that a
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major determinant of STNF responsiveness is represented by the
stalk regions of the two TNFRs. Flow cytometry analyses per-
formed in parallel with the biofunctional analyses revealed similar
chimeric cell surface expression levels, allowing us to exclude the
possibility that the differences in sTNF responsiveness are caused
simply by differences in cell surface receptor numbers (see Fig. S1
in the supplemental material). To further confirm the role of the
TNEFR stalk region in controlling sSTNF responsiveness, we gener-
ated TNFR-Fas chimeras with exchanged transmembrane re-
gions, TNFR2-T1-Fas and TNFR1-T2-Fas. The resulting trans-
membrane exchange variants showed only minor effects on sSTNF
responsiveness: the sensitivity increased by approximately a factor
of 3 in TNFR2-T1-Fas, and a minor decrease was observed in
TNFR1-T2-Fas (see Fig. S3A to H in the supplemental material).
Thus, sTNF responsiveness is primarily determined by the stalk
regions of the TNFR and to a minor extent by the transmembrane
regions.

sTNF-induced downstream signaling of wild-type TNFR2 is
abrogated by its stalk region. To verify our results for wild-type
receptors, we analyzed the impact of variations in the stalk region
of TNFR2 on downstream signaling. Using HeLa cells stably ex-
pressing TNFR2, we have shown previously that the differential

Molecular and Cellular Biology


http://mcb.asm.org

TNFR Stalk Regions Control sTNF Responsiveness

A TNFR1-Fas C TNFR1-S2T2-Fas E TNFR1-S2,,,T2-Fas
3.0 2.5+ 2.5+
3 -0- sTNF T T
g 2.5-5: -+ CysTNF g 20]e g 204% -o- sTNF
8 201 8 2 -+ CysTNF
a 154 Q 1.54
S 15 [=A e ZTNF S
£ > | -4~ CysTNF > 104
Z 1.0 = 10 £10
© 2
s © S
2 0.5 > 059 'S 0.5
[7] @ =
o [
0.0 ¢ T T T r ) 00 r T T T ) S 0.0 ¢ T . r r )
0001 001 04 1 10 100 0001 001 041 1 10 100 0001 001 04 1 10 100
ligand [ng/mi] ligand [ng/ml] ligand [ng/ml]
B.s. TNFR2Fas _ . D, TNFR2-S1T1-Fas F TNFR2-S2,,,T2-Fas
g —A— (s: sTNF £ ]
E 20 v £ 20l -o- sTNF E - -0~ STNF
8 b o8 %o 0000 2 -+ CysTNF g 2= -+ CysTNF
Q 154 Q 1.5 &
(=) o § 15
£ 101 Z 1.0 = 10
3 = =
g s s s
>0 S 0.5 < 05
[ = =
o [} [
0.0-— 5} o
0.01 01 1 10 100 L T 00 t

| 0.01 0.1
ligand [ng/ml]

ligand [ng/ml]

T T T T 1
0.01 0.1 1 10 100

ligand [ng/ml]

T 1
1 10 100 0.001

FIG 2 The TNFR2 stalk region inhibits TNFR-Fas responsiveness to STNF. MF generated from tnfr1 '~ tnfr2~/~ double-knockout mice were stably transfected
with TNFR1-Fas (A), TNFR2-Fas (B), TNFR1-S2T2-Fas (C), TNFR2-S1T1-Fas (D), TNFR1-S2,,,T2-Fas (E), and TNFR2-S2,,,T2-Fas (F) expression con-
structs. Cells remained untreated or were treated with sSTNF and CysTNF (0.015 to 100 ng/ml each). Cell viability was assessed by crystal violet staining. The
means and standard deviations of three replicates are shown. The data are representative of more than four independent experiments.

responsiveness of TNFR2 to sTNF and mTNF is manifested at the
level of TRAF2 recruitment (38). We therefore generated HeLa
cell lines stably expressing TNFR2, TNFR2-S1T1-R2, or TNFR2-
S2,4,T2-R2 and analyzed endogenous TRAF2 recruitment by co-
immunoprecipitation of the corresponding signaling complexes.
While CysTNF-mediated levels of recruitment of TRAF2 were
comparable between TNFR2, TNFR2-S1T1-R2, and TNFR2-
S2,4,T2-R2 (Fig. 3A), we observed significant differences in the
sTNF-treated group. In accordance with published data (38),
wild-type TNFR2 was not capable of recruiting high levels of
TRAF2. In contrast, TNFR2-S1T1-R2 and TNFR2-S2,,,T2-R2
both showed enhanced TRAF2 recruitment (Fig. 3B). Parental
HeLa cells express low levels of endogenous TNFR1, which is ac-
tivated by both sSTNF and CysTNF and also recruits TRAF2 into its
signaling complex. Therefore, to exclude the possibility that
TNFR1 stimulation affects TRAF2 recruitment to TNFR2, we re-
peated coimmunoprecipitation experiments with HeLa TNFR2
and HeLa TNFR2-S2,,,T2-Fas cell lines in which TNFR1 expres-
sion had been downregulated by RNA interference. These exper-
iments revealed results very similar to those presented in Fig. 3.
Again, the partial deletion of the stalk region in TNFR2 relieved
the inhibition of sTNF-mediated TRAF2 recruitment (see Fig. S4
in the supplemental material). To assess whether enhanced sTNF-
mediated TRAF2 recruitment is followed by upregulated down-
stream signaling, we explored the nuclear translocation of NF-«kB
P65 by immunostaining. In order to rule out any p65 activation by
endogenously expressed TNFR1, we used our TNFR background-
free MF system stably expressing TNFR2, TNFR2-S1T1-R2, or
TNFR2-S2,,,T2-R2. All three cell lines showed comparably low
nuclear p65 background levels of approximately 10.3% = 1.2%
positive cells (Fig. 4A, D, G, and J). Treatment of cells with sSTNF
for 30 min resulted in an insignificant increase of nuclear p65 for
MF TNFR2 (24.0% = 7.8% positive cells) (compare Fig. 4A, B,
andJ). Treatment with CysTNF, however, induced nuclear trans-

July 2012 Volume 32 Number 13

location of p65 in a significant proportion of TNFR2-positive MF
(45% = 5%) (Fig. 4B and J). In contrast, significantly different
responses could not be observed in MF TNFR2-S1T1-R2 and MF
TNFR2-S2,,,T2-R2. Both, sSTNF and CysTNF treatment caused
p65 translocation in more than 45% of cells, similar to CysTNEF-
treated MF TNFR2 (compare Fig. 4E, F, H, and I with C and J).
These findings demonstrate that the stalk region of TNFR2 pre-
vents sSTNF responsiveness, whereas CysTNF can overcome this
block, probably by avidity effects, mimicking the effects of the
physiological stimulus of mTNF.

O-glycosylation and the length of the stalk or particular
short amino acid stretches within the stalk do not control sTNF
responsiveness. The crucial role of the stalk regions in sTNF re-
sponsiveness raises the question of underlying molecular mecha-
nisms. Obvious differences between the stalk regions of TNFR1
and TNFR?2 are their overall sequences, their lengths, and their
potential glycosylation status. The stalk of TNFR2 is longer (56 aa)
than that of TNFR1 (15 aa) and is rich in proline (Pro) residues
(Fig. 1B). The stalk region of TNFR2, but not TNFRI, is also
highly O-glycosylated (53). To eliminate potential O-glycosyla-
tion sites in the stalk region of TNFR2-Fas chimeras, we sequen-
tially mutated Ser and Thr residues of potential O-glycosylation
clusters to primarily Ala by site-directed mutagenesis (see Fig. S5A
in the supplemental material). Together with this, we functionally
analyzed 10 out of 16 different potential O-glycosylation sites (16
was the number of sites predicted using two independent algo-
rithms [see Fig. S5A in the supplemental material]). Although we
confirmed that the respective point mutations affected glycosyla-
tion of the stalk region (see Fig. S5B in the supplemental material),
we could not detect significant effects on sSTNF responsiveness (see
Fig. S5E and F in the supplemental material). Additionally, we
used benzyl-2-acetamido-2-deoxy-a-D-galactopyranoside (Benz-
a-GalNAc) as an inhibitor of core 1- and 2-linked mucin-type
O-glycosylation. However, despite reduced O-glycosylation and
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FIG 3 The stalk region prevents sTNF-mediated signaling complex formation of wild-type TNFR2. HeLa cells stably expressing TNFR2, TNFR2-S1T1-R2, and
TNFR2-52,,,T2-R2 remained untreated (—) or were treated with sSTNF or CysTNF (10 ng/ml each) for 5, 10, and 15 min at 37°C. TNFR signaling complexes
were immunoprecipitated and analyzed for TRAF2. cIgG, goat anti-TNFR2 (2 g). The data shown are representative of at least three independent experiments.
(A) TRAF2 Western blot analysis. (B) Quantification of TRAF2 Western blots. TRAF2 levels are expressed as percentages of relative recruitment after 5 min of
CysTNF stimulation. The values have been corrected for protein loading as determined from (-actin levels in supernatants after immunoprecipitation. Standard
deviations determined from at least three independent experiments are indicated. Statistical differences between samples were assessed by the nonparametric

Mann-Whitney U test. *, P =< 0.05.

very similar cell surface expression levels after Benz-a-GalNAc
treatment (see Fig. S6A, B, C, F, and G in the supplemental mate-
rial), no enhanced sTNF responsiveness of TNFR2-Fas was ob-
served (see Fig. S6D, E, H, and I in the supplemental material),
indicating that O-glycosylation is unlikely to play a role in the
regulation of sSTNF responsiveness. Furthermore, replacement of
overlapping stretches of 18 to 22 aa with Gly-Ser linkers (Fig. 5A)
had no effect on sTNF responsiveness, demonstrating that ex-
changing approximately a third of the stalk region at any position
is not sufficient to overcome sTNF unresponsiveness and that no
particular subregion of 10 aa or smaller exists within the relevant
42 aa of the stalk that is responsible for this particular phenotype
(Fig. 5B). Sufficient cell surface receptor expression was con-
trolled for by fluorescence-activated cell sorter (FACS) analyses
(see Fig. S7 in the supplemental material). However, when the
complete stalk regions of TNFR1-Fas and TNFR2-Fas chimeras
were replaced with flexible artificial Gly-Ser linkers of 56 aa, high
STNF responsiveness, comparable to that of TNFR1-Fas or the
stalk region deletion mutant TNFR2-S2,,,T2-Fas, could be ob-
served (Fig. 5C and D). These experiments clearly demonstrate
that (i) stalk length, which differs between TNFR1 and TNFR2 by
41 aa (Fig. 1B), is not an important determinant for sSTNF respon-
siveness and (ii) the particular arrangement of amino acids within
the TNFR2 stalk as a whole prevents sTNF responsiveness. There-
fore, our data suggest that it is the overall conformation and/or
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orientation of the TNFR2 stalk region, which is, among others,
manifested by the Pro-rich sequences, that inhibits sSTNF respon-
siveness of the receptor. This unfavorable arrangement can only
be overcome by deletion of the majority of the stalk region or its
complete replacement (Fig. 2E and F and 5D). Even high-level
expression of TNFR?2 is not sufficient to enforce an arrangement
required for sTNF responsiveness (see below).

Neither the dissociation constant nor ligand-receptor com-
plex stability correlates with sTNF responsiveness. Most mem-
bers of the TNFR superfamily contain several cysteine-rich do-
mains (CRD) in their extracellular parts (41) (Fig. 1A). Crystal
structure analyses have revealed CRD2 and CRD3 of soluble
TNFR1 (5) and TNFR2 (45) as ligand interaction sites, giving no
indication of any involvement of the stalk regions. Nevertheless,
the stalk regions of the various receptor chimeras could indirectly
affect ligand-receptor interaction. To exclude major differences in
ligand binding affinities, we performed equilibrium binding stud-
ies on ice using radioactively labeled sTNF. Dissociation constant
(Kp) values for all receptor chimeras were determined in the range
between 20 and 100 pM, indicating that all receptors are occupied
by their ligands to more than 95% at the highest sSTNF concentra-
tion (100 ng/ml) used in our cytotoxicity assays (Table 1; see Fig.
S8 in the supplemental material). This provides strong evidence
that differences in sSTNF binding affinities are not responsible for
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FIG 4 The stalk region determines sSTNF-mediated downstream signaling of wild-type TNFR2. MF stably expressing TNFR2 (A to C and J), TNFR2-S1T1-R2
(D to Fand]J), and TNFR2-52,,,T2-R2 (G to I and J) were left untreated (—) or treated with 100 ng/ml of sSTNF or CysTNF. Cells were stained for endogenous
p65 and analyzed by fluorescence microscopy. (A to I) Representative images of three independent experiments. (J) Quantification of p65 nucleus-positive cells.
The percentages represent proportions of p65 nucleus-positive cells. The standard deviations were calculated from three independent experiments; more than
200 cells/experiment were assessed. Relevant pairs were assessed for their significance by unpaired Student ¢ tests (n.s., not significant; ¥, P < 0.05; **, P < 0.01).

the different sSTNF responses observed for the diverse TNFR-Fas
variants.

Signal initiation at the level of ligand-receptor interaction may
be controlled in a more complex manner than by mere overall
affinity. We previously observed a strong correlation between
STNF responsiveness and receptor-ligand complex stability at
37°C for both wild-type TNFR and TNFR-Fas chimeras (24, 38).
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To test the hypothesis that complex stability would inhibit effi-
cient sSTNF-receptor signal complex formation, we determined
the half-lives (¢,,,) from dissociation studies of radioactively la-
beled sTNF at 37°C complexed with TNFR1-S2T2-Fas, TNFR2-
S1T1-Fas, and the respective parental TNFR-Fas chimeras. The
half-lives of sSTNF/TNFR1-Fas and sTNF/TNFR2-Fas that were
determined were in good agreement with previous results (t,,, =
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FIG5 A Gly-Ser stalk region renders TNFR2 responsive to sSTNF. (A) Amino acid sequences of the stalk regions of wild-type (wt) TNFR2 and various TNFR2-Fas
chimeras in which overlapping amino acid sequences had been replaced by Gly-Ser linkers (Ex1, aa 202 to 219; Ex2, aa 215 to 232; Ex3, aa 228 to 249; Ex4, aa 241
to 257). Linker sequences are underlined. (B to D) MF stably expressing the TNFR2-Fas stalk variants (Ex1, Ex2, Ex3, and Ex4) or TNFR-Fas chimeras in which
the complete stalk regions had been replaced by a 56-aa Gly-Ser linker (C and D) were left untreated or treated with sTNF and CysTNF (0.015 to 100 ng/ml). The
data shown are representative of at least three independent experiments. (B) Cell viability at 100 ng/ml is expressed as a percentage relative to the viability of
untreated cells. The error bars indicate standard deviations from three independent experiments.

30.2 = 5.5 min and 1.0 = 0.14 min, respectively) (Fig. 6A and B).
However, for the diverse receptor chimeras, no correlation be-
tween the ligand-receptor complex half-life and sTNF responsive-
ness could be observed. Although sTNF-TNFR1-S2T2-Fas com-
plexes were much more stable (¢,,, = 7.6 = 0.9 min) (Fig. 6C) than
STNF-TNFR2-Fas complexes (#;,, = 1.0 = 0.14 min) (Fig. 6D),
TNFR1-S2T2-Fas was incapable of signaling upon sTNF binding

TABLE 1 Comparison of dissociation constants and sTNF-induced
cytotoxicities for different TNF receptor mutants”

Receptor Cytotoxicity at

Ky occupancy at 100 ng/ml of
Mutant (pM) 100 ng/ml (%)” STNF (%)
TNFRI1-Fas 93 + 35 95.6 100
TNFR2-Fas 3419 98.1 0
TNFR1-S2T2-Fas 46+ 9 97.8 0
TNFR2-S1T1-Fas 19+9 99.2 62
TNFR1-S2A42T2-Fas 59 £ 13 97.1 100
TNFR2-S2A42T2-Fas 30 £ 12 98.5 53

% Mean values and standard deviations of at least three independent experiments are
shown.

b The degrees of receptor occupancy at 100 ng/ml sTNF, expressed as percentages, were
calculated from the K, values by applying the following equation: receptor saturation
(%) = c/(c + Kp) X 100, with ¢ being the sTNF concentration of interest.

2522 mcb.asm.org

(Fig. 2C). Moreover, sTNF-TNFR2-S1T1-Fas exhibited a half-life
of 1.8 = 0.1 min (Fig. 6D). Which was comparable to that of
TNFR2-Fas (Fig. 6B) but was highly responsive to sTNF, demon-
strating that ligand-receptor complexes with half-lives of only 2
min are capable of inducing downstream signaling (Fig. 2D). In
summary, these results demonstrate that the stability of ligand-
receptor complexes may contribute to, but clearly does not exclu-
sively determine, sSTNF responsiveness.

The stalk region of TNFR2 inhibits ligand-independent ho-
motypic receptor dimerization. Homotypic TNFR oligomeriza-
tion in the absence of ligand has been shown to be important for
signal initiation of TNFR and CD95/Fas (13, 68). Our previous
experiments suggested that the ability of TNFRI to form ligand-
independent homomultimers is stronger than that of TNFR2 (7).
We therefore hypothesized that a higher degree of PLAD-medi-
ated association of receptors could account for increased respon-
siveness to sSTNF and that the stalk region in TNFR may impact
homotypic receptor homomultimerization. To assess the degree
of homotypic TNFR multimer formation, we used increasing con-
centrations of the membrane-impermeable chemical cross-linker
BS®. Western blot analysis detected efficient homotypic receptor
interaction of TNFR2-S1T1-Fas and TNFR2-S2,,,T2-Fas, as in-
dicated by cross-linked homodimers, but not TNFR2-Fas, for
which covalently linked receptor dimers were hardly detectable
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FIG 6 TNF dissociation kinetics at 37°C. MF stably expressing TNFR1-Fas (A), TNFR2-Fas (B), TNFR1-S2T2-Fas (C), and TNFR2-S1T1-Fas (D) were
incubated with '**I-labeled TNF at 4°C. Dissociation of '*’I-labeled TNF was measured at 37°C in the presence of unlabeled sSTNF. Nonspecific binding was
determined in the presence of a 200-fold excess of unlabeled sSTNF (less than 5% of the total binding) and was subtracted. TNFR complex half-lives were

calculated from the one-phase exponential decay curves. The data shown are representative of at least three independent experiments.

(Fig. 7B and D). Importantly, all TNFR2-Fas variants showed very
similar cell surface expression levels compared to those of TNFR2-
Fas in flow cytometry experiments, indicating that different cross-
linking efficiencies were not caused by unequal cell surface

TNFR2-S1T1-Fas, 15, versus MnX of TNFR2-Fas, 14; MnX of
TNFR2-S2,,,T2-Fas, 296, versus MnX of TNFR2-Fas, 282) (Fig.
7A and C). These data suggest that the stalk region of TNFR1
facilitates orientation of receptors with high reactivity to the cross-

expression levels of the various TNFR2-Fas variants (MnX of linker, whereas the stalk region of TNFR2 hampers this process. In
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FIG 7 The TNFR2 stalk region prevents homotypic ligand-independent receptor interactions. MF stably expressing TNFR2-Fas, TNFR2-S1T1-Fas, and
TNFR2-52,,,T2-Fas were analyzed by flow cytometry (A and C) (anti-TNFR2, black line; secondary antibodies only, gray shaded; percentages, cells gated
positive for the chimeras), and homotypic receptor interactions were assessed in chemical cross-linking studies (B and D). (B and D) Cells were incubated with
or without the membrane-impermeable chemical cross-linker BS® (33 wM to 500 uM). The two images in each panel refer to a single gel each. In order to obtain
identical sample sequences, the gel image in panel D was rearranged. Monomeric and dimeric receptor species are indicated. The data shown are representative
of three independent experiments.
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FIG 8 Higher-order receptor cluster formation of wild-type TNFR2 is prevented by the stalk region. HEK 293 Flp-In T-Rex cells inducibly expressing TNFR2
(A, D, and G), TNFR2-S1T1-R2 (B, E, and H), and TNFR2-S2,,,T2-R2 (C, F, and I) were left untreated or induced with doxycycline. The data shown are
representative of three independent experiments. (A to C) Receptor chimera cell surface expression as analyzed by flow cytometry (anti-TNFR2, black lines;
secondary antibodies only, gray shaded; percentages, cells gated positive for the chimeras). (D to I) Higher-order receptor cluster formation. Cells were stained
with Alexa Fluor 546-labeled sTNF and analyzed by confocal microscopy. Optical layers from the vertical z axis were stacked. The layer images closest to the glass
surface of representative cells are shown. The boxes indicate areas that are shown at X 8.4 magnification in panels G, H, and I. Higher-order receptor clusters are

indicated by arrows.

support of this hypothesis, the exchange of only the transmem-
brane domain of TNFR2 with that of TNFR1 (TNFR2-S2T1-Fas)
did not significantly affect BS’-mediated cross-linking product
formation and had only minor effects on sTNF responsiveness
(see Fig. S3I and E to H in the supplemental material). Together,
our data demonstrate that ligand-independent homomultim-
erization of receptors parallels and possibly favors sTNF respon-
siveness.

The stalk region of TNFR2 controls receptor cell membrane
partitioning to inhibit downstream signaling. The relationship
between PLAD-mediated receptor homomultimerization and re-
ceptor membrane distribution before ligand binding is unknown.
To examine receptor distribution, we used HEK293 Flp-In T-Rex
(HEK Flp-In) cells stably expressing wild-type TNFR2 and the
respective stalk variants under a doxycycline-inducible promoter.
After doxycycline treatment, each of the generated HEK Flp-In
cell lines (HEK Flp-In TNFR2, HEK Flp-In TNFR2-S1T1-R2, and
HEK Flp-In TNFR2-S2,,,T2-R2) showed a homogeneous popu-
lation of receptor chimera-positive cells at comparable cell surface
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expression levels (Fig. 8A, B, and C). To visualize the cell surface
distribution of these receptors, cells were incubated in parallel on
ice with dye-labeled TNF prior to chemical fixation at room tem-
perature and optical analysis by confocal microscopy. By stacking
optical layers from the vertical z axis, a very homogeneous cell
surface distribution for TNFR2 became apparent (Fig. 8D and G).
In contrast, TNFR2-S1T1-R2 and TNFR2-S2,,,T2-R2 clearly
showed nonhomogeneities in their cell surface receptor expres-
sion (Fig. 8E, H, F, and I).

Quantitative analyses of the clusters revealed that the cluster
size distributions were comparable in all cells investigated irre-
spective of the type of receptor (chimera) expressed, demonstrat-
ing that the most abundant sizes were in the range between 0.36
and 1.08 wm? (see Fig. 10A and B). However, 1.9- and 2.7-fold-
higher total cluster numbers were observed for TNFR2-S1T1-R2-
and TNFR2-S2,,,T2-R2-positive cells, respectively, than for
TNFR2-expressing cells (see Fig. 10A). Similarly, increases in clus-
ter formation by 2.5- and 2.7-fold for TNFR2-S1T1-Fas and
TNFR2-S2,,,T2-Fas, respectively, were found in the respective
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FIG 9 Higher-order receptor cluster formation and activation of TNFR-Fas chimeras are controlled by the stalk region. HEK 293 Flp-In T-Rex cells inducibly
expressing TNFR1-Fas (A, E, and I), TNFR2-Fas (B, F, and J), TNFR2-S1T1-Fas (C, G, and K), and TNFR2-S2,,,T2-Fas chimeras (D, H, and L) were induced
with doxycycline. The data shown are representative of three independent experiments. (A to D) Analyses of the formation of higher-order receptor clusters. Cells
grown in the presence of zZVAD-fmk were stained on ice using Alexa Fluor 546-labeled sTNF. After fixation, the cells were analyzed by confocal microscopy. (E
to H) Analyses of cell surface expression of TNFR-Fas chimeras by flow cytometry. Cells grown in the presence of zVAD-fmk were stained using TNFR1-specific
antibodies (black line in panel E) or anti-TNFR2-specific antibodies (black lines in panels F to H). Also shown are unstained cells (gray shaded) and noninduced
anti-TNFR-stained cells (dashed lines). (I to L) Analyses of spontaneous caspase 3 activation upon TNFR-Fas chimera overexpression. Cells were stained with
anti-active caspase 3 antibodies (black lines) and analyzed by flow cytometry. Also shown are noninduced anti-active caspase 3-stained cells (dashed lines) and

induced unstained cells (gray shaded).

TNFR2-Fas-derived cellular systems (see Fig. 10B). These results
demonstrate that the competence of TNFR2 to be spontaneously
enriched in distinct plasma membrane structures is inhibited by
its stalk region.

To address whether ligand-independent local enrichment of
TNFRs increases their potential to induce downstream signaling,
we performed experiments similar to those described above using
HEK Flp-In cells expressing receptor chimeras as cluster sensors.
Cell lines stably and inducibly expressing TNFR1-Fas, TNFR2-
Fas, TNFR2-S1T1-Fas, and TNFR2-S2,,,T2-Fas were generated,
and the induction of spontaneous cell death, a well-known phe-
nomenon resulting from higher-level expression of death do-
main-containing receptors in the absence of the respective ligand
(29), was examined. TNFR2-Fas chimeras were homogeneously
distributed on the cell surface; in contrast, the stalk variants
TNFR2-S1T1-Fas and TNFR2-S2,,,T2-Fas were found to be lo-
cally enriched after doxycycline induction (Fig. 9B to D and 10B).
Importantly, all generated cell lines (HEK Flp-In TNFR2-Fas
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(Fig. 9F], HEK Flp-In TNFR2-S1T1-Fas [Fig. 9G], and HEK
Flp-In TNFR2-S2,,,T2-Fas [Fig. 9H]) revealed comparable re-
ceptor expression after doxycycline treatment, except that the cell
surface expression of TNFR1-Fas was about 2-fold lower (MnX =
8,911) (Fig. 9E). In agreement with our recent studies (9), spon-
taneous apoptosis was observed in HEK Flp-In TNFR1-Fas cells
(Fig. 91). In contrast, high levels of TNFR2-Fas were well tolerated
by the cells, and no pronounced apoptosis induction could be
observed, either microscopically by the investigation of the de-
tachment of the cells or in a flow cytometry-based caspase 3 activ-
ity assay (Fig. 91 and J). Similar to TNFR1-Fas, the doxycycline-
induced expression of TNFR2-S1T1-Fas and TNFR2-S2,,,T2-Fas
mediated the detachment of the cells, which was paralleled by
activation of caspase 3 in nearly half of the cells (Fig. 9K and L). As
expected, only TNFR1-Fas was more efficient in the activation of
caspase 3 in >80% of the cells (Fig. 91I). These experiments dem-
onstrate that the formation of areas with locally enriched recep-
tors is paralleled by TNFR’s potential to induce efficient ligand-
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FIG 10 Quantitative analysis of TNFR clusters and distribution of TNFR
cluster sizes. Confocal images obtained from the experiments shown in Fig. 8
and 9 (HEK 293 Flp-In T-Rex cells inducibly expressing TNFR2, TNFR2-
SIT1-R2, and TNFR2-S2,,,T2-R2 [A] and TNFR2-Fas, TNFR2-S1T1-Fas,
and TNFR2-S2, ,,T2-Fas [B] chimeras) were quantified for cluster size distri-
bution (0.04 to 9.72 wm?) per cell. The data are representative of 36 to 57 cells
(A) and 25 to 57 cells (B).

independent downstream signaling. Both the distribution and
efficient downstream signaling are controlled by the stalk region,
as it antagonizes nonhomogeneous receptor distribution, as well
as spontaneous signaling initiation within TNFR2. Thus, sTNF
responsiveness requires particular partitioning of the TNF recep-
tors in the plasma membrane, which is controlled by their stalk
regions and accompanied by increased homotypic pre-ligand re-
ceptor associations.

DISCUSSION

A key property of TNFRs that determines the overall cellular re-
sponse to TNF is their differential responsiveness to sTNF and
mTNF (24, 77). Accordingly, sTNF and mTNF can exert specific
and counteracting functions under normal and pathological con-
ditions (36, 64), and distinct TNFR-mediated signaling pathways
balance specific immune responses and neurobiological functions
(4,6,11,43,51,72,74). Despite the central roles of TNFRs in the
regulation of TNF responses, the underlying molecular mecha-
nisms determining receptor responsiveness have long remained
unresolved. By using our previously developed unique cellular
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system and novel TNF variants (10, 38), we identified 42 aa within
the stalk region of TNFR2 that, in contrast to the stalk region of
TNFR1, effectively prevent responsiveness (Fig. 2, 3, and 4). An
assessment of various coparameters for their impacts on sTNF
responsiveness revealed that neither ligand-receptor complex sta-
bility, which was previously suggested to be a major determinant
of sTNF signaling initiation (24, 38), nor O-glycosylation controls
STNF responsiveness (Fig. 6; see Fig. S4 and S5 in the supplemen-
tal material). O-glycoslylation is a prominent molecular feature of
the TNFR2 stalk region, but not of TNFR1, and might be expected
to influence sSTNF responsiveness in a manner similar to that seen
in other signaling systems (35, 57, 58, 75, 80). However, by using
Benzyl-a-GalNAc, as well as a site-directed mutagenesis ap-
proach, to eliminate potential glycosylation sites, we could not
define a specific role for O-glycosylation in the regulation of STNF
responsiveness (see Fig. S5 and S6 in the supplemental material).
After excluding stalk length and any stretch of 10 aa on its own as
a determinant of sSTNF responsiveness (Fig. 5), our data together
suggest that a likely determinant controlling the receptor’s unre-
sponsiveness to sSTNF is TNFR2 stalk rigidity, which is attributable
to its richness in proline residues. In this context, it is salient to
note that longer, Pro-rich stalk regions are characteristic of other
members of the TNFR superfamily, including Ox40, CD27,
4-1BB, and TACI. These receptors require preoligomerized solu-
ble ligands for efficient activation (8, 42, 46, 79), suggesting that,
like TNFR2, the respective membrane-bound ligands are in fact
their relevant activators. Moreover, differential responsiveness to
soluble and membrane-bound ligand has been described for DRS5,
but not DR4 (76), and it is noteworthy that the stalk region of DR5
(but not of DR4) is comparable in length and proline content to
the TNFR?2 stalk region.

Another molecular feature with potential relevance for ligand
binding and signal initiation of several TNFR superfamily mem-
bers, including TNFR1, TNFR2, and Fas, is the PLAD located in
the N-terminal CRD1 of the receptors. This domain mediates ho-
motypic receptor interactions in the absence of ligand and has
been proposed to mediate stable ligand-receptor clusters (9, 12,
13, 45, 49, 68). Chan et al. have shown that removal of the PLAD-
positive CRD1 abolishes ligand binding (13), although CRD1 of
TNFR1 does not appear to be directly involved in ligand-receptor
interaction (5, 9). Our own experiments argued for a scaffold
function of CRD1 in the stabilization of CRD2 and supported the
hypothesis of Chan et al. that chemical cross-linkers preferentially
detect PLAD-mediated homomultimers (9). However, data pre-
sented here demonstrate that the receptor’s ability to allow forma-
tion of covalently cross-linked homodimers correlates well with
sTNF responsiveness, but not with its ligand binding affinity, ar-
guing against a need for PLAD-mediated avidity effects for high-
affinity binding (see Fig. S8 in the supplemental material and Ta-
ble 1). Our data thus support the notion that PLAD-mediated
homotypic receptor preassembly is not mandatory for high-affin-
ity sTNF binding but rather is essential for sTNF signaling initia-
tion by the formation of stable ligand-receptor clusters.

Receptor clustering confers several advantages for signal trans-
duction, including increased sensitivity and specificity, simultane-
ity of response, and the segregation of similar signaling systems
(17). Indeed, ligand-mediated trimerization of TNFR is believed
not to be sufficient for signal initiation, but oligomerization of
ligand-receptor complexes into larger clusters has been observed
in parallel with signaling initiation (9, 19, 21, 28, 38, 39, 60, 67, 69,
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71). Membrane-bound ligands themselves tend to be locally en-
riched and inevitably result in the oligomerization of receptors
(27). However, other TNFRs, such as TNFR1 and DR4 (76), can
be readily activated by the respective soluble forms of their li-
gands, which is perhaps surprising given their low cell surface
numbers (typically only 300 to 1,000 receptors per cell for TNFR1)
(55). Our data from wild-type TNFR2, the TNFR2-Fas chimera,
and their stalk variants indicate that the ability to respond to sSTNF
is favored by ligand-independent local enrichment of receptors in
the plasma membrane (compare Fig. 2B, D, and F with 5A to D
and 6 with 7 and 8). Moreover, we identified the stalk region as the
critical determinant controlling spontaneous local enrichment of
wild-type TNFR2, as well as TNFR2-Fas chimeras (Fig. 8D to I and
9A to D). Our experiments indicate that the ability of receptors to
become locally enriched in the absence of ligand is essential, both
for efficient signal transduction by sTNF and for the induction of
spontaneous, ligand-independent cell death (Fig. 91 to L). Parallel
to local enrichment, enhanced formation of cross-linker-reactive
homodimers was observed. Thus, we propose that cell surface
TNER distribution, regulated by the stalk regions, ultimately con-
trols homotypic receptor preassembly; in turn, the requirement
for soluble or membrane-bound ligand is defined, along with the
efficiency of subsequent signal initiation.

What might cause TNF receptors to distribute nonhomoge-
neously in the cellular membrane and to be enriched in locally
confined areas? Receptor preassembly/enrichment in transient
small (6 to 12 nm in diameter) cholesterol-dependent nanoclus-
ters may provide an explanation and reportedly promotes efficient
signal complex formation (26). In support of this, TNFR1, but not
TNFR2, contains a potential cholesterol-binding motif in its
transmembrane domain (LMYRYQR; aa 232 to 238) (18), which
is maintained in TNFR1-Fas, TNFR2-S1T1-Fas, TNFR2-S2T1-
Fas, and TNFR2-S1T1-R2 chimeras. Indeed, in contrast to
TNFR2, TNFR1 was found to localize to cholesterol- and sphin-
golipid-enriched membrane microdomains in the plasma mem-
brane (15, 16, 30, 40, 44, 48). Consistent with this, we have ob-
served a much slower membrane diffusion of TNFR1 than of
TNFR2 that is sensitive to cholesterol depletion (23). Together,
these data suggest that the enrichment of the two TNFRs in
different membrane microcompartments might control receptor
distribution, PLAD-mediated homomultimerization, and, thus,
STNF responsiveness. However, results from our TNFR2-S2T1-
Fas chimera experiments demonstrate that, rather than the
transmembrane region, the extracellular stalk region is the key
orchestrator of these processes: TNFR2-S2T1-Fas, similar to
TNFR2-Fas, does not show pronounced levels of cross-linker-sen-
sitive homodimers, whereas TNFR2-S2, ,,T2-Fas is efficient in the
formation of preassembled receptors (Fig. 7D; see Fig. S31 in the
supplemental material). Indeed, TNFR2-S2T1-Fas is largely unre-
sponsive to STNF (see Fig. S3H in the supplemental material). In
addition, stalk-mediated disruption of receptor localization in
nanostructured membrane microdomains might represent a
mechanism for downregulating sSTNF responsiveness. With this in
mind, it is worth noting that in the case of Fas, T-cell receptor
(TCR) engagement leads to the redistribution of this death recep-
tor into “lipid rafts,” rendering T cells sensitive to Fas-specific
antibodies in the absence of a secondary cross-linker (47). This
rearrangement seems to be regulated by Rac-1-dependent cyto-
skeletal remodeling, presumably through the dephosphorylation
of the ezrin-radixin-moesin (ERM) proteins (52, 59). Due to se-
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quence homologies between Fas and TNFR2 in the membrane-
proximal intracellular region, an interaction of TNFR2 with the
cytoskeleton is conceivable (63). Alternatively, stalk-mediated
conformational hindrance, posttranslational modifications, or
lipid-protein interactions could antagonize cluster formation.
Due to its comparable interactions with both TNF receptors and
its competition with ligand binding, the recently identified TNFR-
interacting molecule progranulin does not appear to represent a
good candidate for such an interaction partner (73). Overall, the
definitive means by which the long, proline-rich stalk region in-
terferes with local enrichment of receptors, resulting in reduced
formation of PLAD-mediated homomultimers and sTNF unre-
sponsiveness, remains elusive but highlights another excitinglevel
of complexity of receptor activity regulation.

In conclusion, our data reveal a novel mechanism of TNFR
partitioning in the absence of ligand controlling sSTNF responsive-
ness. Our comprehensive analysis identified the stalk regions of
TNER as key determinants for TNFR arrangements and sTNF
responsiveness. Complications currently associated with TNF-di-
rected therapeutics, including impaired host defense and the par-
adoxical triggering of autoimmunity, demand the design of more
TNFR-selective therapeutic agents (20, 36, 37). The stalk regions
of TNFR may become intriguing targets for the specific modula-
tion of TNFR responses in vivo.
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