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Progranulin (PGRN) is a secreted anti-inflammatory protein which can be processed by
neutrophil proteases to various granulins. It has been reported that at least a significant
portion of the anti-inflammatory effects of PGRN is due to direct high affinity binding to
tumor necrosis factor receptor-1 (TNFR1) and TNFR2 and inhibition of tumor necrosis
factor (TNF)-induced TNFR1/2 signaling. Two studies failed to reproduce the interaction
of TNFR1 and TNFR2 with PGRN, but follow up reports speculated that this was due
to varying experimental circumstances and/or the use of PGRN from different sources.
However, even under consideration of these speculations, there is still a striking dis-
crepancy in the literature between the concentrations of PGRN needed to inhibit TNF
signaling and the concentrations required to block TNF binding to TNFR1 and TNFR2.
While signaling events induced by 0.2—2 nM of TNF have been efficiently inhibited by low,
near to equimolar concentrations (0.5-2.5 nM) of PGRN in various studies, the reported
inhibitory effects of PGRN on TNF-binding to TNFR1/2 required a huge excess of PGRN
(100-1,000-fold). Therefore, we investigated the effect of PGRN on TNF binding to TNFR1
and TNFR2 in highly sensitive cellular binding studies. Unlabeled TNF inhibited >95% of
the specific binding of a Gaussia princeps luciferase (GpL) fusion protein of TNF to TNFR1
and TNFR2 and blocked binding of soluble GpL fusion proteins of TNFR1 and TNFR2
to membrane TNF expressing cells to >95%, too. Purified PGRN, however, showed in
both assays no effect on TNF-TNFR1/2 interaction even when applied in huge excess.
To rule out that tags and purification- or storage-related effects compromise the potential
ability of PGRN to bind TNF receptors, we directly co-expressed PGRN, and as control
TNF, in TNFR1- and TNFR2-expressing cells and looked for binding of GpL-TNF. While
expression of TNF strongly inhibited binding of GpL-TNF to TNFR1/2, co-expression of
PGRN had not effect on the ability of the TNFR1/2-expressing cells to bind TNF.

Keywords: binding studies, Gaussia princeps luciferase fusion protein, progranulin, tumor necrosis factor, tumor
necrosis factor receptor-1, tumor necrosis factor receptor-2

Abbreviations: ELISA, enzyme-linked immunosorbent assays; FACS, fluorescence-activated cell sorting; GpL, Gaussia
princeps luciferase; HEK293, human embryonal kidney cells 293; KD, equilibrium dissociation constant; PGRN, progranulin;
SPR, surface plasmon resonance; TNE, tumor necrosis factor; TNFR1/2, tumor necrosis factor receptor-1/2.
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INTRODUCTION

Tumor necrosis factor-alpha (TNF) is a pleiotropic cytokine
which has not only crucially implicated in a variety of immu-
noregulatory processes in innate and adaptive immunity, but
has also manifold roles in the control of tissue homeostasis (1).
TNF is initially expressed as a trimeric type II transmembrane
protein (memTNF) from which a soluble trimeric molecule
(sTNF) is released by cleavage by the protease TNF converting
enzyme (TACE) (1). Both sSTNF and memTNF bind with high
affinity to two types of receptors, tumor necrosis factor receptor-1
(TNFR1) and TNF receptor-2 (TNFR2). While memTNF binding
results in strong activation of both TNFR1 and TNFR2, sTNF
binding triggers efficient TNFRI1 signaling but has no or only a
modest effect on TNFR2 activity (1). TNFR1 and TNFR2 interact
furthermore with high affinity with lymphotoxin-a (LTa), also
named TNEF, a soluble ligand trimer which is structurally closely
related to TNF (1). TNFR1 and TNFR2 share a similar extracel-
lular domain architecture comprising four cysteine-rich domains
(CRDs) defining their affiliation to the TNF receptor superfamily
(TNFRSF) (2). The crystallographic structures of TNF in complex
with the ectodomain of TNFR2 and of LT« in complex with the
ectodomain of TNFRI have been solved. Both structures show
that three molecules of TNFR1 or TNFR2 bind into the three
grooves formed by three protomers of a ligand trimer (3, 4).
Since the two TNF receptors have different types of intracellular
domains with basically different binding partners, TNFR1 and
TNFR2 elicit significantly different cellular responses upon acti-
vation. Excessive and/or chronic TNF activity has a pivotal role
in various immune diseases and can contribute to various aspects
of cancer development. TNF and its receptors are, therefore,
considered as promising targets in a variety of diseases. Indeed,
TNF inhibitors are already in clinically practice, since almost
two decades and are powerful drugs in the therapy of Crohn’s
disease, ulcerative colitis, psoriasis, and several arthritic diseases,
including rheumatoid arthritis, psoriatic arthritis, and juvenile
idiopathic arthritis. Although, five TNF-neutralizing biologicals
have been approved, there are still enormous preclinical and
clinical efforts to develop new drugs (antibodies, ligand mutants,
small-molecules) inhibiting TNF, TNFR1, or TNFR2.

Progranulin (PGRN) or granulin precursor (Gene ID GRN)
is a phylogenetically conserved unique protein without stringent
homology to other proteins (5, 6). PGRN is a secretory glycopro-
tein expressed by a variety of cell types and present in blood and
cerebrospinal fluid (5, 6). PGRN is composed and characterized
by cysteine-rich so-called granulin domains. Human PGRN com-
prises N-terminal a truncated version of this domain type which
is followed by seven complete granulin domains. PGRN can be
proteolytically processed in most of the linker regions connecting
the granulin domains resulting in the release of various granulin
peptides covering one or more granulin domains (5, 6). Both
PGRN and PGRN-derived peptides display complex biological
activities, including stimulation of cellular proliferation, immune
regulation, modulation of synaptic activity and neurogenesis (5,
6). In accordance with the latter, mutations in the GRN gene have
been identified as cause of a familiar form of the neurodegenera-
tive disease frontotemporal lobar degeneration (5, 6).

There is growing in vitro and animal model evidence that
the immune modulatory effects of PGRN are based, at least in
part, on the modulation of TNF signaling (7-19). The basis of
this crosstalk, however, appears to be complex, since inhibitory
and stimulatory effects of PGRN on TNF signaling have been
reported. Tang et al. noteworthily identified PGRN as a TNF
antagonist and reported, based on cell-free binding studies, high-
affinities of PGRN for TNFR1 and TNFR2 which even exceeded
those of TNF (7). This could explain the inhibitory effects of
PGRN on TNF signaling. Two other groups, however, failed to
demonstrate direct inhibition of TNF-TNF receptor interaction
(20, 21). A third group reported that PGRN is unable to inhibit
TNF-induced cell death (22). The researchers identifying PGRN
as a competitive inhibitor of TNF binding suggested that these
contradictory findings could result from different chip types used
to analyze the PGRN-TNEFR interaction in cell-free assays by
help of the surface plasmon resonance (SPR) method and/or the
use of PGRN from distinct sources/suppliers or different quality
[Table 1 and Ref. (23, 24)]. Nevertheless, even under considera-
tion of these unverified speculations, the available literature is still
inconsistent with respect to the PGRN concentrations reported to
inhibit TNF binding and TNF signaling (Table 2). The inhibitory
effects of PGRN on TNF signaling in cellular assays have been
observed at low, roughly equimolar nanomolar concentrations of
STNF and PGRN. In contrast, the demonstration of the inhibi-
tory effect of PGRN on TNF-binding to cell expressed TNFR1/2
required a huge excess of 2-3 orders of magnitude of PGRN (7,
10, 14). The use of cell-free systems as well as the use of tagged
and/or purified proteins can lead to misleading results in binding
studies. We, therefore, performed cell-based competitive binding
studies with TNFR1- and TNFR2-expressing cells and various
PGRN variants, including non-tagged non-purified and thus
maximally authentic PGRN derived from human embryonal
kidney cells 293 (HEK293) cells. From these experiments, we
gained no evidence for inhibitory effects of high concentrations
(20-500 nM) of PGRN on the interaction of TNF with TNFR1
and TNFR2.

RESULTS

In SPR experiments, in which PGRN binding to the soluble mon-
omeric extracellular domains of TNFR1 and TNFR2 monomers
adsorbed to a sensor chip has been investigated, Tang et al. identi-
fied PGRN as a high affinity ligand of TNFR1 and TNFR2 with Kp-
values of 1.77 and 1.52 nM (7). These Kp-values were close or even
much lower than those of sSTNF (7.94 nM for TNFR1; 910 nM for
TNFR2) measured in the same study with the same methodology
(7). It is, however, important to note in this context that on intact
cells the affinities of sTNF for its two receptors are much higher
and are in the range 0of 0.02-0.65 nM for TNFR1 and 0.08-0.4 nM
for TNFR2 [e.g., Ref. (25-32)]. Since PGRN was furthermore
reported to act as a competitive inhibitor of sTNF binding, we
evaluated the ability of recombinant purified PGRN to inhibit
binding of a Gaussia princeps luciferase (GpL) fusion protein of
soluble TNF (GpL-TNF) to TNFR1 and TNFR2. The luciferase
from the mesopelagic copepod Gp is a secreted, small (19 kDa),
monomeric luciferase with superior brightness. GpL fusion
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TABLE 1 | Progranulin (PGRN) variants used to study the PGRN-tumor necrosis factor (TNF) crosstalk.

Variant and purification Effect Reference
PGRN-myc-6xHis, Ni-NTA purified Inhibition of TNF signaling and TNF-TNFR1/2 interaction (7)
PGRN-myc-6xHis, Ni-NTA purified Inhibition of TNF-induced chemokine production (11)
PGRN-myc-6xHis, Ni-NTA purified Inhibition of TNF-induced chemokine production (10)
PGRN-myc-6xHis, Ni-NTA purified Inhibition of TNF-induced chemokine production (12)
PGRN-myc-6xHis, Ni-NTA purified Inhibition of TNF binding to Jurkat cells (23)
PGRN-6xHis, purified (R&D Systems) Inhibition of TNF signaling and TNF-TNF receptor interaction (14)
PGRN-6xHis, purified (R&D Systems) No effect on TNF signaling and TNF-TNFR1/2 interaction (20)
PGRN-6xHis, purified (Sino Biologicals) Anti-TNFR2 blocks PGRN-induced Akt signaling (15)
PGRN-6xHis, purified (Sino Biologicals) Neutralizing anti-TNFR2 blocks PGRN-induced signaling (18)
mPGRN-6xHis, purified (R&D Systems) Inhibition of TNF-induced osteoclastogenesis (17)
PGRN-myc-6xHis Inhibition of TNF-triggered ICAM1/VCAM1 induction (13)
PGRN, untagged purified (Adipogen) Enhancement of TNF-induced proliferation of Tregs 9)
PGRN, untagged purified (Adipogen) Inhibition of TNF-induced cytotoxicity (19)
PGRN, untagged purified (Adipogen) TNFR1 and TNFR2 binding in surface plasmon resonance (23)
PGRN, untagged purified (Adipogen) No effect on TNF signaling and TNF-TNFR1/2 interaction (20)
mPGRN, untagged purified (Adipogen)

mPGRN-6xHis, purified (R&D Systems) No effect on TNF signaling and TNF-TNFR1/2 interaction, all PGRN variants (21)

PGRN, purified (five prime therapeutics)
N-TAP-PGRN,? Strep-Tactin purified
PGRN-C-TARP Strep-Tactin purified
PGRN-3xFlag, anti-Flag purified
mPGRN-Fc, protein A purified

tested for their capacity to induce pERK in H4 glioma cells

Inhibitory effects of PGRN on TNF-induced signaling or TNF-tumor necrosis factor receptor (TNFR)1/2 interaction are shown with white background, lack of effect(s) of PGRN on
TNF signaling/TNF receptor binding are shaded in blue, and studies indicating that PGRN effects are mediated by TNFR2 activation are shaded in red.

aN-TAR tandem Strep-Il tag followed by the V5 epitope.
bC-TAR tandem Strep-Il tag followed by the Flag epitope.

proteins offer, therefore, an exquisite sensitivity and a for several
orders of magnitude linear signal strength (33). In particular, we
have demonstrated that fusion of a GpL domain to sTNF neither
affects sSTNF activity nor sTNF receptor binding (32, 34). TNEF-
GpL is, therefore, ideally suited to evaluate competitive inhibitors
of TNF-TNFR1 and TNF-TNFR2 interaction in cell-free and cel-
lular binding studies. In a prototypical cell-free competition assay
with plastic-bound Fc fusion proteins of the TNFR1 and TNFR2
ectodomains (TNFR1ed-Fc and TNFR2ed-Fc), we obtained no
evidence for a significant inhibition of GpL-TNF binding to
the two TNF receptors by a >1,000 fold excess of commercially
available PGRN samples (Figure 1A). Since it has been argued
that PGRN of some suppliers does not interact with TNFR1 and
TNFR2, we used PGRNs from Adipogen (PGRNa) and R&D
Systems (PGRNrp) which have been cited in the studies reporting
direct TNFR1/2-PGRN interaction (Table 1). Next, we analyzed
the effect of PGRN on GpL-TNF binding to cells transfected with
expression plasmids encoding TNFR1 and TNFR2. To prevent
disturbance by signaling related effects of the overexpressed
receptors (in the case of TNFRI1 there is, for example, apoptosis
induction after transient expression!), we used a cytosolic dele-
tion mutant of TNFRI1 in which the death domain of the molecule
has been replaced by the yellow fluorescence protein (YFP) and
a TNFR2 variant in which the intracellular binding site for the
signaling molecule TNF receptor associated factor-2 (TRAF2)
has been substituted by YFP, too. Specific binding of 20 ng/ml
(=200 pM) GpL-TNF to the transiently expressed TNFR1 and
TNFR2 molecules was >800- and >2,400-fold over the unspe-
cific background of mock-transfected control cells pretreated
with a 50,000 ng/ml of unlabeled sSTNE Preincubation of the

TNF receptor transfectants with 50,000, 5,000, and 500 ng/ml of
sTNF diminished specific binding of GpL-TNF to both receptors
completely, for >99 or >90% (Figure 1B). Preincubation of the
TNFR1/2 transfectants with 50,000 ng/ml PGRN from Adipogen,
however, showed no significant inhibition of GpL-TNF binding
(Figure 1B). We obtained similar negative results with two other
batches of PGRN from the same supplier and with PGRN from
R&D systems (Figure S1 in Supplementary Material). Reciprocal
binding studies with membrane TNF expressing cells and GpL
fusion proteins of soluble TNFR1 and TNFR2 variants contain-
ing the ectodomains (ed) of these receptors (TNFR1ed-GpL and
TNFR2ed-GpL) yielded comparable results. Specific binding of
TNFR1ed-GpL and TNFR2ed-GpL to membrane TNF express-
ing HEK293 cells was >2,000- and >200-fold over background
(Figure 1C). Pretreatment of the soluble GpL-receptor molecules
with an excess of sSTNF again reduced specific binding for more
than 95% while preincubation with PGRNa4 showed again no
significant inhibitory effect on TNF-TNFR1/2 interaction
(Figure 1C).

To minimize possible unknown negative effects of the puri-
fication process and storage conditions of the commercially
obtained PGRN samples on their ability to bind to TNFR1 and
TNFR2, we used next cultures supernatants (SNs) and lysates of
HEK293 cells transiently transfected with an expression plasmid
encoding human PGRN. The human cell line HEK293 has been
used here because HEK293 cells not only ensure high transfec-
tion efficiency, but has also used for PGRN production by groups
reporting PGRN-TNFR interaction (7, 10, 23). Western blotting
with a PGRN-specific antibody and PGRNaa as mass standard
showed that PGRN production in the SN (PGRNiy) reached up to
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TABLE 2 | Inhibitory effects of progranulin (PGRN) on tumor necrosis factor (TNF) activity and TNF receptor binding of TNF in intact cells.

TNF activity or binding TNF conc. PGRN conc. Effect Reference
assay (ng/ml) (ng/ml)°
NFkB signaling 10 225 Complete inhibition Figures 6A,C of ref. (7)
NFxB reporter 10 9, 45, 225 IC50: approximately 45 ng/ml Figure 6E of ref. (7)
NF«B regulated genes 10 225 Approximately 90% inhibition Figure 6F of ref. (7)
p38/JNK activation 10 225 Complete inhibition Figure 6G of ref. (7)
TNF inhibition of Treg activity 50 10, 50, 250 IC50: approximately 10 ng/ml Figure S3A of ref. (7)
TNF toxicity 0.08 0-90 IC50: approximately 0.09 ng/ml Figure S14D of ref. (7)
Treg proliferation 50 2, 20, 200 No inhibitory effect of PGRN, but enhancement at 2 and 20 ng/ml Figure 1 of ref. (9)
Treg proliferation 20 2,20, 200 No inhibitory effect of PGRN, but enhancement at 2 and 20 ng/ml Figure 4 of ref. (9)
Gene induction 20 500, 2,500 80% to complete inhibition at 2,500 ng/ml Figure 1 of ref. (10)
Gene induction 20 200 Approximately 50% to near complete inhibition Figures 2 and 3 of
ref. (11)
Gene induction 10 200 Approximately 50-90% inhibition (12)
Gene induction 5 10, 50, 100 Approximately 50% inhibition with 100 ng/ml (13)
Migration 100 250 Approximately 30% (14)
Inhibition of osteoclastogenesis 10 5,50 Strong inhibition (17)
Cell death 0.1 250 Strong inhibition (19)
Fluorescence-activated 250 75,000° Reduction of mean fluorescence intensity approximately 30% Figure 1D of ref. (7)
cell sorting (FACS) 375,000° Reduction of mean fluorescence intensity approximately 90%
FACS Not indicated 5,000¢ Reduction of mean fluorescence intensity approximately 30% Figure 1B of ref. (23)
25,000¢ Reduction of mean fluorescence intensity approximately 90%
50,000¢ Reduction of mean fluorescence intensity approximately 95%
FACS 250 25,000° Reduction of mean fluorescence intensity, quantification not Figure 1 of ref. (10)
possible due to missing indication of background staining
125-TNF cell binding 0.05 0-250 Reduction of bound '?I-TNF approximately 50% with 250 ng/ml (14)

Inhibitory effects of PGRN on TNF-induced cellular responses are shown with white background, inhibitory effects on TNF-TNFR1/2 interaction are shaded in blue.

aTNF (MW 50,000) concentrations were converted as follows: 1 nM = 50 ng/ml.
bPGRN (MW 90,000) concentrations were converted as follows: 1 nM = 90 ng/ml.

°In a volume not indicated in the manuscript, cells were preincubated with 15,000 or 75,000 ng PGRN followed by addition of 50 ng biotinylated TNF. Finally, cell-bound TNF was
detected using avidin-FITC in 200 pl. Indicated concentrations are based on the assumption that the latter volume has also been used in all other incubation steps.

9n a volume not indicated in the manuscript, cells were preincubated with 1000, 5,000 or 10,000 ng PGRN followed by addition of a not indicated amount of biotinylated TNF
followed by detection of cell-bound TNF using streptavidin-FITC. Indicated concentrations are based on the assumption of a volume of 200 ul which is typical for this type of assay.
¢In a volume not indicated in the manuscript, cells were preincubated with 5,000 ng PGRN followed by addition of 50 ng biotinylated TNF. Cell-bound TNF was detected using
streptavidin-FITC. Indicated concentration is based on the assumption of a volume of 200 ul which is typical for this type of assay.

approximately 10,000 ng/ml and lysates of PGRN expressing cells
(PGRNy,) contained approximately 30,000 ng/ml of the protein
(Figure 2A). Noteworthy, PGRN),, somewhat faster in the gel
than PGRNgy and both PGRNy,, and PGRNsy migrated slower
(approximately 85-90 kDa) compared to the PGRN,q; standard
(70-80 kDa, Adipogen data sheet indicates 74 kDa) which was
derived of HEK293 cells, too. Thus, PGRN of different sources
appears to be differentially modified (e.g., by glycosylation). The
sizes of PGRNy, and PGRNiy are in accordance with the literature
typically indicating a size of 88 kDa for PGRN. Next, we subjected
PGRNy, and PGRNsy along with corresponding samples of
empty vector (EV)-transfected cells to competitive binding stud-
ies with plate-bound TNFR2-Fc and GpL-TNE. There was again
no evidence for an interference of PGRN with the interaction of
GpL-TNF and TNFR2. Neither pretreatment with PGRNyy nor
with PGRNiy showed a significant inhibitory effect on GpL-TNF
binding to TNFR2-Fc (Figures 2B,C). In contrast, lysates and
SNs of EV-transfected cells (EV)ys and EVgy) supplemented with
2,000 ng/ml soluble TNF showed efficient inhibition of binding
of GpL-TNF (Figures 2B,C). Similar results were obtained with
plastic-bound TNFRI1-Fc instead of TNFR2-Fc (Figure S2 in
Supplementary Material). There was also no significant inhibi-
tory effect of PGRNsy on TNF-TNFR?2 interaction on intact cells

(Figure 2D; Figure S3 in Supplementary Material). Please note,
cellular binding studies with the PGRN containing cell lysates
(PGRNy,) were not possible due to the cell Iytic effects of the
lysis buffer. It should also be stressed that the lysis buffer used
was prepared according to Tang et al. reporting PGRN-TNFR2
co-immunoprecipitation in this buffer (7). To evaluate the effect
of PGRN on TNF-TNFR1/2 interaction in a second independent
cellular model, we performed competitive binding studies with
HeLa-TNFR2 cells. HeLa-TNFR?2 is a stable HeLa transfectant
expressing in addition to endogenous TNFRI1 also TNFR2 due to
stable transfection (35). Despite their obvious different degree of
modification (Figure 2A), the various PGRN variants (PGRNad;
PGRNyp, and PGRNgy) had no effect on GpL-binding. In con-
trast, pretreatment with sTNF or Flag-LTa (F-LTa) inhibited
GpL-binding for >99 and >98% indicating efficient blockade of
TNFR1 and TNFR2 (Figure S4 in Supplementary Material).

To further minimize possible influencing variables affecting
PGRN-TNF receptor interaction, we secondarily transfected
TNFR2 transfectants with expression plasmids encoding PGRN
(PGRN), soluble TNF (sTNF), or membrane TNF (memTNF),
and analyzed the transfected cells finally again for GpL-TNF
binding. As expected transfection of plasmids encoding sSTNF
or memTNF resulted in strong reduction of GpL-TNF binding
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FIGURE 1 | Preincubation with purified progranulin (PGRN) samples does not interfere with tumor necrosis factor (TNF)-tumor necrosis factor receptor-1 (TNFR1)
and TNF-TNFR2 interaction in cell-free and cellular binding studies. (A) TNFR1-Fc and TNFR2-Fc or an irrelevant human IgG1 (Rituximab) were immobilized to black
enzyme-linked immunosorbent assay (ELISA) plates. Where indicated wells were preincubated with 25 pg/ml untagged PGRN from Adipogen (PGRNag) or 25 pg/ml
myc-6xHis-tagged PGRN from R&D Systems (PGRNrp) for 1 h. GpL-TNF was then added to reach a concentration of 10 ng/ml and finally bound GpL-TNF was
quantified by measuring its GpL activity. As positive control for successful competitive binding inhibition groups were included, where 10 pg/ml of soluble TNF (sTNF)
have been added instead of PGRN. (B) Human embryonal kidney cells 293 (HEK293) cells were transfected with empty vector (EV) or expression plasmids encoding
a deletion mutant of TNFR1, where the death domain has been replaced by yellow fluorescence protein (YFP) (TNFR1) or deletion mutant of TNFR2, where the
TRAF2 binding site has been replaced again by YFP (TNFR2). Next day, aliquots of cells (1 x 10°) were preincubated with 500, 5,000, or 50,000 ng/ml of sTNF or
50,000 ng/ml PGRNg for 2 h at 37°C or remained untreated. Binding studies were performed in technical triplicates with 20 ng/ml GpL-TNF. In the experiment with
TNFR2-transfected cells, a group was pretreated with 20 pg/ml of a blocking TNFR2-specific antibody («TNFR2). Please note, GpL-TNF binding of EV-transfected
cells in the presence and absence of an excess of sSTNF defines the low endogenous expression of TNF receptors which was about 1-3% of the ectopically
expressed receptors. (C) EV-transfected control cells and membrane TNF (memTNF) expressing transfectants were incubated with 100 ng/ml of TNFR1ed-GpL or
TNFR2ed-GpL and mixtures of these GpL variants with 2,000 ng/ml sTNF or 2,000 ng/ml PGRNag. After 90 min, unbound molecules were removed and specific
binding was again obtained by subtracting non-specific binding (EV transfectants) from total binding (memTNF transfectants). Please be aware, the fact that specific
binding of TNFR1ed-GpL is app. Tenfold higher than those of TNFR2ed-GpL reflects the fact that soluble monomeric TNFR1 has much higher affinity for TNF than
soluble TNFR2 molecules and that non-saturating soluble receptor concentrations have been used in this competition assays. **p < 0.0001.

to TNFR2 (Figures 3A,B). Once again PGRN expression failed
to have an effect on TNF-TNFR2 interaction despite robust
expression yielding approximately 3,000 ng/ml PGRN in the
cell culture SN and cell-associated expression comparable to

those of memTNF (Figure 3A). Coexpression of PGRN neither
showed an effect on the number of binding sites for GpL-TNF
nor on the Kp-value of the interaction of GpL-TNF and TNFR2
(Figure 3B). In this simplified and highly sensitive experimental
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FIGURE 2 | Preincubation with untagged human embryonal kidney cells 293 (HEK293) cell-derived progranulin (PGRN) does not interfere with tumor necrosis factor
(TNF)-tumor necrosis factor receptor-1 (TNFR1) and TNF-TNFR2 interaction in cell-free and cellular binding studies. (A) HEK293 cells were transfected with empty
vector (EV) or an expression plasmid encoding non-tagged PGRN. The indicated volume of supernatants (SNs) and cell lysates derived from these transfectants
along with recombinant PGRNaqi (30, 15, and 7.5 ng) as standard were analyzed by Western blotting for the presence of PGRN and estimation of PGRN
concentration. PGRN concentrations reached approximately 10,000 ng/ml in the SN of PGRN transfected cells (PGRNsy) and approximately 30,000 ng/ml in the
corresponding cell lysate (PGRN,s). There was no detectable endogenous PGRN expression neither in the SN (EVsy) nor the lysate (EVys) of EV-transfected cells.
(B,C) TNFR2-Fc or, as a control for unspecific binding, IgG1 was immobilized to black enzyme-linked immunosorbent assay plates. Lysates (B) and SNs (C) of
PGRN and EV-transfected cells [PGRNys and EVs (B), PGRNsy and EVsy (C)] were added for 1 h before the specific binding of 50 ng/ml and GpL-TNF was
determined in triplicates. Where indicated immobilized TNFR2-Fc was pretreated for 1 h with 2,000 ng/ml sTNF or 20 pg/ml of a neutralizing TNFR2-specific
antibody (aTNFR2). (D) HEK293 transfectants expressing TNFR1 or TNFR2 along with control HEK293 cells transfected with EV were preincubated for 1 h with pure
PGRNGsy, pure EVsy, and pure EVsy with and without supplementation with 10,000 ng/ml STNF. After preincubation, cells were incubated in triplicates with 10 ng/ml
GpL-TNF at 37°C for 1 h and finally cell-bound GpL activity was determined. ***o < 0.0001; **p < 0.001.

setting, both PGRN and its potential binding partner TNFR2
were directly expressed by the cells in the assay. This maximally
rules out that experimental handling of the two possible bind-
ing partners or their purification can affect or change their
interaction. In comparable experiments where TNFR1 has been

transiently expressed along with the sTNF and PGRN encoding
expression plasmids, similar results were obtained (Figure S5 in
Supplementary Material).

Finally, we generated PGRN fusion proteins with an N- and
a C-terminal GpL domain (GpL-PGRN and PGRN-GpL)
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by non-linear regression analysis to a single binding site type of interaction by help of the GraphPad Prism 5 software.
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and investigated their binding to TNFR1 and TNFR2. While
4-250 ng/ml GpL-TNF showed significant binding to plastic-
bound TNFRI-Fc and TNFR2-Fc, there was no significant
binding with lysates and SNs of GpL-PGRN (GpL-PGRNy,
and GpL-PGRNsy) and PGRN-GpL (PGRN-GPLy, and PGRN-
GpLsn) expressing HEK293 cells despite using concentration of
up to 5,000-30,000 ng/ml (Figures 4A,B). Likewise, there was
no relevant specific binding of GpL-PGRNgy and PGRN-GpLsy to
TNFR1 and TNFR?2 transfected cells (Figure 4C). Although, one
cannot fully rule out that an authentic N- or C-terminus of PGRN
is important for its putative interaction with TNF receptors, this
appears unlikely because PGRN activity has been reported with
various N- and C-terminally tagged variants (Table 1).

DISCUSSION

A variety of studies demonstrated that PGRN can inhibit TNF-
induced cellular activities. The identification of PGRN as a protein

that “directly binds to TNFR” and causes “dose-dependent inhibi-
tion of TNFa binding to TNFRI and TNFR2” (7) oftered a simple
and straightforward explanation of the inhibitory effects of PGRN
on TNF activity at the molecular level. However, two independent
groups failed to reproduce PGRN binding to TNFR1 (20, 21).
Two other groups found furthermore no evidence for an inhibi-
tory action of PGRN on TNF-induced signaling or even reported
enhanced TNF activity (9, 22). It has been suggested that this was
due to “problematic” PGRN preparations and technical differ-
ences in the cell-free analysis of PGRN-TNFR1/2 interaction by
SPR (24). Indeed, the PGRN variants used by the various groups
differed with respect to the position and nature of tags or were
from different suppliers (Table 1). To avoid the possible impact
of the commercial source, purification procedures or tagging and
to maximally reduce the relevance of “technical” factors, we ana-
lyzed the inhibitory effect of PGRN on receptor binding of TNF
in cellular binding studies at 37°C in normal culture medium not
only with PGRN from commercial sources, but also with fresh,
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FIGURE 4 | Gaussia princeps luciferase (GplL) fusion proteins of progranulin (PGRN) show no relevant binding to tumor necrosis factor receptor-1 (TNFR1) or
TNFR2. (A) Human embryonal kidney cells 293 (HEK293) cells were transiently transfected with expression plasmids encoding GpL-PGRN (GpL-PGRN),
PGRN-GpL (PGRN-GpL), or empty vector (EV). GpL-PGRN concentrations in supernatants (SNs) and cell lysates were determined by help of a GpL fusion protein
of known concentration. SNs and cell lysates, containing approximately 100 ng PGRN-GpL or GpL-PGRN along with 100 ng PGRNag, were subjected to Western
blotting with a PGRN-specific antibody to verify the integrity of the PGRN GpL fusion proteins. (B) TNFR1-Fc, TNFR2-Fc or, as a control for unspecific binding,
higG1 were immobilized to black enzyme-linked immunosorbent assay plates. Lysates and SN of the GpL-PGRN (GpL-PGRN,s and GpL-PGRNsy) and PGRN-GpL
(PGRN-GpLys and PGRN-GpLsy) transfected cells and GpL-tumor necrosis factor (TNF) were added for 1 h and binding was determined in triplicates. (C) TNFR1
and TNFR2 expressing transfectants (total binding) and EV-transfected HEK293 cells (non-specific binding) were subjected to equilibrium binding studies with the
indicated GpL fusion proteins. Specific binding (= total — non-specific binding) values were fitted by non-linear regression analysis to a single binding site type of

non-purified untagged, and thus fully authentic PGRN released
from transiently transfected HEK293 cells. Neither, PGRN
samples from Adipogen and R&D Systems, which has been used

in reports demonstrating PGRN-TNF receptor interaction,
nor HEK293-derived SNs containing untagged PGRN showed
an inhibitory effect on binding of a GpL-TNF fusion protein
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to plastic-bound or cell-expressed TNFR1/2 (Figures 1 and 2;
Figures S1, S2, and S$4 in Supplementary Material). In the experi-
ments with commercially available purified PGRN samples, we
used concentrations up to 25 and 50 pg/ml (approximately 280
and 560 nM) and the HEK293-derived PGRN containing SNs
reached concentrations of around 30 ug/ml, too (Figure 2A). This
was not only a huge excess over GpL-TNF (MW 100,000), which
was applied with 2-50 ng/ml (approximately 0.02-0.5 nM), but
also far higher than the PGRN concentrations used in the litera-
ture to modulate TNF signaling, or than the PGRN levels in the
synovial fluid of patients suffering on rheumatoid arthritis (68 ng/
ml) or malignant lymphomas (91.3 ng/ml) (36, 37). Intriguingly,
expression of PGRN in TNFR2 expressing (Figure 3) or in
TNFRI1 expressing cells (Figure S5 in Supplementary Material)
showed no effect on TNF binding. In an independent approach,
we looked also for direct binding of PGRN to plastic-bound and
cell-expressed TNFR1 and TNFR2. For this purpose, we used
non-purified HEK293-derived variants of PGRN with an N- or
C-terminal GpL-flag reporter domain. With none of these two
variants we found evidence for significant TNFR1 or TNFR2
binding (Figure 4). Since various PGRN variants (Table 1) suc-
cessfully used in the literature to study the PGRN-TNF crosstalk
also carried N- and/or C-terminal tags including a His-tag which
has the potential to interfere with the numerous Cys residues
in PGRN, it appears unlikely that these negative data have been
caused by the sole use of a tag.

Our studies are mainly based on the use of a GpL-fusion
protein of TNE One possibility for the failure of PGRN to
block GpL-TNF binding to TNFR1 and TNFR2, was that the
GpL domain might, instead, directly interact with PGRN, and
artifactually prevent it from interacting with the TNF receptors.
This can, however, be ruled out because we used up to >1,000-
fold molar excess of PGRN in our PGRN/GpL-TNF competition
experiments. Therefore, even if the GpL domain of GpL-TNF did
bind irreversibly to PGRN, a huge surplus of “GpL-free” PGRN
would have been available in our experiments to block TNFR1/
TNFR2 binding by GpL-TNF (or by GpL-TNF in complex with
PGRN).

In sum, we found no evidence for a direct and TNF binding-
competing interaction of PGRN and TNF receptors even not in
experimental settings, where PGRN and TNF receptors were
expressed directly by the cells in the assay and where their
potential interaction can thus not be affected by unknown fac-
tors related to experimental processing (Figure 3; Figure S5
in Supplementary Material). Our results convincingly argue
against a direct generally occurring prototypic PGRN-TNFR1/2
interaction, but of course cannot rule out complex interaction
scenarios, requiring for yet unknown additional factors or chemi-
cal or biological modification of PGRN. We want to stress in this
context that already the studies reporting direct PGRN-TNFR1/2
interaction give indications which challenge the idea that PGRN
acts as a prototypic ligand binding-blocking interaction partner
of TNFR1 and TNFR2.

First, in the initial study describing PGRN as a high-affinity
ligand for TNFR1 and TNFR2, Tang et al. reported affinities
of 1.77 and 1.52 nM for these receptors (7). However, despite
the strong affinities of the PGRN-TNFR1 and PGRN-TNFR2

interactions, excessive high concentrations of PGRN (75,000 ng/
ml = 833 nM) were required to see inhibitory effects on binding
of sSTNF to TNFR1 and TNFR2 and this although TNF receptor
activities were inhibited at much lower PGRN concentrations
(Table 2). Likewise, in various follow up studies the fluorescence-
activated cell sorting (FACS)- and enzyme-linked immunosorb-
ent assays (ELISA)-based demonstration of PGRN binding to
TNFR1/2 in competition experiments with TNF required again
concentrations in the pM instead of nM range while modulation
of TNF signaling was evident at >two orders of magnitude lower
PGRN concentrations (Table 2). Of course, the huge discrepancy
in the reported PGRN concentrations required to inhibit TNF
signaling and to block TNF binding is not compatible with the
mode of action of a simple competitive inhibitor. Second, Tian
et al. analyzed TNFR2-expressing Raw264.7 and THP-1 cells for
TNF binding (50 ng/ml) by FACS and reported that the ability
of a high excess of PGRN (5,000 ng) to reduce sTNF binding
was diminished at higher cell densities (10). Such a cell density/
receptor number dependency of the ability of PGRN to interfere
with TNF binding is again not straightforwardly compatible with
competitive binding inhibition. Third, PGRN enhances TNF-
induced TNFR2-mediated proliferation and suppressive activity
of regulatory T cells (9) and PGRN-induced Akt signaling has
found to be inhibited by neutralizing TNFR2 antibodies (15, 18).
Both observations again argue against competitive inhibition of
TNF binding by PGRN.

CONCLUSION

Two independent studies failed to demonstrate inhibition of TNF
binding to TNF receptors by PGRN (20, 21). Our results obtained
in highly sensitive cellular binding studies with two commercially
available PGRN samples and GpL-tagged and untagged PGRN
containing cell culture SN also gave no evidence for high affinity
and/or competitive PGRN binding to TNFR1 and TNFR2. Thus,
it is obvious that the putative direct and competitive interactions
of PGRN with the two TNF receptors are not robust and straight-
forwardly reproducible. Future studies must identify the factors
or modifications which enable PGRN to bind TNF receptors. Till
then we recommend to be careful in assigning inhibitory effects
of PGRN on TNF function to competitive inhibition of TNF-
TNFR1/2 interaction without direct concomitant experimental
evaluation.

MATERIALS AND METHODS

Reagents and Cell Lines

Progranulin was purchased from Adipogen, Liestal, Switzerland
(untagged protein, #AG-40A-0188Y) and R&D Systems,
Wiesbaden, Germany (C-terminally myc-6xHis-tagged, #). The
expression vector (pCMV6-XL5) encoding untagged human
PGRN (Ac. No.: NM_002087) was from Origene, Rockville, MD,
USA (#SC118822). The anti-PGRN mouse monoclonal antibody
C-11 and the TNF-specific goat IgG N-19 were from Santa Cruz
Biotechnology, Dallas, USA (C-11: #sc-377036; N-19 #sc-1350).
The pEF-BOS-based expression vector encoding membrane TNF
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have been described elsewhere (31). TNFR1-Fc was from R&E
Systems, Wiesbaden, Germany; TNFR2-Fc (Enbrel) was from
Pfizer, the TNF-specific antibody Humira was from AbbVie
(Wiesbaden, Germany), and soluble TNF was a kind gift of Prof.
Daniela Mannel (University of Regensburg). The TNFR1-specific
antibody H398 was kindly provided by Prof. Klaus Pfizenmaier
(University of Stuttgart). Production, characterization, and use of
GpL-Flag-TNC-TNF (abbreviated in the study as GpL-TNF) and
Flag-LTa have been described in detail elsewhere (32, 34). The
Flag tag in GpL-Flag-TNC-TNF was introduced for affinity puri-
fication and the tenascin-C trimerization domain stabilizes the
trimeric nature of the TNF molecule. HEK293 cells (ATCC) were
cultivated in RPMI1640 medium (Sigma-Aldrich, Schnelldorf,
Germany) supplemented with 10% fetal calf serum (Gibco—
Thermo Fisher Scientific, Darmstadt, Germany). The Flag tag-
specific antibody was again from Sigma-Aldrich (Schnelldorf,
Germany). HeLa cells stably transfected with TNFR2 (HeLa-
TNFR2) have been described elsewhere (35). Typical FACS results
of TNFR2 and TNFRI expression of HeLa-TNFR2, HEK293, and
HEK293 cells transiently expressing TNFR1/2 variants are shown
in Figure S6 in Supplementary Material.

Molecular Cloning and Expression of

Recombinant Proteins

The expression vector encoding soluble Flag-TNF was generated
by replacement of the TRAILR2 encoding part in PS435 (kind
gift of Prof. Pascal Schneider, University of Lausanne), a pCR3.1-
based expression vector (Invitrogen—Thermo Fisher Scientific,
Darmstadt, Germany) encoding the human Ig leader followed
by a Flag-tag and TRAILR2, with a DNA amplicon encoding
aa 85-223 of human TNF (ac. no.: NP000585). The TNFR1ed-
GpL and TNFR2ed-GpL encoding expression plasmids are also
based on pCR3.1 and encode expression cassettes comprising the
ectodomain of TNFR1 (aa 1-211 of ac. no.: M58286.1) or TNFR2
(aa 1-257 of ac. no.: M55994.1) followed by the Flag epitope and
aa 18-185 of ac. no.: GM037681 encoding mature, thus leader
free GpL. Two aa insertions (GSAGEF and LE) resulting from
molecular cloning furthermore separate the Flag tag from the
receptor and GpL parts, respectively. The GpL-PGRN encoding
expression plasmid is also a pCR3.1 derivative and encodes GpL
including its leader sequence followed by a Flag tag and aa 21-593
of human PGRN whereby the Flag epitope is connected with the
GpL and the PGRN domain by a five aa (SGAGS) and a two aa
(EF) insertion.

Recombinant proteins were produced in HEK293 cells by tran-
sient transfection of the expression plasmids described above. For
this purpose, the medium of tissue culture dishes with confluent
HEK293 cells was replaced by 15 ml of serum-free RPMI 1640
medium containing penicillin-streptomycin. For each culture,
2 ml of RPMI 1640 medium containing 12 pg of the expression
plasmid of interest were prepared and supplemented dropwise
and under vortexing with 36 ul of a 1 mg/ml polyethylenimine
(PEJ, Polysciences Europe, Hirschberg, Germany). After 15 min
at room temperature, the plasmid/PEI solution was added and
transferred to the HEK293 cells. Next day, the serum-free plas-
mid/PEI-containing medium was replaced by fresh RPMI 1640

medium containing 2% FCS and penicillin-streptomycin. After
4-6 days, SNs were collected and cellular debris was removed by
centrifugation (10 min, 4,630 g). The resulting PGRN contain-
ing SN (PGRNsy) was directly used for experiments or after
dilution in cell culture medium. To obtain cell-associated PGRN
(PGRNy,), correspondingly transfected cells were harvested 48 or
72 h post transfection and lysed in RIPA buffer (Cell Signaling,
Leiden, Netherlands). Finally, concentration of the protein of
interest was evaluated by Western blotting and an appropriate
protein mass standard and/or by measuring the activity of the
GpL domain. The complete Western blots of the cuttings shown
in Figures 2A, 3A and 4A are documented in Figure S7 in
Supplementary Material.

Binding Studies
For cell-free binding studies with plastic surface-immobilized
protein, solutions (2 pg/ml in PBS or 0.1 M carbonate buffer) of
the purified protein of interest [TNFR1-Fc, TNFR2-Fc, PGRN,
Rituximab (Roche, Basel, Switzerland), a CD20-specific human
IgG1 molecule, as a negative control for TNFR1/2-Fc] were sub-
jected to black high bind ELISA plates (Greiner, Frickenhausen,
Germany). After overnight incubation at 4°C and three washes
with PBS Tween, remaining free binding sites were saturated by
incubation (1 h, room temperature) with blocking buffer (10%
FCS in PBS). After three washing cycles with PBS Tween, the
actual binding studies were performed. In the case of equilibrium
binding studies wells were incubated for 2 h with increasing
concentrations of the GpL fusion protein of interest at room tem-
perature. Unbound protein was then removed by five wash cycles
with PBS Tween and finally well-associated luciferase activity was
determined (see below). Values for non-specific binding were
derived from wells coated with control protein or with coating
buffer only and were subtracted from the corresponding total
binding values obtained from the wells coated with the protein of
interest to obtain specific binding values. In the case of competi-
tion binding studies, wells were treated for 0.5-1 h with increasing
concentrations of the potential inhibitor (PGRN variants, sSTNF,
Flag-LTa) or remained untreated before the GpL fusion protein
was added for an additional hour. Finally, wells were again washed
five times and used for quantification of bound luciferase activity.
For cellular binding studies, HEK293 cells were transiently
transfected with expression plasmids encoding the protein of
interest and EV. Next day, cells were divided into the required
number of aliquots of 0.5-1 X 10° cells in 150 ul RPMI 1640
medium with 10% FCS. Where indicated, cells were then
pretreated at 37°C for 1 h with potential antagonistic proteins
(sTNF, Flag-LTa, and PGRN variants), otherwise cells remained
untreated. Cells were then supplemented with the GpL fusion
protein of interest and after an additional incubation period of
1 h, unbound proteins were removed (five washes with PBS).
Finally, cells were collected in 50 pl of RPMI 1640 medium with
0.5% FCS to quantify the remaining cell-bound GpL fusion
protein molecules. Binding values derived of EV-transfected
cells were considered as non-specific binding and binding values
obtained from the transfectants expressing the protein of interest
were considered as total binding. Please note, the expression lev-
els observed after transfection of expression plasmids encoding
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TNFRI1 and TNFR2 were regularly >100-fold higher than those
of endogenously expressed TNFR1. There was no evidence for
endogenous expression of TNF in the HEK293 cells.

Gaussia princeps luciferase activity was measured with the
Gaussia luciferase Assay Kit (New England Biolabs, Frankfurt,
Germany) essentially as described by the supplier. After starting
the reaction by adding substrate-buffer solution, light emis-
sion was immediately (<10 s) quantified (Lucy 2 or a LUmo
Luminometer; both Anthos Labtec Instruments) to minimize
errors due to the decay of GpL activity. Please note, the LUmo
Luminometer has a much higher sensitivity compared to the Lucy
2 luminometer. Data are reported as mean + SEM and were ana-
lyzed by Bonferroni’s test or were analyzed with the “nonlinear
regression to a one-site specific binding curve” or the “nonlinear
regression to a one-site competitive binding curve” function of
the GraphPad Prism5 software.
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