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Effects of TNFa-Converting Enzyme Inhibition on Amyloid
B Production and APP Processing In Vitro and In Vivo

Minkyu L. Kim,' Bin Zhang,' Ian P. Mills,' Marcos E. Milla,> Kurt R. Brunden,' and Virginia M.-Y. Lee'
ICenter for Neurodegenerative Disease Research, Department of Pathology and Laboratory Medicine, University of Pennsylvania School of Medicine,
Philadelphia, Pennsylvania 19104, and 2In Vitro Pharmacology-Inflammation Discovery, Roche Pharmaceuticals, Palo Alto, California 94304

Tumor necrosis factor-a (TNFa) is a proinflammatory cytokine that is elevated in Alzheimer’s disease (AD) brains. Because TNF« is
released from cell membranes by the TNFa-converting enzyme (TACE), inhibition of TACE has the potential to mitigate TNF« effects in
AD brain. TACE also cleaves amyloid precursor protein (APP) and generates sAPPq, precluding the formation of potentially harmful
amyloid 3 (AB) peptides by 3-site APP cleaving enzymes (BACE). Hence, the anti-inflammatory benefits of TACE inhibition might be
offset by an increase in A 3. We have examined the effects of the highly selective TACE inhibitor, BMS-561392, on APP processing in vitro
and in vivo. In Chinese hamster ovary cells expressing APP, BMS-561392 significantly reduced secretion of sAPP without a correspond-
ingincrease in A3 production. Conversely,a BACE inhibitor decreased sAPP3 and A3 peptides with no change in the secretion of SAPPcx.
These dataindicate an absence of TACE and BACE competition for the APP substrate. Despite this, we observed competition for APP when
TACE activity was enhanced via phorbol ester treatment or if APP was modified such that it was retained within the trans-Golgi network
(TGN). These results suggest that BACE and TACE share a common TGN localization, but under normal conditions do not compete for
APP. To confirm this finding in vivo, BMS-561392 was infused into the brains of Tg2576 and wild-type mice. Although decreased brain
sAPPa levels were observed, steady-state A3 levels were not significantly changed. Accordingly, it is possible that TACE inhibitors could

reduce TNFa levels without increasing A3 levels within the AD brain.
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Introduction

Signs of inflammation are evident in Alzheimer’s disease (AD)
brain (Akiyama et al., 2000), and studies have suggested that
chronic inflammation in the brain can exacerbate the disease
progression (Sastre et al., 2006). Accordingly, anti-inflammatory
drugs, including nonsteroidal anti-inflammatory drugs
(NSAIDs), may reduce the severity of the disease (Heneka et al.,
2005).

Tumor necrosis factor-a (TNFa) is a proinflammatory cyto-
kine that is upregulated in AD and other CNS diseases (Mogi et
al., 1994). In cell-based models, it can increase the production of
amyloid 8 (AB), a hallmark peptide found in AD brains (Blasko
et al., 1999), and transgenic mice over-expressing TNFa or its
receptors in the brain develop chronic inflammation and neuro-
degeneration (Stalder et al., 1998). Finally, a single nucleotide
polymorphism in the TNF gene has been linked to late-onset AD
(McGeer and McGeer, 2001; Ramos et al., 2006).
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TNFa is proteolytically released from its membrane-bound
form (proTNFa) by the ADAM (a disintegrin and metallopro-
teinase) family proteinases, TNFa converting enzyme (TACE)
(Ttai et al., 2001). Although pharmacological inhibition of
TACE may have therapeutic potential in AD brain by sup-
pressing TNFa-mediated inflammation, it should be noted
that TACE is also responsible for the a-secretase cleavage of
amyloid precursor protein (APP) (Buxbaum et al., 1998; Lam-
mich et al., 1999). TACE cleaves APP within the AB peptide
domain, precluding the generation of this amyloidogenic pep-
tide (De Strooper and Annaert, 2000). Therefore, TACE inhi-
bition could potentially increase the availability of APP for
cleavage by the B-secretase enzymes (the (3-site APP cleaving
enzymes BACE 1 and 2) that are involved in AB production
(Dominguez et al., 2005). This could lead to an unwanted
increase in A3 production that might offset any benefit result-
ing from a decrease of TNFa in AD.

It is unclear whether a- and B-secretases compete for APP
cleavage because conflicting data have been reported. Although
some studies showed that - and B-secretase cleavage of APP are
coupled (Buxbaum et al., 1998; Gabuzda et al., 1993; Hung et al.,
1993; Jacobsen et al., 1994; Skovronsky et al., 2000; Wolf et al.,
1995), others demonstrated that modifying one secretase activity
does not affect APP cleavage by the other (Dyrks et al., 1994;
LeBlanc et al., 1998; Blacker et al., 2002; Gandhi et al., 2004).
However, these previous studies failed to distinguish the proteo-
Iytic activity of TACE from other candidate a-secretases, such as
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Figure1. BMS-561392inhibits secretion of sSAPP«and TNFx in a dose-dependent manner.
CHO cells expressing human APP695wt and pro-TNFoe were treated with BMS-561392 and
TAPI-I for 24 h. 4, Inhibition of TNFo secretion by TAPI-l and BMS-561392. Inhibition of 50%
with respect to DMSO controls was achieved with 0.90 wum TAPI-l1and 0.15 v BMS-561392. B,
Inhibition of SAPP« secretion by TAPI-I and BMS-561392 from CHO cells expressing APPwt and
APPswe. Inhibition of 50% with respect to DMSO controls was achieved with 59.1 um TAPI-l and
4.47 jm BMS-561392 on CHO-APPwt cells, and 0.23 v BMS-561392 on CHO-APPswe cells.
Data are expressed as the mean of three independent experiments = SE measurements. *p <
0.01, two-tailed Student’s ¢ test; **, ***p < 0.0001, two-tailed Student’s ¢ test.

ADAM-10 and ADAM-9 (Lammich et al., 1999; Koike et al.,
1999), because of the lack of a specific inhibitor.

BMS-561392 is a novel, potent and highly selective TACE in-
hibitor (supplemental Fig. 1, Table 1, available at www.
jneurosci.org as supplemental material) that effectively sup-
presses excessive TNFa secretion. In this study, we have charac-
terized the effects of BMS-561392 on TACE and BACE cleavage
of APP in vitro. We also infused the compound into the brain of
human APP-expressing Tg2576 and wild-type mice to examine
its effects on APP processing in vivo. Finally, we have addressed
the question of whether TACE and BACE compete for APP sub-
strate. Our data support the notion that TACE and BACE share
the same pool of APP, but do not normally compete for APP
substrate.

Materials and Methods

Cell culture and drug treatment. Chinese hamster ovary (CHO) cells sta-
bly transfected with the wild-type 695- amino acid isoform of APP (AP-
Pwt) and a familial AD-associated APP Swedish mutant (APPswe) (For-
man et al., 1997) as well as APP-trans-Golgi network (APP-TGN)
(Chyung et al., 1997; Skovronsky et al., 2000; Huse et al., 2002) were
grown in a-MEM (Invitrogen) containing 5% fetal bovine serum, peni-
cillin/streptomycin, and 50 pg/ml G418 according to standard protocols.
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Cortices from neonatal Tg2576 mouse brains were isolated and incu-
bated in 0.1% trypsin/HBSS/0.5 mm EDTA without Ca** or Mg>™ (In-
vitrogen), and cells were mechanically dissociated using a fire-polished
pipette. Cells were plated in Dulbecco’s minimum essential medium
(DMEM) plus 10% FBS in poly-p-lysine-coated six-well plates at a den-
sity of 0.5 X 10° cells/well. Three hours after plating, medium was re-
placed with DMEM plus B27 supplements (Invitrogen) to promote neu-
ronal survival and inhibit growth of non-neuronal cells. Neurons were
used for experiments after 7 d in vitro. CHO-pro-TNFa cells were gen-
erated by transfection of pro-TNFa vector with alkaline phosphatase
tagged at its C-terminal (a gift of Dr. Carl Blobel, Hospital for Special
Surgery, New York, NY) (Chesneau et al., 2003) into CHO-Pro5, using
Nucleofector (Amaxa). After subcloning using Zeocin as a selection
agent, they were grown under the same conditions as other CHO cells. CHO
cells were plated in six-well plates at a density of 6.75 X 10° cells/well for drug
treatment. 24 h after plating, medium was replaced with BMS-561392
(Bristol-Myers Squibb), TAPI-I [(N-R-(2-hydroxyaminocarbonyl)methyl]-
4-methylpentanoyl-L-naphthylanyl-1-alanine 2 aminoethyl amide-I; Pep-
tide International), or the BACE inhibitor III (Merck; the molecular struc-
ture is proprietary information of Merck) in media containing 0.1% DMSO
with or without 10 um PMA (Phorbol 12-myristate 13-acetate; Sigma). Con-
trol wells received media with 0.1% DMSO only.

Osmotic pump implantation and drug treatment in vivo. The protocol
of mouse brain hippocampal microinfusion have been carefully reviewed
and approved by the Institutional Animal Care and Use Committee
(IACUC) at University of Pennsylvania. Briefly, Alzet pumps (type 2004,
100 ul, 0.25 wl/hr; Alzet Osmotic Pumps ) were filled with BMS-561392
at concentration of 8 mg/ml in the citric acid, pH 3.5. A broad-range
matrix metalloprotease (MMP) inhibitor TAPI-I was prepared at the
same molar concentration. The osmotic pumps then were kept in 0.9%
saline at 37°C before implantation. Three groups of six to eight month
old Tg2576 and wild-type mice (n = 5 per group) were used in this study.
Mice were anesthetized by an intraperitoneal injection of ketamine hy-
drochloride (1 mg/10 g) and xylazine (0.1 mg/10 g), and canula was
stereotactically inserted into the right lateral ventricle using sterotaxic
coordinates (anterior—posterior, 0.5 mm; medial-lateral, 1.0 mm; dor-
sal-ventral, 2.7-3.0 mm; David Kopf Instrument). Instant dental cement
was used to secure canula to skull. Osmotic pump was placed subcuta-
neously on the back of mice. After surgery, mice were housed individu-
ally and infusion lasted for 14 d.

The mice behaved normally during treatment. Cerebrospinal fluid
(CSF) was collected while mice were under anesthesia, and AB40/42
levels were measured by sandwich ELISA. Mice were subsequently killed
and perfused with PBS, and the cortex and hippocampus from the drug/
vehicle-infused right hemisphere were dissected, immediately frozen in
dry ice, and kept at —80°C for further processing.

Tg2576 mice were maintained on a C57B6/SJL F2 background by
successive backcrossing to wild-type C57B6/SJL F1 females. All mice
were generated and handled according to protocols approved by the
University of Pennsylvania Institutional Animal Care and Use Commit-
tee guidelines.

Sample processing and Western blot analysis. Cell lysates were collected
in RIPA buffer (0.5% sodium deoxycholate, 0.1% SDS, 1% Nonidet
P-40, 5 mMm EDTA in TBS, pH 8.0) in the presence of protease inhibitors
(1 pg/ml each of pepstatin A, leupeptin, L-1-tosylamido-2-phenylethyl
chloromethyl ketone, 1-chloro-3-tosylamido-7-amino-2-heptanone,
soybean trypsin inhibitor, and 0.5 mm phenylmethylsulfonyl fluoride)
and briefly sonicated. Protease inhibitors were also added to conditioned
media samples.

Frozen brains of Tg2576 mice were directly lysed in RIPA buffer (150
mg/ml) containing protease inhibitors, sonicated, and centrifuged at
100,000 X g for 20 min at 4°C. The supernatants were saved and used for
A sandwich ELISA analysis and Western blotting. To selectively extract
AB, sAPPa, and sAPPf, wild-type mouse brains were lysed in 0.2%
DEA-containing 50 mm NaCl, homogenized using a pestle, and centri-
fuged at 100,000 X gfor 1 h at 4°C (Miller et al., 2003). The supernatants
were saved and neutralized by adding 1/10th volume of 0.5 m Tris-HCI
pH 6.8 buffer and used for ELISA analysis and Western blotting of solu-
ble APP cleavage products. The pellets were sonicated in RIPA buffer and
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centrifuged at 100,000 g for 1 h at 4°C. The
supernatants were saved and used for Western
blotting of fIAPP and a-tubulin.

Cell and tissue lysates were electrophoresed
on 7.5% Tris-glycine acrylamide gels for fIAPP,
sAPPa/f3, and a-tubulin, and transferred to ni-
trocellulose. For CTFs (C-terminal fragments)
immunoblotting, samples were immunopre-
cipitated with 5685, a rabbit polyclonal anti-
body raised against a C-terminal peptide frac-
tion of APP (Lee et al., 2005), before
electrophoresis on 16.5% Tris-tricine gels
(Bio-Rad). Full-length APP and CTFs were
probed with 5685. sAPPa was probed with 2B3,
an end-specific sSAPPa monoclonal antibody
(IBL America). SAPP was specifically probed
with C5A4/2, a rabbit polyclonal antibody
raised against a synthetic peptide (CSEVKM)
corresponding to the C terminus of SAPP3 (Lee
et al., 2005). a-Tubulin was used as a loading
control for general protein contents. Immuno-
bands were detected with species-specific
horseradish peroxidase-conjugated anti-IgG
antibodies (Santa Cruz Biotechnology), and de-
veloped with enhanced chemiluminescence
(ECL; PerkinElmer Life Sciences). ECL signal
was visualized and quantified with a LAS-3000
imager and MultiGauge version 2.3 software
(Fujifilm Life Science). Signal linearity was ver-
ified in a separate experiment (data not shown).

Sandwich ELISA analysis and alkaline phos-
phatase assay. To measure AB1-40 and
AB1-42 levels, both conditioned media and
RIPA lysates were assayed with AB sandwich
ELISAs as previously described (Lee et al,
2003). Briefly, BNT-77 (anti-AB11-28) was
used to capture endogenous mouse AB1-40
and AB1-42 from wild-type mouse brains.
Ban50 (anti-AB1-10) was used as a capturing
antibody for measuring both AB1-40 and
AB1-42 peptides for all other application.
Horseradish peroxidase (HRP)-conjugated
BA-27 and BC-05 were used to report Af3 spe-
cies ending at position 40 and 42. For quantifi-
cation of AB levels, synthetic ABI-40 and
AB1-42 (Bachem Bioscience) were serially di-
luted in corresponding buffer or media to gen-
erate standard curves. LN27, a monoclonal an-
tibody that binds to the N-terminal 200 amino
acid residues of APP (Wertkin et al., 1993), was
used as capturing antibody for measuring
sAPPa in conditioned media. HRP-conjugated
Ban50 was used to report sAPPa. C-terminal
tagged alkaline phosphatase activity in condi-
tioned media was used as a surrogate marker for
TNFa secretion, using the p-Nitrophenyl phos-
phate liquid substrate system (Sigma).

Results
BMS-561392 is a potent inhibitor of a-
cleavage of pro-TNFa and APP
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Figure2. Inhibition of SAPP« by BMS-561392 does not coincide with an increase in 3-cleavage products of APP. A, Immuno-
blot of full-length APP and «-tubulin in cell lysates, and sSAPPcx and sAPP3 in conditioned media, from CHO-APPwt cell. RIPA
lysates (20 wg) and 20 wl of conditioned media were resolved in 7.5% Tris-glycine SDS-gels, blotted and probed with 5685
(fl-APP), Ban50 (sAPP«), and c-tubulin antibodies. Whereas the level of SAPPc was reduced by BMS-561392 in a dose-
dependent manner, the SAPP 3 level in the media remained unchanged. Consistent levels of fl-APP and tubulin confirmed a lack
of BMS-561392 toxicity. B, Immunoblot and quantitation of APP C-terminal fragments (CTFs). RIPA lysates (500 wg) were
immunoprecipitated with 5685 antibody, resolved in a 16.5% Tris-tricine SDS-gel, blotted and probed with the same antibody.
Note that the levels of CTF 3, a pan-precursor protein of A3, remain unchanged after BMS-561392 treatment. Quantification was
based on the means of three independent experiments = SE measurements. *p << 0.01, two-tailed Student’s  test; n.s.*, not
significant, two-tailed Student’s t test, p = 0.150; n.s.**, not significant, one-way ANOVA, p = 0.598. *Results are shown in
arbitrary unit (DMSO treatment as 1.0). €, A340 and 42 in conditioned media after BMS-561392 treatment. Quantification was
based on the mean of six independent experiments == SE measurements. n.s.*, Not significant, one-way ANOVA, p = 0.902;
n.s.** notsignificant, one-way ANOVA, p = 0.874. *Results are normalized tofl-APP levels. D, Reduction of sSAPP secretion with
no concomitant change in A3 secretion in primary neurons derived from Tg2576 mice cultured for 7 d with or without BMS-
561392for 24 h. RIPA lysates (20 w.q) were in 7.5% Tris-glycine SDS-gels, blotted, and probed with 5685 (fl-APP), Ban50 (sAPP«),
(5A4/2 (sAPPB), and c-tubulin antibodies. Quantification was based on the means of three independent experiments == SE
measurements. n.s.*, Not significant, one-way ANOVA, p = 0.943; n.s.**, not significant, one-way ANOVA, p = 0.996. #Results
are normalized to fl-APP levels.

tion of TNFa secretion (Fig. 1A), with BMS-561392 being more
potent (50% inhibition with respect to DMSO controls was

To evaluate the efficacy of BMS-561392 in cell culture, different  achieved with 0.15 um BMS-561392 and 0.90 uMm TAPI-I).

concentrations of the compound were applied to CHO cells ex- To test the effect of BMS-561392 on the processing of APP,
pressing the precursor, membrane-bound form of TNFa (pro-  another TACE substrate, CHO cells expressing either human
TNFa). TAPI-I, a broad-range MMP/ADAM inhibitor, was also  wild-type APP (APPwt) or human APP with the previously de-
included for comparison. After 24 h of treatment, we measured  scribed Swedish mutation (APPswe) (Citron et al., 1992) were
the levels of soluble TNFa, the product of TACE cleavage, in  treated with different concentrations of this compound for 24 h.
culture media. Both inhibitors caused a dose-dependent inhibi-  Secretion of sSAPP« was reduced in a dose-dependent manner by
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BMS-561392 as detected by a sSAPPa sandwich ELISA (Fig. 1B).
TAPI-I also caused a decrease in sSAPPa secretion from CHO-
APPwt cells, although with less potency relative to BMS-561392.
No cell toxicity was observed with any of the treatment condi-
tions. Interestingly, BMS-561392 inhibits sSAPP« secretion more
strongly in the CHO-APPswe cells than in CHO-APPwt cells, and
although we are unsure why there is this differential effect, these
data confirm that BMS-561392 is a potent inhibitor of TACE in
cell culture.

BMS-561392 does not change the level of 3-cleavage products
of APP

Because APP is also cleaved by BACE, inhibition of TACE may
increase the availability of the APP substrate for BACE cleavage,
thereby enhancing the production of the B-secretase cleavage
products, including sAPPB, CTF and A40/42. Unexpectedly,
BMS-561392 did not change the level of APP B-cleavage products
in CHO-APPwt cells, including CTFB and AB40/42, whereas it
significantly reduced sAPP« secretion and CTFa levels (Fig. 2A—
C). This de-coupling between a- and -cleavage of APP was also
observed in CHO-APPswe cells (data not shown). BMS-561392
also inhibited sAPP« secretion from primary cortical neurons
derived from Tg2576 mice, and similar to what was observed with
CHO cells, AB40/42 secretion levels remained unchanged (Fig.
2D). These results suggest that TACE inhibition does not lead to
greater APP processing by BACE.

BACE inhibition does not increase sSAPP« secretion in APP-
expressing CHO cells

Because TACE inhibition did not appear to affect BACE process-
ing of APP, we asked whether conversely BACE inhibition might
alter TACE cleavage of APP. To test this, we treated CHO695wt
cells with increasing concentrations of the selective Merck BACE
inhibitor III. As shown in Figure 3, the secretion of sAPPS and
AB40/42 were drastically reduced by this BACE inhibitor,
whereas sAPPa secretion was unchanged. This result demon-
strates that these enzymes do not compete with each other for the
processing of APPwit.

PMA-activated a-secretase activity results in decreased A3
secretion that is normalized after BMS-561392 treatment

One explanation for the lack of coupling between TACE and
BACE cleavage of APP is that the enzymes “see” two separate
pools of substrate; therefore, manipulation of one pathway would
not affect the other. However, this hypothesis is inconsistent with
a previously published observation that TACE and BACE com-
pete for APP substrate when TACE activity is potentiated by
phorbol 12-myristate 13-acetate (PMA)-treatment (Skovronsky
et al., 2000). As shown in Figure 4, we also observed a PMA-
induced increase of a-secretase activity that resulted in enhanced
sAPPa secretion with a concomitant decrease in A340/42 secre-
tion. BMS-561392 treatment in the PMA-activated condition ef-
fectively inhibited a-secretase and normalized AB40 and AB42
secretion to that seen in control cells.

The results obtained with PMA treatment appear to contra-
dict our previous data which suggested that TACE and BACE do
not compete for APP. One way to reconcile both observations is
to hypothesize that the two enzymes reside in the same subcellu-
lar compartment, as has previously been suggested (Skovronsky
et al., 2000), but that the APP levels in the compartment are
normally not substrate limiting for TACE and BACE. However,
the combined TACE and BACE catalytic activity could exceed the
amount of available APP when TACE activity is significantly up-
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Figure3. BACEinhibitor does notincrease SAPP« secretion from CHO695wt cells. A, Immu-
noblot of full-length APP and «c-tubulin in cell lysates, and sSAPP« and sAPP 3 in conditioned
media, from CHO-APPwt cells. RIPA lysates (20 wg) and 20 pul of conditioned media were
resolved in 7.5% Tris-glycine SDS-gels, blotted and probed with 5685 (fl-APP), Ban50 (sAPP ),
and a-tubulin antibodies. B, Quantification of SAPPc, A340, and A342 levels in conditioned
media by sandwich ELISAs. BACE inhibitor potently decreases the secretion of A3, but does not
induce higher sAPP secretion. Quantification was based on the means of three independent
experiments = SE measurements. n.s., Not significant, one-way ANOVA, p = 0.945. *Results
are normalized to fl-APP levels. SAPP« levels are shown in arbitrary units (average of DMSO
treatments as 1.0).

regulated by phorbol ester, thereby resulting in enzyme compe-
tition for substrate.

BACE inhibition increases sSAPP« secretion from trans-Golgi
network-targeted APP

To further examine the hypothesis that TACE and BACE share a
common compartment, studies were conducted in which the
normal intracellular trafficking of APP was altered. CHO cells
were stably transfected with APP-TGN, a fusion construct in
which the entire cytoplasmic domain of APP is replaced with the
rat furin domain that enhances retention in the TGN (Chyung et
al., 1997; Skovronsky et al., 2000; Huse et al., 2002). Because the
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Figure 4.

BMS-561392 inhibits PMA-activated a-secretase activity, enhancing A3 secretion compared with PMA-only treat-
ment. A, Immunoblot of full-length APP and c-tubulin in cell lysates, and sAPP« and sAPPS in conditioned media, from
CHO-APPwt cells. B, Quantitation of SAPP«x level in conditioned media, measured by densitometry of a 2B3 Western blot. €, A340
and A342 levels in conditioned media. PMA activates c-secretase activity and reduces A3 secretion, and BMS-561392 reverses

the effect of PMA on CH0695wt cells. Quantification based on the means of three independent experiments == SE measurements.

sAPPa levels were significantly reduced
in BMS-561392 infused Tg2576 mouse
hippocampi without an increase in

A levels

To test whether BMS-561392 acts as a potent TACE inhibitor in
vivo, we directly infused this compound or vehicle with osmotic
pumps into the right lateral ventricle of Tg2576 mice for 14 d.
Direct infusion was necessary because BMS-561392 does not
penetrate the blood—brain barrier [J. M. Trzaskos (Bristol-Myers
Squibb) personal communication]. As shown in Figure 6, A and
B, sAPPa levels in BMS-561392-infused mice were significantly
reduced in the hippocampus, but not in the cortex. This may be
because of the proximity of the hippocampus to the site of infu-
sion, resulting in a greater concentration of BMS-561392 in in-
terstitial fluid in the hippocampus than in the cortex, which is
much larger and farther away from the lateral ventricle. These
data show that BMS-561392 is an inhibitor of a-cleavage of APP
in vivo. Unlike BMS-561392, TAPI-I failed to lower sAPP« in the
hippocampus. This may reflect the higher potency of BMS-
561392 than TAPI-1 on TACE (Fig. 1). Although the inhibitory
effect of BMS-561392 on brain sAPPa« levels appears to be some-
what less profound than what was observed in vitro (Fig. 1 B), it is
difficult to directly compare the cell-based studies with the more
complex in vivo model. Nonetheless, we note that the ventricular
infusion of BMS-561392 resulted in a highly significant 40% re-
duction in hippocampal sAPPa, and it is possible that higher
doses of compound might have resulted in nearly complete
a-secretase inhibition.

We also measured A340/42 levels in brain extracts and CSF of
Tg2576 mice. Similar to cell-based experiments, AB40/42 levels
were not statistically different in vehicle- versus BMS-561392-
infused mice (Fig. 6C). Thus, the in vivo result agrees with our

p<<0.05 ~ °p < 0.05; two-tailed Student’s ttest. “Results are normalized to fl-APP levels. sSAPP« levels are shown n arbitrary
units (average of DMSO only treatments as 1.0).

observation in cultured cells that a- and B-secretase do not com-
pete for APP under normal conditions. Finally, an analysis of
full-length APP did not reveal any significant differences among
the treatment groups (data not shown).

sAPPa levels were significantly reduced in BMS-561392-
infused wild-type mice without an increase in Af3 levels
Although AR levels remained unchanged in BMS-561392-
infused Tg2576 mice, the experimental system may not reflect the
effect of TACE inhibition on A generation in human brains
where APP is not artificially over-expressed. We therefore deter-
mined whether BMS-561392 affects A secretion in wild-type
mice expressing only endogenous APP. To detect the low level of
AP and other APP cleavage products, we sequentially extracted
wild-type mouse brains with DEA-NaCl and RIPA buffers
(Miller et al., 2003). DEA extraction effectively separated sAPP«a
and sAPPf3 from fl-APP (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). Figure 7, A and B, show
that sAPPa levels were reduced in the brains of BMS-561392
infused non-transgenic wild type mice. Unlike Tg2576 mice,
sAPPa was significantly lower in the cortices as well as the hip-
pocampi of the drug-infused brains compared with vehicle-
treated brains. One possible explanation is that the lower level of
APP in the cortices of wild-type mice relative to Tg2576 mice
enabled more effective inhibition of TACE cleavage of APP by
BMS-561392. Whereas BMS-561392 inhibited sAPP« generation
in wild-type mouse brains, AB levels remained unchanged in
both brain lysates and cerebrospinal fluids (Fig. 7C). Similarly,
full-length APP levels were not statistically different between
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APP. A, Immunoblot of full-length APP and ce-tubulin in cell lysates, and SAPPcc and SAPPB in
conditioned media, from CHO-APPwt and CHO-APP-TGN cells. APP-TGN migrated slower be-
cause of the addition of the furin sequence (Chyung et al., 1997; Skovronsky et al., 2000; Huse et
al., 2002). RIPA lysates (20 wg) and 20 ul of conditioned media were resolved in 7.5% Tris-
glycine SDS-gels, blotted and probed with 5685 (fl-APP), Ban50 (sAPPcx), and cx-tubulin anti-
bodies. B, Quantification of SAPP« in conditioned media. Unlike CHO-APPwt cells, BACE inhib-
itor increases sAPP« secretion from CHO-APP-TGN cells. Quantification are means of three
independent experiments == SE measurements. n.s., Not significant, two-tailed Student's ttest,
p = 0.210; p < 0.005, paired two-tailed Student’s  test. “Results are normalized to fl-APP
levels in each cell line. SAPP« levels are shown in arbitrary units (DMSO treatment as 1.0).

control and drug-treated mouse brains (data not shown). These
data demonstrate that BMS-561392 does not enhance AS secre-
tion either in wild-type mice or in transgenic mice that over-
express APP. Thus, anti-inflammatory drugs targeting TACE
may not necessarily promote an increase in Af3 production.

Discussion

Although previous studies suggested that suppression of glial ac-
tivation and a reduction in neuroinflammation might prove ben-
eficial in AD (McGeer et al., 2006), the effects of selective TNFa
reduction remain unknown because of a lack of agents that can
specifically suppress the biosynthesis or release of this inflamma-
tory cytokine in the brain. In this study, we demonstrated that a
highly selective TACE inhibitor, BMS-561392, reduces TNFa« se-
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cretion in cultured cells and also inhibits the cleavage of another
TACE substrate, APP, both in cell culture and in mouse models.
It should be noted that TACE cleavage of APP precludes the
generation of potentially harmful AB peptides, and thus, inhibi-
tion of TACE might be predicted to lead to elevated A levels that
could offset some or all of the possible therapeutic benefits of
TNFa suppression (Buxbaum et al., 1998; Lammich et al., 1999).
Our results show that BMS-561392 does not elevate A3 secretion
in cell culture at a dose that causes >50% reduction in TNF«
secretion. The level of CTF, the precursor that is cleaved by
y-secretase to yield AB, also remained unchanged in BMS-
561392-treated cells, confirming that TACE inhibition did not
affect BACE processing of APP. We observed a similar lack of
effect of TACE inhibition on BACE cleavage of APP in an APP-
over-expression mouse model as well as in wild-type mice that
express only endogenous APP. Whereas sAPPa levels in the hip-
pocampus were significantly reduced in BMS-561392-infused
mice, steady-state Af levels remained the same. Similarly, CSF
A levels also showed no change after TACE inhibition. The lack
of correlation between a- and B-cleavage of APP, both in vitro
and in vivo, suggests that there is little competition for APP be-
tween TACE and BACE. Thus, although BMS-561392 itself is not
suitable for the treatment of neuroinflammatory conditions be-
cause it does not readily cross the blood—brain barrier, these data
suggest that a brain-penetrant TACE inhibitor would be unlikely
to induce an undesirable elevation of brain A and therefore may
have potential as an AD therapeutic.

Although it appears that TACE and BACE do not normally
compete for APP, conditions can be created in which inhibition
of one of these enzymes can affect the amount of APP processed
by the other. For example, TACE inhibition by BMS-561392
caused an increased production of AB peptides relative to un-
treated cells when the catalytic activity of TACE was significantly
enhanced by phorbol ester. Moreover, BACE inhibition in cells
that expressed a TGN-retained form of APP resulted in an eleva-
tion of sAPPa. These data suggest that TACE and BACE are
colocalized within the TGN and that manipulation of the TGN
milieu can yield conditions whereby modulation of one secretase
can affect APP cleavage by the other. The steady-state level of APP
that transiently resides in the TGN during its trafficking to the
plasma membrane might normally be in excess of the combined
TACE and BACE catalytic activities, but the elevation of TACE
activity by phorbol ester may cause enough additional APP cleav-
age to make the TGN pool of APP limiting. On the other hand,
artificially retaining APP within the TGN via a targeting sequence
disrupts its normal outward flux such that BACE inhibition
would result in an elevation of TGN APP concentration, with a
consequent increase of sSAPPa production by TACE.

Our observation of limited competition between TACE and
BACE for APP only under certain conditions, such as PKC acti-
vation, agrees with certain previous studies (Gabuzda et al., 1993;
Hung et al., 1993; Jacobsen et al., 1994; Blacker et al., 2002; Gan-
dhi et al., 2004). However, there are other reports that would
appear to be in disagreement with our data in regard to whether
and under what conditions these two enzymes compete for APP.
(Dyrksetal., 1994; Buxbaum etal., 1998; LeBlancetal., 1998). We
suggest that the differences may be attributable to our use of a
highly specific TACE inhibitor instead of a pleiotropic inhibitor
of the MMP/ADAM family and perhaps to cell-type specific be-
havior, especially with respect to the response toward PMA treat-
ment. It should be noted, however, that we consistently demon-
strated an absence of A enhancement by BMS-561392 in
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respectively.

cultured CHO cells and primary neurons, as well as in human
APP-expressing transgenic and wild-type mice.

Despite its upregulation in AD and other brain diseases (Fillit
etal., 1991; Mogi et al., 1994; Botchkina et al., 1997), the effects of
TNFa remain somewhat controversial because proinflammatory
cytokines do not usually cause death of neurons. Moreover, it has
been suggested that TNFa can act as a neuroprotective agent by
suppressing CDK5 hyperactivity (Orellana et al., 2007). How-
ever, identification of single nucleotide polymorphisms in the
TNFa gene that are linked to AD strongly supports the hypoth-
esis that TNFa is a significant contributing factor to neuronal
degeneration (Collins et al., 2000; Lio et al., 2006; Ramos et al.,
2006). A G-to-A mutation in the promoter region at position
—308 of the TNFa gene has been shown to be associated with
higher intrathecal level of this cytokine and earlier onset of Alz-
heimer’s disease. In contrast, an allele at position —863 of the
TNFa gene locus results in lower serum TNFa levels and reduced
risk of AD. Interestingly, the presence of the APOE &4 allele, a
major risk factor for late-onset AD, is synergetic to the effects of
the TNFa position —308 haplotype in lowering the age of onset
of the disease.

The prominent brain inflammation and neurodegeneration
that is seen in transgenic mice over-expressing TNFo or its recep-
tors indicates that TNFa signaling cascades can lead to significant
neuronalloss (Probert etal., 1995; Akassoglou et al., 1997; Stalder

et al., 1998). TNFa secretion from activated microglial can be
induced by neurotoxic insults, including AB40 and 42 peptides
(Klegeris et al., 1997; Fiala et al., 1998; Yates et al., 2000), and
TNFa can enhance the secretion of AB. Thus the interplay be-
tween A and TNFa could lead to a vicious and damaging cycle
in the AD brain (Blasko et al., 1999). Interestingly, deletion of
TNF type I receptor (TNFR1, p55) gene in APP23 transgenic
mice diminished amyloid plaque formation and improved cog-
nitive deficits by downregulating BACE1 promoter activity (He et
al., 2007). Infliximab and thalidomide, a TNFo antagonist and an
inhibitor of TNFa production, were shown to prevent AB-
mediated LTP inhibition in mice, suggesting cross-interaction
between a TNFa signaling cascade and A toxicity (Wang et al.,
2005). TNFa can also stimulate other inflammatory pathways,
including those mediated by NF-kB and cyclooxygenase (COX)
2 (Meichle et al., 1990; Geng et al., 1995; Perry et al., 2001), of
which inhibitors have been suggested to lower the risk of AD
(Lim et al., 2000; Sung et al., 2004; Heneka et al., 2005). Thus,
TNFa may cause neuronal damage and memory loss through
multiple mechanisms (Tarkowski et al., 1999; Sastre et al., 2006).

Although a phase II trial of BMS-561392 for rheumatoid ar-
thritis was halted because of signs of mild hepatotoxicity, several
other anti-TNFa agents, such as infliximab, are widely used for
the treatment of autoimmune diseases. Interestingly, curcumin, a
natural product that reduces amyloid accumulation in mouse
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drug-treated mouse cortices and hippocampi were resolved in 7.5% Tris-glycine SDS-gels, blotted and probed with 5685 (fl-APP), 2B3 (sAPP«), and «e-tubulin antibodies. B, Quantification based

on the average of n = 6 for each group = SE measurements.

(control as 1.0). €, A340 and A342 levels in brain lysates and CSF were unchanged. n.s.' ~ n.s.

0.785, respectively.

models of AD (Yang et al., 2005; Garcia-Alloza et al., 2007), is an
anti-inflammatory compound that lowers levels of serum TNF«
in a rat model of acute pancreatitis (Gulcubuk et al., 2006). De-
spite the lack of extensive evidence for the therapeutic effects of
TACE-targeted anti-TNFa treatment in AD, this approach may
be well worth pursuing. However, it should be recognized that
one consequence of TACE inhibition will be a reduction of
sAPPq, which has been proposed to have neurotrophic proper-
ties in cultured neurons and in a rat traumatic brain injury model
(Mattson et al., 1993; Yamamoto et al., 1994; Thornton et al.,
2006). Although there is no evidence showing that a reduction of
sAPPa by TACE inhibition is detrimental, this possibility de-
serves further exploration in future studies.

Another consequence of TACE inhibition is that any positive
effects of TNFa on neuronal systems will be compromised. For
example, it has been suggested that TNFa may protect neurons
against cellular stress and is even neurotrophic through TNF re-
ceptor II (TNFR2) (Cheng et al., 1994; Yang et al., 2002). How-
ever, it is unclear that inhibition of TNF« secretion in adult brain
will have negative consequences that will outweigh the likely pos-
itive effects of preventing TNFa-mediated inflammation.

In conclusion, we have demonstrated that the potent TACE
inhibitor, BMS-561392, does not induce or increase A3 secretion
under normal conditions. Therefore, although TACE and BACE
appear to reside in a shared TGN compartment, the use of TACE-

+p < 0.05; 2" p < 0.05, unpaired two-tailed Student’s t test. “Results are normalized to fl-APP levels and shown in arbitrary units

® Not significant, unpaired two-tailed Student’s t test, p = 0.877,0.482, 0.633, 0.574,0.928, and

targeted anti-inflammatory drugs in AD may not be associated
with higher AB generation in brain. Although BMS-561392 itself
is unlikely to be a candidate drug for AD because of its poor brain
penetration, the identification and development of improved
TACE inhibitors that gain access to the brain may be of be poten-
tial value in reducing the glial-mediated inflammation that has
been suggested to contribute to AD neuropathology.
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