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Mobile DHHC palmitoylating enzyme mediates
activity-sensitive synaptic targeting of PSD-95
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rotein palmitoylation is the most common postirans-

lational lipid modification; its reversibility mediates

protein shuttling between intracellular compartments.
A large family of DHHC (Asp-His-His-Cys) proteins has
emerged as protein palmitoyl acyltransferases (PATs).
However, mechanisms that regulate these PATs in a phys-
iological context remain unknown. In this study, we effi-
ciently monitored the dynamic palmitate cycling on
synaptic scaffold PSD-95. We found that blocking syn-
aptic activity rapidly induces PSD-95 palmitoylation and
mediates synaptic clustering of PSD-95 and associated

Introduction

Posttranslational modification, including phosphorylation,
ubiquitination, and lipid modification, adds functional regula-
tion to proteins beyond genomic information. Lipid modifica-
tion increases protein hydrophobicity and plays a critical role
in protein trafficking, targeting, and function. Thioester-linked
palmitate modifies signaling proteins, enzymes, cytoskeletal
proteins, ion channels, and scaffolding proteins and is involved
in diverse aspects of cellular signaling (El-Husseini and Bredt,
2002; Resh, 2006; Linder and Deschenes, 2007). Recent global
proteomic analyses have further expanded the known comple-
ment of palmitoylated proteins (Roth et al., 2006; Kang et al.,
2008). Palmitoylation is unique in that it is a reversible modifi-
cation and is proposed to be regulated by specific extracellular
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AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid)-type glutamate receptors. A dendritically
localized DHHC2 but not the Golgi-resident DHHC3
mediates this activity-sensitive palmitoylation. Upon
activity blockade, DHHC?2 translocates to the postsynap-
tic density to transduce this effect. These data demon-
strate that individual DHHC members are differentially
regulated and that dynamic recruitment of protein
palmitoylation machinery enables compartmentalized
regulation of protein trafficking in response to extracel-
lular signals.

signals. Recent cell biological analyses revealed that some pal-
mitoyl substrates such as small GTPases, Harvey Ras/neuro-
blastoma Ras (Rocks et al., 2005), and trimeric G proteins Gao
(Chisari et al., 2007)/Gaq (Tsutsumi et al., 2009) constitutively
shuttie between the plasma membrane and the Golgi membrane
by a palmitoylation/depalmitoylation cycle. This palmitate
cycling generates and maintains the specific intracellular

" compartmentalization of substrates in nonpolarized cells (Rocks

et al., 2006).

The postsynaptic scaffolding protein PSD-95 represents a
major palmitoylated protein in neurons and plays critical roles
in synaptogenesis and synaptic plasticity (Migaud et al., 1998;
El-Husseini et al., 2000; Kennedy, 2000; Kim and Sheng, 2004;
Funke et al., 2005). PSD-95 provides a platform for the post-
synaptic clustering of crucial synaptic proteins, including
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic

© 2009 Noritake et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the publica-
tion date {see htip://www.jch.org/misc/terms.shiml). After six months it is available under o
Creative Commons license [Atiribution-Noncommercial-Share Alike 3.0 Unported license,
as described at hitp:/ /creativecommons.org/licenses/by-ncsa/3.0/).
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acid) and N-methyl-p-aspartate (NMDA)-type glutamate recep-
tors and cell adhesion molecules. The postsynaptic targeting of
PSD-95 depends on protein palmitoylation (Topinka and Bredt,
1998). Importantly, palmitate cycling on PSD-95 is dynami-
cally regulated by receptor activation (El-Husseini et al., 2002).
Upon glutamate receptor stimulation, accelerated depalmi-
toylation of PSD-95 dissociates PSD-95 from postsynaptic
sites and causes AMPA receptor (AMPAR) endocytosis. This
receptor activation-induced depalmitoylation has also been re-
ported in Ga (Wedegaertner and Bourne, 1994). Thus, agonist-
dependent depalmitoylation down-regulates synaptic strength
and G protein signaling. However, it is not yet clear whether
addition of palmitate to proteins is accelerated in response to
extracellular signals.

The dynamic regulation of palmitate cycling should be
finely tuned by palmitoyl acyltransferases (PATs) and palmitoy!
protein thioesterases (PPTs). Transmembrane proteins con-
taining a DHHC (Asp-His-His-Cys) Cys—rich domain (DHHC
proteins) have recently emerged as PATs in yeast (Bartels
et al., 1999; Lobo et al., 2002; Roth et al., 2002; Linder and
Deschenes, 2004). At least 23 mammalian DHHC proteins
exist, and a systematic screening method has identified specific
enzyme—substrate pairs (Fukata et al., 2004; Fang et al., 2006;
Fernandez-Hernando et al., 2006; Fukata et al., 2006; Ponimaskin
et al., 2008; Tsutsumi et al., 2009). The DHHC family is present
in species ranging from yeast to human and to plants (Hemsley
et al., 2005; Hemsley and Grierson, 2008). Several DHHC
genes are associated with diseases, including cancers (Oyama
et al., 2000), schizophrenia (Mukai et al., 2004, 2008), mental
retardation (Mansouri et al., 2005; Raymond et al., 2007), and
Huntington’s (Yanai et al., 2006). Although the large DHHC
family plays essential roles in a range of physiological func-
tions, how the DHHC PAT family is regulated and thereby
dynamically controls palmitate cycling remains uncertain.

In this study, we found that suppression of neuronal
activity induces palmitoylation and synaptic accumulation
of PSD-95. This activity-sensitive PSD-95 palmitoylation
recruits synaptic AMPARs. Dendritically localized DHHC2
mediates this rapid synaptic palmitoylation of PSD-95. In
contrast, Golgi-resident DHHC3 constitutively palmitoylates
PSD-95. These experiments indicate that large DHHC family
members are individually regulated, which enables their
participation in specific physiological processes such as syn-
aptic plasticity.

Results

Total internal reflection fluorescence
microscopy {(TIRFM) reveals the

synaptic accumulation of PSD-85

upon activity blockade

To follow changes in synaptic PSD-95 accumulation over time,
we first performed time-lapse imaging of cultured hippocampal
neurons transfected with PSD-95-GFP by TIRFM, which
excites onty molecules within 100 nm of the cover glass. TIRFM
preferentially visualizes wild-type (WT) PSD-95-GFP as dis-
crete punctae on dendrites, which are not seen with cytosolic

JUES s WOLLIPAE VEIS « NUIRIEER 1 v @20

palmitoylation—deficient (CS) mutant PSD-95 or GFP (Fig. 1, A
and B). We confirmed comparable expression levels of PSD-95
(WT) and PSD-95 (CS) in transfected culture (Fig. 1 B). These
data confirm that palmitoylation mediates membrane trafficking
and synaptic clustering of PSD-95 (Topinka and Bredt, 1998).
Because PSD-95 visualized by TIRFM apposes presynaptic
synaptophysin and VGLUT! and overlaps postsynaptic NR1I
NMDA receptor (Fig. 1 C), TIRFM tracks synaptic PSD-95.
When ionotropic glutamate receptor activity was blocked by
kynurenic acid (Kyn), the intensity of PSD-95-GFP by TIRFM
steadily increased over 2 h, whereas the intensity of PSD-95
(CS) did not change (Fig. 1, D and E; and Video 1). This Kyn-
induced PSD-95 increase was blocked by coapplication of
2-bromopalmitate (2-BP), which is a palmitoyl acyl transfer in-
hibitor. PSD-95 signals did not detectably change within 2 h of
2-BP treatment alone (Fig. 1 E). These results indicate that
newly occurring palmitoylation mediates this synaptic accu-
mulation of PSD-95. Tetrodotoxin (TTX), a blocker of action
potentials, also increased PSD-95 accumulation. The dynamic
change of PSD-95 intensity was specific to palmitoylation as
the localizations of GFP-Racl-CLLL (Cys-Leu-Leu-Leu), a
geranylgeranylated Caal. motif, and synaptophysin-GFP, a pre-
synaptic protein, did not change upon Kyn treatment (Fig. 1 E).
Synaptic PSD-95 accumulation upon activity blockade was also
confirmed by antibody staining of native PSD-95 (see Fig. 4,
C and D). The effect of Kyn or TTX on PSD-95 accumulation
does not reflect newly synthesized PSD-95, as cycloheximide
(CHX), an inhibitor of protein synthesis, did not affect the
Kyn- or TTX-induced PSD-95 increase (Fig. S1, A and B; and
Video 2). Thus, PSD-95 palmitoylation increases at the post-
synaptic membrane upon activity blockade. These results are
complementary to receptor activation-induced depalmitoylation
of PSD-95 (El-Husseini et al., 2002).

The DHHC2/15 subfamily of PSD-95
palmitoylating enzymes is regulated by
synaptic activity

To monitor PSD-95 palmitoylation biochemically, we used the
acyl-biotin exchange (ABE) method (Roth et al., 2006; Kang
et al., 2008). We confirmed that this method specifically identi-
fied palmitoylated proteins, including PSD-95, in heterologous
cells (Fig. S2 A). As previously reported (El-Husseini et al.,
2002), treating neurons for 12 h with 2-BP reduced PSD-95
palmitoylation (palmitoylated PSD-95 = 13 £ 15% of control
cells; P < 0.001; Fig. 2 A). When we treated neurons for 2 h
with Kyn, the amount of palmitoylated PSD-95 significantly in-
creased (198 + 13% of control cells; P < 0.001; Fig. 2, A and B).
Blocking glutamate receptors with a combination of APV
(D-[-]-2-amino-5-phosphonopentanoic acid), which blocks NMDA
receptors, and CNQX (6-cyano-7-nitroquinoxaline-2,3-dione),
which blocks AMPARSs, also enhanced PSD-95 palmitoylation
within 2 h (palmitoylated PSD-95 = 184 + 23% of control cells;
P < 0.01). 2-BP blocked the rapid enhancement of PSD-95
palmitoylation, indicating that inhibition of depalmitoylation is
not solely responsible and that newly occurring palmitoylation
mediates this effect. This activity-sensitive PSD-95 palmitoylation
is stoichiometric, as Kyn and APV + CNQX quantitatively
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Figure 1. TIRFM imaging of activity-sensitive PSD-95 palmitoylation. (A) Compared with epifluorescent microscopy (Epi; green), TIRFM selectively reveals
punctae from GFP-tagged PSD-95 (WT) top; red) but not palmitoylationdeficient PSD-95 (CS) (bottom; red) in cultured hippocampal neurons. To define
dendritic morphology, we coexpressed mCherry (Epi; blue). (B) TIRFM preferentially visualizes PSD-95 (WT)-GFP punctae as compared with PSD-95
(CS)-GFP or GFP dlone. n = 10 neurons; ***, P < 0.001. Comparable expression levels of PSD-95 (WT}- and PSD-95 (CS)-GFP in transfected neuron
culture were confirmed. (C) TIRFM tracks synaptic PSD-95. PSD-95 punctae (green) visualized by TIRFM apposed presynaptic synaptophysin and VGLUT1
and overlapped postsynaptic NR1. (D) PSD-95-GFP dynamics were analyzed by fimelapse TIRFM imaging. Inhibition of glutamate receptor activity with
10 mM Kyn increased PSD-95 (WT)-GFP intensity within 2 h. In contrast, the palmitoylation-deficient mutant PSD-95 (CS) did not change. Kymographs
represent the changes in the intensity of PSD-95-GFP over 2 h. White lines indicate the regions used for the kymographs. (E) Synaptic accumulation of
PSD-95 depends on newly occurring palmitoylation. Fluorescent intensities of PSD-95-GFP (WT and CS), GFP containing a C-erminal prenylation Caal
motif of Rac1 (GFP-CLLL), and synaptophysin-GFP (Syn-GFP) at 2 h after the indicated treatments were quantified. The intensity of PSD-95 (WT)-GFP but not
other membrane-targeting proteins significantly increased upon 10 mM Kyn or 2 pM TTX treatment. Coapplication of 100 pM 2-BP with Kyn completely
inhibited Kyn-induced increase of PSD-95-GFP intensity. n = 3-8 experiments; ***, P < 0.001 compared with control. (B and E) Error bars indicate SD.
Bars: (A) 10 pm; (C and D) 5 pm.
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Figure 2. The DHHC2/15 subfamily of PSD-95 PATs is regulated by synaptic activity. (A) Activity blockade induces quantitative palmitoylation of PSD-95
but not Gaq. Hydroxylamine (H)-sensitive palmitoylated proteins were purified from treated neurons by the ABE method. The amount of palmitoylated
PSD-95 and Gaq was analyzed by Western blotting. T, Tris treatment as a control of hydroxylamine. (B and C) Kyninduced PSD-95 palmitoylation and
synaptic accumulation were reversible upon washing out Kyn. (B) Treatment of hippocampal neurons with Kyn for 2 h enhanced PSD-95 palmitoylation.
After washout, PSD-95 palmitoylation level returned to the basal level within 2 h (ABE), with consistent mobility change of PSD-95 (~BME). In contrast,
Gagq, GluR2, and GRIP1 palmitoylation did not change upon activity blockade. Kyn-induced palmitoylation changes were quantified. n = 3 each; ***, P <
0.001. Error bars indicate SD. The dashed line (100%) indicates the normalized control level. IB, immunoblot. (A and B) Closed and open arrows indicate
the positions of palmitoylated and nonpalmitoylated PSD-95, respectively. (C) The increased accumulation of PSD-95-GFP upon Kyn treatment returned
to the basal level at 2 h after Kyn washout. (D) Cultured hippocampal neurons expressing a DN mutant of the DHHC2 and -15 subfamily (DN-DH2/15)
were treated with 3 mCi/ml [*H]palmitate for 2 h in the presence or absence of Kyn. Immunoprecipitated PSD-95 was resolved by SDS-PAGE, followed
by fluorography ([*H]palm) and Coomassie staining (CBB). Inhibition of glutamate receptor activity with Kyn greatly enhanced PSD-95 palmitoylation. This
enhancement was decreased by DN-DH2/15. IP, immunoprecipitation. Bar, 5 pm.

shifted the PSD-95 band upward (Fig. 2, A and B; Fig. S1 C;
and Fig. S2 B). This upward shift reflects palmitoylation, as
B-mercaptoethanol (BME), which hydrolyses the palmitoyl
thioester, leaves only the lower band (Fig. 2, A and B, bottom).
Both the increased PSD-95 palmitoylation and synaptic accu-
mulation were reversible upon washing out of Kyn, indicating
that this process is activity sensitive (Fig. 2, B and C).

This activity-sensitive palmitoylation is specific for PSD-95,
as Gaq, GluR2, and GRIP1 palmitoylation did not change
upon activity blockade (Fig. 2, A and B). Our previous study
demonstrated that PSD-95 PATs are DHHC?2, -3, -7, and -15,
which are phylogenetically divided into two subfamilies,
DHHC3/7 and DHHC2/15 (Fukata et al., 2004). Gaq PATs are

AR e VIOLIME 185 NURMBER 1« 2009

DHHC3 and -7 (Tsutsumi et al., 2009), and GluR2 PAT is
DHHC3 (Fig. S2 C; Hayashi et al., 2005). These substrate
selectivities allowed us to ask whether synaptic activity regu-
lates a specific PAT subfamily (i.e., DHHC2/15). We metaboli-
cally labeled hippocampal neurons with [*H]palmitic acid for
2 h in the presence or absence of Kyn. We found that Kyn-
enhanced PSD-95 palmitoylation was partially blocked by a
dominant-negative (DN) mutant, DN-DH2/15, which specifi-
cally inhibits the DHHC2/15 subfamily (palmitoylated PSD-95 =
61 + 15% of Kyn-treated control cells; P < 0.01; Fig. 2 D; Fukata
et al., 2004), The partial effect of DN-DH2/15 is probably
caused by the infection efficiency of DN-DH2/15. Under our
conditions, ~50% of neurons were expressing DN-DH2/15,
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Figure 3. Differential subcellular distribution of PSD-
95 palmitoylating enzymes. (A) Specificity of antibodies
to DHHC2 and -3. The bands detected by anti-DHHC?2
(closed arrowheads) and anti-DHHC3 (open arrowhead)
antibodies disappeared when protein expression was
knocked down by siRNAs. IB, immunoblot; scr, scram-
ble. (B) DHHC2 was enriched in the postsynaptic den-
sity (PSD) fractions (Triton X-100-insoluble postsynaptic;
closed arrowheads), whereas DHHC3 was detected in
only the P3 fraction (open arrowhead). H, homogenate;
S, supernatant; P, precipitate; Syn, synaptosome; Sol,
Triton X-100 soluble; Ins, Triton X-100-insoluble postsyn-
aptic density fractions. (C) DHHC2 localized in dendrites
and the cell body as small vesicular structures, whereas
DHHC3 specifically localized at the Golgi apparatus in
18-DIV hippocampal neurons. (D) Effective knockdown
of endogenous DHHC2 and 3. Cultured hippocampal
neurons were transfected with mCherry-miR RNAi
(miDHHC2 and -3) expression vectors at 10 DIV. 18-DIV
neurons were stained by DHHC2 or -3 antibody.
Note that somatodendritic DHHC2 vesicles and Golgi
DHHC3 (arrows) were not stained in mCherry-expressing
knocked down neurons (red). Bars: (C (lefi] and D) 20 pm;
(C [right]) 5 pm.
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which correlates with the extent of inhibition (~~40% inhibi-
tion). Although the involvement of other PATs cannot be
completely ruled out, our results strongly suggest that the
DHHC2/15 subfamily plays a major role in activity-sensitive
PSD-95 palmitoylation.

Differential regulation of PSD-95
palmitoylating enzymes in neurons

We next examined the cellular locus for PSD-95 palmitoylation.
We focused on DHHC2 and -3, as hippocampal neurons express
these PATs but much less DHHC?7 and -15 (Fig. S3 A). Immuno-
blotting with specific antibodies (Fig. 3 A) showed that DHHC2
occurred in the postsynaptic density fraction, whereas DHHC3
was present only in the P3 fraction, which contains Golgi proteins
(Fig. 3 B). Consistent with this finding, DHHC3 specifically
localizes to the somatic Golgi apparatus (Keller et al., 2004;
Tsutsumi et al., 2009), whereas DHHC?2 distributes in the dendrites
and cell body as small vesicular-like structures (Fig. 3 C). These
signals are specific, as the staining completely disappeared in the
validated knockdown vector—transfected neuron (Fig. 3 D).

DHHC2 or -3 knockdown by microRNA (miRNA;
miDHHCs) greatly reduced the number of PSD-95 punctae
(Fig. 4, A and B). Importantly, knockdown of DHHC?2 but not
DHHC3 prevented Kyn- or TTX-induced increase of endogenous
PSD-95 accumulation at synaptic sites (Fig. 4, A, C and D) and
Kyn-induced augmentation of PSD-95-GFP accumulation (Fig. 5
and Video 3). The inhibitory effect of miDHHC2 was rescued
by miDHHC2-resistant WT DHHC2 (WT) but not by PAT-inactive
DHHC?2 (CS) (Fig. 5 and Fig. S4 C). These results indicate that
DHHCS3 localizes to the Golgi apparatus and mediates constitu-
tive palmitoylation of various substrates, including PSD-95,
Gaq, and GABA 4 receptor-+y subunit (Fukata et al., 2004; Keller
etal., 2004; Tsutsumi et al., 2009). In contrast, dendritic DHHC?2
mediates activity-sensitive PSD-95 palmitoylation.

Dendritic DHHEC2 translocates near
poastsynaptic sites upon activity blockade
We next investigated whether DHHC?2 PAT activity, monitored
by autopalmitoylation (Fukata et al., 2004), was regulated by
synaptic activity. Whereas PSD-95 palmitoylation increased
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Figure 4. DHHC2 and -3 are differently involved in PSD-95 trafficking. (A and B) In the DHHC2 or -3 knocked down neurons (labeled with mCherry),
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upon TTX or Kyn treatment, autopalmitoylation of DHHC2
and -3 did not change (Fig. 6 A), suggesting that DHHC?2 activity
may remain constant. We then investigated whether DHHC2
localization is regulated by synaptic activity. TIRFM imaging
revealed that more DHHC2 was recruited near the membrane
upon Kyn or TTX treatment (Fig. 6, B and C; and Video 4),
where PSD-95 localized (Fig. S4 A). This translocation was
activity sensitive as it was reversible upon washing out of Kyn
(Fig. 6 D). Furthermore, we found that Kyn or TTX steadily
induced colocalization of endogenous DHHC2 with PSD-95
over 48 h (Fig. 6, E and F), whereas DHHC3 remained at the
Golgi apparatus (Fig. S4 B).

Activity-sensitive PSD-95 paimitoylation

by DHHC2 is necessary for homeostatic
increase of AMPARSs

Because PSD-95 anchors AMPARSs at the postsynaptic sites
through interaction with stargazin and related transmem-
brane AMPAR regulatory proteins (TARPs; Chen et al., 2000;
Nicoll et al., 2006), we investigated changes in synaptic
AMPARs upon activity blockade. We took advantage of the

OB o VIDUUNE 1SS e NURMEER b e D0

pHluorin-tagged GluR1 (pH-GluR1) subunit (Ashby et al.,
2004; Yudowski et al., 2007) and TIRFM imaging to monitor
specifically surface-expressed GluR1 (Video 5). pH-GluR1
punctate intensity was invariant over 12 h (Fig. 7, A and D;
and Video 6). In contrast, TTX treatment gradually and con-
tinually increased pH-GluR1 intensity (Fig. 7, B and D; and
Video 7). By post hoc immunostaining with PSD-95, we
found that pH-GIuR1 punctae by TIRFM completely over-
lapped PSD-95 clusters (Fig. 7 C). Furthermore, knockdown
of DHHC2 or PSD-95 completely blocked this increase of
pH-GluR1 intensity (Fig. 7, D and E). The effect of DHHC2
knockdown was rescued by miDHHC2-resistant WT DHHC2
(WT) but not by PAT-inactive DHHC2 (CS) (Fig. 7 E and
Video 8). The effect of PSD-95 knockdown was rescued by
short hairpin RNA-resistant WT PSD-95 (WT) but not by
palmitoylation-deficient PSD-95 (CS) (Fig. 7 E, Fig. S4 D,
and Video 9). We also found that knockdown of DHHC2 or
PSD-95 similarly inhibited Kyn-induced increase of pH-GluR1
(Fig. 7 D). pH-GluR2, endogenous GluR 1, GluR?2, and stargazin-
like TARPs but neither NR2A NMDA receptor nor VGLUT1
showed an increase similar to that of pH-GluR1 (Fig. S5).
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Figure 5. DHHC2 is essential for activity-sensitive PSD-95 palmitoylation.
(A and B) DHHC2 but not DHHC3 mediates palmitoylation of PSD-95
upon activity blockade. Knockdown of DHHC2 but not DHHC3 inhibited
Kyninduced PSD-95-GFP recrvitment at the synaptic membrane. miD-
HHC2-resistant DHHC2 (WT) but not PATinactive DHHC2 (CS) rescued
Kyn-induced PSD-95 accumulation. (A} TIRFM intensity of representative
five punctae from a neuron was plotted with time. (B) n = 3 each; ***, P <
0.001. Error bars indicate SD. Bar, 5 pm.

Similar inhibitory effects of DHHC2 or PSD-95 knockdown
were observed for endogenous GluR1, GluR2, and TARPs
(Fig. S5 G). These results indicate that activity-sensitive PSD-95
palmitoylation by DHHC2 mediates the homeostatic increase
of AMPARs.

Discussion

By contrasting two representative PSD-95 palmitoylating
enzymes, this study is the first to define differential regulation
of DHHC-type palmitoylating enzymes. DHHC3 stably local-
izes at the Golgi apparatus and constitutively palmitoylates
numerous substrates, including Ga, GluR2, and PSD-95. In
contrast, dendritically localized DHHC?2 senses changes in
synaptic activity and rapidly translocates near postsynaptic
membranes. Synaptically translocated DHHC2 induces rapid,
specific, and stoichiometric palmitoylation and synaptic accu-
mulation of PSD-95 and thereby AMPAR recruitment at post-
synaptic sites. Thus, activity-sensitive DHHC2 translocation
marks sites for AMPAR accumulation through compartmental-
ized PSD-95 palmitoylation. Complementing these findings,
previous works showed that the Drosophila melanogaster
DHHC17/HIP14 homologue localizes primarily to presynap-
tic terminals and acts on presynaptic Cys string protein and
SNAP-25 (Ohyama et al., 2007; Stowers and Isacoff, 2007).
The DHHC family members show distinctive subcellular
distributions and different intracellular dynamics upon physio-
logical stimuli. These distinctive properties provide mecha-
nisms for specific control of protein palmitoylation by the large
family of DHHC proteins.

Recent fluorescence recovery after photobleaching and
photoconversion analyses revealed that several palmitoylated
proteins such as Harvey Ras/neuroblastoma Ras (Rocks et al.,
2005), Gao (Chisari et al., 2007), and Gaq (Tsutsumi et al.,
2009) rapidly shuttle between the plasma membrane and the
Golgi apparatus. This constitutive shuttling comprises four
steps: (1) palmitoylation by the Golgi-resident DHHC proteins,
(2) trafficking to the plasma membrane, (3) depalmitoylation by
a putative PPT and rapid cytosolic diffusion, and (4) transient
trapping at the Golgi for repalmitoylation (Fig. 8 A; Rocks
et al., 2006; Tsutsumi et al., 2009). In neurons, where the Golgi
apparatus is segregated from the axon and dendrites, we suggest
that Golgi-localized DHHC3 mediates the constitutive palmi-
toylation of PSD-95 at the cell body. In dendrites, PSD-95
depalmitoylated at the postsynaptic membrane diffuses from
dendritic spine to shaft, is repalmitoylated on DHHC2-positive
vesicles, and is redirected to postsynaptic membranes (Fig. 8 B).
When synaptic activity is blocked, DHHC? vesicles translocate
from dendritic shafts to sites near the postsynaptic membrane.
This allows DHHC2 to repalmitoylate PSD-95 in the spine
(Fig. 8 C). Thus, mobile DHHC?2 induces a local increase of
PSD-95 palmitoylation, which leads to AMPAR recruitment.
We propose that extracellular signals translocate specific DHHC
PATs and create a new route for substrate shuttling between loci
of palmitoylation and depalmitoylation, leading to efficient and
precise substrate targeting. Such a compartmentalized regula-
tory mechanism of DHHC PATs may contribute to spatiotemporal
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Figure 6. Activity-sensifive synaptic translocation of DHHC2. (A) No change in DHHC autopalmitoylation (detected by the ABE method) was seen upon

activity blockade (TTX or Kyn) of hippocampal neurons, suggesting that DHHC
with Kyn or TTX translocated DHHC2-GFP near the plasma membrane. n = 3

activity remains constant. (B and C) TIRFM imaging revealed that treatment
; %, P <0.05; **, P <0.01 compared with control. Kymographs (pseudo-

color) represent the changes in the intensity of DHHC2-GFP over time. (D) The translocation of DHHC2-GFP induced by Kyn treatment was reversible upon
washing out Kyn. (E and F) Colocalization of endogenous DHHC2 with PSD-95 steadily increased over prolonged TTX or Kyn treatment. () n = 5-7 each;
** P <0.01; ***, P <0.001. (C and F) Error bars indicate SD. Bars: (B) 2 pm; (D) 5 pm; (E [left)) 3 pm; (E [right]) 1 pm.

regulation of signaling molecules in polarized neurons, epithe-
lial cells, and migrating cells.

This study monitors intracellular dynamics of palmi-
toylated proteins by taking advantage of time-lapse TIRFM,
which visualizes membrane-associated proteins with exquisite
sensitivity. This approach allowed us to follow dynamic changes
in membrane-associated PSD-95-GFP over time in individual
neurons. However, one may ask whether endogenous PSD-95
shows similar dynamics and whether TIRFM visualizes a
limited set of synaptic contacts. The TIRFM limitation was

e O]

HOE e VOLIMME 186 s SIURABER )

supplemented with epifluorescent and confocal microscopic
analyses on endogenous PSD-95. Also, our biohemical ap-
proaches, including metabolic labeling and the ABE method,
showed that blocking synaptic activity quantitatively increases
endogenously palmitoylated PSD-95, supporting the specificity
of TIRFM imaging as a method for monitoring palmitoylated
proteins in living cells.

A previous study reported that glutamate receptor acti-
vation accelerates depalmitoylation of PSD-95, dissociates
PSD-95 from postsynaptic sites, and causes AMPAR endocytosis
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(D) Quantification of fluorescent intensities of pH-GluR1 by TIRFM at 12 h after TTX or Kyn treatment. Knockdown of DHHC?2 or PSD-95 completely inhibited
the homeostatic increase of surface GluR1. n = 3 each; ***, P < 0.001 compared with nontreated control. milacZ is a control miRNA targeting LacZ.
(E) The inhibitory effect of DHHC2 knockdown was rescued by miDHHC2-resistant DHHC2 (WT) but not by PAT-inactive DHHC2 (CS). Furthermore, the inhibi-
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Figure 8. Model for compartmentalized synaptic palmitoylation of PSD-95 by mobile DHHC2. (A) Certain palmitoylated proteins such as the Ga subunit
shuttle between the plasma membrane and the Golgi in nonpolarized cells. Golgi-resident DHHC3 and a putative PPT at the plasma membrane can mediate
this constitutive shutiling. In neurons, DHHC3 localizes at the Golgi apparatus and mediates constitutive palmitoylation of various substrates, including Ga
and PSD-95. (B and C) PSD-95 shuttling in dendrites. (B) A dynamic equilibrium exists between palmitoylated postsynaptic PSD-95 and nonpalmitoylated
cytosolic PSD-95. Depalmitoylated PSD-95 diffuses into the spine and dendritic shaft. DHHC2 PAT mainly localizes in dendrific shafts on vesicles and medi-
ates dendritic PSD-95 palmitoylation. PSD, postsynaptic density. (C) When synaptic activity is blocked, DHHC2 vesicles move into spines. This franslocated
DHHC2 palmitoylates spinous PSD-95; the increased postsynaptic PSD-95 thereby contributes to AMPAR homeostasis.

(El-Husseini et al., 2002). This sequence suggested that a
PPT serves as the regulatory trigger. In contrast, our work dem-
onstrates that activity blockade—induced PSD-95 palmitoylation
up-regulates synaptic AMPARs. Thus, the palmitoylation/
depalmitoylation cycle of PSD-95 bidirectionally contributes
to AMPAR homeostasis (O’Brien et al., 1998; Turrigiano
et al.,, 1998; Stellwagen and Malenka, 2006). By analogy,
B-adrenergic receptor activation markedly accelerates depalmi-
toylation of Gas, shifts Gas to the cytoplasm, and down-regulates
B-adrenergic receptor-mediated signaling (Wedegaertner and
Bourne, 1994). Collectively, these studies suggest that palmi-
tate cycling may generally mediate homeostasis of receptor-
mediated signaling.

MTE s WIDILUNAE 126 e MNUMEBER 1 e S0

Recently, it was shown that both PSD-95 and PSD-93
play important roles in AMPAR trafficking (Elias et al., 2006).
In this study, we found that knockdown of PSD-95 alone
completely blocks the TTX- or Kyn-induced recruitment of
AMPARSs to the synapse. One may wonder why knockdown
of PSD-95 alone completely blocks the TTX- or Kyn-induced
AMPAR recruitment. We quantified expression levels of PSD-95
and PSD-93 in our cultured 18-d in vitro (DIV) hippocampal
neurons by quantitative Western blotting. We found that PSD-95
expresses about eight times as much as PSD-93 (Fig. S3 B).
Furthermore, we found that PSD-93—3, one of the major PSD-93
isoforms (Firestein et al., 2000; Parker et al., 2004), is specifi-
cally palmitoylated by the DHHC3 and -7 subfamily but not
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by the DHHC2 and -15 subfamily (Fig. S3 C), indicating that
PSD-93- palmitoylation is differently regulated from PSD-95
palmitoylation. Furthermore, it was reported that palmitoylation
of PSD-93—« and PSD-93-f is not necessary for their postsyn-
aptic targeting (Firestein et al., 2000). Collectively, we conclude
that PSD-95 plays a major role in DHHC2-mediated AMPAR
recruitment upon activity blockade.

Global proteomic studies indicate that palmitoylation
represents a common posttransiational modification (Roth
et al., 2006; Kang et al., 2008). Importantly, many palmitoylated
proteins are key signaling molecules that subserve physiological
processes. Furthermore, mutations of DHHC family members
have been detected in cancers (Oyama et al.,, 2000; Mansilla
et al., 2007; Yamamoto et al., 2007) and neurological disorders
(Mukai et al., 2004, 2008; Mansouri et al., 2005; Yanai et al.,
2006; Raymond et al., 2007). Elucidation of molecular mecha-
nisms for palmitoylation lays a foundation to understand its role
in physiological and pathological conditions. Because DHHC
enzymes show substrate specificity, DHHC PATs represent
exciting therapeutic targets. Our experiments of differential par-
titioning and regulation on DHHC PAT' should serve as a proto-
type for understanding how dynamic protein palmitoylation is
regulated in divergent signaling environments.

Materials and methods

Materials

The following antibodies were used: rabbit polyclonal antibodies to
DHHC3/GODZ {Abcam), Gaq {Santa Cruz Biotechnology, Inc.}, GluR1
(EMD; Millipore), GRIP1 {Millipore), PSD-93 (Millipore}, and stargazin/
TARP [Millipore); a guinea pig pelyclonal antibody to VGLUTT (Millipore);
and mouse monoclonal antibodies to B-catenin (BD), GluR2 (Millipore}, HA
{Covance), NMDART1 (Millipore), PSD-95 (Thermo Fisher Scientific}, and
synaptophysin {Sigma-Aldrich). Anti-PSD-93 antibody was raised against
{aa 336-379) and detected all isoforms of PSD-93. Rabbit polyclonal anti-
bodies to GFP, PSD-95, and moesin were raised against GFP {aa 1-239},
GST-PSD95 (oo 1-434), and GST-moesin (oo 307-577), respectively,
and dffinity purified. A mouse monoclonal antibody to DHHC2 was raised
by a baculovirus display method, which is useful for the production of anti-
bodies against membrane proteins {Masuda et al., 2003; Saitoh et al.,
2007). The following reagents were used: Kyn and APV (Tocris); TTX
{Nacdlai Tesque, Inc.); CNQX and CHX {Sigma-Aldrich); ond 2-bromo-
hexadecanoic acid (2-8P; Fluka).

For knockdown experiments in HEK293 cells, siRNAs from QIAGEN
were used: scramble {Allstars negative control}, siDHHC2, and siDHHC3.
siRNA and plasmid-based miRNA for DHHCs were validated by two meth-
ods: {1) reduced expression of exogenously expressed DHHC proteins in
HEK293 cells {Western blotting) and {2} down-regulation of endogenous
mRNAs in HEK293 cells {quantitative real-time PCR).

Cloning and plasmid constructions

The rat cDNAs of synaptophysin {GenBank/EMBL/DDBJ accession no.
NM_012664), DHHC2 (GenBank/EMBL/DDBJ accession no. AF228917},
DHHC3 {GenBank/EMBL/DDBJ accession no. NM_00103901 4}, DHHC7
{GenBank/EMBL/DDBJ accession no. NM_133394}, and DHHC15 (Gen-
Bank/EMBL/DDBJ accession no. AY886531) were cloned from rat brain
total RNA by RT-PCR. Synaptophysin was subcloned into pCAGGS-GFP,
ond DHHC2, -3, -7, and -15 were subcloned into pEF-Bos-HA and
pcDNA3.1. The mutant rat DHHC2{C156S) was generated by using site-
directed mutagenesis. pGW 1rat PSD-95-GFP, pGW1-rat PSD-93-B-GFP
ond pEF-Bos-HA-mouse DHHC constructs were described previously (El-
Husseini et al., 2002; Fukata et al., 2004; Parker et al., 2004). pGW 1~
PSD-95-HA was constructed by replacing a GFP fragment with a synthetic
DNA fragment encoding HA. pEGFP-C1Rac1-CLLL was described previ-
ously [Nakagawa et al., 2001). To obtain the antigen for antibody produc-
tion, DHHC2 was subcloned into the pcDNAHis-Flag vector. HisFlag-tagged
DHHC2 was then subcloned into pAcYM1 for baculovirus production.

DHHC2 was also subcloned into pGW1-GFP. To obtain Thy1/pH-GluR1,
we first inserted pHluorin between residues 21 and 22 of rat GluR1 (Tomita
et al., 2004) and subcloned pH-GIuR1 into a Thy1 expression cassette.
pCAGGS-pH-GluR2 was made by inserting pHluorin between residues
23 and 24 of mouse GluR2 {Fukata et al., 2005). cDNA of NR2A-GFP {Luo
et al., 2002) was subcloned into the pCAGGS vector.

In cultured hippocampal neurons, DHHC2 and -3 were knocked
down by the miR-RNAi system {Invitrogen). We used BLOCK-T RNAi
Designer {lnvitrogen) to select the targeting sequences, and the following far-
geting sequences were used [targeting both rat and human sequences):
miDHHC2, 5'-GGTGAACAATTGTGTTGGATT-3 (alternative sequence,
5" TGTGCATAGTGTCCATGGAAA3’; both sequences yielded similar results);
miDHHC3, 5 TGAGACGGGAATAGAACAATT3!; and milacZ, 5"GACTA-
CACAAATCAGCGATTT3’ [as o negative control). After subcloning these
oligonucleotides into pcDNAS.2-EmGFP-miR {Invitrogen), EmGFP was re-
placed with mCherry, and the pre-miRNA expression cassefte of pcDNAG.2-
mCherry-miR {or pcDNAG6.2-EmGFP-miR) was transferred to the pCAGGS
vector with a B-actin promoter. PSD-95 was knocked down as described pre-
viously (Elias et al., 2006}, replacing GFP of pllox3.7 {American Type Cul-
ture Collection) with mCherry. DHHC2 (on pEF-Bos-HA-rat DHHC2) and
PSD95 {on pGW1rat PSD-95-HA) rescue constructs that have two and
four different nucleotides in the target sequences were generated by using
sitedirected mutagenesis (DHHC2, 5 -GGTGAACAACTGCGTTGGATT3';
PSD-95, 5'-TCACAATAATAGCCCAGTATA-3’; changed nucleotides are
underlined). All PCR products were analyzed by DNA sequencing.

pcDNALGag-GFP was provided by C.A. Berlot (Weis Center for
Research, Danville, PA; Hughes et al., 2001). The cDNAs of pHivorin and
mCherry were provided by J.E. Rothman {Columbia University, New York,
NY; Miesenbock et al., 1998) and R.Y. Tsien {University of California, San
Diego, La Jolla, CA; Shaner et al., 2005), respectively. cDNAs of rat
GluR1, NR2A-GFP, and pEGFP-C1-Racl-CLLL were gifts from R. Huganir
{lohns Hopkins University, Baltimore, MD), S. Vicini {Georgetown Univer-
sity School of Medicine, Washington, DC), and K. Kaibuchi {Nagoya Uni-
versity, Showa-Ku, Nagoya, Japan}, respectively. Thy1 expression cassette
was provided by D. Monard {Friedrich Miescher Institute, Basel, Switzer-
land; Luthi et al., 1997).

Time-lapse imaging with TIRFM

Hippocampal neuron cultures were prepared from rat embryonic day
18-19 embryos. All animal experiments described herein were reviewed
and approved by the ethical committee in our insfitutes and were performed
according to the institutional guidelines concerning the care and handling
of experimental animals. Neurons were seeded at a density of 2.5 x 10°
cells per 3.5-cm glassbased dish {twaki} in neurobasal medium (Invitro-
gen) supplemented with B-27 supplement {Invitrogen} and 2 mM Glutamax
(Invitrogen). 8-10-DIV neurons were transfected by Lipofectamine 2000
(Invitrogen} and observed (18-21 DIV} at 37°C in a microincubator
{MHBC-F; Olympus] with an inverted microscope (IX81; Olympus)
equipped with a Plan-Apochromat 100x NA 1.45 oil TIRFM objsctive
lens, an ImageEM charge-coupled device {CCD) camera (C9100-13;
Hamamatsu Photonics) and Meta Imaging software version 7.1 [MDS$ An-
alytical Technologies). A 488-nm laser was used as a light source. Time-
lapse images were taken every 10 min with a laser-based zero drift
autofocusing system {IX81-ZDC; Olympus), which adjusts the focal plane
to the initial focal plane just before each imaging frame. The video files
(QuickTime Movie) were produced with ImageReady 2.0 {Adobe Systems,
Inc.). To quantitate changes in PSD-95-GFP, DHHC2-GFP, or pH-GluR1 in-
tensity by TIRFM, we randomly chose fields, and the punctae (>1.25 pm in
diameter) were quantitated in every frame. Fluorescent intensities from TIRF
images were analyzed using MelaMorph software version 7.1 [MDS Ana-
lytical Technologies). The ratios of intensities at 0~120 min {for PSD-95 and
DHHC2) or 0-12 h {for GluR1) in 50-100 randomly selected puncice
(three to eight independent experiments) are shown. Kymographs were
produced using Meta Imaging software version 7.1,

Immunofluorescence andlysis of hippocampal neuron culture

Cultured hippocampal neurons (5 x 10* cells) were seeded onto 12-mm
coverslips in 24-well dishes. 18-28-DIV neurons were fixed with 4%
paraformaldehyde/120 mM sucrose/ 100 mM Hepes, pH 7.4, at room
temperature for 10 min, permeabilized with 0.1% Triton X-100 for 10
min, and blocked with PBS containing 10 mg/ml BSA for 10 min on ice.
For staining of DHHC2 and VGLUT), neurons were fixed with methanol
for 10 min at —30°C. For mouse anti-DHHC2 antibody, Alexa Fluor 488-
conjugated anti-mouse IgG, subtype specific {Invitrogen) was used as a
secondary antibody. For surface GluR1 and GIuR2 staining, GluR1 and
GluR2 receptors were “live” labeled with an antibody to an extracellular
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epitope of GluR1 (EMD) or GluR2 (Millipore} by incubating neurons in
conditioned medium for 15 min at 37°C. Neurons were then fixed with
2% paraformaldehyde for 20 min and blocked as described above. Sur-
face GluR1 and GluR2 were visualized with Alexa Fluor 488—conjugated
secondary antibody. Fluorescent images were taken with a confocal
laser-scanning microscopy system {LSM5 Exciter; Carl Zeiss, Inc.)
equipped with a Plan-Apochromat 63x NA 1.40 oil immersion objective
lens. For knockdown experiments, 8~12-DIV neurons were transfected
with pCAGGS-mCherry-miR vectors by Lipofectamine 2000. At 8-10 d
after transfection, neurons were stained with anti-DHHC2, DHHC3, PSD-
95, GluR1, GluR2, and stargazin/TARP antibodies. To quantitate the in-
tensity of PSD-95 clusters and surface GluR1, surface GluR2, or TARP
clusters {costained with PSD-95), we randomly chose 10-15 fields from
two independent neuronal cultures (on treated and age-matched sister
control cultures) and analyzed the three largest caliber proximal den-
drites (20 pm long; at least 400 clusters). We measured the mean intensi-
ties of individual clusters {> 1 pm diameter) along these dendritic segments.
Microscope control and all image analyses were performed with ZEN
software {Carl Zeiss, Inc.). Brightness and contrast adjustments were ap-
plied 1o the whole image using Photoshop CS3 [Adobe Systems, Inc.).
For some experiments, immunolabeled samples were observed by TIRFM
and epifluorescent microscopy.

ABE method

The ABE method was performed as previously described (Roth et al.,
2006; Kang et al., 2008) and moditied for cultured neurons. After treating
18-28-DIV hippocampal neurons (5 x 10° cells/é-well dish) with the indi-
cated antagonisis or inhibitors, neurons were washed with PBS containing
10 mM Nethyl-maleimide (NEM) twice and solubilized with 0.1 ml of lysis
buffer {LB; 50 mM Tris-HCI, pH 7.5, 5 mM EDTA, and 50 mM NaCl} con-
taining 2% SDS and 10 mM NEM. After 15 min of extraction, LB with 2%
Triton X-100 and 10 mM NEM was added to a final volume of 1 ml and
incubated for 1 h at 4°C. After centrifugation at 20,000 g for 10 min, the
supernatants were precipitated by the chioroform-methanol (CM} method
{Wessel and Flugge, 1984). Precipitated protein was solubilized in 0.2 ml
SB {50 mM Tris-HCl, pH 7.5, 5 mM EDTA, and 4% SD§) containing 10
mM NEM at 37°C for 10 min. The protein was diluted into 0.8 mi LB with
0.2% Triton X-100 and 1 mM NEM and incubated overnight at 4°C. NEM
was removed by three sequential CM precipitations. Precipitated profein
was solubilized in 0.2 ml of buffer 5B, and then 0.8 m| HB (1 M hydroxyl-
amine, pH 7.5, 150 mM NaCl, 0.2% Triton X-100, and 1 mM biofin-
HPDP) or buffer T8 {1 M TrisHCI, pH 7.5, 150 mM NaCl, 0.2% Triton
X-100, and 1 mM biotin-HPDP) was added. The mixture was incubated for
1 h at room temperature and subjected to CM precipitation. The precipi-
tated protein was dissolved in 0.2 mi SB, diluted into 0.8 ml LB containing
150 mM NaCl, 0.2% Triton X-100, and 200 pM biotin-HPDP, and incu-
bated for 1 h at room temperature. Free biotin-HPDP was removed by CM
precipitation. The precipitated protein was solubilized in 100 pl of buffer
UB {50 mM TrisHCl, pH 7.5, 5 mM EDTA, and 2% SDS) and diluted in
900 pl LB with 0.2% Triton X-100. After brief centrifugation, the super-
natant was incubated with 30 pl neutravidin-agarose {Thermo Fisher Scien-
tific} for 1 h at 4°C. After washing the beads with B containing 0.1% SDS
and 0.2% Triton X-100, bound proteins were suspended in SDS-PAGE
sample buffer (62.5 mM TrisHCI, pH 6.8, 10% glycerol, 2% SDS, and
0.001% bromophenol blue} with 10 mM DTT {without BME; —BME) and
boiled at 90°C for 2 min. To see the palmitoylation-dependent mobility shift
of PSD-95, the cell lysate was treated similarly (—BME]. To reduce the sam-
ple completely, the lysate was separately treated with SDS-PAGE sample
buffer with 2% BME at 100°C for 5 min (+BME). Samples were subjected
to SDS-PAGE and Waestern blotting with the indicated antibodies.

In vivo palmitate labeling

Hippocampal neurons were infected with Semliki forest virus to express
GFP or GFP-tagged DN DHHC2/15 {Fukata et al., 2004}). At 24 h after
infection, cells were labeled for 2 h in neurobasal media containing
3 mCi/ml [*H]palmitic acid (PerkinElmer) either in the presence or absence
of 10 mM Kyn. Labeled cells were washed with PBS and resuspended in
0.15 ml LB A {20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 100 mM NaCl, and
1% SDS). After 5 min of extraction, 1% Triton X-100 was added to a final
volume of 1.5 ml. After centrifugation at 20,000 g for 10 min, the super-
natanis were incubated with rabbit anti-PSD-95 antibody for 1 h and then
incubated for 1 h with 30 pl protein A~Sepharose (GE Healthcare) at 4°C.
Immunoprecipitates were washed three times with buffer containing 20 mM
Tris-HCl, pH 7.4, 1 mM EDTA, 100 mM NaCl, and 1% Triton X-100.
immunoprecipitated PSD-95 was suspended in SDS sample buffer. For
fluorography, protein samples were separated by SDS-PAGE. Gels were
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treated with Amplify (GE Healtheare) for 30 min, dried under vacuum, and
exposed to Biomax MS (Kodak) at —80°C for 2 wk. After autoradiogra-
phy, the bands were scanned and analyzed with National Institutes of
Health software.

Transfected HEK293 cells were preincubated for 30 min in serum-
free DME with 5 mg/ml fatty acid-free BSA (Sigma-Aldrich). Cells were
then labeled with 0.25 mCi/ml [*H]palmitic acid for 4 h in the preincuba-
tion medium. Cells were washed with PBS and scraped with SDS-PAGE
sample buffer with 10 mM DTT. The cell lysate was resolved by SDS-PAGE,
followed by fluorography (36-h exposure} and Western blotting.

In situ hybridization

In situ hybridization on 7-pm paraffin-embedded 3-wk-old rat brain sections
{Genostaff) was performed by using digoxigenindabeled RNA probes.
cDNAs of mouse DHHC2 [nt 1-1,098 from initiating ATG), rat DHHC3
{nt 1-900), rat DHHC7 (nt 1-927), rot DHHC15 {nt 1-1,014), and rat
PSD95 (nt 1,212-1,444) were used for probe templates. An antidigoxigenin
antibody linked to alkaline phosphatase (Dako} and NBT/BCIP (nitro
blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate; Dako)
substrate was used to detect hybridization signals. All sections were devel-
oped for 1 h. Images were taken with a dissection microscope (SZ61; Olym-
pus) equipped with a digital camera {DP20; Olympus) and with an upright
microscope {BX51; Olympus) equipped with a UPlan SApo 20x NA 0.75
objective lens and a CCD camera {DP72; Olympus).

Quantitative Western blotting

Bands on blotted membranes were visualized with a cooled CCD camera
{Light-Capture lI; ATTO), and the optimal specific bands were analyzed
with the CS Analyzer 3.0 software [ATTO). For calibration, immunopurified
PSD95-GFP and PSD-93-B-GFP from fransfected HEK293 cells were
quantitated by Coomassie brilliant staining using BSA.

Subcellular fractionation

The method was basically followed as described previously (Carlin et al.,
1980). In brief, five rat adult brains were homogenized in buffer containing
320 mM sucrose and 10 mM Hepes-NaOH, pH 7.4 [containing 0.2 mM
PMSF). Homogenate was cenfrifuged for 10 min ot 1,000 g to remove
crude nuclear fraction {P1). The supernatant {S1) was centrifuged at 9,000
g for 15 min to produce a pellet {P2) and supernatant {S2). The $2 was cen-
trifuged at 100,000 g for 1 h to produce a pellet {P3; microsomal fraction)
and supernatant {S3). The P2 fraction was resuspended in the homogeniza-
tion buffer. Discontinuous sucrose gradients containing 3 ml of the resus-
pended P2 material and 3 ml each of 0.8, 1.0, and 1.2 M sucrose solutions
in 10 mM HepesNaOH, pH 7.4, were run for 2 h ot 58,000 g {SW41
rotor; Beckman Coulter]. The band between 1.0 and 1.2 M sucrose was ob-
tained as a synaptosome fraction. This synaptosome fraction was extracted
with ice-cold 0.5% Triton X-100 in 0.16 M sucrose and 6 mM Tris-HC, pH
8.1, and then centrifuged at 32,800 g for 20 min to divide into soluble and
insoluble fractions {Ins1; PSD-1). The pellet was resuspended in 0.5% Triton
%-100, 0.16 M sucrose, and 6 mM Tris-HCI, pH 8.1, and centrifuged at
200,000 g for 1 h to produce a pellet {Ins2; PSD-2}. 50 pg of proteins of
each fraction was analyzed by Western blotting.

Statistical analysis
The results are expressed as mean + SD. Stafistical comparisons between
groups were performed by the Student’s  fest.

Online supplemental material

Fig. S1 shows that synaptic PSD-95 accumulation upon activity blockade
does not require protein synthesis. Fig. $2 shows the specific detection of
PSD-95 palmitoylation by biochemical approaches. Fig. S3 shows that
DHHC2 and -3 and PSD-95 dominantly express as compared with other
family profeins in the hippocampus. Fig. S4 shows that DHHC2 translo-
cates near the postsynaplic sites upon activity blockade. Fig. S5 shows
that DHHC?2 and PSD-95 are necessary for homeostatic increase of GluR2
as well as GluR1. Video 1 shows PSD95-GFP dynamics in neurons by
time-lapse TIRFM imaging and shows the increased accumulation of
PSD-95-GFP upon Kyn treatment. Video 2 shows that CHX treatment does
not inhibit Kyn-induced PSD-95-GFP increase at the synapse. Video 3 shows
that activity-sensitive trafficking of PSD-95 is regulated by DHHC2. Video 4
shows activity-sensitive trafficking of DHHC2. Video 5 shows the specificity
of pHGIuR1 imaging. Video 6 shows AMPAR [pH-GluR1} dynamics by
timedapse TIRFM imaging. Video 7 shows that pH-GluR 1 intensity gradually
and continually increases over 12 h upon TTX treatment. Video 8 shows the
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requirement of palmitoylating activity of DHHC2 for homeostatic increase
of GluR1. Video 9 shows the requirement of PSD-95 palmitoylation for the
homeostatic increase of GluR1. Online supplemental material is available
at http://www.jcb.org/cgi/content/full /jcb. 2009031 01/DC1.
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Adoptive immunotherapy with liver allograft—
derived lymphocytes induces anti-HCV
activity after liver transplantation in humans
and humanized mice

Masahiro Ohira,'2 Kohei Ishiyama,’? Yuka Tanaka,!2 Marlen Doskali,"? Yuka Igarashi,’?
Hirotaka Tashiro,2 Nobuhiko Hiraga,2? Michio Imamura,?2 Naoya Sakamoto,*
Toshimasa Asahara,’2 Kazuaki Chayama,?3 and Hideki Ohdan'?

Department of Surgery, Division of Frontier Medical Science, Programs for Biomedical Research, Graduate School of Biomedical Sciences,

2Liver Research Project Center, and *Department of Medicine and Molecular Science, Division of Frontier Medical Science, Programs for Biomedical Research,

Graduate School of Biomedical Sciences, Hiroshima University, Minami-ku, Hiroshima, Japan. *Department of Gastroenterology and Hepatology,
Tokyo Medical and Dental University, Bunkyo-ku, Tokyo, Japan.

After liver transplantation in HCV-infected patients, the virus load inevitably exceeds pre-transplantation lev-
els. This phenomenon reflects suppression of the host-effector immune responses that control HCV replica-
tion by the immunosuppressive drugs used to prevent rejection of the transplanted liver. Here, we describe an
adoptive immunotherapy approach, using lymphocytes extracted from liver allograft perfusate (termed herein
liver allograft—derived lymphocytes), which includes an abundance of NK/NKT cells that mounted an anti-HCV
response in HCV-infected liver transplantation recipients, despite the immunosuppressive environment. This
therapy involved intravenously injecting patients 3 days after liver transplantation with liver allograft-derived
lymphocytes treated with IL-2 and the CD3-specific mAb OKT3. During the first month after liver transplan-
tation, the HCV RNA titers in the sera of recipients who received immunotherapy were markedly lower than
those in the sera of recipients who did not receive immunotherapy. We further explored these observations in
human hepatocyte-chimeric mice, in which mouse hepatocytes were replaced by human hepatocytes. These
mice unfailingly developed HCV infections after inoculation with HCV-infected human serum. However, injec-
tion of human liver-derived lymphocytes treated with IL-2/OKT3 completely prevented HCV infection. Fur-
thermore, an in vitro study using genomic HCV replicon-containing hepatic cells revealed that IFN-y-secreting
cells played a pivotal role in such anti-HCV responses. Thus, our study presents what we believe to bea novel

paradigm for the inhibition of HCV replication in HCV-infected liver transplantation recipients.

Introduction

Liver failure and hepatocellular carcinoma (HCC) due to chronic
hepatitis C infection are the most common indications for liver
transplantation (LT), and the incidences of both have been pro-
jected to increase further in the future. Recurrent HCV infecrion
of the allograft is universal, occurs immediartely after LT, and is
associated with accelerated progression to cirrhosis, graft loss, and
death (1, 2). This reflects the suppression of those host-effector
immure responses that usually concrol HCV replication, suggest-
ing that the immunosuppressive environment may play a major
role in the rapid progression of recurrent HCV infection after LT
(3, 4). Further, the immunosuppressive condition described above
is considered to increase the incidence of cancer recurrence after LT
in HCC patients. We recently proposed the novel strategy of adju-
vant immunotherapy for preventing the recurrence of HCC after
LT; this immunortherapy involves intravenously injecting LT recip-
ients with acrivated liver allograft-derived NK cells (5, 6). Since
the immunosuppressive regimen currently used after LT reduces
the adaptive immune components but effectively maintains the
innate components of cellular immunity (7-9), the augmenta-
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tion of the NK cell response, which is thought to play a pivotal
role in innate immunity, may be a promising immunotherapeutic
approach (6). We confirmed that the IL-2/anti-CD3 mAb-treated
(IL-2/OKT3-treated) liver allograft-derived NK cells expressed a
significancly high level of the tumor necrosis factor-related apop-
tosis-inducing ligand (TRAIL), which is a critical molecule for
tumor cell killing. Further, these cells showed high cytotoxicity
against HCC cells, with no such effect on normal cells (5). After
obtaining approval from the ethical committee of our instirute,
we successfully administered adoptive immunorherapy wich 1L-2/
OKT3-treated liver lymphocytes to liver cirrhosis patients with
HCC in a phase I trial. Although the long-term benefits of this
approach with regard to the control of HCC recurrence after LT
remain to be elucidated, this trial provided a unique opportunity to
study whether the adoptive administration of IL-2/OKT3-treated
liver lymphocytes could also mount an andi-HCV response in HCV-
infected LT recipients.

Previous studies have highlighted the important roles of innate
lymphocytes in developing immunity against hepatotropic
viruses, including HCV (10, 11). In this regard. it is known that
patients with chronic HCV infection show diminished NK and
NKT cell responses (12-14). In the case of an LT, it has recently
been reported that the host CDS56' innate lymphocyte population,
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consisting of NK and NKT cells, is appreciably associated with the
severity of HCV recurrence after LT (15). These insights into the
immunopathogenesis of HCV recurrence indicate that the innate
immune components mentioned above are potential targets for
therapeutic manipulation. In this study, we have demonstrated
for the first time to our knowledge that adoptive immunotherapy
with IL-2/OKT3-treated liver lymphocytes, including abundant
NK and NKT cells, shows anti-HCV activity after LT, even in an
immunosuppressive environment.

Results

Adoptive transfer of IL-2/OKT3~treated liver lymphocytes. The human
liver contains a significant number of resident lymphocytes. These
cells include abundant CDS6* NK and NKT cells, many of which
differ phenotypically and functionally from the circulating cells
(14, 16). In our previous study, we performed ex vivo perfusion of
the liver through the portal vein, which was necessary in order to
flush blood from che liver graft before implantation. Liver-residenc
lymphocytes were then extracted from the perfusates (number of
lymphocytes extracted from normal liver perfusates, 0.5 0.1 cells
per gram of liver weight; # = 14) (5). Proportions of CD36°CD3~
NK cells and CDS6°CD3* NKT cells among the lymphocytes
extracted from the liver perfusates (NK cells, 46.4% + 4.2%; NKT
cells, 17.2% + 2.3%; n = 14) were significantly (P < 0.05) higher than
those among the lymphocytes derived from the peripheral blood
of the same donors (NK cells, 21.9% + 3.7%; NKT cells, 3.8% + 0.9%;
n = 14). Extensive preclinical studies have shown that liver
allograft-derived resident NK cells mediate remarkably higher
cytotoxic activity against HCC cells than do peripheral blood NK
cells (5). On this basis, we undertook a clinical trial of adjuvant
immunotherapy with IL-2/OKT3-treated liver lymphocytes for
preventing the recurrence of HCC after LT in 14 recipients with
HCC (Figure 1 and Tables 1 and 2). The therapy involved admin-
istering a single intravenous injection of IL-2/OKT3-treated liver
lymphocytes to recipients 3 days after LT (2-5 x 108 cells injected
per subject). In order to prevent graft-versus-host disease (GVHD),
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i.e., to inactivate CD3* alloreactive T cells, we added an anti-CD3
mADb, OKT3, to the culture medium a day before the inoculation.
During the follow-up period (mean, 23.4 months; range, 10.7-32.9
months), neither any remarkable adverse effects nor rejection epi-
sodes occurred. All 14 subjects who received the immunotherapy
were alive without recurrence of HCC after LT (including 5 patients
with HCC exceeding the Milan criteria; ref. 17). At our institure,
the survival rate and recurrence rate of historical control patients
with HCC exceeding the Milan criteria were 78% (30 of 37) and
10.8% (4 of 37), respectively. The lymphocytes in the peripheral
blood of LT recipients who received immunotherapy in the early
postoperative period showed significantly enhanced cyrotoxicity
against an HCC cell line (HepG2) as compared with those in the
peripheral blood of LT recipients who did not receive the therapy
in the same period (Figure 2A). Although the gross proportions
of NK/NKT cells in the peripheral blood of patients treated with
immunotherapy did not ditfer from those in the peripheral blood
of untreated patients, the proportions of TRAIL™ NK cells signifi-
cantly increased after immunotherapy in the peripheral blood of
the former patients. This increase in the TRAIL* NK cells in the
peripheral blood lymphocytes was not observed in untreared
patients (Figure 2B). Furthermore, there was a significant correla-
tion between the frequency of TRAIL* NK cells in the peripheral
blood lymphocyrtes and the NK cytolytic activity of the peripheral
blood lymphocytes at 7 days after LT (Spearman rank-order cor-
relation coefficient = 0.54, P = 0.01; Figure 2C), indicating the anti-
HCC effect of adoptively injected TRAIL* NK cells. It would be per-
tinent to conduct additional clinical trials of this immunocherapy
for preventing HICC recurrence after LT.

Anti-HCV activity after adoptive immunotherapy. Of the 14 LT
recipients who received the immunotherapy, 7 had chronic HCV
infection. During the period of this trial, S other HCV-infected LT
recipients who did not agree to receive immunotherapy served as
controls; the background of the controls, including HCV geno-
type, age, and immunosuppressive therapy, was similar to that
of the immunotherapy recipients (Table 3). It has been reported
Volume 119 November 2009
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The Milan criteria specifies that liver cancer patients with a single tumor of 5 or fewer centimeters in diameter or 3 or fewer tumors, each no more than 3 cm in diameter, and with no macrovascular invasion,

can expect an excellent outcome after LT, with only a 10% risk of cancer recurrence (31). AFP, alpha fetoprotein; F, female; M, male; MELD, model for end-stage liver disease; PIVKA-II, protein induced by

vitamin K absence; Path., pathological, Postop., postoperative.

that HCV RNA concentrations sharply decrease a day after LT and
increase rapidly thereafter (3). In some of the patients, who did
not receive the immunotherapy, HCV RNA titers remained lower
than that of the pretransplanc ticer 1 week after LT, suggesting the
individual variation of increasing tempo. However, in almost all
patients, HCV RNA riters exceeded the pretransplancation levels
by 2 weeks after LT. Notably, HCV infection disappeared in 2 LT
recipients after the immunotherapy, but this was not observed in
the case of any HCV-infected LT recipients who did not receive
the therapy. In one of these patients (who had the lowest HCV
RNA levels before LT), HCV RNA has not been detected to date
(20 months after LT), even with a qualitative assay. In the other
patient, HCV RNA became detectable at 2 months after LT. On
the other hand, the 2 patients with the highest HCV viral loads
did not respond at all to the immunotherapy. Thus, the effects
of immunotherapy were dependent on the HCV virus load before
LT, probably because of the proportion of effectors and targets.
All patients with HCV viremia are currently being treated with
pegylated IFN-a2b and ribavirin. Nevercheless, during the first
month after LT, the HCV RNA titers in the sera of LT recipients
who received the immunotherapy were statistically lower than
those in the sera of LT recipients who did not receive the therapy
(P <0.05) (Figure 3). Among the LT recipients who received the
immunotherapy, at 2 weeks after LT, HCV RNA remained unde-
tectable in 4 patients (responders), whereas it was detectable in the
other 3 patients (nonresponders). The serum ALT levels did not
differ between the responders and nonresponders (Supplemental
Figure 1; supplemental material available online with this article;
doi:10.1172/JC138374DS1), suggesting that the immunotherapy
did not inhibit HCV RNA by injuring HCV-infected hepatocytes.
In vitro evidence to prove the anti-HCV activity of IL-2/OKT3~treated
liver lymphocytes by using HCV replicon—containing bepatic cells. The
liver allograft-derived lymphocytes were cultured in complete
medium with and without IL-2 for 3 days. This was followed by
adding OKT3 to the culture medium 1 day before coculturing the
lymphocytes with HCV replicon-containing hepatic cells in a tran-
swell system, at an indicated time. While the freshly isolated liver
allograft-derived lymphocytes inhibited HCV replication in the
HCV replicon-containing hepatic cells to some extent, the culti-
vation of these lymphocytes with IL-2/OKT3 markedly promoted
anti-HCV activity. Absence of exposure to either IL-2 or OKT3
resulted in reduced anti-HCV activity of the lymphocytes (OKT3
had a more profound influence than IL-2) (Figure 4A). When the
lymphocytes were treated wich IL-2 alone, the CDS$6* fraction,
including NK and NKT cells, that had been isolated by magnetic
cell sorting inhibited HCV replication more strongly than the
CDS$6 fraction; further, the CD3-CDS6* NK cell and CD3*CDS6*
NKT cell subfractions showed equivalent anti-HCV activity (Figure
4, B and C). On the other hand, when the lymphocytes were treated
with both IL-2 and OKT3, the CD56" and CDS56- fractions showed
similar levels of anti-HCV activity (Figure 4B). After the treat-
ment with IL-2 and OKT3, IFN-y was the predominant cycokine
in the culture supernatant of the lymphocytes (Figute SA), and
intracellular IFN-y expression was induced in the CD3-CDS6"
NK, CD3*CDS56" NKT, and CD3*CDS6- T cells (Figure SB). There
was no difference between the proportions of TRAIL® and TRAIL-
CD3-CDS56* NK cells producing IFN-y (Supplemental Figure 2).
Adding mADb against IFN-y to the coculture of lymphocytes with
HCV replicon cells markedly weakened the anti-HCV effects. The
incomplete restoration of the anti-HCV effect by anti-IFN-y treat-
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Table 2

Donor and graft characteristics

Donor  Donor Donar HLA

no. age (yr) sex A B c

1 4 M 24,- 07,40 03,07

2 24 M 2402,2603  4002,2603  0304,5201
3 51 F 0201,2402  0702,3901 0702,-

4 34 M 2601,2603  4001,4801 0303,0401
5 31 M 0206,2402  4002,5401 0102,0304
6 53 F 2402,- 5201,5401 0102,1202
7 24 M 2601,3101  4006,5201 0801,1202
8 34 M 1101,- 4001,5401 0102,1502
9 37 M 0201,1101  1501,4006  0702,0801
10 28 M 1101,3303  5502,5801 0102,0302
11 28 M 0207,2402  4601,5201 0102,5201
12 27 M 0201,1101  1501,3501 0303,0415
13 54 F 1101,2402  1501,1507  0303,0401
14 21 F 2601,2603  1501,5401 0102,0303

Relationship Graft Graft No. of cells
weight (g) administered (x 106)

Oftfspring Right 608 172
Offspring Right 658 38

Spouse Right 670 128
Offspring Left 414 143
Oftspring Posterior 702 135

Sibling Right 538 M1
Offspring Right 642 350
Offspring Right 846 229
Qffspring Left 402 811
Offspring Right 686 517
Offspring Right 558 114
Otfspring Right 628 509

Sibling Right 650 460
Offspring Right 436 382

ment suggests the possibility that other inflammatory cytokines
may also be responsible for the anti-HCV effect, alchough we have
not defined them art present (Figure 5C). Thus, the vigorous anti-
HCV activity of IL-2/OKT3-treated liver lymphocytes was depen-
dent, at least in part, on their IFN-y-secreting activity.

IFN-y-secreting activity in LT recipients after adoptive immunotherapy.
At 14 days after LT, the number of IFN-y-secreting cells in the
peripheral blood of LT recipients who received adoptive immuno-
therapy was significantly higher than that in the peripheral blood
of LT recipients who did not receive immunotherapy during the
trial period (Figure 6). This result was consistent with the results
of the in vitro studies showing the crucial role of IFN-y produced
in IL-2/OKT3~treated liver lymphocytes.

In vivo evidence to prove the anti-HCV activity of adoptive immunothera-
py by using HCV-infected human bepatocyte-chimeric mice. HCV-infected
mice have previously been developed by inoculating HCV-infected
human serum into chimeric urokinase-type plasminogen activator-
SCID (uPA-SCID) mice with engrafted human heparocytes (18).
This HCV-infected mouse model
has been reported to be useful for
evaluating anti-HCV drugs such as
IFN-a and anti-NS3 protease (19).

Table 3

the human hepatocyte-chimeric mice (Figure 7A). Such anti-HCV
effects were countered by anti-IFN-y neutralizing antibodies in
some chimeric mice, suggesting the potential role played by IFN-y
in the anci-HCV effects of the immunotherapy. The administration
of recombinant human IFN-y markedly and consistently prevented
the development of HCV infection in the human hepatocyte~chi-
meric mice. Once the HCV RNA became undetectable in the sera of
chimeric mice receiving either IL-2/OKT3-treated liver lymphocytes
or recombinant IFN-y, it could noc be detected again. The constant
levels of human serum albumin in the chimeric mice indicated
that neither the immunotherapy nor recombinant IFN-y admin-
istration had significant adverse effects on human hepatocytes in
those mice (Figure 7B). Once HCV infection had developed in the
human hepatocyte-chimeric mice, who showed high titers of HCV
RNA in their sera (over 103 copies/ml) 4 weeks after the inocula-
tion of HCV-infected serum, the preventive effects of che adoptive
immunotherapy or recombinant IFN-y on HCV infection were no
longer observed (Figure 7C).

Characteristics of HGV-infected LT recipients that received and did not receive immunotherapy

We also generated a human hepa-

tocyte-chimeric mouse model, No. Age Sex HCV  MELD Pre~-HCVRNA  Postoperative Immunasuppressant
in which mouse hepatocytes genotype (KiU/ml) manths
were almost completely replaced With immunotherapy
by human hepatocytes (20). 4 64 F 1b 16 210 29 Basiliximab+FK506+MMF
These mice consistently devel- 6 47 F 1b 8 5,000 26 Basiliximab+CsA+MMF
oped long-term HCV infections, 8 65 F 1b 18 2,400 24 Basiliximab+CsA+MMF
showing high viral titers after 10 56 M 1b 8 970 19 Basiliximab+FK506+MMF
inoculation with HCV genotype 11 56 M 1b 9 1,700 17 Basiliximab+FK506+MMF
1b-infected human serum (50 pl/ 12 58 M 1b 22 19 17 Basiliximab+FK506+MMF
mouse) (Supplemental Figure 3). wimout isrgmunolh':rapy 1b 6 2,200 16 Basiliximab+FK506+MMF
I&t(r;gerltonegl;njeclﬂon ;’f "“tz/ A 51 M 1b 27 420 2 Basiliximab+FK506+MMF

~treated liver lymphocytes B 44 M 1b 10 1,600 32 Basiliximab-+FK506+MMF
(20 x 106 cells/mousc), at 2weeks ¢ 5y 1b 8 180 22 Basiliximab+CsA+MMF
after inoculation with the infected D 56 M 2 10 470 20 Basiliximab+FK506+MMF
serum, consistently prevented the 3 57 M 1b 12 3,200 8 Basiliximab+FK506+MMF
development of HCV infection in
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Figure 2

Adoptive immunotherapy with 1L-2/OKT3-treated liver lymphocytes promoted the cytotoxic activity and TRAIL expression of NK cells in LT
recipients. (A) The NK cytotoxic activities of the indicated effectors against their target celis were analyzed by the $1Cr-release assay. The dot plot
represents the NK cytotoxic activities of freshly isolated peripheral blood lymphocytes obtained from recipients who received immunotherapy (+)
(n =7) and did not receive immunotherapy (-} (n = 5) against HepG2 target celis (effectorftarget [E/T] ratio, 40:1) 3 and 7 days after LT. NK cyto-
toxic activities are represented as a proportion (percentage) of the preoperative cytotoxicity in each patient. Horizontal lines indicate the mean.
Statistical analyses were performed using the 2-tailed, paired Student's t test. *P < 0.05 for day 7 versus day 3. (B) The frequency of TRAIL* NK
cells increased remarkably in the peripheral blood of LT recipients who received the immunotherapy. Horizontal lines indicate the mean. Statisti-
cal analyses were performed using the Mann-Whitney U test. P = 0.013 for immunotherapy group versus untreated group in postoperative day 7.
(C) Correlation between TRAIL* NK cell ratio and NK cytolytic activity after LT (Spearman rank-order correlation coefficient = 0.54, P = 0.01).
Statistical analyses were performed using the Spearman rank-order correlation coefficient, The diagonal line indicates a linear regression line.

Each dot indicates the cytotoxicity and TRAIL+ NK cell percentange of each patient. C1, control 1; POD, postoperative day; Pt., patient.

Discussion

The consequences of recurrent hepatitis C on the survival of graft
and LT recipients can only be avoided by the development of safe
and effective antiviral scrategies that can not only prevent initial
graft infection but also eradicate established hepatitis C recur-
rence (3, 4). With regard to initial graft infection, the circulating
virions infect the liver graft immediately after LT. HCV RNA con-
centrations usually increase a few days after LT, reflecting active
HCV replication in the liver graft. In general, in such an early phase
of a viral infection, the first line of host defense may be effective
in removing the virus; however, recent reports have indicated that
HCV effectively escapes the innate immune system comprising
NK and NKT cells, resulting in persistent infection (21, 22). It has
been reported that cross-linking of CD81 on NK cells by the major
envelope protein of HCV, HCV-E2, blocks NK cell acrivation, IFN-y
production, cytotoxic granule release, and proliferation (21).
Engagement of CD81 on NK cells blocks tyrosine phosphoryla-
tion through a mechanism that is distinct from the negative sig-
naling pathways associated with NK cell inhibitory receprors for
major histocompatibility complex class I molecules (22). These
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facts prove that HCV-E2-mediated inhibition of NK cells is an
efficient HCV evasion strategy, which involves targeting the early
antiviral activities of NK cells and allowing the virus to establish
itself as a chronic infection.

We have explored whether CD81 cross-linking-induced inhibitory
effects occur even in IL-2-stimulated NK cells. CD81 cross-linking
by a mAb specific for CD81 inhibited anticumor cyrotoxicity and
anti-HCV activity mediated by resting NK cells, but this manipu-
lation did not alter both these activities of IL-2-stimulated NK
cells (Supplemental Figure 4). This indicated that exposure to IL-2
before CD81 cross-linking abrogates subsequent inhibitory signals
in the NK cells. This would be one mechanism whereby the adop-
tive immunotherapy with IL-2/OKT3-treated liver lymphocytes
inhibited FICV replication at the eatly phase of infection after LT.

Although the role of NK cells in controlling HCV infection and
replication has not been completely elucidated, a recent report has
indicated that NK cells do not exert a direct cyrolytic effect on the
HCV replicon-containing hepatic cells but release IFN-y, suppress-
ing HCV RNA expression (11). The role of IFN-y in the expression of
NK cell-mediated anti-HCV activity has been proved by the observa-
Volutne 119
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