quence of a dye artifact, double or friple immunolabelling was
performed sequentially. After washing three times in PBS with 0.1%
Triton X-100, the slices were mounted with Permafluor {Immunotech,
France). Each specimen was analysed three-dimensionally with' a
z-axis interval of 0.87-0.88 pum under a conventional confocal laser
microscope (LSMS510META, Zeiss, Thomwood, NY, USA) equipped
with 40 x objectives unless otherwise noted. The images were
corrected for brightness and contrast using conventional software
(LSM Image Browser version 3.2, Zeiss and Photoshop version 6.0,
Adobe Systems Inc, San Jose, CA, USA).

Results
Cellular architecture of granule celf layer

Hippocampal slices prepared from postnatal rats were cultured for
several weeks. The gross appearances of slices between 2 and 6 weeks
of plating (Fig. 1, A2 and A3) were similar to those from the living
intact animal (Fig. 1, Al) as noted in the previous studies {Stoppini
et al.,, 1991; Okada ef al, 1995). To further investigate the cellular

A1 B adu.itrat'. A2
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architecture of the slice culture, neurons were identified by the
expression of neuronal nuclei antigen (NeulN), which is expressed
specifically in the nucleus of mature neuron with unknown functions
{Mullen ef al., 1992). Similar to the living animal (Fig. 1, B1), GCL
cells and pyramidal cell layer (PCL) cells of the CA1—4 region were
preserved for as long as 6 WIV (Fig. 1, B2 and B3). The GCL was
usually compact and clearly discriminated from the surrounding
tissues in the suprapyramidal region whereas neurons formed a loose
cluster and occasionally migrated out from the slices in the
infrapyramidal region (e.g. Fig. 1, B2). To identify the GCL, all the
following experiments were limited to the suprapyramidal region.
Next, we investigated whether the laminar arrangement of the
slice culture assures optimal hippocampal networks. In the hippo-
campus in vivo the MF pgives rise to fine collaterals with numerous
small boutons in the hilus and traverses the apical dendritic shafts of
CA3 pyramidal cells in a narrow band called the stratum lucidum
(Henze ef al., 2000). Presynaptic boutons of the MF contain an
exceptionally high concentration of zinc in the synaptic vesicles
(Frederickson et al, 2000). To identify the MF projection we
applied a zinc sensitive fluorescent indicator, TSQ, which brightly

FiG. 1. The cellular architecture of rat hippocampal slice cultures. (A1-3} Plain views of hippocampal slice and its culture: the acute slice from an adult rat (A1),
14 DIV slice culture (A2) and 42 DIV slice culture (A3). (B1-3) The organizations of neuronal layers: the acute slice from adult rat (B1), 14 DIV slice culture (B2)
and 42 DIV slice culture (B3). Neurons were immunolabelled with anti-NeuN, a neuron-specific marker. Note the presence of both the dentate granule cell layers
(GCLs) and the CA1—4 pyramidal cell layers (PCLs). {C1-3) The laminar arrangements of mossy fibre (MF) projections: the acute slice from adult rat (C1), 14 DIV
slice culture (C2) and 42 DIV slice culture (C3). The MFs and their terminals were visualized with a zine-sensitive fluorescent indicator, N-(6-methoxy-8-quinolyl)-
p-toluenesulphonamide (TSQ). The pattern of MF projections in the slice cultures is similar to that in vive. Scale bars, 0.5 mm.
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FI1G. 2. Three-dimensional architecture of the dentate gyrus. (Al and 2) The distribution of neurons in a 45 DIV slice culture: the horizontal (A1) and vertical (A2)
appearances. Neurons were immunolabelled with anti-NeuN. The region between broken lines in Al is viewed from the side in A2. The cartoon of cytoarchitecture
corresponds to the square region in A2. The dotted lines, B1-3 correspond to the following pancls B1-3, respectively. Neurons in the GCL and PCL are indicated by
circles and iriangles, respectively, and astrocytes by stars. The unidentified structure of slice culture is coloured in grey. (B1-3) The three-dimensional distribution of
neurons and astrocytes in the dentate gyrus of a slice culture 6 pm above the layer of GCL (B1), the layer where GCL first appears (B2) and 6 pm below B2 (B3).
The double immunoflzorescent images of anti-NeuN (leff), anti-GFAP (right) were obtained by using confocal microcopy.
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labels the following regions (Fig. 1, C1): hilus of dentate gyrus;
CA3 suprapyramidal and infrapyramidal layer. These brightly
fluorescent regions were almost identical to those obtained with
other metal-histochemical methods like Timm staining method
(Frederickson et al., 1987; Vogt er al, 2000). Throughout the
cultivation period TSQ brightly labelled these regions in some
slices: 40.0% (n =125 at 14DIV (Fig. 1, C2y and 31.5%
(n = 108) at 42 DIV (Fig. 1, C3). However, MF projections were
obscure in others, probably through the massive reorganization of
axonal trajectories or the ectopic projections in slice cultures
(Robain et al, 1994; Gutiemez & Heinemann, 1999). As the
presence of robust MF projections is an indication of the
prescrvation of efficient’ hippocampal architecture, all the following
experiments were carried out after TSQ identification of MF
projections.

Three-dimensional architecture of the dentate gyrus

Even when hippocampal slice cultures had preserved laminar
structures for several weeks, the slices were flattened within the first
week and maintained their thickness for subsequent weeks, as reported
previously (Buchs et al, 1993). To determine the position and
thickness of the GCL in the slice culture, slices at 45 DIV were cut in
a perpendicular plane to the Millicell-CM membrane along the CA1—4
axis, which had been previously fixed and immunolabelled for anti-
NeuN (Fig. 2, Al). Slices had thinned to 179 + 12 pm (n = 11;
Fig. 2, A2) from the previous thickness of 350 pm. The PCL was
stretched horizontally at CAl, as reported previously (Buchs et al.,
1993), whereas the GCL (thickness of tens of micrometres) was buried
in the middle of the slice and was densely packed with neurons with
small-sized nuclei.

To resolve the three-dimensional cytoarchitecture of the dentate
gyrus, the culture slices at 45 DIV were immunolabelled with anti-
NeuN and anti-glial fibrillary acidic protein (GFAP), specific
antibodies to one of intermediate filament proteins and one of
selective markers of astrocytes and radial glia (Ludwin ef al., 1976;
Seri et al,, 2001), and inspected by using confocal laser scanning
microscopy from the surface to the bottom (see Fig. 2 cartoon). There
was a layer of GFAP-positive cells just above the GCL (Fig. 2, B1). In
the layer containing the GCL, there was a dense cluster of NeuN-
positive small nuclei, surrounded by GFAP-positive cells (Fig. 2, B2).
In the deeper layer, NeuN-positive cells were found in the GCL as
well as the PCL at CA4 (Fig. 2, B3). Although we did not determine
the type of cells located under the neuronal somatic area, GFAP-
positive processes sometimes tightly formed a thin layer in a vicinity
of the Millicell-CM membrane.

Differentiation of endogenous progenitors in slice cultures

To investigate whether endogenous progenitors exist intrinsically and
actually differentiate into neurons in the slice culture, we added BrdU,
a thymidine analogue, to the culture medium. As BrdU is incorporated
into nuclei during the S-phase, it should label the newly generated
cells in slice cultures, The phenotype of BrdU-labelled cells was
identified immunohistochemically using antibodies to neuronal or glial
markers, under higher magnification. Usually, the suprapyramidal
region of the GCL was set in the centre of the optical field, and the
optical planes above and in the GCL were examined. In the case of
slices at 45 DIV, triple immunofluorescent labelling (anti-BrdU, anti-
NeuN and anti-GFAP) was carried out to identify the specific
phenotypes of BrdU-labelled cells.

Neurogenesis in rat hippocampal slice cultures 2503

One week after BrdU treatment, many BrdU-labelled celis were
found in and around the GCL, and occasionally appeared as pairs
being opposed each other (Fig. 3, Bl and B3, arrowheads), but were
coexpressed with neither NeuN (Fig. 3, Al-3) npor microtubule-
associated protein 2 (MAP2; Fig. 3, B1-3), one of the cytoskeletal
proteins expressed specifically in neuronal cell bodies and dendrites
(Bernhardt & Matus, 1984). Many of these BrdU-labelled nuclei did
not associate with GFAP-positive structures overlaying the GCL
(Fig. 3, C1-3). However, under close inspection of three-dimensional
structures, a few BrdU-labelled nuclei were encapsulated by the
GFAP-positive fibres (asterisk). Some BrdU- and GFAP-positive cells
had characteristic short processes (Fig. 3C, insets). These BrdU-
labelled cells might also include non-neuronal and non-glial cells as
microglia and fibroblasts although both cells are supposed to be few in
the region around the GCL (Rainetean et al., 2004).

Four weeks after treatment, confocal images revealed that some of
the BrdU-labelled nuclei were coexpressed with NeuN in the GCL
(Fig. 4, A1-3, arrowheads). These cells were not immunoreactive with
anti-GFAP (Fig. 4, A4). The coexpression of BrdU and NeuN was
examined three-dimensionally under higher magnification (Fig. 4B). In
the layer overlaying the GCL, there were some BrdU-labelled nuclei
surrounded by GFAP-positive processes (Fig. 4, C1-3, arrows). These
cells were not immunolabelled by anti-NeuN (Fig. 4, C4).

-

Visualization of endogenous neurogenesis in living slices

The BrdU-labelling method has several disadvantages for the study of
neurogenesis. Neurogenesis is only retrospectively identified in fixed
tissues. Labelling with BrdU is not sufficient to prove that a given cell
has divided because BrdU is a marker of DNA synthesis rather than of
cell division (Rakic, 2002). BrdU-labelling alone does not reveal
morphological characteristics of the newly generated cells as BrdU is
incorporated into only their nuclei. Finally, the cellular and physio-
logical features of living cells are difficult to investigate. To overcome
these disadvantages, we marked endogenous progenitors in living slice
cultures with EGFPs using retrovirus vectors, which were injected
locally into the suprapyramidal region of the GCL. As the retroviruses
infect only dividing cells and their genes are incorporated into the
host’s genomic DNA, newly divided cells and their descendants would
specifically express EGFP.

From daily observations of the injected sites under fluorescent
microscopy, the EGFP-expressing cells showed a tendency to increase
in number between 1- and 2-weeks post-inoculation (Fig. 5, Al and
A?2). The number of EGFP-expressing cells was followed up 1n six
slices in which more than four EGFP-expressing cells were identified
in the DGL 1 week after retrovirus vector incculation and was even
increased in the next 1-3 weeks (Fig. 5B). The relative number
increased to 253 = 58% (mean + SEM; n = 5) in 1 week and to
296 £104% (rn=4) in 2 weeks. As our retrovirus vector is
replication-incompetent, the EGFP-expressing cells proliferated as a
result of mitosis. In the first 1-2-weeks post-inoculation, the typical
EGFP-expressing cells were small with short processes (Fig. 5SA),
being reminiscent of the undifferentiated cells that had recently
appeared. Indeed, three-dimensional analysis of confocal images
revealed that 36 £ 4% (mean + SEM; four slices, sum of double
positive cells/total EGFP-expressing cells = 45/128) of these cells
expressed nestin, one of intermediate filaments expressed specifically
in neuroblasts and myoblasts (Lendahl et al., 1990) and a putative
neural precursor markers (see also Fig. 81 in Supplementary material).
By contrast, the EGFP-expressing cells have neither neurcnal
appearances nor detectable NeuN immunoreactivities in these early
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FIG. 5. Proliferstion of enhanced preen fluorescent protein (EGFP)-expressing cells after retrovirus vector incculation. (A) The EGFP-expressing cells in the
dentate gyrus at 1- (A1) and 2-weeks (A2) post-inoculation in the same place. Scale bar, 50 pm. (B) The number of EGFP-labelled cells in the dentate gyrus was
counted, normalized to that seen at 1-week postinoculation and plotted against time. Each symbol represents an identical slice culture (= = 6).

postinoculation periods, indicating that our retrovirus vectors would
not transfect mature neurons.

Some of the EGFP-expressing cells extended processes

in the late WIV

Three-dimensional analysis of confocal images were investigated for
phenotypes of EGFP-expressing cells 4 weeks after inoculation.
Typical EGFP-expressing cells were seen in the GCL with several
dendrite-like processes (Fig. 6A) and one elongated axon-like process
(Fig. 6A, arrowheads) bearing putative synaptic boutons (Fig. 6A,
arrow). The coexpression of EGFP and NeuN (Fig. 6B) was examined
three-dimensionally under higher magnification (Fig. 6C). Some of
these cells were immunoreactive to anti-NeuN and were incorporated
in the normal architecture of GCL (Fig. 6A~and B). Some EGFP-
expressing cells represented early phenotypes of differentiation into
neurons in the GCL with short processes and immunolabelled with
antibodies to Tuj! (Fig. 6D), one of the cytoskeletal proteins expressed
specifically in immature neurons (Lee et al, 1990). The detailed
morphology of neuron-like EGFP-expressing cells also varied, as
shown in Fig. 6A and B. Some dendrite-like processes extended to

z-axis directions whereas others were horizontal. Some axon-like
processes extended in the direction of CA3 pyramidal cells whereas in
others it was the opposite, We tracked these axons for a considerable
fength but were unable to find the final destinations. To test if these
EGFP-expressing cells have phenotypes of GCL neurons, the
coexpression of EGFP and calbindin D28K, one of calcium binding
proteins expressed specifically in some types of neurons including
DGL cells (Baimbridge & Miller, 1982; Bousez-Dumesnil ef al.,
1989) was examined three-dimensionally under a higher magnification
(Fig. 6E). Indeed, there were the neuron-like EGFP-expressing cells
immunoreactive to calbindin D28K in the DGL. These results are
consistent with the notion that the slice cultures intrinsically retain a
neurogenic potential qualitatively similar to the hippecampus in the
living animal.

To investigate the occurrence of neuronal differentiation, retrovirus
vectors were injected on the same day in the same place of the
suprapyramidal region of the DGL of 14 DIV slice cultures derived
from 10 littermates of either gender and prepared on the same day.
Four weeks after inoculation, 14 slice cultures were selected for
analysis of phenotypes because they had numbers (> 10) of EGFP-
expressing cells. The immunoreactivity to anti-NeuN was investigated

F1G. 3. Phenotypes of newly generated cells in the dentate gyrus one week afier incorporation of S-bromodeoxyuridine (BrdU). (Al1-3) The double
immunofluorescent confocal images of GCL: anti-BrdU {Al, green), anti-NeuN (A2, red) and the merge {(A3). (B1-3) The double immunofluorescent confocal
images of GCL: anti-BrdU (B1, green), anti-MAP2 (B2, red) and the merge of both (B3). The double arrowheads indicate mitotic figures. (C1-3) The double
immunoflucrescent confocal images of the dentate gyms: anti-BrdU (C1, red), anti-GFAP (C2, green) and the merpge (C3). The asterisk indicates the BrdU-labelled
GFAP-positive cell. Inset shows another BrdU-labelled GFAP-positive cell with processes clearly visible. Scale bars, 50 pm.

FiG. 4. Phenotypes of newly generated cells in the dentate gyrus four weeks after incorporation of BrdU. (A1-4) The triple immunoflucrescent confocal images of
GCL: anti-BrdU (Al, green), anti-NeuN (A2, red), the merge of both (A3) and the merge of anti-BrdU and anti-<GFAP (blue) images (A4). The arrowheads indicate
the newly generated neurons which are both BrdU-labelled and NeuN-positive. (B) Three-dimensional confocal micrograph showing a typical BrdlJ/NeuN-
immunoreactive cell. The x-z and y-z images were accompanied. Note that BrdU distributes in the nucleus of the NeuN-positive cell in the DGL. (C1-4) Triple
immunofluorescent confocal images of the layer overlaying GCL: anti-BrdU (C1, red), anti-GFAP (C2, green), the merge {C3) and the merge of anti-BrdU and anti-
NeuN (blue) images {C4). The arrows indicate the BrdU-labelled GFAP-positive cell, Scale bars, 50 pm.
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F1G. 6. Emergence of neuronal phenotypes in EGFP-expressing cells four weeks after tetrovirus vector inoculation. (A and B} The double immunofluorescent
confocal images of GCL: anti-EGFP (A, green), anti-NeuN (B, red). Typical EGFP-expressing NeuN-positive cells bear dendrite-like processes and an axon-like

process (arrowheads) with a terminal bouton-like structure (arrow). EGFP-ex

pressing cells that are immunoreactive with anti-NeuN are indicated by asterisks.

{C) Three-dimensional analysis of a NeuN-positive EGFP-expressing cell. A rectangular region in A and B were metged and enlarged with x~z and y—z images.
(D) Three-dimensional anatysis of a double immunoflucrescent confocal image of GCL: anti-EGFP (green) and anti-Tujl (red). The x~2 and y-z images were
accompanied, (E) Three-dimensional analysis of a double immunoftuorescent confocal image of GCL: anti-EGFP (green); anti-calbindin D28K (red). The x—z and

y-z images wete accompanied, Scale bars, 50 pm.

in four slices. The NeuN-positive cells were found in the range of
10-40% of the EGFP-expressing cells. In total 23 of 91 EGFP-
expressing cells were NeuN-positive (25%). The Tujl-positive cells
were in the range of 10—40% of the EGFP-expressing cells (four
slices) and 23 of 94 EGFP-expressing cells in total (24%). Therefore,
some but not all newly divided cells express neuronal phenotypes (see
Fig. 81 in Supplementary material}. In fact, in this series of
experiments, the GFAP-positive cells were in the range of 10-40%
of the EGFP-expressing cells (three slices} and 33 of 103 EGFP-
expressing cells in total (32%). The nestin-positive cells were in the
range of 10-40% of the EGFP-expressing cells (four slices) and 36 of
133 EGFP-expressing cells in total (27%).

Discussion

We made several observations reinforcing the previous study that
postnatal hippocampal slice cultures preserve endogenous neuronal
progenitor cells in the dentate gyrus, in which new neurons are
spontaneously generated (Raineteau et al., 2004). With BrdU used to
label dividing cells, we found that some BrdU-labelled cells acquire
phenotypes of mature neurons in the following four weeks. Using
retrovirus vectors, we found that in 4 weeks some EGFP-expressing
cells also acquire phenotypes of mature neurons extending dendrites
and axon-like processes.

Differences between labelling methods

One of our new findings is that EGFP-expressing cells proliferated in
the explanted hippocampus during the cultivation period between

1- and 4-week postinoculation (Fig. 5). This is in contrast to the
observation that the number of BrdU-labelled cells has a tendency to
decrease in days after early proliferation (Hayes & Nowakowski,
2002). Since BrdU is incorporated into DNA during mitosis, its
density diminishes during the following cell divisions (Dayer et al.,
2003). Therefore, the descendents of highly proliferative cells would
become negligible regarding BrdU immunoreactivity. Alternatively,
the undifferentiated cells might be selected for survival before
differentiation with massive cell death (Gould et al.,, 1999a). Either
way, it is generally accepted that BrdU preferentially labels the
immediately post-mitotic cells during the period of drug exposure, By
contrast, the retrovirus vector transduction reveals a different popu-
lation of celis, the newly divided ones and their descendents.

Neurogensis in the sfice culture system

In this study some BrdU-labelled cells in the GCL were also
positive for NeuN, a marker of mature neurons (Fig. 4A and B).
These observations are consistent with reports of in vive prepara-
tions (Kuhn et al., 1996; Eriksson et al., 1998; Komack & Rakic,
1999} and slice culture systems (Raineteau et al., 2004), and imply
that intrinsic neural progenitors are present in the hippocampal slice
culture of 2 WIV and that some of their descendents differentiate
into GCL neurons.

Four weeks after retrovims vector inoculation, about one-quarter of
EGFP-expressing cells were immunoreactive with anti-NeuN and about
one-quarter with anti-Tuji, a2 marker of immature neurons. These
numbers compare with those in in vivo experiments: 2-25% for anti-
NeuN and 15-30% for anti-Tuj1, although these values do depend on the
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behavioural conditions of the mice (van Praag et al., 2002). The EGFP-
expressing NeuN-positive cells were found primarily in the GCL of the
slice culture (Fig. 6A and B). Similarly, most of the BrdU-labelled
NeuN-positive cells were found in the GCL, being consistent with the
previous study (Raineteau ef al., 2004). Therefore, the newly generated
neurons are distributed similarly to that reported in postnatal mammals
in vivo (Kuhn et al., 1996, Eriksson et al., 1998; Komack & Rakic,
1999). We also found that some EGFP-expressing cells were
immunoreactive to calbindin D28K, a marker of GCL neurons
(Fig. 6E), being consistent with the in vivo stadies (Kuhn et al., 1996).

In the adult rodent brain, neurogenic stem cells are present in the
subgranular zone of the hippocampus and the newly generated neurons
preferentially distribute close to the subgranular zone in the GCL in
vivo (Cameron et al., 1993; Alvarez-Buylla & Lim, 2004) and in the
thin slice culture using the roller-tube methods (Raineteau ez al., 2004).
However, in our rather thick slice culture system using the interface
methods (Stoppini ef al., 1991) we found no particular patterns in the
appearance of BrdU-labelled/EGFP-expressing NeuN-positive cells in
the GCL., Therefore, the three-dimensional structure of the neurogenic
niche appears to be somewhat reorganized in our slice culture system.

Undifferentiated celis

One week after mitosis the large number of BrdU-labelled cells
appeared to be undifferentiated because they were coexpressing with
neither nevronal markers such as NeuN and MAP2 nor astrocyte
markers such as GFAP (Fig. 3). Four weeks after retrovirus vector
inoculation the EGFP-expressing cells comsisted of various
phenotypes: NeuN-positive (Fig. 6C); Tujl-positive (Fig. 6D);
GFAP-positive; and nestin-positive (see Supplementary material).
Immediately after mitosis the descendants express nestin, an
intermediate filament protein found in neuroepithelial stem cells,
but usually lose it within a week during maturation (Palmer et al.,
2000). Therefore, those nestin-postive EGFP-expressing cells may
have a history of recent mitosis. Although we did not investigate
phenotypes of nestin-negative EGFP-expressing cells, neuronal and
glial progenitors, microglia, endothelial cells and fibroblasts would
be included (Raineteau ez al., 2004). N

Neurons have been shown to express Tujl early in differentiation
(Lee et al., 1990; Menezes & Luskin, 1994) whereas they express
NeuN after maturation (Mullen er al., 1992). Some of our EGFP-
expressing neurons showed phenotypes of either early or late stages of
differentiation. It is, therefore, possible that there are lineages of self-
renewing neural precursor cells that are neurogenic {Palmer et al.,
1997) as a consequence of asymmetric cell division (Alvarez-Buylla
et al., 2001; Fishell & Kriegstein, 2003). Alternatively, neurons might
remain undifferentiated for weeks, and become mature by triggering
signals, e.g. synaptic contacts. It is also possible that some of newly
generated cells undergo apotosis before maturation (Gould & Gross,
2002) although the EGFP-expressing cells have a tendency to increase
in number as a whole as late as 4 weeks afier transduction (Fig. 5).
Careful foliow up of a single pair of EGFP-expressing cells in the slice
culture system would shed light on this problem.

Gliogenesis in the sfice culture system

Some BrdU-labelled cells expressed GFAP, a molecular marker of
astrocytes (Fig. 4C) and about one-third of the EGFP-expressing cells
were also positive for GFAP 4 weeks after retrovirus vector inocu-
lation (see Supplementary material). These observations are consistent
with previous ir vivo experiments that cells positive for both BrdU and
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GFAP arc present in the dentate hilus-subgranular zone in the
hippocampus (Kempermann et al., 1997). However, the GFAP-
positive cells encompass a diverse group of cells (Sexi et al., 2001)
including terminally differentiated astrocytes (Goldman, 2003) and
radial glial cells, which have neurogenic potential (Seri et al., 2001). It
has been also sugpested that neural precursor cells generally have a
history of expressing GFAP at least once (Ser er al, 2001;
Kronenberg et al., 2003). Experiments using other molecular markers
are necessary to further classify these GFAP-positive cells.

There remains another issue as to whether the GFAP-positive cells
and the NeuN-positive cells derived from the same progenitor. This
could be tested in our slice culture system by following up a single
pair of EGFP-expressing cells using retrovirus vector transduction,

Concluding remarks

Two independent studies, ours and that of Raineteau ef al. (2004)
would make it unequivocal that endogenous neural progenitor cells are
indeced present in the slice culture system and spontancously
generating new neurons postnatally. Using the retrovirus vector
transduction method in combination, the slice culture system would
enable follow up of the newly divided cells for 2 long period,

Supplementary material

The following supplementary materia!l may be found om
http:/fwww.blackwellpublishing. com/products/journals/suppmat/ETN/ETN3721/
EJN3721sm.htm

Fig. S1. Emergence of non-neurona! phenotypes in EGFP-expressing cells in
the dentate gyrus around the suprapyramidal region of the GCL after retrovirus
vector inoculation.

Acknowledgements

We are grateful to H. Minami for technical assistance R. Araki and K. Miyazaki
for helpful comments and to M. Ohara (Fukuoka) for language assistance.

Abbreviations

BrdU, 5-bromodeoxyuridine; DIV, days in vitro; EGFP, enhanced green
fluorescent protein; GFAP, glial fibrillary acidic protein; GCL, granule cell layer;
MAP2, microtubule-associated protein 2; MF, mossy fibre; NeuN, neuronal
nuclei antigen; PCL, pyramidal cell layer; TSQ, N-(6-methoxy-8-quinolyl)-
p-toluenesulphonamide; Tujl, neuron-specific B-III tubulin; WIV, weeks i vitro.
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Cross-Talk between Activated Human NK Cells and CD4* T
Cells via 0X40-OX40 Ligand Interactions

Alessandra Zingoni,*" Thierry Sornasse,”* Benjamin G. Cocks,* Yuetsu Tanaka,}
Angela Santoni,” and Lewis L. Lanier’*

It is important to understand which molecnles are relevant for linking innate and adaptive immune cells. In this study, we show
that OX40 ligand is selectively induced on IL-2, I1~12, or IL~15-activated haman NK cells following stimulation throngh NKG2D,
the low affinity receptor for ¥gG (CD16) or killer cell Ig-like receptor 2DS2. CD16-activated NK cells costimulate TCR-induced
proliferation, and IFN-y prodaced by auntologous CD4™ T cells and this process is dependent upen expression of OX40 ligand and
B7 by the activated NK cells. These findings suggest a novel and unexpected link between the natural and specific immune
raponsos, providing direct evidence for cross-talk between human CD4™ T cells and NK receptor-activated NK cells, The

Jonrnal of Immunology, 2004, 173: 3716-3724.

or an effective T cell response at least two signals are

needed: the first is delivered by TCR interaction with

MHC and peptide, and the second involves ligation of co-
stimulatory receptors. Costimulation can involve augmenting cell
proliferation, cell survival, and/or the production of cytokines.
Many receptors have now been described to be costimulatory, in-
-cluding receptors of the Ig superfamily, such as CD28 and ICQS,
and receptors of the TNF superfamily. Interactions between TNF
ligands and TNFR family members, including for example 0X40
ligand (OX40L) and OX40, have been implicated in T cell co-
stimutation (1). Expression of QXA40L is mducible and has been
reported on several hemopoietic cell types, including dendritic
cells (2), B cells (3), T cells, and microglial cells, as well as on
vascular endothelial cells (4). OX40L expression is induced on
APCs several days after activation by CD40L-CD40 interactions
or by inflammatory stimuli (1, 2). Recently, high levels of OX40L
have been shown to be expressed on a new type of CD3~CD4™
accessory cell, located in B cell follicles, capable of promoting
survival of Th2 cells through OX40-OX40L interactions (5).
0X40 is expressed predominantly by activated CD4™ T cells (6).
0OX40" cells are found in the T cell zones of lymphoid organs
following priming with Ag (3), and also have been detected in situ
in several inflammatory states, including experimental autoim-
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mune encephalomyelitis, rheumatoid arthritis, chronic synovitis,
praft-vs-host disease, and on tumor-infiltrating lymphocytes (6-9),
Ligation of OX40 on CD4" T cells by agonist reagents can in-
crease ¢lonal expansion and cytokine production (10), enhance
memory T cell development (11), and augment anti-tumor immu-
nity (12). OX40 has also been shown to play an important role in
the stimulation of anti-viral CD4" T cell responses in vivo (13).

NK cells are lymphocytes that provide innate immunity against
tumors and virus-infected cells. A balance of signals received from
multiple activating and inhibitory receptors regulates their effector
functions (14). These receptors allow NK cells to rapidly survey
their énvironment for danger. When an imbalance in signaling fa-
vors activation, secretion of cytokines and/or release of cytotoxic
granules occurs (14), In humans, NKG2D is one of the activating
receptors that is expressed on NK cells, v5 T cells, and CD3aB T
cells (15). NKG2D recognizes as ligands UL16-binding protein 1
(ULEBP1), ULBP2, ULBP3, ULBP4, and the MHC class I chain-
related molecules, MICA and MICB (15, 16). These NKG2D li-

. gands are generally absent or expressed at low levels on most

healthy cells, but can be induced by viral (17) and bacterial infec-
tions (18, 19). In addition, they are frequently up-regulated in
many epithelial fumors (20) and in “stressed™ cells (21).

Several studies have focused on the ability of NK cells to reg-
ulate adaptive immune responses through the production of Thi-
type cytokines early during infection (22) or through the activation
of dendritic cells (23). In addition, by establishing cocultures of
NK- and Ag-activated T cells, it has been shown that human NK
cells can be induced to secrete IFN-7y in response to IL-2 produced
by activated T cells (24), In contrast, much less has been reported
about the physical interactions that may take place between NK
cells and adaptive immune cells, in particular CD4™ T cells,

In this study, we show that OX40L can be induced on human
NK cells by stimulation through their activating NX receptors. In
addition, we present direct evidence for cross-talk between CD4™
T cells and NK cells in which OX40-0X40L and CD28-B7 inter-
actions contribute to T cell proliferation and IFN--y production in
response to TCR-tnduced activation.

Materials and Methods
Reagents, cytokines, Abs, and flow cytometry

Human 11112 and IL-15 were purchased from BioSource International
{Camarillo, CA). The National Cancer Institute Biological Resources

0022-1767/04/502.00
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Branch Preclinical Repository (Frederick, MD) generously provided hu-
man riL-2. Staphylococeal enterotoxin B (SEB) and PHA were purchased
from Sigma-Aldrich (St. Louis, MO). The following mouse anti-human
mAbs were used: anti-killer cell Ig-like receptor (KIR)2DS2 (DX27), neu-
tralizing anti-CD80 (L307), and anti-CD86 (IT2.2) (BD Pharmingen, San
Diego, CA), FITC-conjugated anti-CD80 (BU63; Caltag Laboratories,
Burlingame, CA), FITC-conjugated anti-CD86 (MEM-233; Caltag Labo-
ratories), anti CD8a (Leu2a; BD Pharmingen), anti-CD4 (Leu3a; BD
Pharmingen), anti-HLA-DR (BD Pharmingen), ant-NEKG2D (clone
149310; R&D Mimmeapo

ing anti-OX40L (5A8) (2, 4), auti-CD16 (B73.1) (kindly provided by Dr.
G. Trinchieri, Schering-Plough, Dardilly, France), and anti-CD3 (OKT3;
Amerivan Tissue Culture Collection, Manassas, VA). PE-conjugated goat
anti-mouse IgG was purchased from Jackson ImmunoResearch Laborato-
ties (West Grove, PA), FITC-conjugated anti-mouse IgG was purchased

from Zymed Laborztories (South San Francisco, CA), and goat anti-mouse

IeG F(ab'), was from Cappel Laboratories (ICN Biomedicals, Operz, Mi-
lan, Italy). Cells were analyzed by using a FACSCalibur (8D Riosciences,
San Jose, CA) or a small desktop Guava Personal Cytometer with Guava
ViaCount and Guava Express software (Burlingame, CA). Viable lympho-
cyte populations were gated based on forward and side scatters and by
propidium iodide staining.

Cell lines, plasmids, and Ii'amfeclants

The NKL cell line, generously provided by Dr. Mike Robertson (25), was
cultured in RPMI 1640 medium supplemented with 10% FCS, 2 mM L-
glutarnine, 100 Uknl penicillin, 100 pg/ml streptomycin, aud 200 Usml
hinmen fIL-2. Cells were cultured at a density of 5 X 10%/ml in a 37°C
incubator with 5% CO,. For all experiments, cells were grown at a density
of 1 X 16°ml in medium containing IL-2. Generation of NKL stably
expressing KIR2DS2 was described previously (26). Because mouse Ba/F3
Ppro-B cells are IL-3 dependent for their proliferation, the Ba/F3 cells used
in these experiments were transfected with an expression plasmid contain-
ing the mouse ¢cDNA IL-3 to provide for autocrine growth (kindly provided
by Dr. S. Tangye, Centenary Institte, Sydney, Australia). MICA trans-
fectants were established by retroviral transduction using the pM>{-pie vec-~
tor (27, 28) containing a MICA*0019 ¢cDNA.

FPreparation of NK cells and T cells

Small resting CD4* T lymphocytes were purified as follows: PBMC were
isolated by lymphoprep density gradient centrifugation, monocytes and B
cells were removed by adherence to nylon wool, then cells were labeled
with anti-CD8, anti-CD56, anti-HLA-DR, and anti-CD19 mAbs, and these
cells were mixed with magnetic beads coated with goat anti-mouse IgG
(Dynal Biotech, Oslo, Norway). Thereafter, CD8™, CD19*, HLA-DR™,
and CD56 cells were removed by magnetic cell sorting. The remaining
cells were >98% CDM4*CD3™, as assessed by immmofluorescence and
flow cytometric analysis. Polyclonal NK cell cultures were gbtained by
coculturing nylon nonadherent PBMC with imadiated (3000 rad) RPMI
8866 B cells for 9-10 days at 37°C in a bumidified 5% CO, atmosphere,
as previously described (29). NK cell cultures were >90%
CD16"CD56"CD3™, as assessed by immumofluorescence and flow cyto-
metric analysis. Contaminating T cells were depleted by magnetic cell
sorting, yielding a final NK population >98% CD16*CD3S6*CD3~,

Stimulation of the cells, RNA preparation, microarrays, and
data analysis :

Twenty-four-well culiure plates were coated with goat anti-mouse IgG (5
pg/ml, in carbonate buffer, pH 9.6) at 37°C for 4 h. Wells were washed
three times with PBS and primary Abs were added to each well at 10
pg/ml, or amounis indicated in the figures, and incubated ovemight at 4°C
in PBS. When in combination with anti-NKG2ZD mAb, anti-KIR2DS2
mAb was used at 0.5 pg/ml NKL cells were plated at 2 X 10°ml in each
well in 560 pl of medium. Poly(A)* RNA, was isclated using an mRNA
isolation kit (Qiagen, Valencia, CA) according to the mamufacturer’s pro-
tocol. Gene expression modulation between unstimulated end stimulated
NEL cells was evaluated by using Incyte standard procedures (Palo Alto,
CA), a5 described elsewhere (30). Briefly, poly(A)" RNA were labeled
with Cy3 or Cy5 fluorescent labeling dyes using reverse transcription, fol-
lowed by hybridization onto a Humsan Drug Target 1 microarray (Incyte

(31, 32). This microarray contained a total of 9129 elements representing
a fotal of 8481 unique gene clusters whose identity was confirmed by
stringent PCR. verification during manufacturing. The Cy3/Cy5 ratio for
each element was considered valid if the signal to backeround ratios for
both dyes exceeded 2.5, and if the signal of either dye exceeded 250 flu-

lis, MN), anti-CD56 (DX32), neutraliz-

3717

orescence units. A total of 6125 elements retumed valid Cy3/CyS5 ratios for
all 20 hybridizations (10 treatments hybridized in duplicates). Elements
were further selected based on a minimum Cy3/CyS ratio of 2-fold in either
direction in at least one experimental condition, yielding 406 elements of
interest. These elements of interest were then clustered using an agglom-
erative clustering algorithm (Ward’s method, JMP; SAS Institute, Cary,”
NC). All data are expressed in log,, whete negative values denote gene
up-regulation (Cy3 < Cy5) and reciprocally, positive values represent gene
down-regulation (Cy3 > Cy35).

Cytokine and proliferation assays )
Homogeneons populations of cultured human primary NK cells were ac-
tivated for 72 h with IL-2 (100 U/ml} and stipsulated with anti-CD16 plate-
bound mAb for 18 h. In some experiments, NK cells were preactivated
with IL-15 (10 ng/ml) or IL-12 (10 Ukgl). Dead cells were removed by
Ficoll-gradient centrifugation. NK cells were fixed with 1% paraformal-
dehyde (in PBS, pH 7.4) for 7 min at room temperature. Different numbers
of NK cells were plated with 1 X 10° highly purified autologous CD4™ T
cells, and cultured for 5 days in the presence of soluble anti-CD3 mAb (5
pg/ml) or SEB (0.5-25 ng/ml) or PHA (50 ng/ml). Blocking Ab apainst
OX40L and/or CD80 and CD36 was added on day 0 at 5 pg/ml Wells
were pulsed with 0.5 pCi of [*H]thymidine for the final 18 k of culture, and
incorporated radioactivity was measured in a scintillation counter. Datz are
tepresented as the mean of cpm = SD {ttiplicates). In some experiments,
supernatants were collected &t day 3 or 5, and the amoumt of IL-4 and
IFN-v was quantified by specific ELISA. kits (BioSource Infernational).

Results
Microarray analysis shows up-regulation of OX40L following
triggering of NK-activating receptors on a human NK cell line

Microarray analysis was vsed to characterize genes up-regulated
by the stimulation of NKG2D alone or in combination with the
DAP12-associated KIR2DS2-activating receptor. As a model, we
used a human NK cell line, NKL, which constitutively expresses
the DAP10-associated NKG2D receptor (33), and was transfected
with KIR2DS2 (26). Because NKG2D alone is an insufficient stim-
ulus for the trapscription-dependent production of IFN-vy (26, 34),
this cell system is particularly useful because it provided the op-
portunity to evaluate the efficacy of NKG2D costimulation: using
as a rcad out the amplification of KIR2DS2-induced IFN-v (Ref.
26 and data not shown). Poly(A)"™ mRNA from resting and stim-
ulated NKL cells was extracted, and ¢DNA was prepared for the
comprehensive analysis of gene transcription by using microarray
technology. A Human Drug Target 1 Incyte microarray containing
a total of 9128 elements was used. Analysis of data was performed
using a hierarchical clustering algorithm to group genes with sim-
ilar expression patterns across all the samples. We focused our
attention on a group of seven genes that were amplified signifi-
cantly following the simmltaneous cross-linking of KIR2DS2 and
NKG2D receptors (Table I). These genes included three chemo-
kines (i.e., lymphotactin, MIP-18, and CCL18), granzymes B and
H, the platelet-activating receptor homologue (a seven transmem-
brane receptor of unknown function), and the TNF member
OX40L (CD134L). Among this group of genes, OX40L mRNA
was the only one that was up-regulated by NKG2D cross-linking
alone (Table I). Previously, OX40L expression has been impli-
cated predominantly in the function of APCs, such as activated
monocytes, dendritic cells, and B cells. Thus, this unexpected find-
ing prompted us to investigate the role of OX40L in human NK
cell function. .

Results from the microarray experiment were confitmed by
showing that cross-linking KIRZDS2, NKG2D, and KIR2DS2 plus

- NKG2D indeed enhanced transcription of OX40L in NKL cells, as

determined by quantitative RT-PCR analysis (data not shown).
More importantly, KTR2DS2- and NKG2D-induced activation re-
sulted in an increased expression of OX40L on the cell surface of
NKL cells, as determined by using a specific anti-OX40L mAb

-248-



3718

NK AND T CELL CROSS-TALK VIA 0X40-OX40L

Table 1. Microarray analysis of NKL cells stimulated through NKG2D and/or KIR2DS2!

Accession
Gene Name Number clg KIR2DS2 NKG2D KIR2DS2 + NKG2D
Lymphotactin ALD31736 031 —0.85 048 —2.39
MIP-18 AVT7353471 0.06 —1.03 -0.07 —214
Granzyme H NM_004131 0.43 —0.58 0.96 -1387
Granzyme B M57838 0,12 —0.43 0.81 -174
PAR NM_ 013308 0.32 -0.72 0.07 ~1.63
OX40L BE349175 0.13 —-0.68 =020 =126
CCL18 NM__00298 0.48 —0.58 0.14 -142

@ Differential expression ratios of control Ig (clg)-treated NKI. cells (Cy3) compared to anti-KIR2D)S2 and/or anti-NKG2D-treated NKL. cells (Cy5) expressed in log..
Negative values represent up-regulation of transcription compared with ¢Ig-stimulated cells.

(Fig. 14). Stimulation with high doses of anti-KIR. mAb or anti-

NKG2D mAb alone- substantially up-regulated OX40L on the .

surface of NKL cells. In addition, anti-NKG2D mAb augmented
up-regulation of OX40L on NKL cells stimulated with a subopti-
mal dose of anti-KIR mAb (Fig. 14).

0X40 is expressed predominantly on activated CD4* T celis
and prior studies have shown that interactions between OX40 on
activated CD4 ™+ T cells and OX40L on APCs can augment T cell
proliferation and cytokine production. Therefore, studies were per-
formed to determine whether OX40L-bearing NK cells could co-
stimulate CD4™ T cell proliferation. NKL cells, which constitu-

tively express OX40L (Fig. 14), were cocultured with freshly

isolated human CD4* T cells and were stimulated with anti-CD3
mAb or PHA. As shown in Fig. 18, NKL indeed augmented CD4*
T cell proliferation, and this activity was blocked, in part, in the
presence of a neutralizing anti-OX40L mAb. These studies indi-
cated that OX40L on NKL is functional and contributes to the
proliferation of CD4* T cells. Bowever, these studies were com-
plicated by the necessity to use allogeneic CD4™ T cells and also
because NKL is a long-term NK cell line established from a patient
with NK cell leukemia (25). Therefore, it was important to validate
these findings using autologous NK cells and T cells from normal
healthy individuals.

Both cytokines and NK receptor-mediated stimulation are
required 1o induce OX40L on human peripheral blood NX cells

Freshly isclated, highly purified human peripheral blood NK cells
do not express OX40L on the cell surface (data not shown), al-
‘though a prior study had reported the presence of OX40L tran-
scripts (35). Because the NKL cell line requires IL.-2 for growth,
we investigated whether OX40L could be induced on peripheral

FIGURE 1. Upregulation of OX40L on NKL by NK
receptors and costimulation of CD4™ T cell prolifera-

A untreated

blood NK cells from healthy adults simply by culture in the pres-
ence of IL-2 or other cytokines known to stimulate NK cells, e.g.,
IL-12 and IE-15. As shown in Fig. 24, culture of normal human
peripheral blood NK cells in I1.-2, IL-12, or IL-15 failed to induce

' OXA40L. Therefore, based on the observation that OX40L was up-
. regulated in NKL cells stimulated through its activating receptors,

we stimulated human polyclonal NK cells throngh CD16, an IgG
FcR that signals via the ITTAM-bearing FceRl'y and CD3{ adapter
proteins, Whereas treatment with cytokines alone failed to induce
OX40L, the majority (typically 60% or more) of normal NK cells
stimulated by plate-bound anti-CD16 mAb together with IL-2, IL-

'12, and I1.-15 expressed OX40L at high levels on the cell surface

(Fig. 24). Stimulation with anti-CD16 mAb in the absence of IL-2
(or IL-12 or IL-15) induced OX40L only on & small proportion of
NK cells. A dose-dependent induction of OX40L was observed
when NK cells were activated with anti-CD16 mAb in the pres-
ence of IL-2 (Fig. 2B). In contrast to OX40L, culture of peripheral
blood NK cells in IL-2 only did induce expression of CD36 (Fig.
2C) and this was not enhanced by stimulation with anti-CD16
mAb (Fig. 2D). CD8(, another ligand of the CD28 costimulatory
receptor on T cells, was not induced by IL-2 (Fig. 2C), and there
was only a very slight indication of CD80 induction when both
IL-2 and anti-CD16 stimulation were combined (Fig. 2D).
Because studies using the NKL cell line indicated that stimuta-
tion through the NKG2D receptor up-regulated OX40L, we also
investigated this using peripheral blood NK cells from healthy
adults. Polyclonal populations of NK cells from healthy individu-
als were expanded in culture, preactivated with IL-2 and stimu-
lated with a plate-bound mAb against NKG2D. Fig_ 34 shows that
NKG2D cross-linking induced OX40L on ~20% of the NK cells.
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tion. 4, NKL cells were stimulated with plate-bound %A1

. mAb anti-NKG2D (10 pg/ml), aoti-KIR2DS2 (10
pefml or 0.1 pg/mi), or both for 18 h. Cells were har-
vested and stained with PE-conjugated anti-OX40L
mAb (open histograms) or with an isotype-matched clg
(filled histograms). B, Different amounts of paraformal-
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dehyde-fixed NKL cells were cultured with 1 X 10°
CD4* T cells in the presence of soluble anti-CD3 (5
pg/ml) or PHA (50 ng/ml). Neutralizing anti-OX40L
mAb was added at day 0 and cocultures were harvested
at day 5. Cultures were pulsed with 0.5 pCi of [*H)thy-
midine for the final 18 h, and incorporated radioactivity
was measured in a scintillation counter, A representative
experiment of three is shown. Data are represented as
the mean of cpm * SD.
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FIGURE 2. Induction of OX40L and B7 family members on human NK cells. 4, Polyclonal human NK cells were preactivated with I1-2 (200 U/ml),
IL-15 (10 ng/ml}, or IL-12 (10 U/ml) for 48 b, and stimulated with plate-bound anti-CD16 mAb (saturating concentration). Plate-bound anti-CD56 mAb
was Used a5 a negative control. After 18 h of culture, cells were harvested and stained with PE-conjugated anti-OX40L mAb (thick line, open histograms)
or with a clg (filled histograms). B, IL-2-activated polyclonal NK cells were stimulated with different amounts (10 pg/ml, 0.1 pg/ml, and 0.01 gg/ml) of
plate-bound anti-CD16 mAb (thick line). Plate-bound anti-CD56 mAb (dotted line) was used as a negative control for stimulation. Cells were harvested
after 13 h and stained with FITC-conjugated anti-OX40L mAb (open histograms) or a cIg (filled histograms). A representative experiment of five is shown.
C, Peripheral blood NK cells were cultured in the presence of IL-2 (200 U/ml) for 72 h and stained with FITC—cenjugated anti-CD80 (thick lines, open
histograms), FITC-conjugated anti-CD86 (thick lines, open histograms), or a cIg (filled histograms). 12, IL-2-activated polyclonal NK cells were stimulated
for 18 h with anti-CI)16 or anti-CD56 (ucgative control} plate-bound mAbs. Cells were stained with PE-conjugated anti-OXA40L mAb, FITC-conjugated
anti-CD80 (thick lines, open histograms), FITC-conjugated anti-CDS6 (thick lines, open histograms), or a cIg (filled histograms). In this expetiment, CD86

was induced on these NK cells by coculture in IL-2, but was not further increased by stimulation with the anti-CD356 mAb used as a control

As observed with anti-CD16 stimulation, induction of OX40L re-
quired both pretreatment with TL-2 and NKG2D activation because
neither condition alone induced OX40L (data not shown). The
ability of NKG2D stimulation to induce OX40L on NK cells was
further validated by activation using stimulator cells bearing
MICA, a physiologjcal ligand of the NKG2D receptor. IL-2-preacti-
vated peripheral blood NK cells were cocultured for 18 h with dif-
ferent ratios of the mouse pro-B ccll line Ba/F3 or Ba/F3 cells stably
expressing human MICA. As with anti-NKG2D mAb stimulation,
OX40L was induced on ~20% of the IL-2-activated NK cells cocul-
tured with MICA*Ba/F3 cells, but not the untransfected Ba/F3 cells
(Fig. 3B). Analysis of the kinetics of OX40L expression on human
NK cells following stimulation with MICA-bearing cells showed that
OX40L expression was transient; it was expressed rapidly after 5

peaked at 18 h, and then declined between 32 to 48 h poststimulation

(Fig. 3C). These IL-2-activated NK cells were able to efficiently kill
the MICA"Ba/F3 cells, but not the untransfected Ba/F3 cells,
demonstrating that the NKG2D receptor on the NK cells was specif-
ically activated (data not shown).

Therefore, both by stimulation with anti-NKG2D mAb and by
interaction with MICA*Ba/F3 cells, we observed induction of
OX40L on a subset comprising ~20% of IL-2-activated peripheral

. blood NK cells (Fig. 3). An examination of the phenotype of the

NK cells stimulated by either anti-NKG2D or MICA*Ba/F3 cells
revealed that OX40L was induced on both the CD567s8'CD16~
tow and on the CD56™'CD16"#* peripheral blood NK cell subsets,
although within these subsets a relatively higher fraction of the
CD56°8CD16™"** NK cells expressed OX40L (our unpub-
lished observation). Therefore, the subset of peripheral blood
NK cells presenting OX40L after NKG2D stimulation was not
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FIGURE 3. NKG2D stimulation induces OX40L A

on human polyclonal NK cells. 4, Polyelenal human

NK wete activated with IL-2 for 72 h and stimulated

with plate-bound anti-NKG2D mAb (thick Lne).

Anti-CD56 mAb was used as a negative control of

stimulation (dotted line). After 18 h of culture, cells

were harvested and stained with FITC-conjugated

anti-OX40L mAb (thick line, open histogram) or

with ¢Ig (filled histogram). A representative exper-

iment of six is shown. B, IL-2-activated polyclonal

NK cells were cultured with different numbers of

mock Ba/F3 (@) or human MICA *Ba/F3 (W) trans- C
fectamts, After 18 h of cocultore, NEK cells were
stained with enti-OX40L or contro! mAbs and the
percentage of OX40L* NK cells is shown. A rep-
Tesentative experiment of three is shown. C, Kinetics
of OX40L induction on NK cells by coculture with
NKG2D ligand-bearing cells. IL-2-activated poly-
clonal NK cells were cultured at a 1:2.5 stimula-
tor:NK cefl ratio with mock Ba/F3 (Jower panels) or
MICA*Ba/F3 (upper pamels) transfectants. Cells
were harvested after 5, 18, 32, and 48 h of coculture,
and stained anti-OX40L mAb (thick line, open his-
tograms) and clg (filled histograms). A represemta-
tive experiment of three is shown.

NK co-cultured
with WicA* BaF3

NK ca-cuftured
with mock Ba¥3

restricted to either of these functionally distinet subsets defined by
Tevels of CD56 and CD16 expression. In experiments combining
both anti-NKG2D and anti-CD16 mAb stimulation (using optimal
and saturating concentrations of both mAbs), the proportion of
peripheral blood NK cells that expressed OX40L was equivalent to
using optimal stimulation with anti-CD16 alone (data not showm).

NK cell costimulation of TCR-dependent CD4™ T cell
proliferation via OX40L-OX40 interactions

Our preliminary studies demonstrated that the OX40L* NKL leu-

kemic cells were able to augment the proliferation of allogeneic

human resting peripheral blood CD4™* T cells stimulated with anti-
CD3 mAb or PHA. The proliferation was partially, but substan-
tially, inhibited by using a neutralizing anti-OX40L mAb (Fig.
1B). To address the potential interactions between NK cells CD4™*
T cells in a more physiological context, we performed additional
experiments using autologous NK cells and CD4™ T cells. We
assayed proliferation induced not only by anti-CD3 mAb, but also
by using autologous activated human NK cells (that express HLA-
DR) to present SEB to autologous resting CD4* T cells. Because
we had determined that anti-CD16 was more efficient than anti-
NKG2D for inducing OX40L on peripheral blood NK cells, this
system was chosen to evaluate the role of OX40L in the interac-
tions between NK cells and autologous CD4™ T cells. Highly pu-
rified, IL-2-preactivated peripheral blood NK cells were stimulated
with anti-CD16 mAb, the NK cells were paraformaldehyde-fixed
to prevent their proliferation or secretion of cytokines, and these
cells were cocultured at varying ratios with highly purified resting
antologous CD4* T cells in the presence of soluble anti-CD3
mAb. As shown in Fig. 44, CD16-activated autologous NK cells
efficiently costimulated anti-CD3-induced proliferation of CD4* T
cells. This TCR-induced T cell proliferation was in part dependent
upon OX40-OX40L interactions, because the proliferation was
nhibited on average 60% (based on experiments using NK and T
cells from seven different blood donors), in cultures containing the
anti-OX40L specific neutralizing mAb 5A8. IL-2-activated NK
cells that did not express OX40L were also able to costimulate the

Brt-NKG2D stimuiated NK cells

NK AND T CELL CROSS-TALK VIA OX40-0X40L
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anti-CD3-induced proliferation of autologous CD4™* T cells; how-
ever, this was always of a lower magnitude (approximately one
third) than when the NK cells expressed OX40L as a consequence
of prior stimulation via CD16 (Fig. 4B). An analysis of cytokines
produced in these cultures revealed that the NK cell-costimulated
T cells produced IFN-y, but not IL4 (Fig. 4C). Similar to the
effects observed in the proliferation assays, anti-~OX40L partizlly,
but substantially, inhibited IFN-y secretion induced by NK cell
costimulation. In these experiments, fixed activated NK cells were
used for costimulation to avoid the proliferation of the NK cells in
response to IL-2, confirming that CD4* T cells were the respond-
ing population in the cultures, and to exclude that NK cell-derived
eytokines were required for costimulation. We also established au-
tologous NK:T cell cocultures with irradiated NK cells, and similar
1o fixed activated NK cells, irradiated activated NK also efficiently
costimulated T cell proliferation in a 0X40-0X40L dependent
manner {data not shown).

Next, we investigated the role of OX40-OX40L interactions in
autologous NE:T cell cocultures in response to a physiological
TCR ligand, rather than anti-CD3 mAb, Bacterial superantigens
bind with high affinity to MHC class Il Ags on APCs and with
TCR. B-chains on the responding T cells. This results in the T cell
activation responsible for toxic shock syndrome and food peison-
ing. Activated NK cells express MHC class II molecules (36, 37)

~and present SEB to T lymphocytes (37). Thus, anti-

CD16-activated MHC class II-positive NK cells and autologous
freshly isolated resting CD4™ T cells were cultured in the presence

. of different concentrations of SEB. As shown in Fig. 54, activated

NK cells efficiently present SEB to autologous CD4™ T cells, stim-
ulating T cell proliferation. Furthermore, OX40-0X40L interac-
tions were required for optimal T cell proliferation, as shown in
Fig. 5B by the ability of anti-OX40L mAb to substantially inhibit
SEB-induced T cell proliferation. Collectively, these data indicate
that CD16-activated NK cells can efficiently costimulate anti-CD3
or SEB-induced proliferation of antologous CD4™ T cells, and that
0X40L-0X40 interactions are critically involved.
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FIGURE 4. Anti-CD3 induced CD4™ T cell prolifer-
ation and IFN-y production costimulated by OX40L on
autologous CD16-activated NK cells. 4, IL-2-activated
polyclonal NK cells were stimulated with plate-bound
anti-CD16 mAb and fixed with 1% paraformaldehyde.
Different numbers of anti-CDl6-activated NK cells
were plated with 1 X 10° autologous resting CD4* T
cells in the presence of soluble anti-CD3 and cultured as
described in, Fig. 15. Neutralizing anti-OX40L mAb or
a clg was added at day 0. A representative experiment of
four is shown. Data are represented as the mean of
cpm * SD (triplicates). B, Cocuttures of autologous ac-
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tivated NX cells and resting CD4™ T celis at a ratio of
1:1 were established as described in Fig. 44, using anti-
CD16-stimulated NK cells (NES) or clg (anti-CD56
mAb)-treated NK cells (NKNS). Neutralizing anti-
OX40L mAb or a cIg was added to the coculture of
NKS and autologous CD4* T cells stimulated with anti-
CID3, as indicated. Data are represented as the mean of
cpm % SE of seven independent experiments. C, Acti-
vated NK cell-resting CD4 ™" T cell cocultures stimulated
with anti-CD3 mAb were established as described in
Fig. 44. Neutralizing anti-OX40L mAb or a clg was
added to the cocultures, as indicated. Supernatants were
collected after 72 h and tested for the presence of IFN-+y
or IL-4. Data are represented as the mean *+ SD (tip-
licates). A representative experiment of three is shown.
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OX40L and B7 contribute to NK cell costimulation of
CD4* Tcell

We considered that the inability of anti-OX40L mAb to com-
pletely block CD4™ T cell proliferation induced by activated NK
cells may be due to the presence of CD86 (and perhaps CD30) on
the activated NK cells (Fig. 2, C and D). Therefore, additional
experiments were performed in which CD16-stimulated NK cells
were cocultured with autologous CD4* T cells and anti-CD3 using
a mixture of neutralizing mAbs against CD80 and CD36 (38) alone
or in combination with anti-OX40L (Fig. 6). Interestingly, while
mAbs against CD80 plus CD86 or OX40L individually partially
inhibited NK cell-induced T cell proliferation, we observed that
the combination of neutralizing mAbs against CD80, CD86, and
OX40L completely blocked TCR-dependent CB4™ T cell prolif-
eration {results from two different blood donors are shown and are
representative of five experiments). Collectively, these data show
that CD16-stimulated NK cells efficiently costimulate TCR-depen-
dent CD4™* T cell proliferation through the expression of OX40L
and B7-family members on the CD16-activated NK cells.

Discussion :

Although it has been appreciated that NK cell production of TFN-v
and possibly other cytokines and chemokines can affect inmate and
adaptive immune responses, the potential role for direct cell-cell
interactions between NK cells and T lymphocytes, in particular

CD4™ T cells, has not been explored. Roncarolo and colleagues

(39) previously reported that human NK cell clones are able to
stimulate autologons CD4* T celts, but the molecules involved in
this process were not defined. Our unexpected finding that OX401.
was up-regulated when NK cell receptors were stimulated on a
transformed NK cell line prompted us to re-evaluate how activated
NK cells are able to augment the TCR-dependent proliferation of
resting autologous peripheral blood CD4™ T cells. In this study,

we provide evidence that activated human NK cells are able to

help TCR-stimulated autologous CD4™ T cells by a process that
involves both OX40L and B? costimulation.

Resting peripheral blood NK cells express neither OX40L nor
B7, and different stimuli are required to induce these costimulatory
molecules. Culture in IL-2 alone was sufficient to induce CDS86,
but not OX40L. By contrast, simulation with IL-2 and activation
through an NK receptor was required to induce OX40L. In addi-
tion to IL-2, IL-12 and IL-15 were also able to prime NK cells such
that they up-regulated OX40L when subsequently stimulated via
CD16. Because IL-12 and I1-15 are innate cytokines that may be
more available at a site of inflammation or an ongoing immune
response, these may represent the more physiologically relevant
cytokines in vivo.

‘With respect to the NK receptors that induced OX40L, our first
.clues were derived from studies of the transformed NKL cell line.
Although this cell constitutively expressed OX40L, it can be up-
regulated by engaging either the DAP12-associated KIR2DS?2 re-
ceptor that activites the Syk and ZAP70 tyrosine kinase pathways
(40), or by stimulating the DAP10-associated NKG2D receptor
that uses a PI3K-dependent activation pathway (33). We do not
have Abs that can discriminate between the activating and inhib-
itory KIR; therefore, in studies of peripheral blood NK cells, we
stimulated the NK cells with anti-CD16, which couples to the
ITAM-bearing FceRIy and CD3{ adapter proteins and activates
Syk and ZAP70. When IL-2-preactivated peripheral blood NK
cells were stimulated with either anti-CD16 or anti-NKG2D (or
exposed to cells expressing the NKG2D ligand, MICA), OX40L
was rapidly induced. Interestingly, only a subset comprising
~20% of the peripheral blood NK cells expressed OX40L after
stimulating NKG2D, despite the fact that essentially all of the NK
cells expressed NKG2D. Further studies are needed to determine
why expression of OX40L was confined to a subset of the
NKG2D-activated NK cells. By contrast, a much larger frequency
of NK cells (typically 60% or more) expressed OX40L after CD16
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FIGURE 5. OX40L expressed on autologous NE receptor-activated NK
cells is involved in SEB-induced proliferation of CD4™" T cells. 4, Anti-
CD16-activated NK cells were prepared as descaibed in Fig. 44. Autolo-
gous resting CD4™ T cells and activated NK cclls were cocultured for 5
days in the presence of different concentrations of SEB, as indicated. Data
are represented as the mean of cpm * SD (iiplicates). A representative

experiment of two is shown. B, Autologous resting CD4™ T cells and .

anti-CD16-activated NK cells at the indicated ratios were cocultured in the
presence of 2.5 ng/ml SEB for 5 days. Neutralizing anti-OX40L mAb or
clg was added at day 0. Data are represented as the mean of cpm + 8§D
{tripicates). A representative experiment of three is shown.

activation. Many of the NK receptors, e.g., NKp30, NKp44,
NKp46, CD16, and the activating KIR (41), usc ITAM-based
adapter proteins to activate the Syk/ZAP70 tyrosine kinases.
Therefore, we suspect that OX40L may be induced when any of
these diverse receptors are engaged because they use a common
downstream signaling pathway. Together with the ability of IL-2,
IL-12, or IL-15 to render the NK cells permissive for NK receptor
induction of OX40L, our findings indicate that OX40L may be

25

FIGURE 6. NK cell costimulation of TCR-de-
pendent CD4™ T cell proliferation involves B7 fam-
ily members. Cocultures of anti-CD16-stimulated
autologous NK and CD4™ T cells at a ratio of 1:1
were established and stimulated with anti-CD3 as
described in Fig. 44. Neutralizing mAbs against
CD30, CD86, and/or OX40L or clg, as indicated,
were added on day 0 at 5 pg/ml Data are repre-
sented as the mean * SD (triplicates). Two repre-
sentative experiments of five are shown. :
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available in many different physiological situations for potential
interactions with T cells bearing OX40. ' ’

Where might activated NK cells and CD4* T cells interact?
This interaction might happen in peripheral tissues such as the
liver in which both NK cells and T cells are resident (42) and
accumnulate following virus infection (43). Furthermore, a recent
report has revealed that NK cells are relatively abundant in the
human secondary lymphoid organs (44), and importantly, immu-
nohistochemistry studies have detected NK cells in the parafol-
licular T cell areas of human lymph nodes (24), providing another
possible location in which NK:T cell interactions might occur dur-
ing an immune response. During a viral or bacterial infection, NK
cells m the lymph nodes may be exposed to an environment con-
taining TL-2, IL~12, or IL-15, and potential NKG2D ligands or
immune complexes (that engage CD16), thereby providing the
stimuli needed for induction of OX40L and allowing them to in-
teract with activated CD4™ T cell-expressing OX40..

1t should be appreciated that activated human NK cells express
high levels of MHC class H (36, 37), which provides them the
potential to present Ag to human CD4* T cells. Indeed, ir these
studies, we have shown that activated NK cells have the capability
to directly stimulate CD4* T cell proliferation by presenting SEB
to CD4™ T cells. Therefore, activated human NK cells possess not
only the required costimulatory molecules (e.g., OX40L and B7)
for potential interaction with activated CD47 cells, but they also,
in theory, have the capacity of present Ags via MHC class II,
Collectively, our in vitro experiments provide compelling evidence
that human NK cells and autologous CD4™* cells can interact and
that OX40L is an important participant in this process. It is difficult
to provide formal proof of this interaction in vivo in humans. Un-
fortunately, because activated mouse NK cells (unlike buman NK
cells) do not express MHC class I, mice do not provide a relevant
or appropriate model to examine MHC class I TCR-dependent
CD4™ cell interactions with NK cells. Although dendritic ¢ells are
considered the most potent APCs, the fact that activated NK cells
express MHC class I, CD86, and OX40L strongly suggests the
possibility that they may also communicate directly with CD4™*
cells. Otherwise, for what purpose would NK receptor-activated
buman NK cells express MHC class II, CD86, and OX40L?

Our findings demonstrate that human NK cell costimulation of
TCR-induced CD4* T proliferation depends in a large part on
0X40—0X40L interactions. Studies conducted using OX40-defi-
cient mice have shown that OX40-deficient CD4™ T cells initially
become activated to secrete IL-2 (albeit at slightly lower levels
than wild-type mice), but they are unable to sustain proliferation
{45). Other studies performed on OX40™'~ mice reported that the
impaired in vitro proliferative response to anti-CD3 stimulation
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could not be comrected by the addition of exogenous rlL-2 (46).

Most significantly, it has been shown that 0X40 is a major regu- -

lator of anti-apoptotic proteins, such as Bel-xL and Bel-2 (45), and
strongly promotes the survival of Ag-activated primary CD4™ T
cells (11). Similarly, the contribution of OX40-OX40L. interac-
tions to T cell proliferation that we have observed may favor T cell
survival by the induction of Bel-xL and Bel-2, although this awaits
finther evaluation.

Previous studies reported that OX40L expressed on mouse B
cells induce a Th2-type response, leading to the expansion of IL-
4-producing mouse T effector cells and inhibiting IFN-vy expres-
sion (47, 48). In humans, a role for OX40L in the development of
Th2 effector cells has also been reported (49). However, other
studies do not support a differential role for OX40L in inducing
Thl vs Th2 differentiation (11, 13, 50, 51), suggesting that it only
enhances the pre-existing response. In our studies using activated
human NK cells to costimulate autologous CD4* T cells, we ob-
served the production of IFN-y, but not IL4 secretion, by the
TCR-activated T cells. These findings suggest that activated, ma-
ture human NK cells may preferentially promote T cell IFN-y
production.

We believe that the induction of OX40L on NK cells by
NKG2D ligand-expressing cells might have important implica-
tions in the context of tumor surveillance and infectious diseases.
It has been shown that the NKG2D ligand MICA is up-regulated
on several human tumor cells and, interestingly, soluble MICA has
been found in the serum of patients affected by different progres-
sive tumors (52). In addition, scveral studies have reported that
MICA is induced on cells infected with Mycobacteria tuberculosis
(18), Escherichia coli (19), or cytomegalovirus (17). Thuss, initial
interactions between NK cells and NKG2D ligand-bearing cells or
soluble NKG2D ligands may trigger killing and cytokine produc-
tion and in the presence of IL-2, IL-15, or IL-12 may induce ex-
pression of OX40L on the NK cells. Subsequent interactions be-
tween OX40L™* NK cells and OX40" T cells may amplify and
sustain an adaptive ongoing immune response. At least under the
experimental conditions used, we observed the induction of
OX40L only on a subset of activated human peripheral blood NK
cells, Further studies are necessary to resolve why some NK cells,
but not others, expressed OX40L upon NKG2D stimulation, be-
cause all NK cells express NKG2D on the cell surface;

The OX40-OX40L interaction has been shown to induce bidi-
rectiona] signals. For example, OX40L stimulation by OX40 trans-
duces a signal in dendritic cells, which results in enhanced TNF-«
and IL-18 production (2). Similarly, triggering of OX40L ex-
pressed on activated B cells results in B cell proliferation and Ig
secretion (53). Finally, engagement of OX40L on vascular endo-
thelial cells leads to the induction of ¢-fos and ¢-jum mRNA ex-
pression and the production of the chemokine RANTES (54, 55).
Thus, while our present studies have focused on the potential role
of OX40L on NX cell interactions with CD4* T cells, it will also
be of interest to examine whether engagement of OX40L on NK
cells might repulate their effector fimctions.
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Abstract

Vpr, an accessory gene product of HIV-1, is incorporated into cells when added to the culture medium, Via such function Vpr has
been shown to transduce a protein into cells that is expressed as a chimeric protein with Vpr. The domain required for protein
transduction, however, remained to be clarified. Here we identified 2 sequence encompassing 52-78 amino acids of Vpr (C45D18)
that enables nuclear trafficking of proteins. When chemically synthesized C45D18 was added to the culture medium of human cord
blood mononuclear (CBMN) cells, most cells became positive for the incorporated C45D18. Furthermore, recombinant proteins
conjugated with the C45D18 were efficiently transduced and transported to regions corresponding to the nucleus. Incorporation of
C45D18-conjugated protein was observed within a few hours after addition of the protein, independent of cellular growth. Although
it is well known that Tat-derived peptide has a transducing activity, C45D18 was more active than Tat peptide for trafficking
proteins into cells. Taking together with results from FACS analysis revealing that more than 90% of CBMN cells were positive for
X-gal staining after treatment of C45D18-conjugated B-galactosidase, we propose that C45D18 translocates bioactive macromol-

ecules directly into the nucleus.
© 2004 Elsevier Inc. All rights reserved.

Keywords: HIV-1; Vpr; Nuclear trafficking; Protein transduction domain; Resting cells

Vpr, one of six auxiliary genes of human immuno-
deficiency virus type 1 (HIV) [1,2] encodes a virion-as-
sociated protein {3-5], and has been proposed as a factor
crucial for HIV-1 infection in resting macrophages [6].
Several lines of evidence indicate that Vpr is involved in
translocation of preintegration complex from cytoplasm
to nucleus [6,7]. Vpr is a small protein composed of 96
amino acids (aa), but has several functional domains of
three o-helix regions (17-29, 36-47, and 53-78, respec-
tively), 2 leucine-rich region from 60 to 80 aa, and C-
terminal arginine-rich region {7]. It has been noted that
Vpr has two separable parts responsible for nuclear
translocation [8]. On the other hand, we previously re-

* Corresponding author. Fax: +81-3-5272-7527.
E-mail address: zakay@ti.imej.go.jp (Y. Ishizaka).

0006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/).bbrc.2004.05.126

ported that Vpr induces genomic instability by causing
chromosome breaks and aneuploidy [9,10]. Our experi-
ments also revealed that the C-terminal region of Vpr is
important for cell-cycle arrest, and Vpr mutant lacking
C-terminal 18 aa was negative for inducing cell-cycle
abnormality at the G2/M phase.

As a particularly interesting property, Vpr functions
like a transacting factor, and latently infected cells re-
start viral production, when Vpr is extracellularly added

- to cells [11,12]. In addition to such an activity, Vpr can

enter cells when it is added to culture medium [7,13].
Consistently, a synthetic full-length peptide of Vpr or
C-half of Vpr was used for efficient transduction of
plasmid DNA [14]. On the other hand, Sherman et al.
[15] recently reported that Vpr could transport exoge-
nous proteins into cells. A fusion protein of Vpr with
B-galactosidase (pB-gal) was also shown to enter cells.
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Such a transduction activity of Vpr is energy indepen-
dent and does not require 2 cellular receptor [15]. As one
of possibly related mechanisms of transducing activity,
Vpr forms a channel in cellular membranes [16,17], and
the amino-terminal region of 40 aa of Vpr with a-helix
structures is responsible for the ion channel formation
[17]. '

Proteins, such as antennapedia of Drosophila (ANTP)
[18], VP22 of herpes simplex [19], and Tat of HIV-1 [20],
are known to possess protein transduction domains
(PTD). PTD enables proteins to cross biological mem-
branes and helps them to enter the cytoplasm. It has
been also reported that a variety of proteins, when ex-
pressed as chimetric proteins with the peptide, enter
target cells. PTD has an arginine-rich region, and it was
expected that the C-terminal region of Vpr, which con-
tains an arginine-rich stretch, functioned as PTD. It
was, however, concluded that the C-terminal half of Vpr
did not show any activities as PTD [15], and the region
of Vpr responsible for transducing exogenous protein
remained to be clarified.

In the present study, we identified a sequence corre-
sponding to the third a-helix domain (C45D18) as PTD.
Interestingly, C45D18 entered cells even without cellular
growth, and C45D18-conjugated green fluorescent pro-
tein (GFP) was quickly transferred to the nucleus.
Transduction of protein conjugated with C45DI18 was
more efficient than that conjugated with Tat-derived
peptide. Based on results that C45D18-conjugated pro-
teins were efficiently transduced into cord blood
mononuclear (CBMN) cells as well as resting adherent
cells, we propose that C45D18 functions as a novel ve-
hicle that facilitates nuclear trafficking of molecules into
target cells.

Materials and methods

Cell culture and chemicals. HT1080 and HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum (FCS) (Sigma, SI). Cord blood was kindly provided by volun-
teers who gave informed consent. CBMN cells were prepared by
centrifugation, according to the manufacturer’s protocol (Nycomed
Pharma AS, Norway). Briefly, cord blood was diluted with the same
amount of phosphate buffered saline (PBS) and applied on the Lym-
phoprep solution. After centrifugation for 20min at 800g, cells at the
interphase were collected, washed once with PBS, and resuspended in
Iscove’s modified Dulbecco’s medium (IMDM) snpplemented with
10% FCS. Jurkat cells and HL-60 cells were cultured in IMDM with
10% FCS. To prepare resting cells, HT1080 cells were cultured for 4
days in FCS-free medium. Cell growth of HL-60 cells was also arrested
with | pg/ml aphidicolin (APC) (Sigma, SI). As a control, dimethyl
sulfoxide (DMSQ), used as a solvent of APC, was treated.

Peptide synthesis and detection of incorporated peptide. Various types
of peptides derived from Vpr (see Fig. 1A) and Tat (GYGRKKRR
QRRRGGC, amino acids described as single letters) were chemically
synthesized (Wako, Tokyo). Biotin was added at the amino terminal end
of each peptide. After treatment of peptides, cells were washed once with
PBS and then fixed with 100% ice-cold methanol. To exclude signals

associated with cellular membranes, cells were treated for 10 min with
0.2% Triton X-100 in PBS [21]. Cells were then reacted for 1h with
streptavidin (SA)-conjugated FITC (SA-FITC) and washed several
times in PBS with 0.05% Tween 20. To detect the interaction of the
peptide and plasmid DNA, different doses of the peptide (1-30 pg) were
mixed with 0.2 pg plasmid DNA. A reporter plasmid, pCMV/luciferase,
was kindly provided by Dr. Shimada (Nihon Medical School). Lucif-
erase activity was assayed, as described [21].

Expression of recombinant green fluorescent protein and conjuga-
tion with peptides. A recombinant protein of green fluorescent pro-
tein (GFP) tagged with (His)s was expressed by a baculovirus system
with pFASTBAC and purified with proband region (Invitrogen,
Carlsbad, CA). Molecular weights of GFP and B-galactosidase (B-
gal) (Wako, MI) were about 35 and 465kDa, respectively. These
proteins were chemically conjugated with Vpr-derived peptides (IBL,
Fujicka, Japan). Briefly, about 300pg protein was suspended in
10mM phosphate buffer (pH 7.0) and added with 0.1mM N{e-
maleimidocaproyloxiy]succinimide ester (DQJINDO Lab. Kumam-
oto, Japan). After 30min at room temperature, each Vpr-derived
peptide was added and further incubated for 3h at room tempera-
ture. Conjugated molecules were then dialyzed against PBS
overnight.

To test protein transduction, cells were incubated with conjugated
proteins overnight and incorporated GFP was detected by an anti-
body. To demonstrate B-gal activity, X-gal staining was carried out
according to the method described [22).

Fluorescent activated cell sorter (FACS) analysis. Incorporation
of peptides was analyzed by detecting SA-FITC bound to the
peptides. For cell-cycle analysis, cells were treated for 1h with
10pM bromodeoxyuridine (BrdU) (Sigma, St. Louis, MO). After
fixation in 70% ice-cold ethanol, cells were treated with FITC-con-
jugated anti-BrdU antibody {Beckton-Dickinson, San Jose, CA) and
then stained with 5pM propidium iodide (Sigma). To study the
effect of Vpr on cell-cycle, cells after treatment of peptides were
stained with 50pg/ml propidinm iodide and subjected to FACS
analysis. For FACS analysis of B-galactosidase activity, a FluoRe-
porter lacZ Flow Cytometry Kit {Molecular Probes, Eugene, OR)
was used. Briefly, 5x 105100l of CBMN cells was mixed with
1mM fluorescein di-p-p-galactopyranoside for 1 min and was added
to 1.8ml of icecold PBS containing [.5uM propidium iodide.
FACS analysis was carried out by Cellquest (Beckton-Dickinson,
San Jose, CA).

Results

Identification of Vpr-derived ofigopeptide with transduc-
ing activity

The carboxyl-half of Vpr has been shown to trans-
duce plasmid DNA into cultured cells [14]. On the other
hand, we previously reported that Vpr induced cell-cycle
abnormality at the G2/M phase, but Vpr mutant that
lacked C-terminal 18 amino acids was negative for the
cell-cycle abnormality [9]. Based on these observations,
we tested whether C-terminal 45 aa of Vpr without the
extreme C-terminal 18 aa (C45D18, Fig. 1A) had a
trafficking activity. A biotin-conjugated 27-mer peptide
(52-78 aa) was synthesized, and 10 pg/ml of the peptide
was added into the medium of cultured cells. On the
next day, an incorporated peptide was detected with
SA-FITC. As shown in Fig. 1B, C45D18 was clearly
detected in the peptide-treated cells (Fig. 1B, middle
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Fig. 1. Identification of Vpr-derived peptide that is incorporated into cells. (A) Amino acid sequence of Vpr used in the present study. (B) Incorporation
of C45D18 into cells. Results of HT1080 cells (left panels) and CBMN cells (right panel) are shown. Note that almost all of cells are positive for the
incorporated peptide {shown by yellow and red in left and right panels, respectively). (C) Transducing activity of synthetic peptides. Several biotin-
conjugated peptides were synthesized and added into the culture medium of CBMN cells. On the next day, the incorporated peptides were detected with
SA-FITC. Amine acid sequence of each peptide is shown in {(A). (D) Effects of C45D18 on celi-cycle. Cells were treated with C45D18 for 2 days and then
subjected to cell-cycle analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this paper.)

panel). We observed that C45D18 was also efficiently
incorporated into CBMN cells (Fig. 1B, right panel
shown by red). FACS analysis revealed that almost
100% of cells were positive for the incorporated peptide
after overnight treatment. _

To identify the minimal region required for such
trafficking activity, several biotinylated peptides were
synthesized (Fig. 1A), and we tested whether they were
-incorporated into CBMN cells, (Fig. 1C). Three pep-
tides of C45D21 (52-75 aa), C45D24 (52-72 aa), and
C45D27 (52-69 aa) were less efficiently incorporated to
CBMN cells than C45D18 (orange, purple, and vellow
peaks, respectively). When amino-terminal three amino
acids were deleted from C45D18 (C42D18), its traffick-
ing activity was greatly reduced (blue in Fig. 1C).

It has been reported that Vpr induces cell-cycle ab-
normality at G2/M phase, and we studied whether
C45D 18 has an activity on cell-cycle. As shownin Fig. 1D,
FACS analysis revealed that cell-cycle was not changed
after treatment for 2 days. These data imply that C45D18
is an appropriate sequence for further characterization of
the potentiality for transducing activity.

Trafficking macromolecules

We next studied whether C45D18 could transduce
plasmid DNA. Consistent with a previous report on the
full-length peptide of Vpr [14], C45D18 interacted with
plasmid DNA, Unfortunately, however, we could not
obtain a favorable amount of exogenous gene expres-
sion in cells transfected with the complex (data not
shown). To evaluate the activity of C45D18 to transport
macromolecules into cells, we studied whether C45D18,
when attached to a recombinant protein, entered cells.
For this purpose, C45D18 was conjugated at various
molar ratios with a purified recombinant protein of
GFP and added into the culture medium. On the next
day, incorporated proteins were detected. As shown in
Fig. 2A, cells treated with C45D18-conjugated GFP
were positive for incorporation, although the protein
was not detected at all in cells treated with GFP by itself
(Fig. 2A, left panel). In the present study, cells were
treated with 0.2% Triton X-100 before treatment with
SA-FITC. Since this procedure abolished signals asso-
ciated with cellular membranes [21], our positive ob-
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