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[17,18]. Viral RNA in plasma was extracted and purified
using the QIAamp Viral RNA Mini Kit (Qiagen,
Valencia, California, USA). For quantitative analysis of
the RNA, the TagMan system (Applied Biosystems,
Foster City, California, USA) was used with primers and
probes targeting the SIVmac239 gag region. The viral
RNA was amplified using TagMan EZ RT-PCR Kit
(Applied Biosystems) with primers. The RT-PCR
product was quantitatively monitored by its fluorescent
intensity with ABI7700 (Applied Biosystems). Plasma
viral load, which was measured in duplicate, was
calculated based on the standard curve of control RNA
and RNA recovery rate. The limit of detection was
approximately 500 RNA copies/ml.

Flow cytometric evaluation of cell surface
antigen expression and absolute cell count
Lymphoid cells for flow cytometric analyses were
prepared from intact thymuses, spleens, and lymph
nodes. Mouse mAbs conjugated with either fluorescein
isothiocyanate (FITC), phycoerythrin, phycoerythrin-
Cy5, or peridinin chlorophyll protein (PerCP) were used
in flow cytometric analyses to detect cellular expression
of monkey CD3 (NF-18; BioSource International,
Camarillo, California, USA), human CD4 (SK3; Becton
Dickinson, San Jose, California, USA), and CD8 (SK1;
Becton Dickinson). To determine absolute cell counts,
samples of whole blood were analyzed following the
addition of FITC-conjugated anti-CD3 (BioSource),
phycoerythrin-conjugated anti-CD4 (Becton Dickinson),
and PerCP-conjugated anti-CD8 mAbs (Becton
Dickinson), as previously described [19].

Results

KD-247 concentrations and detection of anti-
KD-247 antibodies in monkey plasma

Blood was drawn from monkeys before and after the
administration of KD-247 and at necropsy (Fig. 1a). In
the monkeys that were given antibody beginning 1 h (Cy-
1 and Cy-2) or 1 day (Cy-3 and Cy-4) after challenge
with SHIV-C2/1, concentrations of KD-247 peaked at
800-2000 jrg/ml at 15min after injection and were
maintained at 200—500 pg/ml until the next adminis-
tration (as evidenced in blood samples drawn before each
administration and within 15min of the injection)
(Fig. 1b 1 and ii). The plasma concentrations of KD-
247 in monkeys treated beginning 1 week after challenge
with the virus (Cy-5 and Cy-6) did not remain constant.
In particular, the KD-247 maintenance concentrations in
Cy-6 after day 22 were below the limit of detection

(2.5 pg/ml) of the assay (Fig. 1biii).

Because KD-247 was repeatedly administered to the
monkeys, we also considered the possibility of anti-KD-
247 antibody production. Anti-KD-247 antibodies in
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monkey plasma (1:400 dilution) were measured using -
samples collected at necropsy. Binding activity indicated
that the number of anti-KD-247 antibodies in Cy-6 was
significantly higher than in the other monkeys (Fig. 2a).
To clarify the sites of recognition of the anti-KD-247
antibodies in Cy-6, the binding activity of antibodies
in Cy-6 plasma to other anti-HIV-1 antibodies was
investigated. R05.5 is a reshaped mAb that is equivalent
to the entire KD-247 molecule except for antigen-
binding sites [6,20], and CB1 is a chimeric mAb whose Fc
region is equivalent to that of KD-247 [21]. These mAbs
were used, as well as KD-247 coated for ELISA. The
reaction of these mAbs with the monkey antibodies was
detected by biotinylated KD-247 based on a double-
antibody capture ELISA. The antibodies bound to KD-
247 in Cy-6 plasma reacted with neither Rp5.5 nor C1
(Fig. 2b). Finally, we examined whether anti-KD-247
antibodies in Cy-6 plasma inhibit the binding of KID-247
to antigen peptides. Two KD-247-specific antigen
peptides, SP13 and P20PATH (NNTRRRLSIGPGRA-
FYARRN), derived from the V3 region of SHIV-C2/1,
were coated on ELISA plates and reacted with KD-247
that had been incubated overnight at 4°C with Cy-6
plasma collected on day 0, day 7, or at necropsy. Binding
of KD-247 to antigen peptides decreased by approxi-
mately 60% after reaction of mAb with Cy-6 plasma
collected at necropsy (Fig. 2c). Antibody inhibition of the
binding of KD-247 to antigen peptides strongly suggests
that the plasma contained an antiidiotype antibody.

Suppression of plasma viral load and of CD4"
T-cell loss in peripheral blood

The kinetics of plasma viral load in monkey plasma is
shown in Fig. 3(a). The viral loads were suppressed in
monkeys given KD-247 in comparison with those given
control IgG. The complete protection previously
reported with preadministration of KD-247 was not
achieved in these postadministration trials [7]. The CD4™
T-cell counts were maintained at higher levels in monkeys
given KID-247 than in the control animals (Fig. 3b). The
suppression of viral load and the maintenance effect of
KD-247 on CD4% T cells were similar among the test
groups. As each group had only two animals, between-
group significant differences were not tested.

Maintenance of CD4™" T cells in various
lymphoid tissues

At 11-13 weeks after viral challenge, necropsies of
the monkeys given KD-247 were performed and their
lymphoid organs were evaluated. All the lymph nodes of
the monkeys inoculated with pathogenic SHIV followed
by control IgG were atrophied. In contrast, the lymph
nodes of all monkeys given KD-247 maintained normal
shape. Marked change was observed in the thymus
(Fig. 4a); the thymuses of all monkeys given KD-247
were hypertrophic, whereas the thymuses of monkeys
inoculated with SHIV alone, or given control IgG, were
atrophied. No organ atrophy was observed in any of the
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Fig. 2. Properties of anti-KD-247 antibodies in Cy-6 monkey
plasma. (a) Anti-KD-247 activity of plasma in monkeys given
KD-247. Open and closed bars indicate the binding activities
of anti-KD-247 antibodies to KD-247 in monkey plasma
collected at day 0 and necropsy, respectively. NC, negative
control using the sample diluent; PC, positive control using a
goat antibody to human IgG (200 ng/ml; ICN/Cappel, Aurora,
Ohio, USA). (b) Binding of Cy-6 plasma to humanized and
chimeric mAbs. Open and closed bars indicate binding
activities of anti-KD-247 antibodies to KD-247 in monkey
plasma collected on day 0 and at necropsy (day 88), respect-
ively. (c) Inhibitory effect of Cy-6 plasma on the binding of
KD-247 to antigen peptides SP13 (left) and P20PATH (right).
The plasma samples collected on day 7 and at necropsy had
been incubated with these peptides. Suppression of the bind-
ing of KD-247 to the peptides is shown as relative optical
density (%) to the binding of KD-247 incubated with plasma
collected on day 0. IgG, immunoglobulin G; NP, necropsy.

groups treated with KD-247. To determine the
architecture of the lymph nodes, we examined tissue
sections collected at necropsy. Germinal centers were not
detected in the lymphoid tissue of monkeys treated with

control IgG, but cell architecture was preserved in
monkeys given KD-247 (Fig. 4b).

The T-cell subpopulation in the lymphoid tissues of the
monkeys was analyzed by flow cytometry (Fig. 5). The
CD4" T cells in the lymph nodes of both the IgG
control monkeys (Cy-7 and Cy-8) were nearly depleted.
In contrast, a2 normal level of CD4TCD8™ cells was
maintained in the lymph nodes of all monkeys given KD-
247. The CD4"CD8™ T-cell population values in the
groups given KD-247 and control IgG were obviously
higher and lower, respectively, than the values for the
mean — 2SD in naive control monkeys (n=15). In the
thymus, the absolute cell numbers of the monkeys given
control IgG were low and could not be assessed for Cy-7
lymphocytes because of cell depletion. Thymic T-cell
subpopulations were composed almost entirely of
CD47CD8" double-positive cells (Cy-1=52%, Cy-
2="74%, Cy-3=75%, Cy-4=76%, Cy-5=77%, Cy-
6=75%, and Cy-8=71%; naive =63 £15%). In the
submandibular and mesenteric lymph nodes and spleen,
administration of KD-247 rescued CD47CD8™ cells
independently of injection timing; this T-cell subset was
not maintained in IgG controls.

Discussion

Since the development of HAART, the likelihood of
progression to AIDS or death has been decreased if CD4™
T-cell counts are properly maintained even when HIV-1
RNA concentrations in peripheral blood are high [22].
This finding suggests importance of maintaining CD4™"
T cells in the whole body for the control of HIV/AIDS.
In this study, we confirmed that postinfection passive
immunization of SHIV-infected monkeys with KD-247
fully rescued CD4™ T-cell loss in various lymphoid tissues
and yielded partial protection against increased plasma
viral load and loss of CD4™ T cells.

How, then, does postinfection immunization with KD-
247 help maintain CD4% T cells in lymphoid tissues?
Immunobhistological alterations of the lymph nodes in
HIV-infected patients represent a dynamic process, in
which an initial florid follicular hyperplasia gives way
ultimately to lymphocyte depletion [23]. There are
several theories regarding the various direct or indirect
mechanisms of CD4™ lymphocyte depletion by HIV
[24]. We previously reported that treatment with the
humanized neutralizing antibody R 5.5 prevented HIV-
1-induced atrophic changes in the medulla of engrafted
thymic tissue in a thymus/liver-transplanted severe
combined immunodeficient murine model [20]. The
acute pathogenic SHIV-C2/1-derived clone virus KS661
resulted in increased thymic involution, atrophy, and the
depletion of immature T cells, including CD4"CD8*
double-positive cells [25]. Infection with HIV-1, SIV, or
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Fig. 3. Plasma viral loads and CD4* T-cell counts after viral challenge. Postchallenge plasma viral RNA copies and absolute
CD4* T-cell counts in the peripheral blood were detected in the monkeys in each of four groups treated with KD-247 antibody or
control IgG after infection as described in Fig. 1(a). (a) Kinetic changes in viral RNA copy numbers per ml of peripheral blood. (b)
Kinetics of CD4™ T-cell counts. IgG, immunoglobulin G; SHIV, simian/human immunodeficiency virus.

SHIV is associated with abnormalities in the number, size,
and structure of germinal centers [26]. Progressive
depletion of proliferating B cells and disruption of the
follicular dendritic cell network in germinal centers
within 20 days after SIV challenge have also been reported
[27]. Although our study was limited by small group size
(two monkeys/group), our data clearly show only
minimal differences in CD4" T-cell levels between
groups treated with KD-247 and the IgG control
monkeys. The effects of KD-247 on CD4™ T cells were
more remarkable in lymph node than in peripheral blood
compartments. Accumulation of apoptotic cells has been
reported in both lymph nodes and thymus during the
second week of highly pathogenic SHIV-C2/1 [17,28]
and SHIVpgyior infections [29]. Given the smaller
increase in CD4*CD95™ cell populations in peripheral
blood mononuclear cells among monkeys that exhibited
even partial protection from postchallenge SHIV-C2/1
with a suboptimal dose of KID-247 infusion in previous
studies [7], KD-247 might protect against apoptosis of
CD4" T cells in lymphoid tissues. Thus, in addition to
neutralizing antibodies in animals receiving transfusions,
passive transfer of KD-247 might help to maintain levels
of CD4™ T cells and to preserve the integrity of lymphoid
structures, potentially leading to a less pathogenic course
of disease progression. The roles played by the antibodies
against HIV/AIDS could be clarified by further analyses
of immunological function of monkeys treated with KD-
247, areas of future research include viral components
[30,31], lymphocyte activation [32,33], cytokine spectra
[34], T-cell homeostasis [35,36], dendritic cell functions
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[37,38], Fc receptor interactions [39,40], and related
functions.

Because preinfection experiments have shown that the
concentration of KD-247 in plasma is important in
protecting monkeys against viral infection [7], we also
measured KD-247 concentrations in plasma samples. The
postinfection effect of KD-247 against increased viral load
and CD4™ T-cell loss in peripheral blood were evaluated.
Monkeys given KD-247 had lower plasma viral loads and
less CD4™ T-cell loss than did those treated with control
IgG; however, as noted above, each group had only two
animals and no statistical analysis was performed. These
results in peripheral blood were not very pronounced
compared with the phenomena observed in lymphoid
organs. Complete protection, which was previously
reported with preinfection administration of KD-247 [7],
was not achieved in these postinfection trials. The times
and values of viral load peaks were similar in all monkeys,
but the increases in viral loads were delayed by
administration of KD-247. Interestingly, the ability of
KD-247 to suppress viral loads after they peaked did not
depend on the timing of administration. In previous
preinfection experiments with 45mg/kg of KD-247,
viral challenges were performed 1 day after KD-247
administration, and blood concentrations of KD-247
ranged from 700 to 800 pg/ml immediately before viral
challenge in monkeys. Preadministration of these
concentrations of KD-247 yielded complete protection
against SHIV-C2/1 infection [7]. By contrast, in the
current study, the monkeys given KD-247 1h after
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Fig. 4. Comparative postinfection protection against atrophic changes in lymphoid tissues. (a) Macroscopic images of thymus.
Superimposed rulers indicate scales marked in centimeters. Although Cy-1, Cy-2, and naive control thymuses are not shown here,
all thymuses of the monkeys given KD-247 were larger and those given control IgG were smaller than naive monkey thymuses.
(b) Histological changes as postinfection effects of KD-247. Parts of the tissue blocks were preserved in 10% buffered formalin,
embedded in paraffin. Tissue sections were stained with hematoxylin and eosin for conventional light microscopy (original
maghnification 18x). Mesenteric (Cy-2, Cy-5, and Cy-6), inguinal (Cy-3 and naive control), and submandibular (Cy-8) lymph nodes
were photographed. Germinal centers, which are bright round areas (shown as GC in only the naive control), were maintained in
the monkeys given KD-247, whereas the architecture of germinal centers in lymph node tissue from the control monkey given
human normal 1gG was not detected. GC, germinal centers; 1gG, immunoglobulin G.

challenge with the virus became infected, even though
the KD-247 concentrations 15 min after administration
ranged from 1000 to 1300 pg/ml (Fig. 1b1). These KD-
247 concentrations are considered sufficient to neutralize
cell-free viruses that develop after the initial infection
and/or are generated one after another following
infection in peripheral blood. Therefore, the inability
of the antibody administered 1h after challenge to
completely protect against the virus suggests that target
cells were infected with the virus within 1h. The
previously reported results of time-dependence studies
[10,11,41] of postinfection prophylaxis using SHIV
are comparable with those obtained in the present study.

The virus might not only infect target cells directly but
also evade neutralizing antibody to produce infection in
the cells of the peripheral blood and/or the lymphoid
tissues [42,43]. Follicular dendritic cells could sustain
HIV infection in the presence of neutralizing antibody
[44]. Mucosal infection, such as vaginal challenge
with SHIV, has been suggested to be a better in-vivo
model to evaluate passive immunization [45,46]. The
effects of antibodies in the lymph node compartment
might be clearly observable using models of mucosal
infection, as viruses harbored in lymph nodes after
mucosal challenge later appeared in the peripheral blood
compartment following systemic spread. Unexpectedly,
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Fig. 5. Postinfection protection against tissue CD4™ T-cell loss by passive transfer of KD-247 at various times after simian/
human immunodeficiency virus C2/1 challenge. (a) Flow cytometric profiles of CD4" and CD8™ T cells in the submandibular (left)
and mesenteric (right) lymph nodes. Upper panels show maintenance of CD4™ T cells in animal Cy-3 after passive transfer of KD-
247. Lower panels show the loss of CD4" populations in the control IgG-treated animal Cy-7. (b) Postinfection protection of KD-
247 against loss of CD47CD8 ™ tissue lymphocytes. Tissue distributions of CD4¥CD8™ T cells were determined in submandibular
and mesenteric lymph nodes and spleen in animals of each group, as well as in those of naive control monkeys (n=15). Bars
indicate SD. Broken lines show the mean — 2 SD values of the naive control. IgG, immunoglobulin G.

the maintenance of CD4™ T cells in the lymph nodes in
Cy-6 were similar to those in the other monkeys given
KD-247, although the mAb was eliminated from the
plasma 3 weeks after viral challenge, once anti-KD-247
antibodies were elicited in this monkey. High plasma
concentrations of KD-247 seem to be effective in
preventing HIV-1 transmission. However, even if high
concentrations are not maintained in the blood for a
long time, KD-247 could rescue lymphoid CD4™
T cells.

Passive immunization with mAbs has been shown to
prevent a variety of diseases, although no mAb products
are licensed for use for immunotherapy against HIV/
AIDS [47]. In a passive immunization trial with humans, a
cocktail of three mAbs was able to delay viral rebound
following interruption of antiretroviral therapy [15].
However, differences in the pharmacokinetic profiles of
constituent mAbs and cost-related issues of production
might affect the development of neutralizing mAb
cocktail drugs [47,48]. In contrast, KD-247 itself
neutralizes primary isolates including chemokine (C-C
motif) receptor 5 (CCR5)-tropic viruses with a matching
narrow-neutralization sequence motif [6,7]. KD-247 is
expected to be useful as a novel reagent for immune
protection against HIV/AIDS, because the mAb might
not only directly neutralize the virus but also maintain
CD4™" T cells in lymphoid tissues.
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Follicular Dendritic Cells Activate HIV-1 Replication in
Monocytes/Macrophages through a Juxtacrine Mechanism
Mediated by P-Selectin Glycoprotein Ligand 1*

Kenji Ohba,*" Akihide Ryo,”* Md. Zahidunnabi Dewan,*"* Mayuko Nishi,* Toshio Naito,?
Xiaohua Qi," Yoshio Inagaki,” Yoji Nagashima,” Yuetsu Tanaka,' Takashi Okamoto,”
Kazuo Terashima,” and Naoki Yamamoto®**

Follicular dendritic cells (FDCs) are located in the lymphoid follicles of secondary lymphoid tissues and play a pivotal role in the
selection of memory B lymphocytes within the germinal center, a major site for HIV-1 infection. Germinal centers are composed
of highly activated B cells, macrophages, CD4* T cells, and FDCs. However, the physiological role of FDCs in HIV-1 replication
remains largely unknown. We demenstrate in our current study that FDCs can efficiently activate HIV-1 replication in latently
infected monocytic cells via an intercellular communication network mediated by the P-selectin/P-selectin glycoprotein ligand 1
(PSGL-1) interaction. Upon coculture with FDCs, HIV-1 replication was significantly induced in infected monocytic cell lines,
primary monocytes, or macrophages. These cocultures were found to synergistically induce the expression of P-selectin in FDCs via
NF-«B activation and its cognate receptor PSGL-1 in HIV-1-infected cells. Consistent with this observation, we find that this response
is significantly blocked by antagonistic Abs against PSGL-1 and almost completely inhibited by PSGL-1 small interfering RNA. More-
over, a selective inhibitor for Syk, which is a downstream effector of PSGL-1, blocked HIV-1 replication in our cultures. We have thus
elucidated a novel regulatory mechanism in which FDCs are a potent positive bystander that facilitates HIV-1 replication in adjacent

infected monocytic cells via a juxtacrine signaling mechanism. The Journal of Immunology, 2009, 183: 524-532,

acute and chronic stages (1, 2). In the acute phase of viral

infection, an initial peak level of plasma viremia appears
within a couple of weeks of transmission. At this early time point
in the course of infection, HIV-1 has disseminated to the lymphoid
organs and viral reservoirs and latency have been established. The
HIV-1 viral load stabilizes at a relatively low level after a period
of acute viral infection, defined as the “set point,” during which an
immunological activation against HIV-1 is initiated. However, in
tandem with seroconversion, HIV-1 production in reservoir or la-
tently infected cells will eventually resume upon specific immu-
nological responses such as host cytokine secretion or cell-medi-
ated immune reactions (3-6).

T he natural progression of HIV-1 infection consists of
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Lymphoid organs have been proposed to function as a major
reservoir for HIV-1 (7). During the course of HIV infection, T
cells and macrophages in secondary lymphoid organs also become
major reservoir cells for HIV-1 (8). Several in vitro studies have
now identified potentially stable reservoirs of inducible latently
infected CD4™ cells carrying an integrated form of the viral ge-
nome (7-9). In addition to CD4™ T cells, monocytes are thought
to be major reservoirs for HIV-1 in vivo, since a number of blood
monocytes are maintained in HIV-1-infected patients even during
the late disease stages when T cells can be practically undetectable
(10, 11). These observations suggest that infected CD4™* T cells
and macrophages provide sites as a stable reservoir and producer
of HIV-1, causing the persistent production of progeny virus in
lymphoid organs. However, it has not been well investigated how
these reservoir cells can maintain sufficient levels of viral replica-
tion that will retain a sufficient viral load during the long course of
this disease.

It is generally believed that the central point in the immune
system is the lymphoid organs and germinal centers (GCs)*> where
several immune cell types are localized, although these circulate
throughout the whole body (12-14). The GCs of secondary lym-
phoid tissues are composed of B cells, CD4* T cells, macro-
phages, and follicular dendritic cells (FDCs) (15-17). FDCs are
characterized by the expression of CD21, CD35, CD40, and spe-
cific cell surface adhesion molecules including ICAM-1,
VCAM-1, and the surface dendritic cell (DC) markers DC-SIGN
and DRC-1 (16, 18-21). The FDCs play an important role in the

3 Abbreviations used in this paper: GC, germinal center; EDC, follicular dendritic
cell; DC, dendritic cell; PSGL-1, P-selectin glycoprotein ligand 1; Syk, spleen ty-
rosine kinase; LTR, long terminal repeat; MOI, multiplicity of infection; siRNA,
small interfering RNA.

Copyright © 2009 by The American Association of Immunologists, Inc. 0022-1767/09/52.00
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immune response by interacting with CD4* T or B cells and in
organization of the follicular structure.

In HIV infection, human FDCs can capture and retain infectious
HIV particles in a stable manner on their cell surfaces for several
months or even years via Fc receptors or other molecules (22-25).
Unlike conventional DCs, FDCs are not themselves infected with
HIV despite expression of chemokine receptors and DC-SIGN
(24). Furthermore, active HIV infection is largely confined to sites
surrounding the FDCs (24), suggesting that this microenvironment
is highly conducive to infection with this virus. FDCs have also
been shown to transmit signals to the GC microenvironment which
also appears to increase HIV infection and replication (24, 25).
Our previous study showed that FDCs stimulated virus production
in MOLT-4 T cells preexposed to HIV-1(23). Very recently,
Thacker et al. (26) also reported that FDCs contributed to virus
replication in CD4™ T cells infected with HIV-1 obtained from
peripheral blood and GCs by increasing viral transcription medi-
ated by TNF-a upon coculture. However, the role of FDCs in
HIV-infected monocytes/macrophages is largely unknown.

We here report that FDCs can activate HIV-1 production in
surrounding infected monocytes or macrophages via a cell-cell in-
teraction with a clear mechanistic distinction from CD4"% T cells
reported by Thacker et al. (26). This enhancement in monocytic
cells was found to be mediated mainly by an association between
P-selectin on FDCs, acting as a ligand, and P-selectin glycoprotein
ligand 1 (PSGL-1), the cognate receptor, on HIV-1-infected cells.
Furthermore, we delineate the biological significance of the PSGL-
I/spleen tyrosine kinase (Syk) pathway in the FDCs-mediated
switch to induce HIV-1 replication. Our current findings thus shed
new light on mechanisms involved in the HIV replication pathway
that are mediated through intercellular communication and provide
clues for the design of future novel therapeutic interventions
against AIDS and related disorders.

Materials and Methods

Cell culture and reagents

Several FDC lines were established from fresh human palatine tonsils and
maintained as described previously (23). Briefly, FDCs were isolated from
fresh palatine tonsils surgically removed. Tonsils were cut into pieces in
the thickness of 2~3 mm and then digested for 15 min at 37°C with col-
lagenase (type I; Wako). Following rinsing with RPMI 1640 by centrifu-
gation at 400 X g for 7 min, cells were filtered through at 70-pm nylon
mesh and overlaid on a 1.25, 2.5, and 5% continuous BSA gradient at 1 X
g for 2 h. The lowest fraction with a higher density fraction was resus-
pended and cultured in RPMI 1640 medium with 10% FCS. Cell clusters
in the lowest fraction included cells positive for DRC-1, a specific maker
of FDCs. One week after the culture, adherent spindle-shaped FDCs ap-
peared from the cell clusters after having released lymphoid cells and spon-
taneously proliferated without additional cytokines or growth factors. The
character of FDCs was checked with expression of FDCs makers such as
CAN-42, S-100a, CD54, DC-SIGN, and CXCR4 on its surface. After cul-
turing along more than 2 wk, FDCs were stocked in —80°C before use.
PBMCs were separated from three healthy donors in accordance with the
guidelines of the ethics committee of Tokyo Medical and Dental Univer-
sity. PBMCs were cultured in RPMI 1640 containing 10% FBS at 37°C in
5% CO,. Primary monocytes were obtained from three healthy donors with
Rosette Sep (StemCell Technologies) according to the manufacturer’s in-
structions. Primary macrophages were differentiated from monocytes by
culturing in RPMI 1640 containing 10% AB serum (Sigma-Aldrich) and 20
ng/ml M-CSF (R&D Systems) for 7 days. HIV-1 chronically infected
monocytic cell line Ul cells (27) were cultured in RPMI 1640 supple-
mented with 10% FBS (Invitrogen Life Technologies). Coculturing and
Transwell assays were performed using 1 X 10° HIV-infected cell lines or
2 X 10° primary cells with 1 X 10* FDCs. For the FDC supernatant assay,
filtered (0.2 um) supernatants from FDC cultures were collected and added
to HIV-1-infected cells at a 1:4 volume supernatant:total volume of fluid
ratio. In the cell fixation assay, FDCs incubated with 3% paraformaldehyde
in PBS for 2 h were washed three times with PBS and then twice with
RPMI 1640 before coculturing.
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Virus preparation and infection

HIV-1;; o or HIV-14, 4.4 viruses were generated by transfection of the
pJR-FL or pNL4-3 construct in 293T cells, respectively. Virus preparations
were passed through a 0.4-pm filter and titrated using a conventional
method as described previously (28). For the HIV-1 infection of primary
cells, PBMCs were infected with HIV-1;; o, for 24 h following stimulation
with PHA-P (3 ug/ml) for 3 days. To adjust the culture condition for
monocytes/macrophages with that for PBMCs, monocytes or macrophages
were also infected with HIV-1,; ; for 24 h following stimulation with
PHA-P (3 pg/ml) for 3 days. All primary cell cultures were maintained in
the absence of IL-2. Jurkat or FDCs were infected with HIV-1y; 4.3 (mul-
tiplicity of infection (MOI) = 0.05) for 1, 3, or 5 days.

Antibodies

Polyclonal Abs raised against phospho-p65 (Ser*®), phospho-Syk
(Tyr*?), phospho-IkBa (Ser’?), and unmodified Syk were purchased from
Cell Signaling Technology. Anti-p65 polyclonal, actin, and PSGL-1
(KPL1) mAb were purchased from Santa Cruz Biotechnology. Anti-a-
tubulin mAb was purchased from Sigma-Aldrich. Neutralizing Abs target-
ing PSGL-1 or ICAM-1 were purchased from R&D Systems. Anti-HIV-1
p24 mAb (2C2; mouse 1gG1) was produced by Y. Tanaka (University of
Ryukyus, Okinawa, Japan).

Isolation of total RNA from cells and quantitative RT-PCR

Ul cells and FDCs were harvested after coculturing and washed three
times with PBS. Total RNA was then extracted using Isogen (Nippongene)
according to the manufacturer’s instructions. RNA (1 ug) was reverse tran-
scribed using Superscript III (Invitrogen) before semiquantitative RT-PCR,
and quantitative RT-PCR was performed using a SYBER Green One-step
Real-time PCR kit (Invitrogen) with mRNA-specific primer pairs. Ana-
lyzed genes and corresponding primers are listed in supplemental Table 1.*

Neutralization assay

HIV-1-infected cells were pretreated with neutralizing Abs (anti-PSGL-1,
anti-ICAM-1, or control mouse IgG) for 2 h before and during coculturing.
Optimal concenirations were determined by the ICs, values in accordance
with the manufacturer’s instructions. Culture supernatants were collected
after 3 days and subjected to measurement of HIV-1 p24.

Chemicals and inhibitory assays

BAY11-7082 and INK inhibitor II were purchased from Merck. The Syk-
specific inhibitor ER-27319 (29, 30) was purchased from Sigma-Aldrich.
Cells were pretreated with 30 uM ER-27319, 1 uM JNK inhibitor II, 1-2
M BAY11-7082, or DMSO (Sigma-Aldrich) for 2 h. The inhibitor treat-
ed/untreated cells were then cocultured with FDCs in the presence of Syk
or NF-«B inhibitor. In small interfering RNA (siRNA) experiments, Ul
cells were transfected with control or PSGL-1 siRNA (Santa Cruz Bio-
technology) by Nucleofector (Amaxa) and then cocultured with FDCs.
Lysates and supernatants were collected from these cultures after 3 days for
measurement of p24 and Western blotting analysis.

Flow cytometry

Cells were washed twice with staining buffer (3% FBS and 0.09% NaN,/
PBS) and then stained with PSGL-1-RP-E (BD Biosciences) for 30 min on
ice. Cells were then washed twice and processed for flow cytometry.

Measurement of HIV-1 p24

Cell culture supernatants were collected after centrifugation at 4000 rpm
for 5 min at 4°C and then processed for measurement of HIV-1 p24 by
using Lumipulse (Fujirebio) according to the manufacturer’s instructions.
Assays were performed in triplicate.

Results
FDCs activate HIV-1 production in adjacent HIV-1-infected
monocytic cells

To address whether FDCs can also activate HIV-1 replication in
the surrounding infected monocytes/macrophages as an effective
bystander or stimulator, several primary FDCs were established
from fresh palatine tonsils of three healthy human donors (23).

* The online version of this article contains supplemental material.
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FIGURE 1. FDCs activate HIV-1 production in adjacent HIV-1-infected cells. A, Jurkat or FDCs were infected with HIV-1y, , ; (MOI = 0.05) for I,
3, or 5 days. Cells were collected and then lysed for the separation of total RNA. Total RNA were treated with DNase I followed by quantitative RT-PCR
with specific primer sets for either HIV-1 Gag or G3PDH. The data shown are the fold inductions normalized by G3PDH. B, Ul cells (1 X 10° cells/well)
were cultured alone or in coculture with either FDCs or 293T cells (1 X 10* cells/well) for 3 days. Cell supernatants were then collected and assayed for
measurement of p24. C, p24 levels in culture supernatants were monitored at 3, 5, and 7 days. D, p24 levels in lysates were monitored at 1, 3, 5, and 7
days by Western blot. E, PBMCs separated from a healthy donor were cultured with 3 pg/ml PHA for 3 days followed by infection with HIV-1,5 g (MOI =
0.05) for 24 h. The PBMCs (2 X 10° cells/well) were then cocultured with FDCs (1 X 10* cells/well) in the absence of IL-2 for 14 days. Culture
supernatants were then assayed for measurement of p24. F, Monocytes separated from a healthy donor were cultured with 3 wg/ml PHA for 3 days followed
by infection with HIV-1, g (MOI = 0.05) for 24 h. The monocytes (1 X 10 cells/well) were then cocultured with FDCs (1 X 10* cells/well) for 14 days.
G, Primary differentiated macrophages were cultured with 3 ug/ml PHA for 3 days followed by infection with HIV-1, & (MOI = 0.05) for 24 h. The
macrophages (1 X 10° cells/well) were then cocultured with FDCs (1 X 10* cells/well) for 7 days. Culture supernatants were then assayed for measurement
of p24. The data shown in B are the average = SD of at least three independent experiments. The data presented in E-G were obtained using samples of
three donors (*, p = 0.05 and **, p =< 0.01 by the Student ¢ test).

Since each of these established cell lines was very similar in na- replication in the two infected cell types tested, whereas no such
ture, exhibiting typical properties of FDCs (positive for CAN-42, induction was observed when the Ul cells were cultured with
S-100a, CD54, DC-SIGN, and CXCR4; morphological character 293T cells (Fig. 1B). A parallel kinetic study further demonstrated
such as spine-like spiculae and intercellular gap junction), the FDC that the p24 levels in supernatants and lysates were increased in a

1 line was mainly used in subsequent experiments. FDCs them- time-dependent manner in Ul cells grown under these coculture
selves were not productively infected with HIV-1 (Fig. 1A4), con- conditions (Fig. 1, C and D). To address whether this trend oc-
sistent with previous reports (22-25). curred also in primary cells, FDCs were cocultured with PBMCs

Initially, the FDCs were cocultured with chronically HIV-1-in- from healthy donors after infection with R5 (HIV-1,; & ) virus. As
fected monocytic cell line Ul to examine whether they had the shown in Fig. 1E, the virus production was considerably aug-
ability to activate HIV-1 replication. After 3 days of growth, mented in coculture with FDCs. Furthermore, parallel experiments
HIV-1 production was analyzed for HIV-1 p24. The results revealed that the virus production in monocytes or macrophages
showed that coculturing with FDCs significantly induced HIV-1 purified from PBMCs was also increased by coculturing with
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fluid. Cell supernatants were collected after 3 days and assayed for measure-
ment of p24. The data shown are the average = SD of two independent ex-
periments (*, p = 0.05 and **, p = 0.01 by the Student ¢ test).

FDCs (Fig. 1, F and G). These data thus strongly indicate that
FDCs can indeed activate viral replication monocytes/macro-
phages infected with HIV-1.

The enhancement of HIV-1 production by FDCs requires direct
cell-cell interactions

To investigate whether this stimulation by FDCs was achieved by
direct cell-cell interaction or soluble factors, we used two different

FIGURE 3. Activation of NF-«xB in A Ut

both FDCs and HIV-1-infected cells. A R S
and B, Ul cells (1 X 10 cells/well) were
cocultured with FDCs (1 X 10 cells/well)
for 5 days and the mRNA levels for the
indicated genes were measured by RT-
PCR (A) or quantitative RT-PCR (B). C,
Schematic representation of HIV-1 LTR-
derived luciferase reporter constructs. D,
Ul cells (1 X 10° cells/well) were initially
transfected with the indicated reporter con-
structs and then cocultured with FDCs
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G3PDH e
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cell culture methods for FDCs and Ul cells as follows: 1) FDCs
were separately cultured with U1 cells using Transwells and 2) Ul
cells were grown in culture medium supplemented with FDC su-
pernatant. Although both culture systems could partially induce
HIV-1 replication in U1 cells, these effects were ~20-30% of the
full induction of those observed following coculture with FDCs
(Fig. 2). This suggested that direct cell-cell interactions might be
required for the full induction of HIV-1 replication in monocytic
cells, although certain soluble factors may also activate HIV-1
replication to a lesser degree. Furthermore, the fixation of FDCs
with paraformaldehyde before coculture completely abrogated the
induction of HIV-1 replication in Ul cells, suggesting a require-
ment for bioactive cell surface molecules in this response.

Taken together, these data indicate that direct interactions via
cell surface bioactive molecules are important to fully stimulate
HIV-1 replication in monocytic U1 cells by FDCs.

Activation of NF-kB in both FDCs and HIV-1-infected cells
following coculture

Our initial analysis demonstrated that FDCs can enhance HIV-1
replication in infected cells via cell-cell interaction. We thus ex-
amined whether this induction is initiated by the activation of the
HIV-1 long-terminal repeat sequence (LTR). Quantitative and
semiquantitative RT-PCR analyses revealed that the levels of
HIV-1 mRNA were increased in U1 cells in tandem with increased
supernatant p24 levels under coculture conditions with FDCs (Fig.
3, A and B).

HIV-1 replication has been shown to be regulated by host tran-
scription factors such as NF-«B, NF-AT, Spl, and AP-1 that are
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BAY 11-7082 (1 uM) for 3 days and the levels of PSGL-1 in these cells were then analyzed by quantitative RT-PCR (C). Cell surface PSGL-1 was analyzed
by flow cytometry using an anti-PSGL-1 Ab (D). M1 denotes the range of positive cell populations. E, P-selectin expression in FDCs analyzed by
quantitative RT-PCR. F, Ul cells (1 X 10° cells/well) were untreated or pretreated with either PSGL-1 or ICAM-1 Ab for 1 h. Cells were then cocultured
with FDCs (1 X 10* cells/well) for 3 days followed by measurement of p24. G, Ul cells (1 X 10° cells/well) were transduced with either control or PSGL-1
siRNA (final 6 nM) by Nucleofector according to the manufacturer’s instructions. Cells were then cocultured with FDCs (1 X 10* cells/well) for 3 days
followed by Western blot analysis with the indicated Abs. Numerical values below the blots indicate p24 signal intensities normalized by a-tubulin intensity
derived by densitometry. The data shown are the average * SD of three independent experiments (*, p < 0.05 and **, p < 0.01 by the Student ¢ test).

recruited and bind directly to the HIV-1 LTR (31-33). To deter- tion, we examined various 5'-deletion mutants of these region as
mine the identity of the cis-regulatory element(s) within the HIV-1 described in Fig. 3C (34). Coculturing of Ul cells with FDCs
LTR that are the targets of FDC-mediated transcriptional activa- resulted in the activation of CD12 and CD23 reporter constructs
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that harbor a NF-«B-binding sequence. However, the CD52 and
CD54 constructs lacking this NF-«B consensus site were not ac-
tivated, suggesting the involvement of NF-«B in the HIV-1 repli-
cation response (Fig. 3D). Consistent with this notion, the reporter
construct CD12 that contains a site-directed mutation within the
NF-«B binding site, CD12mkB, was not responsive to FDC stim-
ulation. These results together indicate that the stimulation of
HIV-1 in infected cells by FDCs is mediated via the activation of
the HIV-1 LTR via NF-«B.

To further address this in terms of biological function, cells were
treated with the NF-«B inhibitor BAY 11-7082 to further delineate
the role of NF-«B in FDC-mediated HIV-1 replication. Treatment
with BAY 11-7082 significantly suppressed HIV-1 production
from Ul cells, even when growing in coculture with FDCs (Fig.
3E), although the viability of both cell types was not significantly
affected by this exposure (data not shown). Taken together, our
data thus indicate that intercellular communication pathways trig-
gered by FDCs can promote and augment HIV-1 production in
infected cells via NF-«B activation.

We next investigated whether NF-«B is in fact activated in
FDCs as well as in Ul cells under coculture conditions. Con-
sistent with our above gene reporter data, NF-«B activation was
confirmed in Ul cells as revealed by the phosphorylation status
of NF-«kB p65 and IkBa (Fig. 3F). Interestingly, parallel ex-
periments showed NF-«B activation in FDCs also in our cocul-
ture system, as revealed by immunoblotting with phospho-spe-
cific Abs (Fig. 3F). Furthermore, fractionation analysis
demonstrated that the nuclear p65 (RelA) levels were signifi-
cantly enhanced in both Ul and FDCs, indicating the nuclear
accumulation of activated NF-«B (Fig. 3F). Parallel kinetic
analysis revealed that NF-«B activation in Ul cells was initi-
ated at 12 h and persisted for at least 48 h (Fig. 3G). These
findings thus support our contention that cell-cell interactions
between FDCs and U1 cells results in the constitutive activation
of NF-«B in both cell types and that this is likely to be involved
in the amplification of HIV-1 replication signals.

FDCs activate HIV-1 production via a P-selectin-PSGL-1
interaction

We were prompted to examine whether NF-«B up-regulates a spe-
cific cell surface ligand and its cognate receptor in FDCs and HIV-
I1-infected monocytic cells, eventually contributing to the ampli-
fication of HIV-1 replication signals via NF-«kB activation. To this
end, we examined the expression of different cell surface ligands
and their cognate receptors which are known to be regulated by
NF-kB. We chose three ligand/receptor combinations based upon
a database search, ICAM-1/CD11b, VCAM-1/CD49d, and P-se-
lectin/PSGL-1, and the expression of these molecules was ana-
lyzed by quantitative RT-PCR. Although the mRNA levels of
ICAM-1 and VCAM-1 were not significantly altered upon stimu-
lation, transcripts for P-selectin (CD62P/SLBP) were dramatically
increased in FDCs (Fig. 4A). Interestingly, transcripts for the cog-
nate receptor for P-selectin, PSGL-1, were found to be signifi-
cantly up-regulated in U1 cells grown in coculture with the FDCs
(Fig. 4B), but this was not the case for the CD11b and CD49d
receptors. Quantitative RT-PCR and FACS analysis revealed that
treatment with the NF-«B inhibitor BAY11-7082 significantly in-
hibited the increase of PSGL-1 mRNA expression and, conse-
quently the cell surface expression of PSGL-1, in U1 cells cocul-
tured with FDCs (Fig. 4, C and D). This suggested a crucial role
for NF-«B signaling in the induction of PSGL-1 during this co-
culture in HIV-1-infected cells. Likewise, we found that BAY11-
7082 treatment also decreased the induction of P-selectin mRNA
in FDCs, indicating that the NF-«B activation in FDCs could play
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subjected to immunoblotting analysis for phosphorylated Syk (Tyr**?), un-
modified Syk, and a-tubulin (A). The numbers below the blot indicate the
band intensity ratios. Cell supernatants were assayed for measurement of
p24 (B). The data shown are the average + SD of two independent exper-
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a crucial role in the induction of P-selectin during the coculture
with HIV-1-infected monocytic cells (Fig. 4E).

Next, to test the biological significance of a P-selectin-PSGL-1
interaction in terms of HIV-1 induction in our FDC coculture sys-
tem, Ul cells were pretreated with blocking Ab against PSGL-1
before setting up these cultures. Treatment with PSGL-1 Ab, but
not an ICAM-1 Ab, specifically suppressed HIV-1 production in a
dose-dependent manner (Fig. 4F). Consistent with this result, tar-
geted disruption of PSGL-1 by specific siRNA significantly de-
creased HIV-1 production in U1 cells coculturing with FDCs (Fig.
4G). These results together indicate that a juxtacrine signaling
mechanism mediated by PSGL-1/P-selectin underlies the activa-
tion of HIV-1 replication in infected monocytic cells stimulated
by FDCs.

Syk acts as a downstream effector of PSGL-1 during HIV-1
replication

Several previous reports have demonstrated that the cytoplasmic
domain of PSGL-1 can directly interact with a Src family kinase,
the Syk (35). Syk consists of two N-terminal Src homology 2
domains, which bind phosphorylated ITAM sequences, and a C-
terminal tyrosine kinase domain (35-37). The phosphorylation of
Syk at Tyr’>? has been shown to be a hallmark of its activation.
Indeed, phosphorylated Syk was found in our present analyses to
be significantly increased in Ul cells during their cocultivation
with FDCs (Fig. 5A).

To next examine the possible biological functions of Syk during
HIV-1 replication, we used a specific inhibitor of the molecule
ER-27319 (29, 30) in our FDC cocultures. Treatment with ER-
27319 significantly decreased HIV-1 production and this was ac-
companied by a reduction in the phosphorylated Syk levels in Ul
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FIGURE 6. Inhibition of the PSGL-1/Syk pathway abrogates FDC-in-
duced HIV-1 replication in primary monocytes. A and B, Primary human
monocytes were separated from three healthy donors as indicated in Ma-
terials and Methods and these cells were then treated with 3 pg/ml PHA
for 3 days. After stimulation, the cells (1 X 10° cells/well) were infected
with HIV-1,; o (MOI = 0.05) for 24 h and subsequently cocultured with
FDCs (1 X 10* cells/well) in the presence of PSGL-1 Ab (25 pg/ml; A) or
ER-27319 (30 uM; B) at 14 days, followed by measurement of p24 (¥, p <
0.05 and *#, p = 0.01 by the Student ¢ test).

cells (Fig. 5), whereas JNK inhibitor II had no such effects. These
results indicate that the juxtacrine signaling between FDCs and
HIV-1-infected monocytic cells mediated by P-selectin/PSGL-1
results in the activation of Syk, which serves as a mediator of the
function of NF-«B activation in the HIV-1 replication pathway.

PSGL-1 and Syk inhibition blocks FDC-induced HIV-1
replication in primary monocytes

Finally, we addressed whether FDCs can also activate HIV-1 pro-
duction in infected primary cells via P-selectin/PSGL-1 pathway,
in this case human primary monocytes from healthy donors that
had subsequently been exposed to HIV-1,; . At 24 h after viral
infection, the primary monocytes were cocultured with FDCs in
the presence or absence of either PSGL-1 Ab or the Syk inhibitor
ER-27319. Both of these treatments significantly inhibited HIV-1
production in the primary monocytes in a manner similar to Ul
cells (Fig. 6). These results indicate that similar to Ul cells, the
PSGL-1/Syk signaling is likely to be a major pathway mediating
FDC-induced HIV-1 replication in primary monocytes.

Discussion

Previous studies have indicated that HIV-1 infection is largely
confined to the GCs of secondary lymph nodes where FDCs com-
monly reside (15-17). This microenvironment could thus provide
the site for highly productive HIV-1 infection whereby FDCs
might execute “on-switch” signaling to increase HIV replication.
Furthermore, cell-cell infection appears to be far more efficient for
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viral spread than cell-free virus infection (38, 39). We here report
that FDCs can facilitate HIV-1 replication in adjacent infected
monocytes/macrophages via a cell-cell interaction mechanism.

FDCs have been shown to interact with B or CD4 ¥ T cells in the
GCs of normal lymph nodes (16, 17, 20). It is also reported that in
tonsils, CD150 (SLAM)™* monocytes were localized not only in T
cell areas, but also within GCs, suggesting they play a role in B
cell activation (40). Moreover, substantial numbers of HIV-in-
fected macrophages were observed in GCs during the course of
HIV infection (41). Thus, FDCs can interact with HIV-infected
monocytes or macrophages under these conditions during HIV-1
infection. Furthermore, the dysfunctional FDC network is ob-
served in secondary lymph nodes of lymphadenopathy, where the
degeneration of the FDC network is usually seen following highly
active antiretroviral therapy or administration of therapeutic vac-
cine in HIV or SIV infection (42—45). One of the most common
histological features of HIV-1-associated lymphadenopathy is hy-
perplastic lymphoid follicles that subsequently undergoes follicu-
lolysis, in which FDCs can be scattered to the extra-GC within the
lymph nodes such as cortical sinuses and mantle bodies (46, 47).
Our results with immunohistochemical analysis indicate that FDCs
reside with various types of HIV-1-infected cells including mono-
cytes or macrophages in lymphoid organs of HIV-1-associated
lymphadenopathy (supplemental Fig. 1). Therefore, our current
proposed model for cell-cell interaction between FDCs and HIV-
1-infected monocytic cells may reflect the biological or patholog-
ical aspects of the natural HIV infection in vivo. However, we
could not determine the specific cell surface molecules for acti-
vating HIV-1 replication via the cell-cell interaction in vivo. More-
over, it is not well confirmed whether a multitude of other cells,
cytokines, and other factors in vivo could influence the cell-cell
interaction observed in our in vitro coculture system. Further care-
ful analysis should be performed using human tissues as well as a
humanized mouse model inoculated with HIV-1-infected human
cells.

We clearly demonstrated here that FDCs, derived from human
tonsils, can enhance HIV-1 production in infected monocytic cells
in a coculture system. This enhancement requires direct cell-cell
interactions via a juxtacrine signaling pathway that is mediated by
P-selectin/PSGL-1. Our results are summarized as follows: 1)
FDCs can activate HIV-1 replication in infected cells through cell-
cell interactions; 2) HIV-1 replication is activated at the transcrip-
tional level and is accompanied by the activation of the HIV-1
LTR through NF-kB; 3) P-selectin expression in FDCs and the
up-regulation of its cognate receptor PSGL-1 in HIV-1-infected
monocytes cells are facilitated via NF-«B activation; 4) the path-
ways leading to HIV-1 induction in cell lines also function in hu-
man primary monocytes and macrophages infected with HIV-1;
and 5) selective inhibitors of PSGL-1 or Syk can efficiently block
HIV-1 production in Ul and primary monocytes. These data to-
gether indicate for the first time that FDCs are a potent inducer of
HIV-1 replication in surrounding infected monocytes and macro-
phages and that PSGL-1/Syk signaling plays a crucial role in this
induction of HIV-1.

Very recently, Thacker et al. (26) reported a similar but distinct
role of FDCs in the induction of HIV-1 replication in CD4* T cells
obtained from PBMCs and GCs. We also confirmed that FDCs
could stimulate HIV-1 replication in MOLT-4 T cells (23) as well
as in primary CD4% T cells (data not shown). However, FDCs-
induced HIV-1 replication in CD4* T cells might be mediated by
a distinct mechanism from HIV-1-infected monocytic cells since
the involvement of the PSGL-1/Syk pathway in CD4 " T cells was
found to be not prominent (K. Ohba, A. Ryo, and N. Yamamoto,
unpublished observation). Therefore, the molecular mechanism for
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FDCs to stimulate HIV-1 replication in surrounding infected cells
could be attributable to cell type specific.

Intercellular interactions via a ligand/receptor juxtacrine signal-
ing system has been implicated in several virus infections. Tsuka-
moto et al. (48) reported that the juxtacrine function of the [L-15/
IL-15 receptor system in human B cell lines might play a role in
the infectivity of EBV (48). Pilotti et al. (49) have demonstrated a
crucial protective role for CCL3L1/CCL3 (MIP-1aP/LD78¢) sig-
nals in both HIV infection and subsequent disease progression.
These intercellular communication processes may play an impor-
tant role in the sustained infection of viruses in different microen-
vironments within lymphoid organs. Further careful analyses will
be required in the future to elucidate the variety of intercellular
communication systems that may operate during HIV-1 infection.

There is now some evidence for a role of PSGL-1 as a signal-
transmitting receptor in neutrophils (50), monocytes (51), and T
lymphocytes (52). This molecule has been reported to associate
with Syk through its interaction with moesin and promotes the
tyrosine phosphorylation and thus the activation of Syk (35). In
addition, signals elicited through PSGL-1/Syk can induce the ac-
tivation of downstream effectors such as ERK, c-Fos, and NF-«B
(53). The activation of NF-«B via PSGL-1 has also been demon-
strated in platelet-stimulated monocytes, although the details of the
molecular pathways leading to NF-«B activation in this manner
have not yet been elucidated (51). Consistent with this result also,
we found from our current analyses that PSGL-1/Syk signaling can
activate NF-«B. This observation suggests a linkage between
PSGL-1 signaling and HIV-1 replication through the activation of
NF-«B.

Recently, Gilbert et al. (54) have reported that Src and Syk
tyrosine kinases play important roles in the spread of HIV-1 from
immature monocyte-derived DCs to CD4* T cells. They found
that these kinases play a suppressive role in virus transfer in vitro
probably by inhibiting the formation of the virological synapse.
However, it has not been well characterized whether these signal-
ing molecules contribute to the cell-cell interaction between HIV-
1-infected cells and adjacent noninfected cells for virus replication.
We showed in this current study that the activation of Syk through
the PSGL-1 positively regulates HIV-1 replication in infected
monocytic cells. Thus, Syk could be involved at multiple points in
HIV-1 infection and its role could be dependent on each step of
HIV-1 life cycle.

In summary, we demonstrate in our current study that FDCs are
a potent activator of HIV-1 replication in surrounding infected
monocytic cells. Furthermore, the PSGL-1/Syk pathway is impor-
tant for this activation of HIV-1 replication. These results shed
valuable new light on our understanding of the natural progression
of HIV-1 infection over the long term and could provide a means
for designing novel therapeutic interventions against AIDS and
related disorders.
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Rice-expressed cholera toxin B (CTB) subunit is a cold-chain-free oral vaccine that effectively induces
enterotoxin-neutralising immunity. We created another rice-based vaccine, MucoRice, expressing non-
toxic double-mutant cholera toxin (dmCT) with CTA and CTB subunits. Western-blot analysis suggested
that MucoRice-dmCT had the shape of a multicomponent vaccine. Oral administration of MucoRice-
dmCT induced CTB- but not CTA-specific serum IgG and mucosal IgA antibodies, generating protective
immunity against cholera toxin without inducing rice-protein-specific antibody responses. The potency
of MucoRice-dmCT was equal to that of MucoRice-CTB vaccine. MucoRice has the potential to be used as
a safe multicomponent vaccine expression system.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

To prepare for the successful execution of future global vac-
cination programs, it is essential that we consider creating a
new generation of vaccines that do not require refrigeration stor-
age and traditional syringes and needles for vaccination. The use
of transgenic plant-derived recombinant protein is a promising
strategy that combines innovation and knowledge of mucosal
immunology and plant biotechnology to produce such suitable
plant-based vaccines for global immunisation [1,2]. The potential
benefits include cost-effective and rapid up-scaling of produc-
tion, expression of multiple genes at one time, and lower risk of
contamination with human pathogens in the preparation of vac-
cine antigens. Furthermore, plants are suitable for foreign protein
production and storage and as oral delivery options for subunit-
type vaccines to induce protective immunity against infectious
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E-mail addresses: yukiy@ims.u-tokyo.ac.jp (Y. Yuki), kiyono@ims.u-tokyo.ac.jp
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diseases via the mucosal immune system [1,2]. Among several
plant-based vaccines developed, grains such as corn, wheat and
rice have recently attracted interest for vaccine production, stor-
age and delivery systems for oral immunisation. As a vaccine
antigen production system, rice seed has advantages over other
grains, including easier storage and processing and greater yield;
moreover, the rice plant has self-crossing ability [3]. In addition,
a rice transformation system has been established and the full
genome sequence elucidated, enabling rice genetic information to
be easily applied to the creation of a gene-manipulated product
[3.4].

We recently developed a rice-based oral cholera toxin (CT)
B (CTB)-subunit vaccine (MucoRice-CTB) that has many practi-
cal advantages over most traditional injection-type vaccines and
other plant-based oral vaccines [3]. The rice-based oral vaccine
is stable at room temperature for several years and is protected
from digestive enzymes in the harsh conditions of the gastroin-
testinal tract. When MucoRice-CTB was given orally, the vaccine
induced antigen-specific antibodies with toxin-neutralising activ-
ity [3]. Here, to demonstrate the development of a multicomponent
vaccine as part of a rice-based vaccine antigen expression system,
we produced transgenic rice seed expressing the A and B subunits
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of a nontoxic double-mutant cholera toxin (dmCT), which con-
tained two amino acid substitutions, of the ADP-ribosyltransferase
active centre (E112K) and carboxyl-terminal KDEL (E112K/KDGL)
in the A subunit {dmCTA) [5,6]. We then examined whether oral
vaccination with this seed would effectively induce enterotoxin-
neutralising immunity. Although dmCT is considered safe and
nontoxic, exhibiting no ADP-ribosyltransferase activity and par-
ticipating in normal intracellular trafficking [6], it retains the
biological capacity to enhance antibody immune responses against
co-administered antigens [6]. Our strategy was aimed at utilising
these unique characteristics of dmCT by inserting a dmCTA-specific
gene into the rice genome to develop rice expressing dmCTA in
addition to the original CTB, thus yielding a multicomponent vac-~
cine, MucoRice-dmCT.

2. Materials and methods
2.1. DNA construction and transformation of rice plants

A double mutant of the CT gene (dmCT E112K/KDGL) was
modified to a suitable codon optimisation form for rice seed
by introducing two potent mutations into the ADP-ribosylation
activity centre and C-terminal KDEL [6,7].. The modified dmCTA
subunit and B-subunit genes for the dmCT gene were cloned
as individual ORFs flanked with plant elements to facilitate the
transcription of each subunit. The dmCTA subunit and dmCT cas-
settes were assembled. The dmCTA subunit cassette consisted
of a GluB-4 promoter/signal sequence followed by the rice-
optimised dmCTA (E112K/KDGL) with a Nos terminator [8]. The
dmCT cassette consisted of both a dmCTA subunit cassette and
a B subunit cassette, which comprised a GluB-1 promoter/signal
sequence followed by a rice-optimised B subunit with a GluB-
1 terminator [8]. Finally, each cassette was cloned into the
binary vector pGPTV-35S-HPT [4]. The resulting plasmids for
dmCT and dmCTA were individually transformed in rice plants,
Oryza sativa L. ‘Kita-ake’ [9], by using an Agrobacterium-mediated
method described previously {10]. Rice-expressed CTB with a
KDEL signal at the C-terminal of CTB was produced as reported
previously [3].

2.2. DNA and protein analyses

Using the cetyltrimethylammonium bromide (CTAB) extrac-
tion method, genomic DNA was extracted from the leaf tissues
of transgenic rice, and the integration of the dmCT gene into the
genomic DNA was analysed by PCR [4]. Total seed protein was
extracted from the seeds as described previously [3]. Briefly, seeds
of rice plants were ground to a fine powder by using a Multi-
Beads Shocker (Yasui Kikai, Osaka, Japan). Seeds were extracted
under reducing conditions in 2% (w/v) SDS, 8 M urea, 5% (w/v)
B-mercaptoethanol, 50 mM Tris-HCl (pH 6.8) and 20% (w/v) glyc-
erol before being separated by SDS-PAGE with a 15-25% gradient
polyacrylamide gel (Daiichi Pure Chemical, Tokyo, Japan). Under
non-reducing conditions, seeds were extracted in 0.1% (w/v) SDS,
50mM Tris-HCl (pH 6.8) and 20% (w/v) glycerol before being
separated by SDS-PAGE. The gel was subsequently transferred
to Hybond-P PVDF membranes (GE Healthcare) for Western-blot
analysis with 5 pg/ml rabbit anti-mCTA antibody or rabbit anti-
CTB prepared in our laboratory. Accumulation levels of CTA or
CTB were determined by densitometric analysis of the Western
blots against a standard curve generated with the use of rmCTA
(E112K) or rCTB expressed in Bacillus brevis and purified in our
laboratory [5,11,12]. Antibody to rmCTA or rCTB was raised from
rabbits immunised with the respective recombinant protein in our
laboratory.
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2.3. Oral immunisation and assessment of antibody responses by
ELISA

An oral immunisation study was performed in 6-week-old
BALB/c mice (CLEA, Tokyo, Japan). On five occasions at 2-week
intervals, mice (five mice per group) were orally immunised with
50 mg of CTB-transgenic rice, with a corresponding dose of CTB at
75 p.g; or with 200 mg of dmCT-transgenic rice, with a correspond-
ing dose of dmCTA at 20 ug and CTB at 50 p.g; or with 50mg of
CTB-transgenic rice plus 200 mg of dmCTA-transgenic rice, with a
corresponding dose of CTB at 75 pg plus dmCTA at 10 pg; or with
250 mg of dmCTA-transgenic rice, with a corresponding dose of
dmCTA at 12.5 ug; or with either 200 mg of non-transgenic rice
dissolved in 1 ml of PBS or with PBS alone, as controls. To examine
the adjuvant effect of transgenic rice, mice were orally immunised
three occasions at a week interval with 250 pg tetanus toxoid (TT,
kindly provided by The Research Foundation for Microbial Dis-
eases of Osaka University, Suita, Osaka, Japan) alone in 1 ml of PBS
or with TT together with 200 mg of rice-expressed dmCT, 100 mg
of rice-expressed CTB, 200 mg of wild-type (WT) rice or 10 pug of
CT (List Biological Laboratories, Campbell, CA). One week after the
final immunisation, serum and faecal extracts were collected and
CTB-, CTA-, TT- or rice-storage protein-specific immunoglobulin
responses were measured by ELISA with 5 ug/ml of rCTB, rmCTA
or TT or 20 p.g/ml rice-storage protein extracted with 0.01% Triton
X-100, as described previously [3].

2.4. Analyses of neutralising antibody and protection activity

CT (50 ng/ml) was added to serially diluted sera collected from
immunised mice. The sera were then subjected to GM1-ELISA as
previously described, with some modifications[13]. Briefly, 96-well
plates(Thermo, Milford, MA) coated with 5 ug/ml of monosialogan-
glioside GM1 (Sigma) were incubated with CT that had first been
treated with serum from immunised mice and then with an HRP-
conjugated Rabbit anti-CTB antibody prepared in our laboratory [3].
The colour of the solutions was developed by the addition of TMB
substrate (Moss, Pasadena, MD), and absorbance was measured at
a wavelength of 450 nm. In addition, a CHO cell (line ATCC, CCL-
61) assay [14] was performed with serum to which 50 ng/ml of CT
had been added. After 14 h of stimulation of the cells in 5% CO,
in a humidified incubator at 37°C, morphological changes were
observed under a microscope. In addition, we performed an in vivo
challenge experiment with CT, as described previously [3]. The vac-
cinated mice were orally challenged with 20 g of CT. After 14 h the
mice were examined for clinical signs of diarrhoea and the volume
of intestinal water was measured.

2.5. Data analysis

Data were expressed as means =+ standard deviation. All anal-
yses for statistically significant differences were performed with
Tukey's t test, with P values<0.01 considered to indicate signifi-
cance (**).

3. Results

3.1. Development of rice-expressed nontoxic double-mutant
cholera toxin (dmCT)

The two genes encoding dmCTA and CTB were generated as
shown in Fig. 1. We chose to introduce the dmCTA and CTB genes
separately into the same rice as rice-expressed dmcCT in order to
prove the antigenicity, and lack of adjuvanticity, of dmCT. Using
codons preferentially used for translation of several rice-seed-
protein genes, both genes were optimised for expression in the
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Fig. 1. Schematic representation of transformation plasmids for the development of MucoRice-dmCT. The DNA fragments coding dmCT (A) and dmCTA (B) were placed
under the control of the rice-seed major storage protein glutelin GluB-4 promoter and/or glutelin GluB-1 promoter. 35S promoter: Cauliflower mosaic virus 35S promoter;
hpt: hygromycin phosphotransferase gene; LB: left border; pAg7: agropine synthase polyadenylation signal sequence; RB: right border.

transgenic rice seed. Rice seed storage protein glutelin 1.4-kb GluB-
4 promoter/signal peptides and 2.3-kb GluB-1 promoter/signal
peptides were translationally fused to the dmCTA and CTB genes,
respectively, to achieve endosperm-specific expression. The dmCT
(dmCTA and CTB) or dmCTA alone of these chimeric genes was
cloned into the plant expression vector pGPTV-35S-HPT (Fig. 1A,
dmCT; Fig. 1B, dmCTA). Following Agrobacterium-mediated trans-
formation of Kita-ake rice plants, several independent transgenic
rice lines were generated for each of the two constructs (dmCT and
dmCTA), and accumulation levels in the seed were examined by
immunoblot analysis. For each antigen, one plant line that had the
highest levels of antigen accumulated in the seed was selected and
proceeded to the T3 generation by self-crossing to obtain homozy-
gous lines. Integration of the dmCTA and CTB genes into the rice
genome was examined by PCR amplification; each gene was PCR-
amplified in the plant line in the case of the dmCTA or CTB construct,
whereas no signal was amplified in non-transgenic rice (data not
shown).

To examine the accumulation of dmCTA and CTB in transgenic
rice seed, total seed protein was extracted under either reducing
(Fig. 2A and B) or non-reducing (Fig. 2C and D) conditions from
mature seed and analysed by SDS-PAGE followed by Western blot-
ting analysis with anti-rmCTA (Fig. 2 B and D) or anti-rCTB (Fig. 2A
and C) antibodies. Under reducing conditions, a 26-kDa band was
recognised by the mCTA-specific antibody in the total seed protein
of the dmCT and dmCTA lines (Fig. 2B), whereas authentic cholera
toxin gave two bands, at 26 and 20 kDa, which corresponded to CTA
and CTAT1, respectively (Fig. 2B). CTA is synthesised with a trypsin-
sensitive bond that joins the CTA1 and CTA2 pieces; each piece is
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itself bonded to the other with a disulphide bond [15]. In the dmCT
and CTB lines, 11-kDa and 14-kDa bands were detected by CTB-
specific antibody; however, the accumulation levels of CTB in the
dmcCT line were less than those in the CTB line (Fig. 2A). The 14-
kDa bands estimated from electrophoresis were larger than the
authentic and monomeric CTB band (10kDa), probably because
of the addition of all, or part of, the GluB-1 signal peptide at the
N-terminus of CTB and/or plant-based glycosylation.

Under non-reducing conditions, several bands of CTB protein of
high molecular weight (about 37-50 kDa) were detected in the total
seed protein from dmCT and CTB lines by Western-blot analysis
with CTB-specific antibody (Fig. 2C). These findings indicated that
CTB proteins were produced and accumulated in both transgenic
rice lines of MucoRice-dmCT and -CTB as part of the assembly of the
pentameric structure, which consisted of two types of monomer.
Unlike the case with authentic CT, a 60-kDa band was not detected
with either anti-CTA (Fig. 2C) or anti-CTB (Fig. 2D) antibodies when
MucoRice-dmCT was examined, suggesting that the mutant toxin
assembled in MucoRice-dmCT was not of authentic size. However,
notably, the two subunits were definitively and independently
expressed in the transgenic rice seed.

The levels of accumulation of dmCT and dmCTA expressed in
the seeds were quantified by densitometric analysis with known
amounts of purified rmCTA and rCTB as standards (data not shown).
CTB was accumulated in rice-expressed dmCT at 5 g per seed,
whereas the quantity of rice-expressed CTB with the KDEL signal
was as high as 30 pg per seed. CTA accumulated in rice-expressed
dmCT at 2 pg per seed and in rice-expressed dmCTA at 1pug
per seed. The differences in expression level between dmCT and
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Fig. 2. Analysis of CT subunit expression in MucoRice-dmCT. Western-blot analysis under reducing conditions (A and B) revealed that rice-expressed dmCT and CTB gave 11-
kDa and 14-kDa bands on detection with specific anti-CT-B antibody (A), and rice-expressed dmCT and CTA gave 26-kDa bands on detection with specific anti-CTA antibody
(B), whereas authentic CT gave an 11-kDa band for CTB, and 26-kDa and 20-kDa bands for CTA and CTA1, respectively (A and B). Western-blot analysis under non-reducing
conditions (C and D) revealed that rice-expressed dmCT and -CTB gave 37-50-kDa bands upon detection with specific anti-CT-B antibody (C), and rice-expressed dmCT and
CTA gave a 26-kDa band on the detection with specific anti-CTA antibody (D), whereas authentic CT gave bands of 26-kDa (CTA), 37-50-kDa (CTB pentamer), and 60-kDa

(CT) (Cand D).
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Fig. 3. Lack of adjuvant activity by MucoRice-dmCT. Mice were immunised with
rice-expressed dmCT (200 mg power containing 20 ug of dmCTA and 50 g of CTB),
CTB (100 mg power containing 150 g of CTB), wild-type (WT) rice (200 mg pow-
der), WT rice (200 mg powder) together with 10 p.g of CT dissolved in PBS, or PBS
alone as a control. Rice-storage-protein-specific IgG responses were not induced in
mice immunised with rice-expressed dmCT, CTB, or WT rice or PBS, but they were
induced in mice that received WT rice together with CT (A). Mice were immunised
with TT (250 p.g) alone dissolved in PBS as a control, or the same amount of TT
together with rice-expressed dmCT (200 mg power), CTB (100 mg power), WT rice
(200 mg powder), or CT (10 .g). TT-specific IgG responses were not induced in mice
immunised with TT alone or with TT together with rice-expressed dmcCT, CTB, or
WT rice. They were induced in mice that received TT together with CT (B).

CTB rice may be related to the presence or absence of the KDEL
signal.

3.2. Rice-expressed dmCT induces no rice-protein- or
co-administered TT-specific immune responses after oral
administration

Because dmCT is known to be an effective mucosal adju-
vant when administered nasally, we first examined whether
rice-expressed dmCT would induce rice-protein-specific immune
responses. Oral administration of MucoRice-dmCT or -CTB did not
induce rice-storage protein-specific antibody immune responses
(Fig.3A). This finding suggested that, like MucoRice-CTB, MucoRice-
dmCT had no mucosal adjuvant activity. This finding was further
confirmed by the results of an oral immunisation study with 250 p.g
of TT plus either MucoRice-dmCT, MucoRice-CTB or WT rice. None
of the co-administered rice preparations supported the generation
of TT-specific antibody immune responses (Fig. 3B). In contrast,
oral immunisation of a group of mice with TT and CT induced
antigen-specific IgG antibody responses to the co-administered
protein vaccine antigen (Fig. 3A and B). These findings demon-
strated that rice-expressed dmCT (or CTB) showed no adjuvanticity
to co-administered TT or to rice protein.

3.3. Rice-expressed dmCT induces CTB- but not CTA-specific
immune responses in both systemic and mucosal compartments
after oral administration

To examine the oral immunogenicity of MucoRice-dmCT,
mice were orally immunised with seed powders prepared from
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Fig. 4. Induction of CTB-specific antibody responses in mice orally immunised with
MucoRice-dmCT. Mice were immunised with rice-expressed dmCT (200 mg power
containing 20 ug of dmCTA and 50 pg of CTB), dmCTA (250 mg power containing
12.5 ug of mCTA), CTB (50 mg power containing 75 pg of CT-B), dmCTA (200 mg
power containing 10 ug of dmCTA) plus CTB (50 mg power containing 75 pg of
CTB), wild-type (WT) rice (200 mg powder) dissolved in PBS, or PBS alone as a
control. Equal CTB-specific IgG responses were induced in mice immunised with
rice-expressed dmCT, CTB, or dmCT plus CTB, but not in mice that received dmCTA,
WT rice, or PBS alone (A). CTB-specific faecal IgA responses were also induced in
mice immunised withrice-expressed dmCT, CTB, or dmCT plus CTB, but this mucosal
response depended on the dose of CTB (B).

MucoRice expressing dmCT, dmCTA, CTB or dmCTA plus CTB, or
from WT rice. CTB-specific serum IgG and mucosal IgA antibodies
were detected in mice immunised with 200 mg (20 pg of dmCTA
and 50 pg of CTB) of MucoRice-dmCT, 50 mg (75 ug of CTB) of
MucoRice~CTB or 200 mg (10 g of dmCTA) of MucoRice-dmCTA
plus 50 mg (75 pg of CTB) of MucoRice-CTB (Fig. 4). The difference
between the rice-expressed dmCT and CTB in terms of induction of
CTB-specific mucosal IgA antibody response depended on the level
of expression of CTB. CTA-specific serum IgG or mucosal IgA anti-
bodies were not detected in mice immunised with seed powders
prepared from all transgenic rice lines including 250 mg (12.5 pg
of dmCTA) of MucoRice-dmCTA or 200 mg (20 p.g of dmCTA) of
MucoRice-dmCT (data not shown).

3.4. Rice-expressed dmCT induces protective immunity against CT

To examine the biological activity of CTB-specific antibodies
induced by oral administration of MucoRice-dmCT or MucoRice-
CTB, CT-neutralising activities were investigated by using a
GM1-binding inhibition assay with GM1-ELISA and an elongation
assay with CHO cells. As negative controls we used serum antibod-
ies from mice orally immunised with MucoRice-dmCTA or WT rice.
Serum samples from mice orally immunised with rice-expressed
dmCT, CTB, dmCTA plus CTB or dmCTA or with WT rice or PBS,
were subjected to GM1-ELISA. Binding of CT to the coated GM1 gan-
glioside was blocked in serum samples isolated from mice orally
immunised with MucoRice-dmCT, -CTB or -dmCTA plus CTB but
not MucoRice-dmCTA or WT rice or PBS (Fig. 5A). Furthermore,
elongation assay revealed no morphological changes in CHO cells
co-cultured with CT that had been pretreated with serum from
mice orally vaccinated with MucoRice-dmCT or -CTB (Fig. 5B). In
contrast, CT pretreated with serum from mice immunised with
MucoRice-dmCTA or WT rice gave massive elongation of CHO cells



