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To better understand the role of dendritic cells (DCs) in human immunodeficiency virus (HIV) transmission
at mucosal surfaces, we examined the expressions of the HIV adhesion molecule, dendritic-cell-specific ICAM-3
grabbing nonintegrin (DC-SIGN), its closely related homologue DC-SIGNR, and HIV coreceptors by distinct
DC populations in the intestinal and genital tracts of humans and rhesus macaques. We also developed
monoclonal antibodies (MAbs) specific for DC-SIGN or DC-SIGNR. In the Peyer’s patches, DC-SIGN expres-
sion was detected in the interfollicular regions and in clusters of cells in the subepithelial dome regions.
DC-SIGN expression was not found on plasmacytoid DCs. DC-SIGNR expression was restricted to endothelial
cells in approximately one-third of the capillaries in the terminal ileum. In the vaginal epithelium, Langerhans’
cells did not express DC-SIGN, whereas subepithelial DCs in the lamina propria expressed moderate levels of
DC-SIGN. Finally, the rectum contained cells that expressed high levels of DC-SIGN throughout the entire
thickness of the mucosa, while solitary lymphoid nodules within the rectum showed very little staining for
DC-SIGN. Triple-color analysis of rectal tissue indicated that CCR5* CD4* DC-SIGN™* DCs were localized
just beneath the luminal epithelium. These findings suggest that DC-SIGN™ DCs could play a role in the
transmission of primate lentiviruses in the ileum and the rectum whereas accessibility to DC-SIGN™ cells is
limited in an intact vaginal mucosa. Finally, we identified a MAb that blocked simian immunodeficiency virus
interactions with rhesus macaque DC-SIGN. This and other specific MAbs may be used to assess the relevance

of DC-SIGN in virus transmission in vivo.

Worldwide, human immunodeficiency virus (HIV) infection
spreads primarily as a result of sexual exposure through mu-
cosal surfaces. Identifying cellular factors that influence the
efficiency of HIV transmission at mucosal surfaces is important
not only in understanding the pathogenesis of HIV type 1
(HIV-1) infection, but also for the development of preventa-
tive measures such as topically applied microbicides. Dendritic
cells (DCs) are professional antigen-presenting cells localized
throughout the body that are ideally positioned to survey in-
coming microbial pathogens. DCs are capable of taking up
microbial antigens at the sites of infection and migrating to
draining lymph nodes to initiate antigen-specific T-lymphocyte
activation. DCs may also serve as carriers of HIV-1 from mu-
cosal tissues to secondary lymphoid organs (6, 13, 31). A C-
type lectin that is highly expressed on DCs, termed dendritic
cell-specific ICAM-3 grabbing nonintegrin (DC-SIGN), binds
with high affinity to the envelope protein (Env) of HIV-1 and
has been posited to play an important role in this process (11).

DC-SIGN is a type II integral membrane protein primarily
expressed on DCs and on some types of tissue macrophages (3,
12, 33a). Human DC-SIGN has been shown to bind all HIV-1,
HIV-2, and simian immunodeficiency virus (SIV) strains ex-
amined to date (3, 11, 26) and plays an important role in virus
adhesion to DCs. Once bound to DC-SIGN, virus can be trans-
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mitted to susceptible target cells expressing CD4 and viral
coreceptors (3, 11, 26), providing a molecular explanation for
the well-known ability of DCs to enhance HIV infection of T
cells in frans (7, 28, 41). A highly similar molecule termed
DC-SIGNR (DC-SIGN related) is expressed on certain types
of endothelial cells in vivo and also functions as an efficient
virus attachment and transmission factor (4, 27).

While DC-SIGN can mediate virus attachment and trans-
mission in vitro (3, 11, 26), its in vivo relevance is uncertain. To
assess its in vivo role in viral transmission, the distribution of
DC-SIGN, particularly in mucosal tissues, needs to be carefully
assessed both in humans and in nonhuman primates that serve
as important model systems for HIV transmission and patho-
genesis. Previously, DC-SIGN expression was demonstrated in
the human cervix, rectum, and uterus (11). In serial tissue
sections, the majority of the mucosal DC-SIGN™ cells were
shown to coincide with CD4 but not CCRS staining (11). To
more carefully document the expression of this virus attach-
ment factor and to determine if viral coreceptors and DC-
SIGN are expressed on the same cells, we utilized double and
triple fluorescence labeling and confocal microscopy on sec-
tions of mucosal tissues of both humans and rhesus macaques.
To unequivocally document DC-SIGN expression, we devel-
oped monoclonal antibodies (MAbs) that were specific for
either DC-SIGN or DC-SIGNR. Several of these MAbs were
able to block DC-SIGN-dependent virus transmission in vitro.

In this study, we demonstrate that in the Peyer’s patches,
DC-SIGN was mainly expressed on major histocompatibility
complex (MHC) class II'*, nonplasmacytoid DCs in the inter-
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follicular regions and in clusters of cells within the subepithe-
lial dome region. DC-SIGNR was expressed exclusively by the
endothelial cells in the Peyer’s patches and in villous lamina
propria. In the rectum, DC-SIGN was expressed throughout
the lamina propria, and DC-SIGN* CCR5" CD4™ DCs were
present just beneath the luminal epithelium. In the vagina,
subepithelial DCs but not Langerhans’ cells expressed DC-
SIGN. Taken together, our results for both humans and rhesus
monkeys suggest that primate lentiviruses may gain access to
the DC-SIGN™ DCs most readily in the intestinal tract, while
the thick squamous epithelium serves as a barrier for viral
access to DC-SIGN™ DCs in the vaginal mucosa. These data
are consistent with the observation that the risk of HIV-1
transmission is greater in rectal intercourse than in vaginal
exposure (40). Our results also revealed that tissue distribution
of DC-SIGN and viral coreceptors is quite similar in humans
and in rhesus macaques and further corroborate the validity of
this animal model for mucosal HIV-1 transmission studies.

MATERIALS AND METHODS

Tissue samples. Human vaginal, rectal, and ileum tissues were obtained from
Yale Pathology Critical Technologies program under an institutionally approved
HIC protocol. Tissues were obtained either from archived frozen blocks of
tissues from areas with no pathological involvement or from autopsy from pa-
tients that died of causes unrelated to intestinal or genital diseases. All specimens
used in this study were of adult origin, and all vaginal tissues were of premeno-
pausal women. Rhesus macaque tissues were obtained from the New England
Regional Primate Research Center, Southborough, Mass., supported by Division
of Research Resources (National Institutes of Health) grant RR00168. The
tissue usage has complied with all federal guidelines and institutional policies.

MAbs to DC-SIGN. MAbs DC4, DC11, and DC28, which recognize the repeat
region of DC-SIGN and cross-react with DC-SIGNR, were developed as de-
scribed previously (3). To obtain antibodies to the lectin domain of DC-SIGN or
DC-SIGNR, mice were immunized with 3T3 cells expressing human DC-SIGN
or DC-SIGNR, and MAbs were produced as previously described 3; E. J. Soil-
leux et al.,, submitted). The characterization of these MAbs is described in
Results. The isotypes of the antibodies are as follows: 120506 (immunoglobulin
G2a [IgG2a]), 120507 (IgG2b), 120516 (IgG2a), 120518 (IgG2a), 120526
(IgG2a), 120531 (IgG1), 120604 (IgG2b), and 120612 (IgG2a).

Cell lines and flow cytometry analysis. We engineered T-Rex cells to express
either human DC-SIGN (hu DC-SIGN), human DC-SIGNR (hu DC-SIGNR),
rhesus macaque DC-SIGN (rh DC-SIGN), pigtailed macaque DC-SIGN (pt
DC-SIGN), murine DC-SIGN (mu DC-SIGN), a lectin domain-truncated hu
DC-SIGN (AC), or a repeat region-truncated hu DC-SIGN (Arepeat) following
the manufacturer’s instructions (Invitrogen, Carlsbad, Calif.). For fluorescence-
activated cell sorter (FACS) analysis, each T-Rex cell line was induced with 0.01
g of doxycycline per ml overnight, recovered, and washed once with FACS
buffer (phosphate-buffered saline supplemented with 3% fetal bovine serum and
0.02% sodium azide). Half a million cells were then stained with each MAD at 10
pg/ml in FACS buffer for 30 min on ice. The samples were washed and incubated
with phycoerythrin-conjugated goat anti-mouse Fab fragments (Caltag, Burlin-
game, Calif.) (1:100) for 30 min on ice and then washed and resuspended in
FACS buffer containing 2% paraformaldehyde. The samples were analyzed with
a FACScan (Becton Dickinson, San Jose, Calif.) cell analyzer using the
CellQuest software for data evaluation. Dead cells were excluded on the basis of
their forward and side scatter characteristics.

Multiple-color immunofluorescence staining. To examine the distribution of
DC subsets and their DC-SIGN expression patterns, frozen sections of Peyer’s
patches, vagina, and rectum from rhesus macaques and humans were stained
with a variety of antibodies in a procedure similar to that described previously
(18) with minor modifications. Briefly, 6- to 8-um frozen sections were fixed in
cold acetone and blocked with NEN blocking buffer (NEN Life Science Products
Inc., Boston, Mass.) containing normal donkey serum. To block endogenous
biotin, the sections were further treated with Avidin/Biotin block (Vector Lab-
oratories, Inc., Burlingame, Calif.). Next, endogenous peroxidase activity was
quenched with 1% H,O, for 10 min and primary antibodies against CD11c
(Novocastra Laboratories Ltd., Newcastle, United Kingdom), CD123, CD4,
CXCR4, CCRS5, or HLA-DR/DP/DQ (BD PharMingen, San Diego, Calif.),
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CD31 or platelet-endothelial cell adhesion molecule-1 (eBioscience, San Diego,
Calif.), mouse MAbs that recognize the ectodomains of both DC-SIGN and
DC-SIGNR (clones DC4, DC11, or DC28), or mouse MAbs specific to either
DC-SIGN (clone 120507; R&D Systems, Minneapolis, Minn.) or DC-SIGNR
(clone 120604; R&D Systems) were applied for 1.5 h at room temperature. All
mouse MAbs were used at 5 to 10 pg/ml except for 120507, which was applied at
the concentration of 0.25 pg/ml. Slides were washed and incubated with biotin-
conjugated donkey F(ab’), anti-mouse IgG (Jackson Immunoresearch Labora-
tories, Inc., West Grove, Pa.) for 30 min, followed by incubation with streptavi-
din-horseradish peroxidase conjugate (Zymed Laboratories, San Francisco,
Calif.). The antigens were detected with tetramethylrhodamine-Tyramide, FITC-
Tyramide, or Cy5-Tyramide (NEN Life Science Products, Inc.), or Alexa 488-
Tyramide or Alexa 594-Tyramide (Molecular Probes, Eugene, Oreg.) according
to the manufacturer’s instructions. In the case of double or triple labeling on the
same section, the exact same procedure was carried out in sequence, with the
following blocking steps in between: 2% H,0, for 10 min, followed by Avidin/
Biotin block, incubation with mouse IgG (Sigma-Aldrich, St. Louis, Mo.), and
finally incubation with Fab goat anti-mouse IgG (Jackson Immunoresearch). At
the end of the staining, slides were washed, incubated with 4',6'-diamidino-2-
phenylindole (DAPI) (Molecular Probes), and mounted with Fluoromount G
(Southern Biotechnology Associates, Inc. Birmingham, Ala.). The stained slides
were analyzed by fluorescence microscope (Leitz Orthoplan 2) or by confocal
microscopy with a Zeiss LSM510 confocal laser microscope equipped with a 40X
objective lens with water.

Blocking SIV transmission by antibodies against DC-SIGN. Inhibition of
DC-SIGN-mediated transmission of SIV was assessed using a T-Rex cell line
that expresses rhesus macaque DC-SIGN upon induction with doxycycline. DC-
SIGN T-Rex cells and parental T-Rex cells were seeded in 96-well plates, in-
duced with 0.01 pg of doxycycline per ml for 12 h, incubated with DC-SIGN- and
DC-SIGNR-specific antibodies or mannan for 30 min, and pulsed with replica-
tion-competent SIVmac239 reporter virus harboring the MER Env. After a 3-h
incubation, the cells were vigorously washed and cocultivated with CEMx174
target cells. The cultures were lysed 3 days later, and luciferase activity in 20 pl
of lysate was determined by using a commercially available kit (Promega, Mad-
ison, Wis.).

RESULTS

Generation of DC-SIGN- and DC-SIGNR-specific MAbs.
The fact that many MAbs to DC-SIGN cross-react with the
closely related homologue DC-SIGNR (3, 4, 27) necessitates
the development of antibodies that are specific for each of
these molecules. To accomplish this, we immunized mice with
murine 3T3 cells overexpressing either human DC-SIGN or
DC-SIGNR. Hybridomas were generated, and the resulting
MADs were analyzed by staining cell lines expressing DC-
SIGN or DC-SIGNR. By FACS analysis, we found that MAbs
120506, 120507, 120516, and 120531 bound to human, rhesus
macaque, and pigtailed macaque DC-SIGN but not to DC-
SIGNR; that MAb 120604 recognized human DC-SIGNR but
not DC-SIGN; and that MAbs 120518, 120526, and 120612
recognized both DC-SIGN and DC-SIGNR (Fig. 1). All seven
of the MADbs that bound to DC-SIGN recognized a construct
lacking the repeat region of DC-SIGN (Arepeat) (Table 1) (3).
In contrast, binding to a construct lacking the lectin binding
domain (AC) (Table 1) was not observed. Expression of this
construct was confirmed by the use of a MADb to the repeat
region (3). None of the MADbs recognized DC-SIGN efficiently
by Western blotting (data not shown). Therefore, we conclude
that these MADbs bind to conformation-dependent epitopes in
the lectin binding domain of DC-SIGN. Finally, none of the
MADs recognized murine DC-SIGN (Table 1). We chose
MADs 120507 and 120604 as well as MAbs that recognize both
DC-SIGN and DC-SIGNR (DC4, DC11, and DC28 [3]) to
study the distribution of these molecules in human and rhesus
macaque mucosal tissues.
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FIG. 1. Characterization of MAbs to DC-SIGN and DC-SIGNR.
T-Rex cells stably expressing either human DC-SIGN (Hu DC-SIGN),
human DC-SIGNR (Hu DC-SIGNR), rhesus macaque DC-SIGN (Rh
DC-SIGN), or pigtailed macaque DC-SIGN (Pt DC-SIGN) were stim-
ulated overnight with doxycycline and stained with DC-SIGN-specific
MAb 120507 or DC-SIGNR-specific MAb 120604 as described in
Materials and Methods. Overlay histograms show the staining ob-
tained with an isotype-matched control (in white) and the specific
staining (in black) obtained for each cell line and MAb. A represen-
tative experiment out of three is shown.

DC subset distribution in human Peyer’s patch. Peyer’s
patches harbor a significant fraction of gut-associated lym-
phoid tissue. While myeloid and lymphoid DCs are known to
localize in the subepithelial dome and the interfollicular re-
gions of mouse Peyer’s patches, respectively (18), the tissue
distribution of myeloid and plasmacytoid DCs in human Pey-
er’s patches is not known. Prior to assessing DC-SIGN expres-
sion in the Peyer’s patches, we studied the distribution of both
myeloid DCs that express CD11c and plasmacytoid DCs that
express interleukin 3R (IL-3R) (8, 14, 21, 29, 30) by using
double immunofluorescence labeling of frozen sections of the
terminal ileum (Fig. 2). We found that all CD11c™" cells ex-
pressed high levels of MHC class II and were distributed in the
subepithelial dome region, the interfollicular regions, and the
villous lamina propria. The germinal centers also contained
large CD11¢™/MHC class II™ DCs. In contrast, cells expressing
IL-3R (CD123) were found exclusively in the interfollicular
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TABLE 1. Monoclonal antibody reactivities for stably
transfected T-Rex cells

MADb
T-Rex cell
120604 120612 120506 120507 120516 120518 120526 120531
Hu DC-SIGN - + + + + + + +
Hu DC-SIGNR  + + - - - + + -
Mu DC-SIGN  — - - - - - - -
Pt DC-SIGN - + + + + + + +
Rh DC-SIGN - + + + + + + +
Hu AC - - - - - - - -
Hu Arepeat - + + + + + + +

“ Reactivities of DC-SIGN/DC-SIGNR MADbs were tested on various stably
transfected T-rex cells. Data are representative of three experiments done in
duplicate. +, reactivity; —, nonreactivity.

regions, and also expressed moderate levels of MHC class 11
molecule (Fig. 2C and D). IL-3R staining was also found on
the high endothelial venules as reported previously (8, 14).
Thus, in the Peyer’s patches, CD11c"™ DCs were found in the
subepithelial dome region, germinal center, and interfollicular

FIG. 2. Immunofluorescence analysis of DC subset distribution in
human Peyer’s patches. Human terminal ileum tissues were embedded
in OCT medium, and 6- to 8-um frozen sections were stained with
antibodies against MHC class II (HLA-DR/DP/DQ) (green) and
CDllc (red) (A and B) or IL-3R (CD123; red) (C and D). The
subepithelial dome region (B) and the interfollicular regions (D) con-
taining CD11¢*/MHC class IT" or IL-3R"/MHC class II" DCs, re-
spectively, are shown at higher magnifications. Images were captured
using either 10X (A and C) or 40X (B and D) objective lenses. No
background staining was detected when mouse IgG was used as a
control (data not shown). The nucleus was stained with DAPI (blue).
White bar, 100 pm in this and all subsequent figures. This figure gives
results representative of three different donor tissues.
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regions, whereas plasmacytoid DCs were localized exclusively
in the interfollicular regions.

DC-SIGN is expressed in the dome and interfollicular re-
gions of human Peyer’s patches. Having established the local-
ization of myeloid and plasmacytoid DC populations in human
Peyer’s patches, we investigated whether these subsets of DCs
express DC-SIGN. We used MAb DC4, which recognizes the
repeat region of DC-SIGN and also cross-reacts with DC-
SIGNR. Throughout this study we found that MAbs DC4,
DC11, and DC28 gave very similar staining patterns but that
the use of DC4 and DC11 resulted in the most intense staining
with humans and rhesus macaques, respectively. We also used
the DC-SIGN-specific MAb 120507 to demonstrate DC-SIGN
expression by DC subsets in human Peyer’s patches (Fig. 3E
and F). As shown in Fig. 3A, all cells that were stained with
MAD DCH4, except for the high endothelial venules, were MHC
class 11", confirming the earlier report that DC-SIGN is spe-
cifically expressed on DCs (12). However, not all MHC class
IT* cells in the Peyer’s patch were DC-SIGN™. MHC class 11"
DC-SIGN " cells consisted of B cells and DCs in the germinal
center, interfollicular region, and dome area (Fig. 3A). Most
DC-SIGN™ cells in Peyer’s patches were localized in the in-
terfollicular regions (Fig. 3). We also observed numerous DC-
SIGN™ cells within the villous lamina propria. In about half of
the Peyer’s patches, we detected distinct clusters of DC-
SIGN™ cells in the subepithelial dome region. The DC-SIGN™*
cell clusters were normally MHC class IT* (Fig. 3A) but did not
express the CD11lc molecule, as demonstrated by confocal
microscopy analysis (Fig. 3E).

To determine if the interfollicular region DC-SIGN™ cells
represented plasmacytoid DCs, we performed double labeling
with antibodies to IL-3R and DC-SIGN (Fig. 3C) or with
DC-SIGN-specific MAb 120507 (Fig. 3F). We did not observe
a double-positive cell population, indicating that plasmacytoid
DCs do not express DC-SIGN, at least in the tissues we have
examined here. However, DC-SIGN™ cells and IL-3R™ cells
were often found in close proximity to one another (Fig. 3C
and F). Further, we analyzed the expression of the viral core-
ceptor CCRS since the absence of this molecule is associated
with a high degree of protection from HIV infection (20, 32).
The human Peyer’s patches contained very few CCR5™ cells,
and most CCR5™ cells were found in the villous lamina propria
and not within the Peyer’s patches (data not shown). On the
other hand, many CD4™" T cells were found in the interfollicu-
lar region and in the lamina propria of the villi (Fig. 3D).
Within the interfollicular region, we detected only a few cells
that coexpressed DC-SIGN and CD4. Thus, in human Peyer’s
patches, DC-SIGN™ DCs localize predominantly in the inter-
follicular region and in clusters within the subepithelial dome
region but do not express appreciable levels of CD4 or the viral
coreceptor CCRS.

DC-SIGN™ cells are not found within the human vaginal
epithelium. To determine whether Langerhans’ cells within the
vaginal epithelium express DC-SIGN, we analyzed human and
macaque vaginal tissues. In none of the tissues examined did
we find DC-SIGN™" cells within the epithelium, despite the
abundance of Langerhans’ cells expressing Birbeck granules
(recognized by the Lag antibody) and MHC class II (Fig. 4D).
Instead, DC-SIGN™ cells were detected in the subepithelial
lamina propria, and a small portion of these cells coexpressed
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FIG. 3. DC-SIGN expression in human Peyer’s patches. Frozen
sections of human Peyer’s patches were stained with antibodies against
DC-SIGN (DC4) (A to D) or DC-SIGN-specific MAb120507 (E and
F) (green) and MHC class II (A) (red), CD11c (B and E) (red), IL-3R
(C and F) (red), or CD4 (D) (red). Images were captured using a 10X
objective lens (A to D). Notice the cluster of DC-SIGN™ cells in the
subepithelial dome region (A and B). The nucleus was stained with
DAPI (blue) (A to D). L, lumen; S, subepithelial dome region; I,
interfollicular region. To examine DC-SIGN-specific staining on DC
subsets, Peyer’s patches stained with MAb 120507 were analyzed by
confocal microscopy. (E) Subepithelial dome region stained with
120507 (green) and CD1lc (red). (F) Interfollicular region stained
with 120507 (green) and CD123 (red). Similar data were obtained on
Peyer’s patches from three different donors.

CCRS (Fig. 4A). A similar pattern of DC-SIGN expression has
been described on subepithelial cells in the cervix, although no
CCRS expression on these cells was detected (11). Some of the
DC-SIGN™ cells were found to be in close contact with CD4™*
T cells in the lamina propria (Fig. 4B). All DC-SIGN™ cells
were MHC class IT" as shown in the Peyer’s patches, but only
a subset of DCs in the lamina propria expressed DC-SIGN
(Fig. 4C). We did not observe any DC-SIGNR-specific staining
in the vagina (data not shown), indicating that staining de-
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FIG. 4. Langerhans’ cells in the vaginal epithelium do not express
DC-SIGN. Frozen sections of human vaginal tissue were stained with
antibodies against DC-SIGN (DC4) in green (A and B) or red (C) in
combination with antibodies specific for CCRS (red) (A), CD4 (red)
(B), or MHC class II (green) (C). To demonstrate the presence of
Langerhans’ cells in the same tissue, a serial section was stained with
antibodies to MHC class II (green) and Lag antibodies which recog-
nize the Birbeck granules (red) (D). The nucleus was stained with
DAPI (blue). The white arrow indicates the base of the vaginal epi-
thelium. Images were captured using a 40X objective lens. L, lumen.
This figure is representative of vaginal samples from three different
donors examined.

tected by MAb DC4 is DC-SIGN specific in this tissue. Overall,
the expression levels of DC-SIGN in the vaginal mucosa ap-
peared to be significantly lower than that found in the gastro-
intestinal mucosa since we had to use higher magnification and
longer exposures to detect DC-SIGN. In summary, Langer-
hans’ cells in the vaginal mucosa did not express DC-SIGN,
and only a very small portion of the subepithelial DC-SIGN™
cells expressed CCRS.

Human rectal mucosa contains abundant DC-SIGN™ cells.
By far the most remarkable expression of DC-SIGN was found
in the rectal mucosa (Fig. 5). DC-SIGN expression was found
throughout the lamina propria of the rectum, though there
were no intraepithelial DC-SIGN™ DCs. Moreover, CCR5™"
cells were found to line the subepithelial region near the lumen
of the rectum. DC-SIGN™* CCR5™ cells formed a narrow band
of cells close to the lumen. We also noted that the solitary
lymphoid nodules found along the length of the rectum con-
tained abundant CD4" T cells but that DC-SIGN expression
was minimal except on rare cells in the perimeter within these
follicles (Fig. 5D). By confocal microscopy analysis, cells which
expressed all three molecules, CCRS, CD4, and DC-SIGN,

J. VIROL.

were found near the lumen of the rectum (Fig. SE). Since MAb
DC4 used in these assays cross-reacted with DC-SIGNR, we
examined whether some of the staining observed represented
DC-SIGNR. We did not detect any DC-SIGNR-specific stain-
ing with MAb 120604 in the rectum (data not shown). More-
over, although numerous capillary endothelial cells were
present in the rectal tissues, we did not detect any staining of
endothelial cells with MAb DC4 (Fig. 5F). In addition, MAbs
DC4 and 120507 gave identical staining patterns (data not
shown), supporting the lack of DC-SIGNR expression by the
rectal endothelial vessels. Thus, the rectum contains numerous
DC-SIGN™ cells in the lamina propria, some of which coex-
press CD4 and CCRS.

DC-SIGN expression in Peyer’s patches, vagina, and rectum
of rhesus macaque. Infection of rhesus macaques with SIV or
simian-human immunodeficiency virus represents the most
widely used animal model to study HIV pathogenesis in vivo. A
number of studies have utilized this primate model of HIV to

D DC-SIGN
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FIG. 5. Rectal mucosa contains DC-SIGN™ cells that also express
CCRS5 and CD4 close to the lumen. Rectal sections were stained with
antibodies against DC-SIGN (DC4) (green) and CCRS (red) (A and
C), CD4 (red) (B and D), or CD31 (red) (F). (C and D) Close-ups of
the areas of rectum tissue near the lumen shown in panels A and B,
respectively. Images were captured using either 10X (A, B, and F) or
40X (C and D) objective lenses. The nucleus was stained with DAPI
(blue). In order to colocalize DCs that expressed D-SIGN, CCRS5, and
CD4, rectum sections were stained with three antibodies: anti-DC-
SIGN (green), anti-CCRS (blue), and anti-CD4 (red). Confocal mi-
croscopy was used to determine triple-positive cells (indicated by the
white arrow) with a 40X objective lens (E). L, lumen. This figure is
representative of rectal samples from six different donors examined.
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FIG. 6. Expression of DC-SIGN on rhesus macaque tissues. Pri-
mate tissues containing the Peyer’s patches (A) and vaginal (B) and
rectal (C and D) tissues were stained with mouse MAb against DC-
SIGN (DC11). The rectal sections were also doubly labeled with an-
tibodies against CCRS (red) (C) or CD4 (red) (D). The nucleus was
stained with DAPI (blue). Images were captured using 10X (A) or 40X
(B to D) objective lenses. L, lumen. This figure is representative of
tissues from two monkeys examined.

examine viral entry and infection via mucosal surfaces (16, 23,
33, 34, 35, 38). This model provides the best system to study the
role of DC-SIGN in virus transmission and pathogenesis. We
have previously shown that rhesus macaque DC-SIGN binds
and transmits all HIV-1, HIV-2, and SIV strains tested (3).
However, the pattern of DC-SIGN expression in rhesus ma-
caque tissues is not known. To determine DC-SIGN expression
in rhesus macaques, we performed immunofluorescence stain-
ing of tissue sections using MADs that recognize rhesus ma-
caque DC-SIGN. Overall, the distribution of DC-SIGN in rhe-
sus tissues was very comparable to that found with humans. In
rhesus macaque Peyer’s patches, DC-SIGN™ cells were local-
ized in the interfollicular regions and sometimes in a cluster
within the subepithelial dome region (Fig. 6A). Although
IL-3R expression on rhesus tissues was very similar to that
found with humans (data not shown), the anti-human CD11c
antibodies tested stained only a few cells within primate Pey-
er’s patches, making it difficult to demonstrate CD11c* DC
distribution (data not shown). As in humans, vaginal epithe-
lium did not contain DC-SIGN™ Langerhans’ cells, whereas a
subset of the subepithelial DCs expressed this molecule (Fig.
6B). Similar to what was observed for humans, the primate
rectal tissue contained abundant DC-SIGN™ DCs, and the
expression pattern of CCRS was indistinguishable from that
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found in the human rectum, although somewhat fewer CD4™"
DC-SIGN™ cells were found in the rhesus macaque rectum
than in humans. Here again we observed DCs that were DC-
SIGN™ CD4* and DC-SIGN™ CCR5™ just beneath the lumi-
nal epithelium (Fig. 6C and D).

Differential expression of DC-SIGN and DC-SIGNR in Pey-
er’s patches. Because MAbs DC4, DC11, and DC28 recog-
nized both DC-SIGN and DC-SIGNR, the staining pattern
observed thus far could represent either of these molecules,
though expression of DC-SIGNR thus far appears to be lim-
ited to certain types of endothelial cells (4, 27). In order to
distinguish staining for DC-SIGN and DC-SIGNR, we per-
formed double labeling of tissue sections using MAbs specific
for DC-SIGN (120507) or DC-SIGNR (120604) (Fig. 7A and
B). Although there were rare double-positive cells observed
inside some of the endothelial vessels (Fig. 7A), confocal anal-
ysis of this region ruled out the existence of cells that express
both DC-SIGN and DC-SIGNR (Fig. 7B). Similarly, we com-
pared the staining by MAb DC4, which recognizes the ectodo-

B 120507

FIG. 7. Comparison of DC-SIGN and DC-SIGNR expression in
human Peyer’s patches. Human Peyer’s patches were doubly labeled
with mouse MADbs specific for DC-SIGN (120507; green) or DC-
SIGNR (120604; red) (A and B). The staining by MAb DC4 (recog-
nizing both DC-SIGN and DC-SIGNR; red) and DC-SIGN-specific
staining by MAb 120507 (green) were compared (C and D). The
nucleus was stained with DAPI (blue). To examine the presence of
DC-SIGN*/DC-SIGNR* cells found in the endothelium of the dome
region in A, confocal microscopy analysis was carried out using a 40X
objective lens (B). Images were captured using 10X (A and C) or 40X
(B and D) objective lenses. Close-up of subepithelial dome region in
panel C is shown in panel D.
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FIG. 8. Endothelial expression of DC-SIGNR and DC-SIGN in
human and rhesus macaque Peyer’s patches. Human (A and B) and
rhesus (C and D) Peyer’s patches were doubly labeled with a MAb to
endothelial cells (CD31; green) in conjunction with a MAD specific for
DC-SIGNR (120604; red) (A and B) or MAb DC11, which recognizes
both human DC-SIGN and DC-SIGNR (red) (C and D). No staining
was detected with MAb 120604 on rhesus tissues (data not shown).
The nucleus was stained with DAPI (blue). Images were captured
using 10X (A and C) or 40X (B and D) objective lenses. Close-ups of
the subepithelial dome regions shown in panels A and C are shown in
panels B and D, respectively. This figure is representative of at least
five Peyer’s patches examined.

mains of both DC-SIGN and DC-SIGNR, to DC-SIGN-spe-
cific-cMAb 120507 (Fig. 7C and D). Cells which stained
specifically for DC-SIGN were dendritic in morphology and
were identical to those stained with MAb DC4. Strikingly, the
only cells that stained with DC4 but not with DC-SIGN-spe-
cific MAb 120507 were the endothelial cells found in the in-
terfollicular regions and within villous lamina propria, confirm-
ing DC-SIGNR expression detected by MAb 120604 (Fig. 7C
and D; red cells). By double labeling with a MAD specific for
endothelial cells, we determined that about 30% of all endo-
thelial cells in the Peyer’s patches expressed DC-SIGNR (Fig.
8A and B). Although capillary vessels composed of endothelial
cells were clearly present in the rectal and vaginal tissues, we
did not detect staining specific for DC-SIGNR with MAb
120604 as described earlier (data not shown). Thus, DC-
SIGNR expression in the human Peyer’s patches is limited to
endothelial cells, whereas DC-SIGN expression is restricted to
DCs in the tissues examined.

Lack of DC-SIGNR expression in rhesus macaque Peyer’s
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patches. To demonstrate DC-SIGNR expression in rhesus
Peyer’s patches, we performed immunofluorescence labeling
with human DC-SIGNR-specific MAb 120604. In contrast to
results obtained with human tissues, we were not able to detect
DC-SIGNR expression when using MAb 120604 on rhesus
macaque tissues (data not shown). We hypothesized that MAb
120604 may recognize an epitope in human DC-SIGNR that is
not conserved in the rhesus DC-SIGNR homologue. Thus, we
used MAb DC11, which recognizes rhesus DC-SIGN and
cross-reacts with human DC-SIGNR, to determine if DC-
SIGNR is expressed on endothelial cells in rhesus Peyer’s
patches. As shown in Fig. 8C and D, endothelial cells stained
with anti-CD31 antibody (green) did not stain with MAb DC11
(red). Thus, in rhesus macaque Peyer’s patches, no DC-SIGN
or DC-SIGNR staining was detected on endothelial cells with
MAD DC11 and no DC-SIGNR-specific staining was observed
with MADb 120604. However, we have not been able to clone
rhesus macaque DC-SIGNR, and as a consequence we cannot
be certain that our MAbs, which recognize human DC-SIGN
and DC-SIGNR and cross-react with rhesus DC-SIGN, actu-
ally bind to rhesus DC-SIGNR.

Rhesus DC-SIGN-dependent transmission of SIV is blocked
by an anti-DC-SIGN MAb. Our studies showed that DC-SIGN
expression in rhesus macaques was similar to that observed
with human mucosal tissues. To assess the importance of DC-
SIGN for virus transmission and dissemination in vivo, specific
antibodies or small molecules that block SIV or simian-human
immunodeficiency virus interactions with rhesus DC-SIGN will
be needed. To determine if the DC-SIGN-specific MADb
120507 could block transmission of SIV by rhesus DC-SIGN,
we used an inducible T-Rex cell line that expresses rhesus
DC-SIGN but does not express CD4 or CCRS. Thus, these
cells cannot be infected by SIV. The DC-SIGN-positive cells
were incubated with MADb 120507, the DC-SIGNR-specific
MAD 120604, or the carbohydrate mannan, which has been
shown to block HIV binding to human DC-SIGN. A luciferase
reporter virus bearing the SIVmac239MER Env protein was
then added for 3 h, the cells were washed vigorously to remove
unbound virus, and CEMx174 target cells were added. Three
days later the extent of virus infection was determined by
measuring luciferase activity. As shown in Fig. 9, preincubation
with MAb 120507 and mannan, but not with the DC-SIGNR-
specific MAb 120604, reduced rhesus DC-SIGN-mediated vi-
rus transmission to background levels. Thus, MAb 120507 rep-
resents a specific immunological reagent that can be used to
prevent SIV interactions with rhesus macaque DC-SIGN.

DISCUSSION

The precise role of DCs in mediating HIV-1 transmission
and pathogenesis at mucosal surfaces is unclear. In vitro, in-
fection of peripheral blood mononuclear cells by HIV-1 can be
strongly enhanced by including cocultured DCs (7, 15, 17, 28,
41). While DCs are often not infected by HIV-1, virus binds to
DCs efficiently and, once bound, can be retained in an infec-
tious state for a prolonged period of time (11). Subsequent
addition of susceptible cell types results in infection by virus in
trans (7, 15, 17, 28, 41). The ability of DCs to bind HIV-1 and
to transmit bound virus to receptor-positive cells has been
linked to DC-SIGN (2, 3, 11, 26). These in vitro observations,
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FIG. 9. Blocking of rhesus macaque DC-SIGN-mediated SIV
transmission by anti-DC-SIGN antibodies. T-Rex cells that express
rhesus macaque DC-SIGN under a doxycycline-inducible promoter
and control T-Rex cells were seeded in 96-well plates and induced with
doxycycline. The cells were incubated with 20 ng of the indicated
antibodies or mannan per ml and then pulsed with SIVmac239 MER
Env replication-competent luciferase reporter virus. After a 3-h incu-
bation, the cells were vigorously washed and cocultivated with
CEMx174 target cells. After 72 h the cocultures were lysed and the
luciferase activity was quantified. The results are presented as percent
transmission * standard deviation observed from untreated cells. A
representative experiment carried out in triplicate is shown, and sim-
ilar results were obtained in two independent experiments.

coupled with the fact that mucosal DCs are among the first cell
types encountered by HIV-1 at mucosal surfaces (10, 16, 34,
36), raise the possibility that HIV-1 interactions with DC-
SIGN could impact sexual transmission.

To assess the role of DC-SIGN for virus transmission and
pathogenesis, it will be important to develop reagents that
specifically block virus binding to DC-SIGN. The abilities of
such compounds to impact virus transmission could then be
assessed in nonhuman primate models such as rhesus ma-
caques, provided that rhesus DC-SIGN functions like human
DC-SIGN and is expressed in a manner similar to that of its
human homologue. We have recently shown that rhesus ma-
caque DC-SIGN efficiently binds and transmits HIV-1, HIV-2,
and SIV strains (3). In this study, we document the expression
of DC-SIGN in mucosal tissues from rhesus macaques and
identify a MAb that blocks SIV interactions with DC-SIGN in
vitro. Our work extends previous studies by using MAbs spe-
cific for DC-SIGN and DC-SIGNR, by studying DC-SIGN
expression in macaque tissues, and by using double and triple
fluorescence labeling and confocal microscopy to correlate
DC-SIGN expression with expression of CD4, CCRS, and spe-
cific DC subsets. The expressions of DC-SIGN in humans and
in rhesus macaques were highly similar.

In the Peyer’s patches, DC-SIGN™ cells were found pre-
dominantly in the interfollicular regions, with the exception of
aggregates of DC-SIGN™ cells in the subepithelial dome re-
gion. It is now clear that there is considerable variation in the
localization, phenotype, and function of different DC popula-
tions in various tissues. The human DC subsets in the periph-
eral blood have been categorized on the basis of differential
expression of myeloid (CD1lc) and plasmacytoid (IL-3R)
markers (reviewed in reference 21). We show here that
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CD11c" DCs are distributed in the dome and interfollicular
regions and in the germinal center of the Peyer’s patches,
whereas the IL-3R ™ plasmacytoid DCs are found exclusively in
the interfollicular regions. Although all DC-SIGN™ cells ex-
pressed MHC class II molecules, we did not observe expression
of DC-SIGN on IL-3R* plasmacytoid DCs. This finding is
consistent with a recent report of the lack of DC-SIGN mRNA
expression by peripheral blood-derived plasmacytoid DCs
(24). Thus, plasmacytoid DCs are unlikely to participate in
HIV infection of CD4™" cells in trans, at least in a DC-SIGN-
dependent manner. Further, CD11¢™ DCs in the dome region
were not found to express DC-SIGN. These data suggest that
the DC-SIGN™ cells belong to another subset of DCs that
express neither CD11c nor IL-3R within the Peyer’s patches.
Recently, a careful analysis of human tonsils revealed the pres-
ence of the CD11c™ CD123~ DCs, which expressed MHC
class IT and CD68 (37). When DC-SIGN expression on CD68™
cells was examined, we indeed observed that many of the dome
region DC-SIGN™ cells coexpressed CD68 (unpublished ob-
servation). Yet, the majority of DC-SIGN™ cells in the inter-
follicular regions were CD68~ CD11c¢™ IL-3R™ (unpublished
observation). Future studies must address how these distinct
DC subsets mediate virus transmission and immune induction
during HIV-1 infection in vivo.

The epithelium covering the Peyer’s patches over the dome
contains M cells specialized in the uptake of luminal antigens
and is known as the follicle-associated epithelium (19). HIV-1
has been shown to gain entry through M cells in rabbit and
mouse Peyer’s patches, although neither species supports effi-
cient HIV infection (1). Thus, Peyer’s patches are potentially
the first sites of HIV entry during oral transmission in cases
such as mother-to-child breastfeeding (9). Further, Peyer’s
patches may represent sites of HIV entry following rectal ex-
posure since rectally injected materials have been shown to be
processed and presented within Peyer’s patches (5). The pres-
ence of clusters of DC-SIGN™ DC in the subepithelial dome
region raises the possibility that these DCs may be the first to
bind HIV-1 that enters the Peyer’s patches via M cells or
through tears in the mucosa. Since the dome region DC-
SIGN™ DCs did not express the viral coreceptors CCR5 or
CD4 at detectable levels, they are less likely to be directly
infected by the virus but rather participate in infection of
nearby CD4" T cells. Aside from its HIV binding property,
DC-SIGN has also been shown to interact with ICAM-3 ex-
pressed on resting T cells and mediate DC-T-cell conjugation
(12). Thus, it is also possible that DC-SIGN* DC aggregates in
the dome region acts as the gatekeeper capable of capturing,
processing, and presenting HIV antigenic peptides and intact
virus to CD4™" T cells within this region. Indeed, CD4 " T cells
were found in close proximity to the DC-SIGN™ cells of the
subepithelial dome region (Fig. 3D).

In the vaginal mucosa, DC-SIGN expression was not de-
tected within the squamous epithelial layer, but it was detected
on rare DCs in the subepithelial lamina propria, comparable to
what has been reported for the cervix (11). A small percentage
of these cells expressed CCRS. In contrast, DC-SIGN™ DCs
were abundantly distributed throughout the lamina propria
immediately adjacent to the epithelium of the rectal mucosa.
Moreover, DC-SIGN™ DCs that coexpressed the HIV-1 core-
ceptors CCRS and CD4 formed a narrow band beneath the
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rectal luminal epithelium. These data are in discordance with
previous studies showing that CCRS is not expressed by mu-
cosal DCs. Hladik and colleagues demonstrated that, unlike
peripheral blood-derived DCs, cervicovaginal DCs express un-
detectable CCRS5 but form stable conjugates with T cells which
permit productive infection by HIV-1 (15). More recently,
Geijtenbeek et al. reported that CCRS is not expressed in the
rectum or uterus (11). These apparent differences may be
attributed to the sensitivities of the assays. For instance, we
had to amplify the staining signal using the Tyramide amplifi-
cation system in order to visualize CCRS on these sections.
Since only low levels of CCRS are needed to support entry by
many virus strains, especially if CD4 is expressed at high levels,
the levels of CCRS5 detected here could be relevant for virus
infection (25). Further, as discussed above, we found CCR5
expression to be restricted to the lamina propria immediately
beneath the luminal epithelium in the rectum. Thus, the ability
to detect CCR5™ cell population in the rectum may also de-
pend on the tissue orientation. By the same token, it is possible
that CCRS is expressed by Peyer’s patch DCs below the limit of
detection by our immunofluorescence protocol, since CCRS
expression in the gut-associated lymphoid tissue has been dem-
onstrated by a much more sensitive flow cytometry analysis
(39). Thus, future studies are needed to examine the virolog-
ical relevance of the levels of the HIV coreceptors expressed by
each DC subset during in vivo infection.

The examination of the relevance of mucosal DCs for the
trans infection of T cells must also take into consideration the
level of DC-SIGN expressed by these cells. Not only are the
tissue distributions of DC-SIGN™ cells different in the vaginal
and rectal mucosae, but also the levels of DC-SIGN expression
by DC in these tissues appeared to differ considerably. We
have recently demonstrated that the efficiency of HIV-1 bind-
ing and transmission is strongly dependent on the level of
DC-SIGN expression (26). Although we were not able to es-
timate the level of DC-SIGN expressed on mucosal DCs due to
the nonquantitative nature of the immunofluorescence tech-
nique, such measurements may prove useful in predicting the
efficiency with which DCs in different mucosal sites can trans-
mit HIV-1 to T cells in vivo.

Since most MAbs against DC-SIGN also detect DC-SIGNR,
it was important to distinguish whether the staining was spe-
cific for DC-SIGN or DC-SIGNR. In previous studies, DC-
SIGNR has been detected on endothelial cells in placenta,
liver, and lymph nodes (4, 27). By producing a DC-SIGNR-
specific MADb, we were able to show that DC-SIGNR is also
expressed on about one-third of the capillary endothelial cells
in the human ileum. In contrast, no DC-SIGNR-specific stain-
ing was observed in rhesus tissues. The MAb DC11, which
recognizes the ectodomain of human and rhesus DC-SIGN
and cross-reacts with human DC-SIGNR, did not stain rhesus
endothelial cells. In fact, double labeling of rhesus Peyer’s
patches with MAb DC11 and DC-SIGN-specific MAb 120507
resulted in an identical staining pattern (data not shown),
suggesting that MAb DCI11 detects only DC-SIGN in rhesus
tissues. Thus, either the rhesus DC-SIGNR homologue is dis-
tinct in the regions recognized by MAb 120604 and MAb
DC11, it is not expressed in the tissues we examined, or no
homologue for DC-SIGNR exists in rhesus macaques.

If DC-SIGN plays a role in virus transmission, then the
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accessibility of DC-SIGN™ DCs within different mucosal ex-
posure sites would likely influence the efficiency of this process.
During vaginal exposure, virus must somehow cross the epi-
thelial layer to reach DC-SIGN™ DCs in the subepithelial
lamina propria. It is interesting that progesterone treatment,
which results in thinning of the vaginal epithelium, has been
shown to contribute to a higher incidence of vaginal SIV trans-
mission in rhesus macaques (22). Hormonal influences and
microbial flora within the vaginal mucosa that result in thin-
ning of the epithelium may potentially enhance the ability of
HIV to gain access to the DC-SIGN™ cells in the lamina
propria. In contrast, DC-SIGN™ CD4" CCR5* DCs in the
rectal mucosa are separated from the lumen by only a single
columnar epithelium, which should allow virus access to DC-
SIGN™ DCs more easily. This hypothesis is corroborated by
the fact that the HIV-1 transmission risk is greater in anal
intercourse than in vaginal coitus in women (40).

In summary, DCs expressing DC-SIGN were distributed
similarly in the mucosal surfaces of humans and rhesus ma-
caques. The physical barriers that exist between the lumen and
the closest DC-SIGN™ DCs were greatest in the vaginal mu-
cosa and least in the rectum. An intriguing finding, however, is
that the DC-SIGN™" DCs located near the lumen of the rectum
were also positive for CD4 and CCRS. These DCs may not
only ferry HIV to the draining lymph nodes but also become
infected within the rectal mucosa and form a local viral factory
in DC-T-cell conjugates. Further understanding of this viral
adhesion molecule may provide insight into its potential use in
novel preventative microbicidal agents against HIV transmis-
sion.
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