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2-val TatP

\nitial binding velocity = 15.2

8-val TatP
Initial binding velocity = 132.5

[kl

Rac1-mediated
actin polymerization

FIGURE 8. A model showing the events in plasma membrane exposed to
2-val and 8-val TatP. HSPG exists as a monomer; 8-val TatP clusters with
several HSPGs, leading to recruitment of Rac1 to lipid rafts, which triggers
membrane reorganization of actin filaments and/or actin-dependent
domains and induces the temporary immobilization and clustering of 8-val
TatP/HSPGs. Rac1 activation induces TatP/HSPG internalization through mac-
ropinocytosis.

TatP-QD. The net charge Z,, is approximately —18, as each QD
contains ~30 Sts, and the Z, of each St is —0.6. This charge
could be offset by two biotin-TatPs (total Z, = 15.8). The very
weak binding by monovalent TatP was also measured with two
other techniques (FITC-TatP and St-Alexa488 (total Z, =
—2.4) labeled TatP) (Fig. 1C). Multivalent TatP (experiments
with both St-Alexa488 and -QD) showed a significant amount
of binding after 15 min of exposure (Figs. 1C and 2). The very
weak surface binding is intrinsic to TatP rather than the label-
ing method. It is common in biological systems that the
strength of a ligand-receptor pair is enhanced with multiva-
lency. The chemical and physical mechanisms underlying this
phenomenon are not well understood, however, mainly due to
the lack of effective assays to detect the strength of cell-surface
binding in living cells. Here, we show that single molecule
microscopy with particles resistant to photobleaching can be
employed as a tool to measure binding in living cells.

We also found that the cell-surface HS chains of HSPG, and
not the lipid phosphate groups, are essential for TatP binding,
as demonstrated with the enzymatic removal of HS (Fig. 5) and
simultaneous observation of two individual molecules (Fig. 6).
This result is consistent with a previous report (35) demon-
strating that TatP can bind to HS/heparin in the liquid phase
with a dissociation constant that is ~2-3 orders of magnitude
smaller than in the absence of lipid phosphate groups (48).

Both the trajectory and the mD of 2-val TatP, which is
unlikely to induce HSPG cross-linking, were found to be similar
to that of CD4 (Fig. 3). Thus, the species of HSPG that binds to
TatP might initially exist as a monomer (Fig. 8). When 8-val
TatP cross-links with the HSPG, Racl is activated, inducing
frequent, constitutive recruitment of 8-val TatP/TatRs to actin-
associated lipid raft microdomains. The 8-val TatP/TatRs that
are recruited to these domains have reduced degrees of free-
dom, probably through Racl-mediated membrane actin
polymerization. Thus, 8-val TatP lipid raft association is more
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likely to occur. Accordingly, we observed that =2 of each 8-val
TatP-TatR complex is located in close proximity to a confined
area of the plasma membrane that is below the resolution of the
microscope. We found that 8-val TatP exposure activates
membrane ruffling and increases the level of macropinocytosis
through Racl-dependent mechanisms (Fig. 4, B-D). Notably,
cell-bound 8-val TatP could be internalized when as few as ~30
8-val particles/cell were attached. In contrast, when ~400 2-val
TatP particles/cell were attached, only marginal internalization
occurred by 1 h after exposure (data not shown). We found that
the initial cell-surface binding velocity of 8-val TatP is only
~6-fold higher than that of 2-val TatP (Fig. 2, C and F), but the
number of TatPs entering cells after 1 h is 120-fold higher.? By
FACS analysis (supplemental Fig. S7), we found that in the pres-
ence of heparin both the binding to the surface and the inter-
nalization of the 8-val TatPs are completely abrogated. We
found that 2-val TatP can bind to the surface, but it remains on
the surface for ~1 h. Its binding is also completely abrogated by
heparin exposure. Monovalent TatP-QDs could neither bind to
the cell surface nor be internalized. Collectively, these results
suggest that both the initial binding of cell surface HSPG and
the activation of the signal for internalization are essential for
the TatP-QDs getting inside the cells. With our recently devel-
oped three-dimensional single particle tracking system (22, 30),
we observed that after ~35 min of exposure, 8-val TatP com-
pletely stops moving randomly and starts to internalize and
move toward the nucleus. We also found that 2-val TatP exhib-
its only random movements near the glass surface.* In our sys-
tem, without binding to the cell surface, no direct translocation
on the membrane can be achieved by monovalent TatP-QDs.
Thus, we strongly believe that macropinocytosis of TatP/
HSPGs is the only route of entry for TatP. Collectively, multi-
valent TatP induces HSPG cross-linking to recruit activated
Racl to lipid rafts; it thereby enhances the recruitment of TatP/
HSPG to actin-associated microdomains and internalization by
macropinocytosis. These results should guide the design of
TatP-based peptides with sufficient transduction efficiencies to
be used as therapeutic nanocarriers.

Regarding the expression of HSPG in the HeLa, HepG2, and
HOS cell lines, we found that the MFIs of F58-10E4 mAb were
the highest in HepG2 and the lowest in HeLa cells (Fig. 7A). In
contrast, the level of 8-val TatP binding to the cellular surface
was highest in HOS and lowest in HepG2 (Fig. 7, B and C).
These results suggest that the level of TatP binding in different
cell types does not correlate with the levels of F58-10E4 bound
to the cells. However, the ability of TatP to bind these cells
requires cell-surface GAG chain expression, as the binding
capacity of 8-val TatP to the cell surface is totally abrogated by
HS lyase treatment. An enormous number of potential GAG
structures can be synthesized as part of the complex process of
GAG chain synthesis and modification. Specific modified
forms of GAG induce the lock-and-key interaction between
HS/heparin and ligands and occur in a tissue- and cell type-
specific manner (45). We hypothesize that TatP-specific GAG
units are preferentially added in some cell types or some types

? J.Imamura, unpublished results.
“Y. Suzuki, unpublished results.
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of HSPGs. Consequently, the level of TatP bound to the cell
could vary regardless of the level of F58-10E4 bound to those
cells. It has also been shown that HSPG always works as a co-
receptor with various other factors. Thus, another possible
explanation is that TatP binds to an unidentified secondary
cell-surface receptor, which determines the level of TatP bind-
ing to the cell surface. As subfamilies of HSPGs exist (45), future
studies should focus on the identification of the relevant
HSPGs, the structural determinants within the HS chains that
mediate TatP binding, and the secondary TatRs.

We have not confirmed that our findings are applicable in
vivo; however, we have already reported that our visualization
system can track a single tumor-targeting antibody-QD in
tumors of live mice (49). Therefore, future studies can focus on
whether multivalent TatP-QDs can efficiently bind to and be
taken up by cells in vivo.
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Analysis of Near Full-Length Genomic Sequences
of Drug-Resistant HIV-1 Spreading
among Therapy-Naive Individuals in Nagoya, Japan:
Amino Acid Mutations Associated
with Viral Replication Activity
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Abstract

We analyzed a total of 12 near full-length genomes of drug-resistant HIV-1 spreading among therapy-naive in-
dividuals in Nagoya, Japan. Genomes comprised seven protease inhibitor (PI)-resistant viruses possessing an
M4él (n = 6) or L90M mutation (# = 1) and five non-nucleoside reverse transcriptase inhibitor-resistant viruses
possessing a K103N mutation. All 12 viruses conserved both an H87Q mutation in the cyclophilin A-binding
site of Gag p24 (capsid) and a T23N mutation in the cysteine-rich domain of Tat protein. Pl-resistant viruses
commonly possessed two cleavage site mutations in the p6¥!/protease of Pol polyprotein (F48L in p6Fel) and
the anchor/core domains of Nef protein (L57V). These amino acid mutations represent candidates for enhanc-
ing replication activity of drug-resistant viruses and supporting expansion of such viruses in therapy-naive in-

dividuals.

RANSMISSION OF DRUG-RESISTANT HIV-1 in therapy-naive

individuals represents a serious problem in therapy, as
such variants hinder antiretroviral therapy from the start.!2
Drug-resistant viruses were detected in 27 of 402 therapy-
naive patients (6.7%) in Nagoya, Japan, between 1999 and
2006.° Importantly, phylogenetic analysis has revealed that
two main independent drug-resistant strains have been
spreading in this area. One is a protease inhibitor (PI)-resis-
tant strain possessing an M46I or L90M mutation in the pro-
tease. This strain started spreading in 2000 and was found
in a total of 13 therapy-naive patients. The other is a non-nu-
cleoside reverse transcriptase inhibitor (NNRTI)-resistant
strain possessing a K103N mutation in the reverse tran-
scriptase. This strain started spreading in 2003 and was
found in a total of five therapy-naive patients.? Importantly,
both strains are still growing. We recently started studying
why or how these drug-resistant strains can spread in ther-
apy-naive individuals while maintaining drug-resistant
amino acid mutations that generally confer replicative dis-
advantages. This study analyzed near full-length genomic
sequences of drug-resistant viruses to identify clues to bet-
ter understanding these epidemics.

Subjects comprised a total of 12 therapy-naive patients.
Among these, seven patients were identified with Pl-resis-
tant HIV-1 possessing an M46I mutation (n = 6) or L90M
mutation (n = 1). The remaining five patients displayed
NNRTI-resistant HIV-1 possessing a K103N mutation by
routine genotypic drug-resistance testing from 2000 to 2006.3
Genomic sequencing of HIV-1 was performed using plasma
samples obtained at the first medical examination. HIV-1
RNA was purified from a plasma sample using a QlAamp
viral RNA mini kit (QIAGEN, Tokyo, Japan). A single DNA
fragment containing gag to nef genes was reverse transcribed
and amplified by reverse transcription (RT)-nested poly-
merase chain reaction (PCR) using the Superscript III one-
step RT-PCR system with platinum Taq high-fidelity kit (In-
vitrogen, Tokyo, Japan) and LA Taq polymerase (Takara,
Shiga, Japan). Sense and antisense primers for RT-PCR were
INF-13 and LTR-E, respectively. Sense and antisense primers
for nested PCR were INF-12 and LTR-D, respectively. INF-
19 or INF-11 primers were sometimes used instead of INF-
13, and INF-20 or INF-10 primers were sometimes used in-
stead of INF-12. Nucleotide sequences of primers were as
follows: INF-13, 5'-GGT GAG TAC GCC ATT TAT TTG ACT
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FIG. 1.

IBE ET AL.

Phylogenetic analysis of drug-resistant HIV-1. A phylogenetic tree was constructed using the neighbor-joining

method with near full- cngth genomic sequences. Bootstrap \aiues were calculated by 1,000 analyses and \alues greater
than 70% were shown at the nodaa of the tree. Scale bar represents nucleotide substitutions per site. Group O_ MVP“)]‘%()
was used as the outgroup. Pl-resistant viruses possessing an M46l or L90OM mutation are shown with closed or open tri-

angles, respectively.

hlblfOI‘ NNRTI, non-nucleoside reverse transcriptase inhibitor.

NNRTI-resistant viruses possessing a K103N mutation are shown with closed squares. P, protease in-
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AG-3'; LTR-E, 5'-CTT ATA TGC AGC TTC TGA GGG C-3;
INF-12, 5'-ATT TAT TTG GCG CGC GGA GGC TAG AA-
3'; LTR-D, 5'-GCA TCA TTA ATT AAC CCT GGA AAG
TCC CCA GCG GAA-3"; INF-19, 5'-GGT GAG TAC GCC
AAA AAA CTT TTG ACT AG-3'; INF-20, 5'-AAA CTT TTG
GCG CGC GGA GGC TAG AA-3';INF-11, 5'-TCT CTC GAC
GCA GGA CTC GGC TTG-3"; INF-10, 5-GCT GAA GCG

A Pol polyprotein

CGC ACA GCA AGA GGC GAG-3'. The RT-PCR program
consisted of one cycle of RT reaction (60 min at 50°C), 1 cy-
cle of pre-PCR (2 min at 94°C), and 40 cycles of PCR (15 s at
94°C, 30 s at 50°C, and 10 min at 68°C). The nested PCR pro-
gram consisted of one cycle of pre-PCR (2 min at 94°C) and
40 cycles of PCR (15 s at 94°C, 30 s at 50°C, and 10 min at
70°C). A labeling reaction for DNA sequencing was per-

B Nef protein
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FIG. 2. Candidates for amino acid mutations that possibly enhance the replication activity of drug-resistant HIV-1. Pro-
tease inhibitor-resistant HIV-1 commonly possessed an F48L mutation in the carboxyl terminus of p6™! (A) and an L57V
mutation in the carboxyl terminus of Nef anchor domain (B). All drug-resistant viruses displayed conservation of an H87Q
mutation in the cyclophilin A-binding domain (Pro85 to Pro93) of Gag p24 (capsid) (C). All drug-resistant viruses also con-
served a T23N mutation in the cysteine-rich domain (Cys22 to Cys37) of Tat protein (D). Candidate mutations are shown
in bold. Cleavage points are represented as triangles in A and B. Mixed-type amino acids are represented as follows: X;,
D/A; X;, R/C; and X3, V/L Amino acid sequences of NL4-3 and HXB2 were used as references. AA#, amino acid number.
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formed using the BigDye terminator cycle sequencing kit
(Applied Biosystems, Tokyo, Japan), and DNA sequences
were determined using an ABI PRISM 310 Genetic Analyzer
(Applied Biosystems). In phylogenetic analyses, multiple se-
quence alignment was performed using CLUSTAL W, and
genetic distances were calculated based on the Kimura two-
parameter model using MEGA software version 3.1.* Phy-
logenetic trees were constructed using the neighbor-joining
method with 1,000 bootstrap analyses. Genomic sequences
of reference HIV-1 strains were obtained from the HIV se-
quence database in the Los Alamos National Laboratory.”
Recombinant formation was checked using the Recombinant
Identification Program version 3.0 in the HIV sequence data-
base.

A total of 12 near full-length genomic sequences of drug-
resistant HIV-1 were successfully obtained from therapy-
naive patients. Seven Pl-resistant viruses and five NNRTI-
resistant viruses separately clustered together with reference
subtype B viruses on a phvlogenetic tree (Fig. 1). This is con-
sistent with our previous result obtained by phyvlogenetic
analysis using pol gene fragment alone.” We separately con-
firmed that they were subtype B and not recombinant forms
using the Recombination ldentification Program (data not
shown).

We and others have previously reported that acquisition
of an M461, 1.90M, or K103N major mutation enables HIV-1
to survive under pharmacotherapeutic pressure but simul-
taneously sacrifices the replicative activity of such viruses in
the absence of drug.®” This fact forced us to hypothesize that
our drug-resistant viruses restored reduced replication ac-
tivity by acquiring some mutations in the genome, which
thus consequently survive and expand under drug-free con-
ditions such as in therapy-naive patients. We therefore ex-
tensively searched for candidate amino acid mutations that
might offer advantages in viral replication, revealing four in-
teresting mutations.

The first was an FASL mutation located in the carboxyl ter-
minus of pé”"l, and the second one was an L57V mutation
located in the carboxyl terminus of the Nef anchor domain
(Figs. 2A, 2B). These were specified in the Pl-resistant HIV-
1 strain. Findings of A431V, 1.449F, and P453 mutations in
the p7/p1 and p1/p6©2 cleavage sites of Gag polyprotein,
and associated restorative activities on viral replication of I'I-
resistant HIV-1 have been reported ™ but our viruses dis-
played no such mutations. The F48L mutation in p6™!
and/or the 157V mutation in the Nef protein might have
restoration activity in our Pl-resistant viruses.

The third was a non—cleavage site mutation found in Gag
p24 (capsid). Several amino acid mutations in the
non—cleavage site of Gag polyprotein have been reported
to restore reduced replication activity of Pl-resistant HIV-
1.19 One of these is an H219Q mutation also known as an
H87Q mutation in the capsid. Amino acid 87H is located in
the cyclophilin A-binding site, and the H87Q mutation re-
duces incorporation of cyclophilin A into HIV-1 virions,
thus elevating HIV-1 replication.!! Interestingly, all our
drug-resistant viruses commonly possessed the H87Q mu-
tation in the capsids, suggesting that replicative activities
were enhanced by this mutation (Fig. 2C). Notably, in ad-
dition to the H87Q mutation, V86A /P, I91H/V, and A92P
mutations were frequently found in the cyclophilin A-bind-
ing site. These additional mutations may also be associated
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with viral replication activity through binding modulation
to cyclophilin A.

The fourth was again a non-cleavage site amino acid
mutation found in the cysteine-rich domain of Tat protein.
A previous study reported T23N as a polymorphic mutation
that increased Tat transactivation activity on HIV-1 pro-
virus gene expression12 Interestingly, all our drug-resistant
viruses also commonly possessed this T23N mutation (Fig.
2D). Elevated Tat activity may plausibly support the repli-
cation of drug-resistant viruses.

As another interesting mutation, we found an insertion
mutation of RPEP in the PTAPP motif of p6“*# in four cascs
of NNRTI-resistant HIV-1 (data not shown). At present,
whether this insertion mutation confers any advantage for
NNRTI-resistant viruses to survive under drug-free condi-
tions is unclear.'31°

In conclusion, we successfully found primary candidates
of amino acid mutations that might enhance the replicative
activity of drug-resistant HIV-1 for surviving under drug-
free conditions. Further investigations are required to eluci-
date whether these mutations substantially support the repli-
cation of drug-resistant viruses. Preliminary findings from
our recent experiments have demonstrated positive roles of
such mutations, particularly for H87Q mutation in the cap-
sid.
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Gram-positive bacteria enhance HIV-1 susceptibility in Langerhans cells,
but not in dendritic cells, via Toll-like receptor activation
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Although numerous studies have shown
a higher risk of acquiring HIV infection in
the presence of other sexually transmit-
ted diseases, the biologic mechanisms
responsible for enhanced HIV acquisition
are unclear. Because Langerhans cells
(LCs) are suspected to be the initial HIV
targets after sexual exposure, we studied
whether microbial components augment
HIV infection in LCs by activating Toll-like
receptor (TLR) and nucleotide-binding oli-
gomerization domain (NOD) pattern rec-
ognition receptors. We found that TLR1/2

and TLR2/6 agonists dramatically en-
hanced both HIV susceptibility and repli-
cation in immature monocyte-derived LCs,
whereas TLR3-5, TLR7-9, and NOD1,2 ago-
nists did not significantly affect HIV infec-
tion. The same infection-enhancing ef-
fects were observed when LCs were
incubated with other related bacterial
components as well as with whole Gram*
bacteria. In resident LCs in human skin,
TLR2 agonists also significantly increased
HIV susceptibility. By contrast, TLR2 ago-
nists and related bacterial components

decreased HIV susceptibility in monocyte-
derived dendritic cells (DCs). We found
that TLR2 activation of LCs, but not DCs,
resulted in a significant down-reguiation
of APOBEC3G, which is a cellular restric-
tion factor for HIV. Given these data, we
hypothesize that ligation of TLR2 by
Gram* bacterial products may underlie
enhanced sexual transmission of HIV that
occurs with concomitant bacterial sexu-
ally transmitted disease infections.
(Blood. 2009;113:5157-5166)

Introduction

Epidemiologic studies have suggested a strong association between
the acquisition of HIV and other sexuvally transmitted diseases
(STDs).! The risk ratio for HIV acquisition for a person with
genital ulcer disease ranges from 2.2 to 11.3, whereas for nonulcer-
ative STDs, risk ratios range from 3 to 4. Additional studies have
reported that bacterial vaginosis (BV) is associated with an increase
in HIV acquisition.** Genital ulcer disease, such as syphilis or
herpes simplex infections. arc thought to enhance HIV transmis-
sion, because genital ulcerations associated with these infections
reduce epithelial barriers to HIV." Two nonulcerative diseases.
Chlamvdia and gonorrhea, are responsible for up to 80% of the
cases of all notifiable diseases in the United States.” whereas
nonulcerative STDs. such as BV, Candida. and Trichomonas, are
common in Africa.” Mechanisms responsible for the enhanced HIV
transmission by nonulcerative STDs are as of yet unknown. but
they may be related to breaching of physical barriers to infection,
disturbances in normal vaginal flora. or biologic effects on
potential target cells for HIV infection.'

During sexual transmission of HIV. virus crosses mucosal
epithelium and is eventually disseminated to proximally located
lymphoid organs, where it establishes a permanent infection. Most
evidence has indicated that Langerhans cells (LCs) are the initial
cellular targets for HIV. and that these cells play a crucial role in
disseminating HIV.”"'" LCs are abundantly present within genital
mucosal epithelium, and after contact with pathogens, they readily
emigrate from tissue to draining lymph nodes. Immature resident
LCs express surface CD4 and C-C chemokine receptor (CCR) 5.

but not surface CXC chemokine receptor 4. These LCs are readily
infected ex vivo with R5 HIV, but not with X4 HIV.'-14 This is
consistent with previous epidemiologic observation. which have
found that the majority of HIV strains isolated from patients are RS
HIV after initial infection.’® It has been reported that persons with
CCRS5 homozygous defects are largely protected from sexually
acquiring HIV.'® In rhesus macaques, within an hour after intravag-
inal inoculation of simian immunodeficiency virus (SIV), up to
90% of the SIV-infected cells were LCs. which also supports the
role of LCs as initial target cells."”

Studies on dendritic cell-specific intercellular adhesion
molecule-3-grabbing non-integrin (DC-SIGN), a C-type lectin
receptor (CLR) that is expressed on dermal macrophages and
monocyte-derived dendritic cells (mDCs)."™!” have shown that it
can bind to HIV glycoprotein (gp) 120 and facilitate HIV infection
of T cells in trans.'® Although results from other studies indicate a
minor contribution by DC-SIGN in the transmission of HIV from
mDCs to T cells, "> DC-SIGN may be involved in viral dissemina-
tion. In addition, langerin. a LC-specific CLR, has been shown to
bind HIV ¢gpl20. suggesting that it also participates in viral
dissemination.”! However. a recent study revealed that langerin
impairs both infection of LCs by HIV and its subsequent viral
dissemination.? This study also showed that langerin was involved
in capture of HIV and subsequent internalization within Birbeck
granules. where it was degraded. Nevertheless, when LCs were
exposed to high viral concentrations of HIV, there was significant
infection of LCs by RS virus. tollowed by viral transmission to

Submitted October 22, 2008; accepted March 5, 2009. Prepublished online as
Blood First Edition paper, March 11, 2009; DOl 10.1182/blood-
2008-10-185728.

BLOOD., 21 MAY 2009 - VOLUME 113, NUMBER 21

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

5157



186

5158 OGAWAetal

T cells. This suggests that there is a saturation of langerin at higher
virus concentrations that overwhelms the protective mechanism of
action, so that langerin is ultimately unable to completely prevent
LC infection. This might explain the recent in vivo findings that
demonstrated that molecules targeting CCR5 were able to protect
against mucosal transmission of SIV,2*?* whereas the CLR inhibi-
tor, mannan, could not prevent STV mucosal transmission in female
macaques.?* When taken together with the human epidemiologic
data cited above, the results suggest that CD4/CCR5-mediated de
novo infection of LCs is the major pathway involved in sexual
transmission of HIV.

When encountering pathogens, LCs and dendritic cells (DCs)
recognize pathogen-associated molecular patterns (PAMP) by
pattern recognition receptors (PRRs), such as Toll-like receptors
(TLRs). Subsequently, this leads to production of inflammatory
cytokines that ultimately promote innate responses.? In addition,
2 members of the nucleotide-binding oligomerization domain
(NOD) family, NOD! and NOD2, mediate recognition of special
bacterial components, and function as cytosolic sensors for innate
recognition of these microorganisms.’® Many studies have shown
that ligands of the NOD family can synergize with many of the
TLR ligands, including TLR2 ligands, and cause induction of
cytokine production.”> For example, lipopolysaccharide (LPS) is
recognized by TLR4; lipoproteins and peptidoglycans (PGNs) are
recognized by TLRI/TLR2, TLR2/TLR6, NOD1, or NOD2; and
flagellin is recognized by TLRS. Alternatively, viral compounds
can trigger signaling through endosome-associated receptors, such
as TLR3 by dsRNA, TLR7 and TLRS by ssRNA, and TLR9 by
unmethylated cytosine guanine dinucleotide DNA.

Recent studies have suggested that there is involvement of
PRRs in STD and BV immune responses, and among the specific
PRRs, TLR2 signaling is considered as a critical stimulus for
enhanced HIV acquisition during STD and BV infections, because
it has been shown to promote HIV replication in various immune
cells.?™3! Thus, we hypothesized that when STDs or BV occur,
stimulation of PRRs on LCs by bacterial components may augment
HIV susceptibility in LCs, thereby leading to enhanced sexual
transmission of HIV. In the current study, we examined whether
specific agonists for PRRs, microbial components, or whole
bacteria could modulate HIV infection levels in LCs and DCs.

Methods

Reagents

Cells were stimulated with synthetic or bacteria-derived TLR and NOD
agonists for 24 hours at the following concentrations: Pam;CysSerLys,y
(Pam3CSK,4, TLR1/2; 0.2-5 wg/mL), heat-killed Listeric monocytogenes
(HKLM, TLR2; 0.2-5 X 10%mL), poly(I:C) (TLR3; 20 pg/mL), Esche-
richia coli K12 LPS (TLR4; 10 ng/mL), flagellin from Salmonella typhi-
murium (TLRS; 2.5 pg/mL), PamyCGDPKHPKSF (FSL1, TLR2/6; 2-50 pg/
mL), loxoribine (TLR7; 500 pM), ssRNA40/LyoVec (TLRS; 10 pg/mL),
CpG oligonucleotide type B (OPN2006, TLR9; 5 uM), lipoteichoic acid
(LTA; TLR2; 0.4-10 pg/mL), PGN (TLR2 and NODs; 0.2-5 pg/mL),
v-D-Glu-mDAP (iE-DAP, NODI; 100 wg/mL), and muramyl dipeptide
(MDP, NOD?2; 10 pg/mL; all from InvivoGen, San Diego, CA, except for
PGN from Sigma-Aldrich, St Louis, MO, and MDP from Calbiochem,
Madison, WI). For the blocking experiment, the following monoclonal
antibody (mAb) and reagent were used: anti-TLR2 (eBioscience, San
Diego, CA) and myeloid differentiating factor 88 (MyD88) homodimeriza-
tion inhibitory peptide (Imgenex, San Diego, CA). Both Staphylococcus
aureus and S ryphimurium were gifts from Naoki Yamarmoto (University of
Osaka, Osaka, Japan). Lactobacillus spp, group B streptococcus, Prevotella
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bivia, and Bacteroides fragilis were collected from HIV-seronegative
women after informed consent was obtained in accordance with the
Declaration of Helsinki, using an Institutional Review Board-approved
protocol from the University of Yamanashi. All the bacteria were heat-
inactivated for 1 hour at 57°C,

Preparation of monocyte-derived LCs and mDCs

Monocyte-derived LCs (mLCs) and mDCs were cultured from peripheral
blood mononuclear cells (PBMCs), as described previously.’? Briefly,
monocytes were isolated by depletion of magnetically labeled nonmono-
cytes (Monocyte Isolation Kit II; Miltenyi Biotec, Auburn, CA) from
plastic-adherent PBMC obtained from healthy blood donors. Monocytes
were cultured in RPMI 1640 (Invitrogen Life Technologies, Carlsbad, CA)
supplemented with 10% heat-inactivated fetal bovine serum (Cell Culture
Technologies, Gravesano, Switzerland), 100 U/mL penicillin (Invitrogen
Life Technologies), 100 wg/mL streptomycin {Invitrogen Life Technolo-
gies), 2 mM L-glutamine (Invitrogen Life Technologies; complete medium)
supplemented with 1000 U/mL recombinant human granulocyte-
macrophage colony-stimulating factor (GM-CSF; R&D Systems, Minneapo-
lis, MN), 1000 U/mL recombinant human interleukin (IL)—4 (R&D Systems),
and with mLCs or without mDCs and 10 ng/mL human platelet-derived
transforming growth factor (TGF)—-1 (R&D Systems) for 7 days.

HIV infection of mLCs and mDCs in vitro

Purified, pelleted, and titered HIV-1Ba-L, an R5 HIV laboratory isolate (stock at
50% tissue culture-infective dose of 10-!7/mL and 1.8 X 10 virus particles/
mL), was purchased from Advanced Biotechnologies (Columbia, MD). For
some experiments, 2 X 10° mLCs and mDCs were preincubated with various
agonists or inhibitors, and then HIVBa-L at a 1/100 final dilution was added for
2hours at 37°C. After incubation, cells were harvested, washed 3 times,
resuspended in complete medium supplemented with GM-CSF and IL~4 and/or
TGF-B1, and cultured for an additional 7 days at the same cellular concentration.
Half of the total volume of the medium was replaced with fresh complete
medium and GM-CSF and IL-4 every other day. HIV-infected cells were
assessed by HIV p24 intracellular staining. HIV infection levels were expressed
as a normalized percentage of the positive cells for HIV p24 using a calculated
fold difference compared with the mean percentage of the positive cells for HIV
p24 in untreated cells.

HIV infection of skin explants ex vivo

Epithelial sheets were obtained from suction blister roofs from HIV-
negative healthy donors. Droplets (50 pL) containing HIVBa-L at a
1/100 final dilution were placed on the inside surfaces of sterile plastic
culture dish covers. Explants were draped over dropiets with the basal
epithelial cell surface facing downward. Virus and explants were
incubated together in this manner at 37°C for 2 hours. Explants were
washed and then floated with the basal epithelial cell sides down. The
emigrating cells from the epidermal sheets were collected 3 days after
the HIV exposure. HIV-infected LCs were assessed using HIV p24
staining. In some experiments, 1 X 10* emigrated LCs were cocultured
with 2 X 10% allogeneic CD4* T cells for 12 days. Supernatants were
harvested every third day and examined for HIV p24 protein content by
enzyme-linked immunosorbent assay (ELISA).

Flow cytometry

Single-cell suspensions were stained using the following anti-human mAbs:
anti-CD83 (BD Biosciences, San Jose, CA), anti-CD86 (BD Biosciences),
anti-CD4 (Beckman Coulter, Fullerton, CA), anti-CCR5 (R&D Systems),
anti-DC-SIGN (R&D Systems) directly conjugated to fluorescein isothiocyanate
(FITC), antilangerin (Immunotech, Fullerton, CA), anti-TLR-1, -2, -4, -3, -9
(eBioscience) directly conjugated to phycoerythrin (PE), and anti-CDl11c (BD
Biosciences) and anti-CD1a (BD Biosciences) directly conjugated to allophyco-
cyanin. Biotinylated anti-TLR-6 (eBioscience), and in some experiments,
biotinylated antilangerin (R&D Systems) were stained by streptavidin-FITC or
allophycocyanin conjugate (BD Biosciences), respectively, and purified ant—
E-cadherin (R&D Systems) and anti-TLR-7, -8 (eBioscience) were detected by
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FITC-conjugated goat anti-mouse or FITC-conjugated rabbit Flab"),. respec-
tively. Cells were incubated with Abs for 30 minutes at 4°C. washed 3 times in
staining buffer. and examined by FACSCalibur. For measurement of intracellular
TLR-3. -9. -7. and -8. a fixation and permeabilization procedure was performed
(Cytofix/Cytoperm: BD Biosciences). For HIV p24 intracellular staining. cells
were incubated with 10 pg/mL PE-conjugated mouse anti-human langerin mAb
and allophycocyanin-conjugated mouse anti-human CD e mAb for 30 minutes
at 47C. Cells were then fixed and permeabilized with Cytofix/Cytoperm reagents
for 20 minutes at 4°C. Cells were then incubated with 10 pg/mL FITC-
conjugated mouse anti-HIV p24 mAb (Beckman Coulter) diluted for 30 minutes
at 4°C. with the quantificd numbers of HIV-infected cells determined by
FACSCalibur. mLCs were gated on langerin™ CD1lc™ cells. and mDCs were
gated on CD 1™ cells.

Real-time quantitative reverse transcription—polymerase chain
reaction analysis

Relative mRNA expression was determined by real-time polymerase chain
reaction (PCR) using an ABI PRISM 35500 Sequence Detection System
(Applied Biosystems. Foster City, CA) with SYBR Green I dye (QIAGEN.
Valencia, CA), according to the manufacturer’s instructions. Total RNA was
isolated using TRIzol (Invitrogen Life Technologies). and ¢DNA was
synthesized using the SuperScript system (Invitrogen Life Technologies).
Primers corresponding to human TLR-3. TLR-9. NODI., NOD2,
APOBEC3G, and glyceraldehyde-3-phosphate dehydrogenase (G3PDH)
were designed by Takara Bio (Shiga. Japan). Cycle threshold numbers (Ct)
were derived from the exponential phase of the PCR amplification. Fold
differences in the expression of gene x in the cell populations v and - were
derived by 2k, where & = (Cty ~ CtG3PDH)y -~ (Cty — CLtG3PDH)z.

ELISA

mLCs and mDCs were (10° cells/mL) stimulated for 24 hours with TLR and
NOD ligands. The culture supernatants were collected after centrifugation,
and stored at —80°C for cytokine measurements. The concentrations of
cytokines (IL-6. 1L-8, tumor necrosis factor (TNF)-«. and [L-10) in the
culture supernatants were measured using cytometric bead array (CBA)
assays (BD Biosciences). After acquisition of sample data by flow
cytometry. results were analyzed using the BD Biosciences CBA analysis
software. For measurement of HIV p24 protein levels, supernatants were
collected. inactivated with Triton X-100 (Sigma-Aldrich: 2% final concen-
tration). and kept frozen until measurements of HIV p24 protein levels were
performed by ELISA (ZeptoMetrix, Buftalo, NY).

Western blot analysis

Proteins of the cells were extracted using a I5-minute incubation in
complete lysis buffer containing a protease inhibitor. Equal amounts of
protein were scparated by sodium dodecyl sulfate—polyacrylamide gel
clectrophoresis and transferred onto a transfer membrane (Daiichikagaku,
Tokyo, Japan). Western blot was performed to detect human APOBEC3G
and used 2.5 pg/mL rabbit immunoglobulin (Ig) G anti-APOBEC3G
polyclonal antibody (Abcam. Cambridge. MA). Blots were incubated with
the horseradish peroxidase (HRP)-linked secondary antibody, goat anti-
rabbit 1¢G (Pierce. Rockford. IL). Analyses were performed using the HRP
Western blot detection system (Pierce). To test for the A3G subcellular
localization in some experiments, we separated the pellet (P) fraction. as
has been described previously. ™ Briefly. cells were ysed with ice-cold lysis
buffer (Sigma-Aldrich) for 30 minutes and centrifuged at 35 000 rpm
(TLA-120.2 rotor in Optima TEX. Beckman Coulter) for 1.5 hours. Equal
volumes of P and supernatant (SN) were loaded on gel and analyzed by
Western blotting.

Results

Because ex vivo purification of epidermal LCs from human skin
results in a significant spontancous maturation, it is difficult to
monitor PAMP-induced maturation of fresh isolated LCs. > Most
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of the phenotypic characteristics of LCs depend upon the presence
of TGF-B1 in the epidermal microenvironment, 7 because TGF-B1
promotes the development of LC-like DCs from peripheral blood
monocytes. ™ In general, epidermal LCs can be discriminated
from DCs by the expression of E-cadherin and langerin. In
5 experiments. we generated monocyte-derived LCs (mLC) and
found expression levels of E-cadherin® cells and langerin™ cells
o be 90.7 + 9.5% (mean + SD) and 35.1 + 14.5%. respectively
(data not shown). Based on these findings. we used fluorescence-
activated cell sorter (FACS) to isolate highly purified langerin-
positive mLCs that could be used as surrogate cells for epidermal
LCs. Alternatively. mLCs were identified by gating langerin-
positive cells in FACS analyses. To test activation of LCs and DCs
after TLR stimulation. mLCs and mDCs were challenged with
Pam;CSK, for TLR1/2, heat-killed L monocyvtogenes (HKLM) for
TLR2. FSL1 for TLR2/6. poly(1:C) for TLR3. LPS for TLR4,
flagellin for TLRS. loxoribine for TLR7. ssRNA40 for TLRS, and
ODN?2006 tor TLRY for 24 hours. Subsequently, we examined
expression of CD86, a marker of LC/DC activation. Similar to
previously reported findings, % there was significant up-
regulation of CD86 on langerin® mLCs by Pam;CSK,, HKLM,
FSLI, and poly(1:C), respectively (Figure 1A). These ligands also
induced up-regulation of another activation marker. CD83. and
stimulated [L-6 and 1L-8 production by langerin™ mLCs (data not
shown). Bacteria-derived TLR2 agonists, LTA and PGN. also
up-regulated cxpression levels of these activation markers in a
dose-dependent manner, whereas the TLR4, 5.7, 8. and 9 agonists
did not (Figures TA. 2A, and data not shown). These results
indicated that mLCs express functional TLR1, TLR2, TLR3. and
TLR6 proteins. We also used anti-TLR—specific mAb labeling,
which made it possible to confirm the expression of these TLRs on
mLCs (data not shown).

To determine the effects of TLR signaling on HIV susceptibility
or HIV replication of mLCs or mDCs, cells were stimulated with
TLR agonists for 24 hours before and after exposure to HIV. To
specifically identify HIV-infected cells on a single-cell level. mLCs
or mDCs were collected 7 days after HIV exposure and then
double-stained with anti-HIV p24 mAb along with other antibodies
directed against surface markers for mLCs or mDCs. This method-
ology made it possible to determine the number of HIV p24* cells
within langerin '/CD11lc™ mLCs and within CD1Ic™ mDCs. Unin-
fected cells stained with anti-p24 mAb and HIV-infected cells
stained with isotype control antibody always showed less than
0.10% positivity. thereby confirming the specificity of the p24
staining (data not shown). Surprisingly. incubation with the TLR2
agonists. including HKLM, Pam;CSK,. and FSL1, before and after
HIV exposure dramatically enhanced HIV infection levels in
mLCs, whereas incubation with the other agonists did not (Figure
1B.C). Similar effects were observed with the bacteria-derived
TLR2 agonists, LTA and PGN, in a dose-dependent manner (Figure
2B.C). We also used ELISA to determine HIV p24 protein levels in
mLC culture supernatants. ELISA results correlated with the
single-cell flow cytometric data (data not shown). As was seen with
LCs. preincubation with TLR2 or TLR3 agonists induced matura-
tion of mDCs (Figure [D). By contrast to the mLC findings.
however, there was partial inhibition of HIV infection in mDCs
when these cells were preincubated with TLR2 agonists (Figure
1E.F). Furthermore. TLR3 ligation by poly(l:C) before and after
HIV exposures dramatically decreased HIV infection levels in
mDCs. Thus. these data suggest that TLR signaling eftects on HIV
susceptibility and productive infection are differently regulated
in L.Cs and DCs.
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A D Figure 1. TLR stimuli modulate CD86 expression, HIV
susceptibility, and HIV replication in mLCs and mDCs.
40 % I mLCs and mDCs were cultured in medium alone or with
* 60 5 ug/mL PamaCSKy, 5 X 108/mL HKLM, 20 ug/mL poly(l:
30 A =50 * * C), 10 ng/mL LPS, 2.5 pg/mL flagellin, 50 wg/mL FSL1,
e " o 500 uM loxoribine, 10 wg/mL ssRNA40, or 5 puM
.5;20 | * -.!.40‘ ODN2006 for 24 hours. The expression of CD86 was
8 -3 104 examined (A, mLC; D, mDC; MFI, mean fluorescence
8 8 intensity). Results are shown as means plus or minus SD
10 4 201 (*P < .05). mLCs (B,C) or mDCs (E,F) were stimulated
10 with the indicated TLR agonists for 24 hours before (B,E)
i o- and after (C,F) HIV exposure. To identify HIV infection
a& Q& A Q"o Q\(\ § o™ ‘:’)'\ & Q% 3» ‘&e@ levels, mLCs or mDCs were collected 7 days after the
L ‘gy“% ‘°§s\?’@\ 00@ A Qd**\ §$0 HIV exposure, and HIV p24* cells were assessed in
langerin® CD11c* mLCs or CD11c* mDCs (expressed
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To understand how HIV traverses skin and genital mucosa, we
recently developed an ex vivo model whereby resident LCs within
epithelial tissue explants are exposed to HIV and then allowed to
emigrate from tissue, thus mimicking conditions that occur after
mucosal exposure to HIV.!'#! Using this model, we examined
whether TLR2 stimulation enhanced HIV infection of epidermal
LCs, and whether TLR2 stimulation enhanced subsequent HIV
transmission from LCs to CD4" T cells. Similar to the findings
observed within mLCs, preincubation of epithelial sheets with
HKLM significantly enhanced HIV infection levels in epidermal
LCs as well as HIV transmission from emigrated LCs to CD4™*
T cells (Figure 2D,E). As controls, epithelial sheets preincubated
with poly(I:C) failed to enhance HIV infection levels in LCs, and
led to decreased HIV transmission from LCs to CD4* T cells.

To test whether LCs or DCs express NOD1 and NOD2, mLCs
and mDCs were challenged with PGN, the NOD1-specific agonist
iE-DAP, and the NOD2-specific agonist MDP. These stimuli
caused significant up-regulation of CD86 on mLCs and mDCs
(Figure 3B,F). Quantitative reverse transcription (RT)-PCR con-
firmed the expression of NOD1 and NOD2 by these cells (Figure
3A,E). To determine effects of these NOD stimulators on HIV
infection, cells were incubated with PGN, iE-DAP, or MDP for
24 hours before and after HIV exposure. Incubation with iE-DAP
or MDP before and after HIV exposure significantly reduced HIV
infection levels in mDCs (Figure 3G,H), but not in mLCs. Instead,
these stimuli caused slight increases in HIV infection in mLCs
(Figure 3C,D). Compared with iE-DAP and MDP, PGN signifi-
cantly increased HIV infection levels in mLCs, suggesting that the
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Figure 2. TLR2 stimuli enhance HIV susceptibility in mLCs A
and resident epidermal LCs. mLCs were stimulated via

TLR2 using heat-killed Gram* bacteria (HKLM; 0.2, 1,5 x 108/
mL), synthetic agonists (PamzCSKs, 0.2, 1, 5 png/mL; FSL1, 2,
10, 50 pg/mL), or Gram* bacterial components (LTA, 0.4, 2,
10 pg/mL; PGN, 0.2, 1, 5 pg/mL) for 24 hours at various
concentrations, as has been described in “Methods” (A-C).
Cells were stimulated via TLR2 before (B) and after (C) HIV
exposure. The expression of CD86 (A) and percentage of
positive cells for HIV p24 (B,C) were assessed in langerin*
CD11c* mLCs or CD11c* mDCs (MFI, mean fluorescence
intensity). Epithelial sheets obtained from suction blister roofs
were preincubated with 5 x 108/mL HKLM or 20 pg/mL B

poly(l:C) for 2 hours, and then exposed to R5 HIV (D). The 6

emigrating cells from the epidermal sheets were collected
3 days after HIV exposure, and HIV-infected epidermal LCs
were assessed by HIV p24 intracellular staining (D). Represen-
tative FACS analyses of CD11c and p24 mAb double-stained
cells are shown. For the assessment of HIV transmission from
LCs to CD4* T cells, emigrated LCs were collected 3 days
after HIV exposure and washed, and then 10% LCs were
cocultured with 2 x 108 allogeneic CD4* T cells for 12 days.
p24 protein levels in culture supernatants were assessed by
ELISA on the indicated days (E). Results are shown as means
plus or minus SD (n = 3). *P < .05; **P < .01. All data shown
represent at least 2 separate experiments.
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infection-enhancing effects of PGN are primarily mediated by a
TLR2 signaling pathway. This assertion is also supported by the
fact that anti-TLR2 mAD significantly blocked the ability of PGN
to enhance HIV infection in mLCs (Figure 4A).

In contrast to the findings observed for Gram* bacteria-derived
or synthetic agonists for TLR2, LPS failed to enhance HIV
infection levels in mLCs (Figure 1). This is not surprising, because
LCs have been shown to lack expression of the functional TLR4
that is involved in the recognition of Gram~ bacterial compo-
nents.’>342 We were also unable to detect expression of TLR4 on
mLCs (data not shown). The distinct responsiveness to TLR2 and
TLR4 agonists suggests that Gram™® or Gram™ bacteria may have
differential effects on HIV infection levels in LCs. Therefore, we
tested effects of whole Gram®™ and Gram- bacteria on HIV
susceptibility and HIV replication in LCs. As expected, incubation
with S aureus before and after the HIV exposures dramatically
enhanced HIV infection levels in langerin */CD11¢* mLCs, whereas
S typhimurium showed little or no effect (Figure 5A,B). Similarly,
preincubation with group B streptococcus significantly enhanced
HIV infection levels in mLCs, whereas Listeria spp did not (Figure
5C). In contrast, incubation with S aureus or S typhimurium
decreased HIV infection levels in mDCs (Figure 5SD,E).

paa

We next tested the capacity of mAbs against TLR2 and a
MyD88 inhibitor for their ability to inhibit TLR2-enhanced HIV
replication in mLCs. Anti-TLR2 mAb demonstrated a significant
blocking capacity for HKLM- and PGN-enhanced HIV replication
in mLCs, whereas isotype control IgG did not (Figure 4A).
Furthermore, when mLCs were stimulated by HKLM or PGN in
the presence of a MyD88 inhibitor peptide, we did not observe
TLR2-enhanced infection (Figure 4B), confirming that increased
HIV replication that occurs after exposure of mLC to Gram®
bacteria is mediated by TLR2/MyD88 signaling.

We have previously reported that mLCs and mDCs express CD4 and
CCRS with expression levels for these HIV receptors lower on mLCs
compared with mDCs.*? Similar to previous DC studies,*** mDCs
matured in the presence of HKLM or PGN decreased CCRS surface
expression, whereas CCRS levels on mLCs were not significantly
down-regulated after exposure to these stimuli (Figure 6B,E). Interest-
ingly, these stimuli significantly up-regulated CD4 expression on mLCs,
whereas CD4 levels on mDCs were unchanged (Figure 6A,D). Further
investigation of the expression levels for the surface CLRs determined
that langerin expression on mLCs remained unchanged, whereas
DC-SIGN levels on mDCs were markedly down-regulated after HKLM-
or PGN-induced maturation (Figure 6C,F). Thus, there was a partial
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Figure 3. mLCs and mDCs express functional NOD1 and NOD2. Expression of NOD1 and NOD2, and TLR3 and TLR9, which were used as controls, in mLCs and mDCs
was assessed using real-time quantitative RT-PCR analysis (qQPCR; A, mLCs; E, mDCs). mLCs and mDCs were stimulated by PGN (5 pg/mL), iE-DAP (for NOD1, 100 p.g/mL),
and MDP (for NOD2, 10 ug/mL) for 24 hours. mLCs (B-D) or mDCs (F-H) were stimulated via NOD receptors before (C,G) and after (D,H) HIV exposure. The expression of
CD86 (B,F) and percentage of positive cells for HIV p24 (C,D,G,H) was assessed in langerin® CD11¢* mLCs or CD11c* mDCs (MFI, mean fluorescence intensity). Results are
shown as means plus or minus SD (*P < .05). All data shown represent at least 2 separate experiments.

correlation between cell surface expression levels of the HIV receptors
and CLRs with the HIV susceptibility phenotype observed in mL.Cs and
mDCs stimulated by bacterial components via TLR2 (Figure 1).

We found that TLR2 stimulation enhanced HIV infection levels
in mLCs, even when mLCs were incubated with TLR2 agonists
after the HIV exposures. We therefore considered postentry cellular
restriction factors for HIV. Recently, Pion et al have reported that
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between the 2 families that have been shown to restrict HIV
infection (tripartite motif [TRIM]/APOBEC),* T5a and A3F
were not strong restriction factors in mDCs.** However, A3G
did function as a potent postentry cellular restriction factor for
HIV in mDCs. To analyze whether TLR stimulation modulated
A3G activity in mLCs and mDCs, we activated these cells with
TLR agonists and then quantified A3G expression. Interestingly,

B as
) % O control
- 3 peptide
25 MyD88
¢, ¥ I inhibitory
s peplide
@15
[+]
&
=
0.51
0
no treat HKLM PGN
no treat HKLM PGN
"L" ” '}" control
; peptide
L v -
8
B | [0 | [0 |
A ' inhibitory
peptide

p24

Figure 4. Enhancement of HIV replication by TLR2 ligation in mLCs is dependent on the TLR2-MyD88 signal pathway. After HIV exposure, mLC were preincubated with
anti-TLR2 mAb (10 pg/mL) for 30 minutes or MyD88 inhibitory peptide (100 wM) for 24 hours, followed by coculturing with 5 X 108/mL HKLM, or 5 pg/mL PGN for 24 hours.
Isotype control or control peptide experiments were performed using the same conditions. HIV-infected mLCs were assessed 7 days later by HIV p24 intracellular staining.
(A) Anti-TLR2 mAb; (B) MyD88 inhibitory peptide. Summary of experiments and representative FACS analyses of CD11c and p24 mAb double-stained cells are shown. Results
are shown as means plus or minus SD (n = 3). *P < .05. All data shown represent at least 2 separate experiments.
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Figure 5. Gram* bacteria enhance both HIV susceptibility A D
and replication in the mLCs. mLCs and mDCs were incubated 3 20
with heat-killed whole bacteria, including S aureus (1057 CFU/ k1
mL), S typhimurium (104~ CFU/mL), L spp (108 CFU/mL), group §_ § 15
B streptococcus (106 CFU/mL), P bivia (108 CFU/mL), or B fragilis 4 2 2
(108 CFU/mL) for 24 hours before (A,C,D) and after (B,E) HIV s " =10 ¥
exposure. The percentage of positive cells for HIV p24 was 3 1 * §
assessed in langerin® CD11c™ mLCs (A-C) or CD11c* mDCs :' - 5
(D,E). Results are shown as means plus or minus SD (*P < .05). © N
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higher levels of A3G were expressed by mLCs versus mDCs
(Figure 7). Consistent with a previous report,>* A3G levels were
significantly increased in mDCs by LPS (data not shown). In
addition, A3G levels were increased by HKLM, Pam;CSKj, and
poly(I:C) in mDCs (Figure 7A,B). Surprisingly, the same TLR2
ligation by HKLM and Pam;CSK, resulted in a significant
reduction of A3G levels in mLCs. Poly(I:C) increased A3G
levels in mLCs, but not in mDCs.

Cellular A3G, which resides as a low molecular mass (LMM)
active form, can function as a postentry restriction factor for HIV
during reverse transcription in mDCs. To evaluate whether A3G
was present in a LMM active form in mLCs, we used a previously
reported method for mDCs that used high-speed centrifugation to
separate the cytosolic proteins from the pellet (P) fraction (which
contains heavy membranes, endosomes, and nuclei).?® Using this
method, cytosolic A3G was extracted in the SN fraction (A3G SN),
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Figure 7. TLR2, but not TLR3, stimulation negatively modulates A3G
expression levels in mLCs. mLCs and mDCs were cultured in medium

% alone or with 5 X 10%mL HKLM, 5 pg/mL PamsCSK,, or 20 pg/mL
poly(l:C) for 24 hours before HIV exposure. Expression of A3G in mLCs
and mDCs was assessed using qPCR (A) or Western blotting (B). Results
are shown as means plus or minus SD (*P < .05; **P < .01). Alternatively,
cells were lysed and centrifuged at high speed, with equal volumes of the
P fraction and the SN fraction, and then analyzed for A3G expression by
Western blotting. A3G expression was quantified, with a value of 1
assigned to the pellet fraction in nontreated cells (C). All data shown
represent at least 2 separate experiments.
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whereas the higher molecular forms of A3G were left in the
P fraction. Our results indicated that A3G SN was present in mLCs,
although it was significantly down-regulated after the HKLM
stimulation (Figure 7C). When taken together, these results suggest
that the proportion of the A3G SN is well correlated with the HIV
restriction phenotype in mLCs (Figures 1, 7A,B).

Discussion

LCs are thought to be the initial cellular targets that play a pivotal
role in the viral dissemination during sexual transmission of HIV.
To understand the biologic mechanisms by which STDs and BV
contribute to increase in HIV acquisition, we tested the hypothesis
that bacterial recognition pathways are responsible for modulating
LC susceptibility to HIV. We demonstrated that Gram™ bacteria
(eg, HKLM) enhance HIV susceptibility in langerin* mLCs as well
as in epidermal LCs. Among the TLR1-9-specific agonists, only
TLR2 and TLR3 agonists were able to induce significant matura-
tion and cytokine production in mLCs. Interestingly, TLR2 ago-
nists enhanced HIV susceptibility in mLCs, whereas other TLR-
specific agonists, including TLR3, did not. Thus, our findings
suggest that TLR2 plays a central role in Gram™ bacteria-enhanced
infection that occurs in LCs. This statement is also supported by
our findings that TLR2 mAb exhibited a significant ability to block
the enhancement of HIV infection in LCs by Gram™ bacteria. It
should be noted that the stimulation of TLR2 and TLR3 decreased
HIV susceptibility in mDCs. Although it is unlikely that submuco-
sal DCs are directly infected with HIV in the sexual transmission of
HIV, this may occur in the presence of ulcerating STD infections.
In these instances, our data suggest that TLR2 stimulation by
bacterial components may act to protect DC from HIV infection.
Overall, the current findings suggest that TLR2 stimulation might
induce a cell type—specific pathway in LCs that enhances HIV
susceptibility of these cells.

There are several possible mechanisms that could account for
enhancement of HIV infection in LCs via Gram™ bacteria/TLR2. We

demonstrated that HKLM and PGN significantly increased surface
expression of CD4 in mLCs, which may be involved in enhanced HIV
susceptibility of LCs. In addition, TLR2 ligation may also affect HIV
infection in mLC postviral entry, because the enhancement of HIV
infection was observed even if the cells were stimulated after HIV
exposure. Recent studies have revealed a crucial contribution for A3G in
the susceptibility of various cell types to HIV. In mDCs, it has been
shown that A3G functions as an especially strong postentry restriction
factor, and its expression level is significantly increased by TLR4
ligation, which further restricts HIV infection.?> Our results demon-
strated that TLR2 ligation significantly reduced A3G levels in mLCs,
and the proportion of A3G SN was inversely correlated with HIV
infection levels in these cells (Figures 1, 7), suggesting that Gram™*
bacteria enhance HIV infection in LCs by decreasing A3G expression.
Interestingly, there was no significant difference between HIV infection
levels in mLCs treated by TLR2 ligands before infection compared with
treatment after infection (Figure 1B,C). In contrast, mDC treated by
HKLM or Pam;CSK, demonstrated significantly higher infection levels
with pretreatment compared with posttreatment (Figure 1E,F, and data
not shown). These results suggest that TLR2-mediated regulation of cell
surface HIV receptor expression may contribute to decreased HIV
infection in mDCs, but that regulation of cell surface HIV receptor
expression contributes relatively little to TLR2-mediated enhancement
of HIV infection in mLCs.

We found that A3G expression is strongly induced in mDCs
upon TLR2 stimulation; however, it failed to limit HIV replication
even if cells were stimulated after infection (Figures IF, 7A).
Because other factors (eg, APOBEC family other than A3G, TRIM
family, chemokines, or cytokines) can affect HIV infection levels
in macrophages,* these conditions may supercede restriction
effects controlled by A3G in HIV-infected TLR2-stimulated DCs.
Recent studies have shown that interferons are strong inducers of
A3G, and interferon-3 expression is induced in mLCs by activation
with TLR3, but not TLR2, agonists.*>*¢ In our study, TLR3, but not
TLR2, agonists significantly increased A3G levels in mLCs (Figure
7A), suggesting that interferons produced by LCs may be involved
in the regulation of A3G by TLRs. Thus, mucosal application of
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TLR3 agonists or interferons may be considered as alternative
approaches to decrease sexual transmission of HIV.

Recently, de Jong et al reported that TNF-a stimulated HIV
transmission from LCs to T cells by increasing HIV replication in
LCs, whereas Pam;CSK, increased LC capture of HIV and
subsequent trans infection of T cells.*” In contrast to our findings,
they showed Pam3;CSKy alone did not increase HIV infection in
LCs. Considering the indirect effect of TNF-c, we found that TLR2
(but not TLR3) agonists induced abundant TNF-a production by
mLCs (data not shown), consistent with previous findings.*>#6 It is
possible that the enhancement of HIV infection in LCs by TLR2
stimuli observed in our study might be due, at least in part, to
increased production of TNF-a by LCs.

Bacterial components are either liberated from live bacteria or
released upon bacterial lysis. In the current study, we were able to
demonstrate for the first time that mLCs express functional NOD1
and NOD2. Although their ligands induced significant maturation
of mLCs, effects on HIV infection were quite limited compared
with PGN. Furthermore, TLR2 mAb significantly blocked the
capacity of PGN to enhance HIV infection, suggesting that PGN is
modulating HIV infection levels in LCs via TLR2-MyD88 rather
than through NOD pathways.

In most healthy women, the vaginal microflora comprises large
quantities of a limited number of lactobacilli species, which
appears to confer some protection against HIV acquisition.! BV is
characterized by a reduction in the number of lactobacilli and the
growth of several species of anaerobic bacteria. Interestingly, in
this regard, we found that Listeria spp as well as anaerobic bacteria
did not significantly affect HIV infection levels in langerin* mLCs.
The failure of anaerobic bacteria to enhance HIV susceptibility in
LCs might be because anaerobic bacteria, including P bivia and
B fragilis, are Gram~ bacteria recognized mainly by TLR4.% In
addition, it has been recently reported that Listeria spp did not
induce TNF-a secretion and HIV LTR activation in THP-1 cells
that express TLR2.’7 Taken together, in addition to bacterial
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components, we also demonstrated that whole Gram™ bacteria,
including L monocytogenes, S aureus, and group B streptococcus,
enhanced HIV susceptibility in langerin® mLCs. Nonulcerative
STDs, such as Neisseria gonorrhoeae, Chlamydia trichomatis, and
Candida spp, have been shown to stimulate cells via TLR2,%$484
suggesting that these organisms may also enhance HIV infections
in LCs like in other immune cells.?”-3!

We demonstrated that Gram™ bacterial components directly
augmented HIV infection in LCs by activating TLR2. It is possible
that TLR2 stimulation of LC infection underlies, at least in part,
enhanced sexual transmission of HIV in settings where there is
concomitant STD infection. Based on this theory, blockade of
TLR2 signaling might be considered as an alternate approach to
decrease sexual transmission of HIV.
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