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Topical antimicrobicides hold great promise in reducing human immunodeficiency virus (HIV) transmis-
sion. Amphibian skin provides a rich source of broad-spectrum antimicrobial peptides including some that
have antiviral activity. We tested 14 peptides derived from diverse amphibian species for the capacity to inhibit
HIV infection. Three peptides (caerin 1.1, caerin 1.9, and maculatin 1.1) completely inhibited HIV infection of
T cells within minutes of exposure to virus at concentrations that were not toxic to target cells. These peptides
also suppressed infection by murine leukemia virus but not by reovirus, a structurally unrelated nonenveloped
virus. Preincubation with peptides prevented viral fusion to target cells and disrupted the HIV envelope.
Remarkably, these amphibian peptides also were highly effective in inhibiting the transfer of HIV by dendritic
cells (DCs) to T cells, even when DCs were transiently exposed to peptides 8 h after virus capture. These data
suggest that amphibian-derived peptides can access DC-sequestered HIV and destroy the virus before it can be
transferred to T cells. Thus, amphibian-derived antimicrobial peptides show promise as topical inhibitors of
mucosal HIV transmission and provide novel tools to understand the complex biology of HIV capture by DCs.

Antimicrobial peptides (AMPs) are key effectors of the in-
nate immune response of animals (31). The skin of anuran
amphibians (frogs and toads) is a rich source of these peptides,
accounting for >20% of the 880 known AMPs from all species
(44, 68). (An online catalog of all reported molecules can be
found at http://www.bbcm.units.it/~tossi/pag2.htm.) Amphib-
ian AMPs (referred to throughout as A-AMPs) are typically 11
to 46 amino acid residues in length and are produced and
stored in specialized granular glands within the skin. The ma-
jority of A-AMPs consist of two distinct classes: linear a-helical
peptides or peptides with cysteines forming a C-terminal dis-
ulfide-bonded loop (44).

A common structural feature of A-AMPs is the clustering of
hydrophobic and cationic residues on opposite faces of the
peptide a-helix, rendering these molecules amphipathic (39,
44). These net positively charged regions bind to the negatively
charged head groups of bacterial membranes (35). Interest-
ingly, A-AMPs possess activity against a variety of microbes,
including bacteria (44), fungi (20, 46-49), viruses (5, 16, 17,
67), and malaria parasites (24).
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ology and Immunology, Vanderbilt University School of Medicine,
21st Ave. South, Medical Center North, Room AA5206, Nashville, TN
37232-2363. Phone: (615) 322-1435. Fax: (615) 343-7392. E-mail:
Derya.Unutmaz@vanderbilt.edu.

Antimicrobial agents have been proposed as a form of pro-
phylaxis against human immunodeficiency virus (HIV) trans-
mission. Cyanovirin-N, an 11-kDa protein derived from cya-
nobacteria, binds the HIV envelope glycoprotein gp120 and
inhibits the establishment of chronic infection (10, 58, 59).
Retrocyclin, a 6-defensin, binds to cell surface glycoproteins
and blocks HIV entry (18, 38, 63). Other examples of antimi-
crobial agents, such as bovine indolicidin, the human catheli-
cidin LL37, rhesus macaque myeloid a-defensin-4, and procine
protegrin-1, inhibit infection at an early step in the replication
program (45, 56).

Sexual transmission of HIV remains the most common
mode of transmission worldwide. Exposure of HIV to mucosal
regions likely results in its capture by dendritic cells (DCs)
whose normal function is to internalize invading pathogens and
process them for presentation by major histocompatibility
complex molecules (37, 43). HIV exploits the DC’s ability to
capture pathogens to facilitate its delivery to T cells (26, 33, 53,
54, 62). Understanding how HIV interacts with DCs and how
it exploits DCs to infect T cells could be important in deter-
mining the mechanism by which HIV gains a foothold in the
host. This knowledge in turn could aid in developing new
approaches to prevent HIV infection.

In this report, we identified several A-AMPs that prevent
HIV infection by disrupting the integrity of the virion mem-
brane at concentrations that are not toxic to target cells. Re-
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TABLE 1. Amphibian antimicrobial peptides

Peptide Species of origin Sequence
Caerin 1.1 Litoria caerulea GLLSVLGSVAKHVLPHVVPVIAEHL-NH,
Caerin 1.9 Litoria chloris GLFGVLGSIAKHVLPHVVPVIAEKL-NH,
Caerin 4.1 Litoria caerulea GLWQKIKSAAGDLASGIVEGIKS-NH,
Dahlein 5.6 Litoria dahlii GLLASLGKVFGGYLAEKLKPK
Dermaseptin Phyllomedusa sauvagii ALWKTMLKKLGTMALHAGKAALGAAADTISQGTQ
Esculentin-1ARb Rana areolata GLFPKFNKKKVKTGIFDIIKTVGKEAGMDVLRTGIDVIGCKIKGEC
Esculentin-2P Rana pipiens GFSSIFRGVAKFASKGLGKDLARLGVNLVACKISKQC
Maculatin 1.1 Litoria genimaculata GLFGVLAKVAAHVVPAIAEHF-NH,
Magainin II Xenopus laevis GIGKFLHSAKKFGKAFVGEIMNS
MRP Rana tagoi AIGSILGALAKGLPTLISWIKNR-NH,
Palustrin-3AR Rana areolata GIFPKIIGKGIVNGIKSLAKGVGMKVFKAGLNNIGNTGCNNRDEC
Ranatuerin-6 Rana catesbeiana FISAIASMLGKFL-NH,
Ranatuerin-2P Rana pipiens GLMDTVKNVAKNLAGHMLDKLKCKITGC
RCCP Rana catesbeiana Natural mixture of peptides
Uperin 3.6 Uperoleia mjobergii GVIDAAKKWNVLKNLF-NH,

markably, these peptides also inhibit the transfer of HIV from
DCs to T cells, even when DCs are transiently exposed to
peptides hours after capture of virus. These findings suggest
that A-AMPs could be utilized as an approach for HIV pro-
phylaxis and importantly reveal that HIV is not fully protected
after DC capture.

MATERIALS AND METHODS

Amphibian peptides. The sequence of the peptides tested and species of origin
can be found in Table 1. Caerin 1.1, caerin 1.9, caerin 4.1, dahlein 5.6, maculatin
1.1, and uperin 3.6 were synthesized by Chiron Mimotopes, Clayton, Victoria,
Australia, using L-amino acids and standard 9-fluorenylmethoxycarbonyl chem-
istry. Dermaseptin and magainin IT were purchased from Sigma (St. Louis, MO).
Esculentin-2P and ranatuerin-2P were synthesized by Sigma Genosys (Houston,
TX). Esculentin-1ARb, melittin-related peptide (MRP), and palustrin-3ARa
were isolated from skin secretions of Rana areolata and Rana tagoi by J. M.
Conlon (1, 19). Ranatuerin-6 was synthesized using standard 9-fluorenylme-
thoxycarbonyl chemistry.

Cell culture and primary cell isolation. Peripheral blood mononuclear cells
were isolated from adult blood using a Ficoll-Hypaque gradient. Monocytes and
CD4™" T cells were isolated from peripheral blood mononuclear cells as previ-
ously described (36, 40). DCs were generated by culturing CD14™* monocytes in
RPMI complete medium (10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml
of penicillin G, and 100 wg/ml of streptomycin) supplemented with interleukin-4
(50 pg/ml; R&D Systems) and granulocyte-macrophage colony-stimulating fac-
tor (50 pg/ml; R&D Systems) for 5 days and subsequently matured by addition
of lipopolysaccharide (100 ng/ml; Sigma) for 1 to 2 days. Mature DC production
was assessed by staining cells with antibodies to CD14, CD83, CD86, and
HLA-DR (all from BD Biosciences). Hut 78 T cells expressing CCRS (Hut/
CCRS5) were prepared and maintained as previously described (40, 65). 293T,
Mus dunni, and HeLa cells were maintained in Dulbecco’s modified Eagle
medium. Murine L cells used to titer reovirus were maintained in Joklik minimal
essential medium supplemented to contain 5% fetal bovine serum and 100 mg/ml
of penicillin G, 100 wg/ml of streptomycin/ml, and 250 ng/ml of amphotericin B.

Virus production. Vesicular stomatitis virus glycoprotein (VSV-G)-
pseudotyped replication-incompetent HIV particles (HDV-VSV-G), or replica-
tion-competent virus expressing either the HIV envelope BaL that uses CCRS as
a coreceptor (HIV-R5) or LAI that uses CXCR4 as coreceptor (HIV-X4) were
generated as previously described (60). All these viruses also contain enhanced
green fluorescent protein (EGFP) (Clontech) in place of the nef gene. Reovirus
strain type 1 Lang (T1L) is a Dermody laboratory stock. Reovirus titers were
determined by plaque assay with L-cell monolayers (21). Infectious subvirion
particles (ISVPs) were prepared by treatment of purified TIL virions with Na-
p-tosyl-L-lysine chloromethyl ketone-treated bovine chymotrypsin (Sigma) as
previously described (2). Murine leukemia virus (MLV) pseudotyped with
VSV-G was produced by transfecting 293T cells with pCIG-B (7), pBABE-
EGFP, and pHCMV-G.

HIV infection and cell viability assay. Virus was cultured with Hut or primary
CD4™ T cells activated as previously described (41) in the presence of antimi-

crobial peptides at various time points and concentrations. Infection of T cells
was analyzed through GFP expression after 3 days with a FACSCalibur four-
color cytometer (BD Biosciences) and CELLQuest software (BD Biosciences).
Aliquots of cells were removed at different time points post-peptide treatment
and incubated with propidium iodide (PI; 25 pwg/ml, Sigma). Cells were analyzed
by flow cytometry for PI exclusion as an indicator of viability. Infection and PI
data were normalized against phosphate-buffered saline (PBS) treatment con-
trols set at 100% infectivity or viability, respectively.

T-cell proliferation assay. The effect of A-AMPs on T-cell activation and
proliferation was measured by labeling the T cells with carboxy-fluorescein di-
acetate succinimidyl ester (CFSE; Molecular Probes). Purified cells were washed
and resuspended in PBS. CFSE was added at a final concentration of 1.65 pM
and incubated at 37°C for 3 min. Labeling was quenched by addition of 50% fetal
calf serum in PBS, followed by three washes with RPMI-supplemented medium.
All CFSE labeling and cell culture were performed in the dark. Cells were
activated by plate bound anti-CD3 and anti-CD28 as previously described (41).
The proliferation index was calculated as the sum of the total cells in all gener-
ations divided by the estimated number of original parent cells (determined by
dividing the final number of cells in each division by the squared generation
number).

Reovirus and MLV infection assays. Caerin 1.9 was added to samples of T1L
virions or ISVPs at a final concentration of 2.5 pM, 5 pM, or 7.5 uM and
incubated at 37°C for 45 min. Virus was incubated with a related but inactive
peptide, caerin 4.1, at a final concentration of 5 M or buffer only (PBS) as
controls. Virus was adsorbed to confluent HeLa cell monolayers at a multiplicity
of infection (MOI) of 2 PFU per cell at 4°C for 1 h. Following two washes with
PBS, fresh medium was added, and cells were incubated at 37°C for 24 h. Cells
and medium were subjected to three cycles of freezing and thawing, and virus
titer was determined by plaque assay (21). Assays were performed in triplicate,
and the data presented are representative of two experiments. Caerin 1.9 and
caerin 4.1 were added to MLV (30,000 infectious units [IFU]) and incubated at
37°C for 45 min. Virus was added to 3 X 10* Mus dunni cells and cultured for 3
days before cells were fixed and analyzed for infection by GFP expression by flow
cytometry.

DC-mediated infection assays. Monocyte-derived DCs were pulsed with rep-
lication-competent HIV-RS5 at an MOI of 2. Virus-cell mixtures were centrifuged
at 2,000 rpm for 1 h and cultured for an additional 2 h to allow DCs to efficiently
capture virus. DCs were washed three times with complete RPMI medium to
remove non-cell-associated virus. Peptide was added to cells at a final concen-
tration of 1 to 32 pM and incubated for 45 min. DCs were washed three times
with complete RPMI medium and incubated with 3 X 10* Hut/CCRS5 cells for 3
days. Cells were harvested, fixed with 1% paraformaldehyde, and analyzed for
expression of GFP by flow cytometry.

Virus-cell fusion assay. HIV fusion assays were performed essentially as pre-
viously described (13). Briefly, viruses carrying a B-lactamase reporter protein
fused to the amino terminus of the virion protein Vpr (BlaM-Vpr), were treated
with caerin 1.9 (1 to 10 pM) for 1 h. These viruses plus peptide mixtures were
added to Hut/CCRS cells at 37°C for 2 h to allow virus-cell fusion. CCF2/AM (20
1M; Aurora Biosciences Corp.) was added, and the cultures were incubated for
14 h at room temperature. Cells were pelleted and resuspended in PBS, and the
fluorescence was measured at 447 and 520 nm with a microplate fluorometer
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after excitation at 409 nm. Uncleaved CCF2 fluoresces green, due to fluores-
cence resonance energy transfer between the coumarin and fluorescein groups;
however, cleavage by BlaM results in the dissociation of these fluorophores, and
the emission spectrum shifts to blue. Thus, the ratio of blue to green cellular
fluorescence is proportional to the overall extent of virus-cell fusion. Fluores-
cence ratios were calculated after subtraction of the average background fluo-
rescence of control cultures containing no virus (blue values) and wells contain-
ing PBS (green values).

HIV p24 release assay. HIV-VSV-G was incubated with either peptides or
PBS at a concentration range of 1 to 32 uM for 30 min in complete RPMI
medium. The medium was then assayed for the presence of viral core protein p24
by enzyme-linked immunosorbent assay (ELISA) as previously described (40).
Plates were analyzed by microplate reader (Molecular Devices) at 405 nm ab-
sorbance. Total p24 was calculated using linear regression analysis from stan-
dards included on each plate.

RESULTS

Amphibian-derived AMPs inhibit HIV infection of T cells.
Because AMPs have activity against some viruses, including
frog virus 3, channel catfish virus, and herpes simplex virus 1
infection (5, 17, 67), we investigated whether A-AMPs can
inhibit infection by HIV. AMPs from diverse amphibian spe-
cies (Table 1) were tested for their ability to block HIV infec-
tion of T cells (Fig. 1A). Prior to fixation, a portion of the cells
were removed and stained with PI to determine cell viability.
We identified three peptides (caerin 1.1, caerin 1.9, and mac-
ulatin 1.1) that inhibited HIV infection without adversely af-
fecting T-cell viability. Other peptides, including esculentin-
1ARD, esculentin-2P, magainin II, MRP, palustrin-3AR, and
ranatuerin-2P, were not effective in inhibiting HIV infection of
T cells at nontoxic concentrations (Fig. 1A). Dermaseptin par-
tially inhibited HIV infection; however, higher doses were toxic
to cells (Fig. 1A and data not shown). To determine the MIC,
we incubated HIV and T cells with increasing doses of the
effective peptides for 3 days. All three peptides were effective
over a relatively narrow concentration range, with caerin 1.9
having the lowest ICs, (calculated as the concentration of
peptide necessary to inhibit 50% of PBS-treated HIV infection
of T cells) of 1.2 uM, caerin 1.1 having an IC, of 7.8 wM, and
maculatin 1.1 having an ICs, of 11.3 uM (Fig. 1B). Because of
the higher concentration of maculatin 1.1 required for inhibi-
tion, we focused on caerin 1.1 and caerin 1.9 for the remainder
of the study. A related noninhibitory peptide, caerin 4.1, was
used as a control in all experiments.

It has been proposed that amphibians secrete these peptides
to combat topical microbial pathogens (68). Because endopep-
tidases rapidly degrade them, the peptides are at a high con-
centration for only a short time (52). Thus, they must exert
their cytopathic effects faster than the generational doubling
time of the pathogen. We therefore tested the kinetics of
A-AMP-mediated inhibition of HIV infection. Both caerin 1.9
and caerin 1.1 inhibited infection by >99% and 90%, respec-
tively, after only 5 to 10 min of exposure to HIV (Fig. 2A).
Furthermore, these short incubation periods also increased the
tolerance of T cells to much higher concentrations of peptide
while retaining the effective ICs, of the peptides to block HIV
(Fig. 2B). In addition, to exclude any adverse effects of the
peptides on T-cell activation and proliferation, we measured
cell division upon activation using CFSE labeling (Fig. 2B,
inserts). These experiments demonstrate that even at twofold-
higher concentrations that completely inhibit HIV infection,
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FIG. 1. Amphibian peptides inhibit HIV infection of T cells.
(A) Fourteen purified peptides and one natural peptide mixture
(RCCP) derived from the skin of anuran amphibians were incubated at
10 pg/ml (RCCP), 1 uM (ranatuerin-2P, esculentin-1ARb, palustrin-
2AR, and esculentin-2P), 5 uM (caerin 1.9 and magainin II) or 10 pM
(all others) with 3 X 10* T cells and HIV-R5 at an MOI of 1 per cell
at 37°C for 3 days. Cells were harvested and analyzed for GFP expres-
sion. The data are presented as the mean of three replicate samples
from one representative experiment of two independent experiments.
Error bars indicate standard deviations. Data are presented as percent
inhibition normalized to infection in the presence of PBS. (B) T cells
(3 X 10*) were incubated with HIV-RS5 at an MOI of 1 and increasing
concentrations of caerin 1.1, caerin 1.9, maculatin 1.1, caerin 4.1, or
PBS at 37°C for 3 days. Cells were harvested and analyzed for GFP
expression. The data are presented as the mean of three replicate
samples from one representative experiment of six independent exper-
iments. Error bars indicate standard deviations. ICs,s were calculated
by regression analysis.

there was no effect on T-cell proliferation (Fig. 2C). The pep-
tides were equally effective at blocking HIV infection of either
Hut/CCRS5 or primary CD4™" T cells (Fig. 2B). These results
show that A-AMPs potently and rapidly inhibit HIV infection
at significantly lower concentrations than those required to
affect the viability of the T cells.

Amphibian AMPs can inhibit other enveloped viruses. To
determine whether the effects of A-AMPs are limited to a
particular HIV strain or envelope coreceptor usage, we prein-
cubated caerin 1.9 with HIV-LAI (CXCR4-tropic virus), HIV
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pseudotyped with VSV-G (coreceptor independent), HIV
pseudotyped with the MLV amphotropic envelope glycopro-
teins, or MLV pseudotyped with VSV-G. T cells (or Mus dunni
cells for the MLV infections) were then added and analyzed
for infection at day 3. Caerin 1.9 potently inhibited infection of
cells by HIV with different envelopes, as well as VSV-G
pseudotyped MLV (Fig. 3A). These results suggest that A-
AMPs inhibit both HIV and MLV infection independently of
envelope glycoproteins.

We next asked whether the A-AMPs could inhibit infection
of a nonenveloped virus. For this experiments we used mam-
malian reoviruses, which are nonenveloped viruses that con-
tain a segmented, double-stranded RNA genome. After en-
gagement of cell-surface receptors including junctional
adhesion molecule-A (4) and sialic acid (14, 23, 28, 42), reo-
virus virions enter cells by receptor-mediated endocytosis and
are uncoated to produce ISVPs (9, 50, 55). ISVPs penetrate
endosomal membranes, thereby delivering transcriptionally ac-
tive core particles into the cytoplasm (8, 30, 34, 57). In sharp
contrast to the results gathered using retroviruses HIV and
MLV, the peptides did not inhibit reovirus infection (Fig. 3B).

Amphibian AMPs directly inactivate HIV by disrupting vi-
ral envelope integrity. To define the mechanism by which A-
AMPs inhibit HIV, we determined whether caerin 1.9 directly
affects the integrity of the virus or interacts with the target cell
to prevent infection. Caerin 1.9 was added to T cells at various
intervals extending to 48 h and then washed away prior to virus
exposure. If the peptide interfered with cellular components
required for infection, fewer GFP-positive cells would be ex-
pected following this pretreatment. Instead, there was no dif-

FIG. 2. Peptide inhibition occurs rapidly with no effect on cell vi-
ability. (A) Caerin 1.1 (20 uM), caerin 1.9 (5 wM), caerin 4.1 (20 pM),
or PBS was incubated with 3 X 10* IFU of HIV-R5. At the times
shown, virus-peptide solutions were diluted to a concentration that
resulted in minimal activity based the results shown in Fig. 1B (four-
fold) in complete RPMI medium with 3 X 10* T cells and incubated at
37°C for 3 days. Cells were harvested, fixed, and analyzed for GFP
expression by flow cytometry. Data were normalized to infection fol-
lowing PBS treatment and are presented as the mean of three replicate
samples from one representative experiment of three independent
experiments, with error bars indicating standard deviation. (B) Pep-
tides were incubated for 5 min at increasing concentrations (1 to 48
uM) with 5 X 10* activated primary CD4" T cells (circles) or Hut/
CCRS cells (squares) infected with HIV-RS at an MOI of 1, diluted
fourfold with complete RPMI medium, and incubated at 37°C for 3
days. Cells were harvested and analyzed for GFP expression (closed
circles and squares). Data are normalized to infection following PBS
treatment and are presented as the mean of three replicate samples
from one representative experiment of three independent experiments
with error bars indicating standard deviation. At 2 h postinfection, 2 X
10* T cells were removed from the culture, stained with PI, and ana-
lyzed for viability by flow cytometry (open circles and squares).
(C) Peptides were incubated for 5 min at increasing concentrations (1
to 50 pM) with 5 X 10* CFSE-labeled primary CD4" T cells. Cells
were then diluted fourfold with complete RPMI medium and activated
by T-cell receptor engagement as previously described (41). The acti-
vated cells were cultured for 4 days, and CFSE fluorescence intensity
was measured by flow cytometry. Representative histograms (panel B,
insets) from each peptide treatment are shown (40 uM caerin 1.1, 10
M caerin 1.9, and 40 wM caerin 4.1), which were identical to those of
the cells not treated with peptides.
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FIG. 3. Peptide activity against HIV with different envelopes and
diverse viral species. (A) Caerin 1.9 (5 uM) and caerin 4.1 (5 uM) were
incubated with 3 X 10* T cells and HIV-R5, HIV-X4, HDV-VSV-G, or
HDYV pseudotyped with the MLV amphotropic envelope at an MOI of
1 at 37°C for 3 days. Caerin 1.9 (10 wM) and caerin 4.1 (10 pM) were
added to MLV (30,000 IFU) and incubated at 37°C for 45 min. Virus
was then added to 3 X 10* Mus dunni cells and cultured at 37°C for 3
days. Following incubation, cells were harvested and analyzed for GFP
expression by flow cytometry. Data are normalized to infection follow-
ing PBS treatment and are presented as the mean of three replicate
samples from one representative experiment of three independent
experiments, with error bars indicating standard deviation. (B) Reovi-
rus T1L virions or ISVPs were incubated with caerin 1.9, caerin 4.1, or
PBS (mock) at the concentrations shown at 37°C for 45 min. Virus was
adsorbed to confluent HeLa cell monolayers at an MOI of 2 PFU per
cell at 4°C for 1 h. Following two washes with PBS, fresh medium was
added, and cells were incubated at 37°C for 24 h. Cells and medium
were subjected to three cycles of freezing and thawing, and virus titer
was determined by plaque assay. The results are presented as the
means of two independent experiments. Error bars represent standard
deviations.

ference in infection of the T cells regardless of the caerin 1.9
pretreatment interval (data not shown).

To determine the stage of HIV life cycle that is inhibited by
these A-AMPs, we first analyzed the effect of delayed addition
of peptide to T cells after infection with HIV. The reverse
transcription of HIV after infection of cells was assessed by the
presence of strong-stop, minus-strand viral DNA (R/U5 DNA)
by quantitative real-time PCR. Addition of caerin 1.9 to cells
after initiation of reverse transcription (4 to 8 h after infection)
did not have any inhibitory effect (data not shown). These data
suggest that caerin 1.9 inhibits HIV infection prior to the
initiation of reverse transcription.

We therefore asked whether these A-AMPs prevent the
entry of HIV by blocking its fusion to target cells. For this
experiment, we employed a recently developed reporter assay
to quantify HIV particle entry (13). In this assay, pretreatment
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FIG. 4. Caerin 1.1 and caerin 1.9 disrupt the HIV envelope.
(A) HIV-R5 carrying a B-lactamase reporter protein was incubated
with 5 wM caerin 1.9 (lane 3) or PBS (lane 1) for 1 h prior to
inoculation of Hut/CCRS cells (10°) by centrifugation at 600 X g for
1.5 h at 35°C. These cells or uninoculated cells (lane 4) were incubated
at 37°C for 2 h to allow virus-cell fusion. CCF2/AM (20 wM) was
added, the cultures were incubated at room temperature for 14 h, and
fluorescence was measured at 447 and 520 nm by using a microplate
fluorometer after excitation at 409 nm. Fluorescence ratios were cal-
culated after subtraction of the average background fluorescence and
are presented as relative fusion. Caerin 1.9 (5 uM) was added during
the CCF2/AM incubation to control for peptide effects on dye loading
(lane 2). Duplicate determinations were performed for each virus
dilution. (B) HIV-VSV-G was incubated with peptides or PBS at the
concentrations shown for 30 min in complete RPMI. Medium was then
diluted 1:1,000 in assay buffer without detergent and analyzed for the
presence of viral core protein p24 by ELISA. Total p24 was calculated
from dilutions of replicate samples using linear regression analysis
from p24 standards included on each plate. Data are presented as the
mean of two replicate samples and are representative of two experi-
ments. Error bars indicate standard deviation.

of HIV with caerin 1.9 inhibited viral fusion to target cells (Fig.
4A), suggesting that these A-AMPs block infection prior to
viral entry of the target cells.

The inhibition of HIV entry by caerin 1.9 may have been
caused by peptide attack of the virion membrane prior to cell
binding and fusion. To determine whether A-AMPs directly
inactivate virions by disrupting the envelope, virus was prein-
cubated with increasing concentrations of A-AMPs or controls
as described above and the release of HIV core protein p24
was measured by an ELISA. In this assay, p24 would only be
detected if the viral envelope was disrupted by A-AMPs. In-
deed, treatment of virions with A-AMPs released p24 into
culture supernatant (Fig. 4B), indicating disruption of the viral
membrane.
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Amphibian AMPs inhibit DC-mediated trans infection of T
cells. DCs resident at mucosal sites are thought to be among
the first cells that interact with HIV upon exposure to the virus
and possibly pass the virus on to T cells (26). An ideal topical
antimicrobial would interfere with this “capture” process and
inactivate HIV particles that have already been captured by
DCs before they are transmitted to T cells. We therefore tested
whether A-AMPs inhibit DC-mediated infection of T cells
after the virus has been captured by DCs. For this experiment,
DCs were first incubated with HIV, washed to remove cell-free
virus, and subsequently incubated with different concentrations
of peptide for 45 min. DCs were again washed to remove the
peptide and incubated with T cells for 3 days to allow frans
infection. Treatment of HIV-adsorbed DCs with A-AMPs in-
hibited the subsequent infection of T cells with similar ICs,,
values (caerin 1.1 to 12.6 wM and caerin 1.9 to 1.6 pM) (Fig.
5A) found for inhibition of direct T-cell infection (Fig. 1B).
The A-AMPs also inhibited the trans infection of T cells with
X4-tropic viruses captured by DCs (data not shown).

We then asked how long after capture of HIV by DCs
A-AMPs were able to inhibit virus transmission to T cells. To
answer this question, DCs were first incubated with HIV and
washed to remove unbound virus. The A-AMPs were then
added after different time intervals, washed to remove the
peptide, and cultured with T cells for 3 days. Exposure of DCs
to A-AMPs as late as 8 h post-HIV capture resulted in >95%
inhibition of trans infection (Fig. 5B). In these experiments, the
viability of the DCs was not affected, as assessed by PI staining,
even at threefold-higher peptide concentrations (data not
shown).

The inhibition of DC-mediated transfer of virus by A-AMPs
was remarkable, since free peptide was washed away before
addition of the target T cells. These findings suggested that the
peptides somehow access HIV captured by DCs either on the
cell surface or intracellularly. It is also conceivable that some
peptide sticks to the DC surface and interacts with the virus as
it is being passed on to T cells. To test this possibility, we first
incubated the DCs with high doses of peptides (8 M caerin
1.9, 16 uM caerin 1.1, 16 uM caerin 4.1, or PBS) for 30 min,
subsequently washed the cells several times to remove free
peptide, and added virus to DCs. After 2 h of incubation, the
DC-plus-virus cultures were extensively washed, and target T
cells were added. We did not observe any inhibition of the
infection of T cells (data not shown). We concluded that pre-
treatment of the DCs with A-AMPs, prior to addition of the
virus, does not alter the capacity of DCs to capture HIV virions
and trans infect T cells.

DISCUSSION

Our findings demonstrate that A-AMPs are highly effective
in inhibiting HIV infection by disrupting the viral membrane
and preventing the entry of the virus into target cells. Remark-
ably, the A-AMPs also were capable of inhibiting the transfer
of HIV by DCs to T cells even when DCs were transiently
exposed to peptides 8 h after virus capture. These data suggest
that A-AMPs can access DC-sequestered HIV and destroy the
virus before it can be transferred to T cells. This finding has
broader implications for understanding how HIV is captured
and transmitted to T cells.
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FIG. 5. Amphibian antimicrobial peptides inhibit DC-mediated
trans infection of T cells. (A) DCs (4 x 10*) were pulsed with HIV-RS
at an MOI of 2. Virus-cell mixtures were centrifuged for 1 h at 2,000
rpm and incubated at 37°C for 2 h to allow DCs to efficiently capture
the virus. DCs were washed three times with complete RPMI medium
to remove unbound virus. Peptide was then added to the DCs at the
concentrations shown and incubated at 37°C for 45 min. DCs were
washed and incubated with 3 X 10* T cells at 37°C for 3 days. Cells
were harvested, fixed with 1% paraformaldehyde, and analyzed for
GFP expression. Data are normalized to infection following PBS treat-
ment and are presented as the mean of three replicate samples from
one representative experiment of three independent experiments, with
error bars indicating standard deviation. (B) DCs (4 X 10%) were
incubated with HIV-RS at an MOI of 1. At the times shown postin-
oculation, 30 uM caerin 1.1, 4 uM caerin 1.9, and 30 puM caerin 4.1
were added to cultures and incubated at 37°C for 45 min. DCs were
washed three times in complete RPMI medium, incubated with 2 X
10* T cells at 37°C for 3 days, and analyzed for GFP expression. Data
are normalized as above and are representative of four independent
experiments.

DCs are thought to “capture” HIV virions at the mucosal
surfaces and transfer the captured virus to its primary targets,
CD4™" T cells (26). This capture process is generally thought to
occur via a protein highly expressed on the surface of mucosal
DCs, DC-SIGN (DC-specific ICAM grabbing nonintegrin)
(22, 26, 27). After binding to DC-SIGN or as-yet-unidentified
molecules on DCs, HIV is internalized into late-endosomal-
stage compartments near the surface, where the virus remains
in an infectious state for up to 5 days (26, 32). However, it is
not clear whether these internalized virions are indeed infec-
tious or whether the few viral particles that remain on the cell
surface are preferentially transmitted to T cells. Our finding
that the virus captured by DCs is effectively neutralized by
A-AMPs suggests that either the virions are destroyed at the
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DC cell surface or the peptides gain access to the same com-
partment within DCs in which internalized virus resides.

The prevailing mechanistic model of A-AMP activity, called
the “carpet” mechanism, is that positively charged regions of
the a-helical peptides bind to negatively charged lipids in the
membrane (35, 51, 66). The peptides integrate into the outer
membrane, causing an increase in surface area that strains the
bilayer. This alteration leads to transient pore formation,
transport of outer lipids to the inner leaflet, and finally collapse
of the membrane into small AMP-coated vesicles. An alterna-
tive model of activity called the “barrel-stave” mechanism pro-
poses that a-helical peptides bundle on the surface of the
membrane and assume an orientation to allow the hydropho-
bic surfaces to interact with the lipid core, while the hydro-
philic surfaces orient inward (51). This arrangement creates an
aqueous channel. Death of the microbe would then result from
either loss of polarization (64), leaking of cellular contents
(66), disturbance of membrane function from lipid redistribu-
tion (35), or activation of hydrolases that destroy the cell wall
(6). In both of these models, A-AMPs are likely to be bound,
either to the outer leaflet of the membrane or to internal
regions of the bilayer. Based on these models, a likely mech-
anistic action of peptides would be to disrupt virions while they
are exposed at the cell surface of the DCs. However, if most
infectious HIV is internalized by DCs, then the destruction of
only cell surface-bound virus would be hard to reconcile with
this mode of action. Indeed, it has been shown that transient
trypsin treatment of DCs that have captured HIV does not
prevent transmission of virus to T cells, suggesting that DCs
protect the virus from cleavage at the cell surface (32). Fur-
thermore, the DC-captured HIV is also protected from neu-
tralizing anti-HIV antibodies (25).

A particularly appealing scenario would be that the virus
cycles from a vesicular compartment to the surface of the DC,
where it is transiently exposed to peptides. This mechanism
would explain how A-AMPs could inhibit #rans infection even
after 8 h of capture, since the internalized virus would be
exposed to peptide during the cycling period. This model could
also provide a mechanism for viral transmission from the sur-
face of the DC to CD4™ T cells at the immunological synapse
(36). In support of this model, we observed that A-AMP ac-
tivity in the DC capture assays reached maximal inhibition
after 30 min (compared to 10 min for virus alone) (Fig. 2A and
data not shown). This slower rate of neutralization could be
due to time required for viral particles to cycle to the cell
surface and thus be exposed to destruction by the peptides. A
radical alternative explanation for the destruction of DC-cap-
tured HIV by A-AMPs could be that only the virions that
remain on the cell surface of the DCs are infectious and there-
fore their disruption by A-AMPs is sufficient to neutralize trans
infection by DCs to T cells.

Although the above possibilities are consistent with the
mode of action of the peptides, they do not rule out the inhi-
bition of frans infection of HIV by A-AMPs by accessing the
internal DC compartments to seek and destroy viral particles.
Because the interaction of A-AMPs with biomembranes is
dependent on many variables, such as lipid constituency,
charge, and the presence of proteins that might affect stability
(3, 15, 66, 68), it is conceivable that they may uniquely be
internalized by DCs to gain access to the same compartment as
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HIV. An exciting prospect will be the utilization of A-AMPs as
tools to dissect these unresolved questions about the mecha-
nism of HIV capture and presentation by DCs.

Our findings demonstrate that the A-AMPs inhibit HIV
infection by disrupting the virion envelope. Importantly, this
disruption occurs at much lower peptide concentrations than
that which is toxic to cells. This observation could be explained
by the small surface area of the virion relative to that of the
cell. If we assume that the peptides function by carpeting the
outer leaflet of the membrane, we would expect an increase in
surface area that strains the lipid bilayer (35, 51). The extreme
rate of curvature in the viral membrane compared to the cell
membrane could cause the viral bilayer to succumb to stresses
induced by peptide binding on the outer leaflet at lower con-
centrations. Another plausible explanation is that differences
in the lipid content of the HIV envelope could increase the
binding rate or affinity of the amphibian peptides. Although
HIV acquires its envelope by budding through cellular mem-
branes, the lipid constituency of the viral envelope differs from
that of a normal human cell. HIV envelopes enrich in Brij
98-insoluble lipid rafts, which contain elevated levels of cho-
lesterol, sphingomyelin, and glycophospholipids (11, 12). The
presence of cholesterol and sphingomyelin contributes to
tighter packing of the membrane lipids, resulting in a stabilized
bilayer. Transient disruptions of the glycerophospholipid re-
gions of the envelope by peptides that adhere to the viral
surface could be preferentially stabilized by the high choles-
terol content of the envelope, similar to fusion pore stabiliza-
tion.

The rapid kinetics and the large dose range of peptides that
inhibit virus infectivity without producing cell toxicity, coupled
with the capacity to inhibit DC-captured HIV, render these
peptides ideal candidates as topical microbicides for prevent-
ing HIV transmission. It is conceivable that certain A-AMPs
might elicit a specific immune response, which would limit the
long-term use of A-AMPs. However, peptides in the absence
of an adjuvant are typically not immunogenic. For example,
studies with the HIV fusion inhibitor peptide T20 (enfuvirtide)
suggest that even upon repeated systemic application this pep-
tide did not elicit functionally relevant antibody response (29).
Subtle modifications in the amino acid sequence of A-AMPs
may improve their inhibitory characteristics, decreasing ICy,s
while further increasing 50% lethal doses. A veritable treasure
trove of unexplored A-AMPs (61) might hold even greater
promise as antiviral compounds against a wide array of impor-
tant human pathogens. The remarkable capacity of A-AMPs to
gain access to HIV sequestered within DCs also suggests that
these peptides serve as highly effective probes and may help to
gain insight into the complex and intricate biology of DC-
mediated HIV capture and trans infection of T cells.
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