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Abstract

Alpha-defensins, including human neutrophil peptides 1-3 (HNP1-3) and human defensin 5 (HD5), are elevated
at the genital mucosa in individuals with sexually transmitted infections (STIs). The presence of STIs is
associated with an increased risk of human immunodeficiency virus (HIV) transmission, suggesting there may
be a role for defensins in early events of HIV transmission. HD5 has been demonstrated to contribute to STI-
mediated increased HIV infectivity in vitro. HNPs exhibit anti-HIV activity in vitro. However, increased levels
of HNPs have been associated with enhanced HIV acquisition and higher viral load in breast milk. This study
found that HNP1, but not HD5, significantly disrupted epithelial integrity and promoted HIV traversal of
epithelial barriers. Linear HNP1 with the same charges did not affect epithelial permeability, indicating that the
observed effect of HNP1 on the epithelial barrier was structure dependent. These results suggest a role for
HNP1 in STI-mediated enhancement of HIV transmission.

Introduction

Mucosal epithelial cells and their secreted products
provide the first line of defense against human im-

munodeficiency virus (HIV) during genital and rectal trans-
mission (13,14). However, HIV has been demonstrated to
cross the epithelial barrier in a cell-free or cell-associated
manner in vitro (1,3,4,15,23), and cell-free infection plays a
major role in mucosal transmission of SIV in vivo (24,31).
Sexually transmitted infections (STIs) increase the risk of
HIV mucosal transmission in part by altering epithelial bar-
riers (10,16,24). Individuals with STIs exhibit elevated levels
of antimicrobial peptides, including human defensin 5 (HD5)
produced by genital epithelial cells and human neutrophil
peptides (HNPs) produced by infiltrating neutrophils
(9,27,30,35). These defensins are believed to play a role in
controlling bacterial infection. However, increasing evidence
indicates that defensins could exhibit pleotropic effects on
viral infection (8,34). HD5 contributes to Neisseria
gonorrhoeae-mediated enhancement of HIV infectivity
in vitro (18,29), whereas HNPs block HIV infection in vitro
through multiple mechanisms (7,22,33). In contrast to their

anti-HIV activity in vitro, elevated levels of HNPs in cervi-
covaginal fluid have been associated with an increase in HIV
acquisition (21). The levels of HNPs in breast milk are also
correlated with HIV RNA viral load (2,5,19). However, their
association with mother-to-child HIV transmission has not
been consistent (5,19).

This study examined the effect of HNP1 and HD5 on
epithelial integrity and the subsequent impact on HIV tra-
versal of the epithelial barrier. We found that HNP1, but not
HD5, significantly increased epithelial permeability, which
was accompanied by an increase in HIV traversal of the
barrier in a polarized system, suggesting a role for HNP1 in
promoting HIV transmission.

Materials and Methods

Reagents

HNP1 and HD5 and their linear analogs were chemically
synthesized as previously described (36). Cysteine residues
were replaced by alanine for synthesis of linear HNP1;
whereas, isosteric a-aminobutyric acid (Abu) replaced cysteine
residues for synthesis of linear HD5. Rabbit anti-ZO-1 (Mid,
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catalog #40-220) polyclonal antibody, mouse anti-occludin
(OC-3F10, #33-1500) monoclonal antibody, and Prolong Gold
Antifade Mountant with DAPI (4¢,6-Diamidino-2-phenylindole)
were purchased from Invitrogen, Life Technologies. Fluor-
escein isothiocyanate (FITC)-conjugated goat F(ab¢)2 fragment
of anti-rabbit immunoglobulin G (IgG) and Cy3-conjugated
sheep F(ab¢)2 fragment of anti-mouse IgG were obtained from
Sigma-Aldrich. CCR5-tropic HIV-1BaL virus was purchased
from Advanced Biotechnologies, Inc.

Measurement of transepithelial electrical resistance

Colorectal epithelial (Caco-2) cells (3 · 104 cells/well)
were grown and polarized on 24-well transwell inserts with
a 0.4 lm pore size (Corning) in 10% fetal bovine serum
Dulbecco’s modified Eagle’s medium (DMEM) for 5 days.
Polarized cells were used when transepithelial electrical
resistance (TER) reached ‡500 O by the EVOM voltmeter
(World Precision Instruments). Polarized cells were then
placed in serum-free DMEM, and transwell inserts were
transferred to a CellZscope (nanoAnalytics) instrument. The
CellZscope was used to measure TER in multiple wells si-
multaneously for 0–24 h. Once the instrument was initial-
ized, defensins at various concentrations were added to the
apical chamber. Data were analyzed using the nanoAnaly-
tics CellZscope software.

FITC-dextran diffusion assay

FITC-dextran (Sigma, FD4) at 1 mg/mL in Hank’s bal-
anced salt solution (HBSS) was added to the apical chamber
of polarized cells treated with ethylenediaminetetraacetic
acid (EDTA) or defensin for 4 h. After 1 h incubation at
37�C, the florescence intensity of FITC-dextran in the ba-
solateral compartment was measured using EnSpire Multi-
mode Plate Reader (Perkin Elmer) at 490 nm for excitation
and 520 nm for emission.

Immunofluorescence microscopy

Caco-2 monolayers (3 · 104 cells/dish) were cultured on
35 mm poly-D-lysine coated MatTek dishes (P35GC-0-10-
C; MatTek), and polarized cells were cultured on transwell
inserts as described above. Cells in plates and transwells
were treated with defensins for 4 h at 37�C, followed by
fixation with 4% paraformaldehyde for 10 min at room
temperature, and permeabilization with 0.1% Triton-X for
10 min. Samples were incubated in blocking solution
(50 mM ETDA, 1% fish gelatin, 1% bovine serum albumin
IgG free, 1% horse serum) for 1 h at room temperature, and
incubated with diluted (1:200) anti-ZO-1 or anti-occludin
antibody in blocking solution at 4�C. After overnight in-
cubation, samples were washed five times with room tem-
perature phosphate-buffered saline (PBS) followed by
incubation with (1:500) diluted FITC-conjugated antirabbit
IgG or Cy3-conjugated sheep antimouse IgG for 2 h at room
temperature. Samples were washed five times with PBS, and
mounted using Prolong Gold Antifade Mountant with DAPI.
Images for polarized cells were captured on a Zeiss Axio
Observer Z1 microscope, and data were analyzed using ZEN
imaging software (Zeiss) to enhance brightness and contrast
of all images uniformly and to insert the scale bar for the
images. No background was subtracted. Cells grown in a

monolayer on MatTek dishes were visualized using a Ni-
konA1Rsi confocal microscope. Images were quantified by
using NIS Element Advanced Research software (v4.13) to
determine the values of blue (DAPI), green (ZO-1), or red
(occludin) pixels in images. The fluorescence intensity of
tight junctions markers in each image was first normalized
to DAPI expression by dividing the values of pixels for ZO-
1 or occludin by those for DAPI. The ratios of pixels for
tight junction markers expressed in treated cells were then
divided by those in untreated control.

Assay for HIV traversal of the polarized epithelium

Polarized Caco-2 cells were treated with or without
EDTA or defensins for 4 h. HIV-1BAL in 100 lL of serum-
free medium at a concentration of 500 ng/mL HIV p24 was
placed in the apical chamber. The basolateral chamber
contained 500 lL of the medium in a 24-well plate. At in-
dicated time points after HIV exposure, HIV p24 levels in
the bottom chamber were determined by HIV-1 alphaLISA
HIV p24 kit (Perkin-Elmer). HIV p24 levels in the bottom
chamber of the untreated control samples were approxima-
tely 7 pg/mL and 14 pg/mL after HIV exposure for 24 and
48 h, respectively.

Statistical analysis

Statistical analysis was performed using a two-tailed
Student’s t-test (Fig. 3B, EDTA) or one-way analysis of
variance with Bonferroni correction; p < 0.05 was consid-
ered significant.

Results

To determine the effect of alpha-defensins on epithelial
integrity, HNP1 and HD5 were added to the apical side of
polarized Caco-2 cells, a colorectal carcinoma epithelial cell
line. The concentrations of HNP1 and HD5 used in this
study did not cause cytotoxic effects as determined by a
CytoTox-Glo cytotoxicity kit (Promega; data not shown).
Kinetics of TER as a measure of epithelial permeability was
examined by CellZscope (nanoAnalytics) in multiple wells
under different conditions simultaneously at 37�C. Analysis
of the impact of defensins on short-term tight junction dy-
namics (within 4 h) revealed that HNP1 significantly in-
creased epithelial permeability in a time- and dose-
dependent manner (Fig. 1A). Reduction of TER by HNP1
was observed as early as 1 h post-treatment, suggesting a
direct effect of the HNP1 on epithelium. EDTA (2.5 mM),
which is known to increase paracellular transport, was also
included as a comparison. As expected, EDTA reduced
TERs significantly within 30 min and continued to decline
within 4 h (Fig. 1A, right panel). TER increased over time in
the presence of HNP1, suggesting that HNP1 did not prevent
recovery of the tight junction network (Fig. 1B). However,
TER values in HNP1-treated cells were lower than untreated
cells after 24 h, although the difference was not significant
after Bonferroni correction. HD5 did not significantly affect
epithelial permeability within 4 or 24 h of treatment (Fig. 1A
and B, right panel). Linear analogs of HNP1 and HD5 did
not affect epithelial permeability, indicating that the impact
of the alpha-defensin on epithelial integrity was structure
dependent (Fig. 1B).
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To examine whether changes in epithelial permeability
induced by defensins were associated with altered distribution
of tight junction markers, Caco-2 cells grown in a monolayer
or a polarized system were treated with defensins for 4 h, and
the distribution of tight junction markers, zonula occludens-1
(ZO-1) and occludin were examined by immunofluorescence
microscopy. HNP1-treated intestinal monolayers lost the
typical honeycomb distribution found in untreated cells (Fig.
2A), whereas HD5-treated cells maintained their overall tight
junctions. HD5 treatment caused internalization of ZO-1, in-
dicative of a decrease in cell–cell contact (12). Similar results
were found in defensin-treated polarized cells (Fig. 2B). At a
concentration of 1.5lM, HNP1 caused significant discontin-
uation and translocation of occludin and ZO-1. The extent of
tight junction disruption was even more apparent when cells
were treated with HNP1 at 6 lM. Although disruption of in-
tercellular borders was not apparent, internalization of oc-
cludin and ZO-1 was detected in HD5-treated cells.
Quantitative analysis indicated 6 lM of HNP1, but not HD5,
significantly reduced tight junction expression compared with
untreated cells (Fig. 2C).

The effects of defensins on epithelial integrity could fa-
cilitate subsequent HIV traversal of the barrier. FITC-
dextran permeability assay showed there was an increase in
FITC-dextran diffusion after EDTA treatment for 4 h (Fig.
3A). However, the treatment with defensins or their linear

analogs did not have an apparent effect on FITC-dextran
diffusion from the apical to the basolateral chamber. The
effect of EDTA, defensins, or their linear analogs on HIV
translocation were then determined. Defensins at 6 lM that
reduced TER by 20% were used to avoid the potential cy-
totoxicity of defensins at high concentrations after long-term
incubation. HIV was added to the apical side of polarized
epithelial cells at 4 h after various treatments. The levels of
HIV particles that crossed the polarized epithelium were
determined by alphaLISA HIV p24 kit. As expected, EDTA
treatment for 4 h significantly increased HIV translocation
by nearly 60-fold after HIV exposure for 24 h (Fig. 3B). In
agreement with the results of TER (Fig. 1) and tight junction
disruption (Fig. 2), there was a two-fold increase in HIV p24
at the bottom chamber in HNP1-treated cells when com-
pared with untreated or linear HNP1-treated cells at 24 h or
48 h after HIV exposure (Fig. 3B). Although HD5 led to
nuclear translocation of tight junction markers, there was no
difference in HIV traversal in HD5-treated cells compared
to control and linear HD5-treated cells (Fig. 3B), which was
consistent with the TER analysis (Fig. 1).

Discussion

Antimicrobial peptides, such as alpha-defensins, exhibit
diverse biological functions (20). Although the anti-HIV

FIG. 1. Human neutrophil peptide 1 (HNP1), but not human defensin 5 (HD5) or linear analogs, increases epithelial
permeability. (A) The effect of HNP1 and HD5 on short-term dynamics of epithelial integrity in polarized Caco-2 cells were
determined by measuring transepithelial electrical resistance (TER) using a CellZscope. (B) Effect of defensins and their
linear analogs (6 lM) on epithelial integrity. TER values were normalized by the value at time 0 for each treatment. Data are
mean – standard deviation (SD) of averages of three to six experiments; *p < 0.05, defensin-treated versus untreated control
at the same time point. After Bonferroni correction, the difference between untreated control and HNP1 at 12 or 24 h was
not significant (+, p > 0.05).
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FIG. 2. Defensins alter the distribution of tight junction markers. Monolayers of Caco-2 cells grown on MatTek plates (A)
or polarized Caco-2 cells grown in transwell inserts (B) were treated with defensins (6 lM) for 4 h followed by im-
munostaining with antibodies against tight junction markers ZO-1 and occludin. White arrows indicate loss of intercellular
tight junction borders; yellow arrows indicate translocation of markers. Images in (A) were acquired on a Nikon A1Rsi
confocal microscope; images in (B) were acquired on a Zeiss Axio Observer Z1 microscope. Scale bar = 10 lm (A) or 20 lm
(B). Immunofluorescence intensity of tight junction markers was quantified as described in Materials and Methods (C). The
results represent means of a minimum of three representative fields for each experiment and averages of two independent
experiments as described by Galvin and Cohen (11).
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activity of HNP1 in vitro is well established (8), its asso-
ciation with an increased risk of HIV acquisition is not clear.
This study found that HNP1 increased epithelial perme-
ability and disrupted tight junctions, facilitating HIV tra-
versal of polarized colorectal epithelial cells. Although HIV
has been demonstrated to cross the epithelium via transcy-
tosis using some cell models (3,4), increased HIV traversal
of HNP1-treated epithelium is most likely through a para-
cellular transport mechanism based on HNP1-mediated
disruption of the tight junction structure. The ability of de-
fensins to disrupt epithelial barriers is probably not a con-
sequence of their being positively charged, since linear
peptides with the same charge did not alter epithelial per-
meability (Fig. 1B). In contrast to HNP1, HD5, which is
known to promote HIV infectivity (18), did not have a
significant impact on epithelial integrity. Although treat-
ment with a high concentration of HD5 led to internaliza-
tion of tight junction markers, this did not promote HIV
traversal of the barrier. These results demonstrate differen-
tial effects of alpha-defensins HD5 and HNP-1 on epithelial
integrity, which affect HIV traversal of the epithelial barrier.
The findings suggest that HNPs may play a role in pro-
moting HIV transmission, especially in the setting of STIs
that can cause inflammation.

At high concentrations (‡9 lM) and prolonged treatment
(‡8 h), HNP1-3 has been shown to reduce epithelial integrity
in monolayers of canine kidney epithelial cells (26). Nygaard

et al. showed no increase in the permeability of mannitol
after HNP1-3 (12 lM) treatment for 4 h but a significant re-
duction in TER within 2 h treatment (26). Similarly, this
study found that HNP1 treatment increased epithelial per-
meability within 1 h, indicating a direct effect on epithelial
cells. However, HNP did not have a significant impact on
FITC-dextran diffusion after 4 h treatment, suggesting that
the TER measurement is more sensitive than the diffusion
assay for monitoring polarized epithelial integrity. The dis-
crepancy between FITC-dextran diffusion and HIV traversal
could be due to the different incubation time in these two
assays (1 h vs. 24–48 h, respectively). Additionally, because
HIV is known to reduce TERs and disrupt tight junctions
(25,32), HNP1 treatment may facilitate HIV-mediated tight
junction disruption, leading to an increase in HIV traversal.
The intestinal epithelial cells recovered over time, as indi-
cated by an increase in TER values. HNP1 is known to
interfere with PKC signaling (7,26). The PKC signaling
pathway is associated with redistribution of tight junction
markers, leading to an increase in TER values (6). It re-
mains to be determined whether increased permeability in-
duced by HNP1 is a consequence of interference with the
PKC signaling pathway.

The present results suggest that HNP1 and HD5 mediate
distinct functions in facilitating transmission of HIV. Al-
though intestinal and genital epithelia are constantly being
regenerated, defensin-mediated disruption of mucosal

FIG. 3. HNP1, but not HD5, promotes HIV traversal of polarized intestinal epithelial cells. (A) The effect of defensins on
epithelial permeability was determined by FITC-dextran diffusion assays. EDTA or linear defensins were included as a
comparison. To calculate percentage of FITC-dextran leakage, the florescence intensity in the basal chamber was divided by
the fluorescent intensity in the apical chamber, then multiplied by 100. Data represent an average of two independent
experiments. (B) Polarized Caco-2 cells were treated with EDTA at 2.5 mM, or defensins and their linear analogs at 6 lM
for 4 h, before addition of HIV-1BAL to the apical chamber. The HIV levels in the bottom chamber at the indicated times
were determined by HIV p24 alphaLISA. The fold changes of HIV traversal compared to untreated control samples were
determined. Data are mean – SD of three to five independent experiments. The gray line indicates no change in HIV traversal
compared to the untreated control samples. EDTA, ethylenediaminetetraacetic acid; FITC, fluorescein isothiocyanate.

HNP INCREASES HIV TRAVERSAL OF THE EPITHELIUM 613



barriers offers a window of opportunity for HIV to invade
the host. Interestingly, the impact of HD5 and HNP1 on
epithelial integrity and the subsequent effect on HIV
transmission contrast with their effect on HIV infection
in vitro. Similarly, beta-defensins HBD1 and HBD3 pro-
mote tight junction barriers in keratinocytes (11,17); HBD3,
but not HBD1, exhibited anti-HIV activity (28). Defensins
are known to exhibit immune-modulatory activities in ad-
dition to their antimicrobial functions. The current results on
epithelial integrity provide further evidence indicating a
complex role of defensins in modulation of HIV transmis-
sion. In particular, the possibility that HIV traversal may be
increased by defensins should be considered prior to de-
velopment of defensins as microbicides for HIV prevention.
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