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Abstract

Background: We have previously shown that human defensin 5 (HD5) promotes HIV infectivity in both primary CD4+ T cells
and Hela cells expressing CD4 and CCR5. HD5 is induced in response to sexually transmitted infections (STls) such as
Chlamydia trachomatis and Neisseria gonorrhoeae, suggesting it plays a role in STI-mediated enhancement of HIV
transmission. In contrast to our findings, a recent study reports that HD5 has an anti-HIV effect in primary CD4+ T cells under
serum-deprived conditions. To resolve these apparently contradictory observations, we investigated experimental
parameters that might contribute to contrasting effects of HD5.

Results: Serum-deprived culture conditions were associated with anti-HIV activity. In contrast to the dependence of the HIV
enhancing effect on HD5 structure, the anti-HIV activity in serum-deprived primary CD4+ T cells was independent of HD5
structure as the linear peptide [Abu] HD5 exhibited similar anti-HIV activity. Under serum deprived conditions, HD5 blocked
CD4-receptor-independent HIV-1,, infection before or after viral entry. We found that HD5 and its linear form induced
significant cell death in primary CD4+ T cells under serum-deprived culture conditions. HD5-mediated apoptosis was
observed as early as 2 h after addition of defensins to serum-deprived primary CD4+ T cells. In contrast to primary CD4+ T
cells, HD5 did not induce cytotoxicity and promote HIV infectivity of HeLa-CD4-CCRS5 cells under serum-deprived conditions.

Conclusions: These results indicate that under serum-deprived culture conditions HD5 is toxic for primary CD4+ T cells,
warranting caution in data interpretation.
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during acute HIV infection [9]. HD5 is constitutively expressed in
Paneth cells in small intestine [10], and is also found in the female
genital mucosa [11]. HD5 is found in genital fluid from individuals
with C. trachomatis (C'T) and N. gonorrhoeae (GC) infection and
bacterial vaginosis (BV) [12,13], and contributes to the enhance-
ment of HIV infectivity provided by conditioned media from GC-
exposed vaginal epithelial cells [14]. The HIV enhancing effect of
HD)5 is observed in infection of primary activated CD4+ T cells by
both R5 and X4 primary isolates when viruses are pre-incubated
with defensins in the absence of serum [14]. The enhancing effect
is more pronounced with R5 virus than X4 virus [14]. This finding

Introduction

Defensins are cationic peptides that exhibit antimicrobial
properties important to mucosal immunity (see reviews by Ganz,
Salzman, and Lehrer and Lu [1,2,3]). It was initially thought that
defensins inhibited primarily enveloped virus by disrupting the
envelope membrane in a manner similar to their antibacterial
activities [4]. However, recent progress in anti-viral activities of
defensins has demonstrated that defensins block infection by both
enveloped and non-enveloped viruses, and the precise effect of
defensins on viral infection is specific to the triad of defensin, virus,

and target cell (reviewed by Ding et al [5]). Additionally, defensins
can promote or inhibit viral infection by modulating immune
responses in animal models [6,7].

Human defensin 5 (HD5) is the most abundant antimicrobial
peptide in the intestine [8], a major site of CD4+ T cell depletion
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may have clinical implications as R5 virus is preferentially
transmitted during primary infection [15,16]. Further investigation
of the underlying mechanism of HD5-mediated HIV enhance-
ment demonstrated that HD5 promotes HIV attachment by
concentrating virus particles on the target cells [17].
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In contrast to these results from our laboratory [14,17], a recent
study reported contradictory results, showing that HD5 inhibited
HIV infection of primary CD4+ T cells under serum-deprived
conditions (0.3% human AB serum, I'TS supplement (Insulin,
Transferrin, Sodium selenite), and IL-2), conditions which the
authors thought simulated the mucosal environment [18]. There
was no preferential HIV effect on X4 or R5 virus [18].

In the current study, we sought to resolve this rather remarkable
discrepancy and to understand the cause for the contrasting effect
of HD5 on HIV replication in primary CD4+ T cells. In addition
to differences in culture conditions of primary CD4+ T cells, the
methods for CD4+ T cell isolation and virus inoculation also
differed from our studies [14,17]. We found that these latter
differences in procedure also contributed to the discrepancy. We
traced the mechanism of the anti-HIV activity of HD5 under
serum-deprived conditions to defensin-mediated cell death, which
is not known to occur in the milieu of the genital mucosa. Since
abundant and diverse proteins are present in cervico-vaginal fluid
[19,20,21] and lymphocytes are viable at the genital mucosa
despite the enrichment of antimicrobial peptides including HD5
[1,11,22,23], primary CD4+ T cells cultured under serum
deprived conditions are unlikely to represent mucosal CD4+ T
cells.

Materials and Methods

Reagents

Recombinant human IL-2 was purchased from R&D Systems
(Minneapolis, MN). Histopaque®-1077, Triton X-100, RPMI-
1640 medium, fetal bovine serum (FBS), human AB serum, ITS
liquid media supplement (100X), and phytohemagglutinin (PHA)
were from Sigma-Aldrich (St. Louis, MO). PerCP-conjugated
mouse anti-human CD4 (clone RPA-T4) was from Biolegend (San
Diego, CA). PE-conjugated mouse anti-human CD3 (clone
UCHT1) and FITC Annexin V apoptosis detection kit I were
from BD Biosciences (San Jose, CA). HD)5 and its linear
unstructured form, [Abu]HDS, in which the six cysteine residues
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were replaced by isosteric o-aminobutyric acid (Abu) were
chemically synthesized and folded as described previously [24].

CD4+ T Cell isolation

PBMCs from anonymous healthy blood donors from New
Jersey Blood Center were used so the IRB approval was not
required for this study. PBMCs were isolated by Histopaque®-
1077 gradient centrifugation. Peripheral blood lymphocytes (PBLs)
were obtained after removing monocytes by attachment. CD4+ T
cells were isolated form PBLs by negative selection using a CD4+
T cell isolation kit II (Miltenyi, CA). Isolated CD4+ T cells were
activated with 5 pg/mL PHA and 50 IU/mL IL-2 for 3 days
(PHA-activated CD4+ T cells). Alternatively, PBLs were activated
with 5 pg/mL PHA and 50 IU/mL IL-2 for 3 days. After washing
with PBS 4 times, CD4+ T cells were isolated from PHA-activated
PBLs by negative selection using the CD4+ 'T' cell isolation kit II
(CD4+ T cells from PHA-activated PBL) as described by Furci
et al [18]. Cells were then cultured in the presence of 10%FBS
and IL-2 or under serum-deprived conditions in the presence of
0.3% human AB serum, ITS supplement (Insulin, Transferrin,
Sodium selenite), and IL-2.

FACS analysis

The purity of CD4+ T cells prepared by different methods was
analyzed by flow cytometry. Cells were first blocked with 2% FBS
in PBS for 30 min on ice and then surface stained with
fluorochrome-conjugated anti-CD3 and anti-CD4 Abs or iso-
type-matched control Abs on ice for 30 min. After washing with
2% FBS in PBS, cells were fixed with 2% paraformaldehyde in
PBS for 20 min at room temperature. Surface expression of CD3
and CD4 were then analyzed on a BD LSR II. Twenty thousand
cells were acquired per sample. Results were analyzed using
FlowJo (Tree Star, OR).

To determine HD5-mediated apoptosis and cell death by flow
cytometry, PHA-activated CD4+ T cells under serum-deprived
conditions were treated with HD5 at different concentrations for
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Figure 1. CD4+ T cells from PHA-activated PBLs are less pure than cells prepared from freshly isolated PBLs. CD4+ T cells isolated from
PHA-activated PBLs (left panel), CD4+ T cells right after isolation from fresh PBLs (middle panel), or CD4+ T cells isolated from fresh PBLs followed by
PHA activation for 3 days (right panel) were stained with PE-conjugated mouse anti-CD3 Ab and PerCP-conjugated mouse anti-CD4 Ab. Gated live
cells in the scatter plot are shown in the upper panels. The results shown are representative of 3 tested donors, which are summarized in Table 1.

doi:10.1371/journal.pone.0076038.9001
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4h or 24 h before staining with FITC Annexin V Apoptosis
Detection Kit I per manufacture’s suggestion.

Cytotoxicity of HD5 and [Abu] HD5

PHA-activated CD4+ T cells or CD4+ T cells from PHA-
activated PBLs (1x10* cells per sample) were exposed to HD5 or a
linear peptide [Abu]HD5 at various concentrations in serum-free
(SF) RPMI-1640 medium at 37°C for 2 h or were centrifuged at

A. CD4+ T cells from PHA-activated PBL

Table 1. Purity of CD4+ T cells from different isolation protocols.
CD4+ T cells from PHA-activated PBLs (percent) PHA-activated CD4+ T cells (percent)
1 day 3 days
Donor 1 Viable 45.2 97.3 75.0
CD3+CD4+ 84.8 98.2 97.1
CD3+CD4— 25 0.2 1.4
Donor 2 Viable 86.7 97.5 85.5
CD3+CD4+ 835 98.0 923
CD3+CD4— 9.4 0.2 5.2
Donor 3 Viable 85.6 95.9 83.2
CD3+CD4+ 823 98.1 96.9
CD3+CD4— 2.8 0.5 1.5
doi:10.1371/journal.pone.0076038.t001

1250xg for 1.5 h. Cells were then plated in 96-well plates in
RPMI containing 10% FBS and IL-2 or RPMI containing 0.3%
human AB serum, 1 x ITS supplement, and IL-2 for 24 h at 37°C.
HD5 or [Abu]HD5 was present during the culture period. Cell
proliferation was examined by MTS assay (Promega, CellTiter96
Aqueous One cell proliferation assay). Cytotoxicity was deter-
mined using a CytoTox-Glo cytotoxicity kit (Promega) following
the manufacture’s instruction. Briefly, 50 pL of assay reagent was
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Figure 2. Serum deprivation contributes to anti-HIV activity of HD5 in primary CD4+ T cells. HIV-1 primary isolate 20635-4 (R5 virus,
clade C) was incubated with HD5 at different concentrations for 1 h at 37°C. CD4+ T cells from PHA-activated PBLs (A) and PHA-activated CD4+ T cells
(B) were incubated with virus-defensin mixture for 2 h at 37°C (no spinoculation) or 1.5 h at 1250 xg spinning (spinoculation). After washing off
unbound virus, cells were cultured in RPMI containing 10% FBS and IL-2 or 0.3% human AB serum, ITS supplement, and IL-2. HD5 was added back to
cell cultures in the presence of IL-2. The level of p24 protein in culture media was measured by p24 ELISA. Data presented are the average * standard
deviation of 3 replicates. Similar results were observed in 3 independent experiments from different donors; *P<<0.05, defensin-treated samples vs
non-treated controls.

doi:10.1371/journal.pone.0076038.g002
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Table 2. The effect of serum on the HIV enhancing of defensins.

Serum HD5 HD6
FBS (fold increase) HS (fold increase) FBS (fold increase) HS (fold increase)
0 82.9+2.6 59.0+3.7 61.2+0.5 35.2+4.1
1% 8.0+0.4 21*+1.0 10.1£0.3 29.7£1.2
2% 5.1£0.5 17.8+2.9 7.7+0.1 253+238
5% 52*04 11.3x0.7 34*0.2 17.1x3.0
10% 25*0.1 7.8%0.6 28*03 13.4%3.1

Pseudotyped HIV-1,g.¢ luciferase reporter virus was incubated with or without defensins (5.6 uM) in the presence of FBS or human serum (HS) at various concentrations
for 1 h. FBS or HS at a final concentration of 10% was added to the virus-defensin mixture before exposure to HeLa-CD4-CCR5. Luciferase activity was determined 48 h
after infection. Results are expressed as fold increase compared to samples with the same concentration of FBS or HS in the absence of defensins. Assays were
performed on triplicate cultures; results represent two independent experiments (mean = SD).

doi:10.1371/journal.pone.0076038.t002

added to each well and incubated for 15 min at room another 15 min at room temperature. Total luminescence (L2) was
temperature. Dead cell luminescence (L1) was measured on a then measured. Live cell luminescence was calculated as L2 minus
HARTA MicroLumi L2 luminometer (Gaithersburg, MD). Lysis L1.

reagent (50 pL) was then added to each well and incubated for

A. Single-cycle infection assay, HIV-1 ., Luc virus
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Figure 3. HD5 and [Abu]HD5 inhibit HIV infection in serum-deprived primary CD4+ T cells. (A). Serum-free HIV-1,z.r. Env-pseudotyped
reporter viruses were incubated with HD5 or its linear peptide, [Abu]HD5 for 1 h at 37°C before addition to CD4+ T cells by spinoculation. After
washing off unbound virus, cells were cultured under serum-deprived condition in the presence of defensins. HIV infection was determined by
measuring luciferase activity at day 3 after infection. Data presented are the average * standard deviation of 3 replicates; *P<<0.05, defensin-treated
samples vs non-treated controls. Similar results were observed in 2 independent experiments. (B) To determine whether HD5 interfered with
luciferase activity in vitro, 50 ul of cell lysate from HelLa-CD4-CCR5 cells or 100 ul of luciferase substrate was incubated with HD5 at different
concentrations for 60 min on ice. Then, 100 pl of luciferase assay substrate or 50 ul of cell lysate was added to the mixture, respectively, and
luminescence was measured.

doi:10.1371/journal.pone.0076038.g003
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A. HIV-1,,, infection followed by HD5 treatment
CD4+ T cells from PHA-activated PBL
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Figure 4. HD5-mediated inhibition of HIV in serum-deprived primary CD4+ T cells occurs independently of HIV receptors. (A) CD4+ T
cells from different preparation methods were infected with pseudotyped HIV-1ysy.¢ luciferase reporter viruses by spinoculation. Infected cells were
cultured under serum-deprived conditions. HIV infection was determined by measuring luciferase activity on day 3 after infection. (B) CD4+ T cells
under serum-deprived conditions were treated with HD5 at different concentrations for 1 h at 37°C followed by exposure to serum-free pseudotyped
HIV-1ysy.g luciferase reporter viruses by spinoculation in the presence of HD5. Cells were then cultured in RPMI containing 0.3% human AB serum, ITS
supplement, IL-2, and defensins for 3 days followed by measurement of luciferase activity. Data presented are the average *+ standard deviation of 3

replicates and represent 2 independent experiments. *P<<0.05, defensin-treated samples vs non-treated controls.

doi:10.1371/journal.pone.0076038.g004

HIV-1 infection

HIV-1 primary isolate 20635—4 (R5 virus, clade C) [25] was
obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH from Dr. Smita
Kulkarni. HIV-1 primary isolate was diluted in SF media to a
final p24 concentration of 5 ng/ml in the presence of 1% IFBS
before incubation with defensins at different concentrations for 1 h
at 37°C. The virus-defensin mixture was added to CD4+ T cells
(2x10° cells per sample). Spinoculation was performed by
centrifugation at 1250 xg for 1.5 h at room temperature. Samples
without spinoculation were incubated at 37°C for 2 h. After
washing off unbound virus, infected cells were cultured either in
RPMI containing 10%FBS and IL-2 or under serum-deprived
conditions (RPMI containing 0.3% human AB serum, 1x ITS
supplement, and IL-2) in the presence of defensins. HIV-1
replication was determined by measuring the p24 level in the
culture at day 6 of infection using a p24 ELISA kit from Advanced
Bioscience Laboratories (Rockville, MD).

Replication-defective luciferase expressing reporter virus pseu-
dotyped with R5 HIV-ljg_pr, Env or VSV-G for a single-cycle
infection assay was produced in HEK293T cells as described
previously [26,27,28]. After transfection, culture medium was
changed to medium without serum 24 h before virus was
harvested. Virus was incubated with various concentrations of
HD5 or [Abu]HD5 at 37°C for 1 h before adding to cells. CD4+
T cells (5x10° per sample) were incubated the virus-defensin

PLOS ONE | www.plosone.org

mixture with or without spinoculation. After washing off unbound
virus, infected cells were cultured for 3 days. Cells were lysed using
passive lysis buffer (Promega, Madison WI) and luciferase activity
(in relative light units [RLUs]) was measured on a Glomax 20/20
luminometer (Promega).

Statistics analysis
Differences between data sets were analyzed by two-tailed
Student ¢ test. P<<0.05 was considered significant.

Results

CD4+ T cells isolated from PHA-activated PBLs by
negative selection are less pure than cells prepared from
freshly isolated PBLs

Several noticeable differences in the experimental system
including the isolation of primary CD4+ T cells, virus infection
method (spinoculation), and cell culture conditions may contribute
to the contrasting effects of HD5 on HIV infection of primary
CD4+ T cells observed by Furci et al [18] and by us [14,17]. Furci
et al activate PBMCs by phytohemagglutinin (PHA) followed by
negatively selecting CD4+ T cells; we negatively select CD4+ T
cells from freshly isolated PBMCs followed by activation of CD4+
T cells. We first compared the purity of CD4+ T cells between
these two methods, and the results from three donors are
summarized in Table 1. Analysis of CD4+ T cells negatively
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A. MTS Assay
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Figure 5. HD5 induces cytotoxicity in primary CD4+ T cells under serum-deprived conditions. CD4+ T cells (1 x10 cells per sample) were
treated with HD5 at different concentrations with or without spinoculation. Cells were then cultured in RPMI-1640 containing10% FBS and IL-2 or
RPMI-1640 containing 0.3% human AB serum, 1x ITS supplement, and IL-2. HD5 was added back. After overnight culture, cell proliferation was
measured by MTS assay (A); cytotoxicity was measured by CytoTox-Glo cytotoxicity kit (B). Data presented are the average * standard deviation of 3
replicates; *P<<0.05, defensin-treated samples vs non-treated controls. Similar results were observed in 3 independent experiments.
doi:10.1371/journal.pone.0076038.g005

selected from PHA-activated PBL (CD4+ T cells from PHA- Analysis of CD4+ T cells using our method indicated that there
activated PBLs) revealed that approximately 80-85% of cells were were more than 93% viable cells, of which more than 98% were
viable (Fig. 1), 82.3% of which were CD3+CD4+ T cells. Other CD3+CD4+ T cells. There were approximately 83-85% live cells
cell populations including CD8+ T cells (~2.8%) were present. after PHA activation for 3 days (PHA-activated CD4+ T cells) but
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Figure 6. HD5 induces cytotoxicity in HIV-exposed primary CD4+ T cells under serum-deprived conditions. HIV-1,z , was incubated
with HD5 at different concentrations at 37°C for 1 h. CD4+ T cells were incubated with defensin-virus mixture with or without spinoculation as
described in Fig. 2. Cells were washed and then cultured with the original concentration of HD5 in either RPMI-1640 containing10% FBS and IL-2 or
RPMI-1640 containing 0.3% human AB serum, 1x ITS supplement, and IL-2. After overnight culture, cytotoxicity was measured by CytoTox-Glo
cytotoxicity kit (Promega). Data presented are the average = standard deviation of 3 replicates; *P<<0.05, defensin-treated samples vs non-treated
controls. Similar results were observed in 2 independent experiments.

doi:10.1371/journal.pone.0076038.g006
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A. CD4+ T cells from PHA-activated PBL
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Figure 7. HD5 and linear peptide [Abu]HD5 induced cytotoxicity in primary CD4+ T cells under serum-deprived conditions. CD4+ T
cells from PHA-activated PBLs (A) or PHA-activated CD4+ T cells (B) were exposed to HD5 or [Abu]HD5 at indicated concentrations with or without
spinoculation. Cells were then cultured for 24 h under serum-deprived conditions in the presence of IL-2 and defensins. Cytotoxicity was measured
by CytoTox-Glo cytotoxicity kit. Data presented are the average * standard deviation of 3 replicates and represent 3 independent experiments. *P

<0.05, defensin-treated samples vs non-treated controls.
doi:10.1371/journal.pone.0076038.g007

the purity of CD4+ T cells was greater than 96%, which was much
higher than obtained by the method by Furci et al [18]. A small
percentage of dead cells was expected, as activated human T cells
release Fas (CD95) ligand (FasL) and APO2 ligand (APO2L)/
TNF-related apoptosis-inducing ligand (TRAIL) leading to apo-
ptosis [29].

Serum deprivation but not spinoculation contributes to
anti-HIV activity of HD5 in primary CD4+ T cells
Spinoculation promotes HIV infection [30] by triggering
dynamic actin and cofilin activity, possibly due to a cellular
response to centrifugal stress [31]. Spinoculation also up-regulates
HIV receptor CD4 and co-receptor CXCR4 and enhances viral
binding and entry [31]. In addition to spinoculation, Furci et al
culture CD4+ T cells from activated PBMCs in the presence of
0.3% human AB serum and I'TS supplement, whereas we do not
use spinoculation for viral infection, and we culture activated
CD4+ T cells in the presence of 10% FBS, a conventional method.
Note that pre-incubation of virus and defensins is performed in
serum-free conditions, which is consistent in both laboratories.
The presence of FBS during virus-defensin incubation significantly
reduced the HIV enhancing effect in HeLa-CD4-CCR5 cells
compared to HS (Table 2). HIV-1 primary isolate 20635-4 (R5
virus, clade C) [25] was diluted in serum-free RPMI and incubated
with defensins at different concentrations for 1 h. Defensin-virus
mixture was added to CD4+ T cells from PHA-activated PBLs
(Fig. 2A) or PHA-activated CD4+ T cells (Fig. 2B) with or without
spinoculation. After 2 h incubation, HIV-exposed CD4+ T cells
were washed and then cultured, with or without HD5, under two
different conditions: 1) in the presence of 10% FBS and IL-2, or 2)

PLOS ONE | www.plosone.org

in the presence of 0.3% HS, ITS supplement and IL-2. As
expected, HIV p24 levels were significantly higher in samples with
spinoculation. Higher p24 levels were also observed when primary
CD4+ T cells were cultured in the presence of 10% FBS than in
serum-deprived conditions. It was apparent that spinoculation did
not contribute to the contrasting effect of HD5. Interestingly,
regardless of the method of CD4+ T cell isolation, HD5 promoted
HIV replication in primary CD4+ T cells cultured in 10%FBS but
inhibited viral replication in serum-deprived cells (Fig. 2). Both
HIV enhancing and inhibitory effects of HD5 were dose-
dependent.

We have previously shown that the HIV enhancing effect of
HD) requires proper folding of peptides as [Abu]HD3, the linear
unstructured form of HD5, does not promote HIV infection
[14,32]. To examine whether the structure of HD5 is important
for the anti-HIV activity of HD), we assessed the effect of HD) or
[Abu]HD5 on HIV infection of CD4+ T cells negatively selected
from PHA-activated PBLs or of activated CD4+ T cells under
serum-deprived culture conditions using a single-cycle infection
assay. The results demonstrated that, in contrast to the HIV
enhancing effect of HD5, the linear form of HD5 was able to
inhibit HIV infection of primary CD4+ T cells under serum-
deprived conditions (Fig. 3A). The addition of human neutrophil
defensin-1 (HNP-1) or rhesus theta-defensin-1 (RTD-1) at 10 pg/
ml to cell lysates have been shown to inhibit luciferase activity in
vitro [33]. To exclude the possibility that the anti-HIV activity of
HD5 seen in Fig. 3A was due to interference with luciferase
activity, defensins were incubated with either cell lysate first
followed by adding to the luciferase substrate, or the luciferase
substrate first followed by adding to cell lysate (Fig. 3B). Neither
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incubation sequence resulted in any difference compared to
samples without defensins, indicating that, unlike the previous
report for HNP-1 or RTD-1 [33], HD5 at either 1.4 uM (5 ug/
ml) or 5.6 UM (20 ug/ml) did not interfere with the luciferase
assay. Thus, the anti-HIV activity of HD5 shown in Fig. 3A was
not due to defensin-mediated inhibition of luciferase activity.

HD5-mediated HIV inhibition in serum-deprived primary
CD4+ T cells is independent of HIV receptors

Furci et al indicate that HD5 inhibits HIV infection by binding
to both CD4 and gp120 [18]. The binding of HD5 to CD4 and
gp120 is not surprising since HD5 has been shown to bind to
glycosylated gpl120 through its lectin-like property [34]. To
examine whether the binding to CD4 and gpl20 was required
for the anti-HIV activity of HD5, we determined the effect of HD5
on infection by HIV-1 pseudotyped with VSV G envelope
independent of HIV receptor and co-receptors for viral entry.
Primary CD4+ T cells isolated by the two different methods were
exposed to pseudotyped HIV-1,, luciferase reporter virus,
washed, and then treated with HD5 under serum-deprived
conditions (Fig. 4A). HD5 exhibited anti-HIV activity when
defensin was added after viral entry (Fig. 4A). Pre-treatment of
cells with defensins for 1 h followed by viral infection in the
presence of HD5 also blocked HIV-1,, infection (Fig. 4B). In
addition, HIV was inhibited in HD5-pretreated cells under serum-
deprived conditions when defensins were not added back during
infection (data not shown), suggesting that pretreatment of cells
with HD5 alone was sufficient to cause HIV inhibition. These
results using HIV-1vsv pseudotyped virus indicate that anti-HIV

PLOS ONE | www.plosone.org

activity under serum-deprived conditions is not mediated by
mterference with the binding between CD4 and HIV gp120.

HD5 induces cytotoxicity in primary CD4+ T cells under
serum-deprived condition

Using the MTS assay, Furci etal. do not observe HD5-
mediated cytotoxicity [18]. Although the MTS assay can be used
for assaying cytotoxicity, it is primarily used to assay cell
proliferation. In our experience, MTS is not as sensitive as
CytoTox-Glo Cytotoxicity assay for measuring cytotoxicity in
primary CD4+ T cells [35]. Nevertheless, we used both methods
to determine the effect of HD5 on viability of samples using
different CD4+ T cell isolation methods, spinoculation, and
different culture conditions. Although higher concentrations of
HD) slightly reduced the signal of primary CD4+ T cells in the
MTS assay under serum-deprived conditions after 24 h incuba-
tion, the difference was not significant compared to cells without
defensins (Fig. 5A). In contrast to the results using MTS assay, in
the CytoTox-Glo Cytotoxicity assay, HD5 induced significant
cytotoxicity in primary CD4+ T cells under serum-deprived
conditions, and this cytotoxicity was dose dependent (Fig. 5B).
Overall, cell viability was reduced when CD4+ T cells were
cultured in 0.3% HS, I'TS, and IL-2 compared to cells cultured in
10% FBS and IL-2 regardless of isolation method. In serum-
deprived cultures receiving 5.6 pM HD5, viability was reduced
approximately 80% in either CD4+ T cells from PHA-activated
PBLs with or without the process of spinoculation or in activated
CD4+ T cells with spinoculation. As expected, 10% FBS
significantly prevented cytotoxicity induced by HD5 (Fig. 5B).
Similar results of HD5-induced cytotoxicity were obtained in

September 2013 | Volume 8 | Issue 9 | 76038



A. CytoTox-Glo Assay

Defensin-Mediated HIV Inhibition and Cytotoxicity

6 Uninfected HIV-infected
6
&4 &4
-~ - 0 |.|M
: ; 1.4 yM
= o} 5.6 uM
a2 a2 g
14 14
0
10% FBS 0.3%HS+ ITS 10% FBS 0.3%HS+ ITS
B. HIV infectivity assay
25 42X
2

©

2 15 25X 0 uM

X 1.4 uM

(72}

2 5.6 uM

-

14

0.5 "
0
HD5 HD5 [Abu]HD5
10% FBS 0.3%HS+ ITS

Figure 9. Anti-HIV activity and cytotoxicity of HD5 are not found in HeLa-CD4-CCRS5 cells under serum-deprived condition. (A) Hela-
CD4-CCR5 cells were exposed to HD5 at indicated concentrations in serum-free RPMI-1640 medium for 2 h at 37°C. The effect of HD5 on HIV-exposed
HelLa-CD4-CCR5 cells was also prepared as described in Fig. 6 as a comparison. The cells were then cultured for 24 h in complete medium (10%FBS)
or under serum-deprived conditions. Cytotoxicity was measured by CytoTox-Glo cytotoxicity kit. (B) Serum-free HIV-1,z ;. Env-pseudotyped reporter
viruses were incubated with HD5 or [Abu]HD5 for 1 h at 37°C before exposure to HelLa-CD4-CCR5 cells for 2 h at 37°C. Cells were cultured in
complete media or under serum-deprived conditions. Data presented are the average * standard deviation of 3 replicates and represent 2

independent experiments. *P<<0.05, defensin-treated samples vs non-treated controls.

doi:10.1371/journal.pone.0076038.g009

similar experiments when HIV-exposed CD4+ T cells were
assayed (Iig. 6). HD5 induced cytotoxic effects in HIV-infected
CD4+ T cells under serum-deprived conditions but not in the
presence of 10% FBS (Fig. 6).

We then examined whether a linear form of HD3, [Abu]HD),
was cytotoxic in primary CD4+ T cells under serum-deprived
condition. Similar to the results of HD5-mediated HIV inhibition,
linear HD5 induced cytotoxicity in CD4+ T cells from PHA-
activated PBLs in a dose dependent manner with or without
spinoculation (Fig. 7A). Interestingly, the cytotoxicity of linear
HD) in PHA-activated CD4+ T cells (Fig. 7B) was only observed
at the higher concentration, suggesting an impact of cell purity on
resistance to cytotoxicity induced by unstructured defensin.

Taken together, our results indicate that, in contrast to the HIV
enhancing effect of HD5 in primary CD4+ T cells under a
conventional condition (10%FBS with IL-2), anti-HIV activity and
cytotoxicity of HD)5 in primary CD4+ T cells under serum-deprived
conditions was independent of defensin structure. Importantly, the
anti-HIV activity was associated with cytotoxicity.

HD5 induces apoptosis in primary CD4+ T cells under
serum-deprived condition

Unlike HNP-1, a known antimicrobial peptide that induces
cytotoxicity at high concentrations in the absence of serum [1], the
cytotoxic effect of HD5 has not been reported previously. HNPs
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can induce apoptosis leading to cell death [36]. To delineate the
mechanism of HD5-mediate cytotoxicity in primary CD4+ T cells
under serum-deprived condition, PHA-activated CD4+ T cells
were cultured in 0.3%HS, ITS, and IL-2 in the presence or
absence of HD5. For comparison, the cytotoxic effect of HD5 on
HIV-exposed CD4+ T cells under serum-deprived conditions was
also assessed. Cells were stained with Annexin V and PI, and the
apoptotic effect of HD5 was determined by FACS analysis. Cells
undergoing apoptosis may translocate phosphatidylserine from
their inner cytoplasmic membrane to cell surface, which can bind
to Annexin V. There was an increase in Annexin V positive cells in
the presence of 1.4 pM HD5 indicating HD) induced apoptosis
(Fig. 8). In the presence of 5.6 pM HD5, Annexin V positive and
Annexin V/PI double positive cells, representing early and late
apoptotic/necrotic cells, respectively, were significantly increased
(Fig. 8). HD5-mediated apoptosis was observed as early as 2-4 h

after initiation of treatment (data not shown).

Anti-HIV activity and cytotoxicity of HD5 are not found in
HelLa-CD4-CCR5 cells under serum-deprived condition
We and others have not observed significant cytotoxicity of
HD?5 in either HeLa-CD4-CCRS5 cells or intestinal cell lines in the
absence of serum [14,37]. To examine whether the cytotoxicity of
HD5 occurred in different cell types under serum-deprived
condition, HeLa-CD4-CCRS cells were cultured in the presence
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of 10%FBS or 0.3% HS with I'TS overnight before measurement
of cytotoxicity. In addition, the effect of HD5 and linear HD5,
[Abu]HD5, on HIV infection under different culture conditions
was also determined. We found that HD5 was not cytotoxic to
HeLa-CD4-CCR5 cells under serum-deprived conditions regard-
less of the presence or absence of HIV infection (Fig. 9A). The lack
of cytotoxicity for HeLla-CD4-CCRS5 cells was accompanied by
enhanced HIV infectivity in a dose dependent manner regardless
of culture conditions (Fig 9B). In contrast to the finding in primary
CD4+ T cells under serum-deprived conditions, the linear HD5
had no effect on HIV infection (Fig. 9B).

Discussion

Defensins are known to mediate complex functions in regulating
immune responses and infection/transmission beyond their
previously well-recognized antimicrobial properties [3,38,39].
The effect of defensins on viral infection is specific to the
particular triad of defensin, target cell and virus [5]. While HD5
inhibits an enveloped virus such as herpes simplex virus 2 (HSV2)
[40] and several non-enveloped viruses including BK virus,
Human adenovirus, and papillomavirus [41,42,43,44], the mech-
anisms of these anti-viral activities of HD) are distinct (reviewed in
[5]). In these studies including HSV2 and papillomavirus, the
causative agents for sexually transmitted infections, HD5 has been
incubated with virus in the absence of serum; however, the target
cells were cultured in the presence of 10% FBS during the
infection [40] [41,42,43,44]. Using similar methods, HIV was
incubated with HD5 in the absence of serum (or 1% FBS) and
then CD4+ cells or HeLa-CD4-CCRS cells were exposed to HIV
in the presence of 10%FBS [14,17,45]. We consistently observed
that HD5 promotes HIV infectivity, and this enhancing effect
depends on the structure of the defensin [14,17]. Furci et al
questioned the physiological relevance of our studies when CD4+
T cells are cultured in the presence of FBS, and stated that FBS is
a “non-physiological substance” [18]. In the current study, we
demonstrated that the anti-HIV activity of HD5 in primary CD4+
T cells under their culture conditions was due to defensin-
mediated cell death. Proteomic analysis shows that more than a
thousand protein species are present in cervicovaginal fluid
(reviewed in [19] [20,21]), and there is no indication of significant
cell death in endocervical CD4+ T cells from women with
Chlamydia trachomatis infection [23], which leads to HD5 induction
([12] and our unpublished data), the CD4+ T cells cultured under
serum-deprived conditions as described by Furci et al are unlikely
to represent a physiologically relevant model of mucosal CD4+ T
cells.

Serum deprivation alters TGF-B signaling [46], induces
autophagy [47], and influences IFN-y-mediated cell proliferation
and apoptosis [48] in CD4+ T cells. In the current study, we found
that under serum-deprived conditions HD5 caused apoptosis and
cytotoxicity (Fig. 5, 6, 7 and 8), which was not observed in CD4+
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T cells in the presence of 10%FBS. In addition to serum
deprivation, a bystander effect could arise due to cell impurity.
The negatively selected CD4+ T cells from PHA-activated PBMCs
used by Furci et al were contaminated with CD8 cells (Fig. 1),
which could secret soluble factors for cell killing or inhibiting HIV.
Indeed, our results showed that HD5-induced cell death was more
pronounced in CD4+ T cells from PHA-activated PBLs than in
PHA-activated CD4+ T cells (Fig 5B). Spinoculation, which causes
centrifugal stress, had a significant effect on HD5-induced cell
death in PHA-activated CD4+ T cells (Fig. 5B, Fig. 6 and Fig. 7B).
It may be that, because of the higher purity of the CD4+ T cell
population in PHA-activated CD4+ T cells, in samples without
spinoculation there was a reduced bystander cytotoxic effect of
HD)5 compared to CD4+ T cells from PHA-activated PBLs. As we
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the lack of a significant impact of spinoculation on defensin-
mediated HIV inhibition may be due to the longer incubation
time of the infection assay compared to the cytotoxicity assay.

HeLa-CD4-CCR5 cells, similar to TZM-bl cells, a Hel.a cell
line stably transfected with CD4, CCR5, and a luciferase reporter
gene under the control of HIV-1 long terminal repeat, are
frequently used to assess HIV infectivity. In the absence of
defensin-mediated cytotoxicity, HD5 promoted HIV infectivity of
HeLa cells under serum-deprived conditions. In contrast to the
anti-HIV activity of HD5 observed in serum-deprived primary
CD4+ T cells that was independent of the structure of defensins,
the HIV enhancing effect of HD5 in Hela cells under serum
deprived conditions required proper folding of HD5 (Fig. 9).
These results suggest that the HIV enhancing effect of HD5 is
structure-specific, whereas its cytotoxicity associated anti-HIV
activity is independent of the structure of HD5. The underlying
mechanism by which HD5 and its linear peptide induced
apoptosis in primary CD4+ T cells but not HelLa cells under
serum-deprived conditions remains to be determined. It is also not
clear whether other positively charged peptides would induce
apoptosis in serum-deprived primary CD4+ T cells.

In conclusions, we have demonstrated that the anti-HIV activity
of HD5 in primary CD4+ T cells under serum-deprived conditions
is a consequence of defensin-mediated cell death. The impurity of
CD4+ T cells and centrifugation stress appeared to further
enhance HD5-mediated cytotoxicity. In the absence of cytotox-
icity, HD) exhibited an HIV enhancing effect. Thus, results using
serum-deprived primary CD4+ T cells should be interpreted with
caution.
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