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Research article

Dual role of a-defensin-1
In anti—HIV-1 innate immunity

Theresa L. Chang, Jesus Vargas Jr., Armando DelPortillo, and Mary E. Klotman

Department of Medicine, Division of Infectious Diseases, Mount Sinai School of Medicine, New York, New York, USA.

a-Defensins are abundant antimicrobial peptides in polymorphonuclear leukocytes and play an important
role in innate immunity. We have previously shown that a-defensin-1 can inhibit HIV-1 replication follow-
ing viral entry. Here we examined the molecular mechanism(s) of a-defensin-1-mediated HIV-1 inhibition.
a-Defensin-1 had a direct effect on HIV-1 virions at a low MOI in the absence of serum. The direct effect on
HIV-1 virions was abolished by the presence of serum or an increase in virus particles. Studying the kinetics
of the HIV life cycle revealed that a-defensin-1 inhibited steps following reverse transcription and integra-
tion. Analysis of PKC phosphorylation in primary CD4" T cells in response to a-defensin-1 indicated that
a-defensin-1 inhibited PKC activity. Pretreatment of infected CD4"* T cells with a PKC activator, bryostatin 1,
partially reversed a-defensin-1-mediated HIV inhibition. Like a-defensin-1, the PKC isoform-selective inhibi-
tor Go6976 blocked HIV-1 infection in a dose-dependent manner. Furthermore, kinetic studies and analysis
of HIV-1 products indicated that o-defensin-1 and Go6976 blocked HIV-1 infection at similar stages in its life
cycle, including nuclear import and transcription. Taken together, our studies demonstrate that, in the absence
of serum, a-defensin-1 may act directly on the virus, but, in the presence of serum, its effects are on the cell,
where it inhibits HIV-1 replication. At least 1 of the cellular effects associated with HIV inhibition is interfer-
ence with PKC signaling in primary CD4* T cells. Studying the complex function of a-defensin-1 in innate

immunity against HIV has implications for prevention as well as therapeutics.

Introduction

The innate immune system provides the first line of defense for
rapidly clearing a wide variety of microbes prior to the development
of an adaptive immune response (1, 2). The effector mechanisms
of innate immunity include the alternative complement pathway,
phagocytes, and antimicrobial peptides (1, 2). In addition to the
innate pathogen-recognition systems involving immune cells
using pattern recognition receptors (3), antimicrobial peptides
including defensins and cathelicidins play a significant role in
protecting the host from the invasion of pathogens (4).

The importance of the innate immunity in controlling HIV infec-
tion is becoming increasingly appreciated (5-8). The inverse correla-
tion between the level of viremia and the ability of NK cells to inhib-
it HIV replication is predominantly mediated through secretion of
CC chemokines, including macrophage inflammatory protein-lo
(MIP-1a), MIP-1f, and RANTES, that inhibit HIV-1 entry via CCRS
(8). Similarly, antiviral activity of soluble factor(s) from CD8" T
cells, known as CD8" antiviral factor(s) (CAF), is found very early in
primary infection before the presence of antibodies against HIV (9)
and correlates with delayed disease progression in HIV-1-infected
people (10-12). CC chemokines contribute in part to CAF activity
against HIV (13). Although CAF activity was attributed to a-defen-
sins 1-3 (14), studies have now demonstrated that a-defensins are
distinct from CAF (15, 16). Detection of a-defensins in CD8* cells
is most likely due to the uptake of defensins from cocultured cells
that produce defensins (16, 17). Nevertheless, a-defensins clearly
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have anti-HIV-1 activity (14, 15) that warrants exploration of their
role in innate immunity against HIV infection.

Defensins are small cysteine-rich, cationic peptides found in
leukocytes and epithelial cells (18-21). The 3 types of mammalian
defensins, a, B, and circular, have -sheet structures stabilized by 3
disulfide bonds and differ in their distribution and connection of
6 cysteine residues (reviewed in ref. 20). They exhibit antimicrobial
activity for a broad spectrum of organisms, including Gram-posi-
tive and Gram-negative bacteria, fungi, and enveloped as well as
nonenveloped viruses (19, 22). In addition, all 3 classes of defen-
sins exhibit anti-HIV-1 activity (14-16, 23-27).

a-Defensins are abundant in neutrophils (19) but are also found
in NK cells, B cells, yd T cells, monocytes/macrophages, and epi-
thelial cells, which are important components of innate immu-
nity (28). While high concentrations (high micromolar to milli-
molar) of a-defensins are toxic to mammalian cells in the absence
of serum (29, 30), circulating levels of a-defensin range from 400
ng/ml (approximately 0.2 uM) in the plasma to 13 pug/ml (approxi-
mately 6.5 uM) in the blood (31, 32). Elevated levels of circulating
a-defensins have been associated with sepsis, bacterial meningitis,
endometritis, and intrauterine infections (31, 33-35). In addition
to their direct antimicrobial role, a-defensins display immunos-
timulatory activities including a chemotactic effect for T lympho-
cytes, monocytes, and immature dendritic cells and the induction
of cytokine production (reviewed in refs. 19, 20).

Inhibition of HIV replication by synthetic a-defensins from
guinea pigs, rabbits, and rats was first reported in 1993 (23). Sev-
eral recent studies demonstrate that human a-defensins display
anti-HIV-1 activity (14-16). However, the mechanism of this
anti-HIV activity of a-defensins is not well defined. Although a
recent study suggests that o-defensins 1, 2, and 3 purified from
neutrophils inhibit HIV-1 infection by directly inactivating virus
particles and by targeting CD4" T cells, the effective dose of
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Figure 1

Effect of a-defensin-1 on HIV-1 virions. (A and B) HIV-1g virions at MOI 0.01 (A) or 0.1 (B) were incubated with a-defensin-1 at concentrations of 0,
1, 5, and 20 ug/ml in the absence or presence of serum at 37°C for 1 hour. The mixtures were then diluted 100-fold before addition to primary CD4+
T cells (5 x 10° per sample). The levels of HIV-1 p24 at day 10 after infection are shown. P < 0.05, a-defensin-1—treated samples at MOI 0.01 vs.
nontreated controls, a-defensin-1—treated samples at MOI 0.1 vs. nontreated controls, calculated by Student’s ¢ test. (C) HIV-1,z.ri—pseudotyped
replication-defective luciferase virus was incubated with a-defensin-1 at concentrations of 0, 1, 10, and 20 ug/ml in the absence or presence of
serum at 37°C for 1 hour. The samples were then diluted 100-fold before infection of HeLa-CD4 cells expressing CCR5 coreceptors. After 2 hours
of incubation, cells were washed with PBS and incubated in the complete media for 48 hours before luciferase activity was measured (in RLUs).
P < 0.05, a-defensin-1—treated virus vs. nontreated controls. Data are mean + SD of triplicate samples and represent 3 independent experiments.

200 pg/ml (approximately 60 uM) is associated with cytotoxicity
(16). We have shown that recombinant a-defensin-1 ata noncytotox-
ic concentration of 5 ug/ml (approximately 1.5 uM) inhibits HIV-1
infection in primary CD4" T cells, macrophages, and HeLa-CD4
cells at a step following entry (15). The ICso of recombinant
a-defensin-1 is similar to that of native a-defensin-1 from human
neutrophils in the range of 0.5-2.2 uM (14). Direct inactivation of
virions does not appear to be required for its inhibitory effect.

Here, we analyze the mechanism(s) by which a-defensin-1 inhib-
its HIV-1 infection in primary CD4"* T cells. We show that, ata low
dose and a low virion burden in the absence of serum, a-defensin-1
can inactivate the virus. In the presence of serum, a-defensin-1 acts
on target cells and blocks HIV-1 infection at the steps of nuclear
import and transcription. Furthermore, in primary CD4* T cells,
the PKC signaling pathway is involved in o-defensin-1-mediated
HIV-1 inhibition. These studies promote understanding of the
complexity of the innate immune response against HIV-1 infec-
tion, providing insights into prevention and the future therapeutic
development of novel anti-HIV drug design.

Results

Effect of a-defensin-1 on HIV-1 virions. Our previous results suggest
that direct inactivation of virions is not required for HIV-1 inhibi-
tion by a-defensin-1. We examined whether a-defensin-1 at low,
noncytotoxic but physiologic concentrations can directly inactivate
HIV-1 virions. The direct effect of a-defensin-1 on HIV-1 virions
was examined by incubation of replication-competent HIV-1yp at
an MOI of 0.01 or 0.1 with a-defensin-1 at initial concentrations
of 0, 1, 5, and 20 ug/ml at 37°C for 1 hour. Samples were then
diluted 100-fold in complete media to a final MOI of 0.0001 or
0.001 before infection of primary CD4" T cells. These final con-
centrations of a-defensin-1 had no postentry effect on HIV. HIV-1
virus particles released into media were measured by HIV p24 assay.
Because serum can block the direct effect of a-defensin-1 on virions
(16, 36), we also examined whether the presence of serum affected
the direct inactivation of HIV-1 virions. a-Defensin-1 at a concen-
tration as low as 1 ug/ml displayed a direct inhibitory effect on the
viruses at a low MOI in the absence of serum, whereas the inhibi-
tory effect was abolished in the presence of serum (Figure 1A).
Moreover, the inhibitory effect on HIV virions was abolished by a

766 The Journal of Clinical Investigation

http://www.jci.org

10-fold increase in virus particles to an MOI of 0.1 in the absence
of serum (Figure 1B). Increasing concentrations of o-defensin-1
up to 20 ug/ml did not restore its inhibitory effect. We further
demonstrated that a-defensin-1 had a direct effect on the RS HIV-1
virion using a single-cycle infection assay. Replication-defective
recombinant HIV-1jrp-pseudotyped virus containing a luciferase
reporter gene was produced in media without serum. Viruses were
incubated with a-defensin-1 at concentrations of 0, 1, 10, and 20
ug/ml in the absence or presence of serum at 37°C for 1 hour and
then diluted 100-fold with complete media before infection of
HeLa-CD4 cells expressing CCRS coreceptors. In the absence of
serum, a-defensin-1 had a direct effect on HIV-1jpp-pseudotyped
virus, and the inhibitory effect was abolished by serum (Figure 1C).
No inhibition was observed when a-defensin-1 at 0.01,0.1,and 0.2
ug/ml, the final concentrations present in samples after 100-fold
dilution, was added during viral inoculation for 2 hours followed
by wash out (data not shown). Therefore, the presence of residual
low concentrations of a-defensin-1 during viral inoculation did not
account for the inhibitory effect.

a-Defensin-1 inhibits X4 and RS primary isolates following viral entry. We
have previously shown that a-denfesin-1 inhibits HIV infection after
viral entry. This was shown using replication-defective, HIVyjs,- or
HIVysy-pseudotyped luciferase-expressing viruses as well as replica-
tion-component HIVg,. (15). To determine whether a-defensin-1
can inhibit HIV primary isolates at a postentry level, primary CD4*
T cells were infected with HIV X4, RS, or X4RS primary isolates at
37°C for 2 hours. Infected cells were then treated with a-defensin-1
at different concentrations, and virus production was measured by
quantitation of HIV p24 antigens. As a control, cells were also infect-
ed with the laboratory-adapted strain HIVyyg. As expected, HIVis
replication was inhibited when cells were treated with a-defensin-1
after viral infection (Figure 2D). More importantly, a-defensin-1
inhibited different subtypes of X4, RS, and dual-tropic HIV primary
isolates following viral entry (Figure 2, A-C).

HIV-1 inhibition in a-defensin-1—pretreated CD4" cells is not due to
downregulation of CD4, CCRS, or CXCR4 surface expression. We have
previously observed that pretreatment of HeLa-CD4 cells with
o-defensin-1 blocks HIV-1 infection. To analyze whether pre-
treatment of CD4* T cells with a-defensin-1 would also lead to
HIV-1 inhibition during a single life cycle, cells were treated with
Volume 115
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a-defensin-1 at 5 ug/ml for 16 hours, washed, and cultured in
media without or with the inhibitor during HIV-1 infection. In
agreement with our previous finding, HIV-1 infection was inhib-
ited by 70% in cells pretreated with o-defensin-1 even though
the inhibitor was washed out before infection (Figure 3A). This
result indicated that in the presence of serum a-defensin-1 had
an antiviral effect on the target cell and that this effect persisted
after wash-out of a-defensin-1.

To ensure that the effect of a-defensin-1 on cells was not due
to cytotoxicity, cell proliferation assay was performed. Activated
CD4* T cells were treated with a-defensin-1 at different concen-
trations for 48 hours, and cell proliferation was determined.
a-Defensin-1 had no effect on CD4* T cell proliferation up to
10 ug/ml for 48 hours (Figure 3B).

CD4, CXCR4, and CCRS receptors are required for productive
HIV infection of primary T cells (reviewed in ref. 37). A recent report
shows that human f-defensin-2 downregulates cell surface CXCR4
but not CCRS in unstimulated PBMCs in the absence of serum

research article

Figure 2

a-Defensin-1 inhibited HIV-1 primary isolates following viral entry.
(A—C) Primary CD4+ T cells were infected with HIV-1 primary isolates
using R5, X4, or X4R5 coreceptors. The names and tropisms of virus
isolates are indicated, and viral genotypes are shown in parentheses.
(D) As a control, cells were also infected with a laboratory-adapted
strain, HIVyg. After a 2-hour viral inoculation, cells were washed and
treated with a-defensin-1 at different concentrations. HIV-1 production
was measured, and the levels of HIV-1 p24 at day 10 after infection
are shown. P < 0.05, a-defensin-1-treated infected cells vs. nontreat-
ed controls. Data are mean + SD of triplicate samples and represent
2 independent experiments.

(24). We examined whether pretreatment of cells with a-defensin-1
altered the expression of these receptors, subsequently leading to
HIV-1 inhibition. The effect of a-defensin-1 on expression of CD4,
CXCR4, and CCRS was analyzed by FACS analysis. Activated pri-
mary CD4" T cells were incubated without or with o-defensin-1
at 5 ug/ml for 24 hours in complete media containing 10% FBS,
and the expression of receptors on cell surfaces was determined. An
isotype antibody was included as a control. a-Defensin-1 had no
effect on expression of CD4, CXCR4, and CCRS receptors (Figure
3C). Examination of the effect of a-defensin-1 on CD4 and CXCR4
expression in CD4" T cells was also performed in the absence of
serum. Activated primary CD4" T cells were incubated in a serum-
free medium, AIM-V, overnight before treatment with a-defensin-1.
Cell surface CD4 and CXCR4 were analyzed by FACS analysis.
Although expression of CXCR4 was downregulated in the serum-
free condition, no significant change was observed in both CD4
and CXCR4 expression in cells treated with a-defensin-1 (data not
shown). These results show that HIV-1 inhibition by a-defensin-1
pretreatment of CD4* T cells was not due to downregulation of
CD4, CXCR4, or CCRS on cell surfaces.

a-Defensin-1 inhibits HIV-1 infection following reverse transcription and
integration. To dissect the stages of HIV-1 infection inhibited by
a-defensin-1 after viral entry, we studied the kinetics of the HIV-1
life cycle in primary CD4* T cells in the presence of a-defensin-1

A B C 120
0.6 °
25000 £ 100
0.5 g
20000 T o 04 g ®
@ L Qg’ 8 e
S 15000 o 03 <
J T
T 10000 02 n 40
L g
5000 T l 0.1 20
0 0 C
Control ~ Addback  Wash out 0 1 25 5 10 CD4 CCR5 CXCR4
a-Defensin-1 (ng/mi)
Figure 3

HIV-1 inhibition in o-defensin-1—pretreated primary CD4+ T cells and the effect of a-defensin-1 on CD4+ T cell proliferation and CD4, CCR5,
and CXCR4 surface expression. (A) CD4+ T cells were pretreated with a-defensin-1 at 5 ug/ml for 16 hours. Cells were washed and infected
with HIV-1ysy—pseudotyped replication-defective luciferase virus. Infected cells were then placed in complete media with (Add back) or without
(Wash out) a-defensin-1 during viral infection. P < 0.05, a-defensin-1—-treated cells vs. nontreated controls. Luciferase activity was measured at
48 hours after infection. Data are mean + SD of triplicate samples and represent 2 independent experiments. (B) Cell viability of activated CD4+
T cells incubated with a-defensin-1 at different concentrations for 48 hours was measured by CellTiter 96 aqueous 1-solution cell proliferation
assay (Promega Corp.). No significant difference was observed in cells in the absence or presence of a-defensin-1 (P > 0.05). (C) Activated
CD4+ T cells were treated without (white bars) or with (black bars) a-defensin-1 at 5 ug/ml for 16 hours. Surface expression of CD4, CXCR4, and
CCRS5 in activated CD4 T cells was determined by flow cytometry. No significant difference was observed between a-defensin-1-treated cells
and controls (P > 0.05). Results are mean + SD of 2 independent experiments.
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using a single-cycle viral infection assay. Activated CD4" T cells were
infected with replication-defective recombinant HIV-1g,-pseudo-
typed virus containing a luciferase reporter gene. Infected cells were
treated with a-defensin-1 at 2, 6, 9, and 16 hours after infection
as indicated in Figure 4A. Samples treated with o-defensin-1 were
compared with those treated with the reverse transcriptase inhibi-
tor azidothymidine (AZT) at 5§ uM. AZT or a-defensin-1 inhibited
HIV-1 infection by 99% or 80%, respectively, when inhibitors were
added at 2 hours after infection. AZT lost its inhibitory effect at 9
hours after infection, indicating that reverse transcription was com-
plete, whereas the inhibitory effect of a-defensin-1 was sustained at
this time point. The difference between levels of HIV infection in
a-defensin-1-treated and AZT-treated cells at 9 and 16 hours was
significant (P < 0.05, calculated by Student’s ¢ test). This result sug-
gests that the block in the HIV-1 life cycle by a-defensin-1 occurred
after reverse transcription in primary CD4* T cells.

The anti-HIV activity of a-defensin-1 gradually decreased in the
kinetic study in Figure 4A, suggesting that a-defensin-1 may affect
more than 1 step in the HIV-1 life cycle. Therefore, we compared
the kinetics of the HIV-1 life cycle in the presence of a-defensin-1
or an integrase inhibitor, L-731,988 (38). L-731,988 and a-defen-

Figure 5

Involvement of PKC signaling pathway(s) in a-defensin-1—mediated
HIV-1 inhibition. (A) Whole-cell extracts were prepared from cells treated
without or with a-defensin-1 at 10 ug/ml for 0, 5, and 15 minutes. PKC
phosphorylation was analyzed using a phospho-PKC antibody. The
blot was then stripped and reprobed with an antibody against PKC as a
control. (B) Activated CD4+ T cells were infected with HIV-1xg2—pseu-
dotyped replication-defective luciferase virus. Infected cells were then
treated with bryostatin 1 at 10 nM for 30 minutes, washed, and incu-
bated without or with a-defensin-1 for 48 hours before measurement of
luciferase activity. Data are mean + SD of triplicate samples and rep-
resent 2 independent experiments. (C) Primary activated CD4+ T cells
were pretreated without (lanes 1 and 2) or with (lanes 3 and 4) bryostatin
1 for 30 minutes and then not treated (lanes 1 and 3) or treated (lanes 2
and 4) with a-defensin-1 for 15 minutes. Whole-cell extracts were pre-
pared and PKC phosphorylation was analyzed as described above.
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Figure 4

a-Defensin-1 inhibited HIV-1 infection following reverse transcription
and integration. Activated CD4+ T cells infected with HIV-1g—pseu-
dotyped replication-defective luciferase virus were treated with o-defen-
sin-1 at 5 ug/ml, or with AZT at 5 uM (A) or L-731,988 at 10 uM (B), at
different time points after infection. Infected cells were collected at 48
hours after infection, and luciferase activity was measured. P < 0.05,
a-defensin-1-treated cells vs. nontreated controls at different time
points, a-defensin-1-treated vs. AZT-treated cells at 9 and 16 hours
after infection, a-defensin-1—treated vs. L-731,988—treated cells at 24
hours after infection. Data are mean + SD of triplicate samples and
represent 3 independent experiments.

sin-1 inhibited HIV-1 infection by 75-80%, when inhibitors were
added at 0 or 2 hours after infection (Figure 4B). At 24 hours after
infection, L-731,988 lost its inhibitory effect, consistent with
completion of integration, whereas a-defensin-1 blocked HIV-1
replication by 50%. Taken together, these results suggest that
o-defensin-1 affects more than 1 step of the HIV-1 life cycle follow-
ing reverse transcription, including a postintegration effect.

PKC signaling pathway(s) is involved in o-defensin-1-mediated HIV-1
inhibition in primary CD4* T cells. a-Defensin-1 can inhibit PKC in
vitro (39). In addition, it is internalized and interacts with PKCa.
and f in smooth muscle cells (40). Because PKC plays an important
role in HIV-1 infection (41-43), we investigated whether HIV-1 inhi-
bition by a-defensin-1 is mediated through its effects on PKC activ-
ity. The activity of PKC is under the control of distinct serine/threo-
nine phosphorylation (44). Therefore, we analyzed phosphorylated
PKC proteins in whole-cell extracts from primary CD4" T cells
treated with a-defensin-1 using phospho-PKC-specific antibody.
The blot was then stripped and reprobed with antibodies against
PKCa, 3, and y as a control for equal loading. PKC phosphorylation
was detected in activated CD4" T cells without treatment (Figure
5A, lane 1). The level of PKC phosphorylation was decreased by 30%
and 60% in cells treated with a-defensin-1 for 5 and 15 minutes,
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respectively (Figure 5A, lanes 2 and 3), indicating that a-defensin-1
inhibited PKC activity in primary CD4* T cells.

We then examined whether enhancement of PKC activity before
treatment with a-defensin-1 would affect a-defensin-1-mediated
HIV-1 inhibition during a single-cycle infection. HIV-1s,-infected
primary CD4* T cells were incubated with a PKC activator, bryo-
statin 1, at 10 nM for 30 minutes before treatment with a-defen-
sin-1 for 48 hours. Pretreatment of infected cells with bryostatin 1
reduced the HIV-inhibitory effect of a-defensin-1 from 80% to
20% (Figure SB). In addition, a-defensin-1 had no effect on PKC
phosphorylation in bryostatin 1-treated cells (Figure 5C). These
results suggest that PKC signaling pathways are involved in
a-defensin-1-mediated HIV-1 inhibition in primary CD4* T cells.

o-Defensin-1 and a PKC inhibitor, Go6976, block the HIV-1 life cycle
at a similar stage. To examine the role of specific PKC isoforms in
HIV-1 infection in primary CD4" T cells, we studied HIV-1 infec-
tion in the presence of a PKC isoform-selective inhibitor, Go6976,
which blocks activities of PKC isoforms o and . Primary CD4* T
cells were infected with HIV-1y.s,-pseudotyped luciferase reporter
virus, treated with Go6976 at 2 hours after infection, and incubat-
ed for 48 hours before measurement of luciferase activity. Go6976
inhibited HIV-1 infection in a dose-dependent manner (Figure 6A),
indicating that PKCa and 3 were important for HIV-1 infection in
primary CD4* T cells.

We then determined whether the PKC inhibitor Go6976 and
a-defensin-1 blocked at a similar stage of HIV-1 infection by study-
ing the kinetics of the HIV-1 life cycle in primary CD4* T cells in the
presence of these inhibitors. Infected cells were treated with a-defen-
sin-1 at 5 ug/ml or Go6976 at 500 nM at 2, 6, and 16 hours after
infection, and luciferase activity was measured at 48 hours after
infection. Similar kinetics of HIV-1 inhibition were observed in cells
treated with o-defensin-1 or Go6976, which suggests that the block
in the HIV-1 life cycle may occur at the same stage(s) (Figure 6B).

To analyze whether o-defensin-1 or Go6976 also exhibited the
anti-HIV-1 activity in transformed T cell lines, several transformed
cell lines were infected with HIV-1pyp,-pseudotyped luciferase
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Figure 6

a-Defensin-1 and a PKC isoform—selective inhibitor, Go6976,
blocked the HIV-1 life cycle at similar stages. (A) The effect of the
PKCa and f inhibitor Go6976 on HIV-1 infection in primary CD4+ T
cells was determined by a single-cycle infection assay. Cells infect-
ed with HIV-14,g2—pseudotyped luciferase viruses were treated with
Go6976 at different concentrations at 2 hours after infection. (B) The
kinetics of the HIV-1 life cycle in primary CD4+ T cells in the pres-
ence of a-defensin-1 or Go6976 were studied as described in Figure
4. P < 0.05, inhibitor-treated cells vs. nontreated controls at different
time points. Data are mean + SD of triplicate samples and represent
3 independent experiments.

reporter virus and treated with a-defensin-1 or Go6976 at 2 hours
after infection. Infected cells were incubated for 48 hours before
measurement of luciferase activity. In contrast to the results found
in primary CD4* T cells, no effect of a-defensin-1 on HIV-1 infec-
tion was observed in transformed T cell lines including H9, CEM,
and Jurkat cells. In these transformed T cells, Go6976 was found
to actually enhance HIV-1 infection (data not shown). The results
with Go6976, in parallel with those with a-defensin-1, suggest that
signaling pathways involved with HIV infection in primary CD4* T
cells are not the same as those in transformed T cells.

Both a-defensin-1 and Go6976 inbibit HIV-1 infection at the steps
of nuclear import and transcription. To confirm that Go6976 and
o-defensin-1 inhibited HIV in primary CD4" T cells following
reverse transcription, real-time PCR analysis was performed to
amplify HIV-1 strong-stop (R/US) and full-length (R/gag) reverse-
transcribed products. These represent early and late reverse-tran-
scribed DNA, respectively (45). Activated primary CD4" T cells
were infected with HIV-1yp,-pseudotyped luciferase reporter
virus and then treated with o-defensin-1 at 5 ug/ml or Go6976 at
500 nM at 2 hours after infection. Genomic DNA was extracted at
48 hours after infection, and HIV reverse-transcribed DNA prod-
ucts were examined. There was no reduction of early and late HIV
reverse-transcribed PCR products in primary CD4" T cells in the
presence of a-defensin-1 or Go6976 (Figure 7A), which suggests
that the block occurred after reverse transcription.

To determine whether the inhibitory effect on HIV-1 infection
occurred at nuclear import, real-time PCR analysis of closed 2-long-
terminal repeat (c2-LTR) circles was performed. Extrachromosomal
closed circular forms of HIV DNA (E-DNA), which form only after
nuclear import of fully reverse-transcribed linear DNA and con-
tain either a single or a tandem double copy of the LTR (c1-LTR
or c2-LTR, respectively), are considered a marker of nuclear import
(46). Primary CD4* T cells were infected with replication-defective
recombinant HIV-1ysy-pseudotyped luciferase-expressing virus and
then treated with a-defensin-1 or Go6976 at 2 hours after infection.
Genomic DNA was prepared at 24 hours after infection, and ¢2-LTR
circles were analyzed. a-Defensin-1 and Go6796 inhibited nuclear
import by 55% and 37%, respectively (Figure 7B, left panel). Similar
inhibition of ¢2-LTR circle formation was observed when replica-
tion-component HIVy was used to infect primary CD4* T cells in
the presence of the inhibitors (Figure 7B, right panel).

The kinetic study in Figure 4B indicated that a-defensin-1 had
persistent inhibition of HIV-1 even after integration was complete.
To examine whether the inhibitors affected HIV transcription in
primary CD4* T cells, cells were infected with replication-compe-
tent HIVyyp and then treated with a protease inhibitor, Nelfinavir,
to prevent new rounds of viral replication. Infected cells were incu-
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Figure 7

a-Defensin-1 and Go6976 inhibited HIV-1 infection at the
steps of nuclear import and transcription. (A) CD4* T cells
were infected with HIV-1u4g2—pseudotyped viruses and
then treated with a-defensin-1 or Go6976 for 48 hours.
Quantitation of HIV-1 early strong-stop (R/U5) and late full-
length (R/gag) reverse-transcribed products was performed.
Data are mean = SD of 3 independent experiments. No sig-
nificant difference was observed between control (HIV-1—
infected, no treatment) and o-defensin-1-treated cells, or
between control and Go6976-treated cells, calculated by Stu-

dent’s t test (P > 0.05). (B) To assess whether a-defensin-1
or Go6976 suppressed HIV-1 nuclear import, real-time PCR
analysis was performed to measure c2-LTR circles in CD4+
T cells infected with replication-defective HIV-1ysy—pseu-
dotyped virus (left panel) or replication-competent HIV ;g
at MOI 0.1 (right panel) upon treatment with inhibitors at 2
hours after infection. Samples were prepared at 24 h after

infection, and c2-LTR circles were measured. *P < 0.05,
control (HIV-1—infected, no treatment) vs. a-defensin-1—
treated, control vs. Go6976-treated, calculated by Student’s
t test. Data represent 2 independent experiments. (C) To
determine whether o-defensin-1 or Go6976 inhibited HIV
transcription, primary CD4+ T cells were infected with HIV g
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bated for 48 hours to allow completion of viral integration before
treatment with a-defensin-1 or Go6976. Total RNA was prepared at
5 days after infection and analyzed by Northern blot analysis using a
probe from the HIV-1 nefregion. The level of all major species of viral
RNAs was decreased in the presence of a-defensin-1 or Go6976 (Fig-
ure 7C). Longer exposure of the blot revealed that both inhibitors
suppressed the full-length unspliced 9.2-kb mRNA by 43% (Figure
7C, right panel). These results and the kinetic studies demonstrated
that a-defensin-1 and Go6976, a PKCa and  inhibitor, blocked
HIV-1 infection at the steps of nuclear import and transcription.

Discussion

We demonstrated that a-defensin-1 at physiologic and nontoxic
concentrations displayed a dual antiviral effect. a-Defensin-1 had
a direct effect on HIV-1 virions, although this inhibitory effect was
lost in the presence of serum or an increase in virus particles (Figure
1). In contrast, there was a postentry anti-HIV-1 activity of a.-defen-
sin-1 that was independent of serum and inhibited steps follow-
ing reverse transcription. Both effects could function in vivo in an
innate immune response to HIV. At the mucosal surface, a-defen-
sins might work to inactivate the virions in the absence of serum;
however, in the presence of serum, the inhibitory effect of a-defen-
sin-1 would largely be on the susceptible cell. The HIV-1-inhibi-
tory effect on cells was present following wash out of a-defensin-1
(Figure 3A), suggesting that the effect(s) on target cells persisted.
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at MOI 0.05 for 2 hours. Cells were washed and treated with
Nelfinavir at 20 uM for 48 hours before exposure to inhibitors
for 3 additional days. Total RNA was analyzed by Northern
blot analysis using 32P-labeled HIV-nef DNA fragment. Lon-
ger exposure of the blot is shown in the right panel. The blot
was stripped and then probed with GAPDH as a control.

We hypothesized that the cellular antiviral effect was mediated via
cell signaling pathways that regulate HIV-1 replication. This study
demonstrated that, in primary CD4" T cells, PKC signaling path-
ways were involved in o-defensin-1-mediated HIV-1 inhibition.

PKC plays an important role in HIV-1 infection (41-43). At least 1
step in which PKC is involved in control of HIV replication is at the
level of viral transcription. PKC upregulates transcription through
NF-kB activation and Tat phosphorylation as well as JNK and
MAPK signaling pathways (47-52). However, PKC also regulates
other steps of the HIV-1 life cycle, including fusion, integration,
and assembly (42, 53, 54). PKC is required for activation of HIV-1
transcription in the latently infected U1 cell lines (S5, 56). However,
the role of specific PKC isoforms in HIV infection in primary CD4*
T cells is not known. Our findings, using Go6796, which selectively
inhibits the conventional PKC isoforms o and f3, suggest that PKCa
and PKCp play a role in HIV-1 infection in primary CD4" T cells
by controlling the steps of nuclear import and transcription. It
remains to be determined whether specific PKC isoforms control
different stages of the HIV life cycle and whether PKC isoforms act
individually or in concert to regulate HIV infection.

Several lines of evidence suggest that PKC signaling pathway(s)
was involved in a-defensin-1-mediated HIV-1 inhibition in primary
CD4" T cells. First, o-defensin-1 blocked PKC phosphorylation, and
enhancement of PKC phosphorylation interfered with a-defensin-1-
mediated HIV-1 inhibition (Figure S). In addition, both o-defensin-1
Volume 115
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and the PKC inhibitor Go6796 blocked HIV-1 infection at similar
stages of the viral life cycle (Figures 6 and 7). It remains to be deter-
mined which specific PKC isoform is involved in o-defensin-1-medi-
ated HIV-1 inhibition in primary CD4" T cells and whether a-defen-
sin-1 is internalized and directly interacts with PKCo and 3, as found
in smooth muscle cells (40). While the presence or absence of anti-HIV
activity of Go6976 paralleled a-defensin-1 in primary CD4* T cells
and transformed T cells, there were discordant effects in HeLa cells
(data not shown), suggesting that the involvement of PKC signaling
in a-defensin-1-mediated HIV-1 inhibition is cell specific.

The postentry effect of a-defensin-1 on HIV-1 infection occurred
after reverse transcription in primary CD4" T cells. The decrease in
extrachromosomal closed circular HIV DNA (E-DNA), considered
a marker of nuclear import (46), was observed in a-defensin-1- or
Go6976-treated cells (Figure 7B), suggesting that a block occurred
at the step prior to completion of nuclear import in the HIV-1 life
cycle. The gradual trend of decreasing activity of a-defensin-1 or
G06976 in the kinetic studies suggested that a-defensin-1 and the
PKC inhibitor Go6976 affect more than 1 step in the HIV-1 life
cycle. Analysis of HIV-1 RNAs after viral integration indicated that
both inhibitors also suppressed viral transcription (Figure 7C).
The maximal anti-HIV-1 activity of a-defensin-1 was achieved
when a-defensin-1 was added at an early stage of viral infection,
which suggests that its effects on nuclear import and transcription
are additive. Furthermore, a-defensin-1 may induce other factors
such as cytokines that in turn inhibit HIV-1 replication. Although
there is no report on the induction of cytokines by a-defensin-1 in
primary CD4* T cells, a-defensin-1 has been shown to upregulate
IL-8 in the lung epithelial cell line A549 (29). Therefore, the indi-
rect downstream effects may play a role in HIV inhibition.

a-Defensin-1 was originally reported to inhibit herpes sim-
plex virus-1 (HSV-1) by directly inactivating virions, presumably
interacting with and perturbing viral lipid envelopes (36). This
anti-HSV-1 activity is blocked by serum. Similarly, a recent report
indicates that a cytotoxic concentration of 200 pug/ml of a-defen-
sin-1 purified from human neutrophils has a direct effect on
HIV-1 virions. This direct effect on HIV-1 virions is also blocked
by the presence of 5% serum (16). We observed that recombinant
a-defensin-1 at the nontoxic and physiologic dose of 1 ug/ml had
a direct effect on HIV-1 virions, which was blocked by the presence
of serum. Since native a-defensin-1 purified from neutrophils has
been shown to potently inhibit HIV-1 infection at a concentration
of 0.5-2.2 uM (14), similar to what we found with recombinant
proteins, the discrepancy in the effective anti-HIV dose cannot be
easily attributed to the sources of a-defensin-1. The direct effect of
a-defensin-1 on virions is not entirely nonspecific, as it does not
efficiently suppress infection of several enveloped viruses (36). In
addition, the antiviral effect is not limited to enveloped viruses;
a-defensin-1 also inhibits infection of adenovirus, a nonenveloped
virus (22). It is clear that, in the presence of serum, the primary
anti-HIV effect of a-defensin-1 is on cells. In agreement with our
report, other members of the o-defensin family, including guin-
ea pig neutrophil peptide (GPNP), rabbit neutrophil peptide-1
(RbNP-1), and rat neutrophil peptide-1 (RatNP-1), inhibit HIV-1
replication following infection of cells. Their anti-HIV-1 activities
are not affected by the presence of serum (23).

Our studies demonstrate that a-defensin-1 at physiologic con-
centrations inhibits HIV-1 by inactivating the virion in the absence
of serum and inhibiting viral replication in target cells in the pres-
ence of serum. Other classes of defensins have been shown to use
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different routes to control HIV-1 infection. For example, human
B-defensin-2 and HBD-3 inhibit HIV-1 replication by direct bind-
ing to virions and by downregulation of HIV-1 coreceptor CXCR4
(but not CCRS) in PBMCs in the absence of serum (24). Retrocyclin,
a circular form of defensin, acts as a lectin and inhibits HIV-1 not
through direct viral inactivation but at the step of viral entry (25-27).
Taken together, our findings offer insights into the function of
o-defensin-1 in innate immunity against HIV-1 infection. Under-
standing the mechanism by which defensins inhibit HIV-1 infection
provides potential novel approaches to prevention and therapy.

Methods

Reagents. Recombinant human a-defensin-1 (NP-1; produced in E. coli;
greater than 95% purity by SDS-PAGE and HPLC analyses) was purchased
from Chemicon International Inc. or Cell Sciences. The endotoxin level is
less than 0.1 ng/mg of human a-defensin-1. Pan-phospho-PKC antibodies
and antibodies against PKCa, 3, and y were purchased from Cell Signaling
Technology Inc. and Upstate Biotechnology Inc., respectively. Nelfinavir
was obtained from the NIH AIDS Research & Reference Reagent Program
(ARRRP). Go6976 was purchased from BIOMOL Research Laboratories
Inc., and L-731,988 was provided by Merck & Co. Go6976 and L-731,988
were dissolved in DMSO at a final concentration of 5 mM, and the final
concentration of DMSO in the working solutions did not interfere with
the infection assay.

Cell culture. PBMCs from normal healthy blood donors were isolated
by Ficoll-Hypaque gradient centrifugation. CD4" T cells were isolated
from PBMCs by negative selection using a CD4* T cell isolation kit from
Miltenyi Biotec Inc. The purity of cells is 98% based on flow cytometric
analysis. CD4" T cells were stimulated with phytohemagglutinin at 5 ug/ml
and maintained in RPMI media supplemented with 10% FBS and IL-2 for 3
days at 37°C before viral infection. Transformed T cell lines H9, CEM, and
Jurkat were maintained in RPMI media containing 10% FBS.

HIV-1 infection. Replication-defective HIV-1xys2, HIV-1jrpr, and HIV-1ysy
Env-pseudotyped, luciferase-expressing reporter viruses for a single-cycle
infection assay were produced as described previously (57, 58). Briefly,
HEK293T cells were cotransfected with a plasmid encoding the envelope-
deficient HIV-1 NL4-3 virus with the luciferase reporter gene inserted
into nef (pNL4-3.Luc.R-E-; gift of N. Landau, ARRRP) and a pSV plasmid
expressing the HIV-14s; and HIV-1jrpL glycoprotein (gift of D. Littman,
New York University, New York, New York, USA) or the VSV-G glycoprotein
(gift of D. Trono, University of Geneva, Geneva, Switzerland). The superna-
tant medium was collected 48 hours after transfection, and filtered. Virus
stocks were analyzed for HIV-1 p24 antigen concentration by ELISA (SAIC-
Frederick Inc.). To produce HIV-1jg.p -pseudotyped viruses in the absence
of serum, transfection was performed as described above. Transfected cells
were incubated for 24 hours, washed with PBS, and cultured in media with-
out serum for an additional 24 hours before collection of viruses.

For a single-cycle infection assay, activated CD4* T cells at 1 x 10° per
sample were infected with HIV-1yp,-pseudotyped luciferase reporter
viruses for 2 hours at 37°C. Unbound virus was removed by washing,
and infected cells were treated with a-defensin-1 or other inhibitors and
incubated at 37°C before lysis with luciferase substrate buffer (Promega
Corp.). Luciferase activity (in relative light units [RLUs]) was measured on
an EG&G Berthold MiniLumat LB 9506 luminometer. Infection of HeLa-
CD4-CCRS cells was performed as described previously (15).

The direct effect of a-defensin-1 on HIV-1 virions was analyzed using
replication-competent HIV-1yyp virus (Advanced Biotechnologies Inc.) or
HIV-1jpp-pseudotyped viruses. HIVyyg virus at an MOI of 0.1 or 0.01 was
incubated with a-defensin-1 at different concentrations at 37°C for 1 hour.
Samples were diluted 100-fold before addition of the virus/inhibitor mix to
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cells, resulting in dilution of the a-defensin-1 to levels at which there was
no postentry effect. After viral adsorption, viruses were washed out and
cells were incubated at 37°C. HIV p24 levels in supernatants at days 3, 5, 7,
and 10 after infection were measured by ELISA (SAIC-Frederick Inc.), and
the data at day 10 after infection were presented.

To determine the effect of a-defensin-1 on infection of HIV-1 primary
isolates following viral entry, phytohemagglutinin-activated primary
CD4* T cells were infected with HIV-1 primary isolates (ARRRP; and the
UNAIDS Network for HIV Isolation and Characterization and the Divi-
sion of AIDS, National Institute of Allergy and Infectious Diseases) at
37°C for 2 hours. Virus was washed out, and infected cells were treated
with a-defensin-1 at different concentrations. HIV-1 p24 levels in the
media were measured as described above.

Western blot analysis. Whole-cell extracts were prepared by lysis of cells in 20
mM HEPES buffer (pH 7.9) with 0.2% NP-40, 10% glycerol, 200 mM NacCl,
0.1 mM EDTA, 1 mM DTT, 1 mM sodium orthovanadate, 0.5 mM PMSF,
and protease inhibitor cocktail (Roche Molecular Biochemicals). The pro-
tein concentration in whole-cell extracts was determined by the Bradford
method using the Bio-Rad Protein Assay (Bio-Rad Laboratories). Proteins
(30 ug per well) were separated by SDS-PAGE. After electrophoresis, pro-
teins were transferred to PVDF membranes (Millipore Corp.). The mem-
branes were blocked with 5% milk in rinse buffer (10 mM Tris, 150 mM
NaCl, 1 mM EDTA, 0.1% Triton X-100) for 30 minutes at room tempera-
ture, then incubated overnight at 4°C with the appropriate primary anti-
bodies in rinse buffer with 5% BSA fraction V. After 3 washes in rinse buffer
for 15 minutes, the blots were incubated with HRP-linked secondary anti-
body (KPL) at a dilution of 1:10,000 for 1 hour at room temperature, and
then washed 3 times with rinse buffer for 15 minutes. The immunoblotted
proteins were visualized using the ECL chemiluminescent substrate, accord-
ing to the manufacturer’s specifications (Amersham Biosciences Corp.). To
reprobe blots, membranes were incubated in stripping buffer (100 mM
B-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCI, pH 6.7) at 55°C for 1 hour
and rinsed with PBS several times before a second Western blot analysis.

Flow cytometric analysis. For cytofluorometric analysis (FACSCalibur;
BD Biosciences), a-defensin-1-treated activated CD4* T cells were
stained with the appropriate mAbs conjugated with PE or FITC (BD
Biosciences — Pharmingen). Appropriate anti-isotypic mAbs conjugated
with PE or FITC were used as negative controls. Results were analyzed
with CellQuest software (BD).

Detection of HIV-1 DNA by quantitative real-time PCR analysis. DNA was
extracted from cells with the QIAamp DNA Blood Mini Kit (QIAGEN
Inc.), and 300 ng of genomic DNA (approximately 48,000 cells) was used
for PCR amplification. Each PCR mix contained each primer at 0.2 uM,
2 mM MgCl,, and HotStarTag Master Mix (QIAGEN Inc.). The primer
sequences for HIV reverse-transcribed DNA products were as follows:
R/US forward, M667 (S'-GGCTAACTAGGGAACCCACTG-3"); R/US
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reverse, AASS (5'-CTGCTAGAGATTTTCCACACTGAC-3'); R/gag for-
ward, M667 (above); R/gag reverse, M661 (5'-CCTGCCTCGAGAGA-
GCTCCACACTGAC-3) (45); RT-HEX probe [5'-(HEX)-ACGGGCACA-
CACTACTTTGAGCACTCAAGGC-(BHQ-2)-3']. The primer sequences for
B-actin were as follows: actin-forward (5" TGCGTGACATTAAGGAGAAG-
3'),actin-reverse (5'-GCTCGTAGCTCTTCTCCA-3'), and actin-FAM probe
[5'-(FAM)-CACGGCTGCTTCCAGCTCCTC-(BHQ-1)-3']. The primer
sequences for 2-LTR circles were as follows: 2-LTR circle forward, MH535
(5'-AACTAGGGAACCCACTGCTTAAG-3'"); 2-LTR reverse, MHS36
(5'-TCCACAGATCAAGGATATCTTGTC-3'); 2-LTR probe, MH603 [5'-
(FAM)-ACACTACTTGAAGCACTCAAGGCAAGCTTT-(BHQ)-3] (59).
Plasmids pNL4-3.Luc and cc2-LTR (60) were used to generate standard
curves for RT and 2-LTR circle primer-probe sets. In every experiment,
a standard curve for RT products and 2-LTR circles derived from serial
dilution of plasmids containing the target sequence and ranging from 10°
to 10° copies was measured in triplicate. PCR cycling conditions included
a 95°C denaturation for 10 minutes followed by 40 cycles of 95°C for 30
seconds, 55°C for 30 seconds, and 72°C for 30 seconds. Reactions were
carried out and analyzed using the ABI PRISM 7900HT Sequence Detec-
tion System (Applied Biosystems).

Northern blot analysis. Total RNA (S ug) prepared using TRIzol (GIBCO;
Invitrogen Corp.) was separated on a 1% formaldehyde-agarose gel and
transferred to a Zeta-Probe GT membrane (Bio-Rad Laboratories). The
membrane was incubated with 3?P-labeled probes overnight at 65°C in
0.25 M sodium phosphate buffer (pH 7.2) containing 7% SDS and 1 mM
EDTA, and then washed for 15 minutes twice at room temperature and for
30 minutes once at 65°C with 40 mM sodium phosphate buffer (pH 7.2)
containing 1% SDS and 1 mM EDTA. After washing, the membrane was
exposed to Hyperfilm MP (Amersham Biosciences Corp.). To reprobe the
blot, the membrane was incubated in 0.5% SDS and 0.1x SSC at 95°C for
15 minutes before probing with GAPDH.

Acknowledgments

We thank Fleur Francois for initiating the kinetic study and
Mohammad Husain for providing the DNA fragment for HIV-1
nef, and Ben Chen and members of the Klotman laboratories for
helpful discussions. This work was supported by NIH grants R01
AI43698 and P01 HD41763.

Received for publication April 22, 2004, and accepted in revised
form January 4, 2005.

Address correspondence to: Theresa L. Chang, Department of
Medicine, Division of Infectious Diseases, Box 1090, One Gustave
L. Levy Place, New York, New York 10029, USA. Phone: (212) 241-
6806; Fax: (212) 534-3240; E-mail: Theresa.chang@mssm.edu.

and Epstein-Barr virus in late disease. J. Exp. Med.
177:249-256.

CD8 cell anti-HIV activity correlates with the clin-
ical state of the infected individual. J. Clin. Invest.
87:1462-1466.

.Mackewicz, C.E., Yang, L.C., Lifson, J.D., and 13. Cocchi, F., et al. 1995. Identification of RANTES,
Levy, J.A. 1994. Non-cytolytic CD8 T-cell anti-
HIV responses in primary HIV-1 infection. Lancet.

MIP-1 alpha, and MIP-1 beta as the major HIV-
suppressive factors produced by CD8+ T cells. Sci-
ence. 270:1811-1815.

14. Zhang, L., et al. 2002. Contribution of human
alpha-defensin 1, 2, and 3 to the anti-HIV-1 activ-
ity of CD8 antiviral factor. Science. 298:995-1000.

man, M.E. 2003. CAF-mediated human immu-
nodeficiency virus (HIV) type 1 transcriptional
inhibition is distinct from alpha-defensin-1 HIV

Volume 115 Number3  March 2005



inhibition. J. Virol. 77:6777-6784.

16. Mackewicz, C.E., et al. 2003. a-Defensins can have
anti-HIV activity but are not CD8 cell anti-HIV fac-
tors. AIDS. 17:F23-F32.

17. Zhang, L., Lopez, P, He, T., Yu, W.,and Ho, D.D. 2004.
Retraction of an interpretation. Science. 303:467.

18. Lehrer, R.L, Lichtenstein, A.K., and Ganz, T. 1993.
Defensins: antimicrobial and cytotoxic peptides of
mammalian cells. Annu. Rev. Immunol. 11:105-128.

. Lehrer, R.1., and Ganz, T. 2002. Defensins of verte-
brate animals. Cur. Opin. Immunol. 14:96-102.

20.Yang, D., Biragyn, A., Kwak, L.W., and Oppenheim,
JJ. 2002. Mammalian defensins in immunity: more
than just microbicidal. Trends Immunol. 23:291-296.

21. Schonwetter, B.S., Stolzenberg, E.D., and Zasloff,
M.A. 1995. Epithelial antibiotics induced at sites
of inflammation. Science. 267:1645-1648.

22.Bastian, A., and Schafer, H. 2001. Human alpha-
defensin 1 (HNP-1) inhibits adenoviral infection in
vitro. Regul. Pept. 101:157-161.

23.Nakashima, H., Yamamoto, N., Masuda, M., and
Fujii, N. 1993. Defensins inhibit HIV replication in
vitro. AIDS. 7:1129.

24. Quinones-Mateu, M.E., et al. 2003. Human epithe-
lial beta-defensins 2 and 3 inhibit HIV-1 replica-
tion. AIDS. 17:F39-F48.

25.Cole, A M., et al. 2002. Retrocyclin: a primate
peptide that protects cells from infection by T- and
M-tropic strains of HIV-1. Proc. Natl. Acad. Sci. U. S. A.
99:1813-1818.

26.Munk, C., et al. 2003. The theta-defensin, retro-
cyclin, inhibits HIV-1 entry. AIDS Res. Hum. Retro-
viruses. 19:875-881.

27.Wang, W., Cole, A M., Hong, T., Waring, AJ., and
Lehrer, R.I. 2003. Retrocyclin, an antiretroviral theta-
defensin, is a lectin. J. Immunol. 170:4708-4716.

28. Ganz, T. 2003. Defensins: antimicrobial peptides of
innate immunity. Nat. Rev. Immunol. 3:710-720.
29.Van Wetering, S., Mannesse-Lazeroms, S.P., Dijk-
man, J.H., and Hiemstra, P.S. 1997. Effect of neu-
trophil serine proteinases and defensins on lung
epithelial cells: modulation of cytotoxicity and IL-8

production. J. Leukoc. Biol. 62:217-226.

30. Lichtenstein, A. 1991. Mechanism of mammalian
cell lysis mediated by peptide defensins. Evidence
for an initial alteration of the plasma membrane.
J. Clin. Invest. 88:93-100.

. Panyutich, A.V., Panyutich, E.A., Krapivin, V.A.,
Baturevich, E.A., and Ganz, T. 1993. Plasma defen-
sin concentrations are elevated in patients with
septicemia or bacterial meningitis. J. Lab. Clin. Med.
122:202-207.

32.Shiomi, K., et al. 1993. Establishment of radio-
immunoassay for human neutrophil peptides and
their increases in plasma and neutrophil in infec-
tion. Biochem. Biophys. Res. Commun. 195:1336-1344.

33.Heine, R.P., Wiesenfeld, H., Mortimer, L., and
Greig, P.C. 1998. Amniotic fluid defensins: poten-

1

el

3

—_

The Journal of Clinical Investigation

tial markers of subclinical intrauterine infection.
Clin. Infect. Dis. 27:513-518.

34. Maffei, F.A., Heine, R.P., Whalen, M.J., Mortimer,
L.F., and Carcillo, J.A. 1999. Levels of antimicrobial
molecules defensin and lactoferrin are elevated in
the cerebrospinal fluid of children with meningitis.
Pediatrics. 103:987-992.

. Wiesenfeld, H.C., et al. 2002. Association between
elevated neutrophil defensin levels and endometri-
tis. J. Infect. Dis. 186:792-797.

36. Daher, K.A,, Selsted, M.E., and Lehrer, R.I. 1986.
Direct inactivation of viruses by human granulocyte
defensins. J. Virol. 60:1068-1074.

37.Moore, J.P., and Doms, R.W. 2003. The entry of
entry inhibitors: a fusion of science and medicine.
Proc. Natl. Acad. Sci. U. S. A. 100:10598-10602.

38. Hazuda, D.J., et al. 2000. Inhibitors of strand trans-
fer that prevent integration and inhibit HIV-1 rep-
lication in cells. Science. 287:646-650.

39. Charp, P.A,, et al. 1988. Inhibition of protein kinase
C by defensins, antibiotic peptides from human
neutrophils. Biochem. Pharmacol. 37:951-956.

40. Nassar, T., et al. 2002. Human alpha-defensin regu-
lates smooth muscle cell contraction: a role for low-
density lipoprotein receptor-related protein/alpha
2-macroglobulin receptor. Blood. 100:4026-4032.

41. Fields, A.P., Bednarik, D.P., Hess, A., and May, W.S.
1988. Human immunodeficiency virus induces
phosphorylation of its cell surface receptor. Nature.
333:278-280.

42.Lenard, J., Rabson, A., and Vanderoef, R. 1993.
Photodynamic inactivation of infectivity of human
immunodeficiency virus and other enveloped
viruses using hypericin and rose bengal: inhibition
of fusion and syncytia formation. Proc. Natl. Acad.
Sci. U. S. A. 90:158-162.

43.Degar, S., et al. 1992. Inactivation of the human
immunodeficiency virus by hypericin: evidence for
photochemical alterations of p24 and a block in
uncoating. AIDS Res. Hum. Retroviruses. 8:1929-1936.

44.Keranen, L.M., Dutil, E.M., and Newton, A.C.
1995. Protein kinase C is regulated in vivo by three
functionally distinct phosphorylations. Curr. Biol.
5:1394-1403.

45.Zack, J.A., et al. 1990. HIV-1 entry into quiescent
primary lymphocytes: molecular analysis reveals a
labile, latent viral structure. Cell. 61:213-222.

46. Bukrinsky, M.L, et al. 1992. Active nuclear import
of human immunodeficiency virus type 1 prein-
tegration complexes. Proc. Natl. Acad. Sci. U. S. A.
89:6580-6584.

47. Nabel, G., and Baltimore, D. 1987. An inducible tran-
scription factor activates expression of human immu-
nodeficiency virus in T cells. Nature. 326:711-713.

48. Kagnoff, M.F., and Roebuck, K.A. 1999. Human
immunodeficiency virus type 1 (HIV-1) infection
and expression in intestinal epithelial cells: role
of protein kinase A and C pathways in HIV-1 tran-

3

“wn

http://www.jci.org ~ Volume 115

Number 3

research article

scription. J. Infect. Dis. 179(Suppl. 3):S444-S447.

49. Han, X.M., Laras, A., Rounseville, M.P., Kumar, A.,
and Shank, P.R. 1992. Human immunodeficiency
virus type 1 Tat-mediated trans activation correlates
with the phosphorylation state of a cellular TAR
RNA stem-binding factor. J. Virol. 66:4065-4072.

50.Jakobovits, A., Rosenthal, A., and Capon, DJ.
1990. Trans-activation of HIV-1 LTR-directed gene
expression by tat requires protein kinase C. EMBO]J.
9:1165-1170.

.Roebuck, KA., Gu, D.S., and Kagnoff, M.F. 1996.
Activating protein-1 cooperates with phorbol ester
activation signals to increase HIV-1 expression.
AIDS. 10:819-826.

52.Yang, X., Chen, Y., and Gabuzda, D. 1999. ERK
MAP kinase links cytokine signals to activation of
latent HIV-1 infection by stimulating a cooperative
interaction of AP-1 and NF-kappaB. J. Biol. Chem.
274:27981-27988.

53. Farnet, C.M., et al. 1998. Human immunodeficien-
cy virus type 1 cDNA integration: new aromatic
hydroxylated inhibitors and studies of the inhi-
bition mechanism. Antimicrob. Agents Chemother.
42:2245-2253.

54. Lavie, G., et al. 1989. Studies of the mechanisms
of action of the antiretroviral agents hypericin
and pseudohypericin. Proc. Natl. Acad. Sci. U. S. A.
86:5963-5967.

55. Rabbi, M.F., al-Harthi, L., Saifuddin, M., and Roe-
buck, K.A. 1998. The cAMP-dependent protein
kinase A and protein kinase C-beta pathways syn-
ergistically interact to activate HIV-1 transcription
in latently infected cells of monocyte/macrophage
lineage. Virology. 245:257-269.

56.Kim, C.H., Gollapudi, S., Kim, A, Lee, T,, and
Gupta, S. 1996. Role of protein kinase C-beta
isozyme in activation of latent human immunode-
ficiency virus type 1 in promonocytic U1 cells by
phorbol-12-myristate acetate. AIDS Res. Hum. Ret-
roviruses. 12:1361-1366.

57. Chen, B.K,, Saksela, K., Andino, R., and Baltimore,
D. 1994. Distinct modes of human immunode-
ficiency virus type 1 proviral latency revealed by
superinfection of nonproductively infected cell
lines with recombinant luciferase-encoding viruses.
J. Virol. 68:654-660.

58. Connor, R.1, Sheridan, K.E., Ceradini, D., Choe,
S., and Landau, N.R. 1997. Change in coreceptor
use correlates with disease progression in HIV-1-
infected individuals. J. Exp. Med. 185:621-628.

59. Butler, S.L., Johnson, E.P,, and Bushman, F.D. 2002.
Human immunodeficiency virus cDNA metabo-
lism: notable stability of two-long terminal repeat
circles. J. Virol. 76:3739-3747.

60. Cara, A, et al. 2002. Circular viral DNA and anoma-
lous junction sequence in PBMC of HIV-infected
individuals with no detectable plasma HIV RNA.
Virology. 292:1-5.

5

—_

March 2005 773



