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Drugs that induce human immunodeficiency virus type 1 (HIV-1) replication could be used in combination
with highly active antiretroviral therapy (HAART) to reduce the size of the latent reservoir that is in part
responsible for viral persistence. Protein kinase C (PKC) is a logical target for such drugs because it activates
HIV-1 transcription through multiple mechanisms. Here we show that HIV-1 gene expression can be induced
by potent synthetic analogues of the lipid second messenger diacylglycerol (DAG) synthesized on a five-member
ring platform that reduces the entropy of binding relative to that of the more flexible DAG template. By varying
the alkyl side chains of these synthetic DAG lactones, it was possible to maximize their potency and ability to
render latently infected T cells sensitive to killing by an anti-HIV-1 immunotoxin while minimizing the side
effects of CD4 and CXCR4 downregulation and tumor necrosis factor alpha upregulation. The two lead
compounds, LMC03 and LMC07, regulated a series of PKC-sensitive genes involved in T-cell activation and
induced viral gene expression in peripheral blood mononuclear cells from HIV-1-infected individuals. These
studies demonstrate the potential for the rational design of agents that, in conjunction with HAART and
HIV-specific toxins, can be used to decrease or eliminate the pool of latently infected reservoirs by forcing viral
expression.

Until recently, pharmacological studies of human immuno-
deficiency virus type 1 (HIV-1) transcription were dominated
by the search for agents that would inhibit viral replication.
With the availability of highly active antiretroviral therapies
(HAART) directed against viral reverse transcriptase and pro-
tease, however, interest has switched to the identification of
agents that activate rather than repress viral gene expression.
Such agents, in combination with HAART, could be used to
reduce the size of the reservoir of latently infected cells by
causing them to be directly killed by the cytopathic action of
the virus, to be recognized and destroyed by the immune sys-
tem, or to express proteins that render them susceptible to
targeted therapeutics such as immunotoxins (6, 25).

The expression of the HIV-1 genome is regulated by two
viral factors, Rev and Tat, as well as by multiple cellular factors
whose concentrations and activities are linked to the differen-
tiation and replication status of the host cell. HIV-1-infected
CD4� T cells that have been activated through the T-cell
receptor by an antigen or mitogen transcribe the viral genome
at a high rate, turn over with a short half-life, and are respon-
sible for most of the virus production in infected individuals.
By contrast, HIV-1-infected quiescent memory CD4� T cells
produce little or no viral mRNA or proteins, can survive for
prolonged periods, and appear to be responsible for the long-

term persistence of HIV-1 even in individuals in whom circu-
lating virus has been reduced to clinically undetectable levels
by HAART (2, 8, 16, 33, 37).

Protein kinase C (PKC) is a logical target for HIV-1-induc-
ing drugs because it regulates HIV-1 transcription through
multiple mechanisms. First, PKC activates the transcription
factor NF-�B, which binds to multiple sites in the enhancer
region of the HIV-1 long terminal repeat (LTR), through a
phosphorylation cascade that involves the I�B inhibitory factor
and IKK kinase (29). Second, PKC activates the AP-1 (c-Jun)
transcription factor, which binds both to the HIV-1 enhancer
and to downstream sequence elements, through JNK and mi-
togen-activated protein kinase signaling pathways (18, 34, 41).
Finally, PKC has been reported to phosphorylate the virally
encoded Tat transcription factor and cellular TAR-binding
factors (14, 17).

Physiologically, PKC is activated by antigens, mitogens, and
other extracellular ligands through the production of the lipid
second messenger 1,2-diacylglycerol (DAG), which binds to
the C1 regulatory domain of PKC, thereby exposing the cata-
lytic domain by displacing a negative regulatory pseudosub-
strate region and inducing translocation to cellular mem-
branes. PKC comprises at least 12 different serine/threonine
kinase isozymes with different cellular distributions, responses
to inducers, and substrate preferences. DAG activates the cal-
cium-dependent isozymes �, �I, �II, and � and the novel cal-
cium-independent isozymes �, �, �, and 	. The 	 isotype is
selectively expressed in T cells and plays a critical role in T-cell
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activation, proliferation, and cytokine production through NF-
�B- and AP-1-mediated signaling pathways (1, 19, 22).

Consistent with its role as a second messenger involved in
cellular homeostasis, DAG binds weakly to PKC and is meta-
bolically unstable. More potent and long-lasting activation of
PKC can be achieved by a number of naturally occurring com-
pounds such as phorbol esters, teleocidins, and macrocyclic
lactones such as the bryostatins and aplysiatoxins. Unfortu-
nately, however, most of these natural products have undesir-
able side effects such as local irritation, tumor promotion,
platelet aggregation, and release of inflammatory cytokines
that make them problematic as potential human therapeutics.
In addition, they are not easily accessed synthetically because
of their complex structures.

The use of pharmacophore- and receptor-guided ap-
proaches to designing and synthesizing DAG analogues that
function as high-affinity ligands for the C1 domain of PKC has
resulted in a number of compounds that are structurally sim-
pler and synthetically more readily accessible than the phorbol
esters (27). DAG lactones, in which the entropic penalty for
ligand binding is reduced by constraining the glycerol back-
bone into a five-member lactone ring, have proven to be espe-
cially potent and selective as antitumor agents (27, 30, 36).
Recent studies have correlated various cellular effects of these
DAG lactones, such as induction of apoptosis, to the specific
activation of PKC isotypes and their translocation to different
cellular compartments (13).

Although the chemical properties of synthetic DAG ana-
logues have been studied extensively, their biological activities
are just beginning to be understood. In the present work, we
tested the activity of a series of DAG lactones on HIV-1
expression both in a latently infected cell line in vitro and in
peripheral blood mononuclear cells (PBMC) from HIV-1-in-
fected humans ex vivo. We also explored the effects of these
compounds on cell surface receptor expression, inflammatory
cytokine secretion, and gene expression, as well as their ability
to render latently infected cells sensitive to killing by an im-
munotoxin. Our results provide proof in principle for the ra-
tional design of HIV-1-inducing agents with desirable pharma-
cological characteristics.

MATERIALS AND METHODS

Compounds and cell lines. DAG lactones were synthesized and purified as
described previously (30, 36). 12-Deoxyphorbol 13-phenylacetate (DPP) was
purchased from LC Laboratories (Woburn, Mass.). The anti-HIV-1 envelope
immunotoxin 3B3:N31H/Q100eY(dsFv)-PE was produced in and purified from
bacteria (28). The latently HIV-1 infected T-cell line ACH-2 and the parental
line A3.01 were obtained from the National Institutes of Health (NIH) AIDS
Research and Reagent Reference Program and maintained in RPMI 1640 me-
dium containing 2 mM glutamine, 10% fetal bovine serum, and antibiotics.

Assays. Antigen capture enzyme-linked immunosorbent assay (ELISA) kits
were used to measure HIV-1 p24 antigen (ZeptoMetrix) and tumor necrosis
factor alpha (TNF-�) (R&D Systems). Flow cytometry (FACScalibur; Becton
Dickinson) was used to assay cell surface CD4 expression with fluorescein iso-
thiocyanate-conjugated antibody SK3 (BD Biosciences), CXCR4 expression with
allophycocyanin-conjugated antibody 12G5 (BD Biosciences), and annexin V
binding with the Annexin V Apoptosis Detection kit (Oncogene Research Prod-
ucts). Cell viability was measured by the 3-(4,5-dimethylthiazole-2-yl)-2,4-diphe-
nyltetrazolium bromide (MTT) oxidation procedure with Cell Proliferation Kit I
(Roche Diagnostics). HIV-1 RNA was measured with the ultrasensitive Ampli-
cor HIV-1 Monitor Test kit (Roche Diagnostics).

Microarray analysis. Total RNA was extracted from A3.01 cells grown for 24 h
either with no inducer or with 100 nM DPP, LMC01, LMC03, or LMC07 by using

TriZOL (Gibco/BRL). The RNA was reverse transcribed by using SuperScript II
(Gibco/BRL) in the presence of Cy3- or Cy5-labeled dUTP and was hybridized
to microarray slides (Advanced Technology Center, National Cancer Institute
[NCI]) spotted with 9,984 clones from the UniGEM2 collection (Incyte Genom-
ics) as described previously (10). Slides were scanned in a GenePix 4000A
scanner (Axon Instruments), and the Cy3 and Cy5 signal intensities were nor-
malized for each sample by using NCI mAdb database software (http://madb
.nci.nih.gov). Data filters based on signal intensity and spot quality were used to
exclude less reliable spots or insufficiently expressed genes. Repeated measure-
ments showed that the data collected in this fashion were highly reproducible; for
three experiments using DPP as the inducer, the reliability coefficient was 0.94
and the standardized item � was 0.96 (chi-square 
 12.5; df 
 2; P 
 0.0019).

Patients and PBMC culture. PBMC were obtained from three HIV-1-positive
individuals according to protocols approved by NIH institutional review boards.
Patient 1 was treated with lamivudine, abacavir, and lopinavir-ritonavir for 18
months and had a viral load of �50 copies/ml and a CD4 count of 780 cells/�l.
Patient 2 was a treatment-naïve long-term nonprogressor with a viral load of 530
copies/ml and a CD4 count of 409 cells/�l. Patient 3 was treatment naïve and had
a viral load of 30,000 copies/ml and a CD4 count of 530 cells/�l. The PBMC from
patients 1 and 2 were depleted of CD8� T cells by using anti-CD8-coated
magnetic beads (Dynal Biotech, Oslo, Norway). Resting CD4� T cells were
purified from patient 3 by incubation with antibodies against CD8, CD14, CD16,
CD19, CD41, CD25, HLA-DR, and glycoporin, followed by magnetic column
separation (Stem Cell Technologies, Vancouver, Canada) (6, 7). The cells were
cultured in RPMI 1640 medium containing 2 mM glutamine, 10% fetal bovine
serum, antibiotics, and 5 U of interleukin-2/ml, with changes of the medium twice
per week. HIV-1 production was determined by p24 ELISA or RNA measure-
ments on the cell supernatant.

RESULTS

Design and synthesis of DAG lactones. Structure-activity
studies have shown that the potency of DAG analogues can be
improved by two types of chemical modification: cyclization of
the glycerol backbone to restrict conformational flexibility,
thereby decreasing the entropy of ligand binding, and addition
of lipophilic side chains, which optimizes membrane binding
and interactions with conserved hydrophobic amino acids
along the rim of the C1 domain of PKC (27). As diagramed in
Fig. 1, the DAG lactones used in this study were generated by
intramolecular folding of DAG at sn-2, which maintains a
single asymmetric center, and attachment of various carbon
side chains to the carbonyl group for acyl branching (R1) or to
the lactone via a methylene group for E or Z �-alkylidene
branching (R2). Table 1 shows the structures, calculated par-
tition coefficients (log P), and PKC� binding affinities for the
different DAG analogues. PKC� binding affinities are ex-
pressed as Ki values, which reflect the abilities of the com-
pounds to displace bound [20-3H]phorbol-12,13-dibutyrate
from the receptor (30, 36). For comparison, a noncyclic DAG

FIG. 1. Synthesis scheme for DAG lactones. For details, see refer-
ences 27, 30, and 36.
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TABLE 1. Structures, biochemical properties, and biological activities of DAG lactones

Compound Structure Calc. log Pa PKC� binding affinityb
IC50

c for:

HIV p24 CD4 CXCR4 TNF-�

LMC01 3.89 39.9d (1.9) 1,140 (130) 7,980 (320) 519 (29) 12,800 (2,300)

LMC02 3.23 29.5e (2.7) 55.0 (1.8) 133.0 (8.5) 11.5 (0.2) 247 (32)

LMC03 5.03 2.9f (0.4) 4.6 (1.7) 79.6 (7.4) 6.6 (0.2) 16.1 (3.1)

LMC05 4.08 11.0e (0.3) 85 (15) 762 (78) 67.3 (2.1) 831,800 (5,100)

LMC06 4.08 30.1e (1.9) 357 (19) 17,600 (1,200) 259 (13) 34,300 (790)

LMC07 4.08 15.1e (1.8) 5.2 (1.2) 386 (29) 33.3 (1.5) 3,520 (510)

LMC08 4.08 15.1e (0.7) 21.1 (1.8) 32.3 (1.2) 12.9 (0.4) 156 (19)

LMC09 5.90 2.9g (0.2) 4.9 (0.9) 55 (13) 4.7 (0.3) 33.2 (3.6)

LMC10 5.90 2.6g (0.4) 7.2 (1.1) 139 (27) 8.2 (0.3) 15.0 (2.5)

DPP 3.45 0.14h (0.02) 5.1 (0.1) 12.9 (0.8) 1.9 (0.1) 1.8 (0.2)

a Calc., calculated.
b Expressed as the mean Ki (nanomolar concentrations), with the standard error in parentheses, as determined by the ability to displace bound [20-3H]phorbol-

12,13-dibutyrate from PKC�.
c Mean (standard error) from two to four determinations similar to those for which results are shown in Fig. 2.
d See reference 32.
e See reference 36.
f See reference 26.
g See reference 31.
h See reference 21.
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FIG. 2. Biological activities of DAG compounds compared to that of DPP. (A) ACH-2 cells were grown in the presence of various concen-
trations of the indicated compounds for 48 h, and p24 antigen production was measured by ELISA. (B) ACH-2 cells were grown in the presence
of various concentrations of the indicated compounds for 16 h, and cell surface CD4 expression was measured by antibody staining and
fluorescence-activated cell sorting; results were normalized to 100% for no added compound. (C) ACH-2 cells were grown in the presence of
various concentrations of the indicated compounds for 16 h, and cell surface CXCR4 expression was measured by antibody staining and
fluorescence-activated cell sorting; results were normalized to 100% for no added compound. (D) PBMC were grown in the presence of various
concentrations of the indicated compounds for 18 h, and TNF-� secretion was measured by ELISA.
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analogue (LMC01) was included to highlight the importance of
restricting the conformation of the glycerol backbone in im-
proving potency (31, 36). DPP, a potent phorbol ester origi-
nally isolated from Euphorbia poissonii (11, 15), was used as a
positive control for PKC activation and HIV-1 induction (4).

Induction of viral expression in a latently HIV-1 infected
T-cell line. The ability of the DAG analogues to induce HIV-1
expression was initially examined in ACH-2 cells, a latently
infected T-cell line that contains a single integrated copy of the
viral genome (9, 12). The cells were incubated for 48 h with
various concentrations of the synthetic compounds or DPP,
then tested for production of p24 antigen in the culture super-
natant. The dose-response curves are shown in Fig. 2A, and the
IC50 (the drug concentrations required for half-maximal induc-
tion) are summarized in Table 1.

All of the DAG lactones induced viral gene expression to
final levels similar to those induced by DPP, but their potencies
varied by more than 2 orders of magnitude. The order of
efficacy, from lowest to highest, was as follows: LMC01,
LMC06, LMC05, LMC02, LMC08, LMC10, LMC07, DPP,
LMC09, LMC03. With the exception of the weakest DAG
analogue (LMC01), there is not a strict correlation between
the potencies displayed by the DAG lactones (LMC02 to
LMC10) in this assay and their in vitro PKC� binding affinities.
However, within each E/Z isomeric pair of DAG lactones, the
Z isomer was found to be more potent than its corresponding
E isomer (LMC05 was more potent than LMC06, LMC07 was
more potent than LMC08, and LMC09 was more potent than
LMC10).

Effects on cellular receptor and cytokine expression. Phos-
phorylation by PKC results in internalization and decreased
cell surface expression of various receptor molecules including
CD4, the primary receptor for HIV-1, and CXCR4, a T-cell
coreceptor. To determine the activities of the DAG analogues
in the downregulation of these proteins, A3.01 T cells (the
parental line for ACH-2) were incubated with various concen-
trations of the synthetic compounds or DPP for 16 h, then
analyzed for cell surface CD4 and CXCR4 expression by flow
cytometry. As shown in Fig. 2B and C and summarized in
Table 1, the DAG lactones downregulated CD4 and CXCR4
to the same extent as DPP, but again with strikingly varied
potencies. The order of efficacy for CD4 downregulation, from
lowest to highest, was as follows: LMC06, LMC01, LMC05,
LMC07, LMC10, LMC02, LMC03, LMC09, LMC08, DPP. For
CXCR4 downregulation, the order of efficacy, from lowest to
highest, was as follows: LMC01, LMC06, LMC05, LMC07,
LMC08, LMC02, LMC10, LMC03, LMC09, DPP. CD4 and
CXCR4 downregulation was also observed in PBMC cultures
(data not shown).

PKC also plays an important role in the secretion of inflam-
matory cytokines such as TNF-� from T cells. Because the
A3.01 cell line does not synthesize appreciable quantities of
TNF-�, the abilities of the DAG lactones to stimulate this
activity were assessed in PBMC cultures. As shown in Fig. 2D
and summarized in Table 1, all of the cyclic DAGs induced
TNF-� production to the same final extent as DPP, whereas
the linear compound LMC01 was relatively ineffective in this
assay. The order of potency for the DAG lactones, from lowest
to highest, was as follows: LMC05, LMC06, LMC07, LMC02,
LMC08, LMC09, LMC03, LMC10, DPP.

DAG lactones render cells sensitive to an immunotoxin. For
clinical use, it would be advantageous to combine agents that
induce HIV-1 gene expression with those that specifically kill
cells expressing HIV-1 proteins. Recently we described an im-
munotoxin termed 3B3:N31H/Q100eY(dsFv)-PE in which the
translocation and cytotoxic domains of Pseudomonas exotoxin
A are fused to the variable region of a genetically engineered
antibody that tightly binds to the conserved CD4-binding site
of the HIV-1 envelope glycoprotein gp120 (28). This molecule
specifically recognizes and kills cells that express gp120 at the
cell surface.

To test the ability of combined inducer and immunotoxin
treatment to eliminate latently infected cells, ACH-2 cells were
cultured with 100 nM each DAG compound or DPP in the
presence or absence of 3B3:N31H/Q100eY(dsFv)-PE. After 4
days, cell viability was measured by the MTT oxidation
method, and apoptosis was estimated by annexin V binding.
Figure 3 shows that the immunotoxin by itself was not toxic but
that it caused high levels of apoptosis and cell death when
combined with LMC02, LMC03, LMC07, LMC08, LMC09,
LMC10, or DPP. There was also some cell killing by LMC08,
LMC09, and LMC10 by themselves, indicating a certain level
of toxicity for these compounds at a 100 nM concentration.
LMC01, LMC05, and LMC06 failed to promote immunotoxin-
dependent cell death, presumably because these compounds
cause little HIV-1 induction at a concentration of 100 nM (Fig.
1A). The best ratios of specific to nonspecific cell killing were

FIG. 3. Induction of immunotoxin sensitivity. ACH-2 cells were
grown with no inducer or with 100 nM concentrations of the indicated
compounds in the presence or absence of 5 nM 3B3:N31H/Q100eY
(dsFv)-PE for 5 days. (A) Cell viability was assayed by the MTT
oxidation procedure, and the percentage of cell killing was calculated
relative to that with untreated cells. (B) Annexin V binding was as-
sayed by fluorescence-activated cell sorting.
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observed for LMC03 (30-fold) and LMC07 (45-fold). There-
fore, we focused on these compounds for the microarray anal-
ysis and ex vivo experiments described below.

Gene expression analysis. Microarray analysis was used to
determine the spectrum of genes regulated by the lead DAG
lactones LMC03 and LMC07 compared to the relatively inac-
tive linear compound LMC01 and the potent PKC activator
DPP. RNA was prepared from A3.01 cells incubated for 24 h
with 100 nM each compound, or with no inducer as a control,
copied into cDNA, and hybridized to a cDNA microarray. The
expression ratio for each induced sample compared to the
untreated sample was calculated for each of the approximately
7,400 clones that were clearly expressed in the A3.01 cells.

Correlation analysis of the resulting gene expression matri-
ces showed that LMC03 and LMC07 induce and repress very
similar sets of genes to one another and to DPP; the Pearson
correlations were 0.92 for LMC03 versus LMC07, 0.88 for
LMC03 versus DPP, and 0.92 for LMC07 versus DPP. By
contrast, LMC01 had little effect on gene regulation, generat-
ing almost the same pattern as untreated cells; the Pearson
correlations were �0.2 for LMC01 versus LMC03, LMC07,
and DPP.

Figure 4 shows the expression data for genes that were
induced or repressed at least twofold by both LMC03 and
LMC07. The functions of these genes are described in the
Discussion, and the complete locus information can be found
at http://source.stanford.edu and http://www.ncbi.nlm.nih.gov/
omim/.

Induction of viral replication in PBMC from HIV-1-infected
individuals. The ability of the DAG lactones to activate ex-
pression of the primary virus present in HIV-1-infected indi-
viduals was tested by ex vivo culture experiments. Total CD8-
depleted PBMC or highly purified resting CD4� T cells were
isolated from infected individuals with undetectable, interme-
diate, or high viral loads and grown in the presence of no
inducer as a negative control, an anti-CD3 antibody or DPP as
a positive control, or various DAG lactones as the test agents.
The extent of viral replication was determined by p24 assays of
the cell supernatants and in some cases was confirmed by RNA
assays.

Figure 5 shows that for each of the three HIV-1-infected
individuals tested, PBMC grown without any inducer produced
no detectable p24, indicating functional latency, whereas
growth of PBMC with LMC03 or LMC07 clearly activated viral
expression. Furthermore, in each case, LMC03 and LMC07
gave yields of p24 similar (within fourfold) to those obtained
with anti-CD3 or DPP, indicating a similar efficiency of viral
induction. The DAG lactones other than LMC03 and LMC07
failed to activate viral expression in patient 1, probably because
the 100 nM concentration used in these experiments was too
low for efficient induction (Fig. 2) or caused nonspecific cell
death (Fig. 3.) Virus was rescued both from total CD8�-de-
pleted PBMC (patients 1 and 2) and highly purified resting
CD4� T cells (patient 3). The p24 data for patients 1 and 3
were confirmed by viral RNA assays of the culture superna-
tants. Furthermore, sequencing of the C2–V3 region of the
envelope gene from the RNA samples isolated from patient 1
showed that anti-CD3 and LMC03 induced indistinguishable
viral quasispecies (data not shown).

DISCUSSION

The existence of HAART-persistent reservoirs of HIV-1 has
led to increasing interest in agents that can activate the repli-
cation of latent provirus, a strategy referred to as stimulation
or immune activation therapy (2, 6, 25). The ideal agent would
be completely specific for HIV-1 and have no effects on cellu-
lar gene expression. Unfortunately, such a molecule is not yet
known and will probably be difficult to develop given the ex-
tensive dependence of HIV-1 on cellular transcription factors.
The alternative is to find drugs that activate latent HIV-1
through cellular factors but have sufficiently few side effects to
allow at least periodic clinical use, possibly in combination with
agents that eliminate HIV-1-infected cells.

The present study demonstrates the feasibility of rationally
designing such agents. Our efforts focused on a series of syn-
thetic analogues of DAG, which activates HIV-1 transcription
through PKC, an enzyme increasingly regarded as an impor-
tant therapeutic target for cancer and other diseases because
of its central role in cellular signal transduction. By conforma-
tionally restricting the DAG backbone into a lactone ring, it
was possible to increase affinity for PKC while reducing some
of the typical side effects of potent PKC activators such as the
phorbol esters by systematically altering their side-chains.

Of particular interest are DAG-lactones LMC03 and
LMC07. Both of these compounds induced HIV-1 replication
in a latently infected T-cell line at the same low nanomolar
concentration as DPP, a potent deoxyphorbol ester, thereby
rendering the cells susceptible to killing by an anti-HIV-1 im-
munotoxin. In addition, both compounds activated HIV-1 rep-
lication in white blood cells isolated from infected patients,
demonstrating their ability to act on viral gene expression ex
vivo at concentrations that allow cell survival. Preliminary ex-
periments indicate that LMC03 and LMC07, like the deoxy-
phorbol ester prostratin (23, 24), induce the differentiation of
mononuclear phagocytes but do not stimulate resting T cells to
proliferate.

DAG lactones have several potentially useful features as
therapeutics, including lack of immunogenicity and ease of
synthesis. However, an important obstacle to clinical utilization
of any PKC agonist is that it may have downstream effects in
addition to HIV upregulation, including respiratory distress
syndrome, hypotension, and other toxicities due to the release
of cytokines following nonspecific T-cell activation (39). In this
regard, it was encouraging that LMC03 and LMC07 were 10-
to 80-fold less potent than DPP at upregulating TNF-� expres-
sion in PBMC. These compounds were also 6- to 30-fold less
potent than DPP at downregulating the cell surface expression
of CD4 and 3- to 16-fold less potent than DPP at decreasing
CXCR4 expression in A3.01 cells. Thus, although it may be
impossible to completely eliminate the ancillary toxicities of
PKC activators, it may be feasible to minimize them to a
clinically acceptable level.

The other DAG compounds we tested had less desirable
activity and pharmacological profiles. As expected from its
structure and previous biochemical assays, the linear com-
pound LMC01 had low potency in all assays. LMC02, LMC05,
LMC06, and LMC08 were also relatively weak for HIV-1 in-
duction, whereas LMC09 and LMC10 were more potent but
had the drawback of nonspecific cell toxicity.
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FIG. 4. Microarray analysis. cDNA prepared from A3.01 cells grown for 24 h with 100 nM LMC01, DPP, LMC03, or LMC07 was labeled with
Cy3 (red). Each sample was mixed with Cy5 (green)-labeled cDNA from uninduced cells and hybridized to a microarray. The control lane contains
Cy3-labeled cDNA from uninduced cells. Shown are those genes that were induced or repressed at least twofold by LMC03 and LMC07.
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Microarray analysis was used to characterize the molecular
action profiles of the lead compounds LMC03 and LMC07. As
expected from the role of PKC in mediating signals from the
T-cell receptor–CD28 complex to the transcriptional apparatus
including NF-�B and AP-1, many of the regulated genes are
involved in T-cell activation, growth control, signal transduc-
tion, and cytoskeleton reorganization.

LAT (linker for activation of T cells) is directly involved in
the T-cell antigen receptor signal transduction pathway and is
one of the most prominently tyrosine-phosphorylated proteins
detected following T-cell receptor ligation. CD69 (p60) is a cell
surface molecule involved in lymphocyte proliferation that is
often employed as a marker of early T-cell activation. LGALS1
(galectin-1) encodes a conserved beta-galactoside-binding pro-
tein that regulates T-cell receptor signaling and apoptosis by
ligation of glycoepitopes on T-cell activation markers. GZMA
(granzyme 1), a cytotoxic T-cell- and natural killer cell-specific
trypsin-like serine protease, is overexpressed during CD8 cell
activation. TNFAIP3 (TNF-�-induced protein 3) is a cytoplas-
mic zinc finger protein that is upregulated in TNF-induced
NF-�B responses.

EGR1 (early growth response 1) and DUSP6 (dual-specific-
ity phosphatase 6) modulate cellular proliferation and differ-
entiation through the mitogen-activated protein kinase-ERK
pathway. Other genes involved in signal transduction include
CREM (cAMP-responsive element modulator), RASA1
(GTPase-activating protein p21), and DGKD (diacylglycerol
kinase). LAPTM5 (lysosomal-associated multispanning mem-
brane protein-5), BTG1 (B-cell translocation gene 1), and
BTG2 (BTG family member 2) are thought to have antipro-
liferative functions but have not previously been analyzed in T
cells.

A number of the LMC03- and LMC07-activated genes are
involved in cytoskeleton reorganization, which plays an impor-
tant role in T-cell activation by assembling an immunological
synapse of antigen receptors, coreceptors, and adhesion mol-

ecules and creating a scaffold for signaling molecules. ZYX
(zyxin) binds to mitotic spindles and adhesion plaques and
participates in a signal transduction pathway that mediates
adhesion-stimulated changes in gene expression. LASP1 (LIM
and SH3 protein 1) regulates actin-based cytoskeletal activi-
ties. CD44 (a component of the Indian blood group system)
encodes the hyaluronan receptor, which binds to the cytoskel-
eton through ankyrin and plays a role in matrix adhesion,
lymphocyte activation, and lymph node homing; both its bind-
ing activity and its expression level are regulated by PKC.
ITGB7 (integrin beta-7) is a receptor for fibronectin that plays
a role in adhesive interactions of leukocytes.

Several of the genes repressed by LMC03 and LMC07 play
a negative role in T-cell differentiation. PPIG (petidyl-prolyl
isomerase G) codes for one of a series of cyclophilins that, in
concert with cyclosporins, act as immunosuppressants by in-
hibiting calcineurin; expression of the genes for peptidyl-prolyl
isomerases B and F was also repressed by the DAG lactones,
but less strongly. FKB11 (FK506 binding protein 11) is related
to a series of immunophilins that inhibit T-cell activation
through the calcineurin pathway when complexed with the
immunosuppressive drug FK506; the related genes FKBP4 and
FKBP5 were also somewhat downregulated by LMC03 and
LMC07. Unexpectedly, expression of TCF7 (positive T-cell
transcription factor 7) was consistently repressed by the DAG
lactones and other activators of PKC including DPP, phorbol
myristate acetate, and mezerein (data not shown). Since TCF7
acts on the promoter of the CD3-ε gene, this might represent
a form of feedback regulation.

The biological reasons for the improved therapeutic ratios of
LMC03 and LMC07 compared to the other DAG lactones and
DPP are not yet clear, but there is accumulating evidence that
different PKC activators can elicit various cellular responses
and display unique pharmacological profiles. For example, it
has been shown previously that the 12-deoxyphorbol esters
DPP and prostratin induce HIV-1 replication and regulate
numerous PKC-sensitive genes (4, 23, 24). Although these
compounds activate PKC in vitro, they are not tumor promot-
ers but rather are inhibitors of tumor promotion (38). Like-
wise, bryostatin 1 is a potent PKC activator in vitro but is a
functional antagonist of the phorbol esters for many but not all
phorbol ester-induced responses (3). Although in neither case
is the basis for the distinct mechanism of action understood, it
is clear that these different compounds cause distinct patterns
of intracellular localization of PKC isoforms, in particular
PKC� (40). Since intracellular localization controls access to
substrates, this altered pattern of localization provides one
attractive mechanism that may account for the distinct patterns
of biological response.

Recent biochemical studies have revealed that PKC isotype
activation in cells is rather complex, involving phosphorylation
and autophosphorylation events followed by specific translo-
cation mediated by the binding of second messengers, such as
DAG, or pharmacologically mediated by binding to phorbol
esters. The results obtained with phorbol esters and, by exten-
sion, with the potent DAG lactones described here have to be
examined carefully, because these compounds can activate
many of the cPKC (classical) and nPKC (novel) isotypes. Fur-
ther complicating this picture is the discovery of at least five
alternative types of high-affinity DAG/phorbol ester receptors

FIG. 5. Induction of HIV-1 ex vivo. CD8-depleted (patients 1 and
2) or highly purified CD4� T cells from HIV-1-infected individuals
were cultured for 3 weeks with no inducer, anti-CD3 (1:4,000), DPP
(100 nM), or DAG lactones (100 nM). HIV-1 p24 levels in the cell-free
culture fluid were measured by ELISA; the detection limit of the assay
was 50 pg/ml.
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(5, 20). These receptors have in common at least one cysteine-
rich or zinc finger domain of ca. 50 to 51 amino acids, also
known as C1 domains, to which phorbol esters and DAGs can
bind (22). Although the amino acid sequence of these C1
domains is highly conserved, there is enough variability in the
amino acid composition around the rim formed by the two
�-sheets surrounding the binding site that, depending on the
nature of the side chains attached to either the phorbol esters
or the DAG lactones, specific interactions with the lipid envi-
ronment of the cell or with scaffolding proteins, such as
RACKS, can direct the activated isozyme to a specific cellular
organelle, thus precipitating different biological events (35).
Given this degree of receptor heterogeneity, it is not surprising
that the various biological functions studied in this paper are
not quantitatively correlated with the in vitro Ki values of the
DAG lactones, which reflect only their affinities for the single
isotype PKC�.

Interestingly, LMC03 and LMC07, which were selected as
the most effective agents in this study, have widely different
structures in spite of their common lactone template. In
LMC03, the large branched chain is part of an �-alkylidene
chain directly attached to the lactone, whereas in LMC07 the
large branched chain is part of the acyl group located on the
opposite side of the molecule. However, it is possible that both
compounds can direct their bulky branched chains into the
same area of the receptor by binding in opposite orientations
that engage either the ester carbonyl (sn-1 carbonyl) or the
lactone carbonyl (sn-2) in forming the requisite hydrogen bond
at the binding site. These two alternative binding modes have
been described previously (30, 36), and efforts to understand
and modulate their preference continue.

The eventual clinical goal of these studies is to reduce or
eradicate the reservoir of HAART-resistant HIV-1-infected
cells by first inducing HIV-1 gene expression. This will neces-
sitate the development of inducing agents with acceptable
pharmacologic profiles. The variability in biological responses
elicited by the small set of DAG-lactones studied here indi-
cates that considerable selectivity and specificity can be engi-
neered into this class of molecules by altering the nature and
location of the branched side chains on the lactone template.
In future studies, the activation of PKC in cells could be mon-
itored by using isotype-specific antibodies or green fluorescent
protein-tagged isozymes to visualize the specific translocation
to subcellular compartments that correlates with structural fea-
tures of the agonists. The results obtained in this study give us
hope that through the construction of large combinatorial li-
braries, even more specific and selective HIV-1-inducing
agents will be discovered.
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