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ABSTRACT Antiretroviral therapy (ART) does not cure HIV-1 infection due to the persis-
tence of proviruses in long-lived resting T cells. Strategies targeting these latently in-
fected cells will be necessary to eradicate HIV-1 in infected individuals. Protein kinase C
(PKC) activation is an effective mechanism to reactivate latent proviruses and allows for
recognition and clearance of infected cells by the immune system. Several ingenol com-
pounds, naturally occurring PKC agonists, have been described to have potent latency
reversal activity. We sought to optimize this activity by synthesizing a library of novel
ingenols via esterification of the C-3 hydroxyl group of the ingenol core, which itself is
inactive for latency reversal. Newly synthesized ingenol derivatives were evaluated for la-
tency reversal activity, cellular activation, and cytotoxicity alongside commercially avail-
able ingenols (ingenol-3,20-dibenzoate, ingenol 3-hexanoate, and ingenol-3-angelate) in
HIV latency cell lines and resting CD4� T cells from aviremic participants. Among the
synthetic ingenols that we produced, we identified several compounds that demon-
strate high efficacy and represent promising leads as latency reversal agents for HIV-1
eradication.
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Durable blockade of viral replication by combination antiretroviral therapy (ART) has
transformed HIV-1 infection from a lethal condition characterized by progressive

immune deficiency into a manageable illness (1–4). However, long-term ART does not
result in HIV-1 eradication due the persistence of inducible proviruses in long-lived
memory CD4� T cells (5–7). Stochastic or antigen-driven activation of latently infected
CD4� T cells induces viral transcription and will rekindle active replication and disease
progression if ART is stopped. Latently infected cells are not efficiently recognized by
the immune system and do not decay significantly during the life span of a person
living with HIV-1 (8–10). Targeting this reservoir for elimination is an essential compo-
nent of HIV-1 cure strategies.

Early attempts at depleting the latent reservoir in vivo made use of a strategy of
global T cell activation, which was ineffective and toxic (11–13). Subsequent strategies
have utilized compounds identified in vitro as potential latency reversal agents (LRAs)
that induce proviral transcription while avoiding T cell activation. Histone deacetylase
(HDAC) inhibitors have been tested in several pilot eradication trials (14), as they
appeared in vitro to offer an acceptable balance between proviral transcriptional
activation and minimal cellular activation. The FDA-approved drug disulfiram, demon-
strated to reactivate latent HIV-1 in in vitro latency models, has also been well tolerated
in vivo (15, 16). However, none of these trials have demonstrated significant reservoir
depletion in vivo with these LRAs (17–26).
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Protein kinase C (PKC) agonists represent a promising alternative mechanism for
latency reversal, as they have long been known for their ability to induce HIV-1
transcription in vitro (27–29). PKC enzymes are serine/threonine kinases that are
activated by the second messenger diacylglycerol (DAG) (30). PKC agonists mimic DAG,
binding to one or more intracellular PKC isoforms to initiate downstream signaling.
Activated PKC isoforms phosphorylate (and destabilize) I�B, which then releases RelA,
the p65 subunit of NF-�B. NF-�B can then enter the nucleus and bind to cognate
binding sites in the proviral long terminal repeat (LTR), which initiates viral transcrip-
tion. The role of targeting PKC-NF-�B signaling as a means to reactivate latent HIV-1 has
been reviewed in detail (30, 31). Several groups have reported latency reversal using
protein kinase C (PKC) agonists that far exceed what can be achieved with an HDAC
inhibitor (HDACi) or disulfiram (32–35). PKC agonists can induce T cell activation, and
the potential for adverse effects related to immune activation has limited their clinical
development to date. The only clinical trial making use of a PKC agonist for HIV-1
eradication reported no adverse effects due to bryostatin-1 (36). However, the inves-
tigators used doses of bryostatin-1 that did not achieve detectable systemic concen-
trations in a majority of trial participants, and latency reversal was not observed.

Ingenols are naturally occurring diterpene compounds originally isolated from members
of Euphorbia, a family of flowering plants. Euphorbia species have been integral compo-
nents of traditional medicine practices across many cultures for millennia (37). Semisyn-
thetic ingenols have been engineered in order to optimize their latency reversal activity (38,
39). Ingenol-3-mebutate (also known as ingenol-3-angelate) is FDA approved as a topical
therapy for actinic keratosis (40) and has demonstrated efficacy in multiple HIV-1 latency
systems (41, 42). Ingenol-3-hexanoate, also known as ingenol B, has recently been admin-
istered to nonhuman primates in combination with vorinostat (43). One of the two rhesus
macaques exposed to ingenol B and vorinostat demonstrated increased simian immuno-
deficiency virus (SIV) loads in both the central nervous system (CNS) and the periphery in
response to LRA treatment, and also developed markers of systemic and CNS inflammation.

We hypothesized that rational design of a library of novel ingenol derivatives would
allow us to identify compounds able to maximize viral reactivation. Ingenols that have
been described to reverse proviral latency contain lipophilic moieties at the C-3 alcohol
on the ingenol core compound, which itself is inactive for latency reversal (34, 38, 39,
44). We therefore synthesized a library of novel ingenols via esterification of the C-3
alcohol on the ingenol core compound. Newly synthesized ingenol derivatives were
then evaluated for latency reversal activity, cellular activation, and cytotoxicity along-
side commercially available ingenols (ingenol-3,20-dibenzoate, ingenol-3-hexanoate,
and ingenol-3-angelate) in cell lines and resting CD4� T cells from aviremic participants
ex vivo.

RESULTS

A focused library of C-3-modified ingenols was prepared in collaboration with the
University of Utah Synthetic and Medicinal Chemistry Core facility. The unmodified
ingenol core molecule does not induce latency reversal in cellular systems (34, 38) and
therefore represents an ideal chemical scaffold devoid of background activity. Latency
reversal efficacy of ingenol derivatives can therefore be attributed to chemical modi-
fications made to the inactive ingenol core. C-3 modifications were selected to probe
and expand the structure-activity relationship based upon commercially available
ingenol compounds whose latency reversal potential has been previously described
(34, 38, 39, 44). We hypothesized that the nature (saturated versus unsaturated, rigid
versus flexible, and cyclic versus linear) along with the length of the hydrophobic side
chains would confer various degrees of potency to the resulting compounds. We did
not know a priori which configurations would be most optimal for conferring latency
reactivation. For initial tests of activity of the novel ingenol derivatives, we chose the
Jurkat T cell line (J-Lat 10.6) and observed a broad range of activity after 24 h of
exposure.

Straight-chain esters were designed to evaluate the effect of both the length and
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saturation of the carbon chain (Fig. 1a), in comparison to ingenol B, also known as
ingenol-3-hexanoate, which has been shown to reverse latency in multiple in vitro
models (31, 34, 38), as well as in a nonhuman primate model of HIV latency (43). Among
saturated linear esters, we observed improved latency reversal activity with increasing
ester carbon length (Fig. 1b). Ingenol-3-hexanoate (Ing B) and ingenol-3-octanoate (Ing
3-O) reversed latency at lower concentrations than ingenol-3-acetate (Ing 3-A) and
ingenol-3-butyrate (Ing 3-B). However, all four of the above-mentioned compounds
were outperformed by ingenol-3-mono-2-octene (Ing 3-T), which contains an �,�-
unsaturated ester. On the other hand, the presence of additional �,�-unsaturation (Ing
3-D) weakened latency reversal. The presence of a polar group or an amine within a
straight ester chain also diminished activity (comparing Ing B with Ing 3-E and Ing 3-N).

�- or �-Branched esters were modeled on the structure of ingenol-3-angelate (Ing
M), an FDA-approved compound for the topical treatment of actinic keratosis (40),
which is highly efficacious in vitro in reversing HIV latency alone and in combination
with other LRAs (41) (Fig. 2a). Ingenol-3-acrylate (Ing 3-R) resulted in latency reversal at
significantly lower concentrations than Ing M (50% effective concentration [EC50], 58
nM for Ing 3-R compared to 211 nM for Ing M) despite their structural similarity. The
efficacy of Ing 3-R led us to pursue acrylate diesterification at C-3 and C-20 (Ing D-R) and
tri-esterification at C-3, C-5, and C-20 (Ing T-R). Interestingly, these additional ester
groups resulted in abrogation of latency reversal activity (Fig. 2b).

A variety of aromatic and carbocyclic ingenol-C-3-esters were evaluated alongside
ingenol dibenzoate (Ing DB), which contains an aromatic ring at C-3 and has previously
shown to be efficacious at reversing latency in resting CD4� T cells from aviremic
participants (44) (Fig. 3a). Surprisingly, the two monoesters, Ing 3-X and Ing 3-P, which
contain a carbocycle, were significantly more efficacious than Ing DB (Fig. 3b). The five
most efficacious ingenols (Ing 3-R, Ing 3-P, Ing 3-X, Ing 3-T, and Ing M) spanned the
three structural classes. �,�-Unsaturation is a shared feature of four of these five top
synthetic ingenols but is not requisite for activity, as demonstrated by the comparable
potency of Ing 3-X.

In order to ensure that PKC activation is the predominant mechanism of latency
reversal of these ingenol compounds, we evaluated for latency reversal in the presence

FIG 1 Latency reversal activity of straight-chain saturated and unsaturated ingenol-C-3-esters. Linear esters were added to the 3-carbon position of the ingenol
core molecule (full and abbreviated nomenclature shown in panel A, along with ingenol core structure in black and esters in color), with the exception of
ingenol-3-hexanoate, which was obtained from the UNC Care Collaboratory Pharmacology Core. Straight-chain ingenol-3-esters were tested for latency reversal
efficacy using a latent HIV-1 cell line (J-Lat 10.6) containing a full-length integrated HIV-1 provirus that expresses green fluorescent protein (GFP) upon proviral
transcription. Jurkat cells were exposed to compounds across a dose range from 1 nM to 3,000 nM. After 24-hour exposure, flow cytometry was performed to
quantify GFP-positive cells, which was compared to positive control (PMA stimulation) to obtain percent maximal HIV-1 reactivation. (B) Fitted dose-response
curves with median and 95% confidence intervals are based on five independent in vitro experiments.
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or absence of known PKC inhibitors. The pan-PKC inhibitor Gö6983 significantly de-
creased latency reversal induced by highly active ingenol derivatives Ing 3-R and Ing
3-X in resting CD4� T cells from aviremic participants, establishing that these ingenol
compounds are acting through PKC to induce latency reversal (Fig. S1a and b in the
supplemental material). We next investigated the activities of unique PKC isoforms in
the presence of ingenol derivatives using resting CD4� T cells from HIV-1-uninfected

FIG 2 Latency reversal activity of branched ingenol-C-3-esters. Branched esters were added to the 3-carbon position of the ingenol
core molecule (structures, full and abbreviated nomenclature shown in panel A), with the exception of ingenol-3-angelate (Ing M),
which was commercially available. As in Fig. 1, branched ingenol-3-esters were tested for latency reversal efficacy using a latent HIV-1
cell line (J-Lat 10.6) containing a full-length integrated HIV-1 provirus that expresses GFP upon proviral transcription. Compounds were
tested across a dose range from 1 nM to 3,000 nM. After 24 h of exposure, flow cytometry was performed to quantify GFP-positive
cells, which was compared to positive control (PMA stimulation) to obtain percent maximal HIV-1 reactivation. (B) Fitted dose-response
curves with median and 95% confidence intervals are based on five independent in vitro experiments. Based on the efficacy of Ing
3-R, ingenol di- and triacrylate compounds were synthesized (Ing D-R and T-R). The addition of these ester groups abolished all latency
reactivation activity.

FIG 3 Latency reversal activity of aromatic and carbocyclic ingenol-C-3-esters. Aromatic and carbocyclic esters were added to the
3-carbon position of the ingenol core molecule (structures, full and abbreviated nomenclature shown in panel A), with the exception
of ingenol-3,20-dibenzoate, which was commercially available. Aromatic and carbocyclic ingenol-3-esters were tested for latency
reversal efficacy using a latent HIV-1 cell line (J-Lat 10.6) containing a full-length integrated HIV-1 provirus that expresses GFP upon
proviral transcription. Compounds were tested across a dose range from 1 nM to 3,000 nM. After 24 h of exposure, flow cytometry
was performed to quantify GFP-positive cells, which was compared to positive control (PMA stimulation) to obtain percent maximal
HIV-1 reactivation. (B) Fitted dose-response curves with median and 95% confidence intervals are shown based on five independent
in vitro experiments.
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participants to determine whether the efficacy of ingenol derivatives could be attrib-
uted to specific PKC isoforms (45) (Fig. 4 and S2). PKC phosphorylation was quantified
by flow cytometry after 30 min of exposure to ingenols, bryostatin-1, 12-myristate
13-acetate (PMA), or no compound (negative control). Ingenols with minimal latency
reversal activity (Ing core and Ing 3-A) showed no significant phosphorylation of any
PKC isoform. The highly active ingenols Ing M, Ing 3-R, and Ing 3-X significantly
increased the phosphorylation of PKC isoforms PKC�, PKC�, PKC�, and protein kinase D
(PKD) above baseline. Interestingly, this PKC isoform activation pattern did not signif-
icantly differ between structurally distinct ingenols, nor did the PKC isoform activation
profile distinguish these ingenols from chemically distinct PKC agonists bryostatin-1
and PMA (Fig. 4 and S2). This suggests a common pathway of PKC activation resulting
in latency reversal that is independent of the chemical structure of the PKC agonist.

We next sought to test the PKC activity and cytotoxicity of synthetic ingenols in
resting CD4� T cells in vitro as a means to explore the therapeutic windows of these
compounds. Cell surface expression of CD69, a biomarker of early T cell activation, is
well known to directly correlate with PKC activity (46–48). Recent studies with
bryostatin-1 and bryostatin analogs have demonstrated a direct correlation between
CD69 expression and HIV-1 latency reversal in vitro (48, 49). We identified a similar
positive correlation between the EC50 of synthetic ingenols for the induction of CD69
expression on primary resting CD4� T cells and the EC50 for latency reversal in J-Lat 10.6
from experiments described above (Fig. 5). The cytotoxicity of synthetic ingenols was
evaluated by quantifying changes in cell membrane integrity by flow cytometry.
Resting CD4� T cells from aviremic HIV-1-infected individuals (n � 3) were exposed to
concentrations of synthetic ingenols ranging from 0.1 �M to 50 �M for 48 h in vitro.
None of the ingenols induced significant declines in cell viability at concentrations
between 0.1 �M and 10 �M. Three ingenol derivatives (3-T, 3-D, and T-R) induced
significant decreases in cellular viability at 50 �M (Fig. S3a to c).

FIG 4 PKC isoform activation after ingenol exposure. Resting primary CD4 cells isolated from HIV-1-
uninfected participants (n � 5) underwent a 30-min exposure to ingenol derivatives (100 nM),
bryostatin-1 (100 nM), or PMA (10 ng/ml). Cells underwent intracellular staining with anti-pPKC antibod-
ies and were analyzed by flow cytometry. Changes in PKC isoform phosphorylation were quantified by
the fold change in mean fluorescence intensity compared to untreated (negative-control) cell cultures
(increasing mean fluorescence intensity [MFI] fold change represented above as blue color scale). Ingenol
core and Ing 3-A, which have little to no latency reversal activity, did not induce any PKC isoform
phosphorylation in resting primary CD4 cells isolated from HIV-1-uninfected participants (n � 5). Highly
active ingenol derivatives Ing M, Ing 3-R, and Ing 3-X significantly induced phosphorylation of PKC
isoforms PKC�, PKC�, PKC�, and PKD. This PKC isoform phosphorylation pattern did not significantly
differ among these ingenols or structurally distinct PKC agonists PMA or bryostatin-1.
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J-Lat 10.6 cells are a transformed T lymphocyte cell line and contain a monoclonal
proviral integration site. In order to test ingenol in a biological system that would take
into account polyclonal proviral integration sites and the genetic variability associated
with donor-to-donor differences, we evaluated the relative latency reversal potency of
eight active ingenol derivatives (selected based on latency reversal EC50 from J-Lat 10.6
experiments described above) using resting CD4� T cells from aviremic individuals on
ART (Fig. 6; see Table S1 for participant characteristics). Aliquots of between five and
eight million resting CD4� T cells were exposed to ingenol derivatives at 40 nM,
antibodies to CD3 and CD28 (positive control), or medium alone (negative control).
After 48 h in culture, cell-associated RNA was extracted and viral mRNA copies quan-
tified via quantitative PCR (qPCR) for each culture condition (50). Small quantities of
viral transcripts are often detected in medium-alone (negative) control cultures under
these culture conditions. Therefore, ingenol efficacy was determined by comparing
cell-associated viral transcripts from ingenol-exposed cells to negative-control cultures
and expressed as a fold change over baseline.

Ingenol M, 3-X, and 3-R significantly reversed proviral latency in cells from aviremic
participants, determined by the increased fold change of cell-associated HIV-1 RNA
compared to that under medium-alone conditions (P � 0.005 for Ing M and 3-X, P �

0.0001 for Ing 3-R). Ing 3-R, in keeping with the results of Jurkat cell line described
above, demonstrated the highest latency reversal of any compound tested. Ing 3-R
reversed latency more efficiently than ingenol 3-angelate (Ing M), despite the structural
similarities of these two compounds (Fig. 7a). However, at 40 nM, latency reversal
induced by Ing 3-R was indistinguishable from the positive control (T cell activation via
CD3 and CD28 antibodies; Fig. 7b).

DISCUSSION

We created a small library of novel ingenol derivatives that act through the same
pathway (protein kinase C activation) as previously described ingenol compounds, but
they are significantly more potent with regard to viral reactivation in resting CD4� T
cells from aviremic participants on ART. While the ingenol core molecule is inactive with
regard to latency reversal and CD69 activation, esterified ingenols demonstrated a wide

FIG 5 CD69 expression correlates with latency reversal activity. Using resting CD4� T cells from aviremic
HIV-1-positive participants, the percentage of cells expressing CD69 was measured after 48-h in vitro
exposure to ingenol derivatives across a concentration range of 1 nM to 10,000 nM. Fitted dose-response
curves from four independent experiments were used to calculate the EC50 of CD69 expression for each
ingenol derivative. Each black circle represents a unique ingenol derivative whose location is determined
by EC50 for CD69 expression in primary recombinant CD4 (rCD4) cells (x axis) and EC50 for latency reversal
in J-Lat 10.6 (y axis; determined from experiments shown in Fig. 1 to 3). Linear regression analysis
revealed a significant direct correlation between latency reversal activity and CD69 expression (R2 � 0.73,
P � 0.005).
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range of activity in cell lines and participant cells ex vivo. The most potent of these
compounds shared an �-�-unsaturated moiety adjacent to carbon-3, shedding light on
the structure-function relationship of PKC activation. The most active of these ingenol
analogs, ingenol-3-acrylate (Ing 3-R), is able to reactivate latent proviruses to the same
degree as the positive control (T cell receptor stimulation with antibodies against CD3

FIG 6 Ingenol derivatives reactivate latent HIV-1 in resting CD4� T cells from aviremic HIV-1-positive
participants ex vivo. The eight most efficacious ingenol derivatives based on calculated EC50s from J-Lat
10.6 experiments (Fig. 1 to 3) were evaluated for latency reversal using resting CD4� T cells from aviremic
HIV-1-positive participants (participant characteristics in Table S1). After a 48-h exposure (40 nM
concentration for all ingenol derivatives), fold increases in cell-associated HIV-1 RNA compared to the
medium-alone condition (negative control) were determined by qPCR. Using a nonparametric Mann-
Whitney analysis, Ing M, Ing 3-X, and Ing 3-R all demonstrated statistically significant increases in
cell-associated viral transcripts compared to medium alone (**, P � 0.005 for Ing M and Ing 3-X; ****,
P � 0.0001 for Ing 3-R).

FIG 7 Latency reversal of Ing M, Ing 3-R, and �CD3/CD28. (A) Despite structural similarities between Ing M
and Ing 3-R, paired analysis of nine independent ex vivo experiments comparing fold change increases in
cell-associated viral transcripts in resting CD4� T cells from aviremic HIV-1-positive participants demon-
strated a statistically significant difference favoring Ing 3-R (Wilcoxon matched-pairs signed-rank test, P �
0.005; n � 9). (B) The same paired analysis comparing fold change increases in cell-associated viral
transcripts between Ing 3-R and positive control (�CD3/CD28) did not reveal any statistically significant
difference between these conditions (Wilcoxon matched-pairs signed-rank test, P � 0.25; n � 9).
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and CD28), making this one of the most potent LRAs described to date. Given the
modest results of clinical trials testing existing LRAs (51), these compounds represent
exciting scaffolds as “next-generation” latency reversal agents.

PKC activation, while promising as a latency reversal strategy in vitro, presents a
challenge with regard to the possibility of off-target effects that may narrow the in vivo
therapeutic window of compounds acting through this mechanism. We and others
have demonstrated that ingenols induce proinflammatory cytokine release from pe-
ripheral blood mononuclear cells (PBMCs) (50). Bryostatin-1 has advanced toward the
clinic faster than any compound in this mechanistic class but has raised concerns in
early stage clinical trials in cancer due to adverse effects linked to systemic inflamma-
tion (52, 53). While our PKC isoform experiments appear to demonstrate a common PKC
activation profile among the ingenols tested, further exploration of PKC isoform
specificity may allow for the development of PKC agonists that target isoforms respon-
sible for latency reversal while minimally activating isoforms inducing proinflammatory
cytokine release. Previous work using diacylglycerol (DAG) and phorbol as chemical
scaffolds provides evidence that PKC-isoform-specific agonists can be engineered that
uncouple proviral reactivation from in vitro production of tumor necrosis factor alpha
(TNF-�) (54, 55). Future medicinal chemistry approaches in regard to our ingenol library
will focus on PKC isoform specificity and will also take into account the instability of
these compounds due to ester migration (56).

Previous comparisons of cell lines and primary cell models of HIV-1 latency have
demonstrated discordance with regard to the efficacy of latency reversal agents (57). In
this study, we found that the EC50 of ingenol derivatives in J-Lat 10.6 cells correlated
well with latency reversal in primary resting CD4� T cells from aviremic participants
(Fig. S4). Four of the five ingenols with the lowest EC50s in J-Lat 10.6 cells were among
the top five ingenols in primary cells. Similarly, ingenols with minimal activity in J-Lat
experiments demonstrated no significant latency reversal in primary cells. Ultimately,
the potential efficacy and toxicity of PKC activation as a latency reversal strategy cannot
be fully addressed in vitro. Murine and nonhuman primate models are being employed
to answer these critical translational questions (43, 48, 58). A clinical trial testing the
safety and efficacy of Euphorbia kansui, a medicinal plant that contains 14 naturally
occurring ingenols and has been shown to reactivate latent HIV-1 in vitro (47), is under
way (ClinicalTrials.gov identifier NCT02531295). The concerns for a narrow therapeutic
window and the potential for in vivo toxicity with existing PKC agonists, including
bryostatin-1 and ingenol derivatives, have limited clinical trials of these agents (36). A
natural product, such as E. kansui, that contains active ingenol derivatives (59) and has
been part of traditional Chinese medicine for centuries may provide a novel strategy for
safe in vivo administration of PKC agonists.

The most potent ingenol derivatives demonstrated latency reversal efficacy ap-
proaching that of the positive control (Fig. 6 and 7) after 48 h of exposure. Previous
work has demonstrated that a single in vitro exposure to a strong stimulus, including
antibodies to CD3 and CD28, does not efficiently reactivate all potentially inducible
proviruses in culture (60–62). Repeated LRA exposures will likely be necessary to
reactivate a sufficient fraction of inducible proviruses that in turn will allow for
detectable perturbation of the latent reservoir in vivo. Given the potency of the ingenol
derivatives described here, immediate next steps include exploration of the fractional
reactivation of these compounds in comparison to other LRAs and �CD3/CD28. Several
groups have recently described synergy between ingenols and the bromodomain
inhibitor JQ1 (35, 41). We have also observed synergistic latency reversal between JQ1
and several ingenol derivatives in J-Lat 10.6 cells (data not shown) and plan to further
evaluate this relationship using primary cells from aviremic participants ex vivo. A better
understanding of the structure-activity relationship, PKC-isoform specificity, chemical
stability, synergy with LRAs from complementary mechanistic classes, and in vivo
toxicity of ingenols, including the derivatives we describe here, will help define a role
for this promising class of compounds among viable strategies for HIV-1 eradication.
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MATERIALS AND METHODS
Participants. Aviremic HIV-1-infected participants on ART were recruited for phlebotomy according

to an approved and active institutional review board (IRB) protocol at the University of Utah
(IRB_0058246), as described previously (44). Inclusion criteria for this study required viral suppression
(�50 HIV-1 RNA copies/ml) for a minimum of 6 months, ART initiation during chronic HIV-1 infection
(greater than 6 months since seroconversion), and compliance with a stable ART regimen for a minimum
of 12 months per participant and provider report. Informed consent and phlebotomy were performed in
the Center for Clinical and Translational Science Clinical Services Core at the University of Utah Medical
Center. Participant characteristics are provided in Table S1. Healthy donor peripheral blood mononuclear
cells (PBMCs) were obtained via peripheral phlebotomy according to a separate approved and active IRB
protocol at the University of Utah (IRB_0067637).

Reagents. Ingenol core was purchased from StruChem (Suzhou, China). Ingenol 3,20-dibenzoate and
ingenol 3-angelate were purchased from Santa Cruz Biotechnology. Ingenol 3-hexanoate was obtained
from the Martin Delaney Collaboratory of AIDS Researchers for Eradication (CARE) Pharmacology Core,
University of North Carolina, Chapel Hill, NC. PKC inhibitors were purchased from Cayman Chemical
(Gö6976; CAS no. 136194-77-9) and Santa Cruz Biotechnology (Gö6983; CAS no. 133053-19-7). CD3/CD28
antibody-coated magnetic beads (Dynabeads human T-activator CD3/CD28 beads) were purchased from
Thermo Fisher Technologies.

Chemical synthesis. Ingenol was used as a scaffold to generate a focused library of synthetic
derivatives in collaboration with the University of Utah Synthetic and Medicinal Chemistry Core Facility.
Protection of the C-5 and C-20 alcohols as an acetonide permitted selective esterification of the C-3
alcohol, as previously reported (56). Subsequent hydrolysis of the acetonide yielded a library of
ingenol-3-monoesters (shown in Fig. 1 to 3). Seventeen unnatural ingenol-C-3-esters were generated.
Compound identities were established using 1H-nuclear magnetic resonance (1H-NMR) and 13C-NMR
spectroscopy and purity via liquid chromatography-mass spectrometry (LC-MS). All compounds were
�95% pure as judged by LC-MS prior to biological evaluation.

Cell isolation and culture. The HIV-1-infected Jurkat T cell line (J-Lat 10.6) was obtained from the
NIH AIDS Reagent Program (www.aidsreagent.org) and cultured in RPMI-based medium supplemented
with 10% fetal calf serum. Human primary PBMCs were obtained via peripheral phlebotomy, as described
above, and resting CD4� T cells were isolated using a magnetic bead negative selection kit from StemCell
Technologies (EasySep human CD4� T cell isolation kit, catalog no. 17952), according to the manufac-
turer’s instructions. Ex vivo cell culture assays with resting CD4� T cells from HIV-1-infected aviremic
participants were performed as previously described (44, 50). For PKC inhibition experiments, aliquots of
five million resting CD4� T cells were exposed to 300 nM PKC inhibitor Gö6976 or Gö6983 for 4 h,
followed by exposure to 300 nM ingenol 3-R or 3-X for 48 h. Cell-associated RNA was isolated via TRIzol
purification for quantitative PCR, as described below.

qPCR. Quantitative PCR (qPCR) to detect HIV-1 mRNA transcripts was performed on cell-associated
RNA (caRNA) isolated from cultured cells, as described previously (44, 50). Briefly, RNA isolation and
purification were performed using TRIzol RNA isolation (Invitrogen) according to the manufacturer’s
instructions. First-step reverse transcriptase PCR was performed in a 20-�l reaction mixture containing
4� Quanta Biosciences qScript SuperMix (catalog no. 101414-106). The cycling parameters were 25°C for
5 min, followed by 42°C for 30 min and then 85°C for 5 min. Using cDNA obtained from the first-step PCR,
second-step qPCR to detect HIV-1 mRNA transcripts was performed in triplicate 20-�l reactions using a
TaqMan polymerase enzyme (Applied Biosystems TaqMan Universal master mix II with UNG, catalog no.
4440045; Thermo Fisher). The sequence of forward primer VQA Fwd P9501 is 5=-CAGATGCTGCATATAA
GCAGCTG-3=, and that of the reverse primer VQA Rev 7T24 is 5=-TTTTTTTTTTTTTTTTTTTTTTTTGAAGCAC-
3=; the 6-carboxyfluorescein (FAM) probe sequence is FAMCCTGTACTGGGTCTCTCTGGTBHQ1 (BHQ1,
black hole quencher 1). The cycling parameters were one cycle at 50°C for 2 min, followed by one cycle
at 95°C for 10 min, followed by 55 cycles of 95°C for 15 s and 60°C for 1 min.

Flow cytometry for GFP detection and cell viability. After in vitro culture, J-Lat cells and primary
CD4� T cells were washed with 1� phosphate-buffered saline (PBS) prior to staining with 0.1 �l fixable
viability dye eFluor 450 (eBioscience catalog no. 65-0863-14; Thermo Fisher) per 105 cells for 30 min at
4°C. Primary CD4� T cells were stained with antibodies against CD69 conjugated to an antigen-
presenting cell (APC) fluorophore (APC anti-human CD69 antibody; BioLegend). Cells were then washed
and resuspended in 1� PBS prior to flow cytometry acquisition evaluating for cellular viability, green
florescent protein (GFP) expression (J-Lat 10.6), or CD69 expression (primary CD4� T cells). Flow
cytometry was performed with a BD FACSCelesta flow cytometer with FACSDiva acquisition software
(Becton Dickinson, Mountain View, CA) prior to analysis with FlowJo (TreeStar, Inc., Ashland, OR).

Flow cytometry for PKC isoform phosphorylation. A total of 0.5 � 106 to 1.0 � 106 primary CD4
cells were treated with ingenols, PMA, or bryostatin-1 or left untreated and incubated for 30 min at 37°C.
Cells were washed with 1� PBS prior to staining with 0.1 �l of fixable viability dye eFluor450 (catalog
no. 65-0863; Thermo Fisher Scientific) for 10 min at 4°C. Primary CD4 cells were washed with PBS and
fixed and permeabilized by incubation in 100 �l of BD Cytofix/Cytoperm (catalog no. 554722; BD
Biosciences) solution for 30 min. The cells were washed in BD Perm/Wash buffer (catalog no. 554723; BD
Biosciences), separated into individual aliquots for phospho-PKC isoform analysis, and stained with 2 �l
of the following primary antibodies in BD Perm/Wash buffer: pPKC� T497 (catalog no. AB-PK763;
Kinexus), pPKC� T500 (catalog no. AB-PK766; Kinexus), pPKC� S661 (catalog no. AB-PK766; Kinexus),
pPKC� Y311 (catalog no. sc-377560; Santa Cruz), pPKC� T505 (catalog no. 9374P; Cell Signaling), pPKC�

S965 (catalog no. AB-PK772; Kinexus), pPKC� T219 (catalog no. GTX109691; GeneTex), pPKD S205
(catalog no. AB-PK770; Kinexus), and pPKD S738-S742 (catalog no. AB-PK771; Kinexus) for 30 min at 4°C.
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Two untreated samples were incubated in BD Perm/Wash buffer without primary antibody for use as
controls. Samples were washed with BD Perm/Wash buffer and then stained with 0.1 �l APC conjugated
anti-rabbit (catalog no. A-21244; Thermo Fisher Scientific) or anti-mouse antibody (catalog no. A-21235;
Thermo Fisher Scientific) for 30 min at 4°C. Cells were then washed and resuspended in PBS supple-
mented with 3% fetal bovine serum (FBS) prior to flow cytometry data acquisition. Flow cytometry was
performed with a BD FACSCanto flow cytometer with FACSDiva acquisition software (Becton Dickinson,
Mountain View, CA) and analyzed using FlowJo software (TreeStar, Inc., Ashland, OR).

Statistical analysis. Statistical significance was analyzed using software from GraphPad Prism
version 7.0c (GraphPad Software, San Diego, CA).
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