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ABSTRACT

The extreme stability of the latent HIV-1 reservoir in the CD4� memory T cell population prevents viral eradication with cur-
rent antiretroviral therapy. It has been demonstrated that homeostatic T cell proliferation and clonal expansion of latently in-
fected T cells due to viral integration into specific genes contribute to this extraordinary reservoir stability. Nevertheless, given
the constant exposure of the memory T cell population to specific antigen or bystander activation, this reservoir stability seems
remarkable, unless it is assumed that latent HIV-1 resides exclusively in memory T cells that recognize rare antigens. Another
explanation for the stability of the reservoir could be that the latent HIV-1 reservoir is associated with an unresponsive T cell
phenotype. We demonstrate here that host cells of latent HIV-1 infection events were functionally altered in ways that are con-
sistent with the idea of an anergic, unresponsive T cell phenotype. Manipulations that induced or mimicked an anergic T cell
state promoted latent HIV-1 infection. Kinome analysis data reflected this altered host cell phenotype at a system-wide level and
revealed how the stable kinase activity changes networked to stabilize latent HIV-1 infection. Protein-protein interaction net-
works generated from kinome data could further be used to guide targeted genetic or pharmacological manipulations that alter
the stability of latent HIV-1 infection. In summary, our data demonstrate that stable changes to the signal transduction and
transcription factor network of latently HIV-1 infected host cells are essential to the ability of HIV-1 to establish and maintain
latent HIV-1 infection status.

IMPORTANCE

The extreme stability of the latent HIV-1 reservoir allows the infection to persist for the lifetime of a patient, despite completely
suppressive antiretroviral therapy. This extreme reservoir stability is somewhat surprising, since the latently HIV-1 infected
CD4� memory T cells that form the structural basis of the viral reservoir should be exposed to cognate antigen over time. Anti-
gen exposure would trigger a recall response and should deplete the reservoir, likely over a relatively short period. Our data dem-
onstrate that stable and system-wide phenotypic changes to host cells are a prerequisite for the establishment and maintenance
of latent HIV-1 infection events. The changes observed are consistent with an unresponsive, anergy-like T cell phenotype of la-
tently HIV-1 infected host cells. An anergy-like, unresponsive state of the host cells of latent HIV-1 infection events would ex-
plain the stability of the HIV-1 reservoir in the face of continuous antigen exposure.

Despite the importance of latent human immunodeficiency
virus type 1 (HIV-1) infection for the ability of the virus to

persist even in the face of otherwise successful antiretroviral ther-
apy (ART), our understanding of how latent HIV-1 infection is
controlled at the molecular level remains incomplete. As a result,
it has proven difficult to develop targeted and efficient therapeutic
strategies that trigger HIV-1 reactivation and thus allow for sub-
sequent eradication of HIV-1 infection.

Once antiretroviral therapy is initiated, viral infection is
thought to be sustained primarily by a long-lived reservoir asso-
ciated with the memory CD4� T-cell population (1–3). This latent
HIV-1 reservoir is extremely stable, and natural eradication of a
reservoir consisting of only 105 cells could take more than 60 years
(4). The fact that to date, latent HIV-1 infection has been de-
scribed mostly in the memory T cell population seems to justify
the extraordinary stability of the viral reservoir. However, the ex-
act functional relationship between lifelong immunological mem-
ory and the stability of the latent HIV-1 reservoir has not been
defined in detail. While T cell memory can persist for the lifetime
of an individual, individual memory T cells have a significantly
shorter half-life than the latent HIV-1 reservoir.

Hellerstein et al. determined that the overall half-life of CD4�

or CD8� T cell populations in healthy subjects was 87 or 77 days,
respectively. In untreated HIV-1-seropositive patients, CD4� or
CD8� T cell populations had significantly reduced half-lives of 24
or 22 days, respectively (5). In subsequent studies, the half-life of
individual CD4� central memory T cells (TCM cells), which are
thought to serve as the primary reservoir of latent HIV-1 infec-
tion, has been measured at below or around 20 days (6) or as long
as 4.8 months (7). The half-life of CD4� TCM cells seems to be
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about 50% that of CD8� TCM cells. While we could not find liter-
ature specifically addressing the half-life (�1/2) of CD4� TCM cells
in HIV-1 patients, a recent study suggested that the CD8� TCM

half-life seems reduced from a �1/2 of �100 days to a �1/2 of �50
days (8). Even if we used a �1/2 of �50 days for latently HIV-1
infected CD4� TCM cells and ignored results showing that CD4�

TCM cells are generally shorter-lived than CD8� TCM cells, assum-
ing the presence of 1 � 106 latently HIV-1 infected CD4� TCM

cells at any given time, it would take �3 years for the last latently
infected TCM cell to disappear. This is obviously not the case.

As such, latently HIV-1 infected TCM cells must undergo ho-
meostatic proliferation in the absence of HIV-1 reactivation (9).
Unlike naïve cells, TCM cells seem to rely on a combination of
interleukin 7 (IL-7) and IL-15 for their survival and for occasional
cell division without requiring signals stemming from the recog-
nition of cognate antigens presented by major histocompatibility
complex (MHC) molecules (10, 11). A combination of IL-7 and
IL-15 that would reflect the in vivo situation has never been tested,
but it has been shown in vitro that IL-7 can induce limited T cell
proliferation, without triggering HIV-1 reactivation in all latently
infected cells of a given reservoir (12). In addition, Wagner et al.
recently demonstrated that HIV integration into specific genes
may promote proliferation and result in clonal expansion of la-
tently HIV infected cells, adding a virus-induced mechanism that
would further slow the decay of the viral reservoir during ART
(13). Proliferation in the absence of reactivation is certainly a fea-
sible scenario, since latent infection is obviously stable in the pres-
ence of cell division, as demonstrated by the existence of many
latently HIV-1 infected T cell lines (14–17).

However, despite the existence of cell proliferation mecha-
nisms that stabilize the latent infection pool, it seems most diffi-
cult to explain how the latent HIV-1 infection pool remains stable
despite likely continuous exposure to antigen. Over time, many
latently infected T cells should be exposed to their cognate anti-
gen, which, in turn, would trigger a recall response (18). Given the
vigor of an antigen-induced recall response, it is difficult to con-
ceive that a latent HIV-1 infection event would not become reac-
tivated. Under the assumption that latent HIV-1 infection events
are established in functional memory T cells, a continuous con-
traction of the reservoir should be observed, unless it is assumed
that latent HIV-1 infection events are established only in memory
T cells that recognize extremely rare antigens, or are established
exclusively in T cells that recognize HIV-1-specific antigens,
which completely disappear after the initiation of ART. In fact,
despite the possibility of proliferation as a stabilizing factor for the
size of the latent reservoir, some progressive contraction of the
reservoir has been reported (19). But that study also suggested
the presence of an extremely stable reservoir around a core of
less-differentiated memory T cell subsets that no longer contracts.

A logical explanation for the extraordinary stability of this la-
tent HIV-1 reservoir in the face of constant antigen exposure
could be that latent HIV-1 infection events are associated with
memory T cells that have been altered by the actual infection event
to take on an unresponsive or, in some form, anergic phenotype.
Such an unresponsive state of the host cells could also explain the
recalcitrance of latent HIV-1 infection to previous therapeutic
reactivation attempts that aimed at triggering cellular activation
mechanisms.

Generally, the term “anergy” defines the inability of an im-
mune cell to mount a complete response against its target; it is a

state of lymphocyte unresponsiveness induced by suboptimal
stimulation (20). Anergy in T cells affects aspects of cell prolifer-
ation, cytokine induction, cell signaling, and cell metabolism (21).
Anergy is commonly observed in chronic infections (22). T cell
anergy is usually the result of aberrant activation of the T cell
receptor and/or lack of costimulation as provided through co-
stimulatory receptors such as CD28 and results in a long-lived but
functionally unresponsive state (23, 24). These T cells exit the cell
cycle and are arrested in the G0 state (25). Under certain circum-
stances, T cell anergy is reversible and does not broadly inhibit cell
signaling through a particular signal transduction pathway but
tends to be selective for particular downstream events (26).

For both simian immunodeficiency virus (SIV) and HIV-1 in-
fection, there are many reports describing a similar loss of T cell
functionality for both CD4� and CD8� T cells. Physical and func-
tional loss of memory CD4� T cells has been described for SIV
infection (27) and for HIV-1 patients (28). In virus controllers,
central memory T cell populations seemed to maintain near-nor-
mal numbers and to be functionally preserved (29, 30), indicating
that exposure to viral antigen plays a key role in the establishment
of a dysfunctional, unresponsive memory T cell population. Also,
in patients who are placed on therapy very early after infection,
and who maintain a high level of immunological functionality, the
latent HIV-1 reservoir seems to be smaller than that of patients
placed on ART during the chronic stage of infection, after their
CD4 counts had significantly dropped (31).

At the single-cell level, lack of function in anergic T cells has
been associated with changes in several signal transduction path-
ways (e.g., NF-�B, extracellular signal-regulated kinase [ERK],
Jun N-terminal protein kinase [JNK], cell cycle) (32–34). At the
molecular level, T cell anergy is thus the result of stable changes in
the kinase activities of several key signal transduction pathways.

Here we demonstrate that latently infected T cells are indeed
phenotypically altered in ways that are consistent with the idea of
anergy or an unresponsive host cell phenotype. Specifically, we
demonstrate that latently HIV-1 infected T cells exhibit an altered
NF-�B response and that manipulation of hallmark proteins as-
sociated with anergy, such as GRAIL (gene related to anergy in
lymphocytes) or ICER (inducible cyclic AMP [cAMP] early re-
pressor), affects the stability of latent HIV-1 infection. Kinome
analysis confirms these stable phenotypic changes at the global
level, and importantly, we also demonstrate that kinomic data can
be used to guide the identification of pharmacological interven-
tion strategies that (i) can alter the level of HIV-1 latency estab-
lishment and (ii) can affect the stability of latent HIV-1 infection
events.

MATERIALS AND METHODS
Cell culture, plasmids, and reagents. All T cell lines were maintained in
RPMI 1640 medium supplemented with 2 mM L-glutamine, 100 U/ml
penicillin, 100 �g/ml streptomycin, and 10% heat-inactivated fetal bovine
serum (FBS). FBS was obtained from HyClone (Logan, UT) and was
tested on a panel of latently infected cells to ensure that the FBS batch
utilized did not spontaneously trigger HIV-1 reactivation (15, 16). The
latently infected J89GFP T cells, CA5 T cells, and EF7 T cells have been
described previously (15, 17). In CA5 T cells, the virus is integrated into
the RMB12/CPNE1 gene in the same-sense orientation relative to the
transcriptional direction of the host gene. In EF7 cells, the virus is inte-
grated into the WHSC1 gene in the converse-sense orientation relative to
the transcriptional direction of the host gene. The green fluorescent pro-
tein (GFP) reporter viruses utilized express GFP as late genes, which
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means that GFP is expressed only when all viral RNA types are produced
and translation of viral RNA is enabled. J2574 reporter T cells have been
described previously (35). Briefly, J2574 reporter T cells were generated by
lentiviral transduction of Jurkat T cells with an HIV-1 reporter construct
(p2574) in which an HIV-1 subtype B long terminal repeat (LTR) controls
the expression of GFP. The HIV-1 LTR and the GFP gene are separated by
a 2,500-bp spacer element. Following lentiviral transduction of Jurkat
cells, all cells that spontaneously expressed GFP were removed by cell
sorting. The GFP-negative population was then activated with 13-phor-
bol-12-myristate acetate (PMA) to identify all cells that would harbor an
inducible LTR-GFP-LTR integration event. Cells that turned GFP positive
following stimulation were again selected by cell sorting. GFP expression
in this population ceased after a few days, leaving a population of GFP-
negative reporter cells. The number of founder cells for this population is
calculated to represent 	100,000 individual integration events (35). Since
GFP expression in J2574 cells is driven by an integrated LTR-GFP-LTR
vector, in trans provision of HIV Tat protein by the full-length HIV used
in the experiments is required. J2574 cells were then infected to generate
latently infected T cell clones. The molecular HIV-1 clones utilized have
been described previously (36, 37). The LAI subclones utilized are derived
from the subtype B LAI molecular clone (38) but have a subtype-specific
3=LTR from position �147 to �63, stretching from the noncoding part of
U3 to the R region, including the complete trans-activation response ele-
ment (TAR) hairpin. For simplicity, we refer to the viruses as LAI-B for the
parental subtype B construct and as LAI-A, LAI-C, and LAI-E for the
viruses that have the �147 to �1 LTR sequence of a prototypic HIV-1
subtype A, subtype C, or subtype E (CRF01_AE), respectively. J2574 cells
were infected with one of the LAI subclones. On day 2 postinfection,
reverse transcriptase (RT) inhibitors were added to prevent ongoing viral
replication, which would otherwise interfere with the stability of the es-
tablished latent reservoir. Once active infection had subsided, T cell clones
were established by limiting dilution. Using a high-throughput screening
(HTS) flow cytometry setup, we screened each clone generated for base-
line GFP expression and for GFP expression 48 h after stimulation with
the phorbol ester PMA. Clones that were baseline GFP negative (maxi-
mum 5% GFP background) and responded to PMA stimulation with an
increase in the percentage of GFP-positive cells to 	60% were selected,
and the presence of an integrated virus was confirmed by PCR for HIV-1
tat sequences by using genomic cellular DNA from the respective T cell
clone as the template.

The phorbol esters PMA and prostratin were purchased from
Sigma. Recombinant human tumor necrosis factor alpha (TNF-
) was
obtained from R&D. The anticancer compound and protein kinase
C (PKC) activator bryostatin was purchased from EMD Millipore.
The Dyrk1a inhibitors (1Z)-1-(3-ethyl-5-hydroxy-2(3H)-benzothia-
zolylidene)-2-propanone (INDY) and proINDY were purchased from
Tocris. All antibodies were purchased from BD Pharmingen.

Human subjects. Healthy adults (n � 9) and HIV patients (n � 8)
provided written informed consent to provide all biological specimens
and clinical data used in this study. Research records were kept confiden-
tial, meeting specifications for this project approved by the UAB Institu-
tional Review Board for Human Use (IRB).

HIV-1 latency establishment assays. To determine latency establish-
ment levels under defined experimental conditions, 20 to 30 individual
cell cultures are infected over a wide range of multiplicities of infection
(MOIs). On day 3 or 4 postinfection, active infection levels are deter-
mined by measuring the percentage of GFP-positive cells, since all exper-
iments use either GFP reporter viruses or GFP reporter T cell lines. To
determine the size of the latent reservoir formed between days 14 and 21
postinfection (17), a sample of each infection culture is taken and is stim-
ulated with PMA overnight, which will trigger the reactivation of latent
HIV-1 infection (GFP-positive cells). By subtracting the percentage of
residual active infection in untreated cell cultures from the level of active
infection in a sample of each culture in which HIV-1 reactivation has been
triggered by PMA, using GFP expression as a surrogate marker of HIV-1

infection, we can calculate the size of the latent reservoir that has been
established.

HIV-1 reactivation experiments. For all HIV-1 reactivation experi-
ments using CA5 cells, EF7 cells (39, 40), or latently infected cells of the
J-LAI series (35), GFP is used as a surrogate marker of HIV-1 expression.
GFP expression is routinely measured 24 or 48 h postinduction using flow
cytometric analysis and is expressed as the percentage of GFP-positive
cells.

Expression plasmids. For the construction of MSCV/puro-I�B, the
I�B gene was amplified using an I�B signaling probe (Clontech) as the
template and oligonucleotides 5=-BglII-ggccagatctATGTTCCAGGCGGC
CGAGCG and 3=-EcoRI-gcgcgaattcTCATAACGTCAGACGCTGGC
CTCC (lowercase letters stand for restriction sites), and the product was
cloned into the multiple cloning site of pMSCV/puro (Clontech) using
BglII and EcoRI. For the construction of pMSCV/puro-ICER1, the ICER
gene product was cloned using HUT78 cell-derived cDNA as the template
and oligonucleotides 5=-XhoI-tataCTCGAGatggctgtaactggagat and 3=-Ec
oRI-ctcgGAATTCttactctactttatggca, and the product was cloned into the
multiple cloning site of pMSCV/puro (Clontech) using XhoI and EcoRI.
For the construction of pMSCV/puro-GRAIL, the GRAIL gene product
was cloned using 293T cell-derived cDNA as the template and oligonu-
cleotides 5=-XhoI-aattCTCGAGatggggccgccgcct and 3=-EcoRI-gtccGAA
TTCttaagatttaatttctcgaacagcag, and the product was cloned into the multi-
ple cloning site of pMSCV/puro (Clontech) using XhoI and EcoRI.

TransAM assays for NF-�B. NF-�B p50 and p65 activities in nuclear
extracts of cells were determined using TransAM assays (Active Motif). All
experiments were performed according to the manufacturer’s instruc-
tions. TransAM assays measure the ability of activated NF-�B to bind to a
NF-�B consensus sequence in solution, with a 5- to 10-fold higher sensi-
tivity than gel shift assays.

Flow cytometry. Infection levels in the cell cultures were monitored
by flow cytometric analysis of GFP expression, which serves as a surrogate
marker for HIV-1 expression. Flow cytometric analysis was performed on
a Guava easyCyte (Guava Technologies, Inc.), FACSCalibur, or LSR II
(Becton Dickinson) flow cytometer. Cell sorting experiments were per-
formed using a FACSAria flow cytometer (Becton Dickinson). All anti-
bodies used for immunologically phenotyping primary T cells were ob-
tained from BD Pharmingen. Data were analyzed using CellQuest (Becton
Dickinson), FlowJo (Tree Star Inc.), or Guava Express (Guava Technolo-
gies, Inc.) software.

Kinomic analysis. Any kinome array technology is limited to the ki-
nomic space that is covered. However, predictor algorithms that are used
to build hypotheses generating protein interaction networks that guide
drug target identification or explain the molecular control of various bi-
ological processes are more predictive as the quality and quantity of input
data increase. To this end, we combined two kinome array methods to
generate a comprehensive set of data describing the stable phenotypic
changes in kinase expression and activity that characterize latently HIV-1
infected T cells. Kinome data were generated using PamGene kinase sub-
strate peptide-based analysis and Kinex antibody microarray-based anal-
ysis.

PamGene kinase substrate peptide-based analysis. Kinome profiling
using substrate chips was performed on the PamStation 12 platform
(PamGene, Hertogenbosch, The Netherlands) as described previously
(41). Utilizing high-throughput peptide microarrays spotted with either
144 individual tyrosine-phosphorylatable peptides on the PTK array or
144 serine- and/or threonine-phosphorylatable peptides on the STK ar-
ray, the phosphorylation activity of the kinase composition in different
cell lysates was measured. Briefly, all peptides are composed of 12 to 15
amino acids that are imprinted onto an aluminum oxide matrix allowing
exposure to kinases in order to measure activity in lysates that are pumped
through these peptide-rich matrices. Phosphospecific fluorescein isothio-
cyanate (FITC)-conjugated antibodies were used to detect peptide phos-
phorylation. Images of FITC-dependent fluorescent signals were captured
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via a computer-controlled charge-coupled device (CCD) camera with ki-
netic image capture over time and over multiple exposures.

The kinomic profiles of different samples were compared by using
BioNavigator software, version 5 (PamGene), to identify significantly dif-
ferent phosphopeptides (P, �0.05 by t test). Upstream kinases were iden-
tified by scoring potential kinases based on their prevalences in the top five
kinase scoring lists for each phosphopeptide as mapped in the Kinexus
upstream kinase database (www.phosphonet.ca).

Kinex antibody microarray-based analysis. To perform the Kinex
analysis, 50 �g of lysate protein (�5 � 106 cells) from each sample was
covalently labeled with a proprietary fluorescent dye according to the
manufacturer’s instructions (Kinexus, Canada). After the completion of
the labeling reaction, free dye was removed by gel filtration. After blocking
of nonspecific binding sites on the array, an incubation chamber was
mounted onto the microarray to permit the loading of one control sample
and one latently HIV-1 infected sample side by side on the same chip.
Following sample incubation, unbound proteins were washed away. The
KAM-850 chips utilized are spotted in duplicate with 	850 antibodies.
Five hundred ten panspecific antibodies used in the chip provide for the
detection of 189 protein kinases, 31 protein phosphatases, and 142 regu-
latory subunits of these enzymes and other cell signaling proteins. By this
means, the microarrays provide information about the expression levels
of these target proteins. Three hundred forty phosphosite-specific anti-
bodies track the nonredundant phosphorylation of 128 sites in protein
kinases, 4 sites in protein phosphatases, and 155 sites in other cell signal-
ing proteins. The microarrays provide information about the activation
states of the various kinases, which are usually linked to their phosphor-
ylation states.

Each array produced a pair of 16-bit images, which were captured with
a Perkin-Elmer ScanArray Reader laser array scanner (Waltham, MA).
Signal quantification was performed with ImaGene, version 8.0, from
BioDiscovery (El Segundo, CA) with predetermined settings for spot seg-
mentation and background correction. The background-corrected raw
intensity data were logarithmically transformed with base 2. Since Z nor-
malization in general displays greater stability as a result of examining
where each signal falls in the overall distribution of values within a given
sample, as opposed to adjusting all of the signals in a sample by a single
common value, Z scores are calculated by subtracting the overall average
intensity of all spots within a sample from the raw intensity for each spot,
and dividing by the standard deviations (SD) of all of the intensities mea-
sured within each sample (42). Z ratios were further calculated by taking
the difference between the averages of the observed protein Z scores and
dividing by the SD of all of the differences for that particular comparison.
Calculated Z ratios have the advantage that they can be used in multiple
comparisons without further reference to the individual conditional SD
by which they were derived.

Data analysis. MetaCore software (Thomson Reuters) was used to
generate the shortest-pathway interaction networks that are presented.
Pathway-specific Gene Ontology (GO) filters or tissue-specific filters were
used to prioritize nodes and edges. MetaCore was further used to identify
the pathway associations of the input kinases identified.

Statistical analysis. For the immune phenotyping study of HIV pa-
tients, statistical analyses using unpaired t tests were carried out across
biomarkers of interest using GraphPad Prism, version 5.0d (GraphPad
Software, La Jolla, CA, USA).

RESULTS
Functional correlation between anergy induction and the estab-
lishment of HIV-1 latency. The idea that anergy-related mecha-
nisms at the molecular level could contribute to the stability of latent
HIV-1 infection in T cells can be experimentally probed at several
levels, most importantly by directly testing the effect of anergy induc-
tion on HIV-1 latency establishment. Stimulation with ionomycin, a
calcium ionophore, has been demonstrated to trigger T cell anergy.
This effect has been reported for primary T cells as well as for Jurkat T
cells (43, 44). We thus tested whether ionomycin treatment in our
model system would lead to increased establishment of latent HIV-1
infection at the population level. Over a 7-day period, Jurkat T cell
cultures were treated with three doses of ionomycin. Four days fol-
lowing the last ionomycin treatment, the cells were infected with a
GFP reporter virus, and for each infection culture, active infection
levels were initially determined on day 3 postinfection using flow
cytometry. The results generated for 30 individual paired infection
cultures by infecting control and ionomycin-treated cells with in-
creasing amounts of virus are shown in Fig. 1. Active infection levels
determined on day 4 postinfection were similar (Fig. 1A), but the
pool of silent HIV-1 infection events was already found to be in-
creased in ionomycin-treated T cells (Fig. 1B). On day 14 postinfec-
tion, we determined the size of the stable latent HIV-1 reservoir in
each infection culture (Fig. 1C). The results show that ionomycin
treatment altered the T cells to allow for an increased level of HIV-1
latency establishment. Independently of the initial infection levels,
the established latent HIV-1 infection event pool in ionomycin-
treated cells was found to be about twice as large as the latent infection
pool in untreated control T cells, suggesting that anergy induction
provides an intracellular host cell environment that is conducive to
HIV-1 latency establishment.

CDK2 inhibition promotes the establishment of HIV-1 la-
tency. Chunder et al. provided genetic evidence that in the ab-

FIG 1 Anergy induction results in a higher level of HIV-1 latency establishment. The calcium ionophore ionomycin induces T cell anergy. Following three
applications of ionomycin to Jurkat cells over a period of 7 days and a resting period of 4 days, 30 individual infection cultures each of untreated control Jurkat
cells and ionomycin-treated Jurkat cells were initiated over a wide range of MOIs. (A) Active initial infection levels were determined on day 4 postinfection by
using PMA-induced reactivation, with GFP as a surrogate marker for HIV-1 infection. (B) The size of the silent HIV-1 reservoir in each culture was plotted
against the level of initially active infection as determined on day 3 postinfection. (C) The size of the latent HIV-1 reservoir in each culture as determined on day
14 postinfection was plotted against the level of initially active infection.
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sence of cyclin-dependent kinase 2 (CDK2) activity, CD4� T cells
enter a hyporesponsive state even when stimulated by signals that
normally allow T cells to escape anergy (45). By extension, we
proposed that CDK2 inhibitors would at least transiently create a
similar cell phenotype and thereby affect the establishment of
HIV-1 latency. To test this idea, we treated Jurkat T cells with
roscovitine, a clinically relevant CDK2 inhibitor (46, 47). In inde-
pendent infection experiments, control and roscovitine-treated
cells were then infected over a wide range of MOIs, resulting in
initial infection levels ranging from 15 to 60% in control cells and
slightly lower in the paired roscovitine-treated infection cultures,
capping maximal achievable infection in these cell populations at
�40% (Fig. 2A). An important consideration here is a possible
inhibitory side effect of roscovitine on CDK9, a key component of
the p-TEFb complex, which, in turn, is essential for HIV-1 tran-
scription and is thought to be involved in latency control (48–51).
However, as seen in Fig. 2B, maximal HIV-1 expression, measured
by using GFP mean channel fluorescence (MCF) as a direct sur-
rogate marker, was only marginally reduced in roscovitine-treated
infected cells. These data suggest that in this system, roscovitine

has only minor inhibitory effects on CDK9 and that the lower
infection levels observed are thus likely based on roscovitine-in-
duced changes in the overall intracellular environment and are
not limited to a roscovitine effect that specifically affects transcrip-
tional initiation at the integrated HIV-1 LTRs. As determined on
day 4 postinfection, the silent infection reservoir in roscovitine-
treated cells was larger than that in control cells (Fig. 2C). This
difference increased further on day 14, when stable latent HIV-1
infection reservoirs had formed in the various infection cultures.
In agreement with data we have generated previously (17), the size
of the stable latent HIV-1 reservoir in control cells decreased dur-
ing the transition period from silent infection (day 4) to stable
latent infection (day 14). However, the size of the silent reservoir
in roscovitine-treated cells remained almost stable during this
phase of transition to stable latency. Since roscovitine was added
only at the beginning of the experiment, this would suggest that
roscovitine had long-term effects on the intracellular environ-
ment of the host cells that provided for greater stability of the
integrated latent infection events.

We next tested the ability of a series of other CDK2 inhibitors

FIG 2 CDK2 inhibition boosts HIV-1 latency establishment. Reduced CDK2 activity has been associated with an unresponsive T cell phenotype. The data
presented thus test the effect of the CDK2 inhibitor roscovitine on the establishment of latent infection. (A) Effect of the CDK2 inhibitor roscovitine (10 �M) on
HIV-1 susceptibility or active de novo HIV-1 infection levels on day 4 postinfection. (B) Effect of the CDK2 inhibitor roscovitine (10 �M) on maximum HIV-1
expression levels on day 4 postinfection, plotted as a function of the active infection level. (C) Establishment of reservoirs of silent infection events (day 4 p.i.) in
the presence or absence of roscovitine, plotted as a function of initial active infection levels achieved in each individual culture. (D) Establishment of latent HIV-1
infection reservoirs in control and roscovitine-treated cell cultures as determined on day 14 postinfection. Each data set represents a summary of 30 paired
infection cultures generated at different MOIs.
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to stabilize latent HIV-1 infection. According to an outstanding
study performed by Anastassiadis et al. that compared the inhib-
itory effects of 178 known kinase inhibitors on 300 kinases, the
most potent and specific CDK2 inhibitors are purvalanol, rosco-
vitine, CDK2 inhibitor 3, and kenpaullone (52).

We tested the concentration-dependent effect of each of
those inhibitors on PMA-induced HIV-1 reactivation in two
different latently HIV-1 infected T cell lines. In agreement with
the idea that CDK2 activity levels are a crucial component of
the ability of the virus to remain in a latent state, all inhibitors
efficiently suppressed HIV-1 reactivation. The data for latently
infected CA5 T cells are shown in Fig. 3. CA5 T cells have one
integrated copy of an NL4-3-based GFP reporter virus, which is
found integrated in the rbm12 gene. The virus and the host gene

are expressed in the same transcriptional direction. Following
stimulation with PMA, prostratin, or TNF-
, HIV-1 reactiva-
tion is triggered in �90% of the CA5 T cell population. In the
experiments with CA5 T cells, all CDK2 inhibitors efficiently
inhibited PMA-induced HIV-1 reactivation without affecting
viability. The results of experiments using EF7 T cells, in which
the latent HIV-1 infection event is integrated in the converse
sense orientation relative to the transcriptional orientation of
the whsc1 host gene, confirm these results (see Fig. S1 in the
supplemental material).

In agreement with published data showing that lack of CDK2
activity produces a host cell state that is unresponsive to relevant
activating stimuli (45), these data demonstrate that cellular regu-
lation of CDK2 activity is central to latency control and that low-

FIG 3 CDK2 inhibition affects activation-induced HIV-1 reactivation. If a reduction in CDK2 activity renders T cells unresponsive, we would expect CDK2
inhibitors to reduce the ability of otherwise potent agents, such as PMA, to trigger HIV-1 reactivation. We thus tested the concentration-dependent effects of a
series of specific CDK2 inhibitors in preventing PMA-induced HIV-1 reactivation in CA5 T cells. The CDK2 inhibitors used were roscovitine (A), purvalanol (B),
CDK2 inhibitor III (CDK2i III) (C), and kenpaullone (D). Cells were pretreated for 2 h with the indicated concentration of the respective CDK2 inhibitor,
followed by stimulation with a high dose of PMA (10 nM). HIV-1 reactivation levels were determined as the percentage of GFP-positive cells 48 h post-PMA
addition. Data for at least 3 independent experiments are presented.
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level CDK2 activity produces a host cell environment that stabi-
lizes latent infection.

Effect of altered GRAIL or ICER expression on the stabil-
ity of latent HIV-1 infection. Overexpression of GRAIL (gene
related to anergy in lymphocytes) or ICER (inducible cAMP early
repressor) is a reported hallmark of T cell anergy (53, 54). GRAIL,
or RNF128, is a type I transmembrane zinc RING finger protein in
the endocytic pathway that functions as an E3 ubiquitin ligase that
is upregulated in anergic T cells. ICER, also called the cAMP re-
sponse element modulator (CREM), is a protein that in anergic T
cells has been reported to form complexes with CREB and bind to
the �180 site of the IL-2 promoter (55). Further, it has been
shown that ICER specifically binds to several NFAT/AP-1 (nu-
clear factor of activated T cells/activating protein-1) composite
DNA sites essential for the activation of the IL-2 promoter. The
similarities of the IL-2 promoter and the HIV-1 LTR are apparent,
and we also recently produced evidence that the AP-1 site adjacent
to the NF-�B/NFAT binding sites in the LTR is essential for la-
tency control (35). As seen in Fig. 4, overexpression of either
GRAIL or ICER by means of retroviral transduction, without en-
richment of transduced cells by puromycin selection, indeed re-
sulted in lower levels of HIV-1 reactivation following stimulation
with PMA in two latently HIV-1 infected T cell lines, CA5 and EF7
cells. These results demonstrate that expression of two hallmark T
cell anergy genes stabilized latent HIV-1 infection by rendering
cells unresponsive to a T cell stimulus.

Latently HIV-1 infected T cells exhibit an altered kinetic
NF-�B response. Another reported hallmark of T cell anergy is an
altered NF-�B response, likely resulting from changes in NF-�B
protein availability and an altered kinase composition upstream of
NF-�B (33, 56). As an extension of the idea that latently HIV-1
infected host cells would exhibit an anergy-like, unresponsive
phenotype, we compared the kinetic NF-�B responses of several

latently HIV-1 infected clonal T cell lines with the kinetic NF-�B
response in Jurkat T cells. As seen in Fig. 5A, following PMA
stimulation, Jurkat cells exhibited the typical sinus wave-shaped
kinetic NF-�B p50 and NF-�B p65 responses (57). In stark con-
trast, latently HIV infected T cells (here CA5 T cells) would re-
spond to stimulation with a single NF-�B activity spike with mas-
sively increased amplitude, which was not further sustained. This
aberrant NF-�B response was found in all latently HIV-1 infected
T cell clones we tested. Of particular interest is the fact that the
altered kinetic NF-�B response profile was also found in four GFP
reporter T cell lines infected with several different HIV-1 LAI mu-
tants. The LAI mutants have LTR sequences derived from proto-
typic LTR enhancer/core sequences for the HIV-1 subtypes A, B,
C1, and E (LAI-A, LAI-B, LAI-C, and LAI-E) (36), and we had
demonstrated previously that these viruses exhibit different
HIV-1 latency establishment behaviors (35). However, indepen-
dently of the frequency of latent infection events that can be es-
tablished by these viruses, all latently HIV-1 infected host T cells
exhibited the same change in the kinetic NF-�B response (Fig. 5B
to F), providing further evidence that phenotypic changes of the
host cells affecting cell signaling pathways and specific transcrip-
tion factor regulation are essential to the stability of latent HIV-1
infection. Since altered NF-�B functionality is a major hallmark of
T cell anergy, these findings support the idea that latent HIV-1
infection is associated with a stable, unresponsive phenotype of
the host T cells.

Generation of a protein-protein interaction network (PIN)
signature describing host cell control of latent HIV-1 infection.
Having produced experimental evidence that latent HIV-1 infec-
tion is associated with stable phenotypic changes of the infected
host cells, we asked whether it is possible to identify and describe
changes to the host cells due to latent HIV-1 infection events at a
system-wide level. Since we demonstrated previously that certain
kinases have a gatekeeper function for the control of latent HIV-1
infection (40), we employed kinome array analysis to characterize
kinome-wide changes to the host cell that would stabilize latent
HIV-1 infection.

To optimize data quality, we combined two methods of ki-
nome analysis. Kinase substrate peptide-based analysis (Pam-
Gene) would allow us to measure differences in the kinase activity
profile between uninfected control T cells and latently HIV-1
infected T cells. Antibody microarray-based kinome analysis
(Kinexus) would allow us to quantify the presence and the phos-
phorylation state of the kinases in these two cell types. Impor-
tantly, the two methods cover partially different kinomic space,
which also allowed us to maximize the total kinomic space as-
sessed.

Due to the relatively large amounts of input material required
for kinome array analysis and the dependence of the output data
quality on the purity of the input material, the rarity of latently
infected T cells in ex vivo patient material or even in models of
latent HIV-1 infection in primary T cells precludes the use of
primary T cell material at this time. Since it had been demon-
strated previously that, at least with respect to kinase control of
latent HIV-1 infection, data generated in T cell lines can be pre-
dictive for the outcome of experiments in primary T cell models of
latent HIV-1 infection (39, 40), we used latently HIV-1 infected T
cell lines for these studies. For the ensuing proof-of-concept stud-
ies, we chose to work with latently HIV-1 infected CA5 T cells.

Comparison of the kinase expression and phosphorylation

FIG 4 Effects of GRAIL (gene related to anergy in lymphocytes) and ICER
(inducible cAMP early repressor) expression on activation-induced HIV-1
reactivation. High levels of GRAIL and ICER are hallmarks of T cell anergy.
Latently HIV-1 infected CA5 T cells were retrovirally transduced to express
increased levels of ICER or GRAIL. Two days postransduction, the parental
cells and the retrovirally transduced cell populations were stimulated with
PMA (10 ng/ml), and the level of HIV-1 reactivation was measured by flow
cytometry using GFP as a surrogate marker of HIV-1 expression. The cells
were not selected with puromycin. For many transgenic cell lines, we observe
relatively fast adaptation to a new phenotype or reversion to the parental
phenotype within days, which no longer represents the actual initial transgenic
effect. The estimated transduction efficacy was 40 to 60%.
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FIG 5 Latently HIV-1 infected T cells exhibit an altered, distinct kinetic NF-�B activation profile. An altered NF-�B response is a hallmark of T cell anergy. (A) Kinetic
NF-�B profiles for parental Jurkat cells and latently HIV-1 infected CA5 T cells were established for a period of 360 min following PMA stimulation using TransAm
assays. Kinetic profiles are shown for NF-�B p65 and NF-�B p50. (B to F) With the characteristic overshooting NF-�B peak in the latently infected T cells occurring within
the first 120 min to replace the sinus wave-shaped normal NF-�B response seen in uninfected cells, we monitored the kinetic NF-�B responses in four additional latently
infected T cell lines over this period. T cells latently infected with J-LAI-A, J-LAI-B, J-LAI-C, or J-LAI-E were generated using LTR chimeric viruses that would reflect the
prototypical transcription factor binding site compositions of subtypes A, B, C, and E, all within the backbone of the molecular HIV-1 LAI clone. All cells were generated
using the J2574 GFP reporter T cell population. We had demonstrated previously that each of these viruses establishes a different level of latency at the population level
(35). Shown are NF-�B kinetic profiles for unstimulated controls (C) and following TNF-
 stimulation (TNF) for the parental J2574 T cells (B), LAI-A infection (high
level of latency establishment) (C), LAI-B infection (reference virus) (D), LAI-C infection (high level of latency establishment) (E), and LAI-E infection (very low level
of latency establishment) (F). Independently of the latency establishment phenotype of the virus, all latently infected T cell lines exhibited the same altered kinetic NF-�B
activation profile.
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states found in the lysates of Jurkat T cells and CA5 T cells by using
Kinexus antibody arrays revealed differences in a total of 37 spots
(see Table S1A in the supplemental material). PamGene substrate
phosphorylation array analysis suggested that the phosphoryla-
tion status of 18 substrate peptides was significantly altered by the
kinase activity present in CA5 T cell lysates from that in lysates
from the parental Jurkat cells (see Table S1B in the supplemental
material). By use of these peptides, 30 upstream kinases were iden-
tified by scoring potential kinases based on their prevalence in the
top five kinase scoring lists for each phosphopeptide as mapped in
the Kinexus upstream kinase database (www.phosphonet.ca). To
maximize the kinomic space covered by the two methods, a data
set comprising altered kinases detected by the Kinexus antibody
array, altered peptide substrates, and the top five kinase scoring
lists for each positive phosphopeptide as mapped in the Kinexus
upstream kinase database was generated. This list was uploaded

into MetaCore, and a one-step shortest-pathway protein-protein
interaction network was generated (Fig. 6).

GO process analysis revealed enrichment of altered kinases/
phosphatases that were associated with intracellular signal trans-
duction (61%; P � 1.2e�53), regulation of cellular metabolism
(65%; P � 9.3e�45), regulation of programmed cell death (54%;
P � 5.591e�44), and, of particular interest for an immortalized T
cell line-based model system of HIV-1 latency, cell cycle regula-
tion (38%; P � 4.756e�33). Interestingly, at the molecular level,
an anergic state is reflected in changes to signal transduction path-
ways controlling cell proliferation, cytokine induction, cell signal-
ing, and metabolism.

PIM-1 and CDK2 inhibition affect latent HIV-1 infection in a
synergistic manner. Analysis of the PIN generated from the ki-
nome data revealed that PIM-1 and CDK2 would converge into
common downstream pathways with relevance for the stability of

FIG 6 Kinome analysis-derived protein-protein interaction network describing phenotypic changes of CA5 T cells enabling the stability of latent HIV-1
infection. Lysates of Jurkat and latently HIV-1 infected CA5 T cells were loaded onto Kinexus kinase antibody arrays, and the expression levels and phosphor-
ylation states of a total of 37 kinases and phosphatases were determined. Only spots with altered expression or activity in CA5 T cells relative to that in parental
Jurkat cells that had a Z= ratio of 	1.2 were included. The same lysates were loaded onto PamGene chips, which revealed a total of 18 substrate peptides to be
differentially phosphorylated by the kinase activity present in latently infected CA5 T cells. Using the Kinexus upstream kinase database, a total of 30 kinases were
predicted to exert this phosphorylation activity. The accumulated set of kinases was uploaded on MetaCore to generate the one-step interaction network
presented, which is predicted to control latent HIV-1 infection. Detailed information on the regulation of the various altered kinases can be found in Table S1 in
the supplemental material.
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HIV-1 latency. For example, while the phosphorylation of NF-�B
p65 on serine 276 by CDK2 activates the transcription of gene
promoters (58), PIM-1 activity controls NF-�B signaling by sta-
bilizing RelA/p65 (59). By extension, the convergence of these
signal transduction pathways at the level of transcription factor
control would suggest that a combination of CDK2 and PIM-1
inhibitors should have an additive or synergistic effect as HIV-1
reactivation inhibitors in this system. Based on the kinase inhibi-
tor activity atlas provided by Anastassiadis et al. (52), PIM inhib-
itor IV (PIMi IV) and AS601245 would be the most potent and
specific PIM-1 inhibitors currently available (AS601245 is listed as
a JNK inhibitor, but in the kinase activity screen, it exerted only
weak JNK-inhibitory activity but very potent PIM-1-inhibitory
activity [see Table S2 in the supplemental material]). We have
demonstrated previously that both PIMi IV and AS601245 inhibit
HIV-1 reactivation in a model of HIV-1 latency in primary T cells
(40, 41). Guided by the PIN, we combined either PIMi IV (Fig. 7A)
or AS601245 (Fig. 7B) with roscovitine in dose-matrix experi-
ments. In a concentration-dependent manner, either compound
combination exerted synergistic effects and efficiently stabilized
the latent state of the infection events by rendering the host cells
refractory to the stimulatory signal (here PMA). These results pro-

vide an example of the utility of PINs generated from kinome data
for the discovery of synergistic drug combinations that target la-
tent HIV-1 infection.

Effects of I�B expression levels on the establishment of
HIV-1 latency. In agreement with the finding that the NF-�B
response is kinetically altered in latently HIV-1 infected T cells, the
highest altered spot on the Kinexus chip was I�B, which was found
to be increased from 3,177 AU in control cells to 7,639 arbitrary
units (AU) in latently infected CA5 T cells, with a Z= ratio of 1.87
(see Table S1 in the supplemental material). To test whether I�B
overexpression would have a direct effect on the establishment or
control of HIV-1 latency, we first generated a population of J2574
reporter T cells that would overexpress I�B (J2574-I�B cells). The
inhibitory effect of I�B transduction on stimulation-dependent
NF-�B activation could be directly demonstrated by comparing
the effects of PMA on the inducible GFP expression driven by the
HIV-1 LTR in the parental J2574 control T cells and J2574-I�B
cells. In the absence of Tat expression, in either cellular system,
GFP expression is strictly correlated with the availability of NF-
�B. As seen in Fig. 8A, both baseline GFP expression and PMA-
induced GFP expression were lower in the J2574-I�B cell popula-
tion than in the parental J2574 cell population, indicating that I�B

FIG 7 Protein-protein interaction networks reveal synergistic drug effects. The PIN depicted in Fig. 6 revealed the convergence of PIM-1 activity and CDK2
activity. In two dose-matrix experiments, we thus tested whether the PIN prediction would translate into the ability of PIM-1 inhibitor IV–roscovitine (A) and
AS601245–roscovitine (B) combinations to act in concert as inhibitors of PMA-induced HIV-1 reactivation. For this purpose, roscovitine was titrated over a
concentration range from 0.01 to 10 �M, whereas the two reported PIM-1 inhibitors were cross-titrated over a concentration range from 0.01 to 10 �M.
PMA-induced reactivation was then measured as the percentage of GFP-positive cells 48 h poststimulation. Cell viability was not affected by the treatment.
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was expressed in all cells and was physiologically active. The re-
sults generated for 30 individual paired infection cultures by in-
fecting J2574 and J2574-I�B cells with increasing amounts of virus
are shown in Fig. 8B to D. When we infected J2574 and J2574-I�B
cells with HIV-1 NL4-3 over a wide MOI range, surprisingly, we
did not observe a significant difference in the infection levels
achieved as a function of the viral input (Fig. 8B). Unexpectedly,
the silent infection reservoir, as measured on day 4 postinfection,
was larger in the control cell population than in the I�B-overex-
pressing cell population (Fig. 8C). On day 14 postinfection, the
latent HIV-1 reservoir in the J2574-I�B cell infection cultures was
much larger than that in the corresponding J2574 cell infection
cultures (Fig. 8D). While in control cells the stable latent HIV-1
infection reservoir had massively declined in relationship to the
silent infection reservoir on day 4, a finding consistent with our
previous data (17, 35), in J2574-I�B cells the silent reservoir
seemed to completely transition into a stable reservoir (Fig. 8D).
This suggests that the presence of NF-�B is essential for the tran-
sition of initially silent infection events into an active state or that,
conversely, mechanisms that render host cells unresponsive and
prevent increased NF-�B activity promote the establishment of
latent HIV-1 infection. The data further emphasize the usefulness
of kinome analysis as a tool to identify molecular control mecha-
nisms or drug targets.

A role for Dyrk1 in HIV-1 latency control. In accordance with
our conceptual hypothesis that HIV-1 latency could be stabilized
by an anergy-like, unresponsive state of the host cells, and with the
support of kinomic data, we decided to focus on nodes involved in
G0 arrest and G0/G1 transition control. One such primary hit was
increased phosphorylation of dual-specificity tyrosine phospho-
rylation-regulated kinase 1A (Dyrk1a) substrates by lysates from
latently HIV-1 infected T cells as measured on the PamGene ki-
nase substrate chip. Alterations of the expression and/or activity of
a series of other cell cycle-associated proteins were also suggested
by our kinome analysis data (see Table S1 in the supplemental
material).

Dyrk1 is an integral part of the dimerization partner, RB-like,
E2F, and multivulval class B (DREAM) complex, which is consid-

ered the master coordinator of cell cycle-dependent gene expres-
sion (60). MuvB binds p130 –E2F4 – dimerization partner (DP) to
form the DP, RB-like protein, E2F, and MuvB (DREAM) complex
to repress all cell cycle-dependent gene expression, thereby arresting
anergic cells in the G0 phase (61). Association of the MuvB core with
p130–E2F4, in turn, is dependent on Dyrk1a-mediated phosphory-
lation of the MuvB subunit LIN52. Inhibition of Dyrk1a activity
would disrupt the DREAM complex and thereby reduce the ability of
cells to enter quiescence or to remain arrested in G0 (Fig. 9A, adapted
from www.reactome.org). Increased Dyrk1a activity, as we found on
the PamGene STK substrate chip for CA5 T cells, is thus compatible
with the idea that latently infected T cells exhibit a G0/anergy-associ-
ated phenotype that renders them unresponsive. Dyrk1a can be tar-
geted with high specificity using either (1Z)-1-(3-ethyl-5-hydroxy-
2(3H)-benzothiazolylidene)-2-propanone (INDY) or proINDY
(62). The data for INDY/proINDY effects on latent HIV-1 infection
are shown in Fig. 9B and C. As predicted by kinome analysis, addition
of the Dyrk1 inhibitor INDY modestly mobilized latent HIV-1 infec-
tion but efficiently primed the host cells to respond to a second stim-
ulus, here bryostatin, a clinically relevant PKC activator (63, 64), to
trigger synergistic HIV-1 reactivation. These data demonstrate that
kinome analysis can be used to identify new drug targets that can be
pharmacologically addressed to trigger HIV-1 reactivation.

T cells from HIV-1-infected patients on suppressive ART ex-
hibit a stable altered kinome signature. Due to the scarcity of
latently HIV-1 infected T cells in vivo and the lack of reported
biomarkers that would allow for the isolation of these cells, we
currently have no tools to generate a kinome profile of primary,
latently HIV-1 infected T cells. However, if our hypothesis that
either HIV-1 infection or exposure to HIV-1 or to the inflamma-
tory environment during active infection results in stable pheno-
typic changes to immune cells is correct, we should be able to
detect such permanent phenotypic changes even in peripheral
blood mononuclear cells (PBMCs) from HIV-1-infected donors
on fully suppressive ART. Consistent with this idea are the find-
ings that the T cell response in HIV-1-infected individuals, even
following ART onset, is impaired and that immune reconstitution
is incomplete (65, 66). Specifically, the idea that permanent ki-

FIG 8 Host cell I�B expression levels affect HIV-1 latency establishment. On the kinase antibody arrays, I�Ba was detected as the highest altered spot in latently
HIV-1 infected CA5 T cells. To test for a possible influence of I�B on HIV-1 latency control, we retrovirally transduced J2574 GFP reporter T cells to express I�B.
(A) Following infection of the parental J2574 cells and J2574-I�B cells over a wide MOI range, we compared the levels of HIV-1 expression in infected J2574 cells
and J2574-I�B cells, under baseline and PMA-activated conditions, to demonstrate that I�B is overexpressed and physiologically active in J2574-I�B cells and that
it reduces HIV-1 expression, measured using GFP mean channel fluorescence as a surrogate marker. (B) The infection levels of J2574 cells and J2574-I�B cells as
a function of viral input were determined on day 3 postinfection. (C) The establishment of a silent infection reservoir in the paired infection cultures was
compared on day 4 postinfection. (D) The establishment of a stable latent HIV-1 reservoir in the paired infection cultures was compared on day 14 postinfection.
Each data set represents a summary of results for 30 paired infection cultures generated at different MOIs.
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nomic signature changes occur as a result of HIV-1 infection or
exposure to an infection environment has not been investigated,
but if such changes are detectable, they would make a strong case
that kinomic changes such as those seen for latently HIV-1 in-
fected T cell lines could also support the in vivo stability of the
latent HIV-1 reservoir.

To test this possibility, we obtained PBMCs from 9 healthy
controls and 8 HIV-infected patients with CD4 counts of �300
who had been on fully suppressive antiretroviral therapy for 5 to
18 months. This choice of patients was driven by reports that the T
cell populations of patients with CD4 counts of �300 exhibit clear
signs of immune senescence, such as loss of CD28. The immuno-
logical status of the T cell population was determined by staining
each sample for HLA-DR (activation marker) and CD28 (aging
marker) in the context of CD3/CD4/CD8 subpopulation markers.
As shown in Fig. 10A, relative to those from healthy controls, T
cells from HIV-1 patients exhibited clear signs of baseline immune
activation (HLA-DR upregulation) (67) and immune senescence
(CD28 loss on a subset of CD8 T cells) (68). Other sample char-
acteristics are summarized in Table S3 in the supplemental mate-
rial.

For the ensuing kinome analysis, the T cell materials from
healthy controls and from HIV-1 patients were pooled to provide
one control sample and one HIV-1 patient sample. Based on our
experience with similar studies, by this means we reduce back-
ground noise resulting from individual donor variation but main-
tain signals underlying important changes common to all donors
(see also reference 69). Each sample was then loaded onto individ-
ual Kinexus antibody microarrays. Surprisingly, despite full and
extended suppression of active viral replication in all patients, we

found a massively altered kinome signature in the patient mate-
rial. The list of 66 altered kinases/phosphatases obtained from
these experiments is shown in Table S4 in the supplemental ma-
terial, and the shortest-pathway protein-protein interaction net-
work describing these differences relative to healthy donors is
shown in Fig. 10B. Although we used only Kinexus antibody ar-
rays to generate these data, the similarity between the protein-
protein interaction network generated for HIV patient material
and the PIN we generated for latently HIV-1 infected T cells (Fig.
6) is apparent, with a high degree of overlap for the most con-
nected network hubs.

The most apparent changes in the kinome profile at the level of
protein expression are the decrease in calcium/calmodulin-de-
pendent protein kinases (CAMK) and caspase family members.
CAMK are part of calcium-triggered signaling cascades involved
in immune response, inflammation, and memory consolidation.
In CD4 memory T cells, CAMK is required to link T-cell antigen
receptor (TCR) signaling to the production of IL-2, gamma inter-
feron (IFN-), and IL-4. Caspases are involved in the activation
signaling cascades that control apoptosis execution. On the other
end of the spectrum, the data indicate a potential increase in signal
transducer and activator of transcription (STAT) and AKT ex-
pression and possibly pathway activity. The kinome array also
suggests an increased level of protein phosphorylation activity in
samples from HIV patients.

Kinome analysis identified a distinct signature linking increased
p27 KIP activity with decreased CDK2 expression. Cyclin-dependent
kinase inhibitor 1B/p27 KIP has been reported to bind to and prevent
the activation of cyclin E-CDK2 or cyclin D-CDK4 complexes and
thus controls cell cycle progression at the G0/G1 transition. This

FIG 9 Dyrk1 inhibitors alter host cell control of latent HIV-1 infection. Dyrk1 was discovered as a seed node on the PamGene kinase substrate chip. (A) Dyrk1a
controls the DREAM complex, which in turn controls G0 cell cycle exit and quiescence, suggesting that in this system, inhibition of Dyrk1 could alter host cells
with latent HIV-1 infection to release infection events from their latent state. (B and C) The addition of Dyrk1 inhibitor INDY (B) or preINDY (C) in a
concentration-dependent manner primed latent HIV-1 infection for reactivation by a second, synergistically acting activator, here bryostatin.
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FIG 10 T cells from HIV-1 infected patients on suppressive ART exhibit a stable altered kinome signature. (A) To address whether a stably altered kinomic signature
would be present in T cells from HIV-1 patients on ART, we initially immune-phenotyped PBMCs from 9 healthy controls and 8 gender-, race-, and age-matched
HIV-1-infected patients for the expression of the activation marker HLA-DR and the possible loss of CD28 as an immunological senescence marker. (B) Cell lysate
materials from the 9 control samples and from the 8 patient samples were pooled to produce one control sample and one HIV-1 patient sample. By this means, individual
variations among donors are minimized. The samples were loaded onto Kinexus kinase antibody arrays, and expression levels and phosphorylation states of a total of 510
kinases and phosphatases were determined. Spots with altered expression or activity in HIV-1 patient samples relative to healthy-control samples that had a Z= ratio of
	1.2 were included to generate a one-step interaction network. For the purpose of better visualization, only kinases, phosphatases, and transcription factors are shown.
Detailed information on the regulation of the various altered kinases can be found in Table S4 in the supplemental material. (Inset) Depiction of the equivalent CA5 T
cell PIN, for easier comparability. Black arrows indicate kinases/phosphatases present in both networks.
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would be consistent with our observations that CDK2 inhibition sta-
bilizes latent HIV-1 infection (Fig. 3). Independently of the possible
detailed implications of the kinome signature seen for PBMCs from
HIV-1 patients, the data clearly demonstrate that even after therapeu-
tic suppression of HIV-1 replication, primary T cells must be subject
to long-term phenotypic changes that can be detected using kinome
array analysis. By extension, this raises the possibility that latent
HIV-1 infection in primary T cells from patients could be stabilized
by phenotypic changes of the host cells similar to those we observed in
T cell line models of latent HIV-1 infection.

DISCUSSION

Since its discovery, the remarkable stability of the latent HIV-1
reservoir has been the subject of many investigations (4, 70–76).
Given that the individual half-life of memory T cells is limited to
�50 days in HIV-1-infected patients (8), the stability of the latent
HIV-1 reservoir cannot be a function of the actual lifetime of an
individual cell but must be dependent on mechanisms that ensure
the stability of the immunological memory. Accordingly, homeo-
static proliferation of latently HIV-1 infected memory T cells has
been reported as a major factor contributing to the stability of the
HIV-1 reservoir (9, 12). By demonstrating that HIV integration
into specific genes can promote the proliferation of latently HIV-
infected T cells, a recent report by Wagner et al. added a second
proliferation mechanism that would further slow the decay of the
viral reservoir during ART (13). Cell proliferation in the absence
of HIV-1 reactivation should be a feasible concept, since latent
HIV-1 infection in T cell lines that proliferate constantly remains
in a stable state (14–17).

While these findings explain how the pool of latently infected
cells can be physically maintained given the half-life limitations of
memory T cells, the question of why the latent reservoir maintains
its stability despite the constant possibility of exposure to cognate
antigen has not been addressed to date. Unless it is assumed either
that (i) latently infected cells recognize only extremely rare anti-
gens or that (ii) only HIV-specific T cells host latent HIV-1 infec-
tion events, and the onset of ART would thus withdraw cognate
antigen, depletion of the reservoir should be continuous due to
constant encounters with cognate antigen, which would trigger
HIV-1 reactivation.

In theory, latent HIV-1 integration events could be protected
by an increased transcriptional activation threshold generated
through restrictive chromatin modifications at the latent viral
promoter (LTR). Indeed, the formation of a repressive histone
code has been associated with HIV-1 latency. While chromatin
and histone modifications have been reported for some latent
HIV-1 LTRs (77–79), the nature of these modifications and their
downstream effects are not unique to the latent LTR but are
shared with many cellular gene promoters that are transcription-
ally silent in quiescent T cells but are induced upon T cell activa-
tion. For example, Rafati et al. reported that for latent HIV-1
infection events, the two nucleosomes that are found at the LTR
are actively repositioned away from their predicted DNA binding
sites as a function of the presence of BAF or PBAF, respectively, so
as to possibly restrict the access of activating transcription factors
to the LTR (80). Similar findings have been reported previously
for many inactive but inducible cellular promoters (for recent
reviews, see references 81 and 82). It thus seems unlikely that these
types of promoter modifications underlie the recalcitrance of the
population-wide pool of latent infection events to reactivation

following exposure of their host cell to cognate antigen. Recogni-
tion of cognate antigen is the strongest biological T cell stimulus,
and it is clear that TCR engagement should overcome such a po-
tentially increased activation threshold, if it can induce cellular
gene expression controlled by similar mechanisms.

We thus hypothesized that stable phenotypic changes of the
host cells of latent HIV-1 infection events that render the cells
unresponsive to activation are a prerequisite for maintaining la-
tent HIV-1 infection.

Such phenotypic changes of host cells seem a distinct possibil-
ity in the setting of a chronic viral infection, such as that estab-
lished by HIV-1. While the underlying molecular mechanisms of
T-cell dysfunction that result from chronic viral infections are not
well understood, functional impairment of antigen-specific T cells
(e.g., T cell anergy) is a defining characteristic of many chronic
infections. A now-classic example of changes caused by chronic
infection that affect the ability of T cells to respond to stimulation
is the discovery that chronic infection with lymphocytic chorio-
meningitis virus (LCMV) of mice would result in PD-1 upregula-
tion. The interaction of PD1-L with PD-1 would have an immune-
suppressive effect, and the interruption of this interaction with
specific antibodies would enhance T-cell responses (83). Subse-
quently, Day et al. found that PD-1 expression on HIV-specific T
cells is associated with T-cell exhaustion and disease progression
(84). Of note, defective HIV-1-specific CD8� T cell polyfunction-
ality, proliferation, and cytotoxicity are actually not restored by
ART (85), suggesting that at least in some cell subpopulations,
these changes are stable, even in the absence of active infection.

Much less is known about the effect of chronic viral infection
on CD4� T cells, but it is clear that CD4� T cells are also affected
by changes induced during chronic infections. Han et al. demon-
strated that when antigen presentation was extended beyond the
expansion phase, primed CD4� T cells exhibited reduced memory
functionality in terms of their proliferative capacity and cytokine
expression potential. Upon antigen removal, the cells regained the
ability to proliferate but remained unable to produce high levels of
IL-2 and TNF-
 (86). Translating these findings into an HIV-1
setting, we propose that persistent HIV-1 antigen exposure by
itself could induce a dysfunctional state in CD4� T cells that
would be only partially reversible upon antigen removal following
ART initiation.

Our results demonstrate that latently HIV-1 infected T cells are
indeed phenotypically altered in ways that are consistent with re-
ported T cell unresponsiveness such as that seen in T cell anergy.
We described stable changes in the kinetic NF-�B response in
latently infected T cells (Fig. 5) and demonstrated that interven-
tions that reproduce T cell anergy promoted the establishment of
latent infection (Fig. 1 and 2) or stabilized latent infection events
(Fig. 4). The full extent of these phenotypic changes was high-
lighted by kinome analysis of latently infected T cells, which re-
vealed massive changes in the baseline kinase activity profile from
that of uninfected control cells (Fig. 6). Detailed analysis of some
key altered kinases revealed that these phenotypic changes of the
host cells are essential for the stabilization of latent HIV-1 infec-
tion (Fig. 8 and 9). Beyond providing a tool for dissecting cellular
mechanisms that stabilize latent HIV-1 infection, we demonstrate
that kinome array analysis can be used to identify novel drug tar-
gets that can be addressed with experimental or FDA-approved
drugs to trigger HIV-1 reactivation using synergistically acting
drug combinations (Fig. 9).
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It is worth mentioning that in addition to the kinases that we
targeted in this analysis (Dyrk1a, PIM-1, CDK2), other, previ-
ously reported mechanisms involved in HIV-1 latency control
were also represented in the altered kinome of latently HIV-1
infected cells. For example, HSP90 is listed as a major hub in the
PIN describing host cell control of latent HIV-1 infection (Fig. 6).
While we have not experimentally targeted the HSP90 node in our
system, HSP90 has recently been reported to be of major im-
portance for HIV-1 latency control (87, 88), further supporting
the idea that kinome array analysis and PINs derived from
these data are predictive beyond the limitations of our HIV-1
latency models.

However, the single most important finding of our study is that
the data demonstrate that latent HIV-1 infection is a host cell
phenomenon that goes beyond transcription factor restriction
and possible restrictive changes at the histone and chromatin
level, thereby adding another mechanism to the list of control
mechanisms for latent HIV-1 infection. Our data suggest that
HIV-1 latency is established and maintained in T cells that exhibit
a dramatically altered phenotype that can be correlated with un-
responsiveness or T cell anergy. Essentially, the data presented
confirm our previous results showing that a gatekeeper kinase
activity controls latent HIV-1 infection and even supersedes the
effect of high-level NF-�B activation (40). These and other data
further demonstrated that some kinase inhibitors can have iden-
tical effects on latent HIV-1 infection in T cell lines and primary T
cells (40, 41). The similarity of kinomic changes observed in cell
material from HIV-1 patients (Fig. 10) and in latently infected T
cell lines (Fig. 6) suggests that the biological principle of pheno-
typic host cell changes controlling latent HIV-1 infection could
indeed be transferable to the in vivo situation. However, in these
experiments, the phenotypic changes observed cannot be directly
related to effects of proviral integration but must result from other
environmental factors. This suggests that an actual infection event
may not drive the phenotypic changes observed in latently HIV-1
infected cell clones; rather, these changes may result from the
overall inflammatory environment during the initial infection.

To move forward, it will be key to transfer the kinome analysis
approach described here to primary ex vivo material from HIV-1
patients. At present, obtaining sufficient material poses a major
challenge due to the scarcity of latently HIV-1 infected cells and
the absence of biomarkers associated with latent HIV-1 infection,
which would allow us to identify these cells and specifically inves-
tigate their status. However, if latent HIV-1 infection is associated
with an unresponsive, dysfunctional T cell phenotype, as sug-
gested by our data, a larger T cell population that could act as a
surrogate population for latently HIV-1 infected T cells and could
be used in such future studies may be identified.
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