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Abstract

The biomolecular mechanisms controlling latent HIV-1 infection, despite their importance
for the development of a cure for HIV-1 infection, are only partially understood. For example,
ex vivo studies have recently shown that T cell activation only triggered HIV-1 reactivation in
a fraction of the latently infected CD4+ T cell reservoir, but the molecular biology of this phe-
nomenon is unclear. We demonstrate that HIV-1 infection of primary T cells and T cell lines
indeed generates a substantial amount of T cell receptor (TCR)/CDS3 activation-inert latently
infected T cells. RNA-level analysis identified extensive transcriptomic differences between
uninfected, TCR/CD3 activation-responsive and -inert T cells, but did not reveal a gene
expression signature that could functionally explain TCR/CD3 signaling inertness. Network
analysis suggested a largely stochastic nature of these gene expression changes (transcrip-
tomic noise), raising the possibility that widespread gene dysregulation could provide a reac-
tivation threshold by impairing overall signal transduction efficacy. Indeed, compounds that
are known to induce genetic noise, such as HDAC inhibitors impeded the ability of TCR/
CD8 activation to trigger HIV-1 reactivation. Unlike for transcriptomic data, pathway enrich-
ment analysis based on phospho-proteomic data directly identified an altered TCR signaling
motif. Network analysis of this data set identified drug targets that would promote TCR/CD3-
mediated HIV-1 reactivation in the fraction of otherwise TCR/CD3-reactivation inert latently
HIV-1 infected T cells, regardless of whether the latency models were based on T cell lines
or primary T cells. The data emphasize that latent HIV-1 infection is largely the result of
extensive, stable biomolecular changes to the signaling network of the host T cells harboring
latent HIV-1 infection events. In extension, the data imply that therapeutic restoration of host
cell responsiveness prior to the use of any activating stimulus will likely have to be an ele-
ment of future HIV-1 cure therapies.
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Author summary

A curative therapy for HIV-1 infection will at least require the eradication of a small pool
of CD4+ helper T cells in which the virus can persist in an inactive, latent state, even after
years of successful antiretroviral therapy. It has been assumed that activation of these viral
reservoir T cells will also reactivate the latent virus, which is a prerequisite for the destruc-
tion of these cells. Remarkably, this is not always the case and following application of
even the most potent stimuli that activate normal T cells through their T cell receptor, a
large portion of the latent virus pool remains in a dormant state. Herein we demonstrate
that a large part of latent HIV-1 infection events reside in T cells that have been rendered
activation inert. We provide a systemwide, biomolecular description of the changes that
render latently HIV-1 infected T cells activation inert and using this description, devise
pharmacologic interference strategies that render initially activation inert T cells respon-
sive to stimulation. This in turn allows for efficient triggering of HIV-1 reactivation in a
large part of the otherwise unresponsive latently HIV-1 infected T cell reservoir.

Introduction

Antiretroviral therapy (ART) efficiently suppresses HIV-1 replication below detection levels of
diagnostic assays, but ART does not eliminate latent viral reservoirs, enabling HIV-1 to persist
for the lifetime of a patient and rebound whenever ART is interrupted [1]. The most compre-
hensive evidence for viral persistence has been presented for latent HIV-1 infection events
residing in long-lived, resting CD4 memory T cells [2-4]. Intuitively, this would explain the
stability of the latent HIV-1 reservoir, as T cell memory can persist for the life-time of an indi-
vidual. However, while immunological memory can persist for a life-time, individual memory
T cells are relatively short lived. The half-life of individual CD4" central memory T cells (T ¢y
cells) that are thought to serve as host cells of latent HIV-1 infection events ranges between 20
and ~100 days and is generally shorter in HIV patients than in healthy individuals, with most
studies suggesting a half-life t,,, <50 days [5-8]. With an assumed half-life of 1,,, = 50 days
and an initial reservoir consisting of 1x10° latently HIV-1 infected CD4" Ty cells, it should
take less than three years after the onset of ART for the last latently infected Ty cell to disap-
pear. This is obviously not the case and evidence has been provided that preferential or
homeostatic proliferation of latently HIV-1 infected T cells in the absence of reactivation can
contribute to the stability of the latent reservoir [9,10]. While homeostatic T cell proliferation
must contribute to the stability of the latent HIV-1 reservoir, it is only one contributor to life-
long immunological memory. The second component, repeated exposure to cognate antigen
and subsequent re-expansion of the specific memory T cells are also crucial components of
lifelong memory maintenance. How the latent HIV-1 infection pool in the memory CD4" T
cell population remains stable despite the expected and likely required exposure of latently
HIV-1 infected T cells to their cognate antigen, and the resulting potent biological activation
of the host T cells, has not been detailed. Over time, encounters with cognate antigen should
cause a continuous contraction of the latent HIV-1 reservoir [11]. The absence of a measurable
reservoir decay despite the expected continuous encounter of cognate-antigen and subsequent
T cell activation could be explained by the idea that memory T cells hosting latent HIV-1 infec-
tion events have been altered to exhibit an activation-inert phenotype. TCR/CD?3 activation-
inertness would explain the inability of early therapeutic interventions (e.g. IL-2 or anti-CD3
mAb OKT3) to trigger a meaningful decrease in the size of the latent HIV-1 reservoir [12-14].
An activation-inert host cell phenotype would also explain findings that a significant part of
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the latent HIV-1 reservoir is resistant to ex vivo T cell activation, mostly based on impaired
host cell signaling pathways, without any requirement for a repressive chromatin environment
at the viral LTR, which is often not present, as latent HIV-1 is usually integrated into actively
expressed genes [15].

A detailed description of the biomolecular biology of latently HIV-1 infected T cells that are
TCR/CD3 activation inert is rather complicated. Their presence can only be indirectly detected
by activating T cells from the same donor or cell population-based model of HIV-1 latency
with anti-CD3 antibody and a subsequent or parallel activation with a more potent stimulus
such as PMA/ionomycin, followed by quantification of the level of the resulting reactivated
virus production. Should PMA/ionomycin stimulation result in higher levels of measurable
HIV-1 production, the differential between these two activation methods would indicate the
presence of a TCR/CD3 activation inert latent reservoir. However, per definition, TCR/
CD3-activation inert latently HIV-1 infected T cells cannot be directly identified in any bulk T
cell population, neither in ex vivo cell material from patients, nor in in vitro generated popula-
tions of primary T cells or T cell lines holding latently HIV-1 infected cells. Thus, direct bio-
molecular studies describing the detailed biomolecular baseline phenotype of TCR/CD3
activation-inert host cells of latent HIV-1 infection events can only be done in clonal T cell
lines in which the inert phenotype has been established prior to analysis.

In this study we formally demonstrate that TCR/CD3-inertness occurs in population-based
in vitro models of latent HIV-1 infection that utilize primary T cells and is reproduced in pop-
ulations of HIV-1 infected long-term T cell line cultures. Following the identification of clonal
latently infected T cell lines that were TCR/CD3-(re)activation responsive or inert, we were
able to describe the molecular basis of this phenomenon in these models using a systems biol-
ogy approach that described TCR/CD3-inertness at the transcriptome and proteome level. We
further demonstrate that network analysis of these data can be used to identify drug targets
that can be addressed to restore TCR/CD3 responsiveness. Strikingly, genome-wide RNA-
level analysis failed to identify the underlying biomolecular phenotype, which was efficiently
detected by proteomic analysis. In either case, the data suggest that stable changes to the bio-
molecular host cell environment are key to TCR/CD3 reactivation inertness and we discuss
the implications of these findings for the development of therapeutic approaches to potentially
eradicate the latent HIV-1 reservoir.

Results

HIV-1 infection generates a TCR/CD3 activation inert population of
latently infected T cells

Previous reports had provided evidence that a large part of the latent HIV-1 reservoir would
be recalcitrant to T cell activation, including stimulation of the TCR/CD3 pathway [15,16]. We
initially sought to confirm this phenomenon in a well-established primary T cell model of
HIV-1 latency [16-22]. Briefly, activated CD4+ T cells from healthy donors were infected with
a full length, replication competent HIV-GFP reporter virus and RT inhibitors were added
beginning 72hr post infection. At four weeks post infection, the cell cultures were sorted to
remove all actively infected and therefore GFP-positive T cells to lower the signal background.
The sorted CD4+T cells were then left unstimulated, stimulated with anti-CD3/CD28 mAbs
or stimulated with PMA/ionomycin. The latter is widely considered the most potent experi-
mental means to trigger activation and proliferation in primary T cells while completely
bypassing the TCR/CD3/CD28 pathway. In line with the idea that a fraction of the host

T cells of latent HIV-1 infection events had been rendered inert to TCR/CD3 activation,
PMA/ionomycin stimulation of CD4+ T cell HIV-1 infected cultures consistently triggered
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Fig 1. HIV-1 infection induced TCR/CD3 activation-inertness is conserved between primary T cells and T cell
lines. (A) In vitro latently HIV-1 infected primary CD4+ T cells were generated as described under Methods using
PBMCs from three different donors infected with a full-length GFP-reporter virus. The T cell infection cultures were
then left unstimulated (control), stimulated with anti-CD3/CD28 mAb coated beads or stimulated with PMA/
ionomycin. Using GFP expression as a surrogate marker, levels of active/reactivated HIV-1 expression were
determined 72 hours post stimulation using flow cytometric analysis for GFP expression. The difference between the
GFP+ frequencies following PMA/ionomycin stimulation and CD3/CD28 mAb stimulation for each donor represents
the TCR/CD3 activation-inert reservoir. (B) Jurkat T cells were infected with a HIV-1 NL4-3 based GFP reporter virus
and cultured for a total of 60 days in the presence of RT inhibitors until a stable viral reservoir had been established as
previously described [29,30]. At this time, samples of the infection cultures were either left unstimulated, treated with
anti-CD3/CD28 mAb coated beads or stimulated with PMA. Baseline HIV-1 expression levels in the untreated cells
and HIV-1 reactivation in the stimulated cultures were determined using flow cytometric analysis for GFP expression.
The difference between the GFP+ frequencies following PMA stimulation and CD3/CD28 mAb stimulation for each
donor represents the TCR/CD3 activation-inert reservoir. Similar experiments were performed using a reporter T cell
line that expresses GFP when actively HIV-1 infected (J-R5D4 cells). ]-R5D4 T cells were infected with (C) HIV-1
NL4-3 or (D) HIV-1 WEAU, a primary HIV-1 patient isolate. Following six weeks of culture in the presence of RT
inhibitors reactivation experiments were performed as in (B) and reactivation levels were determined by flow
cytometric analysis for GFP expression. Data plotted as mean + standard deviation of three independent experiments.

https://doi.org/10.1371/journal.ppat.1008748.9001

higher levels of HIV-1 reactivation levels than antibody mediated CD3/CD28 stimulation
(Fig 1A).

While these results formally demonstrate that HIV-1 infection establishes both, a TCR/
CD3 activation-responsive and a TCR/CD3 activation-inert latent viral reservoir in primary T
cells, the model would not lend itself to biomolecular analysis of the observed reactivation
inertness phenomenon. To directly describe the biomolecular baseline phenotype of TCR/
CD3 activation-inert latently HIV-1 infected T cells it would be necessary to isolate TCR/
CD3-responsive and TCR/CD3-inert T cells from these cultures without applying any manip-
ulation to the cells. In the absence of any accepted marker that identifies latently HIV-1
infected primary T cells, or markers for TCR/CD3 reactivation-responsive or TCR/CD3-inert
latently HIV-1 infected T cells, direct identification of TCR/CD3 activation-inert T cells within
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a population is mechanistically impossible. The only possible strategy to accomplish this goal
is thus the generation of latently HIV-1 infected T cell clones (based on PMA stimulation), fol-
lowed by a second round of characterization for TCR/CD3 responsiveness (anti-CD3/CD28
mADb stimulation). This approach requires that HIV-1 infection of T cell lines also generates a
separation into TCR/CD3-responsive and TCR/CD3-inert latently HIV-1 infected T cell popu-
lations as observed for primary T cells.

Jurkat T cells were early on used to decipher the fundamental molecular biology of TCR/
CD3 signaling [23-26] and are now a commonly used CD4+ T cell line to study HIV-1 latency
[27-29], making them an ideal system to investigate TCR/CD3 reactivation response in the
context of HIV-1 infection. Similar to previous efforts, we infected Jurkat T cells with a replica-
tion competent full-length HIV-GFP reporter virus and followed the establishment of latent
HIV-1 infection at the population level [18,19,28-31]. After 6 weeks of culture in the presence
of RT inhibitors, active background infection was reduced to <2% (control) and addition of
PMA triggered reactivation in ~8% of the T cell population over this background (Fig 1B).
Antibody mediated stimulation of CD3/CD28 only triggered HIV-1 reactivation in an addi-
tional ~3% of the cells over background, suggesting the presence of TCR/CD3-inert latently
HIV-1 infected T cells consisting of 5% of the total cell population or ~60% of the overall
latently HIV-1 infected subpopulation. This phenomenon could be reproduced in a GFP-
reporter T cell population (J-R5D4 cells [30]) that were infected with either the recombinant
clone HIV-1 NL43 (Fig 1C) or with HIV-1 WEAU, a primary R5-tropic patient isolate (Fig
1D) [30,32]. In these cells, Tat protein derived following reactivation of the integrated latent
full-length virus is required to in trans drive the expression of an integrated LTR-gag-pol-
GFP-LTR reporter vector. Here, PMA induced 10-fold or 3-fold more reactivation than CD3/
CD28 stimulation, indicating that the phenomenon of HIV-1 infection induced TCR/CD3
reactivation that we observed in primary T cells is effectively reproduced in T cell lines. This
finding provided us with the ability to generate relevant T cell clones that represent inert and
responsive phenotypes.

Generation of TCR/CD3 activation-responsive and -inert latently HIV-1
infected T cell clones

We used the infection culture shown in Fig 1D to generate latently HIV-1 infected T cell clones
that would represent TCR/CD3-responsive (JWEAU-A10) and TCR/CD3-inert JWEAU-C6)
T cells. In these T cell clones, PMA triggered an efficient HIV-1 reactivation response (Fig
2A), but even saturating amounts of CD3/CD28 mAbs that triggered reactivation in ~60% of
JWEAU-A10 T cells, would not trigger HIV-1 reactivation in JWEAU-C6 cells. (Figs 2B and
S1). TCR/CD3-reactivation inertness in JWEAU-C6 T cells was not a function of the utilized
antibody clone (OKT3, UCHT1, HIT3A) (Fig 2C) and flow cytometric analysis demonstrated
that TCR/CD3 inertness was also not the result of reduced levels of CD3 or CD28 expression
on JWEAU-C6 (Fig 2D).

TNF-a, which also triggered NF-«kB activation, albeit through a different upstream path-
way, would induce similar levels of HIV-1 reactivation in JWEAU-A10 and JWEAU-C6 T
cells (~65%; Fig 2E). Bacterial flagellin, another NF-«B agonist that signals through toll-like
receptor 5 (TLR5), triggered reduced levels of HIV-1 reactivation in JWEWAU-A10 T cells
(~45%) and was further compromised in JWEAU-C6 T cells (<30%) (Fig 2F). A diminished
flagellin-induced reactivation response was also observed at the population level, where two-
thirds of the latent population remained unresponsive to TLR5 activation (Fig 2G). Differences
in the host cell signaling networks that promote latent HIV-1 infection and restrict reactiva-
tion are thus not limited to the TCR/CD3 signaling pathway and extend to other activating
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Fig 2. Generation of TCR/CD3-inert and -responsive latently HIV-1 infected T cell clones. (A) HIV-1 reactivation
levels in JWEAU-A10 and JWEAU-C6 T cells following stimulation with increasing concentrations of the PKC/NF-«B
activating phorbolester PMA as determined by flow cytometric analysis for GFP expression. (B) HIV-1 reactivation
levels in JWEAU-A10 and JWEAU-C6 T cells following stimulation with increasing concentrations of a-CD3/CD28
mAb as determined by flow cytometric analysis for GFP expression. (C) HIV-1 reactivation levels in JWEAU-A10 and
JWEAU-C6 T cells following stimulation with increasing concentrations of different o.-CD3 mAbs (OKT3, UCHT1,
HIT3A) as determined by flow cytometric analysis for GFP expression. (D) Expression levels of CD3 and CD28
proteins on JWEAU-A10 and JWEAU-C6 T cells as determined by flow cytometric analysis. (E) HIV-1 reactivation
levels in JWEAU-A10 and JWEAU-C6 T cells following stimulation with increasing concentrations of TNF-a. (F)
HIV-1 reactivation levels in JWEAU-A10 and JWEAU-C6 T cells following stimulation with increasing concentrations
of the TLR5 agonist flagellin. (G) HIV-1 reactivation levels in a long-term HIV-1 infected T cell population holding a
10% latently infected subpopulation following stimulation with optimal concentrations of the TLR5 agonist flagellin or
PMA. Where indicated, data represent the mean + standard deviation of at least three independent experiments.

https://doi.org/10.1371/journal.ppat.1008748.9002

receptors/pathways that are currently investigated as targets of latency reversing agents (LRA)
[33-37].

Analysis of the T cell activation markers CD38 and CD69 at baseline and following stimula-
tion revealed additional insights into the fundamental differences between the responsive
JWEAU-A10 and the inert JWEAU-C6. CD38, a type II glycoprotein that marks T cells with
an activated phenotype [38] was highly expressed already at baseline on Jurkat T cells and the
responsive JWEAU-A10 T cells, but not on the activation-inert JWEAU-C6 T cells (Fig 3A).
Stimulation with PMA (Fig 3A) or anti-CD3/CD28 mAbs (Fig 3B) only triggered minimal or
no induction of CD38 expression on JWEAU-C6 T cells. CD69, an immediate early T cell acti-
vation marker at baseline was absent on all three cell types, but upon PMA activation was effi-
ciently upregulated and expressed on >80% of all cells, with no discernable difference between
the three cell lines (Fig 3C) [39,40]. CD3/CD28 mAb stimulation triggered CD69 upregulation
in ~50% of Jurkat and ~40% of JWEAU-A10 T cells, but completely failed to trigger CD69
expression in JWEAU-C6 T cells (Fig 3D). As CD69 expression, similar to HIV-1 or CD38
expression, is driven by NF-kB family transcription factors [41], these data show that CD3/
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Fig 3. Regulation of T cell activation markers on TCR/CD3-inert and -responsive latently HIV-1 infected T cell
clones. (A) CD38 expression on uninfected Jurkat, JWEAU-A10 and JWEAU-C6 T cells was determined at baseline
and 24 hours post PMA stimulation using flow cytometric analysis. (B) CD38 expression on uninfected Jurkat,
JWEAU-A10 and JWEAU-C6 T cells was determined at baseline and 24 hours post a-CD3/CD28 mAb stimulation
using flow cytometric analysis. (C) CD69 expression on uninfected Jurkat, WEAU-A10 and JWEAU-C6 T cells was
determined at baseline and 24 hours post PMA stimulation using flow cytometric analysis. (D) CD69 expression on
uninfected Jurkat, IWEAU-A10 and JWEAU-C6 T cells was determined at baseline and 24 hours post o-CD3/CD28
mAb stimulation using flow cytometric analysis. Data represent the mean + standard deviation of at three independent

experiments.

https://doi.org/10.1371/journal.ppat.1008748.9003

CD28 reactivation inertness is not specific to viral transcriptional control, but reflective of a
general cellular CD3/CD28 activation inertness in JWEAU-C6 T cells. The data further indi-
cate that the activation inert JWEAU-C6 are characterized by an already lower baseline activa-
tion state compared to their activation responsive counterparts JWEAU-A10.

CD3 stimulation fails to generate a NF-kB signal in inert latently HIV-1
infected T cells

Given that different NF-xB agonists, such as PMA, TNF-a or flagellin efficiently or at least par-
tially triggered HIV-1 reactivation in JWEAU-C6 T cells, it stands to reason that TCR/CD3
reactivation inertness in these cells is not the result of a generally dysfunctional canonical NF-
kB pathway, but a phenomenon that is specific for the TCR/CD3 signaling pathway. To detail
the kinetic NF-xB response in the two latently HIV-1 infected T cell lines relative to uninfected
Jurkat T cells, we performed TransAM assays measuring NF-«xB p65 phosphorylation 15, 30,
45, and 60 minutes post PMA or anti-CD3/CD28 mAb stimulation (Fig 4). Interestingly,
despite the ability to induce efficient HIV-1 reactivation, the kinetic NF-xB signal induced by
PMA in either latently HIV-1 infected T cell line already differed from the signal in uninfected
T cells. Whereas PMA stimulation produced the expected sinus-wave shaped signal with
increasing amplitude in the uninfected control cells over the monitored 60 minutes time
period [42], PMA stimulation resulted in a single high-amplitude peak in both latently HIV-1
infected T cells, that within the 60 min observation period returned to baseline in JWEAU-C6
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Fig 4. NF-kB activation kinetics in TCR/CD3-inert and -responsive latently HIV-1 infected T cell clones.
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mAbs and sampled at the indicated timepoints. Phospho-p65 NF-kB signals were quantified with a TransAM ELISA
and plotted over a time axis.

https://doi.org/10.1371/journal.ppat.1008748.9004

T cells, but not in JWEAU-A10 T cells (Fig 4A). The CD69 expression data shown in Fig 3C
are derived from this experiment, demonstrating that stimulation was equally successful for al
cell types. CD3/CD28 stimulation triggered identically shaped kinetic NF-xB activation
response curves in Jurkat and JWEAU-A10 T cells, which for Jurkat T cells differed from the
PMA-induced activation pattern (Fig 4B). Both cell types produced a single peak signal in the
60 min observation period, with Jurkat T cells possibly showing a slightly more extended signal
response. In the inert WEAU-C6 T cells the ability of CD3/CD28 stimulation to induce a NF-
kB signal was completely abrogated, conclusively explaining the inability of TCR/CD3 activa-
tion to trigger HIV-1 reactivation.

Gene expression patterns associated with TCR/CD?3 activation-inert
latently HIV-1 infected T cells

To identify the biomolecular basis of TCR/CD3 activation inertness, we first generated RNA-
seq data describing the gene expression signatures of uninfected T cells, the TCR/CD3-inert
JWEAU-C6 T cells and the TCR/CD3-responsive JWEAU-A10 T cells. A total of 7,151 genes
(of 20,830 genes with any reads) were differentially expressed (likelihood ratio test, adjusted P-
value < 0.01) across the three cell types. Pathway analysis of the complete mRNA-level data set
did not produce any information that would suggest impairment of the TCR signaling or any
related pathway, which was surprising given that this was the predetermined phenotype. In
fact, pathway enrichment analysis produced a series of completely unrelated motifs the highest
ranked being cardiac development (3.74E-03) and leukocyte chemotaxis (3.77E-03). Also,
despite the high number of input genes, all motifs were suggested with very low confidence

(S1 Table).

We reasoned that hierarchical clustering of the gene expression data followed by cluster-
based pathway enrichment analysis could improve the likelihood of discovering motifs that
control latency and TCR/CD3 reactivation inertness (Fig 5). For two of the six clusters, regula-
tion of genes was largely shared between the two latently HIV-1 infected T cell lines, but differ-
ent from the parental T cells (cluster #2 (960 genes) and cluster #6 (2353 genes)). We would
expect these clusters to contain motifs that are associated with a general latency phenotype.
Gene Ontology (GO) enrichment analysis of cluster #2 genes (upregulated in latently HIV-1
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Fig 5. Transcriptomic analysis reveals extensive differences between TCR/CD3-inert and -responsive latently
HIV-1 infected T cell clones. RNA-seq analysis was used to describe the genome-wide RNA expression signature of
uninfected Jurkat T cells, the TCR/CD3 responsive JWEAU-A10 and the TCR/CD3-inert JWEAU-C6 T cells. For each
T cell line, RNA-seq data were obtained for low and high cell density conditions. 7,151 genes with differential
expression (likelihood ratio test, adjusted P-value < 0.01) across the three cell types were subjected to hierarchical
clustering. Subtrees representing genes that were lowly or highly expressed throughout all three cells were
automatically omitted through the selection criteria. Results for motif enrichment analysis for clusters #1, #4 and #6 are
presented.

https://doi.org/10.1371/journal.ppat.1008748.9g005

infected T cells) suggested changes to lipid metabolism, regulation of cellular component size,
and actin filament-based processes [43]. Cluster #6 genes were reported as critical to RNA
metabolism, adaptive immune system function, the antiviral response, regulation of the
mitotic cell cycle, and, interestingly, T cell activation (Fig 5) (for more details see S2 Fig).
Many of these motifs have been associated with HIV-1 latency, but the data would suggest that
TCR signaling pathway impairment is a general feature of latently HIV-1 infected T cells and
that the magnitude of changes to this pathway is variable. TCR/CD3 reactivation inertness
would then only be the most extreme phenotype on a spectrum of possible inertness pheno-
types, which may be supported by the data that even optimal anti-CD3/CD28 mAb stimulation
remains inferior to PMA activation and only triggers up to 70% reactivation in JWEAU-A10 T
cells.

In the remaining four clusters, gene regulation differed between the two latently HIV-1
infected T cells, but one or the other had gene regulation patterns similar to the parental T
cells (cluster #1 (1449 genes), #3 (1155 genes), #4 (805 genes), #5 (429 genes). We had expected
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to extract information content regarding the predetermined TCR/CD3-activation inertness
from these clusters, but surprisingly, none of the pathway analysis for these clusters suggested
critical relevance to CD3-responsiveness (S2 Fig). A focused analysis of the genes involved T
cell activation (GO term 0042110) confirmed that there was no significant difference between
the two latently HIV-1 infected T cell clones, but both latently infected T cell lines differed in
their gene expression signature from uninfected T cells (S3 Fig). Somewhat surprisingly, the
RNA-level data only supported the conclusion that TCR/CD3 signaling impairment is a com-
mon feature of latently HIV-1 infected T cells, but could not explain the observed TCR/CD3
stimulation response differences.

Transcriptomic heterogeneity as the result of extensive stochastic changes
to gene expression patterns

The extent of the observed transcriptomic shift between the latently HV-1 infected cells was
certainly surprising. Of the total observed changes, 3,313 (46%) were shared between both cell
lines, but 3,838 (54%) occurred only in one of the latently infected T cell clones. These findings
are consistent with recent reports suggesting vast heterogeneity between individual latently
HIV-1 infected T cells and emphasize that HIV-1 latency can be maintained in extensively dif-
ferent cellular environments [44,45]. Mechanistically the data raised the possibility that the
extensive amounts of gene expression changes that are not shared between latently HIV-1
infected T cells. Instead, these changes may be stochastic in nature and create an unspecific
reactivation threshold by broadly affecting the overall signal transduction ability of host cells
of latent HIV-1 infection events.

To explore the idea that the changes to the transcriptome were mostly stochastic in nature,
we first tested whether network analysis software would be able to efficiently link genes with
altered expression into a functional network. Specifically, MetaCore network analysis software
can build protein interaction networks based on reported molecular interactions collected in a
manually curated database consisting of information derived from ~1 million peer reviewed
publications. Based on the vast extent of curated interactions spanning from transcriptional
regulation to post translational modifications, MetaCore software should be expected to effi-
ciently recognize possible links between altered signals from our data set. A high degree of
linkage in the network would indicate a functionally interlinked nature of the genes with
altered expression, whereas low linkage would suggest stochastic gene regulation effects.

To avoid overloading the network software, we condensed the data set by performing more
stringent pairwise comparison between the parental Jurkat T cells and each of the latently
HIV-1 infected T cell clones. Significant signals were defined to have a padj < 0.01, a fold-
change >2; and the read count for at least one the cell types had to be >250. As expected, this
process did not alter the proportion of shared (45%, 626 genes) and non-shared genes (55%)
between the two latently infected T cell lines, relative to the initial analysis (Fig 5).

A direct interaction algorithm, which builds a protein-protein interaction network exclu-
sively used the genes that were shared between the two latently HIV-1 infected T cell lines, but
differed from the uninfected Jurkat T cells as network nodes, only integrated 53% of the seed
nodes. Especially, as these were the altered genes that were shared between the two latently
infected T cell lines and that would have to be responsible for a common latency control motif
(as opposed to non-shared genes that would immediately seem more randomly expressed) this
low linkage rate would suggest a very low degree of controlled gene regulation events in the
data set (54 Fig). 50% of the linked genes (293 genes) in the network were connected with only
a single link meaning that their regulation were endpoint events and did not contribute to any
network functionality (S4 Fig). Only 8 genes had more 20 or more links with other genes. On
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average each node of the network had only three interactions. Both the failure to efficiently
link all altered signals into the network and the low level of interactions per node suggest that a
large portion of the observed gene expression changes are not functionally related and repre-
sent stochastic gene regulation events, possibly triggered by cellular mechanisms/pathways
induced by the actual infection event. We will henceforth refer to this extensive group of func-
tionally unconnected, stochastic gene regulation events as transcriptomic noise. Largely sto-
chastic gene regulation effects also would conclusively explain why motif enrichment analysis
of the transcriptomic data set produced only T cell unrelated motifs with very low statistical
confidence (S1 Table).

Validating a role of transcriptomic noise as reactivation threshold for TCR/
CD3 signaling

Outside the field of HIV-1 research, histone deacetylase (HDAC) inhibitors, BET protein
inhibitors or cell differentiating agents are well known to trigger genome-wide changes to
gene expression patterns, through a variety of specific and off-target effects, and as such create
transcriptomic noise [46-56]. In the context of HIV-1 latency research Dah et al. have demon-
strated that HDAC inhibitors would trigger or facilitate HIV-1 reactivation by inducing an
increase in genetic noise [57] and the varying potential of different histone deacetylase inhibi-
tors to trigger HIV-1 reactivation has been linked to the induction of differential host cell
responses [58]. To confirm that our experimental system would reproduce the findings by
Dah et al., we initially tested the effect of the histone deacetylase inhibitor suberanilohydroxa-
mic acid (SAHA; vorinostat) on PKC agonist mediated HIV-1 reactivation. As described by
Dah et al. pretreatment with SAHA increased the ability of specifically lower concentrations of
prostratin and bryostatin to trigger HIV-1 infection in JWEAU-A10 T cells (Figs 6A and 3B).
Having confirmed the experimental findings by Dah et al., we reasoned that if transcriptomic
noise contributes to a TCR/CD3 activation threshold in latently HIV-1 infected T cells, then
treatment of the TCR/CD3-responsive JWEAU-A10 T cells with HDAC inhibitors, BET inhib-
itors or cell differentiating agents, would increase the level of transcriptomic noise, but in con-
trast to what was observed for PKC agonists, would reduce the ability of TCR/CD3 activation
to trigger HIV-1 reactivation.

Following a 24 hours pretreatment period to allow each inhibitor to exert its full effect,
non-toxic concentrations of the histone deacetylase inhibitor SAHA had no direct effect on
HIV-1 reactivation in either, IIWEAU-A10 and JWEAU-C6 T cells (Fig 6C). As predicted,
SAHA decreased the TCR/CD3 stimulation-induced HIV-1 reactivation response of
JWEAU-A10 T cells, while not restoring a TCR/CD3 response in JWEAU-C6 T cells. The cell
differentiating compound hexamethylene bisacetamide (HMBA), which has been reported to
trigger HIV-1 reactivation in some experimental systems [59,60], did not directly trigger HIV-
1 reactivation (Fig 6D). However, in line with its ability to induce transcriptomic noise HMBA
suppressed the TCR/CD3 stimulation-induced HIV-1 reactivation response of JWEAU-A10 T
cells. HMBA had no effect on latent HIV-1 infection in JWEAU-C6 T cells, neither by itself
nor following TCR/CD?3 stimulation. Lastly, we tested the effect of JQ1, a Brd4 inhibitor that
has been reported to not only affect global cellular gene expression, but to trigger low level
HIV-1 reactivation [61-63]. JQI triggered modest levels of HIV-1 reactivation by itself in
JWEAU-A10 T cells, but completely suppressed the ability of TCR/CD3 stimulation to trigger
any additional HIV-1 reactivation (Fig 6E). As each of these compounds is a documented
LRA, their inhibitory effect on TCR/CD3 mediated HIV-1 reactivation of necessity cannot
come from interactions of the compounds with functionalities on the HIV-1 LTR, but must be
caused by the reported ability of these compounds to trigger transcriptomic noise that affects
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Fig 6. Induction of genetic noise suppresses TCR/CD3 induced HIV-1 reactivation. To determine if transcriptomic
noise contributes to the stability of latent HIV-1 infection we pretreated the TCR/CD?3 responsive JWEAU-A10 and
the TCR/CD3 inert JWEAU-C6 T cells with compounds known to induce transcriptomic noise by promoting
unspecific transcriptional elongation and then stimulated the cells with either PMA or o-CD3/CD28 mAbs. To
confirm that JWEAU-A10 T cells reproduce previous findings by Dah et al. the cells were treated for overnight with
SAHA and then stimulated with (A) increasing concentrations of prostratin or (B) bryostatin. Cells were treated
overnight with (C) the HDAC inhibitor SAHA (300 nM), (D) the cell differentiating agent HMBA (2mM), or (E) the
BET inhibitor JQ1 (10uM) and then treated with increasing concentrations of a-CD3/CD28 mAbs. HIV-1 reactivation
levels were determined by flow cytometry for GFP expression 24 hours post CD3/CD28 activation. Data represent the
mean * standard deviation of three independent experiments.

https://doi.org/10.1371/journal.ppat.1008748.9g006

the CD3 signaling efficacy. As such, the findings indirectly validate a role for transcriptomic
noise as a factor affecting TCR/CD3 activation mediated HIV-1 reactivation.

Kinomic description of CD3-activation inert latently HIV-1 infected T cells

A possible explanation for the inability of the RNA-level analysis to directly identify the under-
lying functional impairment (TCR/CD3-inertness) that stabilizes latent HIV-1 infection is that
major cellular regulation effects often occur at the level of post-transcriptional or even post-
translational modifications (e.g. protein phosphorylation). Changes to the proteome at the
level of protein expression and phosphorylation would be the most direct indicators of func-
tional modifications of the host cell signaling network that cause TCR/CD3-inertness and con-
tribute to the stability of latent HIV-1 infection. To identify protein regulation effects that
differ between TCR/CD3-responsive and TCR/CD3-inert T cells we used antibody arrays
(Kinexus KAM-900). Each antibody array was spotted with 265 pan-specific antibodies and
613 phosphosite specific antibodies. Between JWEAU-A10 and JWEAU-C6 T cells the array
identified a total of 123 significant differences. 74% of the signals were phospho-site specific
and 26% were pan-specific, which is proportional to the bias of the antibody array for phos-
pho-specific antibodies. Relative to the parental Jurkat T cells the majority of these differences
were found in the TCR/CD3-inert JWEWAU-C6 T cells, where a total of 58 signals were
found upregulated and 29 downregulated relative to Jurkat T cells, as opposed to 10 upregu-
lated and 33 downregulated signals in JWEAU-A10 T cells. A detailed breakdown regarding
regulation of protein expression and tyrosine- versus serine/threonine phosphorylation signals
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Fig 7. Kinomic analysis of TCR/CD3-inert and -responsive latently HIV-1 infected T cell clones. Cell lysates from
JWEAU-AIO (responsive) and JWEAU-C6 T cells (inert) were loaded on antibody array chips (Kinexus KAM-900) to
determine differences in protein expression and protein phosphorylation. Each of the two identical arrays on the chip
is spotted with 265 pan-specific antibodies and 613 phosphosite specific antibodies. (A) Protein expression signals that
differed in JWEAU-A10 or JWEAU-C6 T cells from Jurkat T cells were plotted as relative signal percentage
normalized to expression in uninfected Jurkat T cells. Signals were ordered based on their relative expression in the
activation-inert JWEAU-C6 T cells. Signals in the gray zone (max. 25% deviation from controls) would be considered
not altered. (B) Tyrosine phosphorylation signals that differed in JWEAU-A10 or JWEAU-C6 T cells from Jurkat T
cells were plotted as relative signal percentage normalized to expression in uninfected Jurkat T cells. Signals were
ordered based on their relative signal intensity in the activation-inert JWEAU-C6 T cells. (B) Serine-threonine
phosphorylation signals that differed in JWEAU-A10 or JWEAU-C6 T cells from Jurkat T cells were plotted as relative
signal percentage normalized to expression in uninfected Jurkat T cells. Signals were ordered based on their relative
signal intensity in the activation-inert JWEAU-C6 T cells.

https://doi.org/10.1371/journal.ppat.1008748.9007

relative to uninfected control cells displays the obvious dysregulation of the phospho-kinome,
particularly in the inert JWEAU-C6 cells (Fig 7).

Other than for the transcriptomic data, the MetaCore direct interaction algorithm gener-
ated an efficient network from these differentially regulated signals. 86% of the signals were
linked into a direct protein-protein interaction network, which had an average degree of 14
interactions per node, a sign that likely more than one pathway within the overall network was
affected, and no single master switch controlled the recorded changes (Fig 8A). The three high-
est linked nodes in the network were p53 (55 interactions), STAT3 (47 interactions), and c-Src
(46 interactions) (Fig 8B). Also, consistent with the functional phenotype, pathway enrichment
analysis identified Immune Response/TCR signaling (p = 6.78E-14) as a highly ranked altered
motif in addition to other motifs that could be reasonably relevant for HIV-1 latency control
(G1-S growth factor regulation, 3.716E-16; regulation of initiation, 2.196E-15; NOTCH signal-
ing, 1.874E-16) (Fig 8C).

Being cognizant of the fact that these data were generated in T cell lines, we chose to gener-
ate a second phospho-kinome data set for a primary T cell system that could ultimately guide
drug target prioritization among the identified central nodes of the protein-protein interaction
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Fig 8. Network analysis of kinomic data describing the biomolecular basis of reactivation inertness in T cells. (A)
The altered kinomic signals identified between activation responsive JWEAU-A10 and activation-inert WEAU-C6 T
cells were used to generate a protein-protein interaction network using the direct interaction algorithm of MetaCore
software. The network visualizes the high level of interactions with few seed nodes (proteins with altered signals) not
being connected. (B) List of the 20 highest connected altered proteins and their numbers of interactions with other

proteins in the network. (C) List of the highest ranked functional motifs associated with the network.

https://doi.org/10.1371/journal.ppat.1008748.9g008

network. Obviously, as a result of the scarcity of latently HIV-1 infected T cells in vivo, the
inability to identify these rare cells in the absence of previous activation, and the complete
impossibility to identify TCR/CD3-inert primary T cells, we needed to generate phospho-
kinome data using a relevant surrogate T cell population that also provides the required
amount of cells (~5x10e6 cells per array). Given the substantial body of literature describing a
broadly impaired ability of T cells from HIV/ART patients to respond to stimulation, also after
the initiation of ART [64-72], we isolated CD4+ T cells from HIV/ART patients (n = 8) that
were on ART for less than 2 years and from healthy controls (n = 11). We chose two experi-
mental conditions, (i) unstimulated and (ii) overnight exposure to IL-2, a simple experimental
proxy condition for T cells that would reside in an immunologically more active environment
such as lymph nodes. Consistent with the idea that T cells from HIV/ART patients have an
altered biomolecular phenotype, under unstimulated conditions, kinome array experiments
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Fig 9. T cells from HIV-1 patients on ART exhibit an altered kinomic phenotype. (A) Kinome array analysis was
performed using T cells from 9 healthy individuals and 8 HIV/ART patients. Samples were produced either at baseline
or following 24h of IL-2 incubation. The samples for each experimental conditions were pooled to minimize individual
variations and loaded onto Kinexus antibody arrays. Signals that were altered in samples from HIV/ART patients
relative to healthy controls at baseline or following IL-2 stimulation were plotted. (B) Focused analysis of kinase and
transcription factor signals from the kinome array involved in the TCR/CD3 signaling pathway represented as a heat
map (expression or phosphorylation) for each of the four experimental conditions. (C) The altered kinomic signals
identified between T cells from healthy individuals and T cells from HIV/ART patients were used to generate a
protein-protein interaction network using the direct interaction algorithm of MetaCore software. The network
visualizes the high level of interactions with few proteins with altered signals not being connected. (D) List of the 20
highest connected altered proteins and their numbers of interactions with other proteins in the network. (E) List of the
10 highest ranked functional motifs associated with the network.

https://doi.org/10.1371/journal.ppat.1008748.9g009

identified a total of 78 differences (37 up-/41 down-regulated) between T cells from healthy
controls and HIV/ART patients, and 147 differences (87 up/60 down) following overnight
exposure to IL-2 (Fig 9A). A focused analysis of the data for significantly altered proteins
reported to be involved in TCR/CD3 signaling further highlighted the impairment of this path-
way in T cells from HIV/ART patients, in particular following IL-2 exposure (Fig 9B). Meta-
Core driven network analysis integrated 83% of the altered signals into a direct interaction
network (Fig 9C). 54 nodes had more than 20 interactions in the network, suggesting an over-
all high degree of linkage between the nodes and a relatively flat signaling hierarchy. Within
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this network the central proteins (hubs) were p53 (108 interactions), STAT3 (93 interactions),
Src (73 interactions), c-Jun (68 interactions), and 3-catenin (67 interactions), all factors that
play key roles in TCR/CD3 signaling (Fig 9D) [73-80]. Pathway enrichment analysis ranked
G1-S growth factor regulation (p = 9.91E-25), IL-2 signaling (p = 1.26E-21) and TCR signaling
(p = 3.60E-19) in the top five altered network motifs (Fig 9E), showing clear similarities to the
changes we observed in latently HIV-1 infected T cells.

These data again validate the ability of kinome analysis in conjunction with MetaCore net-
work analysis software to accurately detect and describe experimental conditions (IL-2 signal-
ing) and phenotypes (TCR signaling) and should provide an efficient tool to guide target
identification by providing the ability to distinguish between HIV-1 infection induced changes
that are shared by primary and immortalized T cells, and changes that are found in latently
HIV-1 infected T cell lines, but tat are not present in primary T cells.

Probing the role of individual network nodes in CD3 inertness and HIV-1
latency control

Under the assumption that individual, highly linked network nodes act as molecular switches
that control latent HIV-1 infection, or are key to TCR/CD3-inertness, we chose three targets
that were identified through network analysis (Figs 8 and 9). Targets needed to be (i) central
nodes in the network describing the kinomic differences between TCR/CD3-responsive and
-inert latently HIV-1 infected T cell clones, (ii) needed to be also central nodes in the network
describing changes in the T cell populations of HIV/ART patients and (iii) clinically relevant
inhibitors against the targets needed to be available. Based on these criteria, we chose to target
(i) Src (dasatinib), (ii) Raf (sorafenib) and (iii) STAT3 (S31-201).

As the generated protein-protein interaction networks are not directional, it is not possible
to predict whether e.g. an inhibitor against a central node will inhibit or activate down-stream
events, in this case trigger or inhibit HIV-1 reactivation. The networks provide no information
on the connection between a particular central kinase/protein, its actual role in the altered net-
work and how this affects latency stability. Network analysis strictly increases the probability
of successful target identification. We would not expect that interference with these key net-
work nodes would directly trigger HIV-1 reactivation, but anticipated that pharmacological
targeting of the selected network nodes would either boost or abrogate TCR/CD?3 activation-
induced HIV-1 reactivation. Ideally, interference would restore the ability of TCR/CD?3 activa-
tion to trigger HIV-1 reactivation in the otherwise inert JWEAU-C6 T cells.

In a first step, we pretreated JWEAU-A10 T cells or long-term HIV-1 infected T cell popu-
lations that we enriched for latently HIV-1 infected T cells (see Material and Methods section)
with increasing concentrations of the three drugs, and, after 24 hours, stimulated with a subop-
timal concentration of anti-CD3/CD28 mAbs. Suboptimal CD3/CD28 stimulation would
facilitate the discovery of potential additive/synergistic effects of the drugs on TCR/CD3 sig-
naling. Inhibition of Src by sub-cytotoxic concentrations of dasatinib effectively abrogated
TCR/CD3 triggered HIV-1 reactivation, in both JWEAU-A10 T cells and the latently HIV-1
infected T cell population (Fig 10A and 10D) [81-84]. While this finding is likely therapeuti-
cally irrelevant, it demonstrates the ability of network software to correctly identify and priori-
tize functionally important protein targets. The Raf inhibitor sorafenib boosted the ability of
suboptimal CD3/CD28 mAb combinations to trigger HIV-1 reactivation in JWEAU-A10 T
cells in the nM-range (Fig 10B), but its effect was minimal in the latently HIV-1 infected T cell
population (Fig 10E). Finally, the STAT3 inhibitor S31-201 showed robust enhancement of
CD3/CD28 triggered HIV-1 reactivation in JWEAU-A10 T cells (Fig 10C), and also in the
latently HIV-1 infected T cell populations (Fig 10F).
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Fig 10. Pharmacological targeting of network hubs alters TCR/CD3 responsiveness of latently HIV-1 infected T
cells. To validate that network analysis correctly predicted and prioritized drug targets that affect the ability of TCR/
CD3 stimulation to trigger HIV-1 reactivation we tested the effect of inhibitors against Src, Raf and STAT3 on the
ability of a-CD3/CD28 mAbs to trigger HIV-1 reactivation. WEAU-A10 T cells (A-C) or populations enriched for
latently HIV-1 infected T cells (D-F) were incubated overnight with different concentrations of the Src inhibitor
dasatinib (A, D), the c-Raf inhibitor sorafenib (B, E), or the STAT3 inhibitor $31-201 (C, F) before stimulation with a
sub-optimal concentration of 0-CD3/CD28 mAbs. Data represent the mean + standard deviation of three independent
experiments.

https://doi.org/10.1371/journal.ppat.1008748.9010

We next tested whether Raf or STAT3 inhibition would permit optimal CD3/CD28 stimula-
tion to trigger HIV-1 reactivation in the otherwise TCR/CD?3 activation-inert subpopulation that
is only responsive to PMA treatment. Consistent with its limited effectiveness in combination
with suboptimal CD3/CD28 activation, sorafenib treatment only slightly increased the percentage
of HIV-1 expressing T cells following optimal CD3/CD28 activation, but the majority of the TCR/
CD3 activation-inert T cell fraction that was revealed by PMA stimulation was not addressed (Fig
11A). The STATS3 inhibitor S31-201 exhibited a stronger reactivation-boosting effect. Pretreat-
ment with $31-201 followed by CD3/CD28 stimulation produced HIV-1 reactivation levels that
were similar to the reactivation levels produced by PMA (Fig 11B), indicating that STAT3 inhibi-
tion would restore the ability of a large fraction of the initially CD3-inert T cells to generate an
effective TCR/CD3 pathway signal. Of note, neither sorafenib nor S31-201 had any effect on the
ability of CD3/CD28 mADb combinations to trigger HIV-1 reactivation in the inert JWEAU-C6 T
cells, suggesting that extreme CD3-inertness may not be reversible (S5 Fig).

Finally, we tested whether these findings would be transferable to HIV-1 latency in primary
T cells, and whether sorafenib or S31-201 would also promote reactivation of latent HIV-1
infection in an in vitro model of latency in primary T cell. This possibility was suggested by the
similarity of signaling network changes identified in primary T cells from HIV/ART patients
(Fig 8B) and latently HIV-1 infected T cell lines (Fig 9C). To test this possibility, we again gen-
erated latently HIV-1 infected primary T cell cultures using the same in vitro infection model
utilized in Fig 1 A. Similar to what was observed in latently HIV-1 infected T cell populations,
neither sorafenib nor S31-201 by themselves had any direct HIV-1 reactivating effect, but both
drugs exhibited the ability to boost CD3/CD28 mAb-induced HIV-1 reactivation in a donor-
dependent manner. Throughout the experiments (n = 5), sorafenib provided a stronger
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reactivation boosting effect than S31-201, confirming that the network analysis derived target
predictions could be transferred into a primary T cell-based model of latent HIV-1 infection.
However, donor variation was apparent and while some infection cultures responded as pre-
dicted (Fig 11D) the drugs seem to have no boosting effect at all in other infection cultures
(Fig 11E). It stands to reason that heterogeneity caused by the immunological history of pri-
mary T cells likely adds to the complexity of HIV-1 latency control in primary T cells that thus
is largely, but certainly not fully reflected in latently HIV-1 infected T cell lines.

Discussion

At the time it is assumed that latent HIV-1 infection events are established as activated
T cells become HIV-1 infected before transitioning to a long-lived resting memory phenotype
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Fig 11. Restoring CD3 responsiveness in latently HIV-1 infected T cells. To test whether pharmacological
interventions that were prioritized by network analysis would specifically restore the ability of the CD3 signaling
pathway to trigger latent HIV-1 infection in CD3-inert T cells, we stimulated latently HIV-1 infected T cell populations
with o-CD3/CD28 mAbs without any pretreatment or following overnight pretreatment with optimal concentrations
of (A) the c-Raf inhibitor sorafenib or (B) the STAT3 inhibitor $31-201 (50 uM). PMA stimulation was used as a
positive control to determine the maximum achievable reactivation level in the T cell population. The difference
between the reactivation levels accomplishable by a.-CD3/CD28 mADb activation and PMA stimulation constitutes the
TCR/CD3-inert T cell reservoir (CD3 inert). Any increase of HIV-1 reactivation levels above the ability of o-CD3/
CD28 mAbs to trigger HIV-1 reactivation means that the therapeutic intervention allows antibody stimulation to
target previously activation inert latently HIV-1 infected T cells. (C) Using a full-length HIV-GFP reporter virus
latently HIV-1 infected T cell populations were established in primary CD4+ T cell populations obtained from five
different donors. The T cells were left unstimulated (control) or treated overnight with optimal concentrations of the
STATS3 inhibitor S31-201 or the Raf inhibitor sorafenib. Each of these cultures was then split and left either untreated
or stimulated with a-CD3/CD28 mAbs. HIV-1 reactivation was determined by flow cytometry 72 hours post o-CD3/
CD28 mAbs addition using GFP expression as a surrogate marker of active HIV-1 expression. Stars indicate
conditions that significantly differed from the control condition (see Statistical Analysis in methods).

https://doi.org/10.1371/journal.ppat.1008748.9011
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[1,85-89]. The resting status of memory T cells is thought to deplete HIV-1 of essential tran-
scription factors and thereby restrict its ability to express its genes, forcing the virus into a
latent state [90-92]. Based on this concept, T cell activation in general, or specifically through
antibody-mediated stimulation of the TCR/CD3 complex, the experimental equivalent of cog-
nate antigen recognition, should trigger HIV-1 reactivation. It has by now been conclusively
demonstrated that this is correct only for a part of the latent HIV-1 reservoir, whereas a large
portion of the latent reservoir remains recalcitrant to TCR/CD3 activation [15,16]. We thus
hypothesized that a part of the HIV-1 reservoir is established in T cells that are either TCR/
CD3 activation-resistant prior to infection or are rendered TCR/CD3 activation-inert by the
cellular response to the actual infection event.

In this study we provide formal experimental evidence that TCR/CD?3 activation-inertness
(i) can indeed be generated by HIV-1 infection (Figs 1 and 2), (ii) must a fundamental mecha-
nism that is conserved between primary T cells and T cell lines (Fig 2) and (iii) affects a sub-
stantial portion of the T cells serving as host cells for the latent HIV-1 reservoir (Figs 2 and 7).
The existence of such an activation-inert reservoir T cell population would conclusively
explain why cognate antigen recognition does not deplete the latent HIV-1 reservoir over
time. We further demonstrate that host cells of latent HIV-1 infection events are characterized
by extensive stable changes to their signaling networks (Figs 8 and 9). (iv) Our data suggest
that high-level transcriptomic noise may have the potential to amplify TCR/CD3 activation-
inertness (Fig 5), but (v) TCR/CD3 inertness was clearly driven by selective changes to the
TCR/CD3 signaling pathway, which could be targeted and at least partially reversed by inhibi-
tors (Figs 6 and 7).

The observed presence of stochastic gene expression changes or transcriptomic noise
explains the findings by others that described a high degree of heterogeneity between individ-
ual latently HIV-1 infected T cells [44,45]. Our research extends on these studies in primary T
cells and demonstrates that this diversity is not necessarily the result of a pre-existing heteroge-
neity caused by different immunological histories or differentiation status of T cells that later
on become latently HIV-1 infected. While such T cell diversity most likely adds to the observed
heterogeneity in primary T cells (Fig 11), we show that heterogeneity is generated by a funda-
mental mechanism that must be part of the cellular response to the actual infection event. Het-
erogeneity between latently HIV-1 infected T cells was observed at the gene and protein
expression level (Figs 5 and 7). Given that gene expression analysis is now the basis of most
studies, it was somewhat surprising that RNA-seq analysis would indicate extensive changes to
the gene expression landscape, but network analysis software could not efficiently integrate
these data into interaction networks or for that matter assign system-relevant motifs to the
data (S1 Table). Even hierarchical clustering followed by subtree cluster analysis would not
directly identify potential molecular switches that were to affect TCR/CD3 mediated HIV-1
reactivation, but rather suggested that TCR/CD?3 activation impairment could be a general fea-
ture of latently HIV-1 infected T cells. This was disconcerting as the phenotype, TCR/CD3
activation-inertness, was already predetermined by functional assays (Figs 1-4). In contrast,
proteomic analysis immediately identified the underlying molecular phenotype (Fig 8). The
apparent failure of RNA-level analysis to identify a defined, preexisting phenotype exposes the
apparent limitations of RNA-focused analysis methods. While the failure of RNA-seq analysis
to detect a specified phenotype is not necessarily surprising as it is common knowledge that
gene regulation effects often are not translated into protein level effects, there are no true alter-
natives available at the time. Proteomic analysis, no matter whether done using antibody arrays
or mass spectrometry, while powerful, requires relatively large amounts of cell material. Other
than transcriptomic analysis which already offers acceptable coverage of genome-wide gene
expression at the single cell level, proteomic analysis is likely trailing this success by more than
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a decade. The inability of current proteomic analysis to perform proteome-wide analysis at the
single cell level or at least with small amounts of cell material presents a major bottleneck to an
immediate translation of our research approach to the study of latently infected T cells from
patients or even relevant in vitro models of HIV-1 latency in primary T cells. Either way, the
data clearly pinpoint a major shortcoming of the current RNA-level focused research efforts.

At the same time, the formal demonstration that heterogeneity at the gene expression and
protein expression/phosphorylation level extends to functional diversity has implications for
therapeutic strategies that seek to trigger HIV-1 reactivation in patients. The data imply that
single drug interventions will be insufficient to accomplish complete viral reactivation and
subsequent elimination. TCR/CD3 inertness was not the only functional consequence of the
molecular changes that can occur in host cells of latent HIV-1 infected T cells. While we do
not detail this phenomenon, we found that TLR pathway signaling can also be impaired (Fig
2F), which would have implications for efforts to identify HIV-1 reactivating agents that
address the TLR/Myd88 pathway [33-37]. Differential reactivation responsiveness to varying
stimuli, was actually paralleled by differential regulation of NF-«xB dependent cellular genes,
seen for the T cell activation markers CD38 and CD69 (Fig 3), and explained by the finding
that while PMA would trigger an altered, but effective kinetic NF-kB signal in activation-
responsive and -inert T cells, a-CD3/CD28 mAb stimulation would completely fail to trigger a
NF-«B signal in the reactivation-inert JWEAU-C6 T cells, conclusively demonstrating that
reactivation-inertness is indistinguishable from activation-inertness and is strictly a cellular
restriction phenomenon.

This would have theoretical implication for the design of future HIV-1 cure strategies.
Given that our data detail the dysfunctional nature of latently HIV-1 infected T cells, and the
seemingly random nature of observed changes, it needs to be assumed that the further
upstream a NF-kB activating pathway is targeted, the less likely it is that an efficient, HIV-1
reactivating NF-kB signal is being triggered. The results thus support the idea that optimal
HIV-1 reactivation agents should induce NF-«B activation by targeting proteins as immediate
upstream of NF-«B as possible, which reduces the likelihood that the observed stochastic
changes to the host cells affect drug efficacy. Pathways that activate NF-«B, but are essential to
the long-term survival of the infected T cell could be most attractive, as changes to these essen-
tial pathways would result in rapid cell death after infection. This may make the CD3 or TLR
pathways suboptimal targets for LRAs, unless possibly used in a combination therapy. By the
same token, the extensive heterogeneity would favor the development of drugs like SMAC
mimetics such as AZD5582 that also activate the non-canonical NF-kB pathway, but more
importantly, they also target an important survival pathway for cells. SMAC mimetics imitate
the activity of a protein call Second Mitochondrial-derived Activator of Caspases, a pro-apo-
ptotic mitochondrial protein that is an endogenous inhibitor of a family of cellular proteins
called the Inhibitor of Apoptosis Proteins (IAPs), which in turn are important regulators of
cell death and survival. The importance of such a pathway for long-term survival of the cells
should make it less likely that this pathway is impaired in host cells of latent HIV-1 infection
events. Functional conservation of this pathway would increase the likelihood of SMAC
mimetics to broadly trigger HIV-1 reactivation within the population of latently HIV-1
infected T cells, despite the heterogeneity and pre-existing inertness in other pathways. SMAC
mimetics, including AZD5582 have already been demonstrated to trigger HIV or SIV reactiva-
tion [93-95] and their potency may be increased in conjunction with drugs that restore the full
signaling capacity of latently HIV-1 infected T cells.

Conceptually, the provision of experimental evidence that many host cells of latent HIV-1
infection events are extensively altered in their signaling networks and gene expression pat-
terns and in extension, are altered in many of their functionalities, raises the possibility to
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affect the stability of latent HIV-1 infection events in these cells through an alternative
approach. Therapeutic interventions that would restore host cell functionality may enable TCR/
CD3 activation-inert latently HIV-1 infected T cells to properly respond to cognate antigen rec-
ognition, and the ensuing cellular increase in NF-kB activation would be sufficient to trigger
HIV1 reactivation. Such a scenario would focus on the development of cellular reprograming
strategies and remove the requirement for a potent, systemwide, stimulatory therapeutic inter-
vention, which would here be provided by a natural process, specific antigen recognition.

Material and methods
Ethics statement

Human Sample disclosure and Information. Healthy, HIV-seronegative adults and HIV-sero-
positive subjects were recruited from the 1917 Clinic cohort at the University of Alabama at
Birmingham to donate peripheral blood. All HIV-1 seropositive subjects were on ART and
with undetectable viral loads (VL <50 copies/mL) for a median of 10 months (6.5-17.3
months). In accordance with the specific protocol for this project that was approved by the
UAB Committee on Human Research (IRB-160715008), all subjects provided written
informed consent for all biologic specimens and clinical data used in this study.

Cell culture and reagents

AllT cell lines were maintained in RPMI 1640 supplemented with 2 mM L-glutamine, 100 U/
ml penicillin, 100 pg/ml streptomycin and 10% heat inactivated fetal bovine serum. Fetal
bovine serum (FBS) was obtained from HyClone (Logan, Utah) and was tested on a panel of
latently infected cells to assure that the utilized FBS batch did not spontaneously trigger HIV-1
reactivation [28,96]. The phorbol esters, Phorbol 12-myristate 13-acetate (PMA), prostratin,
along with HMBA, and Flagellin were purchased from Sigma. Recombinant human TNF-o a
well established trigger of HIV-1 reactivation was purchased from Gibco. The PKC activator
Bryostatin and Sodium Butyrate (NaBu) were purchased from EMD Millipore. Vorinostat
(SAHA) was purchased from Selleck chemicals. Specific Inhibitors or recombinant proteins
such as the STAT3 inhibitor S31-201 (NSC 74859), the Src inhibitor dasatinib, or the c-Raf
inhibitor sorafenib were all purchased from Fisher Scientific. Dasatinib is approved for the
treatment of chronic myelogenous leukemia and acute lymphoblastic leukemia. Sorafenib is
approved for the treatment of certain kidney and liver cancers and certain forms of Acute
Myeloid Leukemia. The selective STAT3 inhibitor $31-201 had been successfully used in sev-
eral mouse cancer models [97,98]. Anti-CD3/CD28 antibody-coated beads (ImmunoCult)
were purchased from Stemecell technologies (Vancouver, CA).

Model of HIV-1 latency in primary T cells

CD4+ T-cells were isolated from PBMCs from healthy donors using a negative CD4+ T cell
isolation kit (Stemcell), and were then rested overnight in RPMI (10% FBS, 1% Pen/Strep, 1%
L-Glutamine, and IL-2 (10 IU/ml). The T cells were stimulated with Immunocult (Stemcell) at
a concentration of ~2 beads/cell and incubated at 37° for 3 days. On day three post stimulation
the T cells were placed in fresh RPMI medium at a density of 5 million cells/well in a 6 well
plate and infected with a HIV-GFP reporter virus (pBR43IeG-NA7nef) [99]. Infection using
full-length replication competent viruses generally results in lower level reservoir formation
than what can be accomplished by utilization attenuated HIV vectors that are often used by
others [90,100], but fails to reproduce the impact of viral accessory genes on HIV-1 latency
establishment [101]. After infection cells were pelleted by centrifugation and placed in fresh
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RPMI medium. After 48 hours GFP levels were determined as surrogate marker of HIV-1
infection using flow cytometry to confirm successful infection. To prevent further viral replica-
tion reverse transcriptase inhibitors 3TC(lamivudine) and EFV (efavirenz) (NIH AIDS Reagent
Program) were added and the cells were cultured for 30 days. Medium was replenished twice a
week. After 30 days the T cell cultures were sorted using a BD FACSAria cell sorter to remove
all remaining GFP+, and therefore actively infected T cells to reduce the signal background.
Cells were then plated at a density of 5x10° to 1x10°/ml into the described experimental condi-
tions. 3 days post reactivation the cell cultures were analyzed for the frequency of GFP+ T cells
using a BD LSRII flow cytometer acquiring at least 100,000 events per experimental condition.

Generation of latently HIV-1 infected T cell populations and T cell clones

The latently HIV-1 infected T cell populations were generated by infecting a Jurkat T cell-
based reporter cell population (JR5D4 cells) [30] with the primary HIV-1 patient isolate
WEAU [32] or the classic laboratory strain HIV-1 NL43. Starting two days post infection
(3TC) was continuously added to prevent viral replication and the establishment of pre-inte-
gration latency. On day 4 post infection we selected cultures with infection levels around 40%
were selected and maintained until day ~60 when active infection levels had mostly declined
to levels between 1-5%. In the HIV-1 WEAU infected T cell population, addition of PMA
revealed the presence of a reactivatable HIV-1 reservoir that varied in size between 4-10%.
The HIV-1 WEAU infected bulk cell populations were plated in a limiting dilution and tested
for CD3 inertness and PMA responsiveness, to generate the differentially responsive cell clones
JWEAU-A10 (responsive) and JWEAU-C6 (inert). To generate T cell populations that were
enriched for latently HIV-1 infected T cells, we exploited the reported ability of host cells of
latent HIV-1 infection events to repeatedly shut down the virus into a latent state. HIV-1 reac-
tivation was triggered using PMA and on day 2 post activation cell sorting was performed for
GFP+ T cells. Over a period of 3-4 weeks, active HIV-1 infection in these cells was again shut
down into a latent state, resulting in an enriched population in which ~80% of the cells would
hold reactivatable, latent HIV-1 infection events.

TransAM assays to resolve kinetic NF-kB response

T cells were stimulated with either PMA or anti-CD3/CD28 mAb combinations and cell mate-
rial was harvested at different time points post stimulation (10x10e6 cells per time point).
Nuclear extracts were generated and NF-kB p65 activity in the nuclear extracts of cells was
determined using TransAM assays (Active Motif). All experiments were performed according
to the manufacturer’s instructions. TransAM assays measure the ability of activated NF-«B to
bind to an NF-kB consensus sequence in solution, with a 5- to 10-fold-higher sensitivity than
gel shift assays. At 0 and 24hrs post stimulation one million cells were harvested for activation
marker staining, and compared to isotype controls.

Kinexus antibody microarray-based analysis

Kinome analysis to study protein expression and phosphorylation levels was done using
Kinexus microarray analysis. 50 pg of cell lysate protein (~5x10° cells) from each sample or
experimental condition were covalently labeled with a proprietary fluorescent dye according
to the manufacturer’s instructions (Kinexus, Canada). After the completion of the labeling
reaction, any free dye was removed by gel filtration. After blocking non-specific binding sites
on the array, an incubation chamber was mounted onto the microarray to permit the loading
of two side by side samples on the same chip. Following sample incubation, unbound proteins
were washed away. KAM-850 arrays detect 189 protein kinases, 31 protein phosphatases and
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142 regulatory subunits of these enzymes and other cell signaling proteins. This array provided
information on the phosphorylation state of 128 unique sites in protein kinases, 4 sites in pro-
tein phosphatases and 155 sites in other cell signaling proteins. KAM-900 chips are spotted in
duplicates with over 870 antibodies. 265 pan-specific antibodies and 613 phosphosite specific
antibodies. Each array produced a pair of 16-bit images, which are captured with a Perkin-
Elmer ScanArray Reader laser array scanner (Waltham, MA). Signal quantification was per-
formed with ImaGene 8.0 from BioDiscovery (El Segundo, CA) with predetermined settings
for spot segmentation and background correction. The background-corrected raw intensity
data were logarithmically transformed with base 2. Since Z normalization 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 it by the standard deviations
(SD) of all of the measured intensities within each sample [102]. Z’ ratios were further calcu-
lated by taking the difference between the averages of the observed protein Z scores and divid-
ing 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 standard deviations by which they were derived.

RNA-seq analysis

Total RNA was extracted using the Qiagen RNeasy mini kit. Genewiz (Plainfield, NJ) prepared
cDNA libraries and performed sequencing. For RNA-seq data processing and analysis, raw paired
reads were first adapter-trimmed from fastq files using TrimGalore! (http://www.bioinformatics.
babraham. ac.uk/projects/trim_galore/). Reads were aligned to Hgl19 using STAR [103], and
count matrices were generated using HTSeq-count [104]. DESeq2 was used to normalize read
counts (CPM) and analyze differential expression [105]. For the analysis of global transcriptional
regulation, genes were considered differentially expressed if they had an adjusted P-value <0.01
by the likelihood ratio test. For pairwise comparisons, genes were considered differentially
expressed if they had at least a 1.5-fold change, adjusted P-value < 0.01, and at least one

signal > 250 CPM, as qPCR validation repeatedly failed to confirm lower signals. Pheatmap (*)
was used to row-normalize, cluster (via hclust, using the complete linkage method), and visualize
global transcriptional changes. Gene Ontology analysis was conducted using Metascape [43].

Network analysis

MetaCore software (Clarivate Analytics) was used to generate shortest pathway interaction
networks that are presented. Pathway specific GO filters or tissue specific filters were used to
prioritize nodes and edges. MetaCore was further used to identify pathway associations of the
identified input dataset, using network enrichment analysis.

Statistical analysis

Statistical significance of differences between multiple experimental conditions was deter-
mined by ANOVA with multiple comparisons (Tukey’s correction) (*p<0.05, **p<0.01,
**p<0.001, ****p<0.0001) or students T-test for comparison between two conditions.

Supporting information

S1 Fig. Representative flow cytometric dot plot analysis of GFP expression as a surrogate
marker of HIV-1 expression in the TCR/CD3-responsive JWEAU-A10 T cells and the
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TCR/CD3-inert JWEAU-C6 T cells at baseline (control) and following activation by a-
CD3/CD28 mAb or PMA.
(TIF)

S2 Fig. Motif enrichment analysis of the genes in each cluster of the RNA-seq analysis data
shown in Fig 5 was performed using MetaScape [43]. The top 5-ranked motifs for each motif
are listed and the p-values for each motif are depicted as histograms.

(TIF)

S3 Fig. Focused analysis of the genes involved in T cell activation (GO term 0042110) from
the RNA-seq data set presented in Fig 5 visualizes the presence of extensive difference
between uninfected and latently HIV-1 infected T cells, while demonstrating the absence
of relevant differences between the latently HIV-1 infected T cell clones in this pathway
motif.

(TIF)

$4 Fig. Protein-protein interaction network for the RNA-seq data describing the shared
transcriptomic features between activation-inert and activation-responsive latently HIV-1
infected T cells that differ from uninfected T cells. (A) The depiction visualizes the lack of
connectivity of a large portion of seed nodes (proteins) around a central interaction network.
(B) Visualization of the core network hiding the unconnected genes.

(TIF)

S5 Fig. Targeting network hubs fails to restore reactivation responsiveness to TCR/CD3
stimulation in CD3-activation inert latently HIV-1 infected T cells. To determine if Src, Raf
and STATS3 inhibition would also affect or restore the TCR/CD?3 responsiveness of JWEAU-C6
T cells, dasatinib (Src), sorafenib (Raf) or S31-201 (STAT3) were titrated on JWEAU-C6 T
cells, which were then stimulated with aCD3/CD28 mAbs. HIV-1 reactivation was determined
after 24h by flow cytometric analysis using GFP expression as a surrogate marker of active
HIV-1 infection. Data represent the mean + standard deviation of three independent experi-
ments.

(TIF)

S1 Table. Network enrichment analysis of genes that based on RNA-seq analysis data are
differentially expressed in the activation -responsive JWEAU-A10 T cells than in the acti-
vation-inert JWEAU-C6 T cells.

(TIF)
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