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Global phosphoproteomics

of CCR5-tropic HIV-1 signaling reveals
reprogramming of cellular protein production
pathways and identifies p70-S6K1 and MK2

as HIV-responsive kinases required for optimal
infection of CD4+ T cells
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Abstract

Background: Viral reprogramming of host cells enhances replication and is initiated by viral interaction with the cell
surface. Upon human immunodeficiency virus (HIV) binding to CD4+ T cells, a signal transduction cascade is initiated
that reorganizes the actin cytoskeleton, activates transcription factors, and alters MRNA splicing pathways.

Methods: We used a quantitative mass spectrometry-based phosphoproteomic approach to investigate signal
transduction cascades initiated by CCR5-tropic HIV, which accounts for virtually all transmitted viruses and the vast
majority of viruses worldwide.

Results: CCR5-HIV signaling induced significant reprogramming of the actin cytoskeleton and mRNA splicing path-
ways, as previously described. In addition, CCR5-HIV signaling induced profound changes to the mRNA transcription,
processing, translation, and post-translational modifications pathways, indicating that virtually every stage of protein
production is affected. Furthermore, we identified two kinases regulated by CCR5-HIV signaling—p70-S6K1 (RPS6KB1)
and MK2 (MAPKAPK2)—that were also required for optimal HIV infection of CD4+ T cells. These kinases regulate
protein translation and cytoskeletal architecture, respectively, reinforcing the importance of these pathways in viral
replication. Additionally, we found that blockade of CCR5 signaling by maraviroc had relatively modest effects on
CCR5-HIV signaling, in agreement with reports that signaling by CCR5 is dispensable for HIV infection but in contrast
to the critical effects of CXCR4 on cortical actin reorganization.

Conclusions: These results demonstrate that CCR5-tropic HIV induces significant reprogramming of host CD4+-T cell
protein production pathways and identifies two novel kinases induced upon viral binding to the cell surface that are
critical for HIV replication in host cells.
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Background

HIV-1 enters cells via the interactions of gp120 with its
primary receptor, CD4, and a coreceptor, typically CCR5
or CXCR4 for most clinical isolates. These events lead to
conformational changes in gp120 that expose the fusion
peptide of gp41 and lead to host and viral membrane
fusion via the formation of an energetically favorable six-
helix bundle conformation (reviewed in [1]). Transmis-
sion of HIV-1 is almost always associated with viruses
that utilize CCR5 and these viruses predominate in the
vast majority of infected individuals [2—7]. CXCR4-using
viruses emerge in approximately 40% of patients infected
with subtype B HIV [8, 9] and are associated with accel-
erated CD4+ T cell loss and progression to AIDS [2, 10,
11]. Emergence of CXCR4 is much less common in sub-
type C, which accounts for approximately half of infec-
tions worldwide [12-16].

CD4, CCR5, and CXCR4 are not only receptors and
coreceptors for HIV-1 entry, but also have physiologi-
cal roles in signal transduction in host immune cells.
CD4 engagement results in the activation of the recep-
tor tyrosine kinase p56"“ while CCR5 and CXCR4 are
G-protein coupled receptors (GPCRs) that link to Ga and
GPy subunits, particularly Ga;, Ga, and Gy (reviewed
in [17]). HIV binding to the cell surface can induce sign-
aling through CD4 and coreceptors and has been dem-
onstrated to trigger calcium flux [18, 19] and to activate
Pyk2 [20], phosphoinositol 3-kinase (PI3K) [19], Akt and
Erk 1/2 [21], and the small GTPase Racl [22]. In addi-
tion, HIV can promote NF-«kB, AP1, and NFAT trans-
location to the nucleus [23-25] and actin cytoskeleton
rearrangement [21], including activation of cofilin, which
reorganizes cortical actin barriers that restrict infection
in primary CD4 T cells [26]. Racl and cofilin activation
by HIV enhances viral entry into cells [22, 26], indicating
that signaling through CD4 and coreceptor can induce
rapid changes in cells that promote viral replication.
However, signaling by HIV also can have longer-acting
effects on the cellular environment: PI3 K activation by
HIV was found to enhance infection via a post-entry step
prior to integration [19] and, more recently, a phospho-
proteomic screen demonstrated that CXCR4-tropic HIV
causes extensive alterations to the cellular microenviron-
ment including to the splicing factor SRm300 (SRRM?2)
that enhances viral production by regulating alternative
splicing of HIV mRNAs [27].

Quantitative mass spectrometry-based phosphopro-
teomics is a powerful technique to broadly monitor
phosphorylation changes in cells following exposure to
a variety of stimuli. Here, we sought to build upon the
study by Wojcechowskyj and colleagues [27] by perform-
ing a similar investigation but using CCR5-tropic HIV,
which accounts for nearly all transmission events and the
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vast majority of infections. To gain additional insights, we
examined phosphorylation changes at 1, 15, and 60 min
after exposure to HIV and included conditions with the
CCR5 antagonist maraviroc that blocks CCR5 signaling
[28]. Together with an experimental setup closely related
to that used by Wojchechowskyj, this design enabled
comparisons between CCR5 and CXCR4-tropic HIV
signaling, the transience or durability of phosphoryla-
tion changes, and how CCR5 signaling contributes to the
overall reprogramming of host cells.

Here, we report that CCR5-tropic HIV signaling repro-
grammed not only cellular mRNA splicing pathways, but
also transcription, translation, and post-translational
modification pathways. Signaling by HIV also induced
rearrangement in phosphoproteins regulating cytoskel-
etal transport, endocytosis and movement of cargo
along cytoskeletal networks. Surprisingly, many of these
pathways were stimulated regardless of the presence of
maraviroc, suggesting that the effects of HIV particles
on cells are primarily due to CD4 signaling or from other
host molecules incorporated into viruses rather than on
the coreceptors themselves. These findings provide new
insights into how HIV-1 actively manipulates the target
cell environment to enhance its replication.

Results

Phosphoproteomics of CCR5-tropic HIV signaling

in primary memory CD4+ T cells

HIV-1 binding to the cell surface induces signals within
CD4+ T cells that have been characterized primarily
using biochemical approaches [18-26]. More recently,
Wojcechowskyj and colleagues used a mass spectrome-
try-based proteomics approach to identify proteins that
were differentially phosphorylated in primary resting
CD4+ T cells following a 1-min exposure to CXCR4-
tropic HIV [27]. CXCR4 is expressed on the majority
of CD4+ T cells [29]; however, CXCR4-tropic HIV-1
variants account for only a fraction of viruses world-
wide and almost none that are involved in transmission
and early infection [2—7]. To gain insight into phospho-
rylation changes induced by CCR5-tropic HIV-1 bind-
ing to cell surface receptors, we collected leukapheresis
samples from several donors and removed naive CD4+
T cells—which express little CCR5 and are not infected
to an appreciable extent by R5-tropic HIV—by rosette
depletion to yield pooled, unstimulated memory CD4-+
T cells. 150 x 10° memory CD4+ T cells were exposed
to 20 pg/ml p24 equivalent AT2-inactivated HIV-1
THRO or an equivalent protein concentration of non-
viral extracellular vesicles. The high concentration of
HIV was chosen to synchronize signaling events within
CD4+ T cells as well as to maintain consistency with
the CXCR4-tropic HIV phosphoproteomic study [27] to
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facilitate comparisons between R5- and X4-tropic HIV
signaling. To further improve understanding of HIV-1
signaling events, we also exposed cells to R5-tropic HIV
in the presence of 100 pM of the CCR5 antagonist mara-
viroc to block co-receptor signaling and included 1, 15,
and 60 min stimulations for all experimental conditions
to assess the durability of phosphorylation changes. A
schematic of the experimental design is shown in Fig. 1a.
Importantly, 100 pm maraviroc completely blocked entry
of HIV-1 THRO into primary CD4+ T cells (Fig. 1b).

After applying filters to remove phosphopeptides
demonstrating unreliable detection in three technical
replicate controls (Fig. 1c), we removed peptides with
non-phosphorylation post-translational modifications
such as alkylation of cysteine residues. The final list con-
tained 2816 phosphorylation sites from 1363 unique pro-
teins using label-free proteomics. 1678 phosphorylation
sites from 931 unique proteins were found to be HIV-
responsive using an FDR cutoff of 0.001 (0.1%) compared
to the respective extracellular vesicle control for at least
one R5-tropic HIV-1 condition (Fig. 1d). The majority
of peptides demonstrated modest fold-change variation
(Fig. le); however a small number of peptides, particu-
larly in the 1- and 15-min time points, showed much
greater fold-change values Additional file 1: Table S1).
We analyzed phosphopeptides with large fold-changes at
both the 1- and 15-min time points and found nearly all
were from proteins with roles in either (1) actin cytoskel-
etal architecture, endocytosis, and movement of vesicles
along actin and tubulin networks, or (2) transcription,
mRNA splicing and capping, translation, or acetylation of
methionine residues on newly produced proteins. These
data support previous studies demonstrating that these
pathways are actively modulated by signaling upon HIV
binding to the cell surface [22, 26, 27, 30].

Signaling by CCR5-tropic HIV results in phosphorylation
patterns with both significant overlap and differences
compared to CXCR4-tropic HIV

HIV-1 binding to the cell surface can signal through
several different pathways. First, specific interactions
between gp120 and the host receptors CD4 and CCR5/
CXCR4 can trigger responses in their respective sig-
nal transduction cascades. CD4 activates the receptor
tyrosine kinase p56"“ while CCR5 and CXCR4 signal
via Ga and GPy subunits, particularly Ga;, Gag, and GBy
(reviewed in [17]). Second, signaling from gp120 inter-
acting with non-receptor molecules has also been
reported, such as the induction of cdc42 in dendritic cells
via engagement of DC-SIGN [31]. It is possible that Env
proteins could signal through other, currently unidenti-
fied cellular receptors as well. Third, HIV-1 incorporates
host proteins into virions including HLA-DR, LFA-1, and
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ICAM-1 [32-34], which could also potentially induce
signals in target cells. We reasoned that CCR5-tropic and
CXCR4-tropic HIV would share considerable overlap in
induced signaling pathways but could also vary due to
potential signaling differences following CCR5 or CXCR4
engagement or due to the exclusion of naive CD4+ T
cells that are not readily infected by most HIV-1 isolates.
Indeed, we found a considerable overlap between HIV-
responsive proteins following CCR5- and CXCR4-HIV
signaling (Fig. 2a), with 111 shared proteins between
the two studies. Our study identified 63.4% (111/175,
p<1.0 x 107'%) of the HIV-responsive proteins identified
by Wojecechowskyj and colleagues and an additional 820
HIV-responsive proteins not identified by their study. The
larger number of HIV-responsive proteins found here is
likely due to a combination of factors, including a larger
number of total phosphopeptides detected, indicating
more robust coverage of the CD4+ T cell proteome and
a larger number of experimental conditions including 1,
15, and 60 min time points and CCR5-signaling blockade
with maraviroc.

To gain further insight into the proteins identified as
HIV-responsive following CCR5-HIV signaling, we com-
pared our results with a manually curated list of human
proteins shown to interact with HIV—the HIV-1 human
protein interaction database (HHPID). This comparison
was of particular interest as signaling has previously been
demonstrated to influence host proteins levels that sub-
sequently affect viral replication within host cells [19,
22, 26, 27]. Again, we found a highly significant overlap
(Fig. 2b), with 43.1% (401/931, p<1.0 x 107 of the
HIV-responsive proteins identified here being part of the
HHPID. The overlap between the HHPID, CCR5- and
CXCR4-HIV signaling is shown in Fig. 2c. Shared pro-
teins between the current study, CXCR4-HIV signaling,
and the HHPID are listed in Additional file 1: Table S2.

CCR5-tropic HIV signaling extensively reprograms cellular
pathways involved in protein production and cytoskeletal
regulation

Following integration into the host chromosome, HIV
is transcribed into mRNA by the cellular RNA polymer-
ase II complex. HIV contains at least four splice donors
(D1-D4) and eight splice acceptors (A1-A8) that result
in over 40 varieties of spliced mRNA transcripts. Splicing
is regulated in a temporal fashion, with fully spliced 1- to
2-kb transcripts appearing first, followed by intermedi-
ate 4- to 5-kb transcripts, and finally by full-length 9-kb
mRNAs that encode the Gag-Pol proteins and comprise
the genome of budding viruses. The phosphoproteomic
analysis of CXCR4-tropic HIV signaling performed
by Wojcechowskyj and colleagues revealed a repro-
gramming of the cellular mRNA splicing pathways and
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identified SRRM2 as an HIV responsive protein that was
also required for optimal HIV replication. Five additional
SR proteins involved in mRNA splicing were identified as
HIV responsive, including SRRM1, ACIN1, PNN, PPIG,
and TRAL.

Our results with CCR5-tropic signaling strongly sup-
port the finding that HIV actively modulates splicing
pathways: 5 of 6 of the SR proteins identified as CXCR4-
HIV responsive were also CCR5-HIV responsive, the
lone exception being PPIG. In addition, we identified a
large number of additional splicing regulators including
serine/arginine-rich splicing factors (SRSF) 1, 2, 5, 6, 7,
9,10 and 11 and the upstream SRSF kinase 1. In particu-
lar, the SRSF1, 2, 5, and 6 proteins have previously been
implicated in binding to the splice-donor region of the
major 5’ splice site of HIV [35]. HIV reprogramming of
mRNA splicing is also apparent on a more global scale:
there was a highly significant enrichment of HIV-respon-
sive proteins that were members of mRNA splicing and
major mRNA splicing pathways in the REACTOME
database (Additional file 1: Table S3).

In addition to the splicing pathways, bioinformatic
analysis of the REACTOME databases revealed signifi-
cant enrichment of HIV-responsive proteins in several
other pathways relating to mRNA and protein produc-
tion pathways: transcriptional regulation, processing of
capped intron-containing pre-mRNA, metabolism of
proteins, and post-translational protein modifications.
These results suggest that HIV signaling induces pro-
found changes at multiple levels of protein production,
from mRNA transcription to post-translational modi-
fications. In particular, the eukaryotic translation initia-
tion (EIF) proteins, S ribosomal proteins (RPS), secretory
(SEC) proteins involved in ER to Golgi transport, and the
ubiquitin specific peptidase (USP) families all demon-
strated multiple members that were responsive to HIV
signaling.

Signaling by Rho GTPases and Rho GTPase cycle path-
ways were also highly enriched for proteins responsive to
HIV signaling. Rho GTPases regulate a variety of cellu-
lar processes including cytoskeletal dynamics, transcrip-
tion, endosomal trafficking, cell cycle, cell adhesion and
cytokinesis. The observation that HIV signaling influ-
ences Rho GTPase signaling pathways has been explored
by our lab recently, in combination with a small molecule
screen that implicated Rho GTPases in regulation of HIV
infection [30]. Briefly, CCR5-tropic signaling was found
to dramatically alter the cellular Rho GTPase landscape,
regulating not only cdc42 and Racl GTPases but also at
least 25 guanosine dissociation inhibitors (GDIs), guano-
sine exchange factors (GEFs) and GTPase activating
proteins (GAPs) that influence GTPase signaling. Fur-
thermore, inhibition of cdc42, RhoA or Rho-associated

Page 4 of 13

protein kinase (ROCK) inhibited viral infection, dem-
onstrating that the appropriate function of Rho fam-
ily GTPases and their substrates is essential to optimal
infection of CD4+ T cells. These results add to previous
studies demonstrating that HIV-1 signaling actively regu-
lates cytoskeletal dynamics and that inhibition of these
pathways negatively affects viral replication [22, 26, 36].

Identification of kinases activated or inhibited

by CCR5-tropic HIV

One of primary advantages of phosphoproteomics is that
it enables collection of information on thousands of dif-
ferentially regulated phosphorylation sites that are the
result of changes in the activity of proximal kinases and
phosphatases acting upon their substrates. Since differ-
ent kinases have varying preferences for consensus sub-
strate motifs, a variety of algorithms to infer and identify
cellular kinase activity based on phosphoproteomic data
have been developed, including Scansite [37], Group-
base Prediction System (GPS) [38], and kinase-substrate
enrichment analysis (KSEA) [39]. Using the kinase to
phosphosite annotations from KSEA, we identified four
kinases with significantly upregulated activity 15 min
after exposure to CCR5-tropic HIV: MAPKAPK?2 (MK2),
RPS6KB1 (p70-S6K1), CHEK2 (checkpoint kinase 2,
CHK2) and CSNK2A1 (casein kinase 2 subunit al)
(Fig. 3a). CSNK2A1 kinase was not significantly upregu-
lated when phosphopeptides from cultures containing
maraviroc were analyzed. None of the analyzed kinases
were significant at the 1- and 60-min time points, sug-
gesting that in this study signaling transduction induced
by HIV was most pronounced 15 min after exposure.

To gain further insight into the role of CCR5 signaling,
we performed KSEA analysis comparing the HIV plus
maraviroc condition to HIV alone, focused on the 15-min
time point where kinase analysis was most robust. The
CSNK2A1 kinase was significantly down regulated in
HIV plus MVC compared to HIV alone (Fig. 3b), con-
sistent with the loss of significance in the overall KSEA
analysis. In addition, BRCA1 signaling was significantly
reduced and PRKCA (protein kinase C, isoform alpha)
and CDKI1 (cyclin dependent kinase 1) activity were
significantly upregulated when CCR5 signaling was
inhibited. However, most kinases were not affected by
maraviroc-mediated blockade of CCR5 signaling. Finally,
we also performed cluster-guided pathway enrichment
analysis comparing cells treated with HIV plus MVC
compared to HIV alone to identify global cellular path-
ways affected by MVC in the presence of HIV. Proteins
in the unfolded protein response (UPR), metabolism of
proteins, signaling, and immune system pathways dem-
onstrated significantly decreased phosphorylation in the
presence of MVC (Additional file 1: Table S4).
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Fig. 1 Phosphoproteomics of CCR5-tropic HIV signaling in primary memory CD4+ T cells. a Schematic of experimental design. Purified,
unstimulated memory CD4+T cells were exposed to extracellular vesicles (EVs), HIV, or HIV in the presence of 100 um maraviroc (MVC) for 1, 15, or
60 min. A fraction of the experimental samples were pooled and run in triplicate for technical replicates. b Entry of HIV-1 THRO into primary CD4+
T cells is inhibited by treatment with 100 uM maraviroc. ¢ Peptides demonstrating coefficients of variation (CVs) of >50% in the technical replicate
samples were excluded from further analysis. d Table of summary counts from the phosphoproteomics experiment; FDR-filtered results are selected
if meeting the FDR=0.001 cutoff. @ Phosphopeptide-level MA plots across different treatment conditions and time points. Fold change (FC)
calculations were in reference to extracellular vesicle control. Mean peptide intensity was calculated between the control and designated treatment
condition. Grey circles indicate peptides that do not meet the log2(FC) cutoff

Phosphorylation changes induced by CCR5-tropic HIV-1
signaling are transient, but induce long-lasting effects
required for optimal infection of primary CD4+ T cells
Although KSEA analysis did not reveal annotated kinases
with significantly altered phosphopeptide levels at the 1-
or 60-min time points, a large number of phosphopep-
tides (typically lacking annotations in such databases)
were differentially regulated in these conditions (Fig. 4).
Interestingly, we observed that many phosphopeptides
that were up-regulated at the 1- and 15-min time points
appeared to be down-regulated 60 min after exposure,
and vice versa, suggesting that the immediate phospho-
rylation events appear to be quite short-lived and do not
simply return to baseline, but rather show a reversal of
phosphorylation status.

To determine whether the effects of CCR5-HIV sign-
aling are longer-lived, we examined the role of kinases
identified by KSEA in further detail. Briefly, we gener-
ated combination reporter viruses that contain both a
[-lactamase-Vpr fusion protein that can be used in con-
junction with the fluorescent FRET substrate CCF2-AM

to monitor fusion with target cells [40, 41] as well as an
egfp reporter gene that is expressed if fusion, uncoating,
reverse transcription, nuclear import, integration into
the host chromosome, Tat-dependent transcription and
Rev-dependent mRNA export, and translation all occur
successfully [42]. We purified primary resting CD4+ T
cells from three healthy controls and infected with HIV-1
combination reporter viruses pseudotyped with patient-
derived CCR5- or CXCR4-tropic Envs in the presence
or absence of inhibitors targeting the differentially regu-
lated kinases MK2 (PF 3644022), p70-S6K1 (PF 4708671),
CHEK2 (Chk2 inhibitor) and CSNK2A1 (TBCA). In
addition, we also included inhibitors of PKC (Go 6976)
and its upstream regulator PDPK1 (GSK 2334470), ERK2
(TCS ERK11e), cyclin-dependent kinase 2 (CAS 222035-
13-4), and calmodulin kinase (KN-62) as controls, as sev-
eral of these have previously been demonstrated to affect
HIV entry or replication [22, 43, 44]. Pharmacological
inhibition of kinases was chosen over siRNA knockdown
as the latter is still quite inefficient in primary CD4+ cells
and certain barriers to infection in primary cells—such as



Wiredja et al. Retrovirology (2018) 15:44 Page 6 of 13

a p<1x107s b p<1x107® c HHPID
4046

CCR5-HIV CXCR4-HIV CCR5-HIV HHPID CCR5-HIV  CXCR4-HIV

signaling signaling signaling signaling  signaling
Fig. 2 Venn diagram displaying overlap across three HIV datasets. CCR5-HIV signaling refers to HIV-responsive phosphoproteins (responsive
in either HIV or HIV + MVC groups compared to MV controls) described in this study. CXCR4-HIV are HIV-responsive peptides reported by
Wojcechowskyj and colleagues and HHPID is the HIV-1 Human Protein Interaction Database. There is statistically significant overlap of members
between a the CCR5-HIV dataset vs. CXCR4-HIV (p< 1 x 107'°, hypergeometric test) and b between CCR5-HIV and the HHPID (p< 1 x 107",
hypergeometric test). Both tests were calculated against a background of 21,764 protein-coding genes from the GeneCards database, as of March
2017. ¢ Overlap of proteins in the CCR5-HIV, CXCR4-HIV, and HHPID datasets

cortical actin—are not present in cell lines [26]. The gat-
ing strategy and representative fusion and infection plots
are shown in Fig. 5a.

Two kinase inhibitors impacted HIV fusion with host
cells: Go 6976, an inhibitor of PKC, and GSK 2334470, an
inhibitor of PDPK1 (Fig. 5b, Additional file 1: Table S5).
Both kinase inhibitors showed significant inhibition of
CXCR4-tropic HIV-1 fusion, while only 10 uM Go 6976
significantly inhibited CCR5-tropic entry. Inhibition of
PDPK1 did not appear to affect CCR5-tropic HIV fusion.
Inhibitors of PKC have previously been shown to reduce
HIV fusion by Harmon and Ratner [22], and PDPK1 is
an upstream regulator of PKC activity [45, 46], support-
ing the importance of the PKC pathway in HIV infec-
tion. The difference in significance between CCR5- and
CXCR4-tropic HIV may be due to the higher percent-
age of CD4+ T cells expressing CXCR4 [29], resulting
in larger numbers of infected cells and reduced variabil-
ity between conditions. Go 6976 and GSK 2334470 also
reduced infection of CD4+ T cells by HIV as measured
by EGFP accumulation (Fig. 5c). Finally, we determined
the EGFP:fusion ratio, which represents the fraction of
cells that progress to infection following fusion. Even
after controlling for reduced fusion, infection was still
significantly diminished by treatment with PKC and
PDPK1 inhibitors (Additional file 1: Table S5, Fig. 5d),
indicating that these kinases influence both fusion as well
as post-entry stages of infection.

In addition to inhibitors of PKC and PDKP1, drugs tar-
geting ERK2, calmodulin kinase, p70-S6K1, and MK2 all
significantly reduced EGFP expression compared to no
drug controls (Fig. 5¢, Additional file 1: Table S5). Impor-
tantly, inhibition of HIV infection was not a result of
cytotoxicity as only one condition reduced cellular viabil-
ity below 90% of the control: 10 uM of the ERK2 inhibitor

TCS ERK1le. 1 pM of TCS ERK1le reduced infection
significantly for both CCR5-tropic and CXCR4-tropic
viruses while having no effect on viability, indicating that
ERK?2 activity is indeed required for optimal infection of
primary CD4+ T cells. Inhibitors of CHEK2, CSNK2A1,
and CDK2 did not significantly reduce CCR5-tropic
HIV-1 infection but inhibited CXCR4-tropic HIV-1 at
one or more concentrations (Additional file 1: Table S5).
The p70-S6K1 and MK2 kinases identified by KSEA and
shown here to be required for optimal HIV-1 infection of
primary CD44 T cells are known regulators of protein
translation and cytoskeletal reorganization, respectively.
These findings provide further evidence that these path-
ways are actively modulated by HIV-1 signaling and pro-
mote viral replication.

Discussion

It has long been recognized that viruses, including HIV,
rely on manipulation of host cell machinery to complete
their replication cycles. For instance, the accessory pro-
teins Vif, Vpr, Vpu, and Nef facilitate viral replication
by degrading or blocking the activity of cellular proteins
including APOBEC3G [47], UNG2 [48], helicase-like
transcription factor (HLTF) [49], tetherin [50], and ser-
inc-3 and -5 [51, 52]. More recently, it has become appar-
ent that HIV-1 manipulation of the host cell environment
begins even earlier, with signals mediated through CD4
and coreceptor facilitating fusion by activating Racl [22]
and cofilin [26] as well as promoting post-entry stages of
replication via PI3 K [19] or the splicing factor SRm300
(SRRM2) [27]. The extent of remodeling of the host cell
was impressively demonstrated through an unbiased
phosphoproteomic approach by Wojcechowskyj and col-
leagues and revealed over 100 proteins differentially reg-
ulated by signaling of a CXCR4-tropic HIV.
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Here, we sought to build upon these pioneering stud-
ies by examining cellular alterations due to CCR5-tropic
HIV, which accounts for the vast majority of HIV infec-
tions worldwide and nearly all transmitted viruses [2-7].
We anticipated that substantial overlap would exist in
cellular proteins regulated by CXCR4- and CCR5-tropic
signaling, as both viruses can bind CD4 and incorporate
similar host molecules, including HLA-DR, LFA-1, and
ICAM-1, that can also initiate signaling events. Indeed,
we found a highly significant overlap between phos-
phorylated peptides in this study using R5-tropic HIV
and the report by Wojcechowskyj and colleagues using
CXCR4-tropic HIV. In particular, our data confirm and
extend the observation that HIV signaling strongly influ-
ences mRNA splicing pathways. In addition to identify-
ing five of six SR proteins identified in the CXCR4-HIV
phosphoproteomic study, we identified 29 additional
proteins differentially regulated by CCR5-tropic HIV
that are members of the major mRNA splicing pathway
in the REACTOME database. These results reveal that
the reprogramming of the mRNA splicing machinery
induced by HIV signaling is considerably more extensive
than previously appreciated.

mRNA splicing activity is highly coordinated with—
and sometimes coupled to—transcription. Indeed, many
proteins involved in mRNA splicing have also been impli-
cated in transcription, RNA 3’-end formation, nuclear
export, and translation (reviewed in [53]). These pro-
cesses were also dramatically affected by CCR5-tropic
HIV signaling and, along with splicing, accounted for
six of the ten most overrepresented pathways in the
REACTOME database. The importance of translational
machinery was further supported by the kinase sub-
strate enrichment analysis (KSEA), which revealed that
p70-S6K1 activity was upregulated by HIV-1 signaling,
and by the reporter virus assays that demonstrated that
inhibition of p70-S6K1 reduced infection of in primary
CD4+ T cells. The p70-S6K1 protein is activated by
mTOR and subsequently phosphorylates the ribosomal
S6 protein (RPS6), eukaryotic transcription initiation fac-
tor 4B (EIF4B), and eukaryotic elongation factor 2-kinase
(eEF2 k) and is a positive regulator of protein translation
(reviewed in [54]).

Many of the proteins identified as responsive to HIV
signaling are involved in multiple processes and dissect-
ing the exact mechanisms will require careful experi-
mental work. For instance, a recent report demonstrated
that the lens epithelium-derived growth factor (LEDGEF/
p75), encoded by the PSIP1 gene, interacts with splicing
factors to target HIV integration to highly spliced genes
[55]. LEDGF (PSIP1) and 33/60 of the LEDGF-interact-
ing splicing proteins identified by Singh and colleagues
[55] were identified here as CCR5-tropic HIV-responsive
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phosphoproteins, suggesting that they may have effects at
the level of integration site selection as well as at mRNA
splicing. Similarly, the p70-S6K1 is not only a critical reg-
ulator of transcription but also an inhibitor of autophagy,
which reduces HIV-1 infection by selectively degrading
Tat in primary CD4+ T cells [56]. Therefore HIV-1 sign-
aling through p70-S6K1 could enhance viral replication
both via enhanced protein translation and reduced Tat
degradation.

One surprising result from our study was that inhi-
bition of CCR5 signaling by maraviroc had relatively
modest effects on HIV-responsive phosphoproteins. In
contrast, previous studies have reported that CXCR4-
tropic HIV signaling is required for cofilin activation and
rearrangement of cortical actin barriers [26]. There are
several possibilities for these apparently contradictory
results. First, maraviroc has been demonstrated to block
RANTES signaling through CCR5 [28], but it is possible
that HIV Env interacts with the receptor in a different
manner that is not fully suppressed by maraviroc. Sec-
ond, CCR5 and CXCR4 may induce different signaling
pathways in CD4+ T cells; for instance CXCR4 is highly
expressed on naive CD4+ T cells [29] that were excluded
from this study. However, our results are in agreement
with reports demonstrating that signal transduction via
CCR5 is not required for viral replication [57-60].

Conclusion

The results of this study confirm that HIV signaling has
dramatic effects on cellular cytoskeletal regulation and
on mRNA splicing pathways. We also demonstrate that
CCR5-tropic HIV signaling induces significant repro-
gramming of virtually every stage of protein produc-
tion: mRNA transcription, processing, translation, and
post-translational protein modification. Furthermore, we
identified two kinases not previously reported to have an
effect on HIV replication—p70 S6K1 and MK2—that are
induced by signaling and required for optimal infection
of CD4+ T cells, providing new insights into how HIV
manipulates host cells for viral replication.

Methods

Cells

This study was conducted according to the principles
specified in the Declaration of Helsinki and under local
ethical guidelines (Case Western Reserve University
Institutional Review Board (IRB) #04-14-04). Normal
donor samples were de-identified and obtained from leu-
kapheresis from ALLCELLS, LLC. All donors were nega-
tive for HBV, HCV, and HIV. CD4+ T cells were isolated
by adding additional autologous red blood cells to leu-
kapheresis samples and RosetteSep CD4+ T cell enrich-
ment kit antibodies (STEMCELL Technologies) prior to



Wiredja et al. Retrovirology (2018) 15:44

Page 8 of 13

a EVs vs. EVs vs. b HIV vs.
HIV HIV+MVC HIV+MVC
1 15 60 1" 15 60’ 1 15" 60’
# RPS6KB1 i
ADRBK1
* CHEK2 PDK2
PRKCG
CSNK2A1 PAK3
* MAPKAPK2 ;‘:m
HIPK2
CSNK1A1 - iyl
CDK1
] [ MAPK3 ' COKt
TGFBR2
- MTOR = - YWHAZ
[ CDK2
ATR ‘ CDK4
CSNK2A2 B aM
RPS6KA1
PAK1 PRKD1
ATM MTOR
DMPK
PLK1 POk
PDK1
TTK
AURKB CDK7
AKT1 :
MAPK1 ADRBK?2 Kinase Score
CDK1 o
FYN
CHEK1 e e
CSNK2A2
l PLK1
PRKACA PRKCD 0
MAPK13
I3 [ CAMK2A PG e
CSNK1A1 .
- PRKAA1 RPSEKB1
MAPK1
[ PRKCA E PRKC!I
PRKDC
PRKCD | CAMKZA
PAK2
- CDK2 GSK3B
PRKCB
PDK4 CDC42BPA
ACTR2
PDK3 PRKACG
PRKCQ MAPK12
CDK5
PDK2 _E PKD1
PRKG1
PDK1 CLi
— PRKCA
- PRKD1 PRKAA1
| GSK3A
MARK2 I BRCA1
[ CSNK2A1
PDPK1 PRKCT
PAK1
GSK3B H CSNK1D
MAPK8
RPS6KA1 MAPKAPK2
. AKT1 EIF2AK2
ATR
Fig. 3 Kinase substrate enrichment analysis (KSEA) of HIV and HIV + MVC signaling. Only kinases with at least 3 identified substrates are included.
Red colored cells indicate a positive normalized kinase score, which corresponds to a kinase with upregulated signaling output in the treatment
group relative to control. The inverse (blue color) represents kinases with downregulated output. a Comparison between HIV or HIV +MVC with the
extracellular vesicle (EV) control. b Comparison between HIV and HIV + MVC

ficoll gradient separation. Cells were cryopreserved and
treated with benzonase upon thawing, prior to infection.

Phosphoproteomic analysis of HIV-exposed CD4+ T cells
Memory CD4+ T cells were purified by negative selec-
tion from a leukapheresis pack using custom RosetteSep

kits (STEMCELL Technologies). Briefly, equal popula-
tions of 150 x 10° cells were exposed to: (1) 20 pg/ml
p24 equivalent AT2-inactivated HIV-1 THRO, (2) AT-2
inactivated THRO in the presence of 100 pM maravi-
roc, or (3) equivalent protein concentrations of extra-
cellular vesicles, for 1, 15, or 60 min. HIV-1 THRO is a
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Fig. 4 Phosphopeptide-level heat map of log2(FoldChange) peptide
intensities calculated against vesicle control. Hierarchical clustering
was applied to the rows and columns. All peptides with reliable
detection (CVs < 50%) are represented (no FDR filtering)

transmitted/founder virus isolated from a subject with
early HIV infection that was found to be CCR5-tropic as
evidenced by inhibition by TAK779 but not AMD3100
on TZM-bl cells and by its inability to replicate in
PBMCs from a patient with the delta32-ccr5 mutation
[61]. The AT2-inactivated viruses were derived from a
cell clone of THRO (THRO CL.29) that was produced by
co-culturing HEK293T cells transfected with the patient-
derived THRO with A66-R5 cells and was identical in
amino acid to the parental virus with the exception of
Vif T68I, Vpu A8V, and Env R298K mutations. THRO
CL.29 productively infected A66 cells expressing CCR5
but did not infect A66 cells that expressed CXCR4 (Julian
Bess, personal communication). Extracellular vesicles
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were obtained as for the AT2-inactivated viruses with
the exception that the HEK293T cells were not trans-
fected with plasmids encoding THRO CL.29. Follow-
ing exposure to virus or extracellular vesicles, cells were
incubated with cold PBS containing protease and phos-
phatase inhibitors and washed and lysed with 2% SDS.
Detergent removal was performed using the FASP clean-
ing procedure [62] and four hundred micrograms of each
sample was digested enzymatically with a two step LysC/
trypsin digestion. Phosphopeptides were enriched with
titanium dioxide and enriched samples were analyzed
by LC-MS/MS using a UPLC system (NanoAcquity,
Waters) that was interfaced to Orbitrap ProVelos Elite
mass spectrometer (Thermo Fisher). Technical replicates
were performed by pooling equivalent protein amounts
from each of the nine experimental samples following the
titanium dioxide enrichment and analyzing them in trip-
licate by LC-MS/MS. Fold changes across time and treat-
ment were determined for individual phosphopeptides
compared to the corresponding extracellular vesicle con-
trols. Unprocessed phosphoproteomic data is included in
Additional file 1: Table S6.

Bioinformatic analyses

Statistics

Posterior probabilities for every peptide and subse-
quent false discovery rates (FDRs) were calculated per
condition based on the mixture-model employed by
Wojcechowskyj et al. Since each peptide has a total of 6
posterior probabilities (one per treatment condition), the
max was chosen as the representative value for that pep-
tide when filtering based on the 0.1% FDR cutoff. Details
are provided in the supplemental R code, adapted from
the one provided by Wojcechowskyj et al. The phos-
phoproteomic data filtered by coefficient of variation
(CV) used for FDR calculations, along with the results
of the FDR calculations, are included in Additional file 1:
Table S7 and 8, respectively.

Pathway enrichment

Proteins containing at least one phosphopeptide meeting
the FDR cutoff were analyzed for statistical overrepresen-
tation of REACTOME pathways (version 58) using the
PANTHER Gene List Analysis tool [63].

Kinase-substrate enrichment analysis (KSEA)

Kinase scoring was based on the method originally
described by Casado et al. using the PhosphoSitePlus
Kinase-Substrate dataset for substrate identification. In
short, a kinase’s output, reflected in its normalized score,
is calculated from the collective phosphorylation changes
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of its identified substrates. A negative score (normal-
ized by a weighted z-score) represents a kinase that
has predominantly dephosphorylated substrates in the
treatment condition relative to control. This, in turn, cor-
responds to downregulated signaling output with treat-
ment. The inverse is true for a positive score. Statistical
assessment was performed as originally described and
utilized the z-test to assess the probability of achieving
a more extreme score than the one observed. The KSEA
scores and dataset used for KSEA analysis are included in
Additional file 1: Table S9 and S10, respectively.

Infection experiments

1 x 10° unstimulated primary CD4+ T cells were plated
per well in a 96-well format and incubated for 4 h at
37 °C with media alone or media supplemented with

10, 100 nM, 1, or 10 pM of indicated kinase inhibitors.
Parallel plates were prepared for analysis of viral fusion
and LTR-driven EGFP expression as previously described
[42]. Following incubation with kinase inhibitors,
cells were infected with 5 ng p24 equivalents of HIV-1
reporter virus strain NL4-3-deltaE-EGFP (obtained
through the NIH AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH: pNL4-3-delta-
E-EGFP (Cat #11100) from Drs. Haili Zhang, Yan Zhou,
and Robert Siliciano) bearing the CCR5-tropic Env REJO.
D12.1972 [64] or the CXCR4-tropic Env JOTO.TA1.2247
[65] and a p-lactamase-Vpr fusion protein [40, 41]. Plates
were spinoculated for 2 h at 1200 rpm and 25 °C. Follow-
ing centrifugation, cells were incubated for 1 h at 37° C.
Cells for viral fusion analysis were treated with CCF2-
AM, washed, and incubated overnight at room tempera-
ture in the presence of probenecid. For EGFP expression,
cells were incubated at 37 °C for a total of 72 h prior to
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staining and processing. The following kinase inhibitors
were added to cells 4 h prior to addition of virus and spi-
noculation: Go 6976 and PF3644022 (R&D Systems), PF
4708671, TBCA, TCS ERKl11e, and GSK 2334470 (TOC-
RIS), KN-62 and CAS 222035-13-4 (Santa Cruz Biotech-
nology), and Chk2 inhibitor II hydrate (Sigma Aldrich) at
the specified concentrations.

Flow cytometry

Cells were washed once with PBS containing 1% BSA
and incubated with live/dead fixable yellow dead cell
stain (Thermo Fisher), CD3 Brilliant Violet 650 (BioLe-
gend), and CD4 Allophycocyanin (eBioscience) at 4 °C
for 30 min. Cells were washed in PBS/BSA and fixed in
PBS/BSA containing 1% paraformaldehyde prior to data
acquisition. All samples were analyzed using an LSRII
flow cytometer (Becton-Dickinson). A minimum of
50,000 events were collected per sample. FlowJo version
9.7.6 (TreeStar, Inc) was used for analysis. Flow cytom-
etry plots were gated using fluorescence intensity. Sum-
mary data are presented as fusion (4) and infection (+)
cells as a percentage of no drug controls. Post-infection
efficiency represent the ratio of infection (4):fusion (+)
cells, also expressed as a percentage of no drug controls.
All summary data represent mean values with standard
error of the mean unless stated otherwise. All differ-
ences with a p value of <0.05 were considered statistically
significant, correcting for multiple comparisons when
appropriate. Statistical analyses were performed using
student T-tests within GraphPad Prism v7.0.

Additional file

Additional file 1: Table S1. Phosphoproteomics data for peptides

with large fold-changes at the 1-and 15- minute time points. Table S2.
Shared proteins identified in the current study, CXCR4-HIV signaling, and
the HIV-1 human protein interaction database. Table S3. Bioinformatic
analysis of REACTOME pathways enriched for HIV-responsive phospho-
proteins. Table S4. Cluster pathway enrichment analysis of HIV-responsive
phosphoproteins. Table S5. Effects of kinase inhibitors on HIV-1 fusion,
infection, and post-entry efficiency in primary CD4+-T cells.Table S6.
Unprocessed proteomics data. Table S7. Phosphoproteomics data filtered
by coefficient of variation (CV). Table S8. Phosphoproteomics data
processed for false discovery rate (FDR) calculations. Table S9. Kinase-
substrate enrichment analysis (KSEA) scores from phosphoproteomics
data. Table $10. Dataset used for kinase-substrate enrichment analysis
(KSEA) analysis.

Authors’ contributions

DDW performed bioinformatics analysis and contributed to the manuscript.
COT performed the phosphoproteomic setup and validation experiments.
DMS digested samples, conducted the LC-MS/MS experiments, and contrib-
uted to the manuscript. ML provided biostatistics expertise. MRC supervised
the statistical and bioinformatics analysis and edited the manuscript. JCT
deigned the experiments, supervised the project, and wrote the manuscript.
All authors read and approved the final manuscript.

Page 11 of 13

Author details

! Department of Nutrition, Center for Proteomics and Bioinformatics, School
of Medicine, Case Western Reserve University, Cleveland, OH 44106, USA.

2 Department of Population and Quantitative Health Sciences, School of Medi-
cine, Case Western Reserve University, Cleveland, OH 44106, USA.

Acknowledgements

This work was supported by the Case Western Reserve University/University
Hospitals Centers for AIDS Research: NIH Grant Number: P30 Al036219, NIH
R2TAI113148 (JCT), NIH ROTGM117208 (MRC), and by the Clinical and Transla-
tion Science Collaborative of Cleveland, 4UL1TR000439. We would like to
thank and acknowledge Terra Schaden-Ireland for generating the cell clone
of THRO and Jeffery Lifson, Gregory Del Prete, and Julian Bess for preparing
and sharing the AT2-inactivated CCR5-expressing HIV and control extracel-
lular vesicles for phosphoproteomic experiments and analysis. We would also
like to thank Jason Wojcechowskyj and Robert Doms for sharing insights and
experimental details enabling comparisons with their phosphoproteomic
analysis of HIV signaling via CD4 and CXCR4.

Competing interests
The authors declare that they have no competing interests.

Ethics approval and consent to participate

This study was conducted according to the principles specified in the Declara-
tion of Helsinki and under local ethical guidelines (Case Western Reserve
University Institutional Review Board (IRB) #04-14-04). Normal donor samples
were de-identified and obtained from leukapheresis from ALLCELLS, LLC. All
donors were negative for HBV, HCV, and HIV.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 29 December 2017 Accepted: 26 May 2018
Published online: 03 July 2018

References

1. Wilen CB, Tilton JC, Doms RW. Molecular mechanisms of HIV entry. Adv
Exp Med Biol. 2012,726:223-42.

2. Schuitemaker H, Koot M, Kootstra NA, Dercksen MW, de Goede RE, van
Steenwijk RP, et al. Biological phenotype of human immunodeficiency
virus type 1 clones at different stages of infection: progression of disease
is associated with a shift from monocytotropic to T-cell-tropic virus popu-
lation. J Virol. 1992;66:1354-60.

3. van't Wout AB, Kootstra NA, Mulder-Kampinga GA, Albrecht-van Lent
N, Scherpbier HJ, Veenstra J, et al. Macrophage-tropic variants initiate
human immunodeficiency virus type 1 infection after sexual, parenteral,
and vertical transmission. J Clin Invest. 1994:94:2060-7.

4. Cornelissen M, Mulder-Kampinga G, Veenstra J, Zorgdrager F, Kuiken C,
Hartman S, et al. Syncytium-inducing (SI) phenotype suppression at sero-
conversion after intramuscular inoculation of a non-syncytium-inducing/
SI phenotypically mixed human immunodeficiency virus population. J
Virol Am Soc Microbiol. 1995,69:1810-8.

5. Spijkerman IJ, Koot M, Prins M, Keet IP, van den Hoek AJ, Miedema F, et al.
Lower prevalence and incidence of HIV-1 syncytium-inducing phenotype
among injecting drug users compared with homosexual men. AIDS.
1995;9:1085-92.

6. HuangY, Paxton WA, Wolinsky SM, Neumann AU, Zhang L, He T, et al. The
role of a mutant CCR5 allele in HIV-1 transmission and disease progres-
sion. Nat Med. 1996,2:1240-3.

7. de Roda Husman AM, Koot M, Cornelissen M, Keet IP, Brouwer M,
Broersen SM, et al. Association between CCR5 genotype and the clinical
course of HIV-1 infection. Ann Intern Med. 1997;127:882-90.

8. de Roda Husman AM, van Rij RP, Blaak H, Broersen S, Schuitemaker H.
Adaptation to promiscuous usage of chemokine receptors is not a pre-
requisite for human immunodeficiency virus type 1 disease progression. J
Infect Dis. 1999;180:1106-15.


https://doi.org/10.1186/s12977-018-0423-4

Wiredja et al. Retrovirology (2018) 15:44

20.

21.

22.

23.

24.

25.

26.

27.

28.

Li'S, Juarez J, Alali M, Dwyer D, Collman R, Cunningham A, et al. Persis-
tent CCRS5 utilization and enhanced macrophage tropism by primary
blood human immunodeficiency virus type 1 isolates from advanced
stages of disease and comparison to tissue-derived isolates. J Virol.
1999;73:9741-55.

Simmons G, Wilkinson D, Reeves JD, Dittmar MT, Beddows S, Weber J,

et al. Primary, syncytium-inducing human immunodeficiency virus type 1
isolates are dual-tropic and most can use either Lestr or CCR5 as corecep-
tors for virus entry. J Virol. 1996;70:8355-60.

. Connor RI, Sheridan KE, Ceradini D, Choe S, Landau NR. Change in

coreceptor use correlates with disease progression in HIV-1-infected
individuals. J Exp Med. 1997;185:621-8.

Abebe A, Demissie D, Goudsmit J, Brouwer M, Kuiken CL, Pollakis G, et al.
HIV-1 subtype C syncytium- and non-syncytium-inducing phenotypes
and coreceptor usage among Ethiopian patients with AIDS. AIDS.
1999;13:1305-11.

Peeters M, Vincent R, Perret JL, Lasky M, Patrel D, Liegeois F, et al. Evidence
for differences in MT2 cell tropism according to genetic subtypes of HIV-
1: syncytium-inducing variants seem rare among subtype C HIV-1 viruses.
J Acquir Immune Defic Syndr Hum Retrovir. 1999;20:115-21.

Ping LH, Nelson JA, Hoffman IF, Schock J, Lamers SL, Goodman M, et al.
Characterization of V3 sequence heterogeneity in subtype C human
immunodeficiency virus type 1 isolates from Malawi: underrepresenta-
tion of X4 variants. J Virol. 1999;73:6271-81.

Cecilia D, Kulkarni SS, Tripathy SP, Gangakhedkar RR, Paranjape RS, Gadkari
DA. Absence of coreceptor switch with disease progression in human
immunodeficiency virus infections in India. Virology. 2000;271:253-8.
Jakobsen MR, Cashin K, Roche M, Sterjovski J, Ellett A, Borm K, et al. Lon-
gitudinal analysis of CCR5 and CXCR4 usage in a cohort of antiretroviral
therapy-naive subjects with progressive HIV-1 subtype C infection. PLoS
ONE. 2013;8:265950.

Wu'Y, Yoder A. Chemokine coreceptor signaling in HIV-1 infection and
pathogenesis. PLoS Pathog. 2009;5:e1000520.

Weissman D, Rabin RL, Arthos J, Rubbert A, Dybul M, Swofford R, et al.
Macrophage-tropic HIV and SIV envelope proteins induce a signal
through the CCR5 chemokine receptor. Nature. 1997;389:981-5.

Frangois F, Klotman ME. Phosphatidylinositol 3-kinase regulates human
immunodeficiency virus type 1 replication following viral entry in primary
CD4+T lymphocytes and macrophages. J Virol. 2003;77:2539-49.

Davis CB, Dikic I, Unutmaz D, Hill CM, Arthos J, Siani MA, et al. Signal trans-
duction due to HIV-1 envelope interactions with chemokine receptors
CXCR4 or CCR5. J Exp Med. 1997;186:1793-8.

Balabanian K, Harriague J, Décrion C, Lagane B, Shorte S, Baleux F,

et al. CXCR4-tropic HIV-1 envelope glycoprotein functions as a viral
chemokine in unstimulated primary CD4+ T lymphocytes. J Immunol.
2004;173:7150-60.

Harmon B, Ratner L. Induction of the Galpha(q) signaling cascade by the
human immunodeficiency virus envelope is required for virus entry. J
Virol. 2008;82:9191-205.

Briant L, Coudronniére N, Robert-Hebmann V, Benkirane M, Devaux C.
Binding of HIV-1 virions or gp120-anti-gp120 immune complexes to HIV-
T-infected quiescent peripheral blood mononuclear cells reveals latent
infection. J Immunol. 1996;156:3994-4004.

Chirmule N, Goonewardena H, Pahwa S, Pasieka R, Kalyanaraman VS,
Pahwa S. HIV-1 envelope glycoproteins induce activation of activated
protein-1in CD4+ T cells. J Biol Chem. 1995,;270:19364-9.

Cicala C, Arthos J, Censoplano N, Cruz C, Chung E, Martinelli E, et al. HIV-1
gp120 induces NFAT nuclear translocation in resting CD4+ T-cells. Virol-
ogy. 2006;345:105-14.

Yoder A, Yu D, Dong L, lyer SR, Xu X, Kelly J, et al. HIV envelope-CXCR4
signaling activates cofilin to overcome cortical actin restriction in resting
CDA4T cells. Cells. 2008;134:782-92.

Wojcechowskyj JA, Didigu CA, Lee JY, Parrish NF, Sinha R, Hahn BH, et al.
Quantitative phosphoproteomics reveals extensive cellular reprogram-
ming during HIV-1 entry. Cell Host Microbe. 2013;13:613-23.

Dorr P, Westby M, Dobbs S, Griffin P, Irvine B, Macartney M, et al. Maraviroc
(UK-427,857), a potent, orally bioavailable, and selective small-molecule
inhibitor of chemokine receptor CCR5 with broad-spectrum anti-human
immunodeficiency virus type 1 activity. Antimicrob Agents Chemother.
2005;49:4721-32.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 12 of 13

Bleul CC, Wu L, Hoxie JA, Springer TA, Mackay CR. The HIV coreceptors
CXCR4 and CCRS are differentially expressed and regulated on human T
lymphocytes. Proc Natl Acad Sci USA. 1997;94:1925-30.

Lucera MB, Fleissner Z, Tabler CO, Schlatzer DM, Troyer Z, Tilton JC. HIV
signaling through CD4 and CCRS activates Rho family GTPases that are
required for optimal infection of primary CD4+ T cells. Retrovirology.
2017,14:4.

Nikolic DS, Lehmann M, Felts R, Garcia E, Blanchet FP, Subramaniam

S, et al. HIV-1 activates Cdc42 and induces membrane extensions in
immature dendritic cells to facilitate cell-to-cell virus propagation. Blood.
2011;118:4841-52.

Orentas RJ, Hildreth JE. Association of host cell surface adhesion recep-
tors and other membrane proteins with HIV and SIV. AIDS Res Hum
Retroviruses. 1993;9:1157-65.

Capobianchi MR, Fais S, Castilletti C, Gentile M, Ameglio F, Dianzani F.

A simple and reliable method to detect cell membrane proteins on
infectious human immunodeficiency virus type 1 particles. J Infect Dis.
1994;169:886-9.

Meerloo T, Sheikh MA, Bloem AC, de Ronde A, Schutten M, van Els CA,

et al. Host cell membrane proteins on human immunodeficiency virus
type 1 after in vitro infection of H9 cells and blood mononuclear cells. An
immuno-electron microscopic study. J Gen Virol. 1993;74(Pt 1):129-35.
Mueller N, Berkhout B, Das AT. HIV-1 splicing is controlled by local RNA
structure and binding of splicing regulatory proteins at the major 5
splice site. J Gen Virol. 2015;96:1906—-17.

Sabo Y, Walsh D, Barry DS, Tinaztepe S, de Los SK, Goff SP, et al. HIV-1
induces the formation of stable microtubules to enhance early infection.
Cell Host Microbe. 2013;14:535-46.

Yaffe MB, Leparc GG, Lai J, Obata T, Volinia S, Cantley LC. A motif-based
profile scanning approach for genome-wide prediction of signaling
pathways. Nat Biotechnol. 2001;19:348-53.

XueY,Ren J, Gao X, Jin C, Wen L, Yao X. GPS 2.0, a tool to predict
kinase-specific phosphorylation sites in hierarchy. Mol Cell Proteom.
2008;7:1598-608.

Casado P, Rodriguez-Prados J-C, Cosulich SC, Guichard S, Vanhaesebroeck
B, Joel S, et al. Kinase-substrate enrichment analysis provides insights into
the heterogeneity of signaling pathway activation in leukemia cells. Sci
Signal. 2013;6:rs6-rs6.

Cavrois M, De Noronha C, Greene WC. A sensitive and specific enzyme-
based assay detecting HIV-1 virion fusion in primary T lymphocytes. Nat
Biotechnol. 2002;20:1151-4.

Cavrois M, Neidleman J, Bigos M, Greene WC. Fluorescence resonance
energy transfer-based HIV-1 virion fusion assay. Methods Mol Biol.
2004;263:333-44.

Tilton CA, Tabler CO, Lucera MB, Marek SL, Haggani AA, Tilton JC. A
combination HIV reporter virus system for measuring post-entry event
efficiency and viral outcome in primary CD4+ T cell subsets. J Virol Meth-
ods. 2014;195:164-9.

Yang X, Gabuzda D. Regulation of human immunodeficiency virus type

1 infectivity by the ERK mitogen-activated protein kinase signaling path-
way. J Virol. 1999;73:3460-6.

Ammosova T, Berro R, Jerebtsova M, Jackson A, Charles S, Klase Z, et al.
Phosphorylation of HIV-1 Tat by CDK2 in HIV-1 transcription. Retrovirol-
ogy. 2006;3:78.

Le Good JA, Ziegler WH, Parekh DB, Alessi DR, Cohen P, Parker PJ. Protein
kinase C isotypes controlled by phosphoinositide 3-kinase through the
protein kinase PDK1. Science. 1998;281:2042-5.

Park S-G, Schulze-Luehrman J, Hayden MS, Hashimoto N, Ogawa W,
Kasuga M, et al. The kinase PDK1 integrates T cell antigen receptor and
CD28 coreceptor signaling to induce NF-kappaB and activate T cells. Nat
Immunol. 2009;10:158-66.

Sheehy AM, Gaddis NC, Choi JD, Malim MH. Isolation of a human gene
that inhibits HIV-1 infection and is suppressed by the viral Vif protein.
Nature. 2002;418:646-50.

Ahn J,Vu T, Novince Z, Guerrero-Santoro J, Rapic-Otrin V, Gronenborn AM.
HIV-1 Vpr loads uracil DNA glycosylase-2 onto DCAF1, a substrate rec-
ognition subunit of a cullin 4A-ring E3 ubiquitin ligase for proteasome-
dependent degradation. J Biol Chem. 2010,285:37333-41.

Hrecka K, Hao C, Shun M-C, Kaur S, Swanson SK, Florens L, et al. HIV-1
and HIV-2 exhibit divergent interactions with HLTF and UNG2 DNA repair
proteins. Proc Natl Acad Sci USA. 2016;113:E3921-30.



Wiredja et al. Retrovirology (2018) 15:44

50.

51

52.

53.

54.

55.

56.

57.

58.

Neil SJD, Zang T, Bieniasz PD. Tetherin inhibits retrovirus release and is
antagonized by HIV-1 Vpu. Nature. 2008;451:425-30.

UsamiY, Wu'Y, Géttlinger HG. SERINC3 and SERINCS restrict HIV-1 infectiv-
ity and are counteracted by Nef. Nature. 2015;526:218-23.

Rosa A, Chande A, Ziglio S, De Sanctis V, Bertorelli R, Goh SL, et al. HIV-1
Nef promotes infection by excluding SERINC5 from virion incorporation.
Nature. 2015;526:212-7.

Mahiet C, Swanson CM. Control of HIV-1 gene expression by SR proteins.
Biochem Soc Trans. 2016;44:1417-25.

Magnuson B, Ekim B, Fingar DC. Regulation and function of ribosomal
protein S6 kinase (S6K) within mTOR signalling networks. Biochem J.
2012;441:1-21.

Singh PK, Plumb MR, Ferris AL, Iben JR, Wu X, Fadel HJ, et al. LEDGF/p75
interacts with mRNA splicing factors and targets HIV-1 integration to
highly spliced genes. Genes Dev. 2015,29:2287-97.

Sagnier S, Daussy CF, Borel S, Robert-Hebmann V, Faure M, Blanchet FP,

et al. Autophagy restricts HIV-1 infection by selectively degrading Tat in
CD4+T lymphocytes. J Virol. 2015;89:615-25.

Alkhatib G, Locati M, Kennedy PE, Murphy PM, Berger EA. HIV-1 corecep-
tor activity of CCR5 and its inhibition by chemokines: independence from
G protein signaling and importance of coreceptor downmodulation.
Virology. 1997,234:340-8.

Aramori |, Ferguson SS, Bieniasz PD, Zhang J, Cullen B, Cullen MG.
Molecular mechanism of desensitization of the chemokine receptor CCR-
5:receptor signaling and internalization are dissociable from its role as an
HIV-1 co-receptor. EMBO J. 1997;16:4606-16.

59.

60.

61.

62.

63.

64.

65.

Page 13 of 13

Gosling J, Monteclaro FS, Atchison RE, Arai H, Tsou CL, Goldsmith MA,

et al. Molecular uncoupling of C—C chemokine receptor 5-induced
chemotaxis and signal transduction from HIV-1 coreceptor activity. Proc
Natl Acad Sci USA. 1997,94:5061-6.

Amara A, Vidy A, Boulla G, Mollier K, Garcia-Perez J, Alcami J, et al. G
protein-dependent CCRS5 signaling is not required for efficient infection
of primary T lymphocytes and macrophages by R5 human immunodefi-
ciency virus type 1 isolates. J Virol. 2003;77:2550-8.

Ochsenbauer C, Edmonds TG, Ding H, Keele BF, Decker J, Salazar MG, et al.
Generation of transmitted/founder HIV-1 infectious molecular clones and
characterization of their replication capacity in CD4 T lymphocytes and
monocyte-derived macrophages. J Virol. 2012,86:2715-28.

Wisniewski JR, Zougman A, Nagaraj N, Mann M. Universal sample prepa-
ration method for proteome analysis. Nat Methods. 2009;6:359-62.

Mi H, Muruganujan A, Casagrande JT, Thomas PD. Large-scale gene
function analysis with the PANTHER classification system. Nat Protoc.
2013;8:1551-66.

Keele BF, Giorgi EE, Salazar-Gonzalez JF, Decker JM, Pham KT, Salazar MG,
et al. Identification and characterization of transmitted and early founder
virus envelopes in primary HIV-1 infection. Proc Natl Acad Sci USA.
2008;105:7552-7.

Wilen CB, Parrish NF, Pfaff JM, Decker JM, Henning EA, Haim H, et al. Phe-
notypic and immunologic comparison of clade B transmitted/founder
and chronic HIV-1 envelope glycoproteins. J Virol. 2011,85:8514-27.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Global phosphoproteomics of CCR5-tropic HIV-1 signaling reveals reprogramming of cellular protein production pathways and identifies p70-S6K1 and MK2 as HIV-responsive kinases required for optimal infection of CD4+ T cells
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Results
	Phosphoproteomics of CCR5-tropic HIV signaling in primary memory CD4+ T cells
	Signaling by CCR5-tropic HIV results in phosphorylation patterns with both significant overlap and differences compared to CXCR4-tropic HIV
	CCR5-tropic HIV signaling extensively reprograms cellular pathways involved in protein production and cytoskeletal regulation
	Identification of kinases activated or inhibited by CCR5-tropic HIV
	Phosphorylation changes induced by CCR5-tropic HIV-1 signaling are transient, but induce long-lasting effects required for optimal infection of primary CD4+ T cells

	Discussion
	Conclusion
	Methods
	Cells
	Phosphoproteomic analysis of HIV-exposed CD4+ T cells
	Bioinformatic analyses
	Statistics
	Pathway enrichment
	Kinase-substrate enrichment analysis (KSEA)

	Infection experiments
	Flow cytometry

	Authors’ contributions
	References




