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We report on a proteomic analysis of ex vivo human immunodeficiency virus (HIV) type 1 infection in human
primary CD4 cells by shotgun liquid chromatography-tandem mass spectrometry analysis, revealing two
distinct proteomic profiles at two phases of virus replication. Relative to mock-infected cells, 168 signature
proteins exhibited abundance changes at the first sign of Gag p24 production (8 h postinfection [p.i.]) or the
peak of virus replication (24 h p.i.); interestingly, most of the changes were exclusive to only one phase of virus
replication. Based on characterization by functional ontology and known human-HIV protein interactions, we
observed the enrichment for protein abundance increases pertaining to protein synthesis and nucleasomal
reorganization amid an otherwise placid cellular proteome at the first sign of HIV replication. In contrast, we
observed indications of decreased protein turnover, concomitant with heightened DNA repair activities and
preludes to apoptosis, in the presence of robust virus replication. We also observed hints of disruptions in
protein and small molecule trafficking. Our label-free proteomic strategy allowed us to perform multiplexed
comparisons—we buttressed our detection specificity with the use of a reverse transcriptase inhibitor as a
counterscreen, enabling highlighting of cellular protein abundance changes unique to robust virus replication
as opposed to viral entry. In conjunction with complementary high-throughput screens for cellular partners of
HIV, we put forth a model pinpointing specific rerouting of cellular biosynthetic, energetic, and trafficking

pathways as HIV replication accelerates in human primary CD4 cells.

Human immunodeficiency virus type 1 (HIV-1) infections
have been associated with functional defects in CD4 T cells,
marked by unresponsiveness to T-cell signaling, as well as an
increased propensity to cell activation and apoptosis (21).
Processes culminating in CD4 T-cell compromise have been
the subject of intense research. The viral envelope, Tat, Nef,
and Vpr proteins have been shown to induce CD4 cell apop-
tosis and eventual death (4, 11, 36, 58). The virus life cycle
also calls for numerous interfaces of host-virus interactions:
at the point of entry, the viral envelope Env protein docks to
the CD4 receptor and coreceptors on the target cells. Re-
lease of the viral nucleocapsid in the cytoplasm requires
direct interactions with the host actin polymerization ma-
chinery (32, 55). Devoid of any replication enzymes, the
virus depends on the host RNA polymerase II machinery for
transcription from the HIV long terminal repeat (LTR).
Integration of viral genetic materials into host chromo-
somes, a hallmark of the retroviral life cycle, calls for direct
interactions of the host karyopherin machinery with the viral
integrase, Vpr, Vif, and Rev proteins (12, 33, 35). Following
productive transcription, viral gene products make use of
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the host ubiquitination system for virion assembly at and
eventual egress from the plasma membrane (20, 30). While
current anti-HIV-1 therapy employs cocktails of drugs that
target viral proteins, cellular cofactors of infection present
attractive targets for novel therapeutics, given the lower
probability of spontaneous mutations.

To this end, recent discoveries of pro- and antiviral cellular
factors by ¢cDNA (39, 49, 50) and small interfering RNA
(siRNA) screens (5, 28, 59) have uncovered novel and often
seemingly unexpected cellular functions that affect HIV repli-
cation. Prominent cellular processes revealed include nuclear
transport and DNA repair, likely to be associated with retro-
viral integration and trafficking of viral products across the
nuclear envelope. In addition, the identification of proviral
factors in the mitochondria along with cellular processes in-
volved in energy production and mitochondrial integrity point
to the siphoning of specific energy sources (e.g., NADH) away
from the host by the replicating virus. The advent of microar-
ray technologies has provided an alternative avenue for char-
acterizing multifaceted host-HIV interactions. Earlier work
done with HIV-infected CD4 T-cell lines has implicated cel-
lular functions, including cholesterol biosynthesis, cell cycle
arrest, apoptosis, and cell signaling, based on transcriptomic
changes in the presence of HIV replication (8, 10, 19, 51, 54).
Changes associated with apoptosis induction have recently
been reported to occur early during ex vivo HIV infection of
primary CD4 T cells (23), which is accompanied by notable
induction of p53 transcription.
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Recent proteomic characterizations of abundance changes
in HIV-infected (6, 42) and -transfected (9) cells offer yet
another way to characterize the interplay between HIV and the
inopportune host; arguably, proteins are the effectors of most
cellular functions and may not be governed by transcriptomic
changes. In the first proteomic analyses of HIV-1 infection in
the CEMx174 cell line, we reported on protein abundance
changes that correlated with G,/G, cell cycle arrest and alter-
ations in Ran-mediated nuclear transport (6). A two-dimen-
sional (2D) fluorescence difference gel electrophoresis analysis
of HIV infection in the Jurkat cell line (42) also revealed
changes in the protein abundance of host factors involved in
nuclear transport, carbohydrate metabolism, and cell cycle
progression in virus-producing CD4 cells. These analyses dem-
onstrated the value of mass spectrometry (MS) as a mainstay
for the characterization of complex proteomes. In particular,
the widespread application of liquid chromatography (LC) and
MS in complex proteome analyses (53) underscores the versa-
tility of the approach, for both the quantification and the iden-
tification of proteins.

In this study, we profiled cellular proteome changes follow-
ing ex vivo HIV-1 infection of primary CD4 cells isolated from
five individual donors. To maximize the utilization of limiting
analytes from primary CD4 cells, we adopted a label-free
LC-MS approach (2, 14, 38, 48). We further enhanced the
specificity of our findings with respect to productive HIV rep-
lication in a multiplexed comparison of protein abundance
changes over a virus replication time course (i.e., 8 h postin-
fection [p.i.] versus 24 h p.i.), as well as in the presence and
absence of reverse transcription (i.e., 24 h p.i. with or without
efavirenz). In all, we report on the temporal effects of HIV
replication on cellular protein profiles, demarcating two phases
of HIV replication in primary human CD4 cells.

MATERIALS AND METHODS

Isolation and ex vivo infection of primary CD4 cells. Peripheral blood mono-
nuclear cells were isolated by Ficoll-Paque gradient separation (GE Lifesciences)
from whole blood collected from six HIV-negative human donors; samples from
five donors were used for LC-MS analysis, and the rest were used for Western
blotting verification. Isolated peripheral blood mononuclear cells were negatively
selected for with the CD4 Isolation Kit IT in accordance with the manufacturer’s
protocol (Miltenyi Biotec). Isolated cells were stimulated with autologous serum
for 24 h in the presence of 400 pg/ml recombinant interleukin-2 (IL-2; Calbio-
chem). Surface CD4 expression was verified in aliquots of isolated cells by flow
cytometry on an FC500 flow cytometer (Beckman-Coulter) via fluorescein iso-
thiocyanate (FITC)-conjugated anti-CD4 labeling (Miltenyi Biotec). HIV-1} oy
(3, 52) virus inoculum was prepared as described previously (6). Enriched CD4™"
CD3™ cells were exposed to virus at a multiplicity of infection of 2 50% tissue
culture infective doses/cell for 2 h at 37°C, and excess virus was subsequently
removed with phosphate-buffered saline as previously described (6). Mock-in-
fected cells were treated in a like manner, with virus inoculums substituted for
with medium collected from cells cultured in the absence of virus. All cells were
then cultured in 12% fetal bovine serum- and recombinant-IL-2-supplemented
RPMI 1640 medium for up to 28 h as described later.

Assessment of intracellular Gag p24 expression and cell viability by flow
cytometry. Primary CD4 cells were infected as described above and harvested at
the times indicated following HIV and mock infections, with or without efavirenz
treatment. To assess infectivity, 5 X 10° cells from each condition were fixed and
stained with the Fix and Perm kit (Caltag) and anti-p24 KC57-FITC antibody
(Beckman-Coulter) as described previously (19, 51). To assess cell viability, 5 X
10° cells were stained with annexin V-FLUOS and propidium iodide (PI) on ice
for 15 min in accordance with the manufacturer’s instructions (Roche Applied
Sciences). Biparametric flow cytometric analysis was performed with intact cells
gated for on the basis of forward and side scattering. Flow cytometric data
analysis was carried out in WinMDI v2.9.
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TABLE 1. LC-MS features annotated by DDA and AMT
tag approaches

Parameter No. of No.' of No. f’f
features peptides proteins
Monoisotopic features annotated
by DDA and/or AMT tags
DDA 4,841 4,213 877
AMT 6,773 5,323 2,680
Agreement” 952 808 418
LC-MS features annotated by
AMT tags alone
AMT (no DDA available) 5,618 4,714 2,514
High confidence” 2,220 2,220 495

“ 1,155 monoisotopic features were annotated by both DDA and AMT tags;
952 of the 1,155 received identical peptide annotations via both methods.

> AMT tag annotations were deemed of high confidence if the corresponding
proteins were at least identified by DDA (ProteinTeller-predicted error of <3%)
or represented by a minimum of three unique peptides.

Dose response to a nonnucleoside reverse transcriptase inhibitor (NNRTI).
Efavirenz powder was dissolved in dimethyl sulfoxide and added to cultured
primary CD4 cells following HIV-1 infection, achieving final concentrations
ranging from 0 to 100 uM. Cells were monitored for cytotoxic effects by light
microscopy based on trypan blue exclusion, by flow cytometry based on PI and
annexin V incorporation, and for HIV-1 replication based on intracellular Gag
p24 expression. Where indicated for the time course experiment, cells were
cultured in the presence of efavirenz following the 2-h exposure to viral inocu-
lums (i.e., h 0 of the time course).

Protein extraction and digestion. HIV- and mock-infected cells were har-
vested at the times indicated and lysed as described previously (6). Protein
concentrations were measured by bicinchoninic acid assay (Pierce). Proteins
were denatured and digested with trypsin (1:50, wt/wt) as described previ-
ously (6).

LC-MS data acquisition, feature extraction, and alignment. Tryptic peptides
(250 ng in 20 pl 100 mM ammonium bicarbonate buffer) were loaded onto a
BioBasic C,3 Gold capillary column (2.1 mm [inside diameter] by 30 cm) with
packed 1.9-wm particles (ThermoFisher Scientific). An 85-min high-perfor-
mance LC gradient was run with 5% to 35% solvent B (0.1% formic acid in
acetonitrile) against solvent A (0.1% formic acid in water) with a flow rate of
200 nl/min at the electrospray tip upon injection into an LTQ-Orbitrap
(ThermoFisher Scientific). RAW files were imported into the Elucidator
system v.3.2 (Rosetta Biosoftware) for alignment, feature extraction, and
deconvolution as described previously (38).

Accurate mass and time (AMT) tag databases and VIPER analysis. Alignment
of Elucidator-extracted LC-MS features against the T-cell line CEMx174 AMT
tag database (6) was done by using VIPER and following previously described
procedures (34). The monoisotopic mass of peptide isotope groups from Peak-
Teller were matched to the monoisotopic mass of AMT tags. Proteins were
annotated according to human IPI v.3.54.

Protein identification and differential analysis. LC-MS features were first
annotated on the basis of data-dependent analysis (DDA) by tandem MS (MS/
MS) where possible. SEQUEST search results (SageN Research) were processed
by PeptideTeller and ProteinTeller (37) within the Elucidator system; Protein-
Teller results were used for annotation, with a predicted error rate of <3%.
Remaining LC-MS features were annotated on the basis of alignment with AMT
tag databases; matches with both SLiC and ASLIC (1) of =0.95 were selected for
annotation as detailed in Results.

At a ProteinTeller-predicted error rate of <3%, 4,841 (5.7%) of the 84,913
extracted LC-MS features with charge states between 1 and 6 were annotated,
corresponding to 4,213 peptides and 877 proteins. The 84,913 monoisotopic
features were aligned against AMT tags from our previous study of HIV-infected
CEMx174 cells (6) by using the VIPER software; at SLiC and ASLIiC scores of
=0.95, 6,773 (5.3%) features were annotated, corresponding to the annotation of
5,323 peptides and 2,680 proteins (Table 2; see Table S1 in the supplemental
material). Of the 1,155 features annotated by both approaches, 952 (82.4%) were
annotated with the same peptide sequences.

Peptide intensities were used as proxies for label-free peptide abundance
measurements (38). Ratios of peptide and protein abundance in infected sam-
ples, relative to time-matched, mock-infected samples, were computed on an
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FIG. 1. Workflow of label-free quantitative LC-MS proteomics
with two-step peptide identification. Twenty five LC-MS LTQ-Orbi-
trap runs were acquired and processed by the Elucidator system. Fol-
lowing retention time alignment of spectral intensity maps and feature
extraction, peptide and protein annotations were first performed on
the basis of MS/MS DDA. Separately, features were also aligned to a
previously published human AMT tag database for additional annota-
tions. Subsequently, peptide and protein annotations were imported
back into the Elucidator system to enable protein level analysis.

error-weighted basis. Differential analysis by hierarchical clustering was per-
formed within the Rosetta Elucidator system. Conversion from IPI index num-
bers to Human Genome Organization Gene Nomenclature Committee gene
symbols and long descriptions was performed with ProteinCenter v2.0 (Proxeon
Biosystems).

As an indicator of run-to-run variability, ion intensities of trypsin autolysis
peptides served as an internal control, as trypsin was added to all protein extracts
at a constant ratio of 1:50, and the same amount of total protein digests from
every sample was loaded for LC-MS/MS analysis. Based on the error model built
into the Rosetta Elucidator system, the unitless abundance value of a given
protein was derived from the error-weighted summed abundance of individual
peptides; likewise, peptide abundance was determined on the basis of the error-
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weighted summed abundance of the constituent feature ion intensities. Abun-
dance values from each of the five biological replicates were collected individu-
ally from the 25 LC-MS/MS runs; the representative feature, peptide, and
protein abundance values were, in turn, derived on the basis of an error-weighted
average from the five biological replicates. For the differential analysis of any two
conditions (e.g., mock infected versus HIV infected), the total error calculated by
the error model was used to derive a P value. The P value corresponded to the
probability of falsely rejecting the null hypothesis that there was, in fact, no
change in abundance.

Western blotting validation. Proteins were extracted from 10° primary CD4
cells with M-PER reagent (Pierce) and resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were probed for with
primary antibodies against the cellular proteins BANF1, TRIM28 (Abcam), and
Ran (Santa Cruz Biotechnology), and the viral Gag p24 antigen (16, 46), as well
as horseradish peroxidase-conjugated secondary antibodies. To enrich HIV viri-
ons for Western blotting, cell culture medium supernatants were labeled with
anti-CD26 antibody and subsequently enriched for with the uMACS streptavidin
kit (Miltenyi Biotec); proteins bound on magnetic beads were dissolved with
M-PER, resolved by 4 to 20% SDS-PAGE, transferred to polyvinylidene diflu-
oride membranes, and visualized by chemiluminescence with ECL Plus (GE
Lifesciences) on a Storm PhosphorImager (Molecular Dynamics).

RESULTS

HIV-1 infection kinetics and primary CD4 cell viability in
the early and late phases of virus replication. We based our
proteomic analysis on the label-free quantification by MS (Fig.
1). To capture proteomic changes representative of virus rep-
lication in primary CD4 cells, cells were isolated from the
blood of five healthy donors and subsequently cultured in au-
tologous serum for 24 h, followed by infection with HIV-1, ,;
at 2 50% tissue culture infective doses/cell for 2 h. Cells (5 X
10°) were harvested at the times indicated (Fig. 2), and virus
replication was determined on the basis of intracellular stain-
ing of the HIV-1 Gag p24 antigen, while cell viability was
determined on the basis of the staining of phosphatidylserine
and genomic DNA by annexin V and PI, respectively. Intra-
cellular Gag p24 was first detected at 8 h p.i. by flow cytometry,
reaching >91% by 24 h p.i. (Fig. 2). As cell viability appeared
to decrease rapidly at the time of robust virus production in
our earlier cell line-based analysis (6), we opted to measure
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FIG. 2. HIV-1 replication and cell viability. Flow cytometric measurements of virus replication based on the staining of intracellular Gag p24
with FITC-conjugated antibodies and cell viability based on negative staining with both annexin V-FITC and PI as functions of time. Error bars
represent 1 standard deviation based on five measurements, corresponding to the five individual donors.
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FIG. 3. Effects of efavirenz. Dose response of HIV-infected cells to efavirenz at 24 h p.i. Percentages of cells expressing intense Gag p24-FITC
staining and of cells negatively staining for both annexin V and PI are plotted as functions of increasing concentrations of efavirenz. Error bars
represent 1 standard deviation based on three technical replicate measurements.

apoptosis by biparametric flow cytometry via annexin V-FITC
and PI staining. Cell viability and integrity were maintained in
almost all cells up to and including 24 h p.i. (Fig. 2; see Fig. S1
in the supplemental material). While virus replication contin-
ued to increase beyond 24 h p.i., 44% of the cultured cells were
stained positively with annexin V at 28 h p.i.; this proportion of
apoptotic cells continued to increase thereafter (Fig. 2). To
capture events representative of the early and late phases of
the initial HIV replication cycle in naive primary CD4 cells, we
sampled cells at 8 h and 24 h p.i. for our differential proteomic
analyses in order to minimize confounding arising from com-
promised cell viability and integrity.

Effects of efavirenz on HIV-1 infection. To help determine if
the observed protein abundance changes were specific to
HIV-1 replication, we posited that treatment with the NNRTI
efavirenz would block reverse transcriptase activity and
thereby ablate proteomic changes associated with robust
HIV-1 replication following successful reverse transcription.
To establish the optimal dosage, cells were subjected to up
to100 pM efavirenz, corresponding to typical concentrations
reported in the blood of AIDS patients undergoing antiretro-
viral therapies (22, 57) (Fig. 3). Reduction of intracellular HIV
Gag p24 detection was noticeable with as little as 10 pM
efavirenz. At the same time, cell survival, as assessed by the
incorporation of annexin V and PI, showed little effect upon
exposure to efavirenz, even at 100 uM. Consequently, we se-
lected the minimum effective dosage of 10 uM for all subse-
quent analyses.

Identification of proteins by DDA and AMT tag annotations:
a comparison. LC-MS features were extracted following align-
ment of 25 LC-MS/MS runs and charge state deconvolution
with the PeakTeller algorithm (38) (Fig. 4). We followed a
hybrid approach for the peptide and protein annotation of
monoisotopic LC-MS features (Fig. 1): first relying on Protein-
Teller-processed SEQUEST results from DDA generated in
our present study and then based on matches to our existing
human lymphocyte AMT tags (6) accumulated from our past
studies; the AMT tag approach takes advantage of the accurate
mass and LC retention time measurements of individual pep-

tides as unique identifying features for future references. In all,
952 out of 1,155 features were attributed to the same 808
peptides by both the DDA and AMT tag approaches, corre-
sponding to 82.4% agreement (Table 1; see Table S1 in the
supplemental material). The annotated features were distrib-
uted throughout, relative to mass and LC elution time (Fig. 5a
and b), showing little bias in annotation by either approach.

For the remainder of our analyses, we prioritized our anno-
tation strategies as follows (Fig. 1): (i) peptide annotations
were first accepted on the basis of a ProteinTeller-predicted
error rate of <3%; (ii) for the 5,618 features annotated solely
by AMT tags and therefore lacking ProteinTeller estimates
(Table 1), annotations were accepted only if the presence of
the corresponding protein identification was also supported by
DDA (at a ProteinTeller error rate of <3%) or were sup-
ported by at least three unique peptide sequences. In total,
2,220 monoisotopic features (39.5%) satisfied at least one of
these requirements. Adhering to this hybrid annotation strat-
egy, a total of 7,061 features were annotated; 1,146 cellular
proteins and 5,996 peptides were identified, along with HIV
Gag-Pol and trypsin (Table 1; see Tables S1 and S2 in the
supplemental material).

Label-free quantification of protein abundance changes in
early and late phases of HIV replication. In all, 178 cellular
proteins of the 1,146 identified exhibited differential expres-
sion, with a threshold set at a =1.50-fold change relative to
time-matched, mock-infected cells; we also chose a P value of
<0.01, which corresponded to the likelihood of false discovery
of differential expression. In contrast, trypsin autolysis prod-
ucts that were added to all samples in equimolar amounts did
not meet the threshold for differential expression as defined
above (Fig. 4). Three major patterns of differential abundance
emerged: 114 and 24 proteins exhibited abundance increases
and decreases exclusively at 24 h p.i., respectively; 24 proteins
exhibited abundance increases exclusively at 8 h p.i., while
another 1 exhibited decreased abundance (Fig. 6a; see Table
S2 in the supplemental material). The label-free workflow also
allowed us to perform multiplexed comparisons. To this end,
four proteins (CHCHD3, RMB17, glucose-6-phosphate dehy-
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FIG. 4. Quantification of trypsin autolysis product. Isotope group ion intensities of the trypsin autolysis product LGEHNIDVLEGNEQFI
NAAK are presented. (Top) Histogram of corresponding ion currents from the 25 LC-MS/MS runs; error bars correspond to 1 standard deviation.
Although pairwise ¢ tests were performed, with the average value from the 24 h p.i. mock-infected samples serving as a common reference, no
significant difference (P < 0.05) was detected among the 25 runs. (Bottom) Overlaid mass spectra for the same peptide, colored based on treatment
conditions as shown at the bottom right, showing all peaks in the isotope group.

drogenase [G6PD], and TRIM28) exhibited increases at 8 h
p.. and in the presence of efavirenz at 24 h p.i.; ribophorin
(RPNT1), an endoplasmic reticulum (ER) marker, decreased in
abundance at both time points. An additional 10 of the 178
cellular proteins also exhibited differential expression at 24 h
p.i.; however, we could not attest to their specificity to HIV
replication, as the administration of efavirenz showed no ab-
lation of the abundance changes at 24 h p.i. In all, 168 proteins
showed differential abundance over the course of HIV infec-

tion in primary CD4 cells; notably, we observed a strong tem-
poral effect as 162 proteins showed exclusivity in differential
abundance at a single time point.

To determine if annotation by DDA might have been biased
toward the labeling of high-abundance proteins, we also as-
sessed the expression patterns of isotope group ratios indepen-
dent of the availability of peptide and protein annotations (Fig.
6b). In accord with our observations made with annotated
proteins (Fig. 6a), 2D hierarchical clustering showed that the
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FIG. 5. Peptide and protein annotation by DDA and AMT tags. Dis-
tribution of 84,913 features detected by PeakTeller is shown as m/z versus
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annotated by DDA and AMT tag matching, respectively.

expression pattern of isotope group abundance at 8 h p.i. more
closely resembled that of efavirenz-treated cells than that of
untreated cells at 24 h p.i.; this pattern was maintained irre-
spective of annotation status. By virtue of being an inhibitor of
reverse transcription, efavirenz had, in effect, held in check

J. VIROL.

many of the abundance changes otherwise observed as HIV
replication progressed from 8 h to 24 h p.i.

Functional analysis of signature proteins—impact on cellu-
lar functions and host-virus interactions. Proteins exhibiting
abundance changes were characterized on the basis of known
cellular functions and interactions with HIV proteins. While
abundance changes of constituent proteins might affect the
activities of any corresponding cellular processes, given the
inherent redundancies in the eukaryotic machinery, the enrich-
ment for abundance changes in selected cellular pathways
would reflect a higher likelihood of perturbation in those pro-
cesses. To this end, interrogation of our list of 168 signature
proteins was performed against the Ingenuity Pathway Analy-
sis knowledgebase (Table 2). At 8 h p.i., we observed an
enrichment for abundance changes impacting key energetic
processes, as exemplified by the upregulation of alcohol dehy-
drogenase (ADH5) involved in fatty acid oxidation, as well as
by increased flux through glycolysis aided by the increased
abundance G6PD (Table 2). In contrast, abundance changes at
24 h p.. were enriched in mitogen-activated protein kinase
signaling and the generation of cell proliferative signals. The
addition of efavirenz blocked all of the abundance decreases in
these cell survival signaling pathways, which also showed no
change at 8 h p.i.; these observations coincided with our flow
cytometric results, showing an abrupt increase in annexin V
staining between 24 h and 28 h p.i. (Fig. 2; see Fig. S1 in the
supplemental material). Characterization of protein abun-
dance changes based on subcellular localization also revealed
distinct changes at 24 h p.i., relative to both 8 h p.i. and the
presence of efavirenz at 24 h p.i. (see Fig. 8a to c).

We also interrogated our lists of signature proteins for
known interaction partners of HIV proteins (Table 3). We
reasoned that abundance changes of these interaction partners
would reveal potential impacts on different stages of the viral
life cycle, spanning from exposure to the viral envelope,
through transcriptional induction of and by Tat, all the way to
the production of late viral gene products. Of the 1,433 known
HIV-human interactions registered in the NIAID database
(17), 37 were present among our list of signature proteins. At
8 h p.i., of the three signature proteins with known interactions
with HIV proteins, all had been reported to interact with Tat;
moreover, the integrin protein ITGB2 has also been shown to
bind to the viral Env gpl120 protein as part of the uncoating
process. All of these proteins exhibited increases in abundance
relative to those in mock-infected cells. In contrast, most of the 34
known interaction partners at 24 h p.i. exhibited decreases in
abundance; additionally, both early and late (i.e., post Tat trans-
activation) HIV products were represented. Notably, we observed
the downregulation of six tyrosine/tryptophan monooxygenase
proteins and four proteasomal subunits at 24 h p.i. The decreased
abundance of constituents from complexes involved in oxidation-
reduction and protein degradation might themselves reflect dis-
ruptions in those processes, as well as the activities imparted by
their known interactions with viral proteins.

Western blotting for validation of selected signature pro-
teins. We selectively verified our quantitative LC-MS results
via orthogonal validation by Western blotting. We probed for
the protein abundance of the RNA-binding protein TRIM2S,
which exhibited an almost threefold increase at 8 h p.i. on the
basis of our LC-MS analysis (see Table S2 in the supplemental
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FIG. 6. Shotgun analysis of differential expression regardless of protein identification availability. Hierarchical clustering of (a) protein and (b)
peptide isotope groups, with red and green corresponding to increased and decreased abundance, respectively, relative to that of time-matched,
mock-infected primary CD4 cells. Features exhibiting differential expression (=1.50-fold change, P < 0.01) were included in the analysis. The
diagrams are visual representations of agglomerative clusters based on Euclidean distance correlation of protein and isotope group ratios.

material). With primary CD4 cells from a sixth donor not used
for the LC-MS/MS analyses described forthwith, our Western
blotting results (Fig. 7) were in line with our MS analysis. As an
example of signatures unique to 24 h p.i., we blotted for the
abundance of BANF1, a cellular protein known to be associ-

TABLE 2. Cellular pathways enriched for differential expression at
8 h and 24 h p.i. reported by Ingenuity Pathway Analysis”

Signature protein group and P value No. of
cellular pathway proteins
Exclusive to 8 h p.i.
Glycerolipid metabolism 0.045 1
Bile acid biosynthesis 0.045 1
Exclusive to 24 h p.i.
14-3-3-mediated signaling 215%x107° 9
IGF-1 signaling 6.65 X 1072 7
G,/M DNA damage checkpoint 8.97 X 10°* 4
regulation
Phosphatidylinositol 3-kinase/AKT 226 X 1072 7
signaling

“ Cellular processes enriched for differential expression upon HIV-1 infection
in primary CD4 cells. Ingenuity Pathway Analysis processes are deemed enriched
for differential expression at 8 h and 24 h p.i. based on a t-test P value of <0.05.

ated with HIV virions (7, 18, 43). We speculated that robust
virus production would have exported these virion-associated
proteins out of the infected cells, thereby appearing as down-
regulated protein abundance measurements on the basis of our
approach. As confirmed by Western blotting, the abundance of
BANF1 was lower at 24 h p.i. in infected cells without efavirenz
treatment (Fig. 7a); the highly abundant Ran GTPase showed
no change in abundance and served as a loading control. On
the other hand, our blots showed that BANF1 was present in
anti-CD26-enriched virion lysates from infected cell culture
medium (Fig. 7b). Our observations with BANF1 served as a
reminder that our LC-MS/MS analysis reflected solely the in-
tracellular abundance of proteins, which might not necessarily
reflect gross protein abundance changes stemming from the
dynamics of protein synthesis and/or steady-state maintenance
of proteins; robust virion production at 24 h p.i. might have
further exacerbated this phenomenon.

DISCUSSION

In this report, we profiled cellular proteome changes follow-
ing ex vivo HIV-1 infection of primary CD4 cells isolated from
five individual donors. To maximize the utilization of analytes
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TABLE 3. Differentially expressed proteins with known interactions
with HIV proteins”

Direction of

abundance
Signature protein group and . change
y HIV?l protu’;‘,ign(s)p Cellular protein(s) relati%/e
to mock
infection
Exclusive to 8 h p.i.
Tat H2AFJ 1
Tat TAP1 1
Tat, Env ITGB2 1
Exclusive to 24 h p.i.
Tat, Nef, Env, Gag AP2B1 !
Nef ARF1 !
Gag, integrase, matrix BANF1 |
Env CAPN2 !
Tat HIST1H3F !
Rev ILF3 1
Tat, Rev, Vpr, integrase, 1PO5 !
matrix
Rev KHDRBS1 )
Env LGALSI1 !
Tat, Vpr LMNB1 1
Env, Rev, Nef, Tat, Vpr, MAPK1 !
Vif, matrix, Gag,
reverse transcriptase
Env, Nef, Tat, Vpr, PARP1 )
matrix, integrase
Rev, Tat PTBP1 )
Vpr, reverse transcriptase ~ RPA2 l
Vpr SF3B4 !
Tat SNRPD3 !
Tat, Vif TCEB2 !
Env, Rev, Tat TUBAIA, TUBA4A !
po UBE2I !
Vpr VDACI1 !
Env, Vpr YWHAB, YWHAE, |
YWHAG, YWHAH,
YWHAQ, YWHAZ
Tat, Vif, integrase PSMA3, PSMAA4, !
PSMB3, PSMBY,
PSMD9

¢ Signature proteins exclusive to 8 h p.i. and 24 h p.i. with known interactions
with HIV-1 proteins (17).

for our profiling efforts, we adopted a label-free LC-MS ap-
proach (38); by eliminating the need for performing pairwise
comparisons, as would otherwise be required of stable-isotope
labeling and the 2D fluorescence difference gel electrophoresis
approaches, we gained the ability to perform one-to-multiple
comparisons. To help ascertain the specificity of our present
findings with respect to productive HIV replication, we report
on a multiplexed comparison of protein abundance changes
between the start and peak of virus replication (i.e., 8 h p.i.
versus 24 h p..); we also compared the cellular proteomic
profiles in the presence and absence of reverse transcription
(i.e., 24 h p.i. with or without efavirenz). We reasoned that
efavirenz, an NNRTI common to anti-HIV “cocktails” (22,
57), could serve as a counterscreen for changes attributable to
productive viral replication at 24 h p.i. In all, the profiles of
protein abundance changes pointed to distinct impact on se-
lected cellular functions as virus replication progressed from
8 h to 24 h p.i. Notably, early infection was accompanied by the
induction of biosynthetic processes, in contrast to the disrup-
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tion of protein synthesis and degradation machineries when
virus production peaked at 24 h p.i. From a technical perspec-
tive, our present study benefited from the versatility of the
label-free, quantitative LC-MS/MS approach. Furthermore,
the temporal effects of HIV replication on cellular protein
profiles echoed the observations made in earlier high-through-
put studies, attesting to the complementarity of these screening
approaches in our efforts to decipher complex virus-host rela-
tionships.

We have presented the first proteomic analysis of ex vivo
HIV-1 infection in human primary CD4 cells, revealing 168
cellular proteins that changed in abundance relative to that in
mock-infected human primary CD4 cells. Most of the abun-
dance changes occurred at 24 h p.i., the time point at which
intracellular virus production reached its maximum before
apoptosis became noticeable by annexin V staining and flow cy-
tometry (Fig. 2). Furthermore, 164 of the 168 signature pro-
teins were exclusive to one of the two sampled time points,
strongly suggesting that the intracellular proteome was highly
dynamic as viral replication progressed. Our label-free LC-MS
approach allowed us to use efavirenz as a counterscreen in a
multiplexed comparison manner, otherwise not practical given
the limited amount of primary cells we had on hand. We
attempted to identify abundance changes specific to late, post-
reverse transcription events in the viral life cycle; interestingly,
treatment with 10 pM efavirenz resulted in the ablation of
abundance changes in a majority of the signature proteins
exclusive to 24 h p.i. The proteomic profile at 8 h p.i. was more
similar to that of efavirenz-treated, HIV-1-infected cells at 24 h
p.i. than to that of cells not treated with the reverse transcrip-
tase inhibitor (Fig. 6). We speculate that the fruitful comple-
tion of viral gene expression and subsequent production of
viral gene products, otherwise not available at 8 h p.i. or with
reverse transcriptase activities inhibited, were contributors to
the strong temporal effect we observed.

Induction of protein synthesis and energy production upon
viral entry; the dynamics of subcellular structural integrity. At
the first sign of viral production at 8 h p.i., 24 of the 26
signature proteins increased in abundance relative to that in
mock-infected primary CD4 cells (Fig. 8b; see Table S2 in the
supplemental material). We detected the increase in the abun-
dance of selected tRNA synthetase and ribosomal proteins,
indicative of an overall induction of protein synthesis in in-
fected cells. This could promote the translation of cellular
proteins, which would be a logical progression from increased
transcription permitted by the opening up of host chromo-
somes in the increased presence of histones and ribonucleo-
proteins; increased protein synthesis would, in turn, be
matched by the increased abundance of the chaperone pro-
teins CLP and calponin for proper protein folding (Fig. 8b).
Coincidentally, there also appeared to be an increase in ATP
production and flux through the glycolysis pathway, as re-
flected by the increased abundance of alcohol dehydrogenase
and G6PD in the cytoplasm; increased abundance of ATP
synthase components in the mitochondria rendered further
support to the notion that energy production was needed to
sustain increased biosynthesis. The increased abundance of
selected cytoskeletal proteins such as transgelin and actin-
associated factors could be attributed to the surge in transla-
tion activities.
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FIG. 7. Western blot validation of protein abundance. Protein extracts from (a) cell and (b) anti-CD26-enriched virion lysates collected under
the conditions indicated were resolved by SDS—4 to 20% PAGE. Western blotting was performed with antiserum against the cellular proteins
TRIM28 and BANF1, as well as against the viral Gag p24 antigen. Abundance of the Ran GTPase was probed for as a loading control. Efa.,
treatment with 10 wM efavirenz.

It bears noting that our LC-MS analysis was performed with shown to aid in the nuclear localization of spliced HIV tran-

equal amounts of total proteins from individual conditions; as scripts (24); the increased availability could also conceivably
such, our analysis was not designed to detect global shifts in promote the translation of selected cellular gene products (27).
cellular or total protein abundance. In fact, increased tran- The stability of viral transcripts could also benefit from the
scriptional and translational activities could have impacted cel- increased availability of ribonucleoproteins mentioned above.

lular and viral proteins alike: we observed the upregulation of Furthermore, the increases in abundance of cytoskeletal pro-
GRSF1, an mRNA-binding protein that has recently been teins, including integrin and transgelin, were in line with their
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FIG. 8. Subcellular and functional distributions of signature proteins. Shown are signature proteins (n = 168) on the basis of subcellular
distribution as registered in the Ingenuity Pathway Analysis database. Individual proteins are annotated with Human Genome Organization Gene
Nomenclature Committee gene symbols; the red and green shading corresponds to up- and downregulation, respectively. Gray indicates no
differential regulation detected. Shown here are differential expression results from (a) 24 h p.i., (b) 8 h p.i., and (c) 24 h p.i. in the presence of
10 uM efavirenz. Proteins corresponding to similar functions are grouped in boxes as labeled; functions are deduced from Ingenuity Pathway
Analysis and Gene Ontology annotations, as well as a literature review.
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known roles in the uncoating of the internalized viral nucleo-
capsid (29, 44) and thus would facilitate the progression of the
virus replication cycle. The promotion of cellular and viral
protein biosynthesis need not be mutually exclusively; in fact,
an overall state of cell proliferation as would be promoted by
the decrease in the proapoptotic signal of Serpini 2—one of
two cellular proteins with significant downregulation at 8 h
p-i—could very well promote the initiation of the viral gene
expression program and the survival of the host cells. The
decreased abundance of the ER marker RPN1 could be indic-
ative of ER stress, as part of the toll exacted on CD4 cells that
were otherwise exhibiting signs of a surge in protein biosyn-
thesis.

Robust virus production coincided with compromised cellu-
lar integrity, energy deprivation, and tempering of overall bio-
synthesis. In contrast to 8 h p.i., robust virus production at 24 h
p.i. was marked by notable downregulation of cellular protein
abundance in biosynthetic pathways. We observed decreases in
the abundance of ribosomal proteins, as well as translation
initiation factors and tRNA synthetases, strongly indicating an
overall hampering of intracellular protein synthesis (Fig. 8a).
Also in contrast to the earlier time point, we observed a con-
comitant decrease in the abundance of cytoskeletal compo-
nents, including actin- and tubulin-associated factors, indica-
tive of compromised cellular integrity. Furthermore, the
decreased abundance of such structural components could be
a reflection of the accumulation of cell fusion and cytopathic
effects, given the ability of HIV-1, ; to form syncytia in pe-
ripheral blood T cells (31, 45, 47). Interestingly, this pathway
has also been ascribed a possible role in macrophage cytopa-
thology in a surface-enhanced laser desorption ionization chip-
based proteomic analysis, with monocyte-derived macrophages
showing increased secretion of actin and profilin following
HIV-1,, infection along with reorganization of cytoskeletal
elements within the macrophages (26). Notwithstanding differ-
ences specific to T cells and macrophages in terms of virus
dissemination, our findings have hinted at potential contribu-
tions of the cytoskeletal machinery to robust virus replication.

The decrease in protein synthesis we observed at 24 h p.i.
also coincided with a decrease in the abundance of 26S pro-
teasome components. We speculate that the decrease in pro-
tein abundance was more likely attributable to the tempering
of biosynthetic pathways rather than to protein degradation.
Functional analysis based on the Ingenuity knowledgebase re-
vealed an enrichment of abundance changes in antiapoptotic
14-3-3 signaling proteins (Table 2). Further indications of apop-
tosis could be deduced from the increased abundance of poly-
(ADP)-ribose polymerase, a common marker of early stages of
apoptosis, in the nucleus. On the other hand, signs of apoptosis
induction were contrasted by the prosurvival signals, as could
be seen in the decreased abundance of anion channels in the
mitochondria, VDACI1 and VDAC2, as well as the concerted
increases in abundance of high-mobility group proteins. Our
observations were the direct opposite of those reported by
Ringrose et al. for infected Jurkat cells (42); nonetheless, as
seen in the Jurkat cell model, an “apoptosis tug-of-war” ap-
peared to be under way. Since our flow cytometric analyses
revealed a marked surge in annexin V-staining cells between
24 h and 28 h p.. (Fig. 2; see Fig. S1 in the supplemental
material), HIV-infected cells could conceivably gradually shift
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from a proliferative state, as observed earlier at 8 h p.i., to one
conducive to cell death. In spite of the absence of apoptosis
detectable by flow cytometry at 24 h p.i., signs of exhaustion
could be gleaned from compromised mitochondrial structural
integrity—decreased abundance of components of the inner
and outer mitochondrial membranes (e.g, TOMM4 and
TOMMT70A), along with glutathione metabolic enzymes (e.g.,
GSR and GSTO1) (Fig. 8a), would likely deprive the infected
cells of energy needed for biosynthesis. In particular, the de-
creased abundance of GSR would, in turn, reduce the avail-
ability of glutathione, which would otherwise suppress late
stages of HIV replication and virion production (40).

Robust virus production was accompanied by induction of
DNA repair and nucleasomal modification machineries. The
decreases in protein abundance in cell proliferation/survival
and energetic pathways at 24 h p.i. were contrasted by con-
comitant increases in the abundance of cellular factors respon-
sible for DNA repair and nucleasome assembly (Fig. 8a). The
increases in the abundance of histone 1 components, hnRNPs,
as well as mRNA-splicing factors, were in accord with the
induction of DNA repair and VDJ recombination (15); such a
response would be in line with DNA repair of chromosomal
DNA following integration of the viral DNA. Additional signs
of dynamic changes in the nucleus could be deduced from the
increased abundance of thymopoietin, a nuclear lamina-asso-
ciated protein that has been shown to induce and suppress
transcriptional activation from the HIV LTR (25). On the
other hand, increased abundance of thymopoietin would also
be in line with its role in nuclear envelope repair, presumably
in response to the nuclear herniation caused by HIV Vpr (13).
In this regard, the maintenance of an intact nucleus would
be in agreement with the signs of heightened transcriptional
activities observed at 24 h p.i. based on the predominance of
protein abundance increases in the nucleus and the fact that
the HIV LTR is a potent regulator of transcription. Further-
more, in spite of possible confounding from dying cells, our
flow cytometric analyses indicated that robust virus replication
continued well beyond 24 h p.. (Fig. 2)—such production
could only be sustained by a constant supply of viral gene
products. Nevertheless, normal cellular activities were undeni-
ably disrupted at 24 h p.i. The present study and the two cell
line-based studies (6, 42) all showed signs of cell cycle arrest;
such disruptions could be related to the decrease in the abun-
dance of CDK and cyclin-related proteins observed in all three
studies. In addition, similar to the CEMx174 cell line study, we
observed the downregulation of importin 5. Downregulation of
this nuclear importer has been shown to impede cell prolifer-
ation (41), presumably because of perturbations in the traffick-
ing of cell cycle regulators across the nuclear envelope via the
RNA-dependent nuclear transport pathway.

Selected signature proteins had known interactions with
early and late HIV proteins. Interrogation of our lists of sig-
nature proteins against the NIAID database of human-HIV
protein interactions also revealed a temporal effect: several
signature proteins at 8 h p.i. (Table 3) had known interactions
with Tat, an early viral gene product, as well as with Env,
presumably from incoming viral particles. In contrast, signa-
ture proteins at 24 h p.i. had more known interactions with a
wider range of viral proteins. Notwithstanding the fact HIV-1
is a relatively “young” virus, we speculate that retroviruses
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have likely evolved to make use of different cellular factors as
their abundance levels alter over the various stages of the viral
life cycle—the two distinct proteomic profiles at 8 h and 24 h
p.i. we obtained attested to the dynamics of cellular protein
abundance levels over less than one virus replication cycle.
Abundance increases in the three cellular proteins with known
interactions with Tat at 8§ h p.. (Table 3) would serve to
promote the nuclear localization and activation of Tat (29, 44),
which in turn marks the start of the full viral gene expression
program. Our observation that the RNA-binding protein
TRIM28 increased in abundance at 8 h p.i., as well as in
efavirenz-treated cells at 24 h p.i., is also in line with such a
view. Though not registered in the human-HIV interaction
database, TRIM28 has been attributed to the stabilization of
the tRNA primer during the retroviral life cycle (56); it is
conceivable that similar mechanisms for promoting virus pro-
duction would also apply to HIV-infected CD4 cells.

Perturbations of nuclear trafficking, DNA repair, and cell
survival were also noted in complementary high-throughput
screens. The temporal effects on the host cellular protein pro-
file were in accord with the transcriptomic profile reported
recently by Imbeault et al. (23). The observation that the pro-
apoptotic factor pS3 was upregulated in HIV-1-infected pri-
mary CD4 cells would be in line with the prelude to apoptosis
seemingly evident in our present study at 24 h p.i. However,
none of the proteomic analyses to date have identified the
upregulation of p53 at the protein level; the fact that the
proapoptotic activity of p53 is regulated via phosphorylation
could pose a technical problem for mass spectrometric analy-
sis, as proteins with posttranslational modifications are refrac-
tive to routine MS/MS analysis and amino acid sequence
search algorithms. In addition, the relatively low infectivity in
that microarray study could introduce a large background from
uninfected cells, which could, in turn, obscure the detection of
differential expression. Indeed, the proportion of 168 signature
proteins out of 1,146 quantified in our present study was much
larger than the report of 336 signature transcripts out of an
array of >12,000 human transcripts. In addition, the absence
of cell-activating reagents such as IL-2 or phytohemagglutinin
in the transcriptomic study could have further delayed the
detection of impacts on cellular gene expression. Nonetheless,
given that protein abundance changes spawning from transla-
tional changes should, by and large, correlate with perturba-
tions in cellular transcription, it is not surprising that cellular
pathways including DNA repair and RNA metabolism were
implicated by both transcriptomic and proteomic profiling of
HIV-1-infected primary CD4 cells.

We also noted with interest the overlap with cellular cofac-
tors of HIV reported in recent cDNA and siRNA screens. In
their screen for cofactors implicated in the postentry phase of
the HIV life cycle, Konig et al. reported the RNA splicing
factor RBM17 and the actin reorganization factor TAGLN?2 as
proviral factors (28); both of these proteins were upregulated
at 8 h p.i. but not at 24 h p.i. The identification of RAN-
mediated nuclear import as another cellular pathway impact-
ing HIV replication by both Konig et al. and Brass et al. (5, 28)
was also in agreement with the downregulation of importin 5
we observed at 24 h p.., as well as with the dysregulated
karyopherin-mediated transport reported in our CEMx174 cell
line study. Other cellular processes mentioned in the siRNA
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screens, such as DNA repair and mitochondrial functions, also
mirrored our observations in those processes. However, just as
the overlap of individual genes/proteins was minimal among
the screens, the agreement between these high-throughput ap-
proaches only holds up when categorizing genes/proteins by
their corresponding cellular functions instead of by individual
gene/protein names. We submit that no high-throughput
screen would be all encompassing; in our present study, we
addressed this inherent deficiency via the systematic charac-
terization of protein lists by cellular functions, as well as by
subcellular localization and known interactions with HIV pro-
teins. Furthermore, as our observation with BANF1 has
shown, we have to be cognizant of the specifics of experimental
designs; our LC-MS/MS of whole-cell protein extracts would
not have captured virion-incorporated cellular proteins.

In summary, our LC-MS/MS analysis of HIV-1-infected pri-
mary CD4 cells provided snapshots of the intracellular pro-
teome at two distinct stages of the HIV-1 life cycle. The
application of the label-free approach was optimal for the
multiplexed quantitative comparisons given the limited supply
of primary CD4 cells; the use of efavirenz treatment as a
counterscreen helped increase our identification of cellular
processes specific to robust virus production in primary CD4
cells. In spite of potential confounding from viral transforma-
tion and/or tumorigenesis, aspects of our observations in pri-
mary CD4 cells were in agreement with prior cell line-based
reports, including the dynamic changes in the host ribosomal
machinery, the exhaustion of host resources, the compromise
of mitochondrial and nuclear integrity, and the presaging of
apoptosis. Such overlaps increased our confidence in the in-
terpretation of data from primary cells, given their inherent
propensity to exhibit greater biological variability. In addition,
we identified many changes in protein abundance that were not
previously identified; in that regard, our present report adds
extra information to ongoing efforts in the search for cellular
cofactors as targets for novel therapeutics. By drawing on data
from different high-throughput screening and profiling ap-
proaches, as well as by leveraging our knowledge about the
retroviral life cycle, we will continue to add to the arsenal in
our fight against the HIV epidemic.
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