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Proteomics, biomarkers, and HIV-1: A current perspective
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Despite more than three decades of extensive research, HIV-1 infection although well controlled
with cART, remains incurable. Multifactorial complexity of the viral life-cycle poses great chal-
lenges in understanding molecular mechanisms underlying this infection and the development
of biomarkers, which we hope will lead us to its eradication. For a more in-depth understanding
of how the virus interacts with host target cells, T cells and macrophages, proteomic profiling
techniques that offer strategies to investigate the proteome in its entirety were employed. Here,
we review proteomic studies related to HIV-1 infection and discuss perspectives and limitations
of proteomic and systems biology approaches in future studies.
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1 Introduction

Efficient biomarkers are highly sought after for their ability
to provide a window into physiological, developmental, and
pathological changes in a biological system. Gaining mea-
sures of disease development and prognosis is only part of
our quest for biomarkers; efficacy of treatment and measures
of prevention extend this list. Desirable biomarkers should
be sensitive to biological changes, predictive, and highly spe-
cific. Sensitivity of quantification will be easier to accom-
plish as analytical technologies and instrumentation improve
and progress in single-cell proteomics is made. In contrast,
achieving high specificity of biomarkers is more difficult and
there are many reasons for this. Among diseased individuals
there are broad responses to pathogenic factors and treat-
ment inconsistencies due to genetic variability (i.e. SNPs)
seem to be major contributors to difficulties in identifying
specific biomarkers. Another factor is many diseases gen-
erate the same response, such as inflammation, which can
be very sensitive to an ongoing pathological process, but not
highly specific. We also need to consider the variability of re-
sponse time between individuals in developing pathological
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processes or responding to applied treatment, which also con-
tributes to the difficulty of discovering universally identifiable
biomarkers.

Proteomics as an experimental approach to global profil-
ing has made a quantum leap in technological advancements
in the past ten to 15 years. The field now offers a variety of
methods based not only on polyacrylamide gel separations,
but also on micro- and nano-flow LC fractionations. In addi-
tion, mass spectrometers have tremendously improved in an-
alytical power, allowing protein identification at the attomolar
level. This progress was accompanied by the development of
sample preparation techniques, database search algorithms,
and statistical models and bioinformatics tools. As a result,
researchers are now equipped with a broad array of tools that
can be used for systems biology approaches to simultane-
ously tackle multiple complex and dynamic processes, such
as HIV-1 infection.

Treatment of human immunodeficiency virus-1 (HIV-1)
would benefit greatly from advancements in biomarker dis-
covery, which has proven to be difficult due to complexity
of the HIV life cycle. To complete its life cycle, the virus re-
quires multiple cellular elements that can be divided into four
groups: (1) membrane proteins for entry, (2) cellular proteins
for transport, assembly, and maturation, (3) nuclear factors
for transcription, and (4) regulatory mechanisms associated
with maintaining the viral life cycle. Such classification will
help us understand that proteomic technologies are the most
productive in generating new information that can be used for
more effective treatments and ultimately eradication of viral
infections. Moreover, each step of the viral life cycle is highly
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complex and this is compounded by the fact that the host’s
response to infection will involve its own dynamic immune
and cellular interaction with an invading pathogen.

In this review, we will guide the readers through accom-
plishments in this area over the past decade and will provide
our perspective and guidance for future proteomics-based in-
vestigations. We also encourage readers to read reviews pre-
viously published by others and us in order to form a more
complete understanding of the prior progress made in HIV
proteomics [1–5].

2 Why systems biology approach to
investigate HIV-1 infection?

Since the first publication of AIDS cases in Morbidity and
Mortality Weekly Report in 1981 [6], thousands of studies
have been conducted investigating various aspects of immune
system deregulation caused by HIV-1 infection. Collectively,
these studies generated more than a quarter million PubMed
cited papers. As much as we have succeeded in controlling
infection with cART, viral infection is not eradicated and thus
it is not curable at this time. What also needs to be acknowl-
edged is that HIV-1 infection is associated with the toxicity
of antiretroviral drugs, numerous comorbidities, as well as
other associated pathologies (i.e. use of illicit drugs). There-
fore, HIV-1 infection, particularly in its chronic phase, can-
not be investigated in a vacuum and other factors must be
considered. However, considering multiple concurrent fac-
tors requires a specific experimental approach such as the
systems biology approach, which meets the requirements to
study complex systems with multiple variables.

The development of computational methods to process
high throughput data, along with increased speed of data
acquisition by new generations of mass spectrometers, has
increased confidence in the interpretation of quantitative pro-
filing experiments spanning across multiple variables. On the
same token, dual comparisons of one experimental condition
to a control is quite limiting in what we can learn about the
function of biological systems. Alternatively, the comparison
of multiple conditions poses an overwhelming challenge in
understanding the significance and direction of dependabil-
ity of variables representing intertwining conditions. In some
instances, effects of disease and/or therapeutic intervention
can be monitored continuously. Generally, samples for di-
agnosis are taken at certain time intervals, which may span
from hours to weeks or months. The latter is more com-
mon with slowly developing diseases such as neurodegen-
erative disorders (i.e. Alzheimer’s disease). A broad system,
such as those involving whole cells with protein PTMs in all
subcellular compartments, cross-talk signaling, regulatory,
and metabolic pathways, and intracellular trafficking exposed
to more than one stimulus, generates data with too many
variables.

As cancer research leads in the number of studies ap-
plying proteomics and systems biology approaches, the first

Figure 1. A summary of proteomic platforms. The three pri-
mary methods of proteomic analysis involving MS are top-down,
middle-down, and bottom-up. While each requires different meth-
ods of sample preparation, they all have the same outcome; iden-
tification and quantification of samples, which leads to complete
proteomic profiling.

such studies to understand the global effect of HIV-1 on the
host’s cells are emerging [7–9]. In a recent study by Jaworski
et al. the authors used nanotrap particle technology to se-
lectively capture specific HIV-1 molecules and to augment
HIV-1 detection by concentrating viral proteins and infec-
tious virions from infected samples [10]. Haverland et al.
narrowed their studies to transcription factors and regulators
[9]. In this study, the authors used SWATH-MS label-free
quantitative profiling.

A compromise of narrowing the scope of investigations to
subcellular compartments, subsets of proteins or particular
signaling and metabolic pathways is making its way [11, 12].
It seems that for the near future, simplification of the scope
of biological systems to be investigated is the best approach
until the development of new and more powerful tools for
statistical and bioinformatics analyses [13,14]. However, this
development will not replace critical thinking based on an
in-depth understanding of the biological systems being in-
vestigated [14].

3 Proteomics platforms and HIV-1

3.1 An overview

Proteomics currently offers a variety of methods for quanti-
tative profiling. Decisions regarding selection of which pro-
teomic platform to be used in addressing any particular ques-
tion is of utmost importance for downstream data interpreta-
tion and expectations of the output. A summary of proteomic
platforms is presented in Fig. 1 and is divided into three
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major groups: top-down, middle-down, and bottom-up. Meth-
ods representing top-down approaches are used for separa-
tion of intact proteins, including LC and gel-based techniques.
Proteins can also be labeled with fluorescent dyes (i.e. Cy-
dyes) or 2DE gels can be run without labeling. Methods based
on the separation of intact proteins using LC can comprise
single step or multistep fractionation approaches combining
off-line and on-line configurations. Chemical or metabolic la-
beling, as well as label-free techniques, are widely used for
bottom-up studies.

The majority of quantitative proteomic profiling tech-
niques that have been utilized in HIV-1-related research and
a comprehensive summary of these studies is presented in
Table 1. Our intention here is to not only present past ex-
perience, but also provide guidance for the selection of pro-
teomic platforms in future studies based on the questions
being asked. The experimental design and sample process-
ing should align with the type of material being investigated.
Investigation of body fluid proteomes and culture super-
natants or lysates of whole cells, tissues, or cellular compart-
ments/organelles would all require use of a different plat-
form, which can be determined from reviewing published
studies. When designing experiments to study various as-
pects of HIV-1 infection or life cycle we need to acknowledge
that this is a chronic disease and a relatively small percent-
age of cells are infected. This makes detection of differences
much more challenging compared to, for example, exposure
of cells to a drug where all cells are exposed at the same time
and at the same level. Moreover, any proteomic profiling is
almost always preceded by at least one-dimensional fractiona-
tion to reduce complexity of the samples. This can be accom-
plished by employing a wide variety of techniques includ-
ing immunoaffinity removal of the most abundant proteins
from plasma/CSF, organelle separation, isolation of specific
groups of proteins such as phosphorylated or glycosylated
proteins, ion exchange chromatography, etc. Extending pre-
profiling fractionation may not always work toward our ad-
vantage, since every analytical step introduces some degree
of variability. With improvements of sensitivity, resolution,
mass accuracy, dynamic range, and speed of data acquisition
of new generations of mass spectrometers, proteomic data
are inevitably massive, and reduction of sample complexity is
necessary.

3.2 SELDI-TOF

SELDI-TOF technology was developed in the early 1990s [15]
and was commercialized as the ProteinChip system in 1997.
SELDI-TOF was a simple TOF mass spectrometer used to de-
tect differentially expressed proteins in various tissue samples
as a tool for biomarker discovery. Although SELDI-TOF has
not been used in HIV-1 research for some time, the MALDI-
TOF-based approach is still used by many [16,17]. The major
advantage of SELDI-TOF is a set of chips coated with sur-
faces specifically absorbing proteins based on hydrophobic

properties, anion/cation exchange, and metal-binding sur-
faces. Another type of chip allows to covalently linking ligands
(i.e. immunoglobulins) for affinity type reactions. The SELDI-
TOF platform raised very high expectations for fast discovery
of new biomarkers. However, problems with reproducibility
and cross-validation soon limited enthusiasm for this method
[18]. Despite these limitations, several HIV-related profiling
studies have been conducted [19–24]. Because SELDI-TOF
did not have the ability to fragment peptides, results were
usually reported as features (presence or absence of peaks)
characteristic of conditions under investigation [25]. A good
example of such study is the investigation of a small num-
ber of CSF samples, matched sera that reported the presence
of molecular features rather than specific proteins, which
may correlate with the degree of HIV-1-associated dementia
(HAD) [26]. However, none of these features were further
identified as differentially expressed proteins. Wiederin et al.
used the same chromatographic conditions in a preparative
LC mode as they were used to bind proteins to the surface
of a weak cation exchange (WCX2) SELDI chip to extend
SELDI-MS profiling with protein identification. The same
sample was absorbed to a column with exactly the same sur-
face of WCX2 functional groups. Eluted proteins/peptides
were subjected to fractionation by 1DE and then identified us-
ing MS/MS after in-gel trypsin digestion. This approach led
to the identification of gelsolin, ceruloplasmin, and afamin
as proteins differentially expressed between samples from
HIV infected individuals with or without HAD. Interestingly,
ceruloplasmin has been found to be downregulated in the
CSF of subjects with HAD and upregulated in the plasma
of these patients. This suggests that the CSF to plasma ratio
of ceruloplasmin may be an important correlation of HIV-
associated neurocognitive disorder (HAND) [27]. Similarly,
Sun and coauthors identified secretory lysozyme as downreg-
ulated by macrophages isolated from HIV positive subjects
with HAD [20]. Although none of the identified proteins be-
came a diagnostic biomarker due to a lack of specificity, all
differentially expressed proteins contributed to building upon
our knowledge about global deregulation of homeostasis in
HIV-infected individuals.

3.3 Gel electrophoresis

1D SDS-PAGE [28], followed by 2D SDS-PAGE and 2D-DIGE,
were early methods for top-down, intact protein fractionations
used in HIV research. These methods were used in several
studies to discover biomarkers in body fluids of HIV-infected
individuals [23,29–33]. For the most part, these studies high-
lighted proteins representing inflammation, including com-
ponents of complement cascade or lipid metabolism, such
as apolipoproteins [29, 34–42]. Rozek et al. postulated that
specific components and/or fragments of complement sys-
tem might serve as a more specific biomarker than changes
of complement in its entirety. They proposed that the Com-
plement C3 �-40 chain fragment can be used as a potential
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biomarker of HAD. The advantage of using this fragment
is that regardless of how the precursor of complement C3
is processed and the abundance of intermediate forms, lev-
els of the �-chain will indicate the final step of process-
ing [29]. Although the authors did not further explore such
possibility, it seems that the decrease of circulating �-40 chain
of complement C3 is consistent among HIV-1 infected indi-
viduals with advanced neurocognitive symptoms. This, how-
ever, will require further investigation using larger cohorts of
well-characterized samples.

3.4 Chemical isotope labeling and isobaric tags

iTRAQ and tandem mass tag (TMT) platforms are based on
the same principal of generating chemically added tags that
show the relative abundance of proteins after peptide frag-
mentation in MS/MS. These techniques emerged around
2003 and 2004 with high expectations for improved quantifi-
cation of global proteomic profiling. iTRAQ offers two sets of
labels (channels) for quantification, a 4-plex and 8-plex, allow-
ing up to eight samples to be compared in one LC-MS/MS
analysis while TMT offers a 6-plex system. Several studies
used the iTRAQ platform to study cellular molecular mecha-
nisms of HIV-1 infection [34, 43–46] and plasma proteomes
for biomarker discovery [27, 47] (Table 1).

3.5 Metabolic labeling—SILAC

Although very few studies have been performed using this
technique, it is worth being noted as a separate category. Jar-
boui et al. [48] cultivated stably transfected Jurkat T cells with
Tat protein for five generations to achieve 95% incorpora-
tion of “heavy” amino acids. After mixing “heavy” and “light”
samples, nucleoli were isolated, proteins were digested with
trypsin and resulting peptides were analyzed by nano-LC-
MS/MS. Out of 520 identified proteins, the authors found
49 to be differentially expressed using the IPI Database.
Bioinformatic analysis of these data indicated alterations of
transcription, RNA processing and to a lesser extent, cell-
cycle processes and chromosome organization. Investigating
macrophages infected with HIV-1 using the SILAC approach
is much more challenging because macrophages are termi-
nally differentiated and are nonproliferating cells. For SILAC
experiments, monocytic U937 cells, which were differenti-
ated using 100 ng/mL of phorbol myristate, were cultured
for 5 days with daily change of media with “light” or “heavy”
amino acids [49] followed by transfection with an Adeno-Vpr
construct. Based on this study, the authors propose that HIV-1
steals the macrophage glucose metabolism pathway, induc-
ing expression of hexokinase , glucose-6-phosphate dehyro-
genase, and pyruvate kinase muscle type 2. In another study
by Kraft-Terry et al. the authors used primary monocytes,
which were first differentiated to macrophages using MCSF.
SILAC media without MCSF was added on days 1, 3, or 5
following HIV-1 infection and cells were lysed 48 h following

SILAC medium addition. This approach allowed the authors
to identify proteins synthesized de novo after viral infection.
Data resulting from this experiment showed the complexity
of the macrophages’ struggle to contain HIV-1 infection and
develop antiretroviral mechanisms while the virus succeeds
in acquiring protective mechanisms to support survival [50].

3.6 Label-free quantitative proteomics

The label-free approach appears to be very attractive because it
can be used when metabolic labeling (SILAC) is not feasible
or the number of analyzed samples is larger than molecu-
lar tags such as iTRAQ channels. Label-free quantification
is based on the premise that although the data generated in
MS experiments are not directly quantitative, samples can
be compared directly using spectral count or using measure-
ments of area under the peak, which is the classical approach
in analytical chemistry quantification. Although it has been
shown that peptide ion counts across experiments can be very
reproducible [51], this method still raises reservations among
many researchers. Nevertheless, Schweitzer et al. showed the
viability of this approach [52]. First, the authors compared the
number of high confidence peptide identifications per indi-
vidual protein assignment, and then compared the number
of individual protein assignments for each NCBI GI num-
ber across the seven biological replicates. This was followed
by calculation and comparison of the coverage of each pro-
tein across biological replicates. To validate lack of bias, the
authors compared the seven most abundant proteins com-
mon to both HIV-1 infected and control samples across all
replicates. Lack of statistical differences between infected and
control samples were used to conclude that there was no bias
resulting from the comparison of proteins with high pep-
tide counts and reinforced this methodology. Utilizing this
analysis, several differences in proteins putatively constitut-
ing HIV-1 preintegration complex (PIC) have been identified
and orthogonally validated [52]. In this study, PIC was par-
tially purified using sucrose gradient ultracentrifugation and
localization was measured by the activity of endogenous re-
verse transcriptase (EndoRT). As expected, fractions covering
EndoRT activity contained more than two thousand unique
protein IDs, but less than one hundred were unique to in-
fected cells. The top ten proteins unique to infected sam-
ples were: XRCC6 (Ku70), FCRL6 Fc receptor-like 6, gluta-
mate receptor, ionotropic, Nmethyl D-aspartate 2C, NONO
non-POU domain containing, octamer-binding; p54 (nrb),
MARCKS protein, MAX-like protein X, Golgi matrix pro-
tein 130 (GM130), FAM167B family with sequence similarity
167, member B, Serine/threonine kinase 33(STK33), PDIA3
protein disulfide isomerase family A, member 3. The sec-
ond group of proteins consisted of enriched proteins, which
might be recruited during formation of PIC after viral en-
try. Annexin 6 (ANAXA6) was one of the proteins found
in this group and validated by Western blot analysis. In-
terestingly, ANAXA 2 [53], another member of this family
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of proteins, has been previously implicated in participation
of HIV-1 particle formation in macrophages [54]. The role
and biological validation of ANAXA 6 in HIV-1 infection of
T cells requires further focused studies. In summary, this
label-free proteomic study provided a panel of novel cellu-
lar proteins potentially associated with the viral life cycle in
T cells.

Jager et al. published an elegant study of global land-
scape of HIV–host proteins interactions by pulling-down
interacting partners from cells transfected with tagged vi-
ral proteins [55]. Although this study did not reveal specific
biomarkers; it provides an indispensable source of informa-
tion for future studies.

3.7 SWATH-MS

Recent advances in quantitative proteomics led to the de-
velopment and commercialization of SWATH-MS, another
label-free technique based on comparisons between the sums
of areas under the peaks for a select number of transi-
tions. Strength of this method is twofold. First, all infor-
mation contained in analyzed samples is recorded; second,
SWATH-MS provides a high dynamic range, thus increas-
ing linearity of quantification. A limited number of appli-
cations have been published using this relatively new tech-
nique and only one was subjected to HIV-1 infection [9].
Nevertheless, this approach holds a good promise, particu-
larly when multiple biological replicates across multiple con-
ditions are compared. The authors of this study focused on
identifying differential expression of transcription factors and
regulators in primary human macrophages infected in vitro
with HIV-1. This extensive study covered 3068 proteins and
identified 420 as differentially expressed. Further analysis
showed that HIV-1 infection leads to increased expression of
YBOX1 and DHX15 proteins, which are predicted to be HIV-
1 dependency factors and unique to the U11/U12 spliceo-
some. Other differentially expressed proteins, NCOR2 and
HDAC2, have been implicated in the infectivity of HIV-1.
NCOR1 is reported to be a positive mediator of HIV-1 latency.
Two hundred forty-five proteins identified as differentially
expressed by SWATH-MS, with no documentation to show
association with HIV-1 infection, represent potentially novel
discoveries.

3.8 What have we learned?

Every time we approach a profiling experiment, we hope to
find a breakthrough biomarker or ideal target for new treat-
ment. Instead we accumulate new information, which is col-
lectively used to increase knowledge and advance our under-
standing about the course of pathological processes. It would
be quite naive to believe that every proteomic profiling ex-
periment will deliver “magic bullets,” yet stigmatizing these
studies as a “fishing expedition” causes more damage than

creating a positive attitude. Yes, with proteomics, as with
other types of studies, we have learned a lot over time. In
fact, many studies could be designed better to increase the
odds of delivering breakthrough discoveries. This, however,
does not diminish the guidance value of existing studies. To
support the latter claim, we present in Table 1 a summary of
proteomic profiling studies published to date. Although the
presented list contains major studies, it is by no means fully
complete.

Considering the surprisingly low number of proteomic
profiling studies aimed toward investigating aspects of HIV-1
infection, there has been an immense amount of new infor-
mation gathered. Given this, do we have enough information
to start drawing more general conclusions? In our view we do,
but we have to consider several important limitations such as
that each study represents a time snapshot of infection that
has a relatively short acute phase and a much longer chronic
phase. We also need to divide these studies by cell type: T
cells and macrophages. There are two general methods of
mimicking the course of infection, using either live virus or
transfecting cells with viral proteins. The variety of proteomic
platforms reviewed in this article, search engines, protein
databases and bioinformatics tools used for protein identifi-
cation and quantification will further contribute to the dif-
ficulty of direct data comparison and interpretation. Despite
these limitations, the list of differentially expressed proteins is
rapidly expanding and with increasing consistency from study
to study. Such proteins should be used for comparison-based
validation of profiling datasets. One such example is signal
transducers and activators of transcription (STATs) pathways.
Kanmogne’s reductionistic studies showed that HIV-1 acti-
vates proinflammatory and interferon-alpha–inducible genes
that are linked to the Janus kinase/STAT pathway [56]. We
found in our proteomic profiling-based systems biology study
an increase in expression of STAT1. Although at this stage
it is impossible to use the degree of STAT1 upregulation as
a normalization factor and/or pattern, this fact can be used
as a point for comparison-based validation across datasets.
The fact that alterations in RNA processing pathways were
identified in two otherwise distant studies, one using Ju-
rkat T cells transfected with Tat protein [56] and the other
using monocyte-derived macrophages (MDM) infected with
live virus [9], further supports our view on how proteomic
data should be validated.

In summary, the expectations of what proteomic profiling
may deliver have not lived up to the results of actual studies.
We should not expect discovery of “magic bullets" from just
a few experiments with so much inherent variability. HIV-1
infection is a chronic disease that subsides with treatment
but the virus is not eradicated and rebounds when antiretro-
viral therapy is interrupted. Confounding effects of toxicity
of antiretroviral drugs, resistance, and the ability of viruses
to hide in reservoirs requires the constant search for new
ways of treating already infected individuals until a cure is
found. Global profiling is and will be an indispensable tool in
tackling such quest.
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Figure 2. Organization of the HIV-1
genome. The expression levels of dif-
ferent HIV-1 proteins have been inves-
tigated as potential biomarkers with
varying success.

4 HIV-1 proteins as biomarkers

4.1 Introduction

The most common HIV test is the antibody-screening test,
which detects the presence of antibodies against HIV. Al-
though such immunoassay test is generally accurate in pro-
viding a yes/no answer for initial screening, it measures
response to infection rather than directly determining the
levels of circulating viral proteins, or antigens. Since the first
probable link between HIV and AIDS has been made, many
studies have been conducted using viral proteins as specific,
accurate, and sensitive biomarkers of various pathologies as-
sociated with viral infection, e.g. HAND. For the purpose
of this review, we present in Fig. 2 the organization of the
HIV-1 genome providing a list of viral proteins. These viral
proteins have been investigated in a broad range of inter-
ests, also as causative factors of HIV-associated pathologies
such as direct toxicity to neurons and the blood–brain barrier.
Concurrently, their levels in body fluids have been explored
as potential prognostic biomarkers for HIV-1-related patholo-
gies, particularly HAND [57]. In this review, we focus on Tat
and gp120, because numerous studies have shown their di-
rect contribution to the pathobiology of HIV infection and
because both proteins represent similar sets of issues associ-
ated with quantification of circulating amounts and linking
this information to their predictive value as biomarkers.

4.2 Tat

There is overwhelming experimental evidence supporting
multiple roles for Tat in the pathogenesis of HIV-1 infec-
tion and pathologies associated with this infection, mainly
with HAND. Even though in vitro experiments in which cells

exposed to Tat show pathological effects, correlation of these
findings to in vivo situations of infected individuals is much
more complicated. Coming to meaningful conclusions about
Tat roles is difficult because of the inability to efficiently quan-
tify the protein. Hudson et al. used a highly sensitive ELISA
assay (sensitivity of 2 ng Tat/mL of brain tissue) and was un-
able to detect Tat in extracts from the brains of individuals
with HIV encephalitis, however Tat mRNA was detected in 4
out of 9 of these individuals [58]. Additionally, Tat can be dif-
ferentially distributed between body compartments, such as
blood, mucosa, and lymph node, which further complicates
conclusions related to which site and corresponding concen-
tration is most relevant from the perspective of prognosis.
Also, Tat can be either trapped by other molecules, such as
heparin sulfates becoming sequestered on extracellular ma-
trices, or sequestered by anti-Tat antibody [59]. Nevertheless,
Xiao et al. tested 80 anonymous HIV-1 patient sera from the
National Institutes of Health Clinical Center and found that
more than 1/3 of sera had antibody reactivity to Tat. Spot-
ting of sera onto PVDF membranes and probing them with
rabbit anti-Tat antibody showed positive detection in 5 out
of 80 sera samples with concentrations ranging from 2 to
40 ng/mL [59]. These authors also suggest that comparison
of such data between laboratories can be difficult due to a lack
of standardized antibodies.

Alternative approach would be MS-based quantification;
however, we were not able to identify this protein in any of our
proteomic experiments, despite successfully detecting other
proteins such as Gag and gp120 [30].

4.3 Gp120

Gp120 interaction with cell surface receptors, particularly
CD4 on the surface of T-helper cells, is crucial for virus entry
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into cells. As such, this protein was one of the first targets for
vaccine development, thus making it a subject of extensive
investigation. It has also been shown that viral gp120 con-
tributes to neuronal death via various mechanisms [60,61] and
was investigated as a potential biomarker for motor and cogni-
tive disorder [62]. Importantly, gp120 is heavily N-glycosylated
and contains highly variable regions. Therefore, it is repre-
sented by 182 272 unreviewed entries (TrEMBL), however
only 185 entries (SwissProt) were reviewed as of December
2014 (http://www.uniprot.org/uniprot/). These database en-
tries represent various clades and were collectively submitted
over long periods of research. Similar to Tat, there is no gen-
eral agreement regarding levels of gp120 circulating in blood.
Although it has been hypothesized that gp120 contributes
to immunological dysfunction during early stages of infec-
tion, it is not known what level of this protein is sufficient
to cause such dysfunction therefore making it difficult to be
measured as a biomarker. Rychert et al. showed that gp120
was detectable in plasma in only 33% of infected individuals,
ranging between 0.5 and 15.6 ng/mL (4–130 pM). No corre-
lation was found between acute and early stages of infection
in this cohort of 109 individuals. A longitudinal follow-up
of nine subjects showed stable levels of gp120 in blood and
were independent from viral load. An early study performed
by Gilbert et al. detected gp120 in only 11 out of 41 samples
from AIDS patients [63] and the measurable range was 250–
2000 pg/mL. Oh et al. detected gp120 in the majority of AIDS
samples in a range of 0.1–0.8 nM [64]. A later study based
on much more sensitive tests showed the range 2–20 pM
in only a small portion of sera from p24-antigenemic AIDS
and AIDS-related complex patients [63]. Although Klasse and
Moore [65] stated that the cross-reactivity capabilities of the
assay used by Oh et al. was questionable and therefore the
ability to detect and quantify gp120 in plasma is problem-
atic, they also admit that any estimation of how much gp120
was naturally present in the HIV-1 positive sera was clearly
problematic. They further seem to agree with Parren et al.
[66] that the majority of Env proteins (pg120 and gp41) are
not secreted but rather released from dead cells as “viral
debris.” Nevertheless, an overall conclusion is that plasma
anti-gp120 antibodies may mask detection of the protein,
thus skewing gp120 quantification results, similar to the case
of Tat.

All of the studies reviewed here were based on ELISA
assays in which various antibodies were used, thus adding
an additional layer of difficulty in comparison and interpre-
tation. We attempted to identify and characterize, but not
quantify, circulating forms of gp120 using MS and found
that identification of some viral proteins in the CSF or
plasma of HIV-infected individuals [30]. However, in most in-
stances only one unique peptide was detected, mostly from a
conserved region putting a limitation on this type of assay as
a reliable measure [29, 30]. Although we do not exclude the
possibility of using mass spectrometric-based quantification
of HIV proteins, it would require new approaches in sample
preparation to facilitate this type of quantication. Based on

current knowledge, it still seems to be a stretch of the imagi-
nation to use proteomic profiling of viral proteins directly in
ex vivo specimens as diagnostic biomarkers. Considering the
presence of variable regions, immunoaffinity isolation would
generate the same set of problems as ELISA assays used to
date.

Since glycosylation can significantly alter protein confor-
mation, as shown by deletion studies in the V1V2 regions of
gp120, it can also alter biological properties of gp120, includ-
ing immunogenicity and antigenicity [67,68]. For this reason,
glycosylation of Env proteins drew significant attention. Stud-
ies investigating whether amino acid features of the V3 loop
region can favor viral transmission from individual to indi-
vidual did not correlate with the number of N-linked glyco-
sylation sites [69]. We conclude that oligosaccharide moieties
and/or the specific N-glycosylation site have a decisive role in
altering biological activity of the viral gp120 protein.

It has also been postulated that variability in potential
N-linked glycosylation sites as well as the number of glyco-
sylated sites also result in increased viral fitness by altering
sensitivity to potentially neutralizing antibodies. Therefore,
a systematic glycoproteomic approach was required to ad-
vance our knowledge in this area. Desire and coworkers ex-
tensively characterized oligosaccharides associated with HIV
gp120 protein. The initial goal of this research was to de-
fine glycosylation profiles of Env proteins and define specific
carbohydrate moieties at each glycosylation site [67]. In the
subsequent step, the authors attempted to determine which
carbohydrate structures are involved in HIV-1 infectivity and
are most suitable as a potential antigen to develop a protective
immunological response to infection. The number of reports
led not only to the refinement of mass spectrometric-based
techniques used in glycoprotein analysis [68, 70, 71] but also
provided a wide breath of new information about glycosy-
lation of gp120 and gp41 [72–75]. Despite this effort, at this
time, neither gp120, nor gp41 became suitable biomarker can-
didates. We need to further explore properties, either based
on amino acid sequence or PTMs, of gp120 protein to uncover
a useful biomarker.

4.4 Other viral proteins

Other HIV-1 proteins have been studied to a much lesser
extent as possible direct biomarkers. Most of the work done
has focused on immune responses to viral proteins. One such
study performed by French et al. [76] found levels of IgG1
antibodies against HIV Gag (p18, p24, rp55) and Pol-encoded
(p32, p51, p66) proteins higher in HIV controllers, a small
group of infected individuals who control HIV replication in
the absence of therapy. Yates et al. measured concentrations
of IgG1 and IgG3 antibodies to eight different HIV-1 proteins,
gp140 Env, gp120 Env, gp41 Env, p66 reverse transcriptase,
p31 Integrase, Tat, Nef, and p55 Gag, during acute/recent
HIV-1 infection [77]. The authors proposed that the decline
in multiple HIV-specific IgG3 responses simultaneous with
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persistent IgG1 responses during HIV-1 infection could serve
as markers for detection of incident HIV infections.

4.5 Conclusions

It is disappointing that, with all the advances in research, viral
proteins cannot be used for prediction or prognosis of other
pathological conditions associated with this viral infection,
even though they undoubtedly play a role in pathogenesis of
HIV-1 infection. As much as we hope levels of viral protein
circulating in body fluids or deposited in tissues would be
more informative, it is evident that this is not the case due to
the complex nature of HIV-1 infection and pathogenesis. De-
spite the presence of conserved regions, these proteins have
not shown much promise as a target for anti-HIV vaccination
due to its variable regions and shedding from the surface of
mature virions [78]. The uneven degree of shedding results in
circulation of highly variable amounts of viral proteins mak-
ing it harder to establish criteria for their use as biomarkers.

5 Host proteins incorporated in virions

Although assembly of HIV-1 occurs at the plasma membrane
of infected cells, many studies showed that virus also accumu-
lates in intracellular compartments [79]. Pelchen-Matthews
and coworkers demonstrated that the virus accumulates in
late endosomes [79] supporting hypothesis that late endocytic
membranes are where the bulk of infection viral particles re-
side. As virions mature, host proteins are encapsulated within
viral envelope, raising the question of whether this is associ-
ated with recruitment of specific host proteins needed by the
virus for early steps of the next life cycle. If this is correct, it
would be interesting to determine which proteins are incor-
porated when virions are assembled at the plasma membrane
and which are incorporated during virion assembly in late en-
dosomes. Identifying which host proteins are purposely in-
corporated into virions will give us more information about
complexity of the viral cell cycle and may also indicate new
therapeutic targets. A major difficulty in the precise determi-
nation of proteome composition is dealing with the technical
challenge of separating virions from copurified microvesicles,
which have very similar densities. Linde and coworkers used
iTRAQ-based quantification of HIV particles isolated from
T cells and MDM. The authors found several proteins com-
mon in both cell types: actin isoforms, HLA proteins, chaper-
ones, ERM proteins, the dynamin domain containing protein
EH4, a phosphodiesterase, and cyclophilin A [80]. A major
hurdle in interpretation of these results lies in the difficulty
of differentiating between proteins necessary for completion
of the viral life cycle from those that are interacting with viral
proteins but are not crucial.

Misumi et al. suggested that two isoforms of cyclophilin
A (CyPA) are inside the viral membrane, with a third isoform
located outside the viral membrane. Very little is known about

the mechanism behind CyPA isoform distribution and their
exact roles at each location. One suggestion is that CyPA may
regulate the conformation of viral capsids [81].

As further proteomic profiling of cellular compartments is
undertaken and more data is collected, it is imminent that this
topic warrants a separate review. Therefore, for supplemental
information we direct our readers to articles published by
several groups [10, 80, 82, 83].

6 Proteomics of body fluids from HIV-1
infected individuals

Body fluids such as plasma/serum, cerebrospinal fluid, saliva,
lung lavages, and cervical-vaginal fluid from HIV-1 positive
individuals provide not only much needed diagnostic and
prognostic biomarkers but also clues related to susceptibility
to infection, efficacy of treatment, etc. Body fluids still remain
as very informative material for proteomic profiling and every
new approach to quantitative proteomics raises hopes for new
discoveries. The inherent variability of proteins in body fluids
and lack of good references for normalization are major ob-
stacles in the way of faster and more efficient biomarker dis-
covery. The concentration of proteins continually fluctuates
depending on multiple factors. Even highly abundant serum
albumin ranges from 34 to 54 g/L (reference serum values)
and can fluctuate hourly, daily, weekly, or monthly, contribut-
ing to already existing high donor-to-donor variability. This
might be very difficult to show for low abundant proteins such
as those originating from tissue or cell leakage [84]. Even if
highly abundant proteins are removed for proteomic profil-
ing studies to lower the dynamic range of concentrations, the
lasting portion will remain highly variable. Normalization of
samples based on the amount of protein taken for analysis, in-
dependent of the volume of blood used to obtain this protein,
seems to be the most common step in proteomic profiling
of body fluids. Spiking in synthetic peptides aids absolute
quantification of proteins in any given sample but will not
help in overall normalization within populations of diseased
and healthy individuals who remain highly variable. Similar
issues apply to cerebrospinal fluid, lung lavages [85] as well
as saliva [86] and cervical-vaginal fluid [44], with the latter two
having been studied to a much lesser extent.

The necessity of pooling of body fluid samples to generate
a sufficient amount of material for proteomic quantification
is highly debated. For plasma/serum it is not, even if the re-
maining amount of proteins after immunodepletion is low
because plasma usually is available in large quantities. In the
case of CSF, it may be impossible to perform full proteomic
analysis with samples from individual subjects without
sample pooling [87], however, final outcome showed limited
success.

The majority of biomarker discovery studies investigat-
ing various aspects of HIV-1 and SIV-1 infection have been
performed using methods in which proteins and peptides
were labeled. Initially, 2DE and 2D-DIGE were used [29, 30],
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followed by the iTRAQ platform soon after (see Table 1).
Since metabolic labeling such as SILAC cannot be applied
to investigate human body fluids, chemical labeling, or label-
free techniques became two popular choices. Protein arrays
seem to be a feasible technique in the quest for biomarkers.
However, its application for samples from HIV-1 infected
individuals has not yet been shown. Superiority of any pro-
teomic platform is difficult to assess because too few studies
have been performed and none of the approaches have pro-
vided unique and highly specific biomarkers. The spectral
counting approach sums the number of spectra identified for
a given peptide in different samples and then integrates the
results for all measured peptides of the protein(s) that are
quantified. Label-free approaches in quantitative proteomics,
either based on spectral count or precursor ion abundance,
have been of interest in the proteomic community for some
time [88, 89]. The latter requires high-resolution peptide sig-
nals on the MS level but separates the quantification from
the identification process in MS/MS mode. It has been pos-
tulated that the label-free methods provide a higher dynamic
range of quantification [89,90]. Nevertheless, spectral count as
a quantitative measure for global profiling is not commonly
used and is criticized by some for issues such as linearity
and accuracy of proteins represented by low number of spec-
tra. Some studies showed successful use of this approach in
studying proteomes of saliva [91]; however it has not been
applied to HIV-1 related biomarker discovery in body fluids.
While the recent developments of data independent acqui-
sition and the commercialization of SWATH-MS technology
[9,92,93] has opened new avenues in label-free quantification,
formal studies of body fluids have not yet been published.

Careful preparation is critical for the proteomic profil-
ing of samples such as plasma/serum, CSF and ascites fluid
due to very high complexity and a wide dynamic range of
concentrations. Based on findings from the Human Plasma
Proteome Project, the Core Dataset contains 9504 IPI pro-
teins identified with one or more peptides and 3020 proteins
identified with two or more peptides in human blood. The
12 most abundant proteins constitute approximately 96% of
the protein mass. Various methods involving depletion of
the most abundant proteins have been proposed. Among the
immunedepletion methods, use of IgY columns seems to
be the most efficient [27, 94, 95] as well as the ProteoMiner
kit from BioRad (Hercules, CA), which depletes serum albu-
min in a cleaned-up sample [47]. Other methods of plasma
sample enrichment were also used. Yang et al. enriched gly-
copeptides and performed a search with PNGase F-catalyzed
conversion of Asn to Asp. This method allowed for the iden-
tification of 829 unique glycopeptides from 411 unique glyco-
proteins with N-deamidation within the consensus N-linked
glycosylation motif. Further analysis using the MaxQuant
software package with Andromeda algorithm provided iden-
tification of 671 glycopeptides from 375 glycoproteins. Af-
ter normalization, 326 proteins were used for quantification
based on a fold-change of 3 and a p-value < 0.05. Of these, 59

glycoproteins were identified as being significantly differen-
tially expressed.

A methodologically thorough study of CSF proteomes
from 12 HIV-1-infected subjects, 12 controls, and 14 HIV-
infected individuals before and after initiation of cART iden-
tified 2333 peptides covering 307 proteins and showed that
protein abundances differed between and within subjects,
thus differentiating those with and without HIV infection
[96]. This would be expected because of the multilevel effect
retroviral infection has on the overall function of the hu-
man body. Bioinformatic analysis showed alteration of the
complement cascade, cell adhesion, acute phase signaling,
immune responses, and wound healing, all of which has pre-
viously been reported and is not HIV specific. The authors
tried to correlate neuronal injury with the levels of neopterin,
which is a catabolic product of gunaosine triphosphate. Be-
cause neopterin is produced by INF-� activated macrophages,
indicating a proinflammatory response, its levels are only a
reflection of immune system activation.

Besides viral proteins, what would we expect a biomarker
to represent and how large and persistent would the quan-
titative change be? First, we must realize that biomarkers
of chronic and slowly progressing diseases will be different
in nature than those with a relatively short but highly acute
phase. In the case of HIV-1 infection, which can be controlled
but not eradicated, there is an acute phase first followed by
chronic infection, which is controlled by lifelong antiretrovi-
ral treatment. Wiederin et al. compared plasma proteomes
of SIV-infected monkeys from acute to chronic states [94].
Because SIV infection of the monkeys was fully controlled,
the results were disconnected from coinfections, drug toxic-
ity, multidrug abuse, and other confounding factors, which is
very difficult if not impossible to avoid when using samples
from patients enrolled in clinical studies. The authors made
some interesting observations. First, despite immunodeple-
tion of the 12 most abundant proteins (albumin, IgG, fibrino-
gen, transferrin, IgA, IgM, haptoglobin, apolipoprotein A-I,
apolipoprotein A-II, �1-antitrypsin, �1-acid glycoprotein, and
�2-macroglobulin) and 2D fractionation (SCX and RP chro-
matography) only medium to highly abundant proteins were
identified. Out of them, 64 proteins showed statistically sig-
nificant differences in expression and represented inflam-
matory responses to microbial infections. In the subsequent
study [95] in which the effect of opiate administration on the
course of acute and chronic SIV infection of monkeys was in-
vestigated, a relatively small subset of proteins were identified
and quantified and the majority of proteins also represented
inflammatory responses to microbial infections. Despite us-
ing a well-controlled animal model and reduced technical
variability as much as possible, the authors still observed
highly variable changes in the plasma proteome, which they
linked to differences in genetic background and individual
responses to exogenous conditions—an opiate administra-
tion. When all was taken under consideration, the authors
concluded that in chronic conditions, biological variance,
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rather than technical, is a major obstacle in biomarker dis-
covery.

It is important to note that despite thousands of proteins
being identified in human plasma, biomarker discovery stud-
ies identify relatively low numbers of proteins, usually not
exceeding a few hundred. Shetty et al., using the iTRAQ plat-
form, identified altogether 70 differentially expressed pro-
teins in three sets of samples [47]. Many of these proteins
represent complement components changed during HIV in-
fection or HIV/HCV coinfection. Pottiez and coworkers com-
pared profiles of plasma samples from HIV-1 positive indi-
viduals actively using illicit drugs to those who successfully
entered a treatment program and abstain from drug abuse for
relatively short periods of time or longer [27]. Interestingly,
the authors showed that differences induced by use of illicit
drugs are short lived and a few weeks void of drugs brings
levels of proteins to those who were HIV negative and not
using drugs of abuse. Change in levels of apolipoprotein A-1
(ApoA1), apolipoprotein B (ApoB), histine-rich glycoprotein,
alpha-1 B glycoprotein, and orosomucoid 2 in individuals
treated with cART and showing symptoms of fatigue may
represent a broad range of altered physiological and molecu-
lar mechanisms [97].

An interesting observation has been reported by Rozek
et al. [29], who analyzed CSF samples using 2D-DIGE and
found that in samples from individuals with HAD, the
�-chain of complement C3 is consistently downregulated
compared to those without dementia. This would be an in-
direct indication of alterations in immune system function.
However, a more thorough quantitative analysis of all com-
ponents derived from complement C3 precursor need to be
performed.

7 Overall conclusions

Throughout years of research, we have accumulated ample
amount of new knowledge regarding HIV-1–host interactions
during infection and the significant role of host cellular ma-
chinery in successful completion of the viral life cycle. Some
of the host cell machinery involves changes in several proteins
associated with specific regulatory mechanisms. One exam-
ple is NCOR1, NCOR2, and HDAC2 as a part of transcription
regulation complexes [9]. Another two regulatory factors are
YBOX1 and DHX15, which regulate RNA splicing [9]. Never-
theless, much more work needs to be done in validating find-
ings of proteomic profiling using less laborious approaches.
This can only be accomplished by working through many of
the aforementioned obstacles and challenges.

Despite technological advances, investigation of pro-
teomes in cells infected by HIV-1 poses a challenge in ex-
perimental design. After in vitro infection of macrophages
with HIV-1, a low percentage of cells are infected within
the first several hours and the remaining cells are infected
within 3–4 days from secondary infections. Cells that have
been already infected become activated and start secreting

proinflammatory cytokines, which in turn leads to activation
of uninfected cells. The overall effect is a mosaic of cells at
various stages of infection and activation, making interpreta-
tion of proteomic data taken as a time-point snap shot more
difficult. Infection of T cells can be made more uniform by
utilizing the spinoculation technique [52]. With this method,
not all cells are infected at the same time but can be activated
simultaneously. Timing of infection and activation needs to
be considered when experiments are designed and data are
interpreted.

Challenges involved in biomarker discovery and fully un-
derstanding molecular mechanisms of HIV-1 infection are
very similar to those associated with other diseases. Continu-
ous development of proteomic methods, protocols, and tech-
nology platforms, along with improvement of sensitivity and
specificity, has generated more and more massive datasets.
Undoubtedly, these datasets contain valuable information,
however the major hindrance is data analysis when multi-
ple factors change concurrently and in opposite directions.
Almost all models of HIV-1 infection have been explored:
primary cells and cell lines directly infected with the virus,
cells stably transfected with viral proteins, ex vivo and post-
mortem human clinical material, humanized mice and SIV
with nonhuman primates. With these models, almost all pro-
teomic platforms have been employed. To further our knowl-
edge in this area, we need better tools for statistical analysis
and more refined tools for bioinformatics analyses. With the
amount of recent progress made in proteomics, there is no
doubt that our collective experiences provide enough infor-
mation to design more efficient and informative experiments.
It is our hope that with better design of experiments, more
solid conclusions about HIV-1 infection can be made.
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