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Abstract
Lentiviral replication in its target cells affects a delicate balance between cellular co-factors
required for virus propagation and immunoregulation for host defense. To better elucidate cellular
proteins linked to viral infection we tested plasma from rhesus macaques infected with the simian
immunodeficiency viral strain SIVsmm9, prior to, 10 days (acute) and 49 weeks (chronic) after
viral infection. Changes in plasma protein content were measured by quantitative mass
spectrometry by isobaric Tags for Absolute and Relative Quantitation (iTRAQ) methods. An 81
and 232% increase in SERPINA1 was seen during acute and chronic infection, respectively.
Interestingly, gelsolin, vitamin D binding protein and histidine rich glycoprotein were decreased
by 45% in acute conditions but returned to baseline during chronic infection. When compared to
uninfected controls, a 48–103% increase in leucine rich alpha 2-glycoprotein, vitronectin and
ceruloplasmin was observed during chronic viral infection. Observed changes in plasma proteins
expression likely represent a compensatory host response to persistent viral infection.
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Introduction
Host mechanisms for control of HIV infection remain incompletely understood after more
than two decades of investigations 1. After initial infection, HIV-1 seroconversion occurs
with a broad range of clinical manifestations or without symptoms that parallels robust
unregulated viral replication 1, 2, followed by sustained low level chronic infection 3. The
consequences of both phases of disease on innate immunity are regulated through alterations
in cellular immunity. We postulate that changes in plasma factors reflects progression of
disease and that they could serve to unveil relevant host immune responses to ongoing viral
growth as biomarkers for disease progression 4.

Experiments analyzing viral-cell-host interactions from acquired human clinical samples are
complicated, as viral infection per se cannot readily be separated from co-morbid conditions
that commonly include illicit drug and alcohol use, opportunistic infections and
environmental factors. This necessitates the use of animal models to evaluate host responses
to viral infection. Simian immunodeficiency virus (SIV) infection of macaques is one most
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preferred model in studies of HIV-1 infection 5–7 as the model closely resembles lentiviral
infection in its human host while assuring control of experimental infection conditions and
precluding confounding factors 8.

Herein, isobaric Tags for Absolute and Relative Quantitation (iTRAQ) technology was used
to assess plasma proteins that best reflect ongoing viral infection before and during the
course of SIV infection 9–13. Plasma proteins were digested with trypsin and peptides were
labeled with iTRAQ tags and recorded mass spectra of iTRAQ labeled peptides were used
for reliable identification and quantitation. Additional information was obtained through
manual examination of spectra to assess protein isoforms. The study provides a step towards
unraveling for the associations of plasma proteins modified as a consequence of viral
infection in a relevant animal model system for HIV-1 disease. Differential expression of
proteins linked to control of innate immunity was found linked to host responses against
ongoing viral infection.

Materials and Methods
Animal cohort, viral infection and sample collections

A cohort of 4 rhesus macaques (Indian strain) monkeys housed at the Yerkes National
Primate Research Center (Atlanta, GA) was studied. For adaptation and stress reduction,
animals were housed for 2 years prior to being exposed to experimental conditions. Blood
was collected from the femoral vein by venipuncture into EDTA-containing vacutainers (BD
Biosciences, Franklin Lakes, NJ) 7 weeks prior to SIV infection to establish baseline
conditions. Plasma was obtained by collecting the upper fluid portion of centrifuged EDTA
whole blood. Monkeys were infected with SIVsmm9 at an effective dose of 10,000 TCID50
by single intravenous inoculation. Plasma samples were obtained from SIV-infected rhesus
macaques 10 days and 49 weeks after exposure, representing acute and chronic infection,
respectively. Quantitation of viral infection was provided by mRNA quantification and
reported values as log10 SIV mRNA copies per milliliter 14. Animal experiments were
performed under IACUC approvals and following NIH guidelines. Archived samples frozen
for several years at −80°C were used in this study. Expanded information regarding animal
conditions, virology and sample collection is described in detail by Donahoe et al 14.

Sample preparation and immunodepletion
Prior to immunodepletion, proteases and infectious virus were inactivated in monkey plasma
samples using 10 μL of 10% Triton X-100 and 50 μL of 20× Protease Inhibitor (Sigma-
Aldrich Corp., St. Louis, MO) per mL of plasma. Samples were vortexed and incubated at
room temperature for 15 min, then immediately placed on ice. To delipidate, the samples
were centrifuged at 18,000 × g at 4°C for 15 min and collected the middle layer of the pre-
cleared plasma. The standard manufacturer protocol for immunodepletion was followed
using the ProteomeLab IgY-12 High Capacity Proteome Partitioning Kit (Beckman Coulter,
Fullerton, CA) to remove the 12 most abundant proteins (albumin, IgG, fibrinogen,
transferrin, IgA, IgM, haptoglobin, apolipoprotein A-I, apolipoprotein A-II, α1-antitrypsin,
α1-acid glycoprotein and α2-macroglobulin). This kit contained pre-manufactured optimized
buffers for sample loading, washing, eluting and regenerating, along with a HPLC affinity
column LC10 (12.7 × 79.0 mm; capacity of 0.25 mL human plasma). Pre-cleared plasma
(0.25 mL) was diluted with 0.375 mL of kit dilution buffer (10 mM Tris-HCl pH 7.4, 0.15
M NaCl) then filtered through 0.45 μm spin filters at 9000 × g for 1 min. Samples were
injected onto the column at a flow rate of 0.5 mL/min. Flow-though fractions were collected
and concentrated using VIVASPIN 15R (membrane 5000 MWCO, Sartorius BioLab
Products, Cole-Parmer, Vernon Hills, IL) at 4000 × g for approximately 1.5 hr. The proteins
bound to the column were eluted with elution buffer (0.1M glycine-HCl pH 2.5) then

Wiederin et al. Page 2

J Proteome Res. Author manuscript; available in PMC 2012 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



neutralized using 1 M Tris-HCl pH 8.0. The column was equilibrated with a solution of 10
mM Tris-HCl pH 7.4 and 0.15 M NaCl at a flow rate of 0.2 mL/min. Protein concentration
was determined using Nanodrop ND-1000 (Thermo Fisher Scientific Inc., Waltham, MA)
through the absorbance at 280 nm.

iTRAQ labeling
The standard Applied Biosystems Reagents Protocol for Plasma was followed for 4-plex
iTRAQ labeling of 50 μg of plasma protein. The ABI iTRAQ reagents protocol for plasma
called for acetone precipitation to remove buffers that might interfere with efficiency of
iTRAQ labeling. However, we found that precipitation, with 200 proof ethanol, was most
efficient for precipitation. In subsequent steps of trypsin digestion and iTRAQ labeling we
used the following protocol. Ten volumes of cold 200 proof ethanol were added to each
sample tube, vortexed and then placed in −20°C until precipitate formed. Following
centrifugation at 13000 × g at 4°C for 15 min, the ethanol was decanted and 1 mL of cold
70% ethanol was added, vortexed and centrifuged at 13000 × g at 4°C for 5 min. Ethanol
was decanted and the sample was dried in a speed vac for 10 min to remove any remaining
ethanol. To each sample tube containing 50 μg of sample we added 25 μL of Sample Buffer
– Plasma (ABI), 1 μL of denaturant and 2 μL of reducing reagent. Samples were vortexed
for 20 sec, centrifuged to bring sample to bottom of tube and incubated at 60°C for 1 hr. In
order to block cysteine residues 1 μL of freshly prepared 84 mM iodoacetamide (Sigma-
Aldrich Corp, St. Louis, MO) was added. Samples were vortexed, centrifuged and incubated
in the dark at room temperature for 30 min. After incubation, 10 μL of reconstituted trypsin
(Trypsin, TPCK, ABI, 1 μg/μL) was added, vortexed and centrifuged, then incubated at
37°C overnight to digest each sample. Each iTRAQ reagent was brought to room
temperature, dissolved in 70 μL of ethanol and the contents of one iTRAQ reagent tube was
transferred to one sample tube. To ensure optimal efficiency of labeling, pH was maintained
between 8.0–10.0. Samples were incubated at ambient room temperature for 1 hr, after
which 100 μL of Milli-Q water was added to quench reaction for 30 min. The samples of
each 4-plex experiment were pooled into an Eppendorf tube, frozen to −80°C and dried in a
SpeedVac.

Peptide purification and strong cation exchange fractionation
Labeled samples were subjected to the next step of clean-up using a Waters Oasis MCX
cartridge (Waters Corp, Milford, MA), a mixed-mode cation exchange cartridge packed with
material containing both hydrophobic properties and negatively charged groups which. Use
of Waters Oasis MCX cartridge was necessary to assure high sample quality and
reproducible analysis. Briefly, 1 mL of 0.2% formic acid was added to each sample with pH
3.0 maintained. Each MCX cartridge was equilibrated by slowly passing 1 mL of 1:1
methanol:water across cartridge. Sample was applied at flow rate of 1 drop per second and
cartridge was washed with 1 mL of 5% methanol, 0.1% formic acid followed by 1 mL of
100% methanol. The bound peptide was eluted with freshly prepared buffer (50 μL of 28%
NH4OH, 950 μL of methanol), dried in speed vac and stored at −80°C until fractionated via
strong cation exchange (SCX).

Strong cation exchange fractionation (SCX) was performed by using a liquid
chromatography system (Beckman Coulter), which included an autosampler with a 500 μl
injection loop, dual pump and a ultraviolet-visual (UV-Vis) detector set at 215 nm. The
system was controlled using an IBM computer and 32 Karat 7.0 software (Beckman
Coulter). The mobile phases consisted of mobile phase A (10 mM KH2PO4 + 25%
acetonitrile, pH 2.7) and mobile phase B (10mM KH2PO4 + 25% acetonitrile + 500 mM
KCl, pH 2.7). Each sample was resuspended in 290 μL of 0.1% formic acid and pH was
maintained at less than or equal to 3.0. SCX fractionation of each iTRAQ labeled pooled
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sample was performed using a PolySULFOETHYL A column (100 × 2.1 mm, 5 μm, 3 Å;
PolyLC, Columbia, MD). The flow rate was set at 0.100 mL/min. Samples were fractionated
with a continuous salt gradient from 10 to 500 mM of KCl and collected as 12 fractions in 3
minute intervals between 43 min – 76 min (Fig. 2). After sample fractionation by SCX, the
fractions were desalted with a RP-HPLC step gradient. Samples were loaded onto the C18
HPLC column (Jupiter 4 u Proteo 90A, 50 × 4.6 mm, 4 μm, Phenomenex, Torrance, CA) by
using 95% mobile phase A (0.1% TFA) for 5 min and eluted using 50% mobile phase B
(0.1% TFA in acetonitrile). Samples were dried in a speed vac and stored at −80°C until
further processing.

Tempo LC and MALDI-TOF/TOF
The Tempo LC MALDI robotic spotting system equipped with a C18 reversed phase
capillary column (AB Sciex, Foster City, CA) was used to further fractionate peptides from
SCX fractions, followed by data acquisition using 4800 MALDI TOF/TOF (AB Sciex) as
previously published 15. Briefly, after using an in-house packed C18 column to separate
fractions by HPLC gradient, LC fractions were spotted onto MALDI 1232-spot format
plates, with a spotting interval of 24 seconds and applying 2.8 kV plate voltage. Data was
acquired from LC MALDI spot fractions using 4800 MALDI TOF/TOF equipped with a
200 Hz repetition rate Nd:YAG laser. Spectrum from a total of 800 laser shots was
accumulated for each TOF MS spectrum between 800 – 4000 m/z. Data dependent MS/MS
mode was operated using CID gas (air) and 2 kV collision energy. Programmed laser stop
conditions were employed for the accumulation of MS/MS spectra from 800 – 4000 laser
shots.

Database searches
TOF MS and MS/MS spectra were analyzed using Protein Pilot v.2.0.1 software which
utilizes the Paragon scoring algorithm 16. Search parameters included: iTRAQ 4plex
(peptide labeled) sample type, iodoacetemide cys alkylation, trypsin digest, biological
modifications ID focus and thorough search effort. The protein FASTA database used for
searches was a concatenated “target-decoy” version of Macaca subset of the NCBI Ref
Sequence (http://www.ncbi.nlm.nih.gov/RefSeq/) database (March, 2009; 44,047 protein
entries) to which 110 ‘contaminant’ proteins were added (source:
http://www.thegpm.org/crap/index.html). A total of 76,252 protein sequences comprised the
target-decoy database.

Western blot assays
1-dimensional gel electrophoresis (1DE) was performed on 4 individual monkey plasma
samples from 3 different time points: baseline, acute (10d) and chronic (49 wk) using
NuPAGE gel system (Invitrogen Corp., Carlsbad, CA) with 4–12% gradient Bis-Tris gels
under reducing conditions. For Western blot analyses, 1.5 μg of immunodepleted plasma
protein were loaded per lane and the gel was transferred to PVDF membrane using Ready
Gel™ Blotting sandwiches (Bio-Rad, Hercules, CA). The membranes were blocked using
10% skim milk in PBS with 2% Tween-20 (PBST). The following primary antibodies were
used for protein validation: mouse anti-gelsolin MAb (BD Transduction Laboratories, San
Jose, CA), rabbit anti-vitronectin PAb (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
and mouse anti-ceruloplasmin MAb (BD Transduction Laboratories). After incubation with
the primary antibody, the membrane was incubated with the appropriate horseradish
peroxidase conjugated goat anti-mouse (Jackson ImmunoResearch, West Grove, PA) or goat
anti-rabbit (Jackson ImmunoResearch) secondary antibodies. SuperSignal West Pico
Chemiluminescent Substrate (Pierce, Rockford, IL) was used to detect a chemiluminescent
signal recorded on Blue Lite X-ray film (ISCBioExpress, Kaysville, UT). Images were
scanned into Adobe Photoshop Software and adjusted using “auto levels”. Then images
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were analyzed using ImageJ freeware available though NIH by inverting the image and a
measurement box of exact same size was used for each band analysis. All Western blot
analyses were performed in triplicate.

Statistical analysis
Protein/peptide abundance measures generated by iTRAQ were first processed using Protein
Pilot v.2.0.1. The logarithm of the abundance measure was modeled as a function of animal,
protein, peptide and experimental condition 17. Tag effects were not modeled as each sample
from a single experimental condition was labeled with the same tag. Data for four
experimental conditions were available: baseline, acute infection, chronic infection and a
pooled sample.

All available abundance records (N=80,868) were normalized using an iterative backfitting
procedure to remove the animal, protein and peptide effects (17 and SAS PROC itraqnorm
provided by Douglas W. Mahoney, Mayo Clinic
http://pubs.acs.org/doi/suppl/10.1021/pr700734f/suppl_file/pr700734f-file001.pdf, accessed
11/10/2009). Comparison of the distribution of the protein/peptide normalized (log)
abundance measures by experimental condition were restricted to records with Protein Pilot
assessed “confidence” of at least 50%; the analysis also excluded abundance measures from
the ‘pooled samples’.

Results
Sample processing and iTRAQ labeling

The proteomic tests performed in this work are outlined in Figure 1. Plasma samples were
immunodepleted from 12 most abundant proteins prior to subsequent proteomic profiling as
previously published 18. Average protein yield from 250 μL of depleted sample was ~5%.
The efficiency of immunodepletion of monkey proteins based on IgY12 human systems were
verified by loading 2 μg of protein on a 4–12% Bis-Tris gel and performing 1DE
(supplemental Fig. 1). Although 1DE showed efficient removal of most abundant proteins,
mass spectrometry analysis still detected and quantitated peptides belonging to some of
these proteins (data not shown). In support of these findings, Homo sapiens and Macaca
mulatta sequence homology is high, however, there are likely non-overlapping epitopes in
the pool of polyclonal antibodies, which may affect final efficiency of immunodepletion.
We assume that if any given protein were not fully immunodepleted due to aforementioned
reasons the resulting depletion would be proportional to all animals in study.

After iTRAQ labeling, the three plasma samples from each monkey baseline 114, acute 115
and chronic 116 were combined with a pooled sample 117 (Fig. 1), however the pooled was
not eventually used for further analysis. The complex mixtures of labeled peptides were
fractionated by SCX chromatography (Fig. 2). We compared effectiveness of SCX
fractionation by using salt step gradient versus continuous gradient. The continuous gradient
generated more reproducible chromatography and thus more optimal fractionation (Fig. 2).
When using MCX cartridges prior to SCX continuous gradient fractionation, we achieved
increased sample load, optimal fractionation and approximately 7 times the amount of eluted
peptide (data not shown), as compared to not using MCX cartridges prior to SCX step-
gradient fractionation. As a result of enhanced fractionation, we obtained better MS/MS
identification rate using the continuous gradient.

RP-nanoHPLC (2nd dimension) fractionation and MS analysis
Based on comparison of three mass spectrometry modes: QTrap4000, LTQOrbitrap in a
PQD mode and 4800 MALDI-TOF/TOF, we choose the latter one as superior in protein
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identification and quantitation. SCX fractions were subjected to second dimension
fractionation on RP-HPLC column with automatic spotting onto MALDI target plate using
Tempo LC-MALDI TOF/TOF platform. Mass spectrometry data were acquired in a batch
mode. Figure 3 is illustrates a representative sample fractionation chromatogram using
Tempo LC, as well as MS and MS/MS spectra illustrating representative peptide
fragmentation and quantitation data.

Statistical analysis of differentially expressed proteins
For each protein, the distributions of the normalized (log) abundance measures were
compared using the Wilcoxon rank-sum test. The false discovery rate 19 was set at 5%. The
relative protein abundance comparing experimental condition(j) to experimental condition(i)
(where “j” and “i” represent any two experimental conditions to be compared) was estimated
from normalized log(abundance) as: exp (mean{log(abundance)j } −
mean{log(abundance)i }). Statistical analysis showed that levels of 64 proteins were
differentially expressed and Figure 4 illustrates how these proteins are categorically
involved in the immunobiology of SIV infection. Table 1 summarizes an abbreviated list of
30 proteins that were selected for further considerations based on their significant
quantitative changes and potential role in SIV infection. A full list of proteins and peptides
are included in Supplemental Table 1. Based on these data we have made two observations:
first, despite immunodepletion of 12 most abundant proteins, differentially expressed and
quantitated proteins represent medium to high abundant proteins and second, a majority of
them represent proteins associated with inflammation generated by microbial infection.

Validation
For validation of our proteomic profiling results we utilized quantitative Western blot
analysis. This method is the most straightforward orthogonal means and is based on specific
antigen-antibody interaction. However, in some instances a limitation of Western blot
validation exists in the lack of cross reactivity between antibodies raised against human
proteins and monkey proteins, regardless of >90% sequence homology between human
immunogen used for antibody production and identified monkey protein. Due to this
limitation in detection, we have provided references linking selected iTRAQ identified
proteins to HIV infection (Table 2).

Three protein groups we chose to validate. One group is comprised of ceruloplasmin,
gelsolin and vitronectin, all which were validated by Western blot analysis. The second
group comprising of LRG, SERPINA1 and vitamin D binding protein the validation failed
due to a lack of reactivity of existing antibodies. This is certainly an obstacle in data
validation and other methods have to be employed such as Multiple Reaction Monitoring
(MRM). The third group is represented by proteins of complement cascade which displays
multiple bands representing various processed forms most notably complement C3. Some
trypsin derived peptides may originate from either C3 or from C3b, iC3b, C3c, C3dg
therefore representing total pool in the digest rather than reflecting differential expression of
any particular form.

For validation using quantitative Western blot, ImageJ densitometry measurements were
normalized between membranes, and averages and standard errors were calculated followed
by a t-test. Fig. 5 shows validation results for three proteins: gelsolin, vitronectin and
ceruloplasmin. For each protein we present results of statistical analysis (A) and results of
quantitative Western blot (B). During acute infection gelsolin is down regulated while
vitronectin and ceruloplasmin remain the same. All three proteins are up-regulated during
chronic phase of infection. Both statistical analysis and Western blot validation indicated
significant decrease of gelsolin during acute phase of infection, whereas vitronectin was not
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significantly changed during acute but significantly upregulated during chronic phase, which
correlated these two methods of quantitation. Based on statistical analysis level of
ceruloplasmin in plasma is not changed during acute phase and it is significantly elevated
during chronic phase. However, Western blot validation showed small but significant
decrease level of ceruloplasmin during acute phase and a significant increase during chronic.

This current study also shows that in instances when search algorithms recognize and
differentiate between isoforms of one protein, manual verification of output data is
necessary despite the required substantial effort. One example is ceruloplasmin, which has
three entries in the NCBI database, while there is only one entry in UniProt and existence of
isoforms is not listed. Protein Pilot software and subsequent statistical analysis listed two of
these isoforms as separate proteins and as such were separately analyzed for quantitation.
Because each isoform was not found in all samples, the resulting output may create false
positive differences in protein expression, thus may influence the interpretation of biological
changes in the biological system being investigated. However, manual data mining of
identified peptides in ceruloplasmin isoforms 1 and 3 confirmed that there was only one
peptide difference between each isoform and we concluded that these two isoforms should
be treated as one protein (supplemental Figure 2). We validated ceruloplasmin under this
assumption.

Discussion
Typically two quantitative proteomic platforms are used for profiling plasma: gel based 2-
dimensional electrophoresis usually with difference gel electrophoresis (2DE DIGE) 20–22

and mass spectrometry based quantitation using isobaric Tags for Absolute and Relative
Quantitation (iTRAQ) 23, 24. In our previous investigations of plasma samples we used 2DE
DIGE platform which resulted in identification of previously not reported differential
expression of proteins such as afamin and gelsolin 18, 25, 26. Differential expression of these
proteins were further confirmed in similar analysis performed with SIV infected rhesus
macaques 9, 27. While select proteins in the current study (gelsolin, ceruloplasmin,
complement C3, vitronectin, for example) were previously documented being differentially
expressed in human samples 18, 25, 26, the evaluation of these proteins in a broad range of
interdisciplinary studies under distinct pathobiologic settings provides further validation for
their importance in HIV-1 disease. Here we have expanded such studies by using the iTRAQ
platform to quantitatively analyze differentially expressed plasma proteins during the course
of SIV infection, with successful validation of selected statistically significant proteins.

Biomarkers for monitoring the progression of immunodeficiency virus infection are still
limited to measurements of viral loads and T cell subtypes 4, 28. There are a handful of other
cellular markers that correlate with systemic viral infection however they do not have
adequate sensitivity and specificity to be used in clinical practice. Progression of disease
over many years is a very complex process and includes distinct host responses occurring
during the acute and chronic phases. Acute response to viral infection occurs within days to
a few weeks after viral exposure and is characterized by rapid elevations in viral load and
substantive decreases in the numbers and function of CD4+ T lymphocytes. Transition from
acute to chronic phase is a complex process and one of reasons is that during acute infection,
members of the complement cascade remain at the same level or decreased as prior to
infection. Acute infection leads to humoral and cellular immune responses specific to the
infecting viral strain that typically suppresses viral replication and partially restores CD4+ T
cells. The resulting chronic viral disease stage becomes symptomatic for the host after
several years when sufficient numbers of T cells are destroyed. SIV infection of rhesus
macaques reflects this process and infected animals after initial acute phase enter chronic
infection and eventually progress to terminal stage of AIDS 5–7. In this study we used this
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non-human primate model to investigate changes in plasma proteomes at three time points:
before, during acute and chronic phases of infection to get an insight of organism’s response
to viral infection in a very well controlled experiment.

Acute phase proteins (APPs) belong to a biochemically and functionally diverse group of
proteins that are typically produced in liver as a response to inflammation. The observed
changes in APPs likely represent host response to initial SIV infection. We observed that
several positive acute phase proteins, including, serine proteinase inhibitors (SERPINS),
complement, plasminogen and ceruloplasmin, as well as negative acute phase proteins such
as transthyretin, retinol binding protein and histidine rich glycoprotein were affected by SIV
infection.

SERPINS are a group of proteins that inhibit proteases and play key roles in controlling
inflammation. Here we identify 2 SERPINS, A1 and A3 that are differentially regulated
through the course of SIV infection. During the course of acute and chronic infection,
SERPINA1 increased 81% and 232%, respectively, when compared to baseline levels.
SERPINA1 inhibits the formation of gp120, as well as it inhibits HIV protease thus
preventing HIV p55(gal) processing to p24, which are critical processes for HIV-1
morphogenesis 29, 30. Recently, it was demonstrated that a C-terminal portion of SERPINA1
inhibits HIV-1 infection by as much as 99%, while full length SERPINA1 only inhibited
HIV-1 infection up to 70% 31, 32. These results provide supporting evidence that the host is
unsuccessfully attempting to compensate for increased viral replication through many
mechanisms and an increase in SERPINA1 might be one of them.

Leucine rich alpha 2-glycoprotein (LRG) expression has been shown to increase in various
diseases 33, 34, however it’s physiological function has yet to be defined. Shirai et al propose
LRG as a potential biomarker in certain inflammatory conditions as their data suggests that
LRG is an up-regulated APP in response to stimulation of hepatocytes by proinflammatory
cytokines 35. While we observed no significant change of LRG during acute infection, we
observed a 103% increase during sustained chronic infection. Another study using iTRAQ
platform also identified LRG as a novel inflammatory serum biomarker for autoimmune
diseases 36. Our results, along with other published studies, provide evidence that while
LRG may not be a biomarker for a specific disease, but a more universal marker for
inflammation.

Histidine rich glycoprotein (HRG) is a negative APP 37–39 and has been documented to
decrease in the acute states of AIDS 40. Our observation of a 45% decrease of HRG during
acute infection, while rebounding to baseline levels in chronic infection supports these
findings. HRG also interacts with several components of the complement system and assist
in maintaining normal immune function, however, it’s full affect on the complement cascade
is unclear 41.

We posit a relationship between plasminogen activity and vitronectin in affecting HIV-1
infection. The up-regulation of vitronectin during the chronic phase of SIV infection may
indicate an effect on cell-associated viral transfers based on interactions with integrins and
in cell adhesion as it has been shown that attachment of virus to its host cells is a critical
early event for infection 42. It was previously shown that urokinase-type plasminogen
activator (uPA) inhibits HIV-1 replication in macrophages and that this inhibition is directly
linked to vitronectin-mediated cell adhesion 43. uPA activates plasminogen into the active
serine protease plasmin 44 and both uPA and it’s receptor are expressed in immunocytes 45

and affect inflammatory processes 46. That plasminogen levels decreased without change in
vitronectin during the acute phase of infection with both being upregulated during the
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chronic phase of infection, further supports the observation that plasminogen activator is
dependent on vitronectin activity 43.

Other differentially expressed proteins identified in this study is comprised of several
members of apolipoprotein family, hemopexin, vitamin D binding protein (VDBP),
fibronectin, and vitamin K dependent Protein S, all which are also primarily made in the
liver in response to inflammation. However, we observed changes in different directions
e.g., no change from baseline to acute phase and increase as infection progressed to chronic
phase or decrease during acute phase and restoration to pre-infection levels later in infection.
These changes indicate that various components of organism’s response to viral infection
are differentially regulated and defining a pattern will help us better understand the course of
virus survival from immunesurveillance.

Interestingly most proteins of the complement cascade are down-regulated or not changed
during acute phase however they are significantly up-regulated in chronic phase, which
suggests that during initial infection, the complement cascade is suppressed by the virus and
re-bounds as infection chronically progresses. The complement inflammatory cascade is part
of the innate immune response bridging with acquired immunity by enhancing antibody
responses and immunologic memory, lysing foreign cells and clearing immune complexes
and apoptotic cells. Activation of the complement cascade is initiated through three
pathways: classical, alternative and lectin. All pathways meet at the “hub” point, which is
C3 and it, is cleaved to C3a and C3b triggering downstream reactions to produce
anaphylatoxins C5b and C5a. The latter subsequently triggers formation of Membrane
Attack Complex (MAC). In addition, C3 shows multiple pro-inflammatory functions
involving histamine release from mast cells, smooth muscle contraction, increased vascular
permeability 47, chemotaxis of dendritic cells and mast cells 48.

Complement C3 also modulates adaptive immunity at various levels, including cytokine
release, T-cell proliferation, regulatory T cell development and B cell activation/
differentiation 49–51. It has been reported that C3b and C3c can also control antigen
proteolysis, which could be related to C3-mediated enhancement of antigen presentation,
thus, aiding in the establishment of a specific adaptive immune response 52.

Complement components C5b, C6, C7, C8 and C9 create the MAC. Out of these five
proteins we observed up-regulation of C6, C8 and C9, as well as C5, which is directly
upstream of this complex. The host immune system may up-regulate C5 convertase to
initiate formations of more MACs in response to viral infection, however we did not observe
increased levels of C5b fragment which initiate formation of MAC. Because MAC is formed
in a 1:1:1:1:1 ratio, up-regulation of C6 and C8 might be a confounding effect and seems
unlikely that over-expression of these two elements will increase MAC formation. On the
other hand the net level of any component circulating in blood might be affected by the fact
that other cells outside of liver also produce some complement proteins.

Function and role of complement C4a has been mostly studies in the context of lupus
erythromatosus and deficiency in either C4a or C4b is associated with autoimmunity. Recent
study showed that patients with AIDS have persistent elevated levels of C4a which does not
change with ART treatment while C4b levels remain unchanged 53. In our current approach
using a monkey model, we report that levels of C4a increase 91% in chronic infection,
which correlates with plasma samples from humans 18, 25, the biological consequence of this
observation and previous reports that C4a, is strong inhibitor of blood monocytes
chemotaxis at concentrations as low as 10(−16) mol/L 54 remains unclear.

Ceruloplasmin is a 132 kDa protein mostly synthesized in the liver, but also in the brain 55.
It is a copper containing protein with ferroxidase activity oxidizing Fe+2 to less toxic Fe+3,
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which contributes to homeostasis. Defense against oxidant stress by scavenging superoxide
radicals and oxidation of low density lipoproteins and its compensatory role to oxidative
stress 55 has been postulated as beneficial in several pathological conditions including HIV
infection 56. Unchanged (statistical analysis) or lower (Western blot analysis) levels of
ceruloplasmin during acute phase of SIV infection may help the virus to escape from
immune surveillance. Increased levels of ceruloplasmin (confirmed by statistical and
Western blot analyses), which could be linked to increasing inflammation during late stages
of disease, were also observed in sera of patients with HIV-associated dementia (HAD).

Gelsolin and its secretory form plasma gelsolin (pGELS) are distributed throughout body
with body fluids. pGELS is not synthesized in liver and very little is known about regulation
of its expression. Clinical studies have shown that pGELS is linked to a number of
pathological conditions such as inflammation, cancer and amyloidosis 57. Increasing
experimental evidence indicates that pGELS plays an important role in acute as well as
chronic inflammatory responses although both mechanisms are different. For example in
chronic rheumatoid arthritis there is crosstalk between cytoskeleton and immune system
mediated by cytokines and transcriptional factors 58 involving pGELS. Spinardi and Witke
concluded that modulation of pGELS expression might have beneficial effects such as
inhibition of pGELS during acute inflammation and boosting pGELS in chronic
inflammatory response 57. According to this interpretation, our observed down-regulation in
gelsolin levels during acute phase may reflect host’s effort to combat viral infection.

Conclusions
Successful validation by Western blot of iTRAQ results supports its use for plasma
proteomic analysis of SIV infection of rhesus macaques. SIV infection parallels the course
of HIV disease in humans and as such provides valuable insight into the effect of the virus
on the immune system. The results herein can be separated from other confounding factors
such as co-infections, drug toxicity, multi-drug abuse, amongst others, which is very
difficult to avoid when using samples from patients enrolled in clinical studies. Our data
supports the notion that components of the complement cascade are differentially expressed
throughout acute and chronic stages of infection and reflect the host’s response to microbial
disease. Moreover, positive and negative acute phase proteins appears to best elucidate how
the infected human host reacts, albeit unsuccessfully, to regulate ongoing SIV (HIV-1)
infection.
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Figure 1.
Flow chart of experimental design.
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Figure 2. Strong cation exchange fractionation
Dotted line represents continuous gradient and corresponds to right y-axis. Solid line is a
representative sample fractionation chromatogram and corresponds to left y-axis.
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Figure 3. RP-HPLC and mass spectrometry identification and quantitation
(A). Representative chromatogram for TempoLC (second dimension) fractionation; (B). M/z
region of a precursor ion for ACEPGVDYVYK peptide (m.w. 1588.7942 Da); (C). Tandem
mass fragmentation of ACEPGVDYVYK peptide; (D). M/z region showing iTRAQ reporter
ions for ACEPGVDYVYK peptide quantitation.
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Figure 4.
Pie chart illustrating biological process classification of 64 differentially expressed proteins
identified in iTRAQ study of the immunobiology of SIV infection.
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Figure 5. Statistical analysis and Western blot validation of selected proteins
(A). iTRAQ® ratios and significance based on statistical analysis. (B). Validation by
quantitative Western blot of differentially regulated proteins. Timepoints marked with
different letters indicate significant difference of pval<0.05 when compared to other
timepoints. Standard error bars are given for Western blot validations.
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Table 2

List of select proteins with literature references to HIV-Protein relationships

Protein HIV-Protein Relationships Reference Protein Classificationa

complement component 3, partial activated by HIV 59–61

histidine-rich glycoprotein (HRG) modulated by HIV infection 40, 62

serine (or cystine) proteinase
inhibitor, clade A (alpha-1
antiproteinase, antitrypsin),
member 1 isoform 4
(SERPINA1)

inhibits formation of gp120;
prevents HIV p55(gal)
processing to p24; inhibits
HIV-1 gp41 fusion peptide;
increases STAT1
phosphorylation and
inhibits HIV-long terminal
repeat (LTR)-driven
transcription; suppresses
activation of the HIV-1-
inducing transcription factor
NF-{kappa}B

29–32, 63

leucine-rich alpha-2- glycoprotein
1 (LRG)

serum levels increase in
HIV infection

64

plasminogen uPA inhibits HIV infection;
uPA/uPAR interaction
inhibits HIV replication;
severe HIV-1 associated
dementia show increased
levels of uPA (but not
PAI-1) which are
deminished by initiation of
antiretroviral therapy

43, 65, 66

a
Colored squares refer to biological processes as illustrated in Figure 4.
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