UPLC-MS Metabonomics Reveals Perturbed Metabolites in HIV-Infected Sera
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Abstract

Immune responses to infection by the human immunodeficiency virus (HIV) and the use of highly active
antiretroviral therapy (HAART) to treat HIV infection, contributes to metabolic irregularities in the host.
Current methods for the extraction and identification of metabolites in biofluids generally make use of
laborious, time-consuming protocols. Here, 96-well Ostro™ plates and filtration under positive pressure was
used to facilitate the simultaneous, reproducible extraction of metabolites from multiple serum samples which
were then analyzed by ultra-performance liquid chromatography mass spectrometry (UPLC-MS). The easy to
use solid phase extraction (SPE) protocol eliminated numerous potential contaminants while the UPLC-MS
detection of metabolites produced visibly different chromatograms for HIV negative (n=16), HIV+ (n=13) and
HIV+HAART+ (n=15) serum samples. Linear discriminant analysis (LDA) amplified these differences,
classified the groups with 100% accuracy and identified biomarkers explaining the greatest variances between
the groups. The 21 metabolites altered by HIV and/or HAART primarily represented those linked to lipid and
energy pathways which is where known metabolic changes associated with HIV infection occur. This work
demonstrated for the first time that Ostro™ plates and UPLC-MS metabonomics was able to successfully
identify distinct differences between the experimental groups and detected metabolites related to HAART and
other drugs used in the treatment of HIV-associated conditions. The findings of this approach suggests a
possible role for this methodology in disease prognosis as well as in the monitoring of treatment success or

failure and linking treatment to metabolic complications.
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INTRODUCTION

During HIV infection, host metabolism is influenced among other things by the virus [1-3], immune
responses [4-6] and treatment [7, 8]. HAART, primarily used to restore HIV-induced effects, prolongs the life-
span of infected individuals [8] and has subsequently resulted in HIV infection becoming a chronic condition,
especially in developed countries. As a result, there has been an increase in the incidence of chronically infected
individuals presenting with HIV and treatement-induced metabolic disturbances. Metabolic dysfunction during
HIV infection is not a singular event so much so that a combination of metabolic changes can be induced at one
time. This combination of metabolic disorders are routinely defined as metabolic syndrome in the relevant
literature where the terminology refers to for example insulin resistance, dyslipidaemia, lipodystrophy, and so

on, sometimes occurring in concert [9-11].

Metabolites associated with HIV and/or HAART-induced metabolic disturbances include glucose,
other carbohydrates and lipids. Alterations in the metabolism of carbohydrates (e.g glucose, [12]) and lipids [13,
14] have been identified very early in AIDS research as key metabolites affected during HIV infection. These
early observations were however, made using laborious conventional rather than metabonomics methodologies

[15].

Because metabolites are (i) the end products of all enzymatic/chemical reactions occurring in the body,
(i) altered by infection and treatment, (iii) detectable through analytical techniques and (iv) informative
regarding an individual’s physiological state [16], these molecules are being revisited for their role as
biomarkers of HIV infection (see studies highlighted in [15). To date, accurate and reliable markers for the
diagnosis of HIV infection, monitoring of disease progression and assessing the success of therapeutic
interventions are still lacking [17]. This is because many molecules that are influenced by HIV infection fail to
meet the basic requirements of a biomarker (as defined by Kanekar, 2010 [18] as well as Beger and Colatsky,
2012 [19]). In addition; the mechanisms of HIV infection, the functioning of the metabolic and immune systems
as well as the roles of various molecules and cells (such as antibodies, CD4 T cells, etc) during infection, are not
fully understood [20] and as such hampers the characterization of biomarkers. CD4 count and viral load are two
parameters currently used in the clinic for the prognosis and management of HIV/AIDS but are not always

reliable (e.g changes in CD4 count due to other infections, collection time etc.) supporting the need to develop



new detection methodologies and novel biomarkers for the characterization of HIV infection and treatment

success/failure.

Traditional biochemical assays used to measure metabolic changes have the disadvantage of detecting
one analyte at a time. Studies measuring several metabolic changes through the use of multiparametric
analytical tools such as UPLC-MS and the application of metabonomics methodologies have already
demonstrated the advantage of this holistic approach to better understanding the effects of HIV infection [21,
22]. UPLC-MS has numerous advantages over conventional biochemical analysis of metabolites including data
collected in relatively short time frames, low sample volumes, large separation efficiencies and most
importantly higher resolutions [23-25]. Although analytical instrumentation such as UPLC-MS can detect low
molecular weight molecules effeciently, sample preparation for these type of experiments is of extreme
importance if accurate clinical information is to be obtained [16]. In previous MS studies where metabolic
changes were measured; tedious, time-consuming extraction protocols were used (see Figure 1 and associated
references). These protocols comprise several extraction steps which increases the variability of the data,
lowering both the validity and the reliability thereof. To minimize these issues, the Metabolomics Standards
Initiative (MSI) published guidelines to help standardize metabonomics sample handling, data analysis and data

storage protocols [26].

As a contribution to the MSI, in this article, an easy, rapid yet reproducible method for extracting
metabolites from HIV-infected sera through the use of Ostro™ plates for sample analysis in UPLC-MS
metabonomics is reported (also outlined in Figure 1). Although Ostro™ and other 96-well SPE plates, under
vacuum filtration, have been applied to non-HIV studies [27-30], biofluid metabonomics experiments [31] as
well as to plasma samples to determine the concentration of antiretroviral drugs [32, 33], such analysis has not
been applied to HIV-infected biofluids for the identification of virus and/or HAART-influenced metabolic
differences between groups. Neither has the extraction of metabolites been facilitated through filtration under
positive pressure. The advantage of filtration under positive pressure is that it allows for the uniform,
reproducible recovery of a diverse group of analytes and an improved flow for viscous samples. Most plate
formats incorporate several steps (plate conditioning followed by sample loading and well washing) [28, 32-34
and Figure 1] before the final sample is eluted while Ostro™ plates use a one step precipitation and extraction
process. Sample preparation, handling time and long extraction steps are eliminated which minimize sample

degradation, as reported by others [31]. Less sample handling means less variation in the data and less time
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spent on method development. Ostro™ plate procedures are generally also less destructive to metabolites [30],
the plastic used in the manufacture of these plates is inert minimizing leaching of plasticizers. The most novel
aspect of these plates are their ability to remove phospholipids from samples. Phospholipids contribute to matrix
effects and can accumulate on the chromatographic column ultimately resulting in variable analyte signals.

Phospholipids are also known to cause ion suppression during MS analysis, masking analyte detection [35].

The aim of this work was to apply an easy to perform SPE protocol (using Ostro™ plates) to better
prepare serum samples for improved UPLC-MS biofluid metabonomics data collection. It was important to
demonstrate that the protocols (for sample extraction and data collection) could be applied to randomly collected
serum samples (to show that the method applied was able to detect metabolic changes in any patient irrespective
of disease status or other possibly confounding factors like age, lifestyle etc) because metabonomics is
ultimately aimed at clinical application. In the data presented here, clear differences were observed between the
metabolic profiles of the three study groups prior to the use of statistics. These differences were amplified
following multivariate analysis. LDA classified the groups as HIV negative, HIV+ and HIV+HAART+ with
100% accuracy. The variances between the groups were mainly explained by molecules involved in lipid and
energy metabolism as well as metabolites (e.g. nucleotides ) influenced by treatment of the patients. This is the
first time, using Ostro™ plates and a metabonomics approach that the metabolites of drugs used to treat HIV-

associated conditions are detected in infected biofluids such as serum.

MATERIALS AND METHODS

Experimental Design and Sample Preparation

A global analysis was done on the sera of HIV-seronegative (HIV negative), HIV-seropositive (HIV+)
and HIV+ individuals undergoing treatment (HIV+HAART+). Blood samples of HIV negative, HIV+ and
HIV+HAART donors (n = 16, 13 and 15 respectively) were obtained from The Fountain of Hope Clinic in
Pretoria as well as the King’s Hope Development Foundation and Mooiplaas Clinics in Diepsloot,
Johannesburg. Patient samples were selected randomly to test how well the approach would perform in
situations where patient visits are not always by appointment. Blood was collected from these study groups
following written informed consent. The participating HIV+ donors had not been diagnosed as having AIDS
with the exception of two patients who presented with CD4 counts of less than 200 cells/mm? after the start of

the study. Patients on treatment were also prescribed different HAART combinations. Viral load, measured by
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the COBAS AmpliPrep/COBAS TagMan HIV-1 Test (Roche Molecular Systems, Pleasanton, CA) was not part
of the inclusion criteria because practices at the source clinics were such that the viral load of individuals was
determined only when they were tested for HIV infection for the first time and then immediately before
treatment was initiated. Healthy control donors were recruited at the Hatfield campus of the University of
Pretoria and had no known metabolic or other medical condition at the time of blood collection. The HIV
negative status of these samples was confirmed with VISITECT © HIV 1/2 rapid tests (Omega Diagnostics
Limited, Scotland, UK). The negative controls and HIV+ samples were fairly well-matched in terms of gender
but not age (HIV negative group was younger than HIV+ groups). Detailed demographic information of the

participating donors is supplied in Table 1.

Venous blood was collected in non-EDTA vacutainers (Greiner Bio-One GmbH, Kremsmiinster).
Serum was removed after centrifugation at 1610 x g for 10 minutes and stored at -70 °C until use. The time

from venous puncture to storage of the sera was approximately 4 hours.
Chemicals and Solvents

All chemicals for UPLC-MS experiments were of ultra-pure LC-MS grade. Formic acid was purchased
from Fluka (Steinheim, Germany) while acetonitrile was purchased from Romil Ltd (Cambridge, United
Kingdom). Ultra-pure water was generated by a Millipore Elix 5 RO system and Millipore Advantage Milli-Q

system (Millipore SAS, Molsheim, France).

UPLC-MS Method Development and Optimization

The first aspect considered was the type of samples to be analyzed. Being blood-derived, one would
expect polar to intermediate polarity compounds to be predominantly present in sera. Due to the nature of the
samples, a C18 UPLC column served as a good starting point but a C18 column with polar embedded
functionality or special end capping could enhance the separation of blood sample extracts. To enhance the
possibility of separating all compounds ionized in the source of the mass spectrometer, the maximum column
length of 150 mm was used for all column evaluations. The columns evaluated were the BEH C18 column as
well as the T3 C15 column from Waters. Although the BEH C18 column chemistry gave good retention of the
more polar compounds, it could not equal the superior retention and resolution observed on the T3 C15 column.

The T3 150mm UPLC column was therefore used in all further experimental work.



The second aspect was to optimize the ionization settings of the mass spectrometer. Quality control
(QC) samples which comprised a pool of all samples used in the study [36] or a pool of representative samples
from each condition being investigated (e.g. HIV negative, HIVV+ and HIV+HAART+; [35]) were prepared. The
QC sample was infused into the inlet probe while scanning the TOF analyzer in both ESIPos and ESINeg
ionization modes. Mass ions were observed in both modes and resulted in the optimization of both modes in
regards to capillary voltage, cone voltage and extractor voltage. The trap voltage was set at 4 V to ensure that no
unnecessary fragmentation would occur during ion transmission. The settings as detailed in the experimental
section were found to provide the best ionization of the most compounds in both polarity modes and were used

in all experimental work.

The third aspect evaluated was the stability of the method. QC samples were prepared and used to
monitor the stability of sample runs during UPLC-MS analysis. A pooled sample was analyzed by doing ten
consecutive injections on the same day and repeating the same analysis on the next day and comparing the two
data sets. It was found that the UPLC column required three conditioning injections prior to starting the main
analysis run. The results for the inter- day and intra-day experiments compared very well and ensured that
extended sample runs would be possible even if the whole analysis run would span over several days. To
minimize the effect of subtle changes in the separation over long analysis runs, all the samples were randomized
in the sample table prior to analysis. Blanks were included to assess carryover and exclude possible

contaminating ion features.

Optimized Metabolite Extraction from Sera using Ostro™ Plates

Ostro™ sample preparation plates (Waters Corporation, Milford, USA) and filtration through the
Waters positive pressure-96 processor (Waters Corporation, Milford, USA) was utilized to facilitate serum
metabolite extraction. Serum samples were thawed on ice prior to extraction to avoid loss of volatiles. Briefly,
the Ostro™ plate was keyed onto a 96-well collection plate. One hundred microliters of sera, blanks and QC
samples were randomly loaded onto the Ostro™ plate in duplicate, with a few exceptions as explained below
which subsequently influenced the number of cases analyzed in electrospray ionization positive (ESI+) and
negative (ESI-) mode respectively. Three hundred microliters of freshly prepared 1 % formic acid in acetonitrile
was forcefully added to the plate wells and mixed through aspiration. The plate assembly containing sample and
solvent was filtered under positive pressure at 414 kPa (60 psi). The collected filtrates in the collection plate

were transferred on ice to the UPLC-MS facility for subsequent analysis.



The top-half of the 96-well collection plate was analyzed in ESI+ mode and the bottom half in ESI-
mode. Thirteen HIV+ samples were loaded onto the top half of the plate. Due to limited sample volumes, only
11 cases were duplicated in the lower half of the plate for analysis in ESI- mode. Fifteen HIV negative samples
were loaded onto the top half of the plate and duplicated in the bottom half too. Due to insufficient volumes of
HIV+ samples, two wells in the bottom half of the plate were vacant and an additional HIV negative sample
loaded, in duplicate. The total number of HIV negative samples was therefore 16, with 15 cases analyzed in the
ESI+ mode and 17 (16" sample duplicated) analyzed in ESI- mode. Fifteen HIV+HAART+ samples were
analyzed in ESI+ and ESI- mode respectively. Due to the exclusion of an outlier only 14 HIV+HAART+ cases

were considered for further data processing in ESI+ mode.
UPLC-TOF MS Analysis

All chromatographic and mass spectrometric analysis was performed at the Council for Scientific and
Industrial Research (CSIR), Pretoria, South Africa. A Waters Acquity UPLC coupled in tandem to a Waters
photodiode array (PDA) detector and a SYNAPT G1 HDMS mass spectrometer was used to generate accurate
mass data. Chromatographic separation was done utilizing a Waters HSS T3 column (150 mm x 2.1 mm, 1.8
pm) thermostated at 60 °C. A binary solvent mixture was used consisting of water (Eluent A) containing 10 mM
formic acid (pH 2.3) and acetonitrile (Eluent B). Gradient elution was performed at a flow rate of 0.4 ml.min™.
The initial conditions were 95% of A for 0.1 minute with a gradient profile 7 to 40% of A at 8 minutes, followed
by a gradient profile 5 to 10% of A at 14 minutes and kept constant for 1 minute. The system was re-
equilibrated using the initial conditions with a total runtime of 20 minutes. The injection volume was set at 3 pl
with triplicate injections acquired per sample. The PDA detector was scanned between 200 and 500 nm (1.2 nm

resolution) and collected 20 spectra per second.

The SYNAPT G1 mass spectrometer was used in V-optics and operated in electrospray mode. Leucine
enkephalin (50 pg/mL) was used as reference calibrant to obtain typical mass accuracies between 1 and 3
mDalton. Although positive ionization is commonly used and more compounds are ionized in this state [37], the
mass spectrometer was operated in both negative and positive mode of electrospray ionization to enable greater
coverage of the metabolome for untargeted analysis. The capillary voltage was set at 2.0 kV, the sampling cone
at 30 V and the extraction cone at 4 V. The micro channel plate detector voltage was set at 1950 V. The scan

time was 0.1 seconds covering the 100 to 1000 Dalton (Da) mass range. The source temperature was 120 °C and



the desolvation temperature set at 450 °C. Nitrogen was used as the nebulization gas at a flow rate of 800 L/h.

MassLynx V4.1 (SCN 704) software was used to control the hyphenated system and for data manipulation.

Data Processing and Statistical Analysis

Data mining was done by processing the raw ESI- and ESI+ data files with the MarkerLynx Extended
Statistics (XS) processing method of the MassLynx software under the following criteria i.e. a retention window
of 0.5-17.00 min, a mass range and tolerance of 100-1000 and 0.01 Da respectively. During this time the
MarkerLynx XS V4.1, SCN 704 software performed peak integration and alignment as well as background

noise subtraction yielding data in a suitable format for statistical analysis.

An additional peak threshold and noise filter was applied to the data within MarkerLynx. The data was
exported into Excel® and further analyzed using IBM SPSS (version 19.0). Multivariate statistical analysis in
the form of linear discriminant analysis was performed to classify experimental groups and identify metabolites
contributing to group variances. LDA is a statistical method that uses a linear combination of variables to
maximize between-class variation compared to within-class variation, to bring about an improved separation of
experimental groups. Principal component analysis (PCA) was also performed (see supplementary information,
Figure S1) but LDA was found to be more appropriate in this case. The method used in the case of PCA was to
compute principal components and then to do an LDA on the principal components. This was done because the
method is commonly seen in the literature. In the case of LDA based on PCA, all the metabolites (n=1976 for
ESI neg mode and n=2511 for ESI+ mode) are involved in the definition of each principal component. In the
case of the LDA based on individual metabolites, stepwise discriminant analysis was used. Eleven and 10
metabolites selected by the stepwise procedure produced a 100% correct classification for ESI neg and ESI+
modes respectively. The model was not corrected for confounding factors, an aspect addressed under the
discussion. The significance of these molecules were also verified through univariate analysis in the form of

analysis of variance (ANOVA).

Metabolite Identification

Mass spectral searches conducted using metabolite and/or structure databases and libraries [BioCyc,
ChemSpider, National Institute of Standards and Technology (NIST), Human Metabolome Database (HMDB),

Golm, Lipid Maps, Molecular Modeling Database (MMDB), etc] were used to confirm the identities of



significantly altered metabolites. The molecular formula of the analytes were obtained using MassLynx software.

Searches were restricted to C, H, N, O, S elementary composition.

Ethics Approval

Ethics approval for the use of human blood in this research was obtained from the Faculties of Natural
and Agricultural Sciences and Health Sciences of the University of Pretoria with protocol numbers EC 080506-

19 and 163/2008, respectively.

RESULTS

Experimental Design and Sample Selection

To study metabolic complications, metabolites are often extracted from affected tissues and
biofluids using laborious protocols which incorporate numerous handling steps (Figure 1). As a result,
variability is introduced into the data [38]. Utilizing a straightforward, easy to use extraction protocol with
minimal handling steps should minimize the chances of obtaining erroneous data. A one-step protein
precipitation and extraction protocol is presented here for use in UPLC-MS metabonomics experiments aimed at
evaluating HIV and HAART-induced metabolic changes. Metabonomics using Ostro™ plates and UPLC-MS is

also presented to show the unique detection of treatment-associated metabolites in infected biofluid.

The samples used in this study were well-matched in terms of gender and CD4 counts (Table 1). In
the case of the treatment-naive HIV+ group, CD4 counts were relatively high and representative of an
asymptomatic cohort. The HIV-infected cases were generally older and presented with varying viral loads. The

possible influences of these confounding factors are elaborated on in the discussion.
Metabonomic Profiling

UPLC-MS base peak ion (BPI) chromatograms of HIV negative, HIV+ and HIV+HAART+ sera
are shown in Figure 2. Distinct, narrow chromatographic peaks suggest the successful detection of metabolites
as well as the removal of phospholipids which previously masked the detection of metabolites when another
extraction protocol was followed (see supplementary Figure S2). The chromatograms show the sera of the three
groups exhibiting different metabolic profiles, notable by differences in their peak numbers and intensities
(Figure 2, also refer to representative circles). It is also evident (Figure 2 [ii] and [iii]) that the metabolism of the

uninfected participants and asymptomatic HIV patients are visually more similar and perhaps indicative of the
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health status of the infected patients. The metabolism of the patients receiving HAART was most affected as

seen by the increase in the intensitiy of the peaks at 6.65 and 12.95 minutes respectively (Figure 2 [i]).

Following integration and alignment of the MS data, LDA was applied to classify the groups as HIV
negative, HIV+ and HIV+HAART+ and also to identify variables accounting for group differences. This
statistical tool classified all cases correctly achieving 100% accuracy (Table 2) pre- and post cross-validation.
The number of participants was too small for a full cross-validation by means of a hold-out sample. Instead, the
method applied was leave-one-out-at-a-time. Metabonomics data is multivariate and should ideally be analyzed
using multivariate statistical approaches to increase the power of the analysis and avoid erroraneous conclusions
[39]. ANOVA, applied to determine how well this statistics tool complemented mutlivariate stastics findings,
detected many more metabolites that were significantly different between the groups than did LDA. Of the 21
important metabolites identified through LDA, 13 (62%) had p values < 0.05 (see Table 3 [i] and [ii])
indicating that ANOVA, in terms of the number of significantly altered molecules identified, complimented

LDA findings to an extent.

Scatter plots (Figure 3) show maximum between-group separation, suggesting distinct metabolic
profiles for each group. The metabolism of the treatment-experienced group was most affected as seen by how
far this group is positioned from the HIV negative and HIV+ groups (Figure 3) with the greatest separation
achieved along the first discriminant. In Figure 2 there are visual similarities between the metabolism of the
HIV negative and HIV+ group which indicate that the infected individuals to still be relatively healthy. This was
further amplified in the scatter plots (Figure 3, along the first discriminant). If group separation is evaluated
along the second discriminant, it appears that the metabolic profile of the HIV+HAART+ group shifts toward
that of the HIV negative group. Within-group metabolic differences were minimal and representative of a
homogeneous group of samples. Reliability and validity of the MS runs were also confirmed through the tight

clustering of QC samples and tight clustering of technical repeats (finally averaged to allow for LDA).

Following LDA, important variables (n=21) contributing to the clustering of the experimental groups
in ESI negative and ESI+ mode were identified (Table 3 [i] and [ii]). Serum contains 90% water and mainly has
polar metabolites [40]. In this study, each ionization mode resulted in the detection of unique metabolites. In the

ESI- mode (Table 3 [i]) metabolites involved in lipid and/or membrane biosynthesis as well as nucleotide
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metabolism were mainly identified. Metabolites related to the treatment of HIV-associated conditions as well as
amino acid and protein metabolism were mainly identified in ESI+ mode (Table 3[ii]). If the assumption is that
the metabolite levels in uninfected sera are normal then the 21 distintinguishing metabolites showed either
infection or infection and HAART as being responsible for the shifts/changes in the levels of these molecules

(Figure 4).

DISCUSSION

Experimental Design and Sample Selection

During random sample selection, the influence of possible confounding factors must be considered,
because these factors may account for metabolic differences and influence the clustering of samples. For our
dataset; age, gender and the varying viral loads of patients did not appear to be confounding since samples
grouped according to these parameters failed to cluster together. When the possible confounder, gender, was
included as a variable in the LDA model (see supplementary Figure S3), it did not affect the data. Similarly,
when age was applied to the model, it did not play a significant role in the results. In a non-HIV biofluid
metabonomics study, Tulipani et al (2013) [31] concluded that solvent extraction in combination with Ostro™
plates, as also used in our study, allowed for subtle metabolic changes between groups, independent of
confounding factors, to be observed. A truly randomized sample set should have included the same age across
experimental groups. However, being at the mercy of the volunteer approach, we were limited to using only
patients who agreed to involvement and it turns out those younger individuals totally sure of their status only
volunteered when negative. As mentioned, the LDA model not responding to gender or age gave the confidence
to continue the study. In addition, the fact that infected individuals with differing ages (Table 2, mean age of
HIV+ and HIV+HAART groups) separated based on metabolites, strongly supports the validity of the collected

data.
Metabonomics Profiling, Perturbed Metabolites and their Biological Significance

The body largely depends on oxidation processes for its energy supply. This occurs mainly through the
breakdown of fats, carbohydrates and amino acids in mitochondria and peroxisomes. HIV, the immune response
to infection and treatment disrupts host metabolism. In our findings, treated patients were most differentiated

from the HIV negative and HIVV+ groups (Figure 2 and Figure 3) suggesting HAART to drastically affect host
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metabolism. The alteration of the host metabolism by the HIV therapeutics is in agreement with the literature [2,
8]. There was also a shift of the HIV+HAART+ group toward the HIV negative group (Figure 3, along the 2™
discriminant). Whether or not the shift implies successful therapeutic intervention needs to be confirmed by
specific analysis. It is important to note that Figure 2 provides representative chromatograms for each
experimental group while Figure 3 shows responses of every individual used in the study. The data presented
here indicates that HIV and/or HAART interferes mainly with lipid, carbohydrate and therefore energy
metabolism which ultimately translates to alterations in cell signalling and other membrane associated reactions.
In addition, metabolites associated with the treatment of HIV-associated conditions were also observed. HIV-
induced disruption of fatty acid/lipid metabolism which is usually associated with lipodystrophy (fat
redistribution) is well-documented in the literature [8, 11-14] as is the disruption of carbohydrate and energy

metabolism [22, 41-43].

To get a better idea of the contribution of HIV and/or treatment to the measured metabolic
alterations, changes in the levels of the respective metabolites were evaluated through mean plots (Figure 4). Of
the 21 metabolites identified through LDA as contributing to group differences; 3 (14.3%) were altered due to
HIV, 5 (23.8%) were altered due to HAART while 13 (61.9%) were altered as a result of infection and
treatment. The plots confirmed infection and treatment to augment metabolic alterations and also reflects the
strong influence of HAART on the metabolic profile of the cohort under investigation. Upon reviewing patient
records, it was found that of the HAART combinations given to patients, a large percentage of individuals were
on combinations of nucleoside reverse transcriptase inhibitors (NRTIs) and non-nucleoside reverse transcriptase
inhibitors (NNRTIs, Table 1). These regimens are known for causing mitochondrial dysfunction, lipodystrophy
and lactic acidosis [44-46]. HIV-infected cells and lipolysis, which is a common feature of infected individuals,
require increased amounts of energy and therefore functional mitochondria for this purpose. Studies have shown
early on that HIV-infected cells have higher rates of resting energy expenditure [41, 42] which is in keeping
with the high energy demands of infected cells. Mitochondria drive metabolic processes [47] and together with
the Krebs cycle serves as the “hub” of cellular metabolism. The human immunodeficiency virus obtains energy
mainly by altering host metabolic processes by impacting for example, mitochondria [43]. If compromised, as
occurs during HIV infection, energy processes are affected such that adenosine triphosphate (ATP) is depleted
and glycolysis activated [48]. This disruption in energy metabolism is evident by the alteration in carbohydrate

metabolism detected in our study. Because of the role of this organelle in producing ATP, energy metabolism is

12



ultimately affected. Several metabolites, for example, cytidine triphosphate (Table 3 [i]) and 1-Hexadecanoyl-2-
(9Z-octadecenoyl)-sn-glycerol 3-diphosphate (Table 3 [ii]) were linked to changes in energy metabolism
(glycolysis, energy storage and use) in this study. Hollenbaugh et al (2011) [22] too showed an alteration in
glycolysis following the in vitro HIV infection of primary CD4 cells and a long-lived macrophage cell line. The
increase in glycolysis ultimately results in the increased production of lactic acid, which led to lactic acidosis,
another common feature associated with NRTI use [46]. Synonomous with mitochondrial dysfunction, apoptosis
inducing factors and proteolytic caspases are released causing cellular damage. Lipolysis is also decreased
contributing to the developmnet of lipodystrophy [44]. The use of NRTIs and NNRTIs is thus reflected in our
study through changes in lipid, carbohydrate and energy metabolism. The treatment-induced metabolic changes
observed here are usually only observed as severe clinical manifestations (very visible/unsightly fat deposits)
but was detected here by LC-MS metabonomics in the absence of such clinical changes. This is largely
attributed to the sensitiviy of the MS instrument. Detecting these subtle changes not yet be visible to the naked
eye, provides supportive reason for further developing metabonomics for disease diagnosis, to monitore drug
adherence and for linking specific drug classes to particular metabolic complications. Alterations in fatty
acid/lipid metabolism are known to place the affected individuals at risk of cardiovascular diseases making these

metabonomics findings highly relevant for the management of HIV/AIDS.

A closer evaluation of the mean plots in Figure 4 could add to our understanding of the mechanisms of
HIV and/or HAART-induced metabolic complications. Since most of the metabolic changes involved lipid
changes and were as a result of HAART as well as the synergy between infection and treatment, the changes
may suggest a mechanism used by the virus to ensure its survival depending on whether the levels of these
molecules are increased or decreased. For example, the virus depends on the host’s metabolic machinery to
survive. It can therefore induce an increase in metabolites involved in lipid and membrane biosynthesis (e.g.
V0274MZ213.9635 in Figure 4 [i], identified as Methyl dodecanoate in Table 3 [i]) as well as cell formation
ensuring it has a host in which to replicate. Alternatively, the increase in cell turnover may be a host response to
infection in order to produce more cells to ward off the virus. A decrease in the levels of this metabolite
following the administration of HAART suggests an opposing effect by treatment to restore the level of the
metabolite to that of uninfected controls. Whether the shift implies successful therapeutic intervention would
require further investigation. Similarly, the remaining plots can be evaluated in this manner but quantitative

analysis would be more informative.
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Metabolites Indicative of Treatment

Of the metabolites detected, there were also indications of changes in nucleotide, amino acid and
protein metabolism. Nucleotides serve as the building blocks for deoxyribonucleic acid (DNA) and ribonucleic
acid (RNA) synthesis. That nucleotide metabolism is affected in the host is in agreement with the life cycle of
the virus i.e. HIV integrating its genetic information into that of the host. Nucleotides serve as energy carriers,
cell signalling molecules and cofactors to various reactions. A disruption in the metabolism of these
molecules thus adds to the disruption in cell signalling already induced by HIV and/or its treatment. Nucleotide
metabolism in the context of HIV infection is important because HIV cannot encode nucleotide-metabolizing

enzymes and it’s intracellular replication requires a continous supply of deoxynucleotidetriphosphate (dNTPs,

[49]).

Proteins serve important biological roles including catalyzing metabolic reactions, assisting with DNA
replication, initiating responses to stimuli and transporting molecules from one location to another. An alteration
to amino acid and protein metabolism coincides with the change in nucleotide metabolism which is required for
the replication of genetic information. It also confirms a disruption in cell signaling processes highlighted

previously to occurr as a result of changes in lipid and membrane biosynthetic processes.

Anemia is a documented complication of HIV infection associated with decreased patient survival [50].
We identified metabolites potentially related to the treatment of anemia and sickle cell disease suggesting the
occurrence of these conditions in patients. As shown in table 3, we detect for example, Leucovorin [metabolite 4
in table 3(i)], which is used in the treatment of anemias and hematological complications. Anemia has been
identified as a frequent complication of HIV infection and hemoglobin was also shown by Obirikorang and
Yeboah, 2009 [50] to be a predictor for the progression of HIV/AIDS. Leucovorin was detected in the ESI-
mode. After tracing the variable (in this case V1367MZ458.1292) in the dataset using individual metabolite
trend plots prepared in MassLynx v4.1 software, this variable was found to be present in mostly treated patients
allowing us to infer the presence of a specific condition and its treatment in those patients. Looking at the
particular patient’s files where the variable was present, we were able to confirm that the patient was receiving
treatment for anemia. We detect breakdown products of hemoglobin which serve as markers for urinary tract

function. Hemoglobin breakdown products such as globin are known to be converted to amino acids which
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participate in metabolism or the formation of new proteins. It is quite interesting to observe how metabolites of

blood-related conditions coincide with protein metabolism changes noted in the preceding paragraph.

Psoriasis is a skin condition associated amongst others, with HIV infection. This condition is associated
with cardiovascular disease, a common complication of HIV-infected and treated individuals [51]. In this study
we detect DHNA, an anthraquinone used to treat psoriasis. Other therapeutics given to the HIV+ individuals of
this study include for example antifungal agents such as clotrimazole. Immunocompromised patients are
burdened with opportunistic infections making the detection of metabolites which are linked to these types of
therapeutics valid. We also detected metabolites suggesting the use of anti-inflammatory, anti-pyretic and anti-
rheumatic agents used to treat common HIV-related conditions. HIV-infected individuals are known to be under
oxidative stress [52]. We detected 5’deoxyadenosine which is a marker of oxidative damage. Taxifolin and
chlorogenic acid have antioxidant properties and were also detected implying a counter response to oxidative
stress. In a gas chromatography mass spectrometry (GC-MS) metabonomics study investigating HIV-induced
mitochondrial dysfunction in asymptomatic HIV-infected patients, Williams et al (2012) [3] detected two
metabolites linked to “self-treatment”. GC-MS detects volatile compounds [53]. Most metabolites in nature are
polar and non-volatile [53] as is the metabolites of sera [40]. Because GC requires samples to be volatile, the
process of volatilization could have contributed to the failure to detect more “self treatments” by the technique.
Inferring the treatment of HIV-related complications was made here after tracking the specific metabolite back
to the actual sample in the dataset and reviewing the patient’s status i.e. HIV negative, HIV+ and/or
HIV+HAART+. Where treatment related metabolites were detected, the patients were treatment-experienced.

Metabonomics therfore has the potential to provide real phenotypic patient information.

These findings imply that SPE in the form of Ostro™ plates is recommended for biofluid metabolome
extraction because it eliminates large molecules (proteins and phospholipids) that have been shown to mask
metabolites that are analyzed using UPLC-MS. Ultra performance LC-MS proved ideal for biofluid
metabonomics because of its increased sensitivity and resolution to detect subtle metabolic disturbances. Based
on data presented here the approach could find use in biomarker identification and therefore disease diagnosis
and prognosis as well as HIV/AIDS management i.e. monitoring adherence to treatment, treatment

success/failure and linking specific drugs to specific metabolic complications.
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CONCLUSION

Shown here for the first time is an easy SPE protocol which allowed for the collection of reproducible,
reliable UPLC-MS data which in turn distinguished HIV-influenced compared to therapy-induced metabolic
changes. UPLC-MS detected changes in lipid and energy metabolism in negative ionization mode whilst
metabolites indicative of the treatment of HIV-associated conditions were mainly evident in positive ionization
mode. The biological role of the metabolites causing group differentiation coincides well with that reported in
the literature. The mean plots already gave an indication of an increase or decrease in metabolite levels while
chemometrics confirmed the visual observations. The quantification of metabolite changes as a necessary next
step will be simplified by either a targeted analysis or a decision on the specific metabolite or groups of
metabolites to investigate in order to identify useful standards and/or molecules for sample spiking.
Quantification should contribute to the clarification of the exact HIV-related mechanisms involved in metabolite
increases or decreases. This study presented an easy sample preparation protocol designed for minimal sample
handling that favoured quality metabonomics data collection, which is important for clinically relevant
biomarker identification. The end use of mass spectrometric metabonomics should eventually be a clinical
application, detecting biomarkers of value in diagnostics, prognostics or disease management. The detection of
metabolites related to therapy implies a strong role for MS-metabonomics in HIV/AIDS management by
monitoring the success/failure of specific treatment regimens, patient adherence and linking specific treatment
regimens to particular metabolic complications. The ability to infer additional information from the data
suggests an added advantage to metabonomics, in particular the ability to screen randomly and then go back to

the sample group and determine whether the conclusions/inferences correlate to the patient’s reality.
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Table 1 Characteristics of the participating donors.

HIV Status
Characteristic HIV negative (n=16) HIV+ (n=13) HIV+HAART+ (n=15)
% Females 75.0 69.2 80.0
% Males 25.0 30.8 20.0
Mean Age & SD (years) 26.7*6.1 38.5% 8.9 4324+ 113

Mean CD4 count (cells/ul blood,
range)

Not Determined

549.3 (100 - 2380)

468.9 (204 - 728)

Viral Load (copies/ml, range)

Not Determined

149557 (23-350 430)

1352 (43-3624)

HAART combinations

Unknown - - 5 (33.33%)
NRTIs and NNRTIs - - 10 (66.66%)
P-values comparing differences in age among groups
HIV negative and HIV+ and
Group comparisons HIV negative and HIV+ HIV+HAART+ HIV+HAART+
p-value 0.000228534 1.8539E-05 0.24206586
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ESIPos VTOF 95%A2:05%B2 @ 0.40 T=40 HF=800
Sample 14 UPLC #1a
1007

05
‘Sample 25 UPLC #1a
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Figure 2 Representative stacked base peak ion (BPI) chromatograms of (i) HIV+HAART+, (ii) HIV+ and
(iif) HIV negative sera samples analyzed in ESI+ mode of UPLC-MS. Differences in the three
representative groups’ metabolites are visible through visual inspection (see representative circles). The use
of Ostro™ plates minimize plasticizers from leaching and yielded improved quality chromatograms

compared to Figure S2 where plasticizers and phospholipids were present.
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Table 2 Classification of experimental cases as HIV negative, HIV+ or HIV+HAART+ in ESI- and ESI+ mode,

respectively, using stepwise LDA. This statistical tool uses a linear combination of variables to maximize the

separation between experimental groups. In ESI- mode shown in [i], 17 HIV negative, 15 HIV+HAART+ and 11

HIV+ cases were analyzed and correctly classified with 100% accuracy (shaded areas) into their respective groups.

Likewise, 15 HIV negative, 14 HIV+HAART+ and 13 HIV+ cases were analyzed and correctly classified with

100% accuracy (shaded areas) in ESI+ mode [ii]. An explanation for the number of cases analyzed is provided under

the “Optimized Metabolite Extraction from Sera using Ostro™ Plates” section.

ESI- Classification Results®

STATUS Predicted Group Membership Total
NEG POS HAART POS
Original Count NEG 17 0 17
POS HAART 0 15 15
POS 0 0 11 11
% NEG 100.0 .0 .0 100.0
POS HAART .0 100.0 .0 100.0
POS .0 .0 100.0 100.0
a. 100.0% of original grouped cases correctly classified.
ii. ESI+ Classification Results?
STATUS Predicted Group Membership Total
NEG POS HAART POS
Original Count NEG 15 0 15
POS HAART 0 14 14
POS 0 0 13 13
% NEG 100.0 .0 .0 100.0
POS HAART .0 100.0 .0 100.0
POS .0 .0 100.0 100.0

a. 100.0% of original grouped cases correctly classified.
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Figure 3 Scatter plot of the discriminant functions for the HIV negative, HIV+ and HIV+HAART+ groups.

Here the summed responses of every individual used in the study, is reflected. Shown in [i] and [ii] are the

ESI- and ESI+ data respectively showing the HIV+HAART group to be most differentiated from the HIV
negative and HIV+ groups respectively.
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Table 3 Metabolites from the ESI- [i] and ESI+ [ii] mode data identified through LDA as causing group variances. The differences in group means of these

metabolites were also calculated through ANOVA.

i ESI- mode
LDA variable Retention | p-value Metabolite ID as per Common CompoundClass | Biological Role
(m/z) Time (ANOVA) | database/library searches name
Cell signalling
Lipids Fuel and energy source
Methyl .

1. | V0274MZ213.9635 | 7.8494 0.000 Methyl laurate dodecanoate -Fatty acid esters Fuel and energy storage
Membrane
integrity/stability

1-(2- -Aromatic
Chlorophenyl)(diphenyl)methyl]-1H- :g:ﬁgﬂzgzcm Antifungal medication
2. | V0822MZ343.2067 | 9.4372 0.020 imidazole Clotrimazole Usadliio st fdia @il
-Diphenyl disease
methanes
Cell signalling
(3beta,24E)-Stigmasta-5,24(28)-dien- Lipids Fuel and energy source
3. | V1105MZ411.782 | 9.4796 0.016 3-ol Fucosterol

-Steroids and
steroid derivatives

Fuel and energy storage

Membrane
integrity/stability
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N-(4-{[(2-Amino-5-methyl-4-oxo-
1,4,5,6,7,8-hexahydro-6-
pteridinyl)methyllamino}benzoyl)-

Pteridines and

Treatment of anemias and
hematological

V1276MZ458.1392 | 5.073 0.016 Leucovorin L . .
D-glutamic acid derivatives complications linked to
folic acid deficiency
Methyl hentriacontanoate
V1367MZ480.0522 | 8.1732 0.000 No information
Cell signalling
Energy source
Membrane component
Nucleosides,
nucleotides and Phospholipid synthesis
Cytidine 5'-(tetrahydrogen Cytidine analogues
V1376MZ481.0554 | 8.1757 0.000 : ;
triphosphate) triphosphate Membrane
-Pyrimidine integrity/stability
nucleotides
Pyrimidine metabolism
Transcription/translation
Amino sugar metabolism
2'-Deoxyadenosine 5-Deoxy- Nucleosides, Component of DNA
V0398MZ251.0939 | 6.3542 0.079 adenosine nucleotides and Voa e e ek
analogues

damage
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-Purine
nucleotides

2,6-Di-O-phosphonohex-2-

8. | V0806MZ339.2316 | 13.3905 0.057 No information
ulofuranose
Biosynthetic intermediate
in lignin (antioxidant)
f synthesis
(1S,3R 4R 5R)-3-{[3-(3 4- ?mma"c !
Dihydroxyphenyl)acryloyl]oxy}- Chlorogenic omonocyclic Limits release of glucose
9. | V0857MZ353.2123 | 11.9254 | 0.056 1,4,5- i g GO into bloodstream after a
trlh;/droxycyclohexanecarboxyl|c _Cyclic alcohols meal
aci -
and derivatives Antihypertensive effects
to minimize strokes and
cardiovascular mortalities
. Nutriceutical with anti-
10. | V0641MZ305.0963 | 5.9993 0.403 2-(3,4,5-Trihydroxyphenyl)-3,5,7- - _| Flavonoid cancer, anti-tumor and
chromanetriol Epigallocatechir .. .
anti-inflammatory activity
Cell signalling
. Lipids Fuel and energy storage
11. | V1192MZ437.0222 | 6.6879 | 0.538 - Nanocosanoic
acid -Fatty acid Fuel and energy source

Membrane
integrity/stability
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i. ESI + mode

. Retention | p-value Metabolite ID as per . .
LDA variable (m/z) Time (ANOVA) | database/library searches Common name | Compound Class | Biological Role
Antiviral and antibacterial
activity
Inhibits tumor development
in animals
(2R,3R)-2-(3,4- Inactivation of cviotoxi
Dihydroxyphenyl)-3,5,7- o _ nactivation of cytotoxic
12. | V1658MZ306.0295 | 8.1739 0.000 trihydroxy-2,3-dihydro-4H- Taxifolin Flavonoid substances
chromen-4-one Anti-diabetes effect
Prevents osmotic pressure in
hyperlipidermia etc
Radical scavenger
13. | V1496MZ283.1159 |5.0752 | 0.005 2-Amino-9-pentofuranosyl- No information
3,9-dihydro-6H-purin-6-one
Anti-inflammatory
Carbohydrates
and carbohydrate | Antipyretic
2-(Hydroxymethyl)phenyl .. conjugates
14. | V1544MZ288.0421 | 9.9799 0.006 hexopyranoside Salicin Antirheumatic
-Glycosyl
compounds Glycolysis/ Gluconeogenesis

Biosynthesis of

33




phenylpropanoids

Phosphotransferase system

Amino acid and protein
biosynthesis

L- Amino Hyperthyroidism
15. | V2199MZ433.366 14.3574 0.000 3,5-Diiodo-L-tyrosine .. . acids,peptides and )./p y . .
Diiodotyrosine L (biosynthesis of thyroid
derivatives
hormones)
Chronic kidney/ renal disease
16. | V0179MZ564.4313 | 14.5494 0.000 Tetracontane n-Tetracontane No information
Precursor of vitamin K in
bacteria
17. | V1007MZ205.1216 | 10.6055 | 0.001 1";'3'hydroxy'z'”aphtho'c DHNA No information | Stimulates bifidobacteria
acl growth, improves intestinal
conditions in the human
intestine
L Cell Signalling
Hexadecanoyl-
2-(92- Fuel and energy source
) octadecenoyl)-
(2R)-1-(Palmitoyloxy)-3- sn-glycerol 3- Fuel and energy storage
18. | V0542MZ675.813 5.3449 0.015 (phosphonooxy)-2-propanyl No information

(92)-9-octadecnoate

diphosphate

PPA(16:0/18:1(
97))

Phoshpholipid biosynthesis
Membrane component

Membrane integrity/ stability
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19. | V2473MZ516.3383 | 7.3946

Not
available”

2-
{[(3alpha,5beta,6beta, 7beta,
8xi,9xi,14xi)-3,6,7-
Trihydroxy-24-oxocholan-
24-yllamino}ethanesulfonic
acid

No information

20. | V1387MZ268.3745 | 6.6322

0.650

9-Pentofuranosyl-9H-purin-
6-amine

No information

21. | V0287MZ595.2893 | 11.738

0.616

3-[2-[(E)-[3-(2-
carboxyethyl)-5-[(3-ethyl-4-
methyl-5-oxo-pyrrolidin-2-
yl)methyl]-4-methyl-pyrrol-
2-ylidene]methyl]-5-[(4-
ethyl-3-methyl-5-oxo-
pyrrolidin-2-yl)methyl]-4-
methyl-1H-pyrrol-3-
yl]propanoic acid

L-Urobilin or
Stercobilin

Aromatic
heteropolycyclic
compounds

-Tetrapyrroles and
derivatives

Product of heme/hemoglobin
degradation

Indicator of urinary tract
function

“Metabolite below detection hindering p-value calculation
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ii. ESI+
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Figure 4 Changes in the mean levels of metabolites extracted from the sera of HIV negative, HIV+ and HIV+HAART+ individuals. Metabolites detected in
(i) ESI negative and (ii) ESI+ mode are shown. Mean plots are arranged from left to right as influenced by HIV, HAART and/or a combination of HIV and

treatment. Shifts in the levels of the variables among the three groups are visible.
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Supportive/Supplementary Material

Canonical Discriminant Functions
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Figure S1 Principal component analysis (PCA) scores plot of HIV negative, HIV+ and HIV+HAART+ groups that were detected using UPLC-MS. The three
experimental groups separated from each other, indicative of clear differentiation among them. The HIV+ group differentiated from the HIV negative and treated

patients along the first discriminant while the HIV+ and treatment-experienced patients differentiated from HIV negative samples along the second discriminant.
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Figure S2: ESI positive BPI chromatogram (A) of pooled HIV sera after a multi-step solvent extraction protocol. In B, the presence of plasticizers and
phospholipids are visible. The large amount of chromatographic peaks that originated from plasticizers made detecting and selecting metabolomics-related
compounds very difficult. This is not surprising as these molecules are known too mask metabolites and suppress ionization of target compounds. Using the
Ostro™ plates eliminated both classes of compounds resulting in improved chromatography and mass spectral quality (shown in Figure 2 of the main

manuscript).
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Figure S3. LDA scatter plot of HIV negative, HIV+ and HIV+HAART+ groups with the inclusion of gender as a variable. The scatter plot shows no clear
separation between the genders. The means of the groups were not significant. This failure to cluster according to gender suggests that the separation of the
groups is mainly as a result of HIV infection and/or treatment and not due to confounders like gender. Similar to the “gender-LDA” plot, age when entered as a

variable did not play a significant role in the results either.
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