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Abstract
Secondary Dengue viral infection can produce capillary leakage associated with increased
mortality known as Dengue Hemorrhagic Fever (DHF). Because the mortality of DHF can be
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reduced by early detection and intensive support, improved methods for its detection are needed.
We applied multidimensional protein profiling to predict outcomes in a prospective Dengue
surveillance study in South America. Plasma samples taken from initial clinical presentation of
acute Dengue infection were subjected to proteomics analyses using ELISA and a recently
developed biofluid analysis platform. Demographics, clinical laboratory measurements, 9
cytokines and 419 plasma proteins collected at the time of initial presentation were compared
between the DF and DHF outcomes. Here, the subject’s gender, clinical parameters, 2 cytokines
and 42 proteins discriminated between the outcomes. These factors were reduced by multivariate
adaptive regression splines (MARS) that a highly accurate classification model based on 8
discriminant features with an AUC of 0.999. Model analysis indicated that the feature-outcome
relationship were non-linear. Although this DHF risk model will need validation in a larger cohort,
we conclude that approaches to develop predictive biomarker models for disease outcome will
need to incorporate nonparametric modeling approaches.

Introduction
Dengue infection remains an international public health problem affecting urban populations
in tropical and sub-tropical regions, where it is currently estimated that about 2.5 billion
people are at risk of infection. Dengue viruses (family: Flaviviridae; genus: Flavivirus) are
transmitted among humans primarily by Aedes aegypti mosquitoes. In humans, dengue
infection can produce a spectrum of diseases ranging from asymptomatic to a flu-like state
[dengue fever (DF)] to a hemorrhagic form [dengue hemorrhagic fever [DHF].1 The latter,
DHF, is a life threatening complication characterized by high fever, coagulopathy, vascular
leakage, and hypovolemic shock.

Due to a number of factors, including increasing urbanization, globalization of travel and
reduction in the use of the pesticide dichlorodiphenyltrichloroethane, dengue disease is re-
emerging in the Americas. Here, an estimated 890,000 cases of dengue fever (DF) were
reported in 2007 representing a significant increase from historical trends.2 The mortality of
DHF is age-dependent, primarily affecting both children and the elderly.3 In Southeast Asia,
a disproportionate amount of DHF hospitalizations are of children whereas in the Americas,
there is a more even distribution across ages.

The risk factors and etiology of DHF are not fully understood. Dengue viruses occur in four
distinct serotypes, with hyperendemic regions having more than one circulating serotype at a
time. Many epidemiological studies have found an increased risk of DHF after a second
infection with a different serotype.3–5 This observation has led to the “antibody dependent
enhancement theory” which proposes that neutralizing antibodies generated during the
adaptive immune response cross-react, but do not neutralize, a second infecting dengue virus
serotype. These antibody-viral complexes are taken up by monocytes by binding their cell-
surface Fc receptors, resulting in increased intracellular viral load. As a result, highly
activated monocytes release enhanced cytokines and factors involved in vascular leakage.
Other evidence points to DHF being the result of an interplay between host and viral
factors.1

Currently, there is no drug therapy for DHF. However, while DHF fatality rates can exceed
20%, early and intensive supportive therapy has reduced it to less than 1%.6 Consequently,
clinical features, biochemical assays, and gene expression profiling have been used to
identify DHF risk.

Recent advances in global scale proteomics technologies enable the detection of candidate
protein biomarkers —these include proteins, peptides, or metabolites that can be measured
alone (or in a combination) and would reliably indicate disease outcome.7 With the
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advancement of multidimensional profiling techniques, the systematic identification of
predictive proteins associated with DHF is now feasible. To identify differentially expressed
proteins associated with DHF, we have developed a reproducible, novel pre-separation
fractionation method, termed the biofluid analysis platform (BAP), that takes advantage of
high recovery and quantitative size exclusion fractionation, followed by quantitative
saturation fluorescence labeling and two dimensional gel electrophoresis (2-DE), and
tandem LC-MS/MS protein identification to identify differentially expressed proteins
associated with DHF. Statistical analysis of discriminant proteins indicates that the proteins
are not normally distributed, precluding conventional parametric modeling approaches.
Application of these protein profiles to associate with disease outcome was accomplished by
multivariate adaptive regression spline (MARS) modeling, where a highly accurate classifier
of the sample set was obtained using cross-validation. These findings suggest optimal
approaches for modeling predictive biomarker panels using discovery proteomics
approaches in human host response to infectious disease.

Methods
Ethics statement

This study was conducted under a human subjects study protocol number NMRCD.
2005.0007 (Active Dengue Surveillance and Predictors of Disease Severity in Maracay,
Venezuela) approved by the Centro de Investigaciones Biomedicas de la Universidad de
Carabobo(BIOMED-UC), Maracay, Venezuela, and the Naval Medical Research Center
institutional review boards in compliance with all applicable federal regulations governing
the protection of human subjects.

Study population
An active surveillance for dengue diseases study was conducted in Maracay, Venezuela.
Febrile subjects with signs and symptoms consistent with dengue virus infection who
presented at participating clinics and hospitals, or who were identified by community-based
active surveillance, were included in the study.8 On the day of presentation, a blood sample
was collected for dengue virus RT-PCR confirmation and plasma preparation. The subjects
were monitored for clinical outcome, and DF and DHF cases were scored following WHO
case definitions.9 An additional blood sample was collected on study day 30 for plasma
preparation. Plasma specimens were stored at −70°C until proteomic processing. Numbers
of patients and disease characteristics are shown in Table I. A Fisher’s exact test performed
on this study population to examine diagnosis by sex indicated that the number of males and
females with each disease are not significantly different from each other. A similar analysis
was performed to examine diagnosis by age, and the results indicate that there was no
difference between age and disease.

RT-PCR
Viral RNA was prepared from 140 μl sera using QIAamp Viral RNA Mini Kits following
the manufacturer’s instructions (Qiagen Inc., Valencia, CA 91355). Nested dengue virus
RT-PCR was performed on serum samples for virus detection as described.10

Multiplex bead-based cytokine measurements
Plasma samples were analyzed for the concentrations of 9 human cytokines (IL-6, IL-10,
IFN-γ, IP-10, MIP-1α, TNFα, IL-2, VEGF, and TRAIL, Bioplex, Bio-Rad, Hercules, CA).
Briefly, plasma samples were thawed, centrifuged at 1,900 XG for 3 min at 4°C, and
incubated with microbeads labeled with antibodies specific to each analyte for 30 min.
Following a wash step, the beads were incubated with the detection antibody cocktail, each
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bead specific to a single cytokine. After another wash step, the beads were incubated with
streptavidin-phycoerythrin for 10 minutes and washed and then the analyte concentrations
determined using the array reader. For each analyte, a standard curve was generated using
recombinant proteins to estimate protein concentration in the unknown sample.

Biofluid Analysis Platform (BAP) Pre-Separation Fractionation
The BAP pre-separation fractionation system is a semi-automated and custom-designed
device consisting of four 1 x 30 cm columns fitted with upward flow adapters and filled with
Superdex S-75 (GE Healthcare) size-exclusion beads. Plasma samples were injected into
each of the columns through four HPLC injectors, and buffer flow was controlled by an
HPLC pump (Model 305, Gilson, Middleton, WI). The effluent from each column was
monitored by individual UV/Vis monitors (Model 251, Gilson) that each control individual
fraction collectors (Model 203B, Gilson). The columns were equilibrated with Running
Buffer (50 mM (NH4)2CO3, pH 8.0), and up to 300 μL of plasma, containing 3 mg of
protein and 8 M urea spiked with 3 μg of purified Alexa-488 labeled thaumatin (Sigma-
Aldrich, St. Louis, MO), were pumped into the columns at an upward flow rate of 20 mL/h.
The eluent was monitored at 493 nm by the UV/Vis monitor that was programmed to detect
a pre-determined signal of 0.1 mV in the detector output that designated the start and end of
the fluorescent thaumatin peak, and signaled the fraction collector to change collection tubes
after an appropriate delay. The fractions preceding the end of the thaumatin peak were
pooled and designated the “protein pool”, while the fractions subsequent to the peak up to
the free dye peak were pooled and designated the “peptide pool.”

After size exclusion chromatography (SEC), the protein pools were incubated at 4°C
overnight to permit further renaturation. They were then loaded onto antibody (IgY)
depletion columns per the manufacturer’s instructions (Phenomenex, Torrance, CA) that
deplete fourteen of the most highly abundant proteins found in plasma or serum. The flow-
through was collected and re-run through the columns a second time. The proteins obtained
from the second flow-through were concentrated and resuspended in 2-DE buffer for
quantitative saturation fluorescence labeling.

Saturation Fluorescence Labeling
We developed a saturation fluorescence approach using uncharged BODIPY FL-maleimide
(BD) that reacts with protein thiols at a dye-to-protein thiol ratio of greater than 50:1 to give
an uncharged product, with no non-specific labeling. BD-labeled protein isoelectric points
are unchanged and mobilities were identical to those in the unlabeled state.11, 12 Using the
ProExpress 2D imager (PerkinElmer, Cambridge, UK), BD protein labeling (ex: 460/80 nm;
em: 535/50 nm) has a dynamic range over 4 log orders of magnitude, and can detect 5 fmol
of protein at a signal-to-noise ratio of 2:1. This saturation fluorescence labeling method has
yielded high accuracy (>91%) in quantifying blinded protein samples.13 To ensure
saturation labeling, protein extracts or pools to be labeled were analyzed for cysteine
(cysteic acid) content by amino acid analysis (Model L8800, Hitachi High Technologies
America, Pleasanton, CA) and sufficient dye added to achieve the desired excess of dye to
thiol.

BD-labeled proteins were separated by 2DE, employing an IPGphor multiple sample IEF
device (Pharmacia, Piscataway, NJ) in the first dimension, and Protean Plus and Criterion
Dodeca cells (Bio-Rad, Hercules, CA) in the second dimension.11 Sample aliquots were first
loaded onto 11 cm dehydrated precast immobilized pH gradient (IPG) strips (Bio-Rad), and
rehydrated overnight. IEF was performed at 20°C with the following parameters: 50 Volts,
11 h; 250 V, 1 h; 500 V, 1 h; 1000 V, 1 h; 8000 V, 2 h; 8000 V, 6 h. The IPG strips were
then be incubated in 4 mL of equilibration buffer (6 M urea, 2% SDS, 50 mM Tris-HCl, pH
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8.8, 20% glycerol) containing 10 μl/mL tri-2 (2-carboxyethyl) phosphine (Geno
Technology, Inc., St. Louis, MO) for 15 minutes at 22°C with shaking. The samples were
incubated in another 4 mL of equilibration Buffer with 25 mg/mL iodoacetamide for 15 min
at 22°C with shaking in order to ensure protein S-alkylation. Electrophoresis was performed
at 150 V for 2.25 h, 4°C with precast 8–16% polyacrylamide gels in Tris-glycine buffer (25
mM Tris-HCl, 192 mM glycine, 0.1% SDS, pH 8.3).

Protein Fluorescence Staining
After electrophoresis, the gels were directly imaged at 100 μm resolution using the
PerkinElmer ProXPRESS 2D Proteomic Imaging System to quantify BD-labeled proteins
(>90% of human proteins contain at least one cysteine14). A gel containing the most
common features was selected by Nonlinear Samespots software (see below) as the
reference gel for the entire set of gels, and this gel was then fixed in buffer (10% methanol,
7% acetic acid in ddH20), and directly stained with SyproRuby stain (Invitrogen, Carlsbad,
CA), and destained in buffer. SyproRuby is an ionic dye that typically labels proteins with
multiple fluors, including a Sypro-stained gel in the analysis ensures that the maximum
number of proteins were detected and quantified. The destained gel were scanned at 555/580
nm (ex/em). The exposure time for both dyes was adjusted to achieve a value of ~55,000–
63,000 pixel intensity (16-bit saturation) from the most intense protein spots on the gel.

Measurement of relative spot intensities
The 2D gel images were analyzed using Progenesis/ SameSpots software (Nonlinear
Dynamics, Ltd. Newcastle Upon Tyne, UK). The reference gel was selected according to
quality and number of spots. Once “landmarks” were defined the program performed
automatic spot detection on all images. The SyproRuby stained reference gel was used to
define spot boundaries, however, the gel images taken under the BD-specific filters were
used to obtain the quantitative spot data. This strategy ensures that spot numbers and
outlines were identical across all gels in the experiment, eliminating problems with
unmatched spots 15, 16 as well as ensuring that the greatest number of protein spots and their
spot volumes were accurately detected and quantified. Spot volumes were normalized using
a software-calculated bias value assuming that the great majority of spot volumes did not
change in abundance.

Protein Identification
Selected 2DE spots were picked robotically, trypsin-digested, and peptide masses identified
by MALDI TOF/TOF (AB Sciex 4800, Foster City, CA). Data were analyzed with the
Applied Biosystems software package included 4000 Series Explorer (v. 3.6 RC1) with
Oracle Database Schema Version (v. 3.19.0), Data Version (3.80.0) to acquire both MS and
MS/MS spectral data. The instrument was operated in positive ion reflectron mode, mass
range was 850 – 3000 Da, and the focus mass was set at 1700 Da. For MS data, 2000–4000
laser shots were acquired and averaged from each sample spot. Automatic external
calibration was performed using a peptide mixture with reference masses 904.468,
1296.685, 1570.677, and 2465.199.

Following MALDI MS analysis, MALDI MS/MS was performed on several (5–10)
abundant ions from each sample spot. A 1kV positive ion MS/MS method was used to
acquire data under post-source decay (PSD) conditions. The instrument precursor selection
window was ± 3 Da. For MS/MS data, 2000 laser shots were acquired and averaged from
each sample spot. Automatic external calibration was performed using reference fragment
masses 175.120, 480.257, 684.347, 1056.475, and 1441.635 (from precursor mass
1570.700).
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Applied Biosystems GPS ExplorerTM (v. 3.6) software was used in conjunction with
MASCOT to search the respective protein database using both MS and MS/MS spectral data
for protein identification. Protein match probabilities were determined using expectation
values and/or MASCOT protein scores. MS peak filtering included the following
parameters: mass range 800 Da to 4000 Da, minimum S/N filter = 10, mass exclusion list
tolerance = 0.5 Da, and mass exclusion list (for some trypsin and keratin-containing
compounds) included masses 842.51, 870.45, 1045.56, 1179.60, 1277.71, 1475.79, and
2211.1. For MS/MS peak filtering, the minimum S/N filter = 10.

For protein identification, the Homo sapiens taxonomy was searched in the NCBI database.
Other parameters included the following: selecting the enzyme as trypsin; maximum missed
cleavages = 1; fixed modifications included carbamidomethyl (C) for 2-D gel analyses only;
variable modifications included oxidation (M); precursor tolerance was set at 0.2 Da; MS/
MS fragment tolerance was set at 0.3 Da; mass = monoisotopic; and peptide charges were
only considered as +1.

Protein identification was performed using a Bayesian algorithm 17 where matches were
indicated by expectation score, an estimate of the number of matches that would be expected
in that database if the matches were completely random. Confirmation of the protein
identification was performed by LC-MS/MS (Orbitrap Velos, ThermoFinnegan, San Jose,
CA).

Statistical analysis
Statistical comparisons were performed using SAS®, version 9.1.3 (SAS, Inc., Cary, NC)
and PASW Statistics 17.0, Release 17.0.2 (SPSS, Inc., Chicago, IL).

Multivariate Analysis of Variance (MANOVA)
The multivariate analysis of variance model is a popular statistical model used to determine
whether significant mean differences exist among disease and gender groups. One advantage
of MANOVA is that the correlation structure is taken into consideration between each
cytokine. The Wilk’s’ lambda statistics as a MANOVA-based score were used to analyze
data where there is more than one dependent variable (SAS 9.2 PROC GLM).

Multivariate Adaptive Regression Splines (MARS)
MARS is a non-parametric regression method that uses piecewise linear spline functions
(basis functions) as predictors. The basis functions are combinations of independent
variables and so this method allows detection of feature interactions and performs well with
complex data structures.18 MARS uses a two-stage process for constructing the optimal
classification model. The first half of the process involves creating an overly large model by
adding basis functions that represent either single variable transformations or multivariate
interaction terms. The model becomes more flexible and complex as additional basis
functions are added. The process is complete when a user-specified number of basis
functions have been added. In the second stage, MARS deletes basis functions in order,
starting with the basis function that contributes the least to the model until an optimum
model is reached. By allowing the model to take on many forms as well as interactions,
MARS can reliably track the very complex data structures that are often present in high-
dimensional data. Cross-validation techniques were used within MARS to avoid over-fitting
the classification model. Log-transformed cytokine and normalized spot intensities from
2DE were modeled using 10-fold cross validation and a maximum of 126 functions (Salford
Systems, Inc).
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Generalized Additive Models (GAM)
GAMs were estimated by a backfitting algorithm within a Newton-Raphson technique. We
used SAS 9.2 PROC GAM and STATISTICA 8.0 to fit the GAM fittings with binary logit
link function that provided multiple types of smoothers with automatic selection of
smoothing parameters.

Results
Clinical demographics

The initial clinical parameters were compared for the 55 volunteers (42 DF, 13 DHF) at the
time of initial presentation (Table I). Here, the number of days of fever (4.2 ± 1 d vs 5 ± 1 d,
p<0.01), initial platelet counts (161 ± 40.7 X 103/μL vs 105 ± 33 X 103/ μL, p<0.001), red
blood count (4.56 ± 13.68 X 106/μL vs 3 ± 1.37 X 106/μL, p<0.05) and frequency of
diarrhea (46% vs 14%, p<0.05) were statistically different between DF and DHF,
respectively.

Our study design was intended to include patients with all 4 dengue serotypes. The
distribution of Dengue viral serotypes in the study population are shown in Table II.
Although Dengue 1 was the most predominant serotype in DF patients in this study,
accounting for 50% of the DF infections, Dengue 2 was the most predominant for the subset
with DHF, with 62% being infected with that serotype. This difference in serotypes are
significantly different (p-value = 0.0085, Fisher’s exact test).

Cytokine analyses
Plasma proteins were isolated from subjects obtained during the initial clinic visit. Focused
proteomics analyses were performed using bead-based immunoplex to measure cytokines
that have been associated with DHF in previous studies.19, 20 Analysis of the plasma
concentrations of the cytokines indicated that their distributions were highly skewed; despite
logarithmic transformation of the data, they remained non-normally distributed. As a result,
the cytokines were compared between the two outcomes using the Wilcoxon rank-sum test.
Also, we adopted a permutation test to derive p-values since the violation of normal
assumption does not affect this method. Only two cytokines retained significance between
DF and DHF, IL-6 (p= 0.002) and IL-10 (p < 0.001) (Figure 1A, B). For both cytokines, the
median value of the logarithm base 2-transformed concentration was greater in DHF than
that of DF subjects.

Differences between cytokines were analyzed as a function of gender using two-factor
ANOVA. For IL-6 and IL-10, MIP-1α, and TRAIL we identified a significant gender and
diagnosis (DF vs DHF) effect (Table III). To correct for correlated cytokines, we also
applied a MANOVA test to the overall data set. In this analysis, both gender (p=0.0165) and
diagnosis ( p <0.0001) had significant Wilks-Lamba p values. Together, these analyses
indicate that gender is an important confounding variable in the cytokine response to dengue
infection (also plotted in Figure 1A, B).

Biofluid analysis platform (BAP)
The BAP, a discovery-based sample pre-fractionation method with 2DE using saturation
fluorescence labeling, was applied more comprehensively to identify proteins associated
with the development of DHF. The BAP combines a high recovery Superdex S-75 size-
exclusion chromatography (SEC) of plasma with electronically triggered fraction collection
to create protein and peptide pools for subsequent separation and analysis. An important
feature of the BAP is the utilization of de-ionized urea to initially dissociate protein/peptide
complexes in the plasma prior to SEC. Generating reproducible run-to-run fractionation was
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accomplished by spiking Alexa 488-labeled thaumatin (~23 kDa) into the urea-treated
samples before SEC. Multiple side-by-side columns can thus collect virtually identical
protein fractions of proteins with 95–100% recoveries (measured in over 200 test samples,
not shown) ensuring accurate differential analyses. The protein fraction was then depleted of
14 of the most high-abundance plasma proteins, and this fraction was subsequently labeled
with saturating ratios of a cysteine-reactive dye to protein thiols followed by 2DE.11, 12, 21

One hundred and six serum samples, representing acute and convalescent samples from 53
subjects were analyzed by BAP (2 samples from the 55 enrolled subjects were not analyzed
by BAP due to sample limitation). Four hundred and nineteen spots were mapped and the
normalized spot intensities were compared. For the purposes of biomarker panel
development, normalized spot intensities were compared between DF and DHF in the acute
samples. From this analysis, 34 spots met statistical cut-off criteria (p<0.05, t-test).

Multivariate adaptive regression spline (MARS)-based modeling for predictors of DHF
Because the proteomic quantifications are not normally distributed and included outliers, we
evaluated nonparametric modeling methods. MARS is a robust, nonparametric, piecewise
linear approach that establishes relationships within small intervals of independent variables,
detects feature interactions and is generally resistant to the effects of outlier influence.22 To
identify features important in DHF, gender, logarithm-transformed cytokine expression
values (IL-6 and IL-10), and 34 2DE protein spots were modeled using 10-fold cross
validation and a maximum of 126 basis functions, schematically diagrammed in Figure 2.
Because of the small sample size represented in the study population for dengue serotypes 1,
3, and 4 (Table II), Dengue serotype was excluded from the modeling. The optimal model
was selected on the basis of the lowest cross-validation error.

The optimal discriminant model selected 1 cytokine (IL-10) and 7 protein spots. The
proteins that corresponded to each predictive spot were identified by LC-MS/MS analysis
(Table IV). Here, the confidence for identification of each protein was high, given as the
expectation score. The proteins identified included tropomyosin, complement 4A,
immunoglobulin G, fibrinogen, and three isoforms of albumin. The location of the 7 proteins
spots on 2DE and the effect of disease on their abundance is shown in Figure 3. Here, the
2DE analysis provided additional information not accessible by shotgun-based mass
spectrometry. For example, the albumin isoforms were distinct isoforms of albumin as
indicated by their unique isoelectric points (Table IV, Figure 3). Moreover, two of the
albumin isoforms, represented as spots 505 and 507, were much larger than native albumin,
suggesting that they were cross-linked proteins.

A comparison of the normalized spot intensities for the 7 discriminant proteins were plotted
by the outcome of dengue disease (Figure 4). Similar to the cytokine analysis, although the
proteins differ by median value, the values were highly overlapping for the two populations,
indicating that any singular protein would have poor ability to discriminate between disease
types.

The optimal MARS model is represented by 9 basis functions, whose values are shown in
Table V. The model is represented by a linear combination of basis functions, where each
basis function is a range over which the individual protein’s concentration contributes to the
classification. Also of note, the basis functions are composed of single features, indicating
that interactions between the features do not contribute significantly to the discrimination.

To determine which of these features contribute the most information to the model, variable
importance was assessed. Variable importance is a relative indicator (from 0–100%) for the
contribution of each variable to the overall performance of the model (Figure 5). The
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variable importance computed for the top three proteins was IL-10 (100%), with albumin*1
(50%) followed by fibrinogen (40%).

Model diagnostics
The performance of the MARS predictor of DHF was assessed using several approaches.
First, the overall accuracy of the model on the data set was analyzed by minimizing
classification error using cross-validation. The model accuracy produced 100% accuracy for
both DHF and DF classification (Table VI). Another evaluation of the model performance is
seen by analysis of the area under the Receiver Operating Characteristic (ROC) curve
(AUC), where sensitivity vs. 1-specificity was plotted. In the ROC analysis, a diagonal line
starting at zero indicating that the output was a random guess, whereas an ideal classifier
with a high true positive rate and low false positive rate will curve positively and strongly
towards the upper left quadrant of the plot.23 The AUC is equivalent to the probability that
two cases, one chosen at random from each group, are correctly ordered by the classifier.24

In the DHF MARS model, an AUC of >0.999 is seen (Figure 6), indicating it performs as a
highly accurate classifier on these samples.

Post-hoc generalized additive model (GAM) analysis
To confirm that a nonlinear method was the most appropriate modeling approach for these
discriminant proteins, the predictive variables were subjected to a GAM analysis. GAMs are
data-driven modeling approaches used to identify nonlinear relationships between predictive
features and clinical outcome when there are a large number of independent variables.25, 26

Inspection of the residual plots for tropomyosin, complement 4, and albumin isoforms *1–
*3 shows nonlinear relationships, indicating that these variables do not satisfy classical
assumptions for the use of linear modeling (Figure 7). By contrast, IL-10 and
immunoglobulin gamma approximate a global linear relationship. We interpreted this
analysis to indicate that modeling approaches that assume global linear relationships, such as
logistic regression, are not generally suited to relate information in proteomics
measurements to clinical phenotypes or outcomes.

Discussion
Because previous work has shown that the mortality of DHF is improved with early
detection and intensive treatment 6, the identification of predictive models that aid in early
detection of DHF will have an important translational impact into the clinic. In this study,
we applied BAP discovery and nonparametric modeling in a prospective study of
hyperendemic dengue infections to identify a panel of differentially expressed plasma
proteins that associate with the clinical outcome of DHF. Identification of predictive
biomarkers in complex biofluids, such as plasma, have been challenging for proteomics
technologies. Plasma is a complex biofluid, with its constituent proteins present in a broad
dynamic concentration range spanning 12 log orders of magnitude or more.27, 28 Moreover,
the tendency of high-abundance proteins to adsorb lower-abundance proteins and
peptides,29, 30 the presence of proteases that may produce peptide fragments,31, 32 and the
individual variation in plasma protein abundances serve to compound the difficulties in
comprehensive proteomic analyses of plasma.

To partially circumvent these difficulties of plasma protein discovery, we developed a
hybrid pre-fractionation 2DE-mass spectrometry-based platform coupled with high recovery
sample prefractionation. The initial denaturation of the plasma prior to rapid SEC
fractionation avoids the pitfall of peptide loss through its binding to high abundance plasma
carrier proteins.29, 30 Moreover, SEC is a non-adsorptive, high recovery prefractionation
approach that achieves 95–100% recovery of the input protein. Downstream of SEC,
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antibody depletion results in significant increase in proteome coverage, enhancing detection
of low abundance proteins.33 Finally, our development of a quantitative saturation
fluorescence labeling approach results in accurate, quantitative 2DE to identify differentially
expressed proteins.12

Another major challenge in biomarker panel development is the combination of discriminant
proteins into a robust predictive model. The challenges for model building include reduction
of highly correlated features and selection of appropriate statistical models for the
underlying data structures. Our analysis of the distribution of normalized and logarithm-
transformed protein concentrations, derived either from quantitative bead-based ELISA or
normalized spot intensities from the saturation fluorescence labeled 2DE analysis, indicated
that the distribution of protein concentrations were highly overlapping (Figures 1, 4).
Consequently, these individual features used alone would not result in robust separation
between DF and DHF. Moreover, the protein concentrations were not normally distributed
and therefore demand analysis by nonparametric methods. Therefore, we have applied
MARS as a robust nonparametric modeling approach for feature reduction and model
building. MARS is a nonparametric, multivariate regression method that can estimate
complex nonlinear relationships by a series of spline functions of the predictor variables.
Regression splines seek to find thresholds and breaks in relationships between variables and
are very well suited for identifying changes in the behavior of individuals or processes over
time. Some of the advantages of MARS are that it can model predictor variables of many
forms, whether continuous or categorical, it can tolerate large numbers of input predictor
variables and is able to model missing values. As a nonparametric approach, MARS does
not make any underlying assumptions about the distribution of the predictor variables of
interest. This characteristic is extremely important in our DHF modeling because many of
the cytokine and protein expression values are not normally distributed, as would be
required for the application of classical modeling techniques such as logistic regression. The
basic concept behind spline models is to model using potentially discrete linear or nonlinear
functions of any analyte over differing intervals. The resulting piecewise curve, referred to
as a spline, is represented by basis functions within our model. Other studies have shown
that MARS is a superior method in the prediction of nonparametric datasets to phenotypes.34

One disadvantage of MARS is data overfitting. For this reason, we have chosen to restrict
our models to those that incorporate one or fewer interaction terms.

Using a combined BAP-nonparametric MARS modeling approach, our most accurate model
for the prediction of DHF was based on IL-10, C4A, fibrinogen, trypomoyosin,
immunoglobulin G, and several albumin isoforms. The presence of FBN, IgG and albumin
isoforms in 2-DE despite IgY depletion suggests that these forms represent denatured or
post-translationally-modified proteins that do not interact with the depletion antibodies. The
exact nature of these modifications will require further investigation. This model was able to
accurately predict DHF in 100% of the cases, and evaluation of the sensitivity-specificity
relationship by ROC analysis indicated a very good fit of the model to our data. The model
diagnostics using GAM further provide support that nonlinear approaches were appropriate
to associate disease state with protein expression patterns.

The etiology of DHF is a complex event determined by host-viral interactions. Dengue virus
circulates as one of 4 distinct serotypes; the co-circulation of multiple serotypes is
characteristic of hyper-endemic transmission. Although serotype 2 was enriched in the
subset of patients with DHF in this study, it is important to note that the sample size of DHF
is small, and we interpret this to be the result of random selection bias. Previous
epidemiological studies have shown that a sequential heterotypic dengue virus infection is
an important risk factor for DHF. In adults, almost all cases of DHF occur in secondary
heterologous infections, leading to the antibody dependent enhancement (ADE) theory,35
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although host immunological status, including MHC expression are thought to modify the
expression of the disease.36 ADE is thought to increase the mass and tropism of dengue
infection, where dengue virus–antibody complexes are taken up by monocytes in an Fc
receptor-dependent manner. As a result, activated monocytes induce a cytokine storm whose
effect may result in endothelial dysfunction and vascular leakage. Previous work has shown
that soluble mediators, including IL-2, IL-4, IL-6, IL-10, IL-13 and IFN-γ are found in
plasma in increased concentrations in patients with severe dengue infections 19. In a
prospective study of a single serotype outbreak in Cuba, IL-10 was observed to be higher in
individuals with secondary dengue infections.20 We also note that dengue loading into
monocytes in vitro resulted in enhanced IL-6 and IL-10 production.37 The identification of
IL-10 in our study as increased in DHF is a partial validation of our modeling.

Previous work has shown that immunological responses to viral vaccines, including
arthropod born yellow fever are significantly affected by gender.38 Interestingly, our two-
factor ANOVA is the first observation to our knowledge that shows gender-specific
cytokine response in acute dengue fever infections. This gender effect confounds the
statistical analysis of mixed gender population studies. Recognition of this finding will be
important to guide the design of subsequent biomarker verification studies.

In the analysis of clinical parameters measured upon initial entry into the study showed that
the platelet concentration is significantly reduced in subjects with DHF vs DF.
Thrombocytopenia is a well established feature of DHF, responsible in part for increased
tendency for cutaneous hemorrhages. The origin of thrombocytopenia in DHF is thought to
be the consequence of both bone marrow depression and accelerated antibody-mediated
platelet sequestration by the liver.39 Despite its statistical association with DHF, platelet
counts do not contribute as strongly to an overall classifier of DHF as do circulating IL-10,
immunoglobulin, and albumin isoforms.

In addition to the tropism of dengue virus for monocytes and dendritic cells, severe dengue
infections also involve viral-induced liver damage.40 In this regard, increases in liver
enzymes (LDH, AST) as well as decreases in albumin concentration have been observed.41

These phenomena probably represent leakage of hepatocyte cytoplasm and impairment in
hepatic synthetic capacity, respectively. In this study, 2DE fractionation of plasma proteins
provided an additional dimension of information not accessible by clinical assays. For
example, the alternative migration of albumin isoforms (albumin *1-*3, Figure 3), differing
in molecular weight and isoelectric points, would not be detectable by mass spectrometry or
by clinical assays. We suspect that these proteins were detected by BAP despite our
antibody depletion step because the proteins were in a form not recognized by the antibody.
In this regard, albumin is a target for nonenzymatic glycosylation and ischemia-induced
oxidation, which could partially explain its presence on the 2DE. The biochemical processes
underlying these changes in albumin in dengue infections are presently unknown and will
need to be investigated in future studies.

We note that fibrinogen is an important predictor in the MARS model, whose circulating
concentration is reduced as a result of DHF (Figure 6). Fibrinogen is a major component of
the classical coagulation cascade. In this regard, coagulation defects, similar to mild
disseminated intravascular coagulation, are seen in DHF. In fact, isotopic studies indicated a
rapid turnover of fibrinogen,42 thereby explaining its reduction in patients with DHF
measured by our analysis. Previous work using a 2D differential fluorescence gel approach
comparing individuals with dengue fever versus normal controls, identified reduced
fibrinogen γ expression.43 However, from the design of this study, comparing DHF vs
controls, the use of fibrinogen to differentiate DF from DHF could not be assessed.
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Activation of the complement cascade is thought to mediate the process of capillary leakage
in DHF by inducing direct endothelial damage.44 Antibody-antigen complexes are initiators
of the classical complement cascade by binding and activating the C1q protein.
Subsequently, C4 is cleaved by the activated convertase, whose product becomes part of the
activated C3 convertase (C4AC2) to produce a membrane attack complex. In this regard,
other studies have found that the dengue nonstructural protein (NS)-1 activates the
complement cascade, and NS-1 levels are associated with DHF.45 Our findings of decreased
complement C4A association with DHF would be consistent with a mechanism of NS1-
mediated complement consumption and endothelial leakage.

Finally, we were surprised by the detection of plasma tropomyosin in our study.
Tropomyosin is a cytoskeletal actin binding protein, typically associated with muscle
regeneration and cardiac contractility. Previous high resolution plasma proteome analysis
using LC prefractionation and immunoaffinity depletion and 2DE also identified
tropomyosin among 372 unique proteins in normal human plasma46 The mechanisms how
circulating tropomyosin is affected by DHF are unknown to us.

In summary, we focused on modeling discriminant proteins that differentiate between
individuals with DF vs those with DHF. Using nonparametric methods for developing
predictive classifiers using a high resolution focused and discovery-based approach we have
identified a highly accurate classifier of DHF based on IL-10, fibrinogen, C4A,
immunoglobulin G, tropomyosin, and three isoforms of albumin. Most of these proteins can
be linked to the biological processes underlying that of DHF, including cytokine storm,
capillary leakage, hepatic injury, and antibody consumption, suggesting that these predictors
may have biological relevance. More work will be required to verify this model and analyze
the biological pathways affected in severe dengue virus infections.
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Figure 1.
Shown is a box-plot comparison of log2-transformed cytokine values for IL-6 (Fig. 1A), and
IL-10 (Fig. 1B) by diagnosis and gender. DF, dengue fever; DHF, dengue hemorrhagic
fever. Horizontal bar, median value; shaded box, 25–75% interquartile range (IQR); error
bars, median ± 1.5(IQR); *, outlier.
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Figure 2.
Schematic diagram of modeling strategy to identify predictors of DHF using different data
types. Data sources include: clinical demographics, normalized spot intensities by 2DE
analysis and log2-transformed cytokine measurements. MARS produces a linear
combination of basis functions (BFs), each represented by the value of the maximum of (0,
x-c), where x is the analyte concentration.
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Figure 3.
Shown is a reference gel of 2DE of BAP fractionated and IgY depleted plasma from the
study subjects. The location of protein spots that contribute to the prediction of DHF are
indicated. Insets, spot appearances for reference gels for DHF and DF. Spot 156 (C4A), 206
(albumin*1), 276 (fibrinogen), 332 (tropomyosin), 371 (immunoglobulin gamma-variable
region), 506 (albumin*2) and 507(albumin*3).
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Figure 4.
Shown is a box-plot comparison of 2DE spot expression values for C4A (Fig. 6A),
Albumin*3 (Fig. 6B), IgG-V (Fig. 6C), Tropomyosin (Fig. 6D), Albumin*2 (Fig. 6E),
fibrinogen (FBN, Fig. 6F), and Albumin*1 (Fig. 6G) by diagnosis. DF, Dengue fever; DHF,
Dengue hemorrhagic fever. Horizontal bar, median value; shaded box, 25–75% interquartile
range (IQR); error bars, median ± 1.5(IQR); *, outlier.
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Figure 5.
Variable importance was computed for each feature in the MARS model. Y axis, percent
contribution for each analyte.
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Figure 6.
Shown is a Receiver Operating Characteristic (ROC) curve for the predictive model for
DHF. Y axis, Sensitivity; X axis, 1-Specificity.
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Figure 7.
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