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Abstract

Background—Patients with pneumococcal meningitis often die or have severe neurological 

damage despite optimal antibiotic therapy. New or improved therapy is required. The delivery of 

new interventions will require an improved understanding of the disease pathogenesis. Our 

objective was to learn more about the pathophysiology of severe meningitis through the 

interpretation of differences in the proteomic profile of cerebrospinal fluid (CSF) from patients 

with meningitis.

Methods—Two-dimensional polyacrylamide gel electrophoresis of CSF from normal subjects 

(controls, n = 10) and patients with pneumococcal meningitis (n = 20) was analyzed. Spot 

differences were compared and identified between controls, nonsurvivors (n = 9), and survivors (n 
= 11).

Results—Protein concentration in CSF of patients with meningitis was 4-fold higher than in CSF 

of control subjects (7.0 mg/mL vs 0.23 mg/mL; P < .01). A mean of 2466 discrete protein spots 

was present in CSF of patients with meningitis. Thirty-four protein spots were differentially 

expressed in CSF of nonsurvivors, compared with survivors. None of these protein spots were 

observed in CSF of control subjects.

Conclusions—Proteomic screening of CSF yields potential biomarkers capable of 

differentiating control subjects from nonsurvivors and survivors of meningitis. Proteins involved in 

the inflammatory process and central metabolism were represented in the differentially expressed 

protein repertoire.

Streptococcus pneumoniae is the most common pathogen in bacterial meningitis beyond the 

neonatal period [1]. In underresourced countries such as Malawi, pneumococcal meningitis 

has a high fatality rate of 67% [2]. Survivors of the infection often develop long-term 

neurological sequelae, including hearing loss and other focal neurological deficits [2].
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Endothelial cells separate blood from brain tissue compartments and form a protective 

blood-brain barrier (BBB). Pneumococci can use the human platelet-activating factor 

receptor to traverse the endothelial cells of the BBB. Later during the course of the disease, 

the integrity of the BBB is compromised by apoptosis of endothelial cells, allowing 

pneumococcal invasion of the cerebrospinal fluid (CSF) [3, 4]. Once in CSF, neuronal 

damage as a result of pneumococcal meningitis occurs by several mechanisms. The initial 

host inflammatory response is initiated by pneumococcal capsular polysaccharides and 

surface proteins, such as pneumolysin and PspA [5, 6]. This can result in cerebral ischemia, 

brain edema formation, hydrocephalus, or increased intracranial pressure [7]. In animal 

models, this has been shown to contribute to neuronal cell death via 3 distinct pathways: 

classic caspase-3–dependent cell death (ie, apoptosis), caspase-3–independent cell death (ie, 

pyknosis), and necrosis [8].

Proteomic methods allow quantitative analysis of expressed proteins present in CSF [9]. 

Proteins that are found in increased concentrations include both pneumococcal proteins and 

host proteins. Host proteins may result from increased BBB permeability (and, therefore, an 

excess of plasma proteins in CSF) or may originate locally in the central nervous system. We 

tested the hypothesis that, in addition to differences between CSF of controls and patients 

with meningitis, there would also be differences in the CSF proteome between nonsurvivors 

and survivors of meningitis.

Materials and Methods

Subjects

Patients were recruited to a double-blind, randomized, placebo-controlled trial of 

dexamethasone adjuvant therapy in adults with bacterial meningitis in Malawi [10]. As part 

of this study, a CSF specimen was collected from 465 patients, the majority of whom also 

had human immunodeficiency virus (HIV) infection [10]. Patients were not treated in an 

intensive care unit, as described elsewhere [10]. Patients were treated in hospital for a 

minimum of 10 days and were evaluated at 40 days and at 6 months. Clinically evident 

adverse events were recorded systematically throughout the trial period. At follow-up, 

patients had a standardized neurologic examination and a hearing assessment. Patients who 

did not return for follow-up appointments were visited at home. No other underlying 

diseases were specifically looked for other than HIV infection and malaria. However, some 

patients volunteered a past medical history.

Patient categories

Of those who survived, 103 patients survived to 1 month with no neurological impairment or 

recorded disability, 66 survivors had detectable hearing loss without complete deafness, and 

47 patients had disability (paresis, intellectual impairment, blindness, complete deafness 

debility, or recurrent seizures). Two hundred forty-nine of these patients died, of whom 92 

survived for ≥10 days but died before 40 days after presentation, and 157 patients died 

within 10 days after presentation to hospital. Patients in Malawi have basic medical care as 

described elsewhere [10]. The eventual cause of death was often not known. However, we 

have initiated a new study (2010–2012) to determine causes of death in a new prospective 
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cohort. Initial group definitions included the following: survival with no neurological 

impairment or recorded disability (n = 103), deaf (n = 66), maimed (n = 47), protracted 

death (n = 92), and rapid death (n = 157). Recruitment included consent for diagnostic 

samples to be used in meningitis pathogenesis research at a later date.

Diagnosis

CSF specimens were examined as described elsewhere [10]. CSF was examined for cell and 

differential counts by microscopy. A Gram stain procedure was performed if the sample was 

turbid or had >10 white cells per cubic millimeter. Centrifuged CSF deposits were incubated 

on sheep blood agar in a candle-extinction jar at 37°C for 48 h, and isolates were identified 

by means of standard techniques. Blood was cultured at 37°C for a minimum of 48 h (BacT/

Alert; bioMe´rieux). In the first 51 consecutive CSF specimens for which Gram stain and 

culture were negative, polymerase chain reaction for meningococcus and pneumococcus was 

performed [10].

Proven bacterial meningitis was defined as identification of an organism from a CSF 

specimen by means of microscopy, culture, or polymerase chain reaction or from blood 

culture in the context of a CSF specimen containing a white cell count of >100 cells/mm3 

with >50% neutrophils. Probable bacterial meningitis was defined as a CSF specimen 

containing a cell count of >100 cells/mm3 with >50% neutrophils without identification of 

an organism [10]. Data regarding CSF and blood culture are provided in Table 1.

CSF samples for 2-dimensional polyacrylamide gel electrophoresis (2D PAGE) analysis

The 2D PAGE analysis included samples from the rapid death group (nonsurvivors, n = 11) 

and the survival with no neurological impairment or recorded disability group (survivors, n = 

9). Control CSF specimens were obtained from patients who presented with clinical features 

suggestive of meningitis but who were subsequently found to have a normal CSF profile (n = 

10). Control patients were routinely discharged well and with no alternative diagnosis 

passed. Patients for whom any alternative diagnosis (eg, cryptococcal meningitis) was found 

were not included as controls. Information regarding patients is presented in Table 1.

The study was approved by the research ethics committees of the University Of Malawi 

College Of Medicine and the Liverpool School of Tropical Medicine. Patients or their legal 

guardians provided written informed consent or, if they were unable to read or write, 

independently witnessed verbal consent before recruitment.

Sample preparation

CSF samples were stored at −20°C within 1 h of sampling and at −80°C from 24 h until 

analysis. Archived CSF specimens were thawed at 4°C and desalted using a centrifugal filter 

(YM3, Amicon and Microcon; Millipore). The concentration of protein in each sample was 

determined using the Bradford assay. Samples with protein concentrations <1 mg/mL were 

concentrated by vacuum centrifugation to a volume sufficient for analysis with 2D PAGE.
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2D PAGE comparison

The abundance of protein spots on the 2D PAGE gels was analyzed by scanning the spots 

with a PowerLook 111 scanner (UMAX). The intensity of each protein spot was measured 

using Progenesis software PG220 (Nonlinear Dynamics). Gels were grouped into “normal” 

(controls), nonsurvivors, and survivors. Spots were accepted as representative of the group if 

present in at least 50% of the gels in each group.

Protein identification

Protein spots demonstrating differential expression from the 2D PAGE comparison were 

manually excised from the stained gels and subjected to in-gel tryptic digestion. The 

resulting digest was sequenced by matrix-assisted laser desorption/ionization–time of flight 

(MALDI-TOF) mass spectrometry (MS) or liquid chromatography (LC)-MS/MS (Appendix, 

which appears only in the online version of the Journal). The protein digest spectra were 

analyzed using the Swiss Prot and mass spectral database (MSDB) nonredundant protein 

databases against Homo sapiens and Streptococcus pneumoniae with MASCOT software 

(Matrix Science; http://www.matrixscience.com).

Results

Sample information

Analysis was performed on 30 CSF samples which were representative of the spectrum of 

protein profiles among the CSF samples. This sample size was used for the analysis, because 

we found that spot saturation occurred in the analysis beyond this number of samples. 

Saturation occurred as a result of themes developing among all the gel spots and 

development of metathemes (ie, spot themes within the groups). These themes and 

metathemes included basic spot patterns as a result of endogenous proteins on the basis of 

spot intensities and spot volumes.

In addition, these samples had the largest range of protein concentration found in the 

collection of CSF specimens. Therefore, the proteins that were present in these 20 

meningitis samples were most likely to represent the proteomic profile of the CSF 

collection. All patients with meningitis received a diagnosis of pneumococcal meningitis due 

to S. pneumoniae. All subjects were HIV positive, and all samples were collected before any 

treatment commenced. The median CD4 cell count at hospital admission for 101 

consecutively admitted HIV-positive patients during recruitment to the trial was 102 

cells/mm3 (interquartile range, 51–169 cells/mm3). We did not measure CD4 counts in all 

but 1 of these patients, because antiretrovirals were not routinely available until mid-2004 in 

Malawi, and therefore, there was no clinical imperative and no advantage to the patient to 

know their CD4 count. None of these patients were receiving antiretroviral therapy. All had 

World Health Organization stage III or IV disease (1990 criteria). As described elsewhere 

[10], normal CSF was obtained from patients who had negative results for meningitis or any 

other pathogen. The HIV status of the normal control patients was not known.
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CSF protein concentrations

The concentration of protein in each sample was measured using the Bradford assay. The 

normal samples had a protein concentration range of 0.05–0.94 mg/mL (mean, 0.23 mg/

mL). The nonsurvivors had a protein concentration of 2.33–10.40 mg/mL (mean, 6.94 mg/

mL). The survivors had a protein concentration range of 3.16–10.89 mg/mL (mean, 7.07 

mg/mL; Figure 1). The protein concentration in CSF of control patients was significantly 

less than that from patients with meningitis (P < .01). There was no significant difference 

between the protein concentration in nonsurvivors and survivors.

2D PAGE comparison

The gels were analyzed in the following 3 groups; normal (control), nonsurvivors, and 

survivors (Figure 2). CSF of normal patients was found to have an average of 638 protein 

spots/gel. The average number of protein spots identified for nonsurvivors was 2386, and the 

samples of survivors yielded a mean of 2546 protein spots per gel.

Initially the 2D PAGE results of CSF from controls were compared with the pooled results 

of patients with meningitis. There were 20 protein spots from the CSF of controls that were 

common to the CSF of the pooled patients with meningitis, and therefore, >2400 proteins 

were considered to be present as a result of meningitis.

There were 469 common spots between CSF of nonsurvivors and survivors (present in a 

minimum of 50% of gels). All spots were analyzed as a “normalized volume,” which is a 3 

dimensional computerized construct that nullifies variations in intensity, as illustrated in 

Figure 3 [11]. The normalized volume data for each spot on each 2D PAGE gel of 

nonsurvivors was compared with that of survivors. This comparison identified 34 proteins 

with a minimum 2-fold difference in normalized volume between nonsurvivors and 

survivors (Figure 4). None of the 20 protein spots that were common to CSF of both patients 

with meningitis and controls were in the list of spot differences found between nonsurvivors 

and survivors.

Protein identification

The protein spot differences identified using MALDI-TOF and LC-MS/MS are summarized 

in Table 2 (Data regarding the normalized volumes of the protein spots are provided in Table 

A1, which appears only in the online version of the Journal). The identified protein spots 

were functionally clustered into the following groups: membrane and skeletal proteins (n = 

4), transporters (n = 2), glycoproteins (n = 2), G proteins of the Ras family (n = 1), 

metabolic enzymes (n = 4), cellular defense proteins (n = 3), globins (n = 1), kinases (n = 2), 

phosphatases (n = 3), chaperone (n = 1), protease (n = 1), translation proteins (n = 6), others 

(n = 3), and proteins of unknown function (n = 1).

Proteins associated with rapid death due to meningitis included chitotriosidase (CHIT 1, 5-

fold up-regulation), serotransferrin and brain-enriched guanylate kinase-associated 

(BEGAIN, 5-fold down-regulation), complement C3 precursor and phosphoglucomutase-

like protein 5 (4-fold down-regulation), cleavage stimulation factor (CSTFT; 64 kDa subunit 

tau variant), β-2-glycoprotein 1 precursor, solute carrier family 25 (member 16), fascin 
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(singed-like protein), complement C1q tumor necrosis factor–related protein 9, tryptophan/

serine protease (3-fold up-regulation), Ras-related protein Rab-37, and glyoxalase domain-

containing protein 4 (3-fold down-regulation).

Discussion

In this analysis, 34 protein differences were observed between nonsurvivors and survivors of 

pneumococcal meningitis. These 34 proteins were subsequently identified with MS. 

Functional clustering revealed that most of the proteins identified were associated with 

inflammation, metabolism, or protein transcription and translation.

This is the first time that 2D PAGE has been applied to the analysis of CSF from adult 

patients who have received a diagnosis of pneumococcal meningitis. Previous work has 

focused on the analysis of inflammatory proteins, including cytokines, chemokines, and 

other inflammatory proteins, and has identified the proteins IL-1β, IL-6, IL-10, MIF, and 

TNF-α; CXC chemokines (ENA-78, GRO, IL-8, IP-10, and NAP-2); CC chemokines 

(MCP-1, MCP-2, and MIP-3α); and the growth factors HGF, IGFBP-1, and MCSF as being 

significant in the progression of pneumococcal disease toward fatal outcome due to 

meningitis. Similarly, work on CSF from patients with malaria has identified the analogous 

proteins IP-10, IL-1ra, IL-8, IP-10, PDGFbb, MIP-1β, Fas-L, sTNFR1, and sTNF-R2 in 

Ghanian children [12]. None of these proteins were identified in our list of protein 

differences. This may be because the differences between nonsurvivors and survivors were 

too subtle to be observed by 2D PAGE analysis. However, a more likely explanation is that 

the concentration of large proteins, which was very high, may have acted as a confounding 

factor in the analysis. As a result, many of these proteins may have been lost in the analysis. 

Therefore, an alternative approach may have been to fractionate the CSF and perform 2D 

PAGE of the individual fractions. However, the volume of CSF that can be collected from a 

lumbar puncture is low, and therefore, this would have been impractical to perform.

There was a great degree of variability in the proteomic profile of CSF samples visualized 

by 2D PAGE. The proteome consisted of host proteins that were either native to CSF or 

originated from breakdown of the BBB and pneumococcal proteins. In addition, it was 

possible that other pathogenic proteins were also present in CSF. HIV coinfection of patients 

may also have contributed to the protein profile observed in the 2D PAGE gels of CSF. HIV 

infection can increase CSF protein levels and cause pleocytosis (the appearance of 

leukocytes in the CSF). Pleocytosis can occur intermittently during HIV infection and most 

likely reflects an interruption of the BBB and trafficking of white blood cells from the blood 

into the CSF [13].

There were extensive protein spots detected that overlap between survivors and 

nonsurvivors, which highlights the complexity of the pathology of meningitis. This may 

have caused the coefficient of variation of the protein spots between samples to be high. It is 

probable that our data underestimated the numbers of small proteins that differ between the 

groups because of technical limitations of 2D PAGE as a result of the amount of large 

proteins present in meningitis-affected CSF. A more powerful separation technique may 
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have allowed these low-abundance proteins to be observed. One such technique is 

multidimensional LC-MS/MS.

Three proteins implicated primarily in cellular defense were found, including CHIT-1, which 

is expressed by activated macrophages during inflammation. It has been suggested that 

CHIT-1 activity is a biochemical marker of macrophage activation. CHIT-1 can be 

considered to be an inflammatory protein because it is solely secreted by activated 

macrophages and may be used as an important predictor of neuronal disease severity [14]. 

Complement C3 is another defense protein which was down-regulated in nonsurvivors. 

Complement activity is essential for the opsonization of S. pneumoniae [15]. Its down-

regulation in nonsurvivors suggests a link between reduced opsonization and subsequent 

death. The third defense protein identified was C1q tumor necrosis factor–related protein 9 

(C1qTNF9). Its functions have not been fully characterized [16].

Several cytoskeletal associated proteins were also found among the spot differences. These 

proteins were most likely linked with the breakdown of the BBB or as a result of neuronal 

cell death. Fascin is involved in the assembly of actin filament bundles present in 

microspikes, membrane ruffles, and stress fibers. In the brain, fascin expression has been 

localized to neurons, glial cells, and endothelial cells. The second cytoskeletal protein 

identified was desmin, which is found in the endothelial cells of the meninges. The third 

cytoskeletal protein was fibrinogen (a coagulation factor), which was down-regulated in 

nonsurvivors [17].

Other proteins with an increased expression of >3-fold included solute carrier protein 25 

member 16 (a mitochondrial carrier protein) [18]. Its up-regulation may be associated with 

the release of the pore-forming toxin pneumolysin from pneumococci, which is known to 

degrade the mitochondrial membrane as well as the cell membrane, leading to neuronal 

death. β-2-glycoprotein I (implicated in processes such as coagulation and atherosclerosis) 

was most likely up-regulated in nonsurvivors as a direct result of blood clotting during the 

damage to the BBB [19]. Finally, cleavage stimulation factor (64 kDa subunit tau variant) 

plays a significant role in mRNA polyadenylation and is directly involved in binding to pre-

mRNAs. Up-regulation in nonsurvivors was most likely attributable to a rapid increase in the 

production of protein, possibly linked to the severity of the disease.

The proteins that had a reduced expression of at least 3-fold included the BEGAIN protein, a 

novel postsynaptic density component associated with the PSD-95/synapse associated 

protein 90 [20]. It is found in many neurons, in particular, those of the hippocampus. Its 

presence in CSF was most likely a result of cellular damage. However, the observation of 

reduced expression in nonsurvivors suggests that it may have an alternate unknown role. 

Serotransferrin is an iron-binding transport protein with antibacterial properties [21]. The 

breakdown of the BBB is the most likely source. However, the down-regulation of this 

protein suggests an association with iron, which is essential for the nutrient growth of 

organisms. The ability to acquire iron under low-iron conditions is related to the virulence of 

a variety of bacterial pathogens. Iron concentration in CSF is low, and S. pneumoniae 
acquire iron through pneumococcal uptake proteins, such as PiA and PiU. Therefore, it is 

possible that pneumococci were using transferrin as a source of iron in CSF, leading to its 
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reduction in nonsurvivors [22]. Phosphoglucomutase-like protein 5 is a protein component 

of adherens-type cell-cell and cell-matrix junctions. It has not been previously identified in 

the brain; however, PGM-RP is part of this dystrophin–utrophin complex [23]. In the brain, 

utrophin is present in the choroid plexus epithelium and vascular endothelial cells, whereas 

the short C-terminal isoform of dystrophin (Dp71) is localized in the glial end-feet, 

surrounding blood vessels. Both proteins have also been localized in specific types of 

neurons in the brain and were most likely to be the source of this protein in CSF, either as a 

result of breakdown of the BBB or direct neuronal damage. Rab 37 is a protein that belongs 

to the small GTPase superfamily, which regulates cellular functions, including signal 

transduction, cytoskeletal organization, and membrane trafficking. These proteins are 

commonly found in endothelial cells that compose the BBB [24]. Therefore, it is most likely 

that this protein was leaked into the CSF when the BBB disintegrated. Glyoxalase domain-

containing protein 4 (GLOD4) is a member of the glyoxalase system, a set of enzymes that 

play a role in detoxification of methylglyoxal and the other reactive aldehydes produced 

during metabolism [25]. Methylglyoxal has been shown to induce neurotoxicity through the 

impairment of the detoxification pathway and depletion of reduced glutathione. Widespread 

apoptotic cell death occurs as a result, because of the convergence of both mitochondrial and 

Fas-receptor pathways. Thus, down-regulation of this protein may have contributed to 

neuronal cell death in nonsurvivors.

Some of the proteins identified may be a result of the breakdown of the BBB and may be 

present in blood plasma. There were no differences in expression of pneumococcal proteins 

identified in the nonsurvivors, compared with survivors. Again, this may have been 

attributable to the high abundance of host proteins in the CSF. Some of the proteins 

expressed in this analysis appeared to correlate with gene expression data of Coimbra et al 

[26]. These proteins include Desmin and complement C3. The level of protein in CSF 

suggest that some of the other gene expression products identified by Coimbra and 

colleagues may yet be discovered in these CSF samples.

Proteomic approaches allow the analysis of a large number of proteins, compared with other 

methods. It also allows the identification of proteins that might otherwise be overlooked. 

This study has illustrated that several thousands of proteins are present in the CSF, and thus, 

targeted measurements of single markers are unlikely to build up a whole picture capable of 

explaining the pathogenesis of the disease. 2D PAGE has the ability to inspect multiple 

proteins at once and, hence, provide potential new targets that may have been overlooked 

previously. There is potential for the technique to be applied to various time points in the 

disease. We have shown that the separation of proteins with 2D PAGE and mass 

spectrometry allows an insight into the proteome of patients with severe meningitis. Such 

information could lead to the identification of new biomarkers for the disease and possibly 

novel drug targets. We have also shown that there are protein differences between patient 

CSF samples from survivors and nonsurvivors. These proteins may form the basis of clinical 

point assays to assess the presence and activity of inflammation in meningitis, with a 

particular emphasis on disease monitoring. However, the clinical relevance of the proteins 

would require testing before the data could have any significance.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The protein concentrations in cerebrospinal fluid did not vary significantly between 

survivors and nonsurvivors. However, cerebrospinal fluid from both nonsurvivors and 

survivors had a significantly greater concentration of protein, compared with cerebrospinal 

fluid from normal control subjects.

Goonetilleke et al. Page 12

J Infect Dis. Author manuscript; available in PMC 2016 September 12.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2. 
Cerebrospinal fluid was separated using 2-dimensional polyacrylamide gel electrophoresis. 

The gels were grouped into the following 3 groups: normal (controls), survivors, and 

nonsurvivors. Two-dimensional polyacrylamide gel electrophoresis separates proteins on the 

basis of isoelectric point and molecular weight. The proteins are visualized using silver stain 

and analyzed for differences. It can be observed that cerebrospinal fluid of controls has less 

protein, compared with that of the survivors and nonsurvivors. It can also be observed that 

the determination of differences between survivors and nonsurvivors is complex.
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Figure 3. 
To accurately compare the abundance of a protein spots across 2-dimensional gels, it is 

essential to compensate for variations from external sources, such as variation in staining 

time. Normalization is the process of removing such variation. In this analysis, a normalized 

volume was used, which is a computerized construct that creates a 3-dimensional 

visualization of the protein spot on the basis of the intensity of the spot. For example in 

panel A, a spot is represented as having a low normalized volume in a nonsurvivor gel; the 

same spot is demonstrated in panel B. This normalized volume can be compared between 

gels to determine whether there is a difference in intensity (C).
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Figure 4. 
Protein differences were identified in the nonsurvivor average gel, compared with the 

survivor average gel. Green indicates proteins found to have a minimum 2-fold up-regulation 

in nonsurvivors. Yellow indicates proteins found to have a minimum 2-fold down-regulation 

in nonsurvivors.
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Table 1
Clinical Details of Patients

Characteristic
Control
(n = 10)

Nonsurvivors
(n = 9)

Survivors
(n = 11)

Age, mean years ± SD   27.8 ± 9.5 28.3 ± 4.8  35.0 ± 14.7

Male sex         3 (30)      2 (22)        5 (45)

Glasgow coma score, mean score ± SD     9.4 ± 4.7 11.6 ± 2.8)    8.0 ± 3.0)

Time to presentation, mean h (IQR)    55.2 (12–96)           50 (18–72) 86.5 (10–168)

No of antimicrobials received previously 2  0 0

Positive CSF culture …       9 (100)  11 (100)

Positive blood culture …     3 (33)  4 (36)

Blood culture unavailable …     1 (11) 0 (0)

Hemoglobin level, mean g/dL ± SD … 9.8 ± 1.4 10.2 ± 3.3

Steroid treatment received …    0 (0) 0 (0)

Steroid placebo received …        9 (100)   11 (100)

HIV positive …        9 (100)   11 (100)

HIV status not known 10 (100)    … …

Survival at day 10 …    0 (0)   11 (100)

NOTE. Data are no (%) of patients, unless otherwise indicated. CSF, cerebrospinal fluid; HIV, human immunodeficiency virus; IQR, interquartile 
range; SD, standard deviation.
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Table 2
Functional Clustering of Identified Proteins

Functional category, protein Reference

Up- or down-
regulation in 
nonsurvivors

Fold expression in 
nonsurvivors

Cellular defense proteins

    Complement C3 precursor [15] Down 4.8

    Chitotriosidase [14] Up 5.1

    Complement C1q tumor necrosis factor–related protein 9 [16] Up 3.4

Chaperones: T-complex protein 1 subunit zeta [27] Down 2.8

Metabolic enzymes

    Phosphoglucomutase-like protein 5 [23] Down 4.9

    Glyoxalase domain–containing protein 4 [25] Down 3.6

    26S protease regulatory subunit 7 [28] Up 2.5

    NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 9, 
mitochondrial

[29] Up 2.8

Translation

    Retinoic acid receptor RXR-gamma [30] Down 2.5

    Cleavage stimulation factor (CSTFT) 64 kDa subunit, tau variant [31] Up 3.3

    Heterogeneous nuclear ribonucleoproteins C1/C2 [32] Up 2.5

    Zinc finger protein 179 [33] Up 2.0

    Zinc finger protein 1 [34] Down 2.0

    Eukaryotic translation initiation factor 2, subunit 2 beta [35] Down 2.2

Transporters

    Serotransferrin [36] Down 5.5

    Solute carrier family 25 (member 16) [18] Up 4.0

Glycoproteins

    β-2-glycoprotein 1 precursor [19] Up 3.6

    Zinc alpha 2-glycoprotein precursor [37] Down 2.9

G proteins of the Ras family: Ras-related protein Rab-37 (RAB37) [24] Down 3.8

Globins: haptoglobin [38] Up 2.9

Kinases

    Brain-enriched guanylate kinase-associated protein (BEGAIN) [20] Down 5.0

    Pyruvate kinase [39] Up 2.1

Proteases: tryptophan/serine protease [40] Up 3.1

Phosphatases

    Lysosomal acid phosphatase [41] Up 2.7

    Serine/threonine phosphatase 2-alpha 65K regulatory chain [42] Down 2.7

    Serine/threonine/tyrosine-interacting–like protein 1 [43] Down 2.2

Membrane and skeletal proteins

    Fibrinogen [21] Down 2.5
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Functional category, protein Reference

Up- or down-
regulation in 
nonsurvivors

Fold expression in 
nonsurvivors

    Fascin [44] Up 3.0

    Mutant desmin [45] Up 2.7

    Ankyrin repeat domain–containing protein 42 [46] Down 2.5

Others

    Alpha 1 antitrypsin precursor [47] Down 3.0

    Nuclear localized factor 1 [48] Down 2.1

    Human serum albumin [49] Down 2.0

Unknown: cancer-associated gene 1 [50] Down 2.5
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