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The goal of this study was to identify a host gene signature that can distinguish tuberculosis (TB) 

from other pulmonary diseases (OPD). We conducted real-time PCR on whole blood samples 

from patients in Brazil. TB and OPD patients (asthma and non-TB pneumonia) differentially 

expressed granzyme A (GZMA), guanylate binding protein 5 (GBP5) and Fc gamma receptor 1A 

(CD64). Receiver operating characteristic, tree classification and random forest analyses were 

applied to evaluate the discriminatory power of the three genes and find the gene panel most 

predictive of patients’ disease classification. Tree classification produced a model based on GBP5 

and CD64 expression. In random forest analysis, the combination of the three genes provided a 

robust biosignature to distinguish TB from OPD with 95% specificity and 93% sensitivity. Our 

results suggest that GBP5 and CD64 in tandem may be the most predictive combination. 

However, GZMA contribution to the prediction model requires further investigation. Regardless, 

these three genes show promise as a rapid diagnostic marker separating TB from OPD.
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1. Introduction

Despite increasing treatment success rates, tuberculosis (TB) continues to spread worldwide. 

The World Health Organization (WHO) estimates that 8.6 million people developed TB and 

1.3 million died from the disease in 2012 (WHO, 2013). Lack of accurate and rapid test to 

diagnose TB remains an important obstacle to TB control. The most common clinical 

dilemma encountered in TB diagnosis is the differentiation of pulmonary TB from other 

common lung diseases. When a patient is found to have an abnormal chest X-ray, TB is not 

necessarily on the top of the list of differential diagnosis in most settings.

Unbiased microarray gene expression profiling of whole blood cells has provided candidate 

biosignatures to discriminate TB patients from healthy donors (Berry et al., 2010; Jacobsen 

et al., 2007; Lu et al., 2011; Maertzdorf et al., 2011; Ottenhoff et al., 2012). However, these 

studies that compare TB to healthy controls mostly reveal a general state of persistent 

inflammation and not TB per se (Weiner, Maertzdorf, & Kaufmann, 2013).

Recently, several groups have sought TB-specific biomarkers by comparing them in patients 

with TB versus other inflammatory pulmonary diseases (Bloom et al., 2013; Kaforou et al., 

2013; Koth et al., 2011; Maertzdorf et al., 2012). Despite overlapping gene up-regulation in 

proinflammatory pathways and general immunopathological mechanisms, they could 

identify transcript signatures to distinguish TB from other diseases, including in HIV 

infected and uninfected subjects (Kaforou et al., 2013). Here, we selected a restricted set of 

genes to assess their ability to differentiate TB from other pulmonary diseases (OPD) 

patients. These genes were previously identified by Maertzdorf et al. (Maertzdorf et al., 

2011) as a biosignature to discriminate TB and healthy latently infected (LTBI) subjects: 

granzyme A (GZMA), guanylate binding protein 5 (GBP5), Fc gamma receptor 1A (CD64), 

Fc gamma receptor 1B (FCGR1B) and lactotransferrin (LTF). Maertzdorf et al. (2011) did 

not include OPD patients in their study, but since then, CD64, FCGR1B and LTF were 
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shown to be differentially expressed in TB versus other lung diseases (Bloom et al., 2013; 

Joosten, Fletcher, & Ottenhoff, 2013; Maertzdorf et al., 2012).

2. Materials and Methods

2.1. Study Participants

Subjects were recruited between March 1, 2011 and March 30, 2013. Written informed 

consent was obtained from all participants. Our cohort included 27 patients with active 

tuberculosis (TB), 27 healthy donors with latent M. tuberculosis infection (LTBI), 25 

healthy non-infected donors (NIDs), and 22 patients suffering from other pulmonary 

diseases (OPD)--14 patients with asthma and eight patients with streptococcal pneumonia 

(PN). All subjects were older than 18, and responded to a standardized questionnaire (Table 

1).

TB patients were recruited at the Sanatório Partenon Hospital, Porto Alegre, Brazil. All 

samples were collected prior to TB treatment from patients without prior TB infection. 

Patients were confirmed to have pulmonary TB by chest x-ray, sputum smear microscopy 

and culture. Healthy LTBI donors were recruited at the Unidade Básica de Saúde Restinga 

in Porto Alegre. LTBI subjects were household contacts of TB patients whose tuberculin 

skin test (TST) showed an induration >5 mm, a normal chest X-ray, and no clinical 

symptoms of TB or OPD. NIDs and patients with OPD were recruited at the Clinical 

Hospital in Porto Alegre. NIDs had a negative TST (< 5 mm), no clinical symptoms of TB 

or OPD, and a normal chest x-ray. OPD patients had a negative TST, normal chest X-ray for 

asthma and abnormal for PN. Gram staining and culture of sputum samples confimed the 

diagnosis of PN due to Streptococcus pneumoniae. Immunological tests for HIV/HCV/HBV 

were negative in all participants.

2.2. RNA Extraction and Real-time PCR Quantification

We collected 2.5 mL peripheral whole blood in a PAXgene blood RNA tube (PreAnalytiX) 

for every donor. Total RNA was extracted with the PAXgene Blood RNA kit (Qiagen). 

cDNA was generated by reverse transcription with Superscript III according to 

manufacturer’s instructions (Life Technologies) and quantified by real-time PCR with 

SsoAdvanced SYBR Green Supermix (BioRad) on the CFX96 Touch Real-Time PCR 

Detection System (BioRad). Primer sequences were those published by Maertzdorf et al. 

(Maertzdorf et al., 2011).

2.3. Statistical Analysis

Scatter plots were generated with the ggplot2 package in R (Team, 2013). Receiver 

operating characteristic (ROC), classification tree and random forest (randomForest) 

analyses were performed with the pROC, OptimalCutpoints (Youden method), tree and 

randomForest (Liaw & Wiener, 2002) packages, respectively, in R. No separate test set was 

needed for random forest analysis as this algorithm leaves one third of the cases out (out-of-

bag) when constructing each tree.
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3. Results

We assessed the gene expression level of CD64, FCGR1B, GZMA, GBP5 and LTF by real-

time PCR in whole blood samples from 25 NIDs, 27 LTBI, 27 TB, 14 asthma and eight PN 

donors (Table 1). B2M was chosen as reference gene based on Maertzdorf et al.’s study 

(Maertzdorf et al., 2011). There was a difference in age distribution between the study 

groups, but we found no evidence to suggest gene expression levels correlated with the 

donor’s age. Although we did find evidence that suggests FCGR1B and LTF expression is 

affected by gender, a small sample size precluded detailed stratification (data not shown). 

The difference in FCGR1B expression in female TB and OPD patients had a p-value of less 

than 0.001 while no difference in expression was seen in male subjects. Female TB and 

OPD patients did not show any difference in LTF expression, whereas male TB and OPD 

patients had a p-value less than 0.05 for LTF. Thus, we excluded FCGR1B and LTF in our 

predictive model and continued our analysis with CD64, GZMA and GBP5. These three 

genes showed significant difference in gene expression between TB and OPD patients with a 

p-value less than 0.01 for CD64 and less than 0.001 for GZMA and GBP5 (Figure 1).

ROC methodology was applied to evaluate the individual discriminatory ability of the three 

genes. The values of the area under the curve (AUC) and the optimal cut-off points are 

shown in Figure 2a. GBP5 expression was the best parameter to discriminate between TB 

and OPD with an AUC of 0.924 with a 95% confidence interval (CI) of 0.839–1.000. GZMA 

AUC was equal to 0.889 (0.769–1.000) while CD64 performed with the lowest AUC at 

0.778 (0.640–0.916).

Thereafter, we subjected the three genes to decision tree analysis to find the ideal gene 

combination to optimize the discrimination between TB and OPD (Figure 2b). This analysis 

showed that a combination of GBP5 and CD64 provided the best predictive capacity with 47 

of 49 individuals being correctly classified. The sensitivity of this combination was 93%, as 

25 of the 27 TB patients were correctly identified. The specificity reached 100%, as all of 22 

OPD individuals were correctly classified as non-TB. The first decision node was based on 

GBP5 expression and achieved 93% sensitivity. CD64 expression level improved specificity 

from 86% to 100% by identifying misclassified non-TB cases. We then ran random forest 

analysis to confirm that the two-gene combination obtained by decision tree would also be 

identified by a different classification methodology (Figure 2c). The combination of the 

three genes gave the highest accuracy in distinguishing TB from OPD patients. It gave a 

specificity of 95% and a sensitivity of 93% to distinguish TB from non-TB cases. GBP5 

showed the highest discriminating power with an importance value of 24, followed by 

GZMA (20) and CD64 (9). When running ROC analysis on the random forest votes, we 

obtained an AUC of 0.955 (0.885–1.000) for the three genes. The combination of GBP5 and 

CD64 did not perform as well as the three-gene combination to discriminate TB versus non-

TB patients (82% specificity and 85% sensitivity). Interestingly, GZMA alone showed a 

sensitivity of 96% with only one of 27 TB patients misclassified (although the specificity 

was 77%).

To further validate GBP5, GZMA and CD64 discriminative power, we applied random forest 

analysis on the previously published data from Bloom et al. microarray study independently 
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of our trained dataset (Bloom et al., 2013). We extracted the values on GBP5, CD64 and 

GZMA expression in TB and PN patients and ran them through the random forest algorithm 

for training and out-of-bag testing. We found that the panel of CD64, GZMA and GBP5 had 

a specificity of 84% and a sensitivity of 94% to distinguish TB from non-TB cases (Figure 

2c). Two of 35 TB patients were misclassified and three of 19 PN patients were identified as 

TB patients. GBP5 importance value reached 25 followed by CD64 (8) and GZMA (4). ROC 

analyses on the random forest votes produced an AUC of 0.955 (0.899–1.000) for the three-

gene combination. GBP5 alone or in tandem with CD64 or GZMA produced similar 

specificity, sensitivity and AUC values as the three-gene panel, confirming GBP5 

discriminative power on the Bloom et al. dataset.

For all three genes, gene expression levels were found significantly different in TB versus 

NIDs and TB versus LTBI with a p-value less than 0.001 (Figure 1). Although at a lesser 

degree, OPD subjects also showed a differential expression of CD64 compared to LTBI and 

NIDs. GBP5 and GZMA were expressed at similar levels in NIDs, LTBI and OPD donors.

4. Discussion

Clinically relevant TB biomarkers need to be able to distinguish pulmonary TB and non-TB 

pulmonary diseases. Otherwise, such tests would be no more specific than a chest x-ray. 

Here, we wished to be able to distinguish TB from other common pulmonary diseases. 

Asthma represents a chronic non-infectious inflammatory airways disease. Non-TB 

pneumonias represent the most common infectious pulmonary disease that healthcare 

providers need to rapidly distinguish from TB, when patients seek health care with 

symptoms of lung disease and an abnormal chest x-ray.

Blood transcriptomic studies have identified gene signatures that can discriminate LTBI 

individuals from TB patients (Berry et al., 2010; Jacobsen et al., 2007; Maertzdorf et al., 

2011). However, the identified gene expression profiles mainly reflect a state of persistent 

activation of the immune system (Maertzdorf et al., 2012; Weiner et al., 2013). When 

interrogating the transcriptome from patients with different pulmonary conditions, studies 

revealed an overlap with the previously identified gene expression patterns attributed to TB 

(Bloom et al., 2013; Kaforou et al., 2013; Koth et al., 2011; Maertzdorf et al., 2012). In this 

study, the rationale to work with a restricted number of genes was that a larger set of 

biomarkers would likely encompass gene expression profiles shared by several diseases. We 

used RT-PCR to assess the expression level of five genes, GZMA, GBP5, CD64, FCGR1B 

and LTF. These genes were previously identified by Maertzdorf et al. as they formed a 

biosignature capable of distinguishing between TB and LTBI with a sensitivity and a 

specificity of 94% (30/32 donors) and 97% (33/34 donors), respectively (Maertzdorf et al., 

2011). Our results confirmed that GZMA, GBP5 and CD64 were differentially expressed in 

TB versus NIDs and TB versus LTBI donors. More interestingly, we showed the 

discriminative power of the three genes in distinguishing TB and OPD patients.

FCGR1 was reported as one of the most differentially expressed genes in TB patients and 

LTBI donors (Maertzdorf et al., 2011). We could not distinguish FCGR1B expression 

between TB and OPD patients as gender seemed to alter its expression in our cohort. 
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Likewise, LTF expression profile varied in women versus men, precluding us from using 

this gene as a marker. We found that the gene expression levels of GBP5, GZMA and CD64 

were significantly different in TB versus OPD patients. GZMA had a higher Ct value in TB 

patients compared with the other patients’ groups, indicating a lower expression of GZMA in 

TB patients, as reported by Maertzdorf et al. (Maertzdorf et al., 2011). On the other hand, 

GBP5 and CD64 Ct values were at their lowest in TB patients, reflecting a higher expression 

in this patients’ group.

We performed three types of analysis to determine the discriminatory power of GBP5, 

GZMA and CD64 genes: ROC, tree and random forest methodologies. In all analyses, GBP5 

was consistently identified as the strongest predictor of TB versus non-TB cases. In the 

model provided by the tree software, CD64 had a minor contribution but did optimize the 

classification of the patients after a first split based on GBP5 expression. All OPD patients 

were correctly identified and only two TB patients were misclassified.

Using random forest analysis, we were able to classify the study participants as belonging to 

either TB or OPD groups with a high accuracy and the combination of all three genes, 

GBP5, GZMA and CD64, formed the strongest biosignature with 95% specificity (21/22 

OPD) and 93% sensitivity (25/27 TB). While the tree model did not include GZMA, this 

gene was identified as a strong predictor by random forest analysis. The importance of 

GBP5 as a biomarker was confirmed by random forest analysis run on the Bloom et al. study 

dataset: GBP5 alone produced similar sensitivity, specificity values as the three-gene panel, 

or GBP5 in tandem with either CD64 or GZMA to classify patients.

GBP5 and GZMA were shown to be differentially expressed by TB patients compared to 

asymptomatic controls (Maertzdorf et al., 2011) but this had not been validated against 

patients with other diseases (Bloom et al., 2013; Kaforou et al., 2013; Maertzdorf et al., 

2012). GBP5 was one of the genes up-regulated in sarcoidosis lung tissue when compared to 

healthy donors in Koth et al’s study (Koth et al., 2011). However, Koth et al. did not identify 

GBP5 to vary between sarcoidosis and TB when they used previously published blood gene 

expression datasets from TB cohorts (Berry et al., 2010). As reported by Blanket el al. 

(Blankley et al., 2014), studies designed to directly compare diseases reveal different 

signatures than studies based on previously published dataset. Also, when comparing 

biomarker studies, many factors such as population ethnicity and co-infections, may affect 

results (Joosten et al., 2013).

CD64 was included in the panel of 144 transcripts identified by Bloom et al. as differentially 

expressed in TB versus other lung diseases (Bloom et al., 2013). In our study, TB patients 

showed a higher CD64 expression than OPD patients. In their meta-analysis of TB 

microarray datasets, Joosten et al. found an increased expression of genes associated with Fc 

receptor signaling, including CD64 in TB patients (Joosten et al., 2013). LTF and FCGR1B 

were also identified as differentially expressed genes in TB versus OPD patients in 

Maertzdorf et al. (Maertzdorf et al., 2012) and Bloom et al. (Bloom et al., 2013) reports, 

respectively, but could not be confirmed as markers in our study.
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One limitation of this study is small sample size, which explains the discrepancy in GZMA 

contribution to patients’ classification. It is therefore difficult to determine the exact 

combination of the GBP5, GZMA and CD64 genes to maximize predictive power. Our 

results suggest that GBP5 and CD64 in tandem may be the most predictive combination. 

Without further studies we cannot rule out the contribution of GZMA to differentiate TB 

from OPD. Regardless, these three genes show promise as a diagnostic marker to distinguish 

TB from OPD and require further investigation.
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Abbreviations

CD64 Fc gamma receptor 1A

FCGR1B Fc gamma receptor 1B

GBP5 guanylate binding protein 5

GZMA granzyme A

LTBI healthy latently infected

LTF lactotransferrin

NID healthy non-infected donor

OPD other pulmonary diseases

PN pneumonia

TB tuberculosis
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Figure 1. 
Differences in gene expression levels between NIDs, LTBI, TB and OPD donors. Scatter dot 

plots for CD64, GZMA and GBP5 represent the gene expression for each individual donor. 

Ct values from real-time PCR were normalized to the internal reference gene B2M. The 

mean and 95% confidence interval are indicated. ** indicates a p-value < 0.01; *** indicates 

a p-value < 0.001. NID, healthy non-infected donors; LTBI, healthy donors latently infected 

with M. tuberculosis; TB, tuberculosis patients; OPD, patients with other pulmonary disease 

than TB (asthma and pneumonia).
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Figure 2. 
Analyses performed to evaluate the discriminatory ability of GBP5, GZMA and CD64 genes 

and find the optimal gene combination to discriminate between TB and OPD groups. a, 

ROC analysis identified GBP5 as the strongest discriminatory gene. b, Classification tree is 

shown based on the gene expression of GBP5 and CD64. The “tree” software did not 

include GZMA. The sensitivity and specificity of the two-gene panel was 93% and 100%, 

respectively, and 96% individuals were correctly classified as TB or OPD. c, Sensitivity and 

specificity values obtained from random forest analysis of GBP5, GZMA and CD64 

combinations applied to our study and Bloom’s (Bloom et al., 2013) data. AUC values (with 

95% confidence interval) obtained by running ROC analysis on random forest votes are also 

given. AUC, area under curve; CI, confidence interval; OPD, patients with other 

inflammatory pulmonary diseases (asthma and pneumonia); ROC, receiver operating 

characteristic; TB, tuberculosis patients.
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