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Abstract 28 

Melioidosis, a severe human disease caused by the bacterium Burkholderia pseudomallei, has a 29 

wide spectrum of clinical manifestations ranging from acute septicaemia to chronic localized 30 

illness or latent infection. Mice were intranasally infected with either high or low doses of B. 31 

pseudomallei to generate either acute, chronic or latent infection and host blood and tissue 32 

transcriptional profiles were generated. Acute infection was accompanied by a homogeneous 33 

signature associated with induction of multiple innate immune response pathways, such as IL10, 34 

TREM1 and IFN-signaling, largely found in both blood and tissue. The transcriptional profile in 35 

blood reflected the heterogeneity of chronic infection and quantitatively reflected the severity of 36 

disease. Comparison of these mouse blood datasets by pathway and modular analysis with the 37 

blood transcriptional signature of patients with melioidosis showed that many genes were 38 

similarly perturbed, including IL10, TREM1 and IFN-signaling, revealing the common immune 39 

response occurring in both mice and humans.  40 

 41 

 42 

 43 

  44 
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Introduction 45 

Melioidosis, a severe human disease caused by infection with the environmental Gram-negative 46 

bacterium B. pseudomallei  (1), is an important cause of community-acquired sepsis in Southeast 47 

Asia and Northern Australia where it is endemic. However, its known distribution is expanding 48 

with cases of melioidosis now being reported in numerous other countries (2). Infection results 49 

mainly from inhalation during the rainy season or from percutaneous inoculation (through direct 50 

contact with soil and water) (1). The severity of the disease has a wide spectrum of clinical 51 

manifestations. Acute fulminant septic illness is characterized by bacteraemia and induction of 52 

an extensive cytokine response (3, 4). In contrast, chronic localized infection is generally less 53 

severe with internal-organ abscesses and secondary foci in the lung, spleen, liver and skeletal 54 

muscle which persist and are difficult to eradicate (5). Sterilizing immunity does not occur and 55 

bacteria persist either subclinically in a latent form or as a chronic localized infection. Recurrent 56 

melioidosis is common and is usually due to relapse from a persistent focus of infection rather 57 

than to reinfection (6). Reactivation in some individuals has also been reported after decades of 58 

latency (7).  Despite the increased research efforts since B. pseudomallei was classified by the 59 

USA Centers for Disease Control and Prevention as a Category B bioterrorism agent, the 60 

mechanisms of persistence and pathogenesis are still poorly understood and it is still unclear how 61 

B. pseudomallei can evade the immune response and cause significant human disease. 62 

Acute models of melioidosis have been described in mice, following either intravenous or 63 

the more physiologically relevant pulmonary route of B. pseudomallei infection, characterized by 64 

the presence of bacteremia and uniformly rapid death (5, 8-10). We have also described a model 65 

of chronic melioidosis where one of the main features is the heterogeneity of disease progression 66 

within the infected animals (11). Together the acute and chronic mouse models share features 67 
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resembling the heterogeneity of the clinical manifestations of human melioidosis, however, 68 

which of these models more closely resembles the human disease at a molecular as well as 69 

clinical level has not been addressed. 70 

Whole genome transcriptional profiling has previously identified a blood signature in 71 

patients with septicemic melioidosis, which included genes related to inflammation, antigen 72 

processing and presentation, interferons, neutrophils and T cells (12-14). Transcriptional analysis 73 

of liver and spleen has been performed in a model of acute melioidosis by intravenous challenge 74 

(15) showing altered expression of genes involved in inflammation, TLR signaling and 75 

complement pathways. However, the transcriptional signature of acute and chronic melioidosis 76 

after infection via the airways has not been reported and the blood transcriptional changes 77 

induced by infection with B. pseudomallei in experimental models and human disease have not 78 

been compared. 79 

In this study we have performed whole genome transcriptional analysis of tissue and 80 

blood of mice following pulmonary challenge with B. pseudomallei, during acute and chronic 81 

infection, and compared this to the blood transcriptional profiles of patients with  acute 82 

melioidosis in North East Thailand.  83 

84 
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Materials and Methods 85 

Bacteria and infection of mice 86 

B. pseudomallei strain 576 was isolated from a patient with a fatal case of human melioidosis in 87 

Thailand, and was kindly provided by Dr. Tyrone Pitt (Health Protection Agency, London, UK). 88 

Frozen stocks were prepared as previously described (8). All procedures involving live bacteria 89 

were performed under ACDP containment level 3 conditions. Female C57BL/6 mice (Harlan 90 

Laboratories, Bicester, Oxon, UK) aged 6-10 weeks were used in accordance with the Animals 91 

(Scientific Procedures) Act 1986 and approved by the LSHTM Ethical Review Committee 92 

(70/6934). Aliquots of bacteria stocks were thawed, diluted in pyrogen-free saline (PFS) and 93 

administered intranasally in 50 L containing 2500 colony-forming units (CFU; acute model) or 94 

100 CFU (chronic model) as previously described(11). Control uninfected mice received 50 L 95 

PFS.  96 

 97 

Preparation of mouse organs and determination of tissue and blood bacterial load 98 

At different time points, mice were euthanized to determine the number of CFU in blood, lung, 99 

spleen and liver as described previously (11). The limits of detection were 50 CFU/organ or 20 100 

CFU/mL of blood. 101 

 102 

Preparation of RNA from mouse whole blood, lung and spleen tissue 103 

Mice were euthanized by terminal anaesthesia with pentobarbital (Euthatal; Merial, Essex, UK) 104 

and whole blood collected into Tempus™ tubes (Applied Biosystems, Paisley, UK); 1:2 ratio 105 

(blood:Tempus™ reagent). Samples were immediately vortexed to avoid blood clotting and 106 

stored at -80°C until RNA extraction. Lung and spleen were harvested in 2 ml cold TRI-Reagent 107 
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(RiboPureTM RNA kit, Life Technologies, Austin, TX), homogenized (Polytron PT 1600 E 108 

System; Kinematica AG; Luzern, Switzerland) and stored at -80°C until RNA processing. The 109 

PerfectPure RNA Blood kit (5 PRIME, Hamburg, Germany) was used for whole blood RNA 110 

extraction, following manufacturer’s instructions. Globin mRNA was depleted from 2 g total 111 

RNA blood samples using the GLOBIN-clear™ Mouse/rat kit (Ambion, Life Technologies, 112 

Austin, TX). Lung and spleen RNA were extracted from tissue homogenates using the 113 

RiboPure™ Kit according to manufacturer’s instructions. RNA concentration was determined 114 

(NanoDrop 1000, Thermo Scientific; Wilmington, USA) and RNA integrity values were 115 

assessed (LabChip GX, Caliper, USA). Samples with RNA integrity values >6 were retained for 116 

further processing. 117 

 118 

Processing mouse RNA for microarray 119 

RNA (300 ng/sample) was amplified (Illumina® TotalPrep RNA Amplification Kit (Applied 120 

Biosystems). cRNA (1.5 µg/sample) was hybridized overnight to Illumina Mouse Whole 121 

Genome WG6 V2 BeadChips (Illumina). BeadChips were washed, blocked, stained and then 122 

scanned on an Illumina iScan, as per manufacturer’s instructions. Genome Studio 2.0 software 123 

(Illumina) was then used to perform quality control and generate signal intensity values. 124 

 125 

Mouse microarray data analysis 126 

Raw background subtracted data from Genome Studio (Illumina) were generated and then 127 

analysed using GeneSpring GX 12.1 software (Agilent Technologies). Signal values were set to 128 

threshold level 10, log2 transformed, and normalized using a 75th percentile shift algorithm. 129 

Next, per-transcript normalization was applied by dividing each messenger RNA transcript to the 130 
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median intensity of all the samples. Transcripts were filtered out if at least 10% of the samples 131 

failed to pass a ‘present’ flag cut off set at 0.99 (detection p-value > 0.01). The above normalized 132 

and quality controlled data were used to identify differentially expressed transcripts having at 133 

least two-fold expression value changes from the median of all transcripts in at least 10% of all 134 

samples, which passed Mann-Whitney test with Benjamini-Hochberg false discovery rate 135 

correction  between infected and uninfected mice (p<0.01). Heatmap dendrograms of 136 

differentially expressed transcripts were generated by clustering with Pearson Uncentered 137 

distance metric and the Average Linkage rule on transcripts, unless otherwise stated. All data 138 

collected and analysed adhere to the Minimal Information About a Microarray Experiment 139 

(MIAME) guidelines. Mouse microarray data were deposited in the Gene Expression Omnibus 140 

(GEO: GSE61106). For Figures 1 and 3, significant transcript lists were identified by stringent 141 

statistical filtering comparing infected to uninfected mice (Mann-Whitney test plus Benjamini-142 

Hochberg correction p<0.01) on data normalized to the median of all transcripts across all 143 

samples and passing a detection value (p<0.01) and 2-fold expression value across at least 10% 144 

of samples within GeneSpring GX12.1 statistical software. 145 

 146 

Human microarray data analysis  147 

Whole blood transcriptional microarray data (Illumina Hu6 V2 Beadchips) from our already-148 

described Training and Test cohort of melioidosis patients and healthy controls (Pankla et al., 149 

2009) were re-analysed. The Training group contained 11 patients and 10 healthy controls, while 150 

the Test group contained 13 patients and 9 healthy controls. Differentially expressed transcripts 151 

were identified from quality control filtered data (transcripts detected in at least 10% of all 152 

samples at detection p-value < 0.01 and passing a filter of two-fold  median intensity value and 153 
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200 intensity units across all samples) by Mann-Whitney test and Benjamini-Hochberg false 154 

discovery rate correction between patients and healthy controls (p<0.01) as above. 155 

 156 

Molecular distance to health 157 

Weighted molecular distance to health/uninfected (MDTH) was calculated as previously 158 

described (Pankla et al., 2009). Molecular distance to health/uninfected (MDTH) was determined 159 

for each dataset by computing the ‘molecular distance’ between each B. pseudomallei infected 160 

sample in relation to all uninfected control samples. Qualifying genes differed from the average 161 

baseline expression by at least 200 and 2 standard deviations. Nonparametric one-way ANOVA 162 

(Kruskal-Wallis) with Dunn’s post-hoc test was applied between sample groups p<0.01 (**), 163 

p<0.001 (***) and p<0.0001 (****) between uninfected group are indicated. Significant 164 

transcripts (811) were identified by comparing B. pseudomallei infected mice without 165 

bacteraemia (n=7) to uninfected (n=8) (Mann-Whitney test plus Benjamini-Hochberg correction 166 

p<0.01) on data normalized to the median of all transcripts across all samples and passing a 167 

detection value (p<0.01) and 2-fold expression value across at least 10% of samples. Lesion 168 

scores were applied to generate a supervised heatmap of the identified transcripts. Bacterial 169 

counts from spleens were allocated into two groups according to the presence or absence of 170 

visible lesions.  171 

 172 

Canonical pathway and immune gene analysis 173 

Ingenuity Pathway Analysis (IPA, Qiagen, www.ingenuity.com) knowledge base was used to 174 

identify statistically significant pathways (Fisher’s exact test, p<0.05) associated with 175 

differentially expressed transcripts (p<0.01 after Mann-Whitney test and Benjamini-Hochberg 176 

http://www.ingenuity.com/
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correction) following B. pseudomallei infection of blood or tissues (lung, spleen). A list of 3,468 177 

genes associated with an immune GO function was generated by search within IPA (19 March 178 

2014) and the Mouse Genome Database (MGD) at the Mouse Genome Informatics website, The 179 

Jackson Laboratory, Bar Harbor, Maine. World Wide Web (URL: 180 

http://www.informatics.jax.org) (30 March 2014). 181 

 182 

Human-mouse orthologs 183 

Of the genes represented in the Illumina whole genome mouse arrays (WG6 V2), 19,945 had 184 

annotated Entrez IDs.  Of the 20,268 annotated human genes, 15,976 had mouse orthologs based 185 

on the IPA knowledge base. For the 1292 genes common between human Training and Test Sets 186 

that were significantly changed in human melioidosis, 1131 had mouse orthologs, which were 187 

included in subsequent analysis.  188 

 189 

Modular analysis 190 

To compare human and mouse data at the modular level, we used the previously described 191 

Affymetrix-derived human module system (16) and translated the module lists to accommodate 192 

mouse genes based on Entrez IDs.  The 2,051 Illumina/AffyIDs used to compute the Affy 193 

Modules were entered into IPA, resolving 1,832 genes common to the Human Illumina Hu6 V2 194 

and Mouse WG6 V2 arrays (16). Raw values for the common 1,832 human-mouse genes were 195 

used to generate module heatmaps. Percentages of significantly expressed upregulated or 196 

downregulated genes (Student’s t-test, p<0.05 comparing infected and uninfected) in each 197 

module are represented by colored intensity areas. 198 

  199 

http://www.informatics.jax.org/index.shtml
http://www.informatics.jax.org/
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Results 200 

IL10 and TREM1-signaling pathways and immune genes are perturbed in blood and lung upon 201 

acute infection of mice with B. pseudomallei as shown by transcriptional analysis 202 

Our initial aim was to investigate whether the blood transcriptional signature of mice infected via 203 

the airways with B. pseudomallei could reflect transcriptional changes in the lung. Genomewide 204 

transcriptional profiles were generated from blood and lung samples from acutely infected 205 

C57BL/6 mice at days 1 and 3 post intranasal infection with 2500 CFU B. pseudomallei 576. 206 

Typically, their bacterial load in the lung at day 2 was around 106 CFU and increased up to 108 207 

CFU by day 3, whereas 103 CFU where detected in the blood by day 2 and these mice usually die 208 

at day 4 postinfection (data not shown). Unsupervised analysis of blood and lung samples 209 

showed that the transcriptional profile of the groups segregated according to infection as shown 210 

by Principal Component Analysis (PCA). (fig. S1). Statistical filtering (p<0.01 Mann-Whitney, 211 

Benjamini-Hochberg correction of infected versus uninfected mice using GeneSpring analysis) 212 

resulted in two main dendrogram clusters based on similarity of gene expression, showing 1325 213 

and 2041 transcripts differentially expressed in the blood and lung, respectively, of infected as 214 

compared to uninfected mice at day 1 (Fig. 1A). A greater number of differentially expressed 215 

genes consisting of 4810 and 4076 transcripts was observed respectively in the blood and lungs 216 

of mice at day 3 postinfection compared to uninfected controls (Fig. 1A). The top 5 Ingenuity 217 

Pathway Analysis (IPA) Canonical Pathways upregulated at both time points in blood and lung 218 

were highly enriched for Granulocyte Adhesion and Diapedesis, IL10 and TREM1-signaling and 219 

other pathways involved in innate immunity (Fig. 1B). The IFN-signaling pathway was one of 220 

the top upregulated pathways in the blood but not in the lung at the early time point. Other 221 

upregulated pathways included Hepatic Fibrosis and Acute Phase Response. The top 5 222 
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downregulated pathways in both blood and lung at days 1 and 3 largely consisted of B- and T-223 

cell-associated genes (Fig. 1C). The transcriptional signature showed 561 transcripts were 224 

common to the blood and lung at day 1 and represented 404 genes identified by IPA (Fig. 1D). 225 

The 1618 common transcripts detected in both blood and lung at day 3 postinfection represented 226 

1236 genes (Fig. 1E).  227 

Further analysis of blood and lung genes associated with acute infection, as defined by 228 

both the IPA Knowledge Base and by Gene Ontology (GO) resources available through the 229 

Mouse Genome Database, revealed perturbation of a significant number of genes not obviously 230 

associated with the immune response (Fig. 2A). In blood at day 1, of 584 upregulated genes, only 231 

267 (46%) were associated with the immune response, and this was increased at day 3 to 473 out 232 

of 1522 (31%) total upregulated genes. Similarly, of 829 total upregulated genes in lung at day 1, 233 

only 441 (53%) genes were involved in immune function. This increased to 716 immune 234 

response genes out of a total of 1795 (40%) genes at day 3 postinfection in the lung. Of 327 235 

genes downregulated in blood at day 1 postinfection, 106 (33%) were associated with immune 236 

function and this was increased to 418 (25%) genes associated with immune function out of 1661 237 

at day 3 postinfection. The functional type of these genes are shown in Fig. 2B. A substantial set 238 

of genes was common and similarly perturbed in both blood and lung and day 1 and also at day 3 239 

postinfection (Fig. 2C and 2E). 240 

Of the genes that were altered in response to infection at day 1, 507 were only expressed 241 

in the blood of which 166 (11%) were immune genes, 1028 were only expressed in the lung, of 242 

which 349 (34%) were immune genes, whereas 404 were coexpressed in blood and lung of 243 

which 207 (51%) were immune genes (Fig. 2D). These numbers were increased at day 3 244 

postinfection with 1947 genes expressed in blood of which only 407 (21%) were immune genes, 245 
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2018 were unique in the lung of which 544 were immune genes and 1236 coexpressed in blood 246 

and lung, of which 485 (27%) were immune genes (Fig. 2F). Upregulated genes common to both 247 

blood and lung at days 1 and 3 after infection included a large number of chemokines and 248 

cytokine genes including IL27, IL1, TNF and IFN-inducible genes, matrix metalloproteases 249 

(MMPs), Caspase and ADAM family members. There is altered expression of genes not 250 

annotated by IPA/GO as involved in immunity, suggesting these are either physiological changes 251 

upon infection, or  have an underappreciated role in immunity. 252 

 253 

The blood transcriptome of mice chronically infected with B. pseudomallei reflects the disease 254 

severity in the tissue  255 

We have established a mouse model of chronic melioidosis where mice are intranasally infected 256 

with a low dose of the organisms (11), which together with the acute respiratory models 257 

described earlier in this manuscript (1, 2) may represent the spectrum of pathological findings 258 

observed in patients with this disease (5). Severity at any one time point, ranges from mice with 259 

latent infection with no signs of disease, but from which bacteria cannot be detected in the 260 

spleen, through to active infection with the presence of high levels of bacterial burden and severe 261 

lesions in the spleen (11). To determine whether the blood transcriptome reflects the 262 

heterogeneity of disease progression, blood was harvested from chronically infected mice and 263 

RNA was extracted and processed for microarray analysis. Unsupervised PCA analysis of blood 264 

transcripts passing detection limits (p<0.01) showed that samples from uninfected mice clustered 265 

together with those with latent infection and away from mice with either moderate clinical 266 

severity (Grade 1-2) or those with clinical severity grade 3 (fig. S1). Upon statistical filtering 267 
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(p<0.01 Mann-Whitney, Benjamini-Hochberg correction of infected versus uninfected mice 268 

using GeneSpring analysis) segregated mice into groups, either expressing a strong signature, a 269 

weak signature or no signature of over and underexpressed transcripts, as compared to uninfected 270 

controls (Fig. 3A). In keeping with the PCA analysis, some mice, although infected showed a 271 

blood signature which clustered with that of uninfected controls. Upon analysis of gross 272 

pathology some mice were found to have no detectable lesions at this time point and were latent. 273 

Mice with detectable lesions, ranging in severity from 1 to 3 showed a strong transcriptional 274 

blood signature, confirmed quantitatively using the Weighted Molecular Distance to Health 275 

(MDTH) algorithm (14) (Fig. 3B). This quantitation using MDTH for measuring the extent of 276 

the blood signature correlated with the extent of disease severity based on the spleen lesion score 277 

(Fig. 3C). A blood transcriptional signature statistically distinct from that of uninfected mice was 278 

detected even in the absence of bacteraemia (Fig. 3D). Mice that were chronically infected with 279 

low-dose B. pseudomallei could be grouped according their splenic bacterial burden; latent mice 280 

(no detectable bacteria); emerging mice (low levels of bacteria with no clinical illness); mice 281 

with active disease (high bacterial burdens and clinical disease) (Fig. 3E). As shown in the blood 282 

splenic transcriptional signatures again correlated with disease severity (Fig. 3F, G and H). 283 

 284 

Blood transcriptional profile of chronically infected mice shows similarity to that of acute 285 

infection 286 

Using canonical IPA, many similarities between the blood transcriptome of acute and chronic  287 

infection were observed, with the top 5 pathways of upregulated genes comprising Granulocyte 288 

Adhesion and Diapedesis, IFN-signaling and TREM1-signaling (Fig. 4A and B). The top 5 289 
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downregulated pathways in the blood of both chronically and acutely infected mice consisted of 290 

genes related to B Cell Development (Fig. 4C and Fig 1C) . 291 

The splenic signature of chronic infection was also dominated by the Granulocyte 292 

Adhesion and Diapedesis pathway, but additionally included Heme Biosynthesis II, LXR/RXR 293 

Activation and Hepatic Fibrosis in the top 5 upregulated IPA pathways (Fig. 4B). The 294 

downregulated genes in the spleen of mice after chronic infection were dominated by those 295 

involved in T-cell responses (Fig. 4C).  296 

Of the upregulated genes in blood, 327 (42%) were immune response genes out of a total 297 

of 774, whereas 532 (34%) out of 1571 were upregulated immune response genes in the spleen 298 

(Fig. 4D). Of the 496 downregulated genes in the blood, 144 (29%) were immune response 299 

genes, whereas 371 (31%) immune response genes out of 1185 were downregulated in the 300 

spleen. The functional type of genes altered during chronic infection is shown in Fig. 4E. Many 301 

were  common and similarly perturbed in both blood and spleen during chronic infection (Fig. 302 

4F). 303 

  Comparison of the signatures of chronic blood and spleen showed: 502 unique to the 304 

blood of which 141 (28%) were immune genes; 768 genes were common in blood and spleen, of 305 

which 331 (43%) were immune genes; and 1988 were unique to the spleen of which 572 (29%) 306 

were immune genes (Fig. 4G). A large number of the immune genes common to blood and 307 

spleen of chronically infected mice again included chemokines, and cytokine genes such as IL27, 308 

IL1, TNF and IFN-inducible genes, MMPs, Caspase and ADAM family members (fig. S2).  309 

 310 

Similar immune response pathways and modules are revealed in the blood transcriptome of mice 311 
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and humans infected with B. pseudomallei 312 

We then compared the  immune signatures of blood and tissue in mice acutely or chronically 313 

infected with B. pseudomallei, with those of human melioidosis cases (14). We first determined 314 

the common sets of genes expressed in our Training and Test set human blood samples (1292 315 

genes; Fig. 5A) from patients with B. pseudomallei, who were admitted to hospital with blood 316 

culture proven melioidosis (14). IPA was used to select the top 25 ranked pathways across the 317 

human and mouse blood datasets based on their average p-value (Fig. 5B – where the total 109 318 

pathways significant at p<0.05, score 1.31, averaged over the blood transcriptome of human 319 

melioidosis and mouse days 1 and 3 acute and chronic melioidosis). The dataset-specific p-320 

values are summarized in the first panel in Fig. 5B and include IL10-signaling, TREM1-321 

signaling, Pattern-Recognition Receptors in Recognition of Bacteria and Viruses and TLRs, 322 

corroborating our previous IPA analyses. Genes associated with IFN-signaling were now also 323 

observed in both human and mouse datasets using this approach (Fig. 5B). The number of genes 324 

that are common in each pathway in the human Pankla 1292 gene list and mouse blood day 1, 325 

day 3 and chronic and the number of pathway specific genes in each dataset is shown in Fig. 5B. 326 

Similar results were obtained by looking at top 10 pathways associated with each dataset (fig. 327 

S3). 328 

IFN is essential for resistance against infection with B. pseudomallei in mice, and is 329 

produced by human NK and T cells in vitro, but the role of Type I IFNs is not known (17, 18). 330 

IFN itself was shown to be upregulated in the blood (Fig. 5D), but only in chronically infected 331 

mice, whereas Type I IFNs were not. Analysis of expression of genes annotated across all IFN-332 

related IPA-signaling pathways showed clear induction of genes in the blood of acute and 333 

chronically infected mice, involving both Type I and Type II signaling (Fig. 5D). Comparison of 334 
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these results with the blood of patients with acute melioidosis showed several genes in common 335 

to the murine response including SOCS1, STAT1, STAT2, IFITM1 and TAP1 (Fig. 5D). 336 

We then compared gene expression profiles in infected mice and humans using a modular 337 

data-mining strategy which analyses clusters of genes that are coordinately regulated (16, 19). 338 

The 28 human modules contained from 2 to 192 genes per module, corresponding to 2 to 183 339 

mouse genes with a range of 75-100% mouse to human homology, depending on the module 340 

examined. Modular analysis of our original human training and test sets of human melioidosis 341 

samples showed clear changes in gene expression in a total of 18 distinct functional modules 342 

with increased expression of IFN (M3.1), inflammation (M3.2 and M3.3), neutrophil (M2.2) and 343 

myeloid (M2.6) modules and decreased expression of B- and T-cell modules (Fig. 6A and 6B). 344 

Of these, 5 of the modules showing upregulation of IFN, inflammation, neutrophil and myeloid 345 

genes were similarly altered in the blood of all of the mouse models of acute and chronic 346 

melioidosis. Whilst B-cell-associated genes were shown to be downregulated in both acute and 347 

chronic melioidosis, the downregulated T-cell-associated genes were only apparently 348 

downregulated during acute disease (Fig. 6A) in keeping with the top 10 pathways shown to be 349 

downregulated by IPA (fig. S3), although closer analysis of each module demonstrates a number 350 

of T-cell-associated genes downregulated at all stages of mouse melioidosis that are common 351 

with human disease (Fig. 6A). These data demonstrate highly conserved changes across both 352 

mouse and human responses in genes associated with IFNs (e.g. IFITM1, SERPING1, 353 

CXCL10), neutrophils (e.g. Arginase 1, MMP9, LCN2), B cells (e.g. FCRLA, VPREB3, 354 

BCL11A) and T cells (CCR7, BCL11B, FAIM3) (Fig. 6A, B). Thus, by several different 355 

analytical approaches, the host response to B. pseudomallei was dominated by upregulation of 356 

genes involved in IFN-signaling, phagocyte biology and inflammation and downregulation of 357 
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genes involved in B- and T-cell responses, which was conserved between mice and humans. A 358 

number of modules showed discordancy between human disease and the experimental models of 359 

melioidosis: one myeloid gene module (M1.5) (Fig. 6A) was not globally similar between mouse 360 

and human, overrepresented only in the mouse models (Fig. 6A), more detailed inspection of the 361 

actual list of genes in that module showed that 20 out of 77 of the genes were upregulated in both 362 

mouse and human. Discordancy also included underexpression of genes encoding ribosomal 363 

proteins in humans, which were either not perturbed or rather overrepresented in the mouse; and 364 

six modules consisting of nonannotated genes underrepresented in human disease but not in the 365 

mouse models. 366 

 367 

Gene and network level analysis of common mouse and human B. pseudomallei associated 368 

transcriptional signatures 369 

Consideration of all genes that were altered in each data set revealed that 26.9% of the genes 370 

perturbed in human melioidosis were also similarly regulated in the mouse models (Fig. 7A). 371 

However, the highest level of similarity with human was observed at day 3 post acute infection 372 

of mice (Fig. 7A). Of the 26.9% genes commonly affected in both human and mouse blood, of 373 

those upregulated 118 were immune, 90 were nonimmune functionally (Fig. 7B). Of the 118 374 

upregulated genes, 50 were commonly affected in all mouse models and the human disease, 375 

including arginase 1, a number of cytokine genes including IL27, IL18, MMPs, and TLR (fig. 376 

S4). The remainder of upregulated immune genes in the blood of melioidosis patients was 377 

similarly affected in at least one of the mouse models of B. pseudomallei infection, again with 378 

the acute day 3 transcriptome showing the greatest similarity (fig. S4). Gene and network level 379 
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analysis of the 348 common mouse and human B. pseudomallei associated genes showed 179 380 

directly interacting genes, which included members of modules associated with B cells (M1.3) 381 

and T cells (M2.8) which were downregulated versus those associated with Inflammation (M3.2 382 

and M3.3), Neutrophils (M2.2), Myeloid (M2.6) and IFN (M3.1) genes, which were upregulated 383 

(Fig. 7C). 384 

 385 

Discussion 386 

Melioidosis is an increasingly important cause of severe bacterial infection in tropical countries, 387 

requiring intense and prolonged antibiotic treatment and for which there is no effective vaccine. 388 

Following exposure to B. pseudomallei a diverse range of clinical outcomes occurs, ranging from 389 

prolonged periods of latency to chronic active disease and acute, lethal sepsis. To further our 390 

understanding of immunity and pathogenesis of this infection, we have applied whole genome 391 

transcriptional microarray to blood and tissues from mouse models, which reflect each of these 392 

stages of infection, and compared these profiles to those of melioidosis patients in N.E. Thailand. 393 

We show that the blood transcriptome in mice infected with B. pseudomallei  accurately reflects 394 

disease severity in latent, acute and chronic infection and has substantial similarity to that 395 

observed in human meliodosis. 396 

Our initial experiments used an established model of acute pneumonia and lethal sepsis 397 

following high dose intranasal challenge of mice with a virulent strain of B. pseudomallei. 398 

Transcriptional array analysis of blood showed clear and extensive transcriptional responses in 399 

infected but not control mice within 24 hrs, which increased by 72 hrs. This included 400 

upregulation of numerous proinflammatory gene pathways,  consistent with a previous report 401 
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following intraperitoneal infection (15). There was also coordinated downregulation, of genes 402 

involved in both B and T lymphocyte development and function, possibly due to the egress of 403 

these cells from the circulation or apoptosis, as we have previously described in human disease 404 

(14, 19, 20). To date, our understanding of events in the lung leading to severe pneumonia after 405 

exposure to B. pseudomallei via the airways have been limited. Wiersinga and colleagues, using 406 

a 33 gene probe array reported induction of several proinflammatory cytokines and chemokines 407 

in the lung and bronchoalveolar lavage of infected mice (21). Our whole genome array approach 408 

now shows the full scale of the host transcriptional changes in the lung during the development 409 

of acute pneumonia. Within 24 hours of exposure to bacteria, some 1400 genes showed altered 410 

levels of transcription, and over 3200 genes at the later time point of 72 hrs when clear signs of 411 

systemic illness (such as weight loss and bacteraemia) were evident. Most of these genes were 412 

not annotated as being directly involved in the immune response using a combination of the 413 

genes listed in both GO and IPA, presumably reflecting the massive physiological changes 414 

occurring during this time. Functional gene types including GPCR, kinases, phosphatases and 415 

transcriptional regulators were annotated in both immune and nonimmune response gene 416 

families, with an overabundance of GPCRs and transcriptional regulators associated with the 417 

immune response genes after infection. Consistent with the influx of different leucocytes into the 418 

lungs  (22), expression of multiple genes encoding chemokines, (including  CCL2, CCL7 and 419 

CXCL2), cytokines (IL6, IL18 and TNF) and the immunoregulatory pathway for IL10 were 420 

increased. Increased expression of multiple genes involved in pattern recognition were also 421 

observed, consistent with the important role of MyD88/TLR and other innate recognition 422 

pathways to resistance against B. pseudomallei (23). Several gene expression pathways were 423 

found in common between lung and blood of infected mice including, TREM1 and IL10-424 
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signaling and Granulocyte Adhesion and Diapedesis. 425 

Although acute infection of mice is frequently used to study immunity to B. 426 

pseudomallei, (2) it does not allow investigation of the latent or chronic phases of melioidosis 427 

also seen in humans living in endemic areas. To address this, we established a new model using 428 

low-dose intranasal challenge into genetically resistant  mice which leads to prolonged periods of 429 

latency but which eventually progresses in all animals to an active chronic infection, 430 

characterized  by extensive  granulomatous  lesions in the spleen containing numerous 431 

macrophages and lymphocytes (11). Enumeration of the bacterial burden in the spleen of 432 

infected animals throughout this process showed three discrete groups; i) those with undetectable 433 

bacteria and no tissue lesions (latent), ii) those with low levels of bacteria but no lesions 434 

(emerging), and iii) those with high levels of bacterial burden and obvious lesions (active). 435 

Unlike the coordinated and homogenous transcriptional response seen in the acute model, blood 436 

from chronically infected mice showed a pronounced heterogeneity in gene expression, which 437 

correlated directly with these three stages of infection. A weighted MDTH method showed that 438 

during the latent phase of infection, there is no appreciable change in host gene expression above 439 

the baseline of uninfected animals, presumably a reflection of the low numbers of bacteria in the 440 

tissues not showing an overt immune response. This heterogeneous pattern of gene expression 441 

was also observed in the spleen, the main target organ of chronic infection, and again reflected 442 

the degree of disease severity as shown by spleen lesion score.  443 

In many bacterial infections including melioidosis, a significant proportion of individuals 444 

present with signs of acute disease due to the presence of foci of bacteria in their  tissues but are 445 

blood culture negative (14). The inability to confirm the identity of the pathogen poses 446 

considerable challenges to the management of these patients and new methods to indicate the 447 
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presence of infecting organisms are needed. Here we show in mice, that blood transcriptional 448 

arrays were sufficiently sensitive to indicate the presence of B. pseudomallei  lesions  in tissues 449 

such as liver and spleen,  in the absence of bacteraemia. This most likely reflects the migration of 450 

activated cells from infected tissues into the circulation and/or the activation of blood leucocytes 451 

by subcellular fragments of bacteria, such as LPS or cell wall components, released from the 452 

lesions. These data suggest that transcriptional profiling may be a useful tool in blood culture 453 

negative patients for confirming the presence of infection, predicting the risks of dissemination 454 

and systemic illness and in identifying those likely to   relapse following antibiotic treatment by 455 

indicating the presence of residual tissue foci of infection.  456 

Using a combination of analytical methods to interrogate gene expression profiles, 457 

including GO, IPA, pathways and modular approaches, we evaluated the similarity between 458 

mouse and human blood datasets associated with B. pseudomallei infection. We first identified a 459 

common 1292 gene reference list from two sets of human melioidosis patients (14) that 460 

comprised 1131 murine orthologs and then calculated the similarity between human and mouse 461 

datasets provided by our different models of acute and chronic B. pseudomallei infection. A 462 

26.9% overlap was observed in the combined acute (day 1 and day 3) and chronic B. 463 

pseudomallei infection mouse models for the common 1292 genes perturbed in human 464 

melioidosis. Furthermore, using a focused pathway or modular approach highlighted several 465 

individual top pathways that strongly correlated in human and mouse. IPA pathways with the 466 

highest averaged overlap of human genes present across mouse pathways included upregulation 467 

of Granulocyte Adhesion and Diapedesis, Crosstalk between Dendritic Cells and Natural Killer 468 

Cells, IFN-signaling and IL10-signaling, and downregulation of genes associated with B-cell and 469 

T-cell pathways. Similarly, infectious disease-based gene modules highlighted that several of 470 
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them are similarly activated or repressed in human and mouse models. These included the 471 

upregulated modules associated with IFN-inducible, inflammation, neutrophil and myeloid 472 

genes, and the downregulated modules associated with B-cell and T-cell genes. 473 

It has been suggested that mouse models poorly mimic human inflammatory diseases 474 

(24). This prompted us to evaluate the similarity of mouse and human blood datasets associated 475 

with B. pseudomallei using the methodology adopted by Seok et al. Using the 1292 human gene 476 

reference list comprising 1131 murine orthologs we calculated the similarities between human 477 

and mouse datasets by the same approach as Seok et al (Pearson correlation, R2). We obtained R2 478 

correlations of 0.95 (human Pankla Test), 0.17 (mouse blood day 1), 0.15 (mouse blood day 3) 479 

and 0.15 (mouse blood chronic) when fold-change values of patients to healthy within the 480 

Human Pankla Training dataset were taken. The weak correlation values between 0.15 and 0.18 481 

are higher than the human-mouse correlations of 0 to 0.08 reported by Soek et al. In contrast, the 482 

murine mouse models of melioidosis strongly correlated with each other (R2 =0.60-0.62). Using 483 

this approach, we obtained strong (R2≥0.95) correlation values for human-human comparisons 484 

and weak (R2≥0.14-0.18) correlations for human-mouse comparisons. Seok et al., however, 485 

reported stronger (R2≤0.49) human-mouse correlations in individual top pathways, indicating 486 

that certain key genes and pathways illustrate similarities between mouse models and human 487 

disease, and could help to develop improved animal models. Indeed, our unbiased approach 488 

using complementary bioinformatic tools, including GO, pathway and modular analyses, 489 

demonstrates that there are clear similarities between mouse and human immune responses, as 490 

measured by the blood transcriptome, to B. pseudomallei infection. Furthermore of the 348 genes 491 

commonly perturbed between mouse and human, 51% were predicted to be directly interacting, 492 

the majority of which were involved in immune responses. 493 
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Taken together, we show that the level at which one compares human-mouse 494 

transcriptional datasets can lead to disparate conclusions regarding the similarity of mouse 495 

models to human disease. Perfect correlation between murine and human data should not be 496 

expected given the nature of the experimental versus clinical conditions. With the human dataset 497 

there is heterogeneity at the individual level, not only in terms of underlying genetic makeup of 498 

the individuals but also with regard to the dose received of infectious agent, variance in the 499 

virulence of the pathogen as well as variation in the time of sampling during the course infection 500 

all of which cannot usually be determined in humans under noncontrolled conditions. In 501 

addition, there is additional heterogeneity according to the time of initiation of treatment and 502 

type of treatment. In contrast, greater control is possible over these variables (pathogen strain, 503 

pathogen dose, mouse strain, time after infection and balanced control of experimental groups) in 504 

murine models that allows for the in-depth analysis of perturbed gene expression.  505 

Thus, while comparisons of human and mouse models of disease at the level of a global 506 

list of significantly expressed genes from human disease models may poorly correlate with 507 

expression profiles from mouse disease models, the identification of key genes or pathways 508 

shared in the response in murine and humans may reveal known and potentially novel immune 509 

response mechanisms following infection by a pathogen and may help to identify biomarkers 510 

relevant to the interplay between host and pathogen. The development of more focused 511 

approaches such as modular analysis developed in diverse mouse models is needed for 512 

interpreting and further developing animal models of human disease. Our data not only provide 513 

new information on the pathogenesis of this infection but also demonstrate that a complementary 514 

set of bioinformatics approaches can provide valuable and novel insight into the conserved 515 

response pathways in mouse and man, validating mouse models of human disease and providing 516 
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approaches to improve them. 517 

  518 
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Figure 1. See also Figure S1 that is related to Figure 1A 
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 553 

 554 

 555 

Fig. 1. Mouse blood and lung transcriptional signatures are associated with similar and 556 

distinct canonical pathways after acute B. pseudomallei infection. 557 

A. Heatmaps of normalized expression values of blood day 1 (infected n=5, uninfected n=8), 558 

lung day1 (infected/uninfected n=10), blood day 3 (infected n=9, uninfected n=11) and lung day 559 

3 (infected n=9, uninfected n=10) differentially expressed transcripts. Scale bar represents log 560 

fold change of up (red) or downregulated (blue) transcripts. See also Fig. S1.  561 

B, C. Top 5 significant Ingenuity Pathway Analysis (IPA) pathways (p<0.01 after Fisher’s Exact 562 

Test) associated with up- or downregulated transcripts found within the 1325 blood day 1; 2041 563 

lung day 1; 4810 blood day 3 and 4706 lung day 3 differentially expressed transcripts are shown. 564 

Canonical pathways that are common to day 1 blood and lung, to day 3 blood and lung, and to 565 

the four datasets are denoted by one to three asterisks, respectively.  566 

D, E. Venn diagram showing the number of overlapping transcripts between blood and lung 567 

transcriptional signatures.   568 
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 570 
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Figure 2 573 

 574 

 575 

Figure 2. See also Table S1 and Table S2  that are related to Figure 4D and 4F 
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 576 

Fig. 2. Immune genes are associated with blood and lung transcriptional signatures 577 

following acute B. pseudomallei infection. 578 

A. Bar chart of the immune and nonimmune gene distribution within the 911 blood day 1 genes, 579 

3183 blood day 3 genes, 1432 lung day 1 genes and 3254 lung day 3 genes.  580 

B. Twolayer doughnut chart showing the functional annotation of down, down immune, up and 581 

up immune genes found within blood day 1, blood day 3, lung day 1 and lung day 3 genes.  582 

C. Scatter plot of total blood and lung genes at day 1 derived by combining 911 blood day 1 and 583 

1432 lung day 1 differentially expressed genes. 722 Immune genes are marked in red. 584 

D. Venn diagram showing the common and dataset-specific genes for blood and lung at day 1 585 

post infection. The number of immune and nonimmune genes is indicated.  586 

E. Scatter plot of total blood and lungs genes at day 3 derived by combining 3183 blood day 3 587 

and 3254 lung day 3 differentially expressed genes. 1436 Immune genes are marked in red.  588 

F. Venn diagram showing the common and dataset-specific immune versus nonimmune genes 589 

for blood and lung at day 3 post infection. 590 
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Figure 3 596 
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F 

Figure 3. See also Figure S2 that is related to Figure 3A and 3F 
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 597 

 598 

Fig. 3. Mouse blood and spleen transcriptional signatures following chronic B. pseudomallei 599 

infection reveal differences in latent versus active disease state.  600 

(A, F) Unsupervised clustering based heatmaps of normalized expression values of blood chronic 601 

(infected n=28, uninfected n=18) and spleen chronic (infected n=35, uninfected n=17) 602 

differentially expressed transcripts. Scale bar represents log fold change of up (red) or 603 

downregulated (blue) transcripts. See also Fig. S1. (B, G) Molecular distance to 604 

health/uninfected (MDTH) is aligned against the hierarchical condition tree generated through 605 

unsupervised clustering (top). (C, H) Correlation of individual MDTH to lesion severity score. 606 

Horizontal bars represent the median value for each group. (D) Heatmap of 811 significant 607 

transcripts that were identified by comparing B. pseudomallei infected mice without bacteraemia 608 

(n=7) to uninfected (n=8). Lesion scores were applied to generate a supervised heatmap of the 609 

identified transcripts. (E) Bacterial counts from spleens were allocated in two groups according 610 

to the presence or absence of visible lesions. Each symbol represents an individual organ. The 611 

horizontal line represents the mean p<0.001 (***) between mice with or without visible lesions. 612 

Scale bar represents log fold change of up (red) or downregulated (blue) transcripts (A, D, F). 613 
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Fig. 4. Similar and distinct canonical pathways and immune genes are associated with 619 
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blood and spleen transcriptional signatures in active chronic B. pseudomallei disease. 620 

A. Heatmaps of infected versus active chronic infection showing unsupervised clustering of 1955 621 

blood chronic (infected n=16, uninfected n=18) and 4152 spleen chronic (infected n=20, 622 

uninfected n=17) differentially expressed transcripts. Scale bar represents log fold change of up 623 

(red) or down (blue) regulated transcripts. 624 

B, C. Ingenuity Pathway Analysis (IPA) of the up- or downregulated transcripts found within the 625 

1955 blood chronic and 4152 spleen chronic differentially expressed transcripts shows the top 5 626 

significant canonical pathways (p<0.01 after Fisher’s Exact Test). Pathways that are common to 627 

both datasets are marked with a single asterisk.  628 

D. Bar chart summarizing the immune and nonimmune gene distribution within the 1955 blood 629 

and 4152 spleen transcripts that map to 1270 and 2756 active chronic blood and spleen genes.  630 

E. Twolayer doughnut chart showing the functional annotation of down, down immune, up and 631 

up immune genes found within 1270 blood and 2756 spleen genes in active chronic infection. 632 

F. Scatter plot of total blood and spleen genes in active chronic infection derived by combining 633 

the 1270 blood and 2756 spleen genes. A list of 1044 Immune genes identified within the 3258 634 

total blood-spleen genes by searching the IPA Knowledge Base and Gene Ontology resources 635 

available through MGD are marked in red. 636 

G. Venn diagram showing the common and dataset-specific immune versus nonimmune genes 637 

for blood and spleen in active chronic infection. See also Fig. S2 for gene lists. 638 
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 640 

Fig. 5. Immune pathways including IFN-signaling are significantly associated with mouse 641 

Figure 5. See also Figure S4 and TableS4 that are related to Figure 5B 
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and human blood transcriptional signatures after B. pseudomallei infection 642 

A. Venn diagram shows 1292 overlapping genes between the Pankla Training and the Pankla 643 

Test set differentially expressed genes.  The significant gene lists were identified by stringent 644 

statistical filtering comparing blood from diseased individuals to those from healthy controls 645 

(Mann-Whitney test plus Benjamini-Hochberg correction p<0.01) on data normalized to the 646 

median of all transcripts across all samples and passing a detection value (p<0.01) and 2-fold 647 

expression value across at least 10% of samples within GeneSpring GX12.1 statistical software. 648 

B. Top 25 ranked pathways across human and mouse blood datasets after B. pseudomallei 649 

infection based on their average p-value. The dataset-specific p-values are summarized in the 650 

first panel from right. Pathway-by-pathway similarity in relation to number of genes that are 651 

common in the human Pankla 1292 gene list and mouse blood day 1, day 3 and chronic are 652 

shown in the far right panel. See also Fig. S3 for IPA top10 pathways associated with each 653 

dataset. 654 

C. Graphical representation of the IFN-signaling found within IPA. 655 

D. Intensity plot of IFN Pathway-signaling genes across B. pseudomallei infected mouse and 656 

human blood datasets listed above. Fold changes shown are based on genes found in the blood 657 

day 1 (1325 transcripts), blood day 3 (4810), blood chronic (1955) and human blood chronic 658 

(1292) with a p<0.01 from Mann-Whitney test comparing infected to uninfected followed by 659 

Benjamini-Hochberg correction. Scale bar represents log fold change of up- (red) or 660 

downregulated (blue) genes. 661 
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 663 

Figure 6A.  664 

Figure 6A. See also Figure S6 
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 665 

 666 

Figure 6B 
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Fig. 6. Modular analysis of blood transcriptional profiles reveals a degree of similarity 667 

between mouse and human datasets. 668 

Heatmap summary of significant up- or downregulations in modules associated with B. 669 

pseudomallei mouse and human datasets and passing a p-value <0.05 after t-test comparing 670 

infected to uninfected groups (top). Gene-level analysis of modules that are common across the 671 

five datasets are detailed from left to right (A) B cell (M1.3), Neutrophils (M2.2), Myeloid 672 

(M2.6), T-cell (M2.8), and IFN Inducible (M3.1); (B) Inflammation (M3.2) and Inflammation 673 

(M3.3). Scale bar represents log fold change of up (red) or down (blue) regulated genes. 674 
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 686 

Figure 7. See also Figure S4 that is related to Figure 7B 687 

Figure 7. See also Figure S7 that is related to Figure 7B 
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Fig. 7. Gene and network level analysis of common mouse-human B. pseudomallei 688 

associated transcriptional signatures. 689 

A. Percentage similarity of mouse blood B. pseudomallei infection-associated datasets to human 690 

blood 1292 Pankla gene list. The percentages range from 13.6 to 26.9% with day 1 (13.6%), day 691 

3 (22.1%), Chronic (14.7%) and Total (26.9%) mouse similarity to human Pankla 1292 gene list.  692 

B. Bar chart summarizing the immune and nonimmune gene distribution within 176 day 1, 286 693 

day 3, 190 Chronic and 348 Total mouse-human blood genes associated with B. pseudomallei 694 

infection. 695 

C. IPA network between 179 of the 348 Total mouse-human blood genes. Genes found within 696 

modules detailed in Fig. 6 are boxed, while 130 genes associated with an immune function are 697 

outlined in red. Up- and downregulated genes are indicated with red and blue shading. 698 
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