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Background. Pathogen-based diagnostics for acute respiratory infection (ARI) have limited ability to detect etiology of illness.
We previously showed that peripheral blood-based host gene expression classifiers accurately identify bacterial and viral ARI in co-
horts of European and African descent. We determined classifier performance in a South Asian cohort.

Methods. Patients >15 years with fever and respiratory symptoms were enrolled in Sri Lanka. Comprehensive pathogen-based
testing was performed. Peripheral blood ribonucleic acid was sequenced and previously developed signatures were applied: a pan-
viral classifier (viral vs nonviral) and an ARI classifier (bacterial vs viral vs noninfectious).

Results.  Ribonucleic acid sequencing was performed in 79 subjects: 58 viral infections (36 influenza, 22 dengue) and 21 bacterial
infections (10 leptospirosis, 11 scrub typhus). The pan-viral classifier had an overall classification accuracy of 95%. The ARI classifier
had an overall classification accuracy of 94%, with sensitivity and specificity of 91% and 95%, respectively, for bacterial infection.
The sensitivity and specificity of C-reactive protein (>10 mg/L) and procalcitonin (>0.25 ng/mL) for bacterial infection were 100%

and 34%, and 100% and 41%, respectively.
Conclusions.

Previously derived gene expression classifiers had high predictive accuracy at distinguishing viral and bacterial

infection in South Asian patients with ARI caused by typical and atypical pathogens.
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Acute respiratory infection (ARI) is a leading cause of illness
globally [1, 2]. A large proportion of ARI is caused by viruses
such as human rhinovirus/human enterovirus, influenza,
and respiratory syncytial virus (RSV), but viral ARI remains
one of the most common reasons for inappropriate antibiotic
use worldwide [3-7]. The overuse of antibiotics in human
healthcare is associated with an alarming rise in antimicro-
bial resistance [8]. If left uncurbed, antimicrobial-resistant
infections are estimated to result in up to 10 million deaths
annually by 2050 [9].
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Challenges associated with ARI diagnosis are an important
contributor to inappropriate antibiotic use [10]. Even with com-
prehensive testing, pathogen-based diagnostics such as culture
and nucleic acid amplification may fail to detect an organism
[11, 12]. Furthermore, the identification of an organism may
represent asymptomatic shedding rather than infection [13].
In tropical and subtropical settings, diagnosis is further con-
founded by endemic febrile infections such as dengue, lepto-
spirosis, and Q fever, which frequently present with respiratory
symptoms [14-16]. Pathogen-based diagnosis of such illnesses
generally requires laboratory infrastructure and skilled labor
that are only available in reference laboratories, leading clin-
icians to err on the side of overtreating with antibiotics [17]. An
ideal ARI diagnostic in tropical settings would thus cover the
spectrum of endemic pathogens, while offering a timely result
to inform decisions about antimicrobial use [17].

Given the limitations associated with pathogen-based
diagnostics, host-based biomarkers that detect response to
infection are an attractive complementary strategy for the
diagnosis of ARI [18]. C-reactive protein (CRP) has been
used for decades to diagnose the presence of bacterial infec-
tion, but it has been characterized by low specificity [19, 20].
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Procalcitonin (PCT) has emerged as a biomarker specific
for bacterial respiratory infection, but sensitivity and spec-
ificity have been found to be as low as 55% in some studies
[21-23]. More importantly, PCT has not been widely evalu-
ated in tropical and subtropical settings, and limited existing
data suggest that PCT may not perform well at identifying
bacterial infections such as leptospirosis and rickettsial in-
fection [19].

Our team has developed peripheral blood-based gene ex-
pression classifiers that assess a patient’s response to respira-
tory infection across the transcriptome [24-26]. A pan-viral
gene classifier consisting of 28 unique genes was initially de-
veloped to identify symptomatic viral ARI from other states.
This classifier identified viral ARI from uninfected individuals
with 97% accuracy and viral ARI from bacterial ARI with 80%
accuracy [25]. A more complex model, known as the ARI clas-
sifier, was then developed to discriminate both bacterial and
viral ARI states. The ARI classifier consists of 3 independent
signatures for bacterial, viral, and noninfectious illnesses. All
3 are applied to a symptomatic individual such that the signa-
ture with the highest probability determines class assignment.
This classifier discriminated bacterial, viral, and noninfectious
states with an overall accuracy of 87% [26]. Both the pan-viral
and ARI classifiers were derived using cohorts that included
subjects of mostly white or black race in the United States and
the United Kingdom, and who had infections caused by typical
respiratory pathogens such as influenza, RSV, and Streptococcus
pneumoniae. These classifiers have not been assessed in popula-
tions of diverse race and ethnicity and from geographic settings
in which atypical pathogens may be prevalent. In this study, we
assessed the ability of our previously developed gene expression
classifiers to accurately classify fever associated with ARI in a
Sri Lankan cohort.

METHODS

Study Cohort

We collected acute-phase serum, a nasopharyngeal swab,
and a peripheral blood sample in PAXgene ribonucleic acid
(RNA) tubes (PreAnalytiX, Franklin Lakes, NJ) in consecu-
tive subjects >15 years of age hospitalized in the largest ter-
tiary care hospital in southern Sri Lanka from June 2012 to
May 2013. Subjects were eligible for enrollment within the
first 48 hours of admission if they had documented fever
>38°C, at least 1 significant respiratory symptom, and lacked
signs of a focal infection (eg, urinary tract infection, gastro-
enteritis). A convalescent serum sample was collected 2-4
weeks after discharge. Demographic and clinical data were
obtained at enrollment and during the course of hospitali-
zation. All subjects were noted to be of Sri Lankan descent;
specificity of ethnicity was not obtained.

Etiologic Testing and Phenotypic Classification

The nasopharyngeal sample collected from each subject was
placed in viral transport media and frozen at —70°C. The
sample was tested using the Luminex Integrated System NxTAG
Respiratory Pathogen Panel platform (Luminex Corporation,
Austin, TX), which detects 19 respiratory viruses and 3 bac-
teria [27]. Serum specimens were shipped on dry ice for offsite
testing. Acute dengue was confirmed using immunoglobulin
G enzyme-linked immunosorbent assay (ELISA), virus iso-
lation, real-time reverse-transcription polymerase chain re-
action (RT-PCR) for dengue virus (DENV), and RT-PCR for
flaviviruses, as previously described [28]. Acute leptospirosis
was confirmed as a >4-fold rise by microscopic agglutination
testing (MAT) with a convalescent titer of >200, including in
the case of seroconversion, or a single MAT titer of >800. We
confirmed acute scrub typhus caused by Orientia tsutsumagushi
as a >4-fold rise in titer from acute to convalescent-phase
sample by indirect immunofluorescence assay.

Ribonucleic Acid Sequencing

To assess the performance of our classifiers, we selected a
subset of subjects with definitive etiologic diagnoses to move
forward for RNA sequencing. Total RNA was extracted using
the QIAGEN PAXgene Blood miRNA Kit (QIAGEN, Hilden,
Germany). The RNA quantity and quality were assessed using
a NanoDrop Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA), Agilent 2100 Bioanalyzer (Santa Clara, CA),
and Qubit 2.0 (Thermo Fisher Scientific) [29].

Ribonucleic acid sequencing was performed in 2 batches. In
the first batch, stranded messenger RNA (mRNA) sequencing
libraries were prepared using the GLOBINclear Human Kit
(Invitrogen, Carlsbad, CA) with a TruSeq Stranded mRNA
Library Prep Kit. Libraries were sequenced at 50-base pair (bp)
paired-end on an Illumina HiSeq instrument at EA Genomics
(Research Triangle Park, NC). Approximately 40 million read
pairs per sample were generated. Adapters were removed using
Trimmomatic v0.38, reads were aligned to the hg38 reference
transcriptome using Bowtie2, and alignments were quantified
at the transcript level using Express version 1.5.1. Counts were
normalized using trimmed-mean normalization. A sequencing
batch effect was corrected with the ComBat method [30].

In the second batch, stranded RNA-Seq libraries were pre-
pared using the commercially available Nugen Universal Plus
mRNA-Seq kit (NuGEN Technologies, Redwood City, CA).
Nugen’s AnyDeplete-mediated transcript depletion was used
to eliminate globin mRNA transcripts from final libraries.
Libraries were sequenced at 50-bp paired-end on an Illumina
NovaSeq instrument (Duke University Sequencing and
Genomic Technologies Core). Approximately 50 million read
pairs per sample were generated. Sequence data have been de-
posited into GEO (accession number GSE149947).
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Procalcitonin and C-Reactive Protein Testing

To compare gene expression classifier results to known
biomarkers, we performed serum CRP and PCT testing.
Quantitative measurement of human CRP by sandwich im-
munoassay with electrochemiluminescent detection was
performed using 2 different platforms depending on the avail-
ability and country of location of serum samples. Some serum
CRP measurements were performed at 1:1000 dilution, in du-
plicate, using Human CRP V-PLEX assay kit and QuickPlex SQ
120 Imager (Meso Scale Discovery, Rockville, MD; performed
through the Duke Molecular Physiology Institute Biomarkers
Core). Other serum CRP measurements were performed using
the CRP XL assay kit (DiAgam, Ghislenghien, Belgium; per-
formed through Durdans Laboratory, Sri Lanka).

Quantitative measurement of human PCT was also per-
formed using 2 different platforms depending on the avail-
ability and location of serum samples. Some serum PCT
measurements were conducted using the VIDAS BRAHMS
PCT kit using the ELISA technique via the Mini-VIDAS plat-
form (bioMérieux, Marcy-I'Etoile, France). Other serum PCT
measurements were performed using the Exdia PCT (Precision
Biosensor Inc., Daejeon, Korea; performed through Durdans
Laboratory, Sri Lanka).

Statistical Analysis

The 2 original models included a pan-viral classifier that dis-
tinguished 2 classes (viral and nonviral) and an ARI classifier
that distinguished 3 classes (separate signatures predicting bac-
terial infection, viral infection, and noninfectious illness) [25,
26]. Affymetrix probe set identifiers were mapped to RefSeq
transcript identifiers: 65 (pan-viral signature), 71 (ARI viral sig-
nature), 203 (ARI bacterial signature). The pan-viral model de-
termined classification using a cutoff closest to the top left point
of the receiver operating characteristic curve (the “01” method).
The ARI classifier used a one-versus-all scheme in which class
was assigned by the highest predicted probability. Regularized
logistic regression (lasso) was used to predict bacterial and viral
infections for both of these prior signatures, and performance
characteristics were estimated using repeated, nested 5-fold
cross-validation [31, 32]. For the pan-viral classifier, cases were
classified as “discordant” if they were misclassified when using
the threshold based on the “01” method. For the ARI classi-
fier, cases were classified as “discordant” if the class of infec-
tion based on phenotypic classification and the class with the
highest probability were different [26].

The area under the receiver operating characteristic
(AUROC) curve, sensitivity, and specificity of CRP and PCT
for bacterial infections were also determined. Values below the
lower limit of detection (LOD) were imputed as half the LOD (1
subject for CRP; 10 subjects for PCT), and subjects at the upper
limit of quantitation (LOQ) were assigned the upper LOQ (1
subject for PCT). Cross-validation was used to estimate the

AUROC using logistic regression on log-transformed values.
All statistical analyses were performed in the R environment
for statistical computing (additional packages include ggplot2;
OptimalCutpoints) [33].

Ethical Approval

Written informed consent was obtained from all subjects and
from parents or guardians of minors, and assent was obtained
from all subjects who were 15-17 years of age. The institutional
review boards of the Faculty of Medicine, University of Ruhuna
(Sri Lanka), Duke University Medical Center (Durham, NC),
and Johns Hopkins University (Baltimore, MD) approved this
study. The investigators adhered to the policies regarding the
protection of human subjects as prescribed by Code of Federal
Regulations (CFR) Title 45, Volume 1, Part 46; Title 32, Chapter
1, Part 219; and Title 21, Chapter 1, Part 50 (Protection of
Human Subjects).

RESULTS

Phenotypic Classification and Subject Characteristics
Among 420 subjects with fever and respiratory symptoms, eti-
ologic testing confirmed dengue in 184 (43.8%), influenza in
74 (17.6%), leptospirosis in 35 (8.3%), and scrub typhus in 26
(6.2%). Median age was 32.7 years (interquartile range [IQR],
24.2-47.3), 64.1% were male, and median duration of fever at
enrollment was 4 days (IQR, 3-6). Among 319 subjects with
a positive etiologic test result, a subset of 79 subjects (24.5%
of patients with a positive etiologic test result) was selected at
random for RNA sequencing based on funding availability: 58
subjects with viral infections (22 dengue, 36 influenza) and 21
subjects with bacterial infections (10 leptospirosis, 11 scrub
typhus) (Figure 1). All subjects were selected for sequencing
before any host response information, including CRP or PCT
results, were reviewed. All subjects with dengue, leptospirosis,
and scrub typhus who were included in the sequencing subset
tested negative for respiratory viruses on the Luminex platform.
Among the 79 subjects for whom RNA sequencing was per-
formed, median age was 37.3 years (IQR, 23.1-52.9) and 54.4%
were male (Table 1). Median duration of fever at enrollment was
4 days (IQR, 3-6). Among 5 respiratory symptoms and signs
assessed (cough, sore throat, rhinitis/congestion, shortness of
breath, pain with breathing), median (IQR) number of respira-
tory symptoms at enrollment was 2 (1-2) for influenza, 1 (1-2)
for dengue, 2 (1-2) for leptospirosis, and 1 (1-2) for scrub ty-
phus. Overall, 56.9% of viral and 61.9% of bacterial infections
were treated with antibiotics at enrollment.

Classifier Performance

When applying the pan-viral classifier, which was derived to
identify subjects with viral infection versus healthy subjects,
we observed high predictive accuracy in discriminating viral
infections from bacterial infections, with an AUROC of 0.941
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Flow diagram showing how subjects were enrolled into the study and selected for ribonucleic acid sequencing in the final analysis set.

(Figure 2a). The 2 viral etiologies (dengue and influenza) had

a high probability of being identified by the pan-viral classi-

fier, when compared with the bacterial etiologies (Figure 2b).

Sensitivity and specificity of the pan-viral model for identifying

viral infections were 98% and 91%, respectively (Table 2).
Opverall classification accuracy of the pan-viral model was 95%.

The ARI classifier is composed of multiple signatures that

provide independent probabilities of bacterial infection, viral

Table 1.

Demographic and Clinical Features of Sri Lankan Subjects With Fever and Respiratory Symptoms Who Were Selected for RNA Sequencing®

Characteristic

Etiologic Classification

Viral

Bacterial

Dengue n = 22

Influenza n = 36

Leptospirosis n = 10

Scrub Typhus n = 11

Age (years)

Male

Days of fever at enrollment
Number respiratory symptoms
Rhinitis/congestion

Cough

Sore throat

Shortness of breath

Pain with breathing
Temperature at admission (°F)

WBC count x 10%/L within 48 hours of admission
Platelet count x 10%/L within 48 hours of admission

Neutrophil% at admission
Lymphocyte % at admission
Antibiotic use at enrollment
Abnormal chest x-ray (if performed)

31.3 (22.7-561.1)
9 (40.9%)
4 (3-6)
1(1-2)
6 (27.3%)
11 (50.0%)
4(18.2%)

7 (31.8%)
4(18.2%)
101.5 (99.0-102.0)
4.0(2.7-5.2)
135 (88-154)
71.5 (56.0-80.9)
20.9 (12.6-37.0)
8 (36.4%)

0ofb

374 (23.0-572)
22 (61.1%)
3(3-4.5)

2(1-2)
15 (42.9%)
35 (100.0%)
11 (30.6%)
6 (16.7%)

2 (5.6%)
101.4 (99.0-102.0)
74 (6.7-10.2)
200 (163-268)
74.7 (70.0-78.6)
18.2 (12.8-20.5)
25 (69.4%)

10f 12 (8.3%)

40.9 (34.5-43.3)
8(80.0%)
4 (2-6)
2(1-2)
0
6 (60.0%)
6 (60.0%)
3(30.0%)

4 (40.0%)
103.2 (102.0-104.0)
7.8 (56.9-9.6)
141 (87-182)
80.7 (77.2-86.4)
9.5 (7.2-11.4)
8 (80.0%)
0of3

37.3 (28.0-50.9)
4 (36.4%)
7 (4-12)
1(1-2)
2 (18.2%)
9 (81.8%)
2 (18.2%)
1(9.1%)
3(27.3%)
100.0 (98.4-103.0)
11.3 (6.9-14.0)
208 (142-257)
76.7 (66.6-82.0)
15.6 (10.8-27.4)
5 (45.5%)
2 of 5(40.0%)

Abbreviations: RNA, ribonucleic acid; WBC, white blood cell.
*Median (25%-75% interquartile range) or frequency (percentage), as appropriate, is listed.

4 « OFID . Tillekeratne et al



>

AUROC = 0.941

Cross-validated pan-viral probability

0.6 4 * Diagnosis
£ VIRAL
i £ BACTERIAL
0.3 -
0.0 - o
VIRAL BACTERIAL
Diagnosis

B AUROC = 0.941
Z 00 f T ] .! .
2 ol 3
<
el
S s
Q- L]
£ :
; 0.6 4 - Model
g F1 VIRAL
3 o F9 BACTERIAL
<
Tz
K|
7 034 .
§ .
O .

0.0 1 %

INFLUENZA DENGUE BACTERIAL
Diagnosis

Figure 2. (a) Predicted probabilities when applying the previously developed pan-viral signature in a Sri Lankan cohort of subjects with fever and respiratory symptoms. (b) Predicted
probabilities of the individual viral etiologies (dengue and influenza) compared with the nonviral (ie, bacterial) etiologies. AUROC, area under the receiver operating characteristic.

infection, and a noninfectious process. Because our cohort did ~ again we observed high predictive accuracy. For the detection
not include subjects with noninfectious illnesses, we only ap-  of viral infection, the model had an AUROC of 0.907, which
plied the viral and bacterial models of the ARI classifier, and ~ corresponded to 90% sensitivity and 86% specificity (Figure 3a

Table 2. Sensitivity, Specificity, Positive Likelihood Ratio, and Negative Likelihood Ratio of the Pan-Viral Model, Viral and Bacterial Models of the ARI
Classifier, CRP, and PCT Among Sri Lankan Subjects

Model Sensitivity Specificity Positive Likelihood Ratio Negative Likelihood Ratio
Pan-viral 0.98 0.91 10.32 0.02

ARI classifier, viral model 0.90 0.86 6.28 0.12

ARI classifier, bacterial model 0.91 0.95 17.49 0.10

CRP (>10 mg/L) 1.00 0.34 1.51 0

CRP (>20 mg/L) 1.00 0.50 2.00 0

PCT (>0.25 ng/mL) 1.00 0.41 1.70 0

PCT (>0.5 ng/mL) 0.90 0.68 2.80 0.15

Abbreviations: AR, acute respiratory infection; CRP. C-reactive protein; PCT, procalcitonin.
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Figure 3.

(a) Predicted probabilities when applying the viral and bacterial models of the previously developed bacterial/viral/noninfectious acute respiratory infection

classifier in a Sri Lankan cohort of subjects. (b) Predicted probabilities of the individual viral infections (dengue and influenza) compared with the bacterial etiologies when
applying the viral model. (c) Predicted probabilities of the 2 bacterial infections (leptospirosis and scrub typhus) when applying the bacterial model. AUROC, area under the

receiver operating characteristic.

and Table 2). The model also performed well at identifying bac-
terial infection, with an AUROC of 0.947 corresponding to 91%
sensitivity and 95% specificity. The viral model identified the
2 viral etiologies (dengue and influenza) with high probability
(Figure 3b), and the bacterial model identified the 2 bacterial
infections (leptospirosis and scrub typhus) with high proba-
bility (Figure 3c). Figure 4 depicts each subject and predicted
probabilities when the bacterial and viral models were applied

separately to each individual. Overall classification accuracy of
the ARI classifier was 94%.

Discordant Classifications

To better understand discordant classifications, we individually
reviewed the cases that were misclassified (Table 3). Overall,
there were 7 discordant cases: 4 when using the pan-viral classi-
fier (2 viral and 2 bacterial infection) and 5 when using the ARI
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classifier (all bacterial infection), with 2 bacterial cases misclas-
sified when using both classifiers (Table 3). The 2 misclassified
patients with viral infection had dengue, whereas 4 of 5 mis-
classified patients with bacterial infection were diagnosed with
scrub typhus. For 3 of the 5 misclassified bacterial cases, the
bacterial probability was only minimally lower than the viral
probability, suggesting coinfection if using independent (not
winner-take-all) classifications.

Biomarker Testing

Of 76 subjects with sera available for both CRP and PCT testing,
56 subjects had viral infection (21 dengue, 35 influenza) and
20 subjects had bacterial infection (9 leptospirosis, 11 scrub
typhus). Median CRP was 20.1 mg/L (IQR, 6.58-55.33 mg/L)
among subjects with viral infection and 112.10 mg/L (IQR,
81.30-158.67 mg/L) among subjects with bacterial infection.
Using a standard CRP cutoff of >10 mg/L, the sensitivity and
specificity of CRP for bacterial infections were 100% and 34%,
respectively (Table 2) [19]. Specificity increased to 50% when
using a higher CRP cutoff of >20 mg/L. The AUROC of CRP
for bacterial infections was 0.857. Median PCT was 0.32 ng/mL
(IQR, 0.14-0.73 ng/mL) among subjects with viral infection
and 1.73 ng/mL (IQR, 1.00-4.09 ng/mL) among subjects with
bacterial infection. Using a PCT cutoff of >0.25 ng/mL, which
is recommended for respiratory indications, the sensitivity and
specificity of PCT for bacterial infection were 100% and 41%,
respectively [34]. Specificity increased to 68% when using a
higher PCT cutoff of >0.50 ng/mL, which is recommended for
sepsis indications. The AUROC of PCT for bacterial infection
was 0.829.

DISCUSSION

We demonstrated that ARI gene expression classifiers that were
derived in United States and United Kingdom cohorts of prima-
rily European and African descent performed well at identifying
bacterial versus viral infection in a South Asian population. Our
results suggest that the primary host response to bacterial and
viral infection consists of gene pathways that are conserved
across race and ethnicity; however, our findings need to be cor-
roborated in other cohorts. In addition, our classifiers had high
accuracy regardless of whether the infection was caused by a
typical respiratory pathogen, such as influenza, or a pathogen
not traditionally associated with ARI, such as O tsutsumagushi.
In the case of systemic febrile illnesses such as dengue and lep-
tospirosis, in which nonspecific symptoms prevail and a con-
siderable minority have respiratory symptoms confounding
clinical diagnosis, a single class-specific diagnostic may pro-
vide great benefit over multiple pathogen-based diagnostics in
guiding antimicrobial therapy.

In our Sri Lankan cohort, the ARI classifier had an overall
accuracy of 94% at identifying viral and bacterial infection.
Although the ARI classifier had slightly lower overall perfor-
mance compared with the pan-viral classifier, its ability to iden-
tify bacterial infection makes it a more advantageous option.
In addition, the ARI classifier incorporates a noninfectious
classifier as a control group, improving applicability to cohorts
with noninfectious causes of respiratory illness. Our classifiers
were initially derived in cohorts from the United States and
United Kingdom; among those in whom racial information
was collected, the majority of these subjects self-identified as
being of white or black race. Because differences in biomarker
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Table 3. Subjects With Discordant Predictions Compared to Etiologic Testing When Assessing the Pan-Viral Classifier and ARI Classifier, Southern

Sri Lanka

Pan-Viral Classifier ARI Classifier

Confirmed Viral
Phenotype Diagnosis  Probability — Diagnosis Probability

Bacterial
Probability CRP (mg/L) mL)

PCT (ng/
Clinical Features

Dengue Bacterial 0.620 Viral 0.453 0.335

Dengue Bacterial 0.704 Viral 0.740 0.165

Scrub typhus Viral 0.951 Viral 0.950 0.070

Scrub typhus Viral 0.987 Viral 0.855 0.027

Scrub typhus Bacterial 0.661 Viral 0.394 0.329

Leptospirosis  Bacterial 0.478 Viral 0.673 0.646

Scrub typhus Bacterial 0.010 Viral 0.603 0.506

.95 0.64 22 y/o F admitted with 9 d of fever and cough.
Clinical diagnosis of dengue at admission
and at discharge. No antibiotic therapy at en-
rollment. WBC?® 4.8 (42 % neutrophils) and
platelets® 19 000 at admission. CXR clear. No

cultures sent.

- - 20 y/o F admitted with 5 d of fever and 1 d of
cough. No antibiotic therapy at enrollment.
WBC 2.1 (63% neutrophils) and platelets 146
000 at admission. No CXR. No cultures sent.

59 y/o F admitted with 16 d of fever and cough.
Clinical diagnosis of scrub typhus at admission
and lobar pneumonia at discharge. Treated with
erythromycin and amoxicillin/
clavulanate at enrollment. WBC 14.0 (84 %
neutrophils) and platelets 521 000 on d 2 of
admission. CXR with alveolar infiltrate in right
lower lobe. No cultures sent.

48 y/o M admitted with 4 d of fever and 2 d of
cough. Clinical diagnosis of dengue vs lepto-
spirosis at admission and dengue at discharge.
Treated with 3rd-generation cephalosporin at
enrollment. WBC 3.3 (neutrophils 71%) and
platelets 17 000 at admission. No CXR. No
cultures sent.

50 y/o M admitted with 14 d of fever and 3 d of
cough. Clinical diagnosis of malaria at admis-
sion and tuberculosis at discharge. No anti-
biotic therapy at enrollment. WBC 5.9 (62 %
neutrophils) and platelets 157 000 on d 2 of
admission. No CXR. No cultures sent.

34 y/o M admitted with 2 d of fever and 1 d of
sore throat. Clinical diagnosis of nonspecific
viral fever at admission and leptospirosis at
discharge. Treated with penicillin at enroliment.
WBC 5.2 (77% neutrophils) and platelets 251
000 on d 2 of admission. No CXR. No cultures
sent.

27 y/o M admitted with 3 d of fever, rhinitis, and
productive cough. Clinical diagnosis of non-
specific viral fever on admission and sepsis at
discharge. Treated with amoxicillin/
clavulanate and cloxacillin at enrollment. WBC
23.4 (81% neutrophils) and platelets 302 000
at admission. CXR clear. No cultures sent.

.25 3.36

.02 1.9

. 1.24

.03 4.4

1561.63 26.4

Abbreviations: AR, acute respiratory infection; CRP. C-reactive protein; CXR, chest x-ray; d, day; F, female; M, male; PCT, procalcitonin; WBC, white blood cell count; y/o, year old.

“Units for WBC: x10%/L.
PUnits for platelets: x10%/L.

expression between races/ethnicities have been identified in on-
cologic studies, the finding of similar performance of our clas-
sifiers in a racially distinct, South Asian cohort is an important
one [35]. The Sri Lankan racial make-up is homogeneous and
Asian, with major ethnicities including the Sinhalese (75%), Sri
Lankan Tamils (11%), Moors (9%), and Indian Tamils (4%) [36,
37]. Further studies of our classifiers in racially and ethnically
diverse populations are warranted.

Others have shown that transcriptional measures of host
response are a promising method for distinguishing between

bacterial and viral ARI, with genes relevant to the immune re-
sponse to infection (eg, neutrophil-related versus interferon-
related genes) being a distinguishing component of these
classifiers [38, 39]. Selected examples of such classifiers include
a 10-gene signature for distinguishing between viral and bac-
terial lower respiratory tract infection and a 35-gene signature
for distinguishing between influenza and bacterial infection in
pediatric subjects [38, 40]. Our pan-viral classifier consists of
28 unique genes, and the viral and bacterial signatures of our
ARI classifier consist of 26 and 71 unique genes, respectively.
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Two unique genes (LY6E and OASL) are represented in both the
pan-viral classifier and viral signature of the ARI classifier, and
3 unique genes (IFI127, IFIT1, and SIGLECI) are represented in
both the pan-viral classifier and the bacterial signature of the
ARI classifier. Many of the genes in these classifiers (including
the overlap genes of OASL, IFI27, and IFIT1) are involved in
potent antiviral responses.

More important, our classifiers performed well despite the
bacterial etiologies consisting of atypical, intracellular patho-
gens such as Leptospira spp and O tsutsumagushi, and the
viral etiologies including a nonrespiratory virus (DENV).
Nonspecific febrile illnesses may be difficult to diagnose using
standard pathogen-based testing in low- or middle-income
country (LMIC) settings, and epidemiology may vary widely
depending on geographic location and season. In LMICs,
erythrocyte sedimentation rate and CRP have classically been
used as host-based tests to help identify class of infection, with
the latter being more widely used for acute infection. However,
both the sensitivity and specificity of CRP are limited at dis-
tinguishing bacterial versus viral infections [41]. Procalcitonin
has emerged as the most promising single biomarker for distin-
guishing between bacterial and viral ARI in Western settings.
In our study, the sensitivity of both CRP and PCT for bacterial
infection was high. Unfortunately, neither test had very high
specificity, possibly due to the inclusion of atypical bacterial
pathogens. In prior studies in Laos, Cambodia, and Thailand,
CRP had better performance characteristics than PCT at distin-
guishing between viral infections and bacterial infections such
as rickettsioses and leptospirosis [19, 42]. In another study of
acute febrile illness in Indonesia, CRP outperformed PCT in a
cohort that included arboviral infections, murine typhus, lep-
tospirosis, and typical bacterial syndromes such as pneumonia
[43]. Gene expression classifiers incorporating multiple mRNA
biomarkers into a panel may provide a compelling new diag-
nostic tool for improving antimicrobial use.

The high cost of gene expression classifier testing will remain
a barrier to the practicable application of such technology in
LMICs. However, the need for better diagnostics to improve
antimicrobial use in LMICs is paramount. Global antimicrobial
consumption rose by 65% between 2000 and 2015, with the ma-
jority of this increase occurring in LMICs [44]. The associated
societal direct cost of antimicrobial resistance is estimated to
range from $2 to $20 billion annually in the United States alone;
accounting for such societal costs may decrease the acceptable
cost threshold for diagnostics, as we have shown in a prior anal-
ysis [45-47]. In addition, constant improvements in technology
are making measurement of RNA biomarkers more affordable
and accessible [48]. To positively impact antimicrobial steward-
ship, gene expression classifier technology will need to provide
a test result in a timely fashion. Our team is currently exploring
the translation of this technology to a rapid platform. Analysis
of host transcriptomic response to viral infection based on

noninvasive samples, such as nasal epithelial cells, also shows
promising results and may offer a more practicable approach in
the future [49].

We observed few cases in which there was discordance be-
tween gene expression classifier performance and etiologic di-
agnosis. Because reference standard testing was performed, it
is possible that initial sample processing or RNA isolation and
quantification may have played a role in gene classifier perfor-
mance. It is interesting to note that, when assessing the ARI
classifier, all discordant cases were due to bacterial infections
misclassified as viral infections. Because the bacterial etiologies
included in this analysis were intracellular, atypical pathogens,
they may result in an immune response more characteristic of
viral pathogens, as has been shown with intracellular pathogens
such as Mycobacterium tuberculosis [50]. In addition, 3 of the 5
misclassified bacterial cases had bacterial probabilities that were
only minimally lower than the viral probabilities, suggesting
potential coinfection. Finally, 4 of the 5 misclassified subjects
with bacterial infection were receiving antibiotics at the time
of enrollment, which may have led to decreased performance
of the bacterial signature as subjects responded to therapy and
immune response lessened.

Some limitations must be noted. We used results from rig-
orous pathogen-based diagnostic testing among subjects
who fit a consistent clinical scenario as our phenotypic gold
standard. However, current reference standards for these diag-
nostics are imperfect. We performed etiologic testing for the
most common causes of acute febrile illness in this region of Sri
Lanka, but testing was not comprehensive for all known patho-
gens, and there may have been errors in etiologic classification.
The few misclassifications we observed may have been due to
an imperfect gold standard or due to true misclassification; as
with all diagnostic tests, use of these classifiers would require
clinical judgment, and we would expect our host-based diag-
nostics to be used as a complementary test with pathogen-based
diagnostics. We did not have typical bacterial respiratory patho-
gens such as S pneumoniae in our cohort because we enrolled a
cohort presenting with acute febrile illness and significant res-
piratory symptoms. Our sample size was limited, but we sought
to validate a previously developed signature. Our results are also
not generalizable to children, because only subjects >15 years
of age were included. Finally, the performance of our classifiers
in the presence of co-infection needs to be evaluated in future
studies.

CONCLUSIONS

In conclusion, our pan-viral and ARI gene expression classifiers
derived in populations of European and African descent had
high accuracy at distinguishing bacterial and viral infection in
a South Asian population. Our results must be corroborated in
other ARI cohorts of diverse race, ethnicity, and pathogen type
to help translate this work to clinical application.
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