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Clinical Evaluation of a Blood Assay to Diagnose
Paucibacillary Tuberculosis via Bacterial Antigens

BACKGROUND:

The diagnosis of active tuberculosis (TB)
cases primarily relies on methods that detect Mycobacterium
tuberculosis (Mtb) bacilli or their DNA in patient samples
(e.g., mycobacterial culture and Xpert MTB/RIF assays),
but these tests have low clinical sensitivity for patients with
paucibacillary TB disease. Our goal was to evaluate the clinical performance of a newly developed assay that can rapidly
diagnose active TB cases by direct detection of Mtb-derived
antigens in patients’ blood samples.
METHODS: Nanoparticle (NanoDisk)-enriched peptides
derived from the Mtb virulence factors CFP-10 (10-kDa
culture factor protein) and ESAT-6 (6-kDa early secretory antigenic target) were analyzed by high-throughput mass spectrometry (MS). Serum from 294 prospectively enrolled Chinese adults were analyzed with this NanoDisk-MS method to
evaluate the performance of direct serum Mtb antigen measurement as a means for rapid diagnosis of active TB cases.
RESULTS: NanoDisk-MS diagnosed 174 (88.3%) of the
study’s TB cases, with 95.8% clinical specificity, and with
91.6% and 85.3% clinical sensitivity for culture-positive
and culture-negative TB cases, respectively. NanoDisk-MS
also exhibited 88% clinical sensitivity for pulmonary and
90% for extrapulmonary TB, exceeding the diagnostic performance of mycobacterial culture for these cases.
CONCLUSIONS: Direct detection and quantification of serum Mtb antigens by NanoDisk-MS can rapidly and accurately diagnose active TB in adults, independent of disease
site or culture status, and outperform Mycobacterium-based
TB diagnostics.
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Tuberculosis (TB)10 is a highly prevalent and deadly infectious disease, with a worldwide incidence of more than
10.4 million new cases and 1.4 million deaths in 2015
according to the latest World Health Organization estimates (1 ). In China and other developing countries, TB
diagnosis still heavily relies on microbiologic techniques,
including smear microscopy for acid-fast bacilli (AFB)
and the “gold standard” of mycobacterial culture (2, 3 ),
which has a very long sample-to-answer timeframe. Both
methods, however, have low clinical sensitivity for paucibacillary TB cases, which account for ⬎60% of new TB
cases each year in emerging TB-endemic areas such as
China (1, 4, 5 ). The PCR-based Xpert MTB/RIF assay
can increase the diagnosis speed and clinical sensitivity in
multibacillary TB, but it still requires sputum or invasive
biopsy specimens, exhibits moderate clinical sensitivity in
patients with paucibacillary TB (e.g., Mycobacterium tuberculosis (Mtb) culture- or smear-negative TB cases), and
cannot differentiate between live and nonviable Mtb bacilli to monitor response to anti-TB therapy (6 –10 ).
Blood-based IFN-␥ release assays measure ex vivo immune responses to assay-introduced Mtb antigens and
cannot distinguish between active TB and latent TB infection (11, 12 ).
Mtb bacilli robustly secrete CFP-10 (10-kDa culture
filtrate antigen) and ESAT-6 (6-kDa early secretory antigenic target) to promote immunopathologic responses,
and loss of either gene results in a significant reduction in
virulence, strongly indicating these factors are specific for
virulent mycobacteria (13–16 ). These factors appear to
represent ideal biomarkers for active TB because their
detection in any clinical patient sample constitutes evidence of active TB disease (17, 18 ). Current Mtb antigen
immunoassays have poor diagnostic performance, however,
which appears to result in part from antigen masking by host
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Methods
PARTICIPANTS

A total of 376 adults (ⱖ18 years of age) who visited the
Shandong Chest Hospital in China for TB screening in
2013 were enrolled in this study. Eligibility criteria for
participants were no history of prior TB treatment or
HIV infection and written informed consent. Exclusion
criteria for eligible subjects were missing or contaminated
samples, incomplete procedures (lost to follow-up),
and/or diagnosis of NTM infection. Study approvals
were obtained from the Institutional Review Boards at
Houston Methodist Hospital and Shandong Chest Hospital. Standard bacteriological and radiological tests were
performed by an ISO15189-certified TB reference laboratory at Shandong Chest Hospital. Clinical services for
sample and information collection were performed under
contract on a fee-for-service basis.
CHARACTERIZATION OF PARTICIPANTS AND DEFINITIONS

Demographics, risk factors, clinical history, and findings
were documented on a standardized case report form.
The Diagnostic Criteria for Tuberculosis (WS288 –
2008) guidelines established by the People’s Republic of
China were used as a general guideline to diagnose and
classify all patients. Enrolled study participants were evaluated for risk of active TB based on their chest radiography, symptoms, and medical history results. Individuals
suspected to have active TB disease based on one or more
of these criteria were evaluated with AFB smears of 3
consecutive early morning sputa samples (ⱖ24 h apart)
and 8 weeks of mycobacterial cultures of sputum (3–5
mL) or specimens from other suspected infection sites.
The Xpert MTB/RIF assay was not routinely available at
the study site during this study. All enrolled participants
had a 10-mL blood sample drawn before the start of
anti-TB therapy. Venous blood samples were drawn into
red top Vacutainer Tubes, which were gently inverted 5
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times and incubated at room temperature for 30 min;
then, they were centrifuged at 1000g for 10 min to isolate
serum samples that were stored at ⫺80 °C until thawed
for analysis. Sputum samples were immediately processed
and refrigerated within 4 h of collection. Decontamination
of sputum specimens followed standard internationally recommended sodium hydroxide and N-acetyl-L-cysteine
(NaOH-NALC) methodology (20, 21 ). Serum samples
were not fixed or otherwise processed before digestion, and
all sample preparation and handling steps were therefore
conducted in a biosafety hood designated for this study in
accordance with standard biosafety protocol for handling
unfixed human blood samples. Experimental details are described in the Materials section of the Supplemental Information that accompanies the online version of this article at
http://www.clinchem.org/content/vol64/issue5).
Patients in whom the sites of disease were exclusively
confined to lungs, pleura, and intrathoracic lymph nodes
were classified as pulmonary TB. Patients whose disease
extended to organs or tissues outside the thorax were
considered to have extrapulmonary TB. Patients with
both pulmonary and extrapulmonary disease findings
were classified as pulmonary TB. A culture-positive TB
case was defined as a mycobacterial culture-positive result, confirmed by Mtb-specific PCR amplification. A
culture-negative TB case was diagnosed based on the
physician’s clinical assessment and the patient’s response
to treatment at the end of anti-TB therapy. Non-TB
individuals were defined by: (a) negative chest radiography results and the absence of symptoms or history consistent with TB infection at the time of sample collection
and follow-ups and/or (b) no anti-TB therapy administered, based on physician’s clinical recommendation.
NANODISK-MS ASSAYS

Serum samples (100 L) were digested for 20 min with
10-g sequencing-grade modified trypsin under microwave irradiation. NanoDisk particles functionalized with
peptide-specific antibody were incubated with digested
serum samples for 2 h at 25 °C with constant rotary mixing, after which peptide-loaded NanoDisk particles were
directly spotted on the target for MALDI-TOF MS
detection (19 ). Standard recombinant CFP-10 and
ESAT-6 were trypsin-digested and analyzed on an
AXIMA Resonance MALDI-TOF MS to select monovalently charged target peptide ions. CFP-10 and ESAT-6
peptide ions (m/z 1593.75 and 1900.95, respectively)
were selected for diagnostic NanoDisk-MS assays owing
to their high signal-to-noise ratios. Isotope-labeled versions of these 2 peptides with 10-Da mass increases (m/z
1603.60 and 1910.80) were synthesized as internal standards, and the MS intensity ratio of each target peptide
and its internal standard in each sample was calculated for
absolute quantification of serum CFP-10 and ESAT-6
concentration. Pooled human serum from non-TB cases
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antibodies as well as potential interference by homologous
antigens secreted by nontuberculous mycobacteria (NTM).
We recently developed a peptide-based approach that overcomes both these issues by using antibody-conjugated porous discoidal nanoparticles (NanoDisks) to (a) bind Mtbspecific CFP-10 and ESAT-6 peptides present in digested
serum samples of TB cases and (b) enhance their quantitative detection by bench-top MALDI-TOF mass
spectrometry (MS) (19 ). In this study, we employed
an adult Chinese patient population to validate whether
NanoDisk-MS assay results correlated with clinical diagnoses, outperformed culture and histology tests used to
diagnose active TB in adults, and revealed differential
clinical sensitivity for pulmonary and extrapulmonary
TB cases or Mtb culture-positive and culture-negative TB
cases.

Serum Antigen Detection for Accurate TB Diagnosis

ANALYTICAL PERFORMANCE

Clinical samples were pooled to generate a pooled “disease sample” (n ⫽ 20) and a pooled “healthy control”
sample (n ⫽ 200) to assess the precision of the
NanoDisk-MS assay. Five replicates of each of these samples were analyzed once a day for 5 days to determine
intraassay and interassay precision, and the means of the
25 CFP-10 and ESAT-6 results for the pooled disease
and control samples were used as reference concentrations for subsequent analytical evaluations. Limits of detection and quantification were determined as the lowest
concentration that produced CFP-10 and ESAT-6 mass
spectra peaks with signal-to-noise ratios ⱖ3 and ⱖ5, respectively, after serially diluting (2⫻) disease sample with
analyte-free serum from a healthy donor. These samples
were analyzed for stability effects after 30 days at ⫺80 °C,
after incubation at room temperature (20 –24 °C) for
4 h, after refrigeration (4 – 8 °C) for 24 h, and after 2
freeze–thaw cycles. Sample interference effects were assessed by analyzing CFP-10 and ESAT-6 concentrations
in disease sample aliquots supplemented with different
levels of clinical interferents (Assurance Interference Test
Kit, Sun Diagnostics) and by comparing these values to
their respective reference concentrations (22 ) (see Materials section in the online Data Supplement for details).
DATA ANALYSIS

A NanoDisk-MS result indicative of active TB disease
was defined as a positive signal for either CFP-10 or
ESAT-6 target peptide above the limit of quantification
(19 ). We therefore defined the NanoDisk-MS readout as
the combined CFP-10 and ESAT-6 concentration in a
serum sample. Definition for positive and negative results were established before the study team was unblinded to the patients’ information. NanoDisk-MS test
results were compared to AFB smear and mycobacterial
culture results for all cases and for pulmonary and extrapulmonary TB cases. NanoDisk-MS clinical sensitivity was also compared to evaluate assay performance between patients with positive and negative AFB smear or
mycobacterial culture status. Differences between groups
were tested for significance with the 2-sample 2 test for
binary variables and nonparametric Wilcoxon rank-sum
tests for continuous variables, as normal distributions
were not confirmed in these samples. GraphPad Prism

software (v 5.0) was used for all statistical analysis and P
values ⬍0.05 were considered statistically significant.
Results
STUDY POPULATION

From a population of 376 individuals meeting study criteria, samples from 198 patients with active TB and 96
individuals without active TB were analyzed by our
NanoDisk-MS assay (Fig. 1). Among patients with active
TB, 95 had positive culture results (80 pulmonary TB
and 15 extrapulmonary TB) and 102 had negative culture results (87 pulmonary TB and 15 extrapulmonary
TB). One participant who was initially classified as an
active TB case was later excluded from the study after
analyses revealed that he was infected with an NTM. TB
cases and non-TB cases did not differ by median age or
gender distribution (Table 1; 44 vs 44 years of age and
65.5% vs 69.8% male, respectively). The TB group contained 167 pulmonary (84.2%) and 30 extrapulmonary
(15.2%) cases (7 tuberculous meningitis, 6 peritonitis, 5
cervical lymphadenopathy, 3 genitourinary TB, 6 pericardial TB, and 3 spinal TB). Chest x-ray results revealed
findings consistent with active TB disease in 82.2% of
active TB cases and differed between pulmonary and extrapulmonary cases (94.0% vs 16.7%, respectively). Mycobacterial culture was positive in 48.2% of all TB patients, and the detection rate did not differ between
pulmonary (47.9%) and extrapulmonary (50.0%) TB
cases. AFB smear results demonstrated extremely poor
overall clinical sensitivity (8.6%) and detected none of
the extrapulmonary TB cases.
OUTPERFORMANCE OF NANODISK-MS OVER SMEAR
MICROSCOPY AND CULTURE IN OUR STUDY POPULATION

Current immunoassays do not accurately quantify Mtb antigens in blood samples owing to potential interference from
host antibodies and homologous NTM proteins. However,
we have previously reported that the Mtb CFP-10 peptide
TDAATLAQEAGNFER (m/z 1593.75) and the Mtb
ESAT-6 peptide WDATATELNNALQNLAR (m/z
1900.95) are highly specific for Mtb and can be used to
directly quantify Mtb CFP-10 and ESAT-6 concentrations
by MS (19 ). To quantify patient Mtb antigen concentrations, patient serum samples were trypsin-digested,
supplemented with heavy-isotope variants of the Mtb
target peptides as internal standards, and incubated with
antibody-conjugated NanoDisks to selectively enrich
these peptides and to enhance MALDI ionization to increase MS analytical sensitivity (Fig. 2A).
Reference biomarker concentrations for pooled disease (CFP-10, 4.6 nmol/L and ESAT-6, 6.3 nmol/L) and
control (CFP-10, 0 nmol/L and ESAT-6, 0 nmol/L)
samples were determined as the mean of 25 replicates,
and pooled disease sample was used for subsequent anaClinical Chemistry 64:5 (2018) 793
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was supplemented with different concentrations of CFP10, ESAT-6, and internal standards and were processed
with the aforementioned protocol to establish a standard
curve (19 ). Each clinical sample was analyzed in 3 replicate experiments, and the mean intensity ratio value for
each target peptide was used to calculate the serum concentration of its corresponding Mtb biomarker antigen
(see Materials section in the online Data Supplement for
details).

lytical validation. Intra- and interassay precision (CV)
were found to be 13.1% and 14.8% for CFP-10, respectively, and 12.8% and 11.6% for ESAT-6, respectively.
Dilution experiments of pooled disease sample revealed
excellent CFP-10 and ESAT-6 linearity (R2 ⬎ 0.99, see
Fig. 1 in the online Data Supplement) with limits of
detection of 72 and 197 pmol/L and limits of quantification of 288 and 394 pmol/L, respectively (CV ⬍ 20%).
NanoDisk-MS detected 88.5%–92.2% of the expected
CFP-10 and ESAT-6 values after exposing aliquots of the
disease sample to common storage and handling conditions, and 87.4%–94.7% of these values after contami-

nating disease sample aliquots with common clinical interferents (Table 2).
NanoDisk-MS spectra readily distinguished serum
from selected individuals with and without active TB in a
proof-of-principle test (Fig. 2B). Blinded analyses were
thus performed on all study samples to determine the
correspondence between NanoDisk-MS results and clinical TB diagnosis, with detectable Mtb antigen as the
NanoDisk-MS criterion for active TB diagnosis. Subsequent analysis of unblinded data revealed that
NanoDisk-MS detected CFP-10 and/or ESAT-6 signal
in 174 of the 197 TB cases (88.3% clinical sensitivity;

Table 1. Demographic, microbiology, and diagnostic data for study participants.
All TB cases
(n = 197)

Pulmonary
(n = 167)

Extrapulmonary
(n = 30)

P
value

Non-TB cases
(n = 96)

Demographics
Male (%)

129 (65.5%)

109 (65.3%)

20 (66.7%)

0.882

67 (69.8%)

44 (26–60)

45 (27–61)

35.5 (23–57.5)

0.246

44 (30.5–59.8)

Chest x-ray positive (%)

162 (82.2%)

157 (94.0%)

5 (16.7%)

<0.0001a

Mtb culture positive (%)

95 (48.2%)

80 (47.9%)

15 (50.0%)

0.832

NA

AFB smear positive (%)

17 (8.6%)

17 (10.2%)

0 (0.0%)

0.140

NA

174 (88.3%)

147 (88.0%)

27 (90.0%)

0.999

4 (4.2%)

0.309

0 (0.000, 0.000)

Median age (IQR)
Conventional TB diagnosis

0 (0.0%)

NanoDisk-MS (CFP-10 +
ESAT-6)
Biomarker positive (%)

Median summed biomarker 2.567 (0.973, 4.613) 2.604 (1.033, 4.816) 1.929 (0.758, 3.531)
conc., nmol/L (IQR)
a

Boldface indicates signiﬁcant values.
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Fig. 1. Participant disposition ﬂow chart.

Serum Antigen Detection for Accurate TB Diagnosis

95% CI, 83.1%–92.1%; Table 1) and 4 of the 96 study
subjects without a clinical TB diagnosis (95.8% clinical
specificity; 95% CI, 89.8%–98.4%; see Fig. 2 in the
online Data Supplement). These results markedly outperformed mycobacterial culture (95 of 197, 48.2%;
95% CI, 41.4%–55.2%) and AFB smear (17 of 197,
8.6%; 95% CI, 5.5%–13.4%) detection rates in this
population. Notably, 1 patient evaluated as TB-negative
by NanoDisk-MS (ID: 50) was initially defined as a pulmonary TB case with multidrug resistance by culture and
drug susceptibility testing but was reclassified as an NTM
case (M. intracellulare) after confirmation by groEL2 gene
sequencing; the patient was excluded from the study.
NANODISK-MS DETECTS ACTIVE TB CASES IRRESPECTIVE OF
INFECTION SITE OR CULTURE STATUS

NanoDisk-MS detected 147 of 167 (88.0%; 95% CI,
82.2%–92.1%) pulmonary and 27 of 30 (90.0%; 95%
CI, 74.4%–96.5%) extrapulmonary TB cases, revealing
considerably better diagnostic performance than mycobacterial culture (47.9% and 50.0%, respectively) or
AFB smear (10.2% and 0.0%, respectively) results, and
detecting similar median-summed Mtb antigen concentrations in both groups (Table 1). NanoDisk-MS also
detected 87 of 95 (91.6%; 95% CI, 84.3%–95.7%)

culture-positive and 87 of 102 (85.3%; 95% CI, 77.2%–
90.9%) culture-negative TB cases. Similar results were
detected in study groups with AFB smear-positive and
smear-negative results, in which NanoDisk-MS detected
17 of 17 (100%; 95% CI, 81.6%–100%) TB cases with
positive results and 157 of 180 (87.2%; 95% CI, 81.6%–
91.3%) TB cases with negative results (see Table 1 in the
online Data Supplement).
NanoDisk-MS also exhibited similar clinical sensitivity for culture-positive pulmonary (73 of 80, 91.3%;
95% CI, 83.0%–95.7%) and extrapulmonary (14 of 15,
93.3%; 95% CI, 70.2–98.8%) TB cases (Fig. 3), and
culture negative pulmonary (74 of 87, 85.1%; 95% CI,
76.1%–91.1%) and extrapulmonary (13 of 15, 86.7%;
95% CI, 62.1%–96.3%) TB cases diagnosed with radiological findings, symptoms, and treatment outcome
results.
SERUM CFP-10 AND ESAT-6 CONCENTRATION DOES NOT
DIFFER MARKEDLY BY SPECIFIC TB DIAGNOSIS

CFP-10 and ESAT-6 are frequently coproduced as heterodimers but were detected at different frequencies and
different concentrations in active TB cases in this study
(Fig. 3 and see Table 2 in the online Data Supplement).
Most TB cases produced 1 or both antigens (174 of 197
Clinical Chemistry 64:5 (2018) 795
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Fig. 2. NanoDisk-MS assay procedure.
Serum samples of suspected TB cases are trypsin digested and incubated with antibody-functionalized NanoDisk particles that bind Mtbspeciﬁc peptides (A). Serum Mtb CFP-10 and ESAT-6 concentration are determined by the mass spectra intensity ratios of the Mtb target
peptides (1593.75 and 1900.95 m/z) and their isotope-labeled internal standards, respectively. Representative NanoDisk-MS results for the
peaks of interest from a clinically conﬁrmed active TB case (upper) and a control subject with a negative TB diagnosis (lower) (B).

Table 2. Analytical validation of the NanoDisk-MS assay.
CFP-10

ESAT-6

a

Mean concentration, nmol/L

4.6

6.3

Intraassay CV, %

13.1

12.8

Interassay CV, %

14.8

Limit of detection, pmol/L

72

197

288

394

4 h @ 20–24 °C

92.1 ± 0.7

91.5 ± 1.1

24 h @ 4–8 °C

91.8 ± 0.4

92.2 ± 0.8

30 days @ −80 °C

90.7 ± 0.6

91.4 ± 0.5

2 freeze-thaw cycles

88.5 ± 0.9

89.3 ± 0.7

Hemolysate

90.8 ± 0.5

88.6 ± 0.6

Triglycerides

94.7 ± 1.0

91.3 ± 1.0

Bilirubin

91.1 ± 0.9

88.3 ± 0.3

Abundant protein

87.4 ± 0.8

91.7 ± 0.8

Limit of quantiﬁcation, pmol/L

11.6

Analyte stability after storage and handling (% untreated, mean ± SD)

Inﬂuence of clinical interferents (% untreated, mean ± SD)

a

CFP-10 and ESAT-6 are undetectable in the healthy pool.

cases); however, only 40 produced both CFP-10 and
ESAT-6 (20.3%), with 125 individuals producing only
CFP-10 (63.5%) and 9 producing only ESAT-6 (4.6%).
NanoDisk-MS readout levels (summed concentrations
of CFP-10 ⫹ ESAT-6) did not differ between pulmonary and extrapulmonary cases (Table 1) but significantly differed by culture status, with modestly higher
combined antigen concentrations detected in culturenegative TB patients (Fig. 4A). No such difference was
found between smear-positive and smear-negative
cases (Fig. 4B). Secondary analysis of serum Mtb antigen concentrations in pulmonary and extrapulmonary
cases by culture status also did not detect group differences (Fig. 4C).
Discussion
Rapid and reliable diagnostic assays to detect active TB
cases are urgently needed for global TB control efforts.
Bacteriologic (mycobacterial culture and AFB smear) and
Xpert MTB/RIF TB assays commonly used for TB diagnosis worldwide require Mtb-rich specimens for accurate
diagnosis. These methods thus exhibit suboptimal clinical sensitivity in paucibacillary patient populations, including patients with low mycobacterial loads or poor
sputum production, and the majority of HIV-positive
(23 ) and pediatric patients (24, 25 ). The collection of
diagnostically useful samples can require invasive procedures (7 ) and technical variables that can influence test
796
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results. The Mtb virulence factors CFP-10 and ESAT-6
should always be detectable in active TB disease, however, regardless of the disease site or local Mtb concentrations. We therefore recently developed a NanoDisk-MS
assay that rapidly and sensitively detects circulating Mtb
antigens to allow robust diagnosis across the spectrum of
TB cases. This assay allows for rapid TB diagnosis with
several advantages over existing tests. These include (a)
clinical sensitivity independent of disease site (pulmonary or extrapulmonary) or mycobacterial load (culturenegative TB cases), (b) use of 2 Mtb virulence factors to
allow for case-to-case variation, (c) detection of serum
biomarkers with low biosafety concerns due to lack of
infectious aerosols, and (d) precise serum Mtb antigens
quantification.
In our study population, NanoDisk-MS accurately
detected CFP-10 and/or ESAT-6 in the serum of active
TB cases, achieving 88.3% clinical sensitivity across all
the disease-affected subgroups in this study, with 95.8%
specificity. Patients with paucibacillary conditions that
are missed by current TB tests are typically diagnosed
subjectively on the basis of patient history, symptoms,
and imaging results, as well as their observed response to
anti-TB therapy. According to the 2015 World Health
Organization Global Tuberculosis Report (1 ), mycobacterial culture, the current “gold standard” TB diagnostic,
detects only about 30% of clinically diagnosed TB patients in China. AFB smear tests exhibit an extremely
high false-negative rate (26 ), but due to the long turn-
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Fig. 3. Serum CFP-10 (red) and ESAT-6 (green) concentrations (CFP-10 + ESAT-6) in each clinically conﬁrmed TB case, with patients
grouped according to their Mtb culture status and disease site.
Results indicate an average of 3 sample replicates per subject.

Clinical Chemistry 64:5 (2018) 797

around time required for culture results, AFB smear is
still widely used as a rapid initial screen for active TB.
Due to this poor clinical sensitivity, suspected TB
cases with negative culture and AFB smear results are
often subjected to additional tests and/or empirical
anti-TB therapy, resulting in additional costs and potentially unnecessary drug burden and toxicity for patients without TB.
In this study, Mtb culture and AFB smear results had
48.2% and 8.6% clinical sensitivity, respectively, across
all TB cases, but their sensitivity decreased dramatically in extrapulmonary cases for AFB smear (0.0%).
NanoDisk-MS clinical sensitivity did not differ for pulmonary vs extrapulmonary TB, nor was it impacted by
culture or AFB status, strongly indicating that this bloodbased biomarker approach can improve TB diagnosis in
this diagnostically challenging patient cohort. Further,
intergroup comparison of combined biomarker concentration indicated similar circulating levels regardless of
bacterial load and disease site, supporting the utility of
our serum biosignature across a broad spectrum of TB
manifestations. Mtb culture, AFB smear, and radiographic results are qualitative and reflect bacilli present
only in a given sample or image. NanoDisk-MS results,
798

Clinical Chemistry 64:5 (2018)

however, quantify circulating Mtb antigens as a measure
of the systemic level of active Mtb bacilli, independent of
the disease site(s), and should therefore differ among TB
cases who have similar culture, smear, or radiographic
findings, but different TB disease severity or extent.
The diagnosis of extrapulmonary and paucibacillary
TB has not been greatly improved by the Xpert MTB/
RIF assay, an automated molecular assay developed for
rapid diagnosis of TB and rifampicin resistance (6 – 8 ).
Indeed, the WHO has acknowledged the low-quality evidence for the use of Xpert to diagnose extrapulmonary
TB, which accounts for about 25% of all TB cases (27 ).
Further, previous publications suggest that Xpert MTB/
RIF has low clinical sensitivity in culture-negative TB
(28, 29 ). One study observed markedly reduced clinical
sensitivity in culture-negative vs culture-positive pulmonary
(25.0% vs 86.2%) and extrapulmonary (29.4% vs 67.7%)
TB cases (26 ), suggesting that culture status has a profound
effect on DNA-based diagnosis of both pulmonary and extrapulmonary TB infections. NanoDisk-MS thus appears
to dramatically improve on culture and Xpert MTB/RIF
both for its ability to utilize patient serum, rather than sputum or invasive biopsy specimens, and for its robust perfor-
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Fig. 4. NanoDisk-MS results in different TB subgroups.
Mtb culture-positive vs culture-negative cases (A). AFB smear-positive vs smear-negative cases (B). Mtb culture-positive and culture-negative
pulmonary and extrapulmonary TB cases and non-TB cases (C). Data points indicate the NanoDisk-MS readout for each study participant, while
black lines indicate the median and interquartile range. NanoDisk-MS readout is the combined CFP-10 and ESAT-6 concentration.

Serum Antigen Detection for Accurate TB Diagnosis

fore be useful for rapidly evaluating treatment response
and predicting clinical outcomes of TB patients, which
currently rely on culture conversion or nonstandardized
physician evaluations. Serial quantification of serum Mtb
antigens may also be useful for predicting the likelihood
of drug resistance and disease recurrence. We did not
observe correlation between CFP-10 and ESAT-6 concentrations, and diagnosis and treatment monitoring
thus require separate assessment of these 2 biomarkers.
Many hospitals and public health laboratories routinely employ MALDI-TOF MS for microbial identification (35–37 ), which should ease the translation of
this method. However, development and optimization of a long-term storage method for antibodyconjugated NanoDisks is required before this platform
is suitable for use in clinical studies. Ongoing development of less expensive, portable MS platforms, designed
for use in resource-limited areas, may allow this approach
to achieve widespread clinical application in all areas with
high TB-burden (38, 39 ). Overall, our results support
the further evaluation of NanoDisk-MS to detect circulating CFP-10 and ESAT-6 concentrations in patients
with suspected TB as a means for rapid and accurate TB
disease diagnosis in adults and in children who have
paucibacillary disease.
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mance, which is unaffected by anatomical site (pulmonary
vs extrapulmonary) or bacillary load (Mtb culture status).
NanoDisk-MS exhibited 95.8% clinical specificity
in 96 non-TB individuals in this study. However, it is not
clear why 4 of these patients had detectable Mtb antigen
levels, as our MS-based method is highly specific for its
target peptides. While these results may indicate actual
false-positive events, it is also possible they represent subclinical infections with TB or specific strains of 2 NTM
species (M. kansasii and M. marinum) with homology to
the Mtb CFP-10 target peptide. Thus, clinical evaluation
is still necessary for a final diagnosis of active TB based on
positive NanoDisk-MS results. These 2 NTM should be
rare (⬍0.5% suspected TB cases) in our population (30 ),
but due to the lack of systematic clinical data for the
non-TB individuals in this study we cannot provide definitive explanations for the NanoDisk-MS positive results in this group.
NTM infections, which have lower incidence than
TB, can cause false-positive TB diagnosis owing to their
similar clinical symptoms and bacteriological results.
Further, several NTM species, including several of the
more clinically common species, can also secrete homologs of CFP-10 and ESAT-6, which might complicate
diagnosis. We have previously reported that the CFP-10
and ESAT-6 peptides analyzed by NanoDisk-MS are
highly Mtb-specific, however, and our results correctly
excluded 1 patient with a clinical diagnosis of active TB,
who was later determined to have an NTM infection (M.
intracellulare) by groEL2 gene sequencing.
The NanoDisk-MS assay was developed to permit
the analytically sensitive multiplex quantification of serum CFP-10 and ESAT-6 concentrations in suspected
TB cases to allow rapid diagnosis of active TB with high
clinical sensitivity and specificity, irrespective of disease
manifestation or Mtb concentration at the disease site(s).
We detected both these Mtb virulence factors in our
study population, but CFP-10 was observed with markedly higher frequency than ESAT-6. We did not observe
any correlation between the CFP-10 and ESAT-6 concentrations within each patient. This might be a result of
variable expression of ESAT-6 and CFP-10 in different
strains of Mtb (31, 32 ). A recent study has also demonstrated that the host protein ␤2-microglobulin can bind
ESAT-6 and mask a tryptic cleavage site (33 ) that is
required to generate the ESAT-6 1900.95 m/z peptide
recognized by our NanoDisk-MS assay (34 ). The differences in CFP-10 and ESAT-6 detection rates may be due
to a combination of these 2 factors.
NanoDisk-MS differs from other current TB diagnostic tests by providing quantitative results. We anticipate that longitudinal NanoDisk-MS results may there-
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