
EBioMedicine 60 (2020) 103007

Contents lists available at ScienceDirect

EBioMedicine

journal homepage: www.elsevier.com/locate/ebiom
Research paper
A novel, rapid (within hours) culture-free diagnostic method for
detecting liveMycobacterium tuberculosiswith high sensitivity
Wen-Hung Wanga,1, Rikiya Takeuchib,1, Shu-Huei Jaina, Yong-Huang Jiangb,
Sonoko Watanukib, Yoshiharu Ohtakib, Kazunari Nakaishic,d, Satoshi Watabec,d,
Po-Liang Lua,e,*, Etsuro Itod,f,g,**
aDivision of Infectious Disease, Department of Internal Medicine, Kaohsiung Medical University Hospital, 100 TzYou 1st Rd., Kaohsiung 80756, Taiwan
b R&D Department, TAUNS Laboratories, Inc., 761-1 Kamishima, Izunokuni, Shizuoka 410-2325, Japan
c R&D Headquarters, TAUNS Laboratories, Inc., 761-1 Kamishima, Izunokuni, Shizuoka 410-2325, Japan
dWaseda Research Institute for Science and Engineering, Waseda University, 3-4-1 Okubo, Shinjuku, Tokyo 169-8555, Japan
e College of Medicine, Kaohsiung Medical University, 100 Shih-Chuan 1st Rd., Kaohsiung 80756, Taiwan
f Graduate Institute of Medicine, Kaohsiung Medical University, 100 Shih-Chuan 1st Rd., Kaohsiung 80756, Taiwan
g Department of Biology, Waseda University, 2-2 Wakamatsucho, Shinjuku, Tokyo 162-8480, Japan
A R T I C L E I N F O

Article History:
Received 8 July 2020
Revised 26 August 2020
Accepted 1 September 2020
Available online xxx
* Corresponding author at: Division of Infectious Dis
Medicine, Kaohsiung Medical University Hospital, Kaoh
TzYou 1st Rd., Sanmin, Kaohsiung 80756, Taiwan.
** Corresponding author at: Department of Biology, TW

sity, 2-2 Wakamatsucho, Shinjuku, Tokyo 162-8480, Japa
E-mail addresses: d830166@kmu.edu.tw (P.-L. Lu), ei

1 Joint first authors.

https://doi.org/10.1016/j.ebiom.2020.103007
2352-3964/© 2020 The Author(s). Published by Elsevier
A B S T R A C T

Background: Nucleic acid amplification tests (NAATs) are widely used to diagnose tuberculosis (TB), but can-
not discriminate live bacilli from dead bacilli. Live bacilli can be isolated by culture methods, but this is time-
consuming. We developed a de novo TB diagnostic method that detects only live bacilli with high sensitivity
within hours.
Methods: A prospective study was performed in Taiwan from 2017 to 2018. Sputum was collected consecu-
tively from 1102 patients with suspected TB infection. The sputum was pretreated and heated at 46°C for 1 h
to induce the secretion of MPT64 protein from live Mycobacterium tuberculosis. MPT64 was detected with
our ultrasensitive enzyme-linked immunosorbent assay (ELISA) coupled with thionicotinamide-adenine
dinucleotide (thio-NAD) cycling. We compared our data with those obtained using a culture test (MGIT), a
smear test (Kinyoun staining), and a NAAT (Xpert).
Findings: The limit of detection for MPT64 in our culture-free ultrasensitive ELISA was 2.0 £ 10�19 moles/
assay. When the criterion for a positive response was set as an absorbance value �17 mAbs, this value corre-
sponded to ca. 330 CFU/mL in the culture method � almost the same high-detection sensitivity as the culture
method. To confirm that MPT64 is secreted from only live bacilli, M. bovis BCG was killed using 8 mg/mL
rifampicin and then heated. Following this procedure, our method detected no MPT64. Our rapid ultra-sensi-
tive ELISA-based method required only 5 h to complete. Comparing the results of our method with those of
culture tests for 944 specimens revealed a sensitivity of 86.9% (93/107, 95% CI: 79.0�92.7%) and a specificity
of 92.0% (770/837, 95% CI: 89.9�93.7%). The performance data were not significantly different (McNemar’s
test, P = 0.887) from those of the Xpert tests. In addition, at a �1+ titer in the smear test, the positive predic-
tive value of our culture-free ultrasensitive ELISA tests was in a good agreement with that of the culture tests.
Furthermore, our culture-free ultrasensitive ELISA test had better validity for drug effectiveness examination
than Xpert tests because our test detected only live bacilli.
Interpretation: Our culture-free ultrasensitive ELISA method detects only live TB bacilli with high sensitivity
within hours, allowing for rapid diagnosis of TB and monitoring drug efficacy.
Funding: Matching Planner Program from JST (VP29117939087), the A-STEP Program from JST
(AS3015096U), Waseda University grants for Specific Research Projects (2017A-015 and 2019C-123), the Pre-
cise Measurement Technology Promotion Foundation to E.I.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Culture methods remain the “gold standard” for diagnosing tuber-
culosis (TB), even now in the 21st century [1]. Culture methods can be
used to isolate live Mycobacterium tuberculosis, and are more
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Research in context

Evidence before this study

Early and accurate diagnosis of infectious diseases is required to
stop their spread and increase the chances for successful treat-
ment. For tuberculosis (TB), even now the traditional time-
consuming culture method remains the “gold standard” for
testing by physicians, although the World Health Organization
(WHO) recommends the use a nucleic acid amplification test
(NAAT), the Xpert MTB/RIF, for diagnosing TB and rifampicin
resistance. The detection sensitivity of NAATs is high and the
detection time short (Rapid Communication fromWHO in Janu-
ary, 2020). The main concern regarding NAATs, however, is that
they detect nucleic acids, which are present in both live and
dead bacilli specimens, and this may lead to false positive
results in TB patients treated with anti-TB drugs. To confirm
the infectiousness, physicians must still use a culture method
for TB diagnosis, but this takes a long time. Acid-fast bacilli
staining is convenient and does not take much time, but the
detection specificity is low due to the interference of nontuber-
culous mycobacteria. Therefore, a culture-free, same-day diag-
nostic test for TB that detects only live bacilli with high
sensitivity is strongly required.

Added value of this study

When the sputum of TB patients is heated at 46°C for 1 h, a spe-
cific protein, MPT64, is secreted from live Mycobacterium tuber-
culosis. Therefore, we applied a new ultrasensitive ELISA
coupled with thio-NAD cycling to detect the trace amount of
MPT64. When the criterion for positive responses in our cul-
ture-free ultrasensitive ELISA was set to the same detection
sensitivity as that of the culture method, our method succeeded
in detecting live M. tuberculosis within 5 h. We then conducted
a study to compare the results of our culture-free ultrasensitive
ELISA with those of culture tests for 944 specimens; the sensi-
tivity was 86.9% and the specificity was 92.0%. At a smear test
titer of � 1+, the positive predictive value of our culture-free
ultrasensitive ELISA tests was in good agreement with that of
the culture tests. Our culture-free ultrasensitive ELISA for TB
diagnosis revealed the same detection sensitivity as the culture
method, but it enabled us to diagnose TB on the same day.

Implications of all the available evidence

Our culture-free ELISA for MPT64 can be used not only for an
initial diagnosis, but also to check for drug effectiveness and
drug resistance when treating TB patients. If anti-TB drugs are
administered to patients for a few weeks, but MPT64 is
detected with our method, physicians would be alerted to the
possibility of resistance to the TB regimen and then a further
drug susceptibility testing is warranted. If anti-TB drugs are
effective and MPT64 is not detected in the sputum from a TB
patient using our method, the doctor has a chance to decide on
the same day to discontinue isolation for TB. Our culture-free,
same-day diagnosis for TB can be useful in several situations.
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sensitive than acid-fast bacilli (AFB) staining (e.g., Kinyoun/Ziehl-
Neelsen staining), which detects both live and dead bacilli, and cul-
ture methods can reliably detect mycobacteria present at a concen-
tration of about 100�1000 colony forming units (CFU)/mL of
specimen [2,3]. Growing cultures also permit species identification
and drug effectiveness testing [4]. The major drawback of culture
techniques, however, is that it takes weeks to more than a month
before a positive culture for M. tuberculosis can be identified, and the
methods require at least a moderately well-equipped laboratory [5].

On the other hand, nucleic acid amplification tests (NAATs)
including the Xpert MTB/RIF (Cepheid, Sunnyvale, CA, USA), Amplicor
Mycobacterium Tuberculosis Test (Roche, Basel, Switzerland), and
Loop-Mediated Isothermal Amplification (LAMP; Eiken Chemical,
Tokyo, Japan), are now widely used, even in low- and middle-income
countries due to financial assistance from various global foundations
[6-8]. It is estimated that NAATs can detect M. tuberculosis in suspen-
sions containing as few as 10�1000 CFU/mL, making this technology
highly sensitive [9,10]. These methods require only a few hours to
provide a TB diagnosis, but they also have crucial drawbacks. NAATs
detect both live and dead M. tuberculosis bacilli [11,12], making them
inappropriate for evaluating the effectiveness of the infection to
anti-TB drugs (although the Xpert MTB/RIF detects resistance to
rifampicin) [13]. Because live and dead bacilli cannot be discrimi-
nated by NAATs, the tests may provide false positive results in
patients with a history of TB [12]. In addition, hemoglobin and other
factors present in the dissolved sputum may retard these tests, pro-
viding false negative results [14]. Furthermore, the implementation
of these NAATs remains difficult in resource-limited settings (e.g.,
they require an air-conditioned room) [15].

Taken together, a better method for diagnosing TB is strongly
needed, in which only live tubercle bacilli can be examined with
high-detection sensitivity within a few hours. Therefore, we devel-
oped a de novo, high-detection sensitive, culture-free, same-day TB
diagnostic method based on an enzyme-linked immunosorbent assay
(ELISA) coupled with thionicotinamide-adenine dinucleotide (thio-
NAD) cycling [16]. This ultrasensitive ELISA detects trace amounts of
a protein, MPT64, which is specifically secreted from only live M.
tuberculosis when the bacilli are heated. MPT64 inhibits apoptosis of
host macrophages by using the cascades involving an up-regulation
of bcl-2, an increase in miRNA21 and a control of NF-kB [17]. Thus,
MPT64 is an important component for live M. tuberculosis. The feasi-
bility of detecting MPT64 has already been confirmed using immuno-
chromatography [18], which is less sensitive than the ultrasensitive
ELISA.

2. Methods

2.1. Specimens and ethics

A prospective study was performed in Taiwan between from 09
September 2017 to 30 July 2018. Sputum was collected consecutively
from patients with suspected TB infection on the basis of clinical cri-
teria at Kaohsiung Medical University Hospital until at least 1000
specimens were reached. This project was approved by the Institu-
tional Review Board of Kaohsiung Medical University (KMUHIRB-F
(I)-20170069). The written informed consents were obtained from
the patients at Kaohsiung Medical University Hospital. Thus, the spu-
tum experiments were performed and analyzed at Kaohsiung Medi-
cal University Hospital, whereas the protein experiments were
performed and analyzed at TAUNS and Waseda University. The spu-
tum was directly deposited by the patient into a sample holder and
stored at 4°C until pretreatment. Sputum specimens largely contami-
nated by blood and bacilli other than M. tuberculosis in culture tests
were not used in the present study. Specimens with an insufficient
volume after pretreatment were also not used. In addition, the diag-
nosis for TB does not need a BSL3 facility.

2.2. Pretreatment of sputum for culture-free ultrasensitive ELISA tests

Sputum (1 mL) was homogenized with 3�6 mL protease solution
(Sputazyme; Kyokuto Pharmaceutical Industrial, Tokyo, Japan), and
the specimen was incubated at room temperature for at least 15 min.
The specimen was then centrifuged at 4000 £ g for 15 min, and the
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precipitate was collected. For further homogenization of the sputum,
the precipitate was suspended in 1 mL of a 4 M urea solution (TAUNS,
Shizuoka, Japan), and incubated at room temperature for 3 min. Then,
120 mL of a N-acetyl-L-cysteine (NALC) solution (CC-E supplement,
Japan BCG laboratory, Tokyo, Japan) was added to the specimen. The
specimen was incubated at room temperature for 15 min. The sample
was neutralized with 10 mL phosphate buffer (0.033 M, pH 6.8) con-
taining 0.05% Tween 80 was added to the suspension and centrifuged
at 4000 £ g for 15 min. The precipitate obtained was washed again
and suspended in 200 mL of heat treatment buffer comprising phos-
phate buffer (0.033 M, pH 6.8) and 2% Tween 20. This solution was
heated in an aluminum block heater at 46 °C for 1 h, resulting in the
secretion of MPT64 from live bacilli [18].
2.3. Culture-free ultrasensitive ELISA tests

In the culture-free ultrasensitive ELISA tests, we detected a spe-
cific protein for M. tuberculosis, MPT64 [19], which is secreted from
only live M. tuberculosis in heated sputum specimens [18]. An ultra-
sensitive ELISA coupled with thio-NAD cycling was originally
developed by Watabe and Ito [16,20-26]. For example, see the sup-
plementary data for the detailed methods of our culture-free ultra-
sensitive ELISA. To convert the units between pg/mL and moles/
assay, the molecular mass of MPT64 was 24.9 kDa and a single assay
volume was 50mL. To make a calibration curve, we used recombinant
His-tagged MPT64 antigen that was produced in E. coli.
2.4. Culture tests

Culture tests were performed according to the procedures
described by Garcia and Isenberg[27] and Lu et al.[28]. Briefly, the
Mycobacteria Growth Indicator Tube (MGIT; Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) and the MGIT 960 instrument
(Becton, Dickinson and Company) were used. After the MGIT-positive
results were found, the immunochromatographic tests using specific
antibodies for MPT64 (SD Bioline TB Ag MPT64 Rapid kit; Standard
Diagnostics, Yongin, Korea) were further performed to confirm the
results.
2.5. Xpert MTB/RIF tests

The Xpert MTB/RIF (Xpert) assay was performed according to the
manufacturer’s instructions (Cepheid). Four of the specimens were
not examined. Two of the samples were found to contain non-tuber-
culosis mycobacteria by MALDI-TOF, and thus we skipped the Xpert
experiments, because non-tuberculosis mycobacteria do not produce
MPT64 [29,30]. The other two samples were the same as those identi-
fied as different samples, and thus we also skipped the Xpert experi-
ments for these samples. Furthermore, Xpert could not be applied
when the sputum volume of the specimen was too low.
Fig. 1. Linear calibration curve for MPT64 obtained by the ultrasensitive ELISA coupled
with thio-NAD cycling. The blank value (i.e., absorbance of 0 pg/mL MPT64) was sub-
tracted. The figure directly expresses the values corresponding to the MPT64 concen-
tration. n = at least 3 each.
2.6. Smear tests

After processing of the sputum specimens with a NALC/NaOH
solution, they were stained according to the Auramine-Rhodamine
(AR) staining method and instructions of the Wescor Aerospray TB
AFB Stainer & Cytocentrifuge Model 7721 (Discovery Diagnostics,
Clement, Ontario, Canada), and visualized by fluorescence micros-
copy. When AR staining produced positive results, the results were
confirmed using Kinyoun staining (02T010, TONYAR Biotech,
Taoyuan, Taiwan). The results of the AFB smear were graded accord-
ing to the American Thoracic Society/Center for Disease Control and
Prevention (ATS/CDC) [31].
2.7. Treatments for TB patients

In Kaohsiung Medical University Hospital, the four-drug regimen
(isoniazid, rifampicin, pyrazinamide, and ethambutol) was applied to
all TB patients as the initial therapy recommended by the World
Health Organization (WHO), USA CDC, and Taiwan CDC [32-34].

2.8. Statistical analyses

Data are expressed as mean § standard deviation (SD). The limit
of detection (LOD) was estimated from the mean of the blank and the
3 £ SD of the blank [35]. Here, the blank was measured with the heat
treatment buffer only. Furthermore, we attempted to find the mea-
sured LOD using the low concentration of MPT64. The limit of quanti-
fication (LOQ) was estimated by the same method as used for the
LOD, but with the 10 £ SD of the blank. The 95% confidence interval
was calculated by a Clopper-Pearson exact confidence interval.
McNemar’s test and Cochran-Armitage test were performed using R
version 3.4.1 (http://www.r-project.org).

3. Results

3.1. In-vitro tests of culture-free ultrasensitive ELISA tests

3.1.1. Limit of detection of culture-free ultrasensitive ELISA tests
When we used MPT64 antigen and the heat treatment buffer

described in the Methods section, the ultrasensitive ELISA coupled
with thio-NAD cycling yielded a linear calibration curve
(y = 0.044x + 0.024, R2 = 0.99) in the range of 0�12.5 pg/mL (Fig. 1).
This curve was obtained from the absorbance of the accumulated
thio-NADH at a cycling reaction time of 90 min. The statistically esti-
mated LOD was 0.10 pg/mL, corresponding to 2.0 £ 10�19 moles/
assay. This value was estimated from the mean of the blank and the
3£ SD of the blank as described in the Methods section. Furthermore,
we obtained the observed LOD, when we noticed that the mean of
the blank and the 3 £ SD of the blank was 13 mAbs (data not shown).
In this case, the values exceeding 13 mAbs were obtained at the ratio
of 53% (16/30 measurements) when we used 0.10 pg/mL of MPT64
antigen, and those were obtained at the ratio of 100% (28/28 meas-
urements) when we used 0.20 pg/mL. If we set 17 mAbs as the cutoff
value, which was obtained for the culture-free ultrasensitive ELISA
test (see below), the values exceeding 17 mAbs were obtained at the
ratio of 30% (9/30 measurements) when we used 0.10 pg/mL of
MPT64 antigen, and those were obtained at the ratio of 100% (28/28
measurements) when we used 0.20 pg/mL. Therefore, we concluded

http://www.r-project.org


Fig. 2. Cut-off value for culture-free ultrasensitive ELISA tests. Because the most suit-
able value obtained from the ROC curve was 17 mAbs, its corresponding value for BCG
was 330 CFU/mL. n = 3 each.

Table 1
Comparison between culture-free ultrasensitive ELISA tests and culture tests and
that between smear tests and culture tests.

Culture-free
ultrasensitive
ELISA tests

Culture tests

Positive Negative Sum

Culture-free
ultrasensitive
ELISA tests

positive 93 67 160
negative 14 770 784
sum 107 837 944

Smear tests positive positive 74 3 77
negative 6 57 63
sum 80 60 140

negative positive 19 64 83
negative 8 713 721
sum 27 777 804

sum 107 837 944

Table 2
Relation between titer of smear tests and positive predictive value of culture-free ultra-
sensitive ELISA tests.

Titer of smear tests # of patients
obtained by
culture tests

# of patients obtained
by culture-free
ultrasensitive
ELISA tests

Positive predictive
value of culture-free
ultrasensitive
ELISA tests

Smear positive 4+ 12 12 100%
3+ 11 11 100%
2+ 15 15 100%
1+ 42 36 85.7%

Smear negative § 5 4 80.0%
‒ 22 15 68.2%
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that the observed LOD was 0.20 pg/mL, corresponding to
4.0 £ 10�19 moles/assay. On the other hand, the statistically esti-
mated LOQ was 0.39 pg/mL, corresponding to ca. 7.9 £ 10�19 moles/
assay. The coefficient of variation (CV), calculated from three repli-
cated measurements, for 0.10 pg/mL of MPT64 antigen (i.e., the statis-
tically estimated LOD) was 4%; that for 0.20 pg/mL of MPT64 antigen
(i.e., the observed LOD) was 15%; and that for 0.39 pg/mL of MPT64
antigen (i.e., the statistically estimated LOQ) was 17%.

3.1.2. Cut-off value of culture-free ultrasensitive ELISA tests
Using 944 specimens obtained from clinical trials (see Supple-

mentary Fig. 1 and Supplementary Table 1), we compared the results
of our culture-free ultrasensitive ELISA tests and those of culture tests
and produced a receiver operating characteristic (ROC) curve (see
Supplementary Fig. 2). The ROC curve revealed a cutoff value that
was equivalent to 17 mAbs for the culture-free ultrasensitive ELISA
test. The data obtained from the ROC curve revealed that 17 mAbs
corresponded to a BCG value of 330 CFU/mL in culture tests (Fig. 2).
We thus set the cut-off value at 17 mAbs in our culture-free ultrasen-
sitive ELISA tests for clinical trials.

3.1.3. Confirmation that MPT64 is not secreted from dead bacilli
To confirm that MPT64 is secreted from only live bacilli, BCG was

killed by rifampicin and then heated. We then measured the MPT64
concentration in the BCG culture medium. Rifampicin at a dose of
8 mg/mL is sufficient to kill M. tuberculosis [36]. When we applied
8 mg/mL rifampicin to 2 £ 105 CFU of BCG for 24 h and then heated
the bacilli at 46 °C for 1 h, the MPT64 concentration in the medium
was �3 § 13 pg/mL (mean § SD, n = 3). Thus, no MPT64 was secreted
from BCG treated with rifampicin. On the other hand, when the BCG
was not incubated with rifampicin for 24 h and was heated, the
MPT64 concentration in the culture medium was 135 § 15 pg/mL
(mean § SD, n = 3). That is, if the bacilli are killed by anti-TB drugs,
the bacilli do not secrete MPT64 even when they are heated.

3.2. Clinical trials of culture-free ultrasensitive ELISA tests

3.2.1. Sensitivity and specificity of the culture-free ultrasensitive ELISA
test and smear test in comparison with the “gold-standard” culture test

We used 944 specimens in this experiment (see Supplementary
Fig. 1). These specimens included different specimens obtained from
the same patients on different dates. Among these specimens, 780
were examined before anti-TB drug administration, 96 were exam-
ined during drug therapy, and 68 were from patients with an uncon-
firmed medication history. When we compared the results of our
culture-free ultrasensitive ELISA test with those of culture tests using
the patient sputum, the sensitivity was 86.9% (93/107, 95% CI:
79.0�92.7%) and the specificity was 92.0% (770/837, 95% CI:
89.9�93.7%). The accuracy was 91.4% [(93+770)/944], with a positive
predictive value of 58.1% [93/(93+67)] and a negative predictive value
of 98.2% [770/(14+770)] (Table 1). For the smear test, the sensitivity
was 74.8% (80/107, 95% CI: 65.4�82.7%) and the specificity was 92.8%
(777/837, 95% CI: 90.9�94.5%). The accuracy was 90.8%, with a posi-
tive predictive value of 57.1% and a negative predictive value of 96.6%
(Table 1).

3.2.2. Relation between titer of smear results and positive predictive
value of culture-free ultrasensitive ELISA tests

At smear titers of 4+, 3+, and 2+, the results of the culture tests
were the same as those of the culture-free ultrasensitive ELISA tests
(Table 2). Even if including the results of smear tests with a titer of 1
+, the positive predictive value of the culture-free ultrasensitive ELISA
tests was in good agreement with that of the culture tests. For all the
smear-positive specimens, the positive predictive value of culture-
free ultrasensitive ELISA tests was 92.5%.

We analyzed the data of Table 2 after stratifying them into smear-
positive specimens and smear-negative specimens (Table 1). For the
smear-positive specimens, the sensitivity of the culture-free ultra-
sensitive ELISA test was 92.5% (74/80, 95% CI: 84.4�97.2%) and the
specificity was 95.0% (57/60, 95% CI: 86.1�99.0%). The accuracy was
93.6% [(74+57)/140], with a positive predictive value of 96.1% [74/(74
+3)] and a negative predictive value of 90.5% [57/(6+57)]. For the
smear-negative specimens, the sensitivity of culture-free ultrasensi-
tive ELISA test was 70.4% (19/27, 95% CI: 49.8�86.2%) and the speci-
ficity was 91.8% (713/777, 95% CI: 89.6�93.6%). The accuracy was
91.0% [(19+713)/804], with a positive predictive value of 22.9% [19/
(19+64)] and a negative predictive value of 98.9% [713/(8+713)].

3.2.3. Sensitivity and specificity of Xpert results in comparison with
culture results

As described in the Methods section, the number of Xpert tests
was different from that of culture-free ultrasensitive ELISA tests due
to technical issues. We thus used 239 specimens in this experiment.



Table 3
Comparison between Xpert tests and culture tests.

Culture tests

Positive Negative Sum

Xpert tests positive 92 13 105
negative 7 127 134
sum 99 140 239

Table 4
Comparison among culture-free ultrasensitive ELISA tests / smear tests / Xpert
tests and culture tests for patients treated with anti-TB drugs.

Culture tests

Positive Negative Sum
Culture-free ultrasensitive ELISA

tests
positive 18 6 24
negative 4 15 19
sum 22 21 43

Smear tests positive 19 10 29
negative 3 11 14
sum 22 21 43

Xpert tests positive 20 13 33
negative 2 8 10
sum 22 21 43

W.-H. Wang et al. / EBioMedicine 60 (2020) 103007 5
When we compared the results of the Xpert tests with those of the
culture tests using the patient sputum, the sensitivity was 92.9% (92/
99, 95% CI: 86.0�97.1%) and the specificity was 90.7% (127/140, 95%
CI: 84.6�95.0%) (Table 3). The accuracy was 91.6%, with a positive
predictive value of 87.6% and a negative predictive value of 94.8%
(Table 3). Further, the relation was analyzed between the positive
degrees in the results of Xpert tests and those of culture-free ultra-
sensitive ELISA tests (see Supplementary Fig. 3). The positive correla-
tion was found (P < 0.0001 by Cochran-Armitage test).

3.2.4. Effects of drug treatment on results by different diagnostic
methods

In this section, we compared the results of three different diag-
nostic methods (i.e., culture-free ultrasensitive ELISA test, the smear
test, and the Xpert test) and the culture results for samples from
patients receiving anti-TB drugs. The anti-TB treatment may result in
the patients’ sputa containing both live and dead bacilli. That is, the
smear and Xpert methods may detect dead bacilli, but the ultrasensi-
tive ELISA detects only live bacilli. The number of specimens in this
experiment was 43 and the results are presented in Table 4.

The sensitivity, specificity, accuracy, positive predictive value, and
negative predictive value for the three different diagnostic methods
are listed in comparison with the culture results (Table 5). When
anti-TB drugs were administered to the patients, the specificity of
our culture-free ultrasensitive ELISA tests was much better than
those of the smear and Xpert tests, indicating that the smear and
Xpert tests detected not only live bacilli, but also dead bacilli.

4. Discussion

In the present study, we evaluated the performance of a novel cul-
ture free ultrasensitive ELISA method for detecting live tubercle
Table 5
Validity of culture-free ultrasensitive ELISA tests / smear tests / Xpert tests

Sensitivity Specificity A

Culture-free ultrasensitive ELISA tests 81.8% 71.4% 7
Smear tests 86.4% 52.4% 6
Xpert tests 90.9% 38.1% 6
bacilli in sputum specimens. The sensitivity of our test was 86.9% (93/
107, 95% CI: 79.0�92.7%) and the specificity was 92.0% (770/837, 95%
CI: 89.9�93.7%). The performance of the new method was better
than that of acid-fast staining and not significantly different from
that of the Xpert test. In addition, when the smear test titer was �1+,
the positive predictive value of our culture-free ultrasensitive ELISA
test was in a good agreement with that of the culture test. Further-
more, when the results of our culture-free ultrasensitive ELISA test
were compared with those of the culture test using sputum obtained
from patients treated with anti-TB drugs, the positive predictive
value was sufficiently high (75.0%).

Given the advancements in diagnostic methods in the 21st cen-
tury, it is remarkable that the culture method is still used as the gold
standard for TB diagnosis. We believe this is because culture methods
can detect live tubercle bacilli, and exclude dead bacilli, with the high
detection-sensitivity required for TB diagnosis. The NAATs for TB,
including the Xpert MTB/RIF Ultra, recently set new records for sensi-
tivity and specificity and produced the most reliable results for rifam-
picin resistance [10,37]. These methods, however, detect both live
and dead bacilli, resulting in increased sensitivity due to the mea-
surement of dead bacilli and false positives after TB treatment,
because the DNA of the dead bacilli can still be detected [38]. The
presence of smear-negative and NAAT-positive findings are currently
thought to be due to differences in the sensitivity between the spu-
tum smear and NAATs [39], but this issue requires careful re-exami-
nation. When the opposite occurs, however, i.e., the sputum smear is
positive for AFB and the NAAT is negative for M. tuberculosis DNA, it
produces a diagnostic dilemma as it is not clear whether the anti-TB
treatments are effective [40]. This emphasizes the need for a diagnos-
tic method that detects only live bacilli.

Some other new technologies for TB diagnosis have recently
emerged, such as surface plasmon resonance spectroscopy [41],
immuno-PCR (a combination of ELISA and PCR) [42,43], voltammetric
assay [44,45], aptasensor [46,47], immuno-nanosensor [48], and elec-
trochemiluminescence immunoassay [49]. These methods are also
applied to secretory proteins (i.e., antigens) as TB markers, but cul-
ture, which takes time, is still required to obtain adequate amounts
of antigen [50]. We used heat treatment to induce the living tubercle
bacilli in sputum specimens to secrete the TB biomarker MPT64 [18],
and applied the ultrasensitive ELISA technique[51] to detect the
MPT64 [16], Therefore, only our method can detect live tubercle
bacilli within a single day. More recently, a molecular bacterial load
assay (MBLA) has been reported as a molecular test for detection of
live M. tuberculosis bacilli. It is a reverse transcriptase quantitative
PCR that quantifies the M. tuberculosis load from patient sputum
using the 16S rRNA gene as a reference gene [52]. We have not yet
attempted to use MBLA and thus still cannot compare the results
between MBLA and our ultrasensitive ELISA. However, it is noted that
MBLA is a time-consuming method because they have two compli-
cated processes: (1) RNA extraction and purification and (2) the use
of real-time PCR [52].

Two mpt64 gene mutations in the M. tuberculosis complex are
reported to interfere with the detection of MPT64 with the anti-
MPT64 antibodies used in the present study [29]. One isolate from
the M. tuberculosis complex had a deletion of 63 bp from nucleotides
196 to 258 (amino acids position 43�63) and the other isolate had a
deletion of 3659 bp from nucleotide 874 in Rv1977 to nucleotide 905
against culture tests for patients treated with anti-TB drugs.

ccuracy Positive predictive value Negative predictive value

6.7% 75.0% 78.9%
9.8% 65.5% 78.6%
5.1% 60.6% 80.0%
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in Rv1981c. These mutant M. tuberculosis genes seemed to exist at a
very low ratio, because only three of 500 M. tuberculosis complex
clinical isolates tested by Chikamatsu and three of 384 isolates tested
by Hirano et al. were not detected by the anti-MPT64 antibodies
[29,53]. It is certainly a limitation of the novel detection method, but
the number of unidentifiable strains is very small.

The Xpert MTB/RIF assay was recommended by both WHO in
2010 and 2020[54,55] and US Food and Drug Administration in 2013
[56]. The test procedure is applied directly to clinical specimens,
either raw sputum specimens or sputum pellets created after decon-
taminating and concentrating the sputum [57]. As shown in our
study, the sensitivity of the Xpert MTB/RIF is very good (93%, Table 3).
Two articles by Chakravorty et al. and Dorman et al., however, dem-
onstrated that lower sensitivity were obtained from smear-negative
and culture-positive specimens (for Xpert MTB/RIF, 66% and 46% [10],
and for Xpert MTB/RIF Ultra, 79% and 63% [37], respectively). The cul-
ture-free ultrasensitive ELISA tests showed that the sensitivity for the
smear-negative and culture-positive specimens was 70% (19/27;
Table 2). That is, the sensitivity is almost the same between the Xpert
MTB/RIF Ultra tests and the culture-free ultrasensitive ELISA tests.

Besides the similar performance of the culture-free ultrasensitive
ELISA method and Xpert molecular tests, the culture-free ultrasensi-
tive ELISA test is useful for monitoring the treatment response
because this method detects only live bacilli [58]. When tuberculosis
cases are under effective drug therapy, the culture-free ultrasensitive
ELISA test may reveal negative results, whereas the molecular
method might detect DNA from dead bacilli. This feature of the ultra-
sensitive ELISA test is useful for monitoring patients’ treatment
responses.

In the near future, we should consider more the following two
points. One is that our culture-free ultrasensitive ELISA test depends
on the quality of sputum obtained from patients. That is, the effect of
blood in specimens on the tests should be excluded in our test. The
other is that the examination of drug effectiveness should be pro-
moted more [58]. The studies according to a new design of drug mon-
itoring for patients will be achieved.

We conclude that our culture-free ultrasensitive ELISA method is
important for diagnosing TB and evaluating drug effectiveness,
because this method detects only live bacilli without any cultures. To
our knowledge, this is the first study to present a de novo, same-day
(only 5 h) diagnostic method for TB with a very high limit of detec-
tion. In the near future, we will prepare an automated apparatus to
achieve our method for the practical use.
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