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M Check for updates

Sequential inflammatory stages characterizing early tuberculosis (TB) disease
and reports of differentially culturable M. tuberculosis have compounded
existing gaps in the detection of paucibacillary TB disease, threatening global
elimination goals. Here we report unanticipated results we encountered while
conducting early development work for an ultrasensitive molecular TB assay
that has been validated in various cohorts of patients with suspected TB dis-
ease. Detection of M. tuberculosis DNA (TB-DNA) was confirmed by an alternate
molecular target and sequencing. Over a six-year period, we conducted three
separate clinical studies (N =297) that tested two sets of anonymized
respiratory samples from patients hospitalized in two Boston hospitals, and a
longitudinal observational study to determine clinical associations and out-
comes. We found an unexpectedly high prevalence of TB-DNA in US-born
patients and a potential association with acute chest syndrome in patients with
sickle cell disease. These results are preliminary and will require further study
in prospective studies that include clinical, radiological, immunological, and
microbiological correlation.

Tuberculosis (TB) remains one of the greatest threats to global health,
productivity, and socioeconomic development, and recently super-
seded HIV and SARS-CoV-2 as the leading cause of death by an infec-
tious agent worldwide'. The World Health Organization (WHO) has
proposed an ambitious strategy to end the TB epidemic by 2035% In a
comprehensive review of requirements for a TB-free world, improved
diagnostics were identified as a top priority®. In 2022, the United States
(US) Centers for Disease Control (CDC) reported 8331 notified cases of
TB, over 600 TB-related deaths, and an estimated 13 million people

with Mycobacterium tuberculosis infection®. While US disease incidence
has steadily decreased, the rate of decline is too slow for elimination in
this century®.

Despite recent advances™’, improved understanding of patho-
genesis and technological breakthroughs have highlighted several
gaps in providing microbiological confirmation for the full range of TB
disease clinical presentations®®’. The enduring deficiencies in diag-
nosis are largely due to our reliance on mycobacterial cultures to both
detect and define clinically relevant TB disease*®. Whereas cultures
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remain the most sensitive diagnostic method available, there is
abundant evidence, both old and new, detailing their suboptimal
performance for diagnosing several patient groups requiring anti-
tuberculous treatment. Most glaringly, there is an urgent need to
increase the detection of paucibacillary TB disease in people living
with HIV (PLHIV), children, and patients with extra-pulmonary TB.
More recently, the recognition of sequential inflammatory stages that
characterize early TB disease’’" is concerning because these uni-
versally culture-negative conditions are usually undetected due to
unconventional clinical presentations, and insensitive diagnostics™*.
Lastly, evidence of active TB disease caused by differentially culturable
M. tuberculosis has been expanded using advanced imaging
techniques® and enriched mycobacterial culture media®. Taken toge-
ther, these findings have complicated the diagnostic landscape and
prompted calls to revisit TB disease case definitions to incorporate
these “pre-diagnostic” stages''*5,

In this study, we report unanticipated results encountered while
conducting early development work for the “Totally Optimized PCR
(TOP) TB assay’—an ultrasensitive molecular assay with sensitivity
superior to mycobacterial cultures that has been validated in various
cohorts of patients with presumptive TB disease'**°. By interrogating
respiratory samples for the presence of M. tuberculosis at a level of
detection below that of currently available technologies, we detected
M. tuberculosis DNA (TB-DNA) in an unexpectedly high proportion of
hospitalized patients at a safety net hospital in Boston, Massachusetts.
Although preliminary at this stage, we posit these data may represent
the initial description of a previously unsuspected variant of pauci-
bacillary TB disease that is of yet uncertain clinical and public health
relevance.

Results

Anonymized studies

From May to September 2013 (Fig. 1), we obtained 226 anonymized
respiratory specimens. After discarding low volume (<1mL) and
frankly watery samples, we stored 146 specimens in four batches of 42,
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Fig. 1| Schematic on three studies conducted over a six-year period. We first
collected anonimized respiratory samples from BMC (2013). Results from this
study prompted an anonimized study in a control population (2014), and a second

32, 43, and 29 samples each. Of these, 18 (12-3%) were TB-DNA+, and
sequencing demonstrated assorted M. tuberculosis 2-ponA variants
(Table S1). Of the 50 anonymized samples from the control population
collected between May and July 2014, 1 (2%) was TB-DNA+ (p = 0.048).

Longitudinal clinical study

From February to June 2014, we collected 104 coded respiratory spe-
cimens from 101 patients at BMC; duplicate samples were excluded. At
the time of sample collection, all patients were hospitalized except
one. The specimens were variable in terms of volume: 46% low (<1 mL)
and 24% high (>15 mL) volume, and visual appearance: mucoid (29%),
salivary (22%), purulent (15%), and 32% were blood-stained.

Table 1 and Table S2 show characteristics of the study cohort. Of
the 101 samples tested, 16 (15.8%) were TB-DNA+, and sequencing
results confirmed the presence of M. tuberculosis DNA in all except one
(unable to sequence). The relative distribution of 2ponA variants was
similar in both sets of BMC samples that were collected almost 1 year
apart (Fig. 2). The mycobacterial culture requested retrospectively for
TB-DNA+ cases was negative in all but one that resulted Mycobacterium
avium. When clinical data were linked to TOP results (Fig. 3), age at
admission separated TB-DNA+ results into one large group (n=12,
mean age 62), one small group (n =3, mean age 24), and one teenage
patient. The latter individual had previously presented to BMC over a
decade earlier with fever and upper lobe infiltrates on chest radio-
graphy. The clinical summaries for the 16 TB-DNA+ individuals are
shown in Table S3.

In unadjusted analyses, TB-DNA positivity was associated with
sickle cell disease (p=0.003), asthma (p =0.05), and a longer period
since first attending BMC (p=0.002). Also, TB-DNA+ patients were
more likely to undergo testing for TB infection before or during hos-
pital admission (50% vs. 22%, p = 0.03) and were more likely to have a
negative TST or IGRA result (44% vs. 5%, p < 0.001).

TB-DNA+ individuals were more likely to have an admission
diagnosis for sickle cell disease pain crisis (p=0.02) or chest pain
(p=0.06). During the index hospitalization, TB-DNA+ subjects were

Follow-up
Clinical

Outcomes
n=101

[ 1,819 Days (April 2019) |

collection of coded samples from BMC (2014). The latter patients were followed
longidudinaly (2015-2019). BMC = Boston Medical Center.
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Fig. 2 | TOP TB assay results in respiratory specimens sourced at Boston
Medical Center for the anonymized study (May/2013 to September/2013; TOP-
positive =18 [12.3%]) and the longitudinal clinical study (February/2014 to
June/2014; TOP-positive =16 [15.8%]). All samples were positive for the 3ponA
diagnostic primer (n =34). Of these, 33 samples were also positive for the 2ponA
genotyping primer. The figure shows the frequency distribution of Mycobacterium
tuberculosis 2ponA variants for each study. Source data can be found in

Tables S1 and S3.

more likely to have anemia (p=0.002), elevated direct bilirubin
(p=0.01), and leukocytosis (p=0.06). At discharge, the only three
subjects diagnosed with acute chest syndrome during the study period
were all TB-DNA+ (3/16 vs. 0/85, p =0.003).

Clinical outcomes

Clinical outcomes are shown in Table 2. During a median follow-up
time of 1819 days (interquartile range [IQR] 1658-1842), none of the 16
TB-DNA+ subjects developed a clinical or microbiological diagnosis of
TB disease. One TOP-negative patient was diagnosed with pulmonary
TB disease (Xpert MTB/RIF positive) in January 2016.

The proportion of patients that died during the index admission
was similar between TB-DNA+ and negative groups (p = 0.51). During
follow-up, mortality among TB-DNA+ and TB-DNA- patients was 37.5%
and 24.7%, respectively (p = 0.29), with death occurring at a median of
390 vs 26 days after hospital discharge, respectively. In an unadjusted
Cox regression analysis (Fig. 4), there was no significant difference
between the hazard of death in the first 650 days (Hazard Ratio [HR]:
1.2, 95% CI: 0.4-3.6); although the difference in hazards increased after
650 days, it did not achieve statistical significance (HR: 3.3, 95% CI:
0.4-26.7). Gender, alcohol use, and homelessness were not related to
death, so our final multivariable Cox model adjusted for age and time
since first hospital registration. These adjusted results were similarly
non-significant: TB-DNA+ patients had a 10% increased hazard of death
in the first 650 days, but this difference was not statistically significant
(adjusted HR: 1.1, 95% CI: 1.0-1.2). After 650 days, the hazard increased,
but still was not statistically significant (adjusted HR: 3.7, 95% CI:
0.5-30.3). Overall, TB-DNA+ patients were more likely to die from
septicemia (67% vs. 14%; p = 0.02).

Discussion

In this study, we detected an unexpectedly high prevalence of M.
tuberculosis DNA in 12 to 16% of respiratory samples from pre-
dominantly US-born patients hospitalized in the principal safety net
hospital in Boston with a variety of infectious and non-infectious
syndromes. While unforeseen and preliminary, these results are plau-
sible given: (1) TOP assay’s established diagnostic accuracy against a
composite reference standard in over 400 patients with presumptive
pulmonary TB from Uganda, Brazil and the US***’; (2) the strength of
our laboratory methods that demonstrate robust analytical sensitivity,
and analytical specificity supported by DNA amplicon sequencing in
both in-vitro conditions and clinical studies; (3) relatively high TOP
optic density values (median 0.520) using a conservative cut-off,

making false positive readings unlikely; (4) evidence of reproducibility
by closely replicating both the point prevalence estimate, and the
genetic distribution of M. tuberculosis 2ponA variants in two inde-
pendent study samples obtained almost 1 year apart; (5) evidence of
specificity by detecting a markedly lower positivity rate (2%) in a
comparable cohort with a presumably lesser TB burden; (6) finding a
clear bimodal distribution of positive results according to age—a key
epidemiologic parameter of TB disease in the US*, and; (7) presence of
known social, clinical and laboratory indicators of TB disease in TB-
DNA+ individuals. Pending confirmation from larger multicenter stu-
dies, these findings open the possibility of an association—etiological,
mechanistic, or non-causal- between M. tuberculosis and a variety of
clinical syndromes in patients with a low pre-test probability of TB in
the US.

The natural history of TB disease is a continuum that begins with
the establishment of M. tuberculosis infection following an infectious
exposure®”. In individuals that are unable to contain bacterial repli-
cation, early disease progression occurs through consecutive asymp-
tomatic or pauci-symptomatic inflammatory stages that are mostly
culture-negative, eventually culminating in symptomatic illness that is
usually confirmed by mycobacterial cultures®”?"1+162122 However,
bacterial replication kinetics are variable, often following one of sev-
eral possible paucibacillary trajectories over time, including persis-
tently low bacterial load, delayed progression, and even self-
cure’'*®, Recently developed molecular assays approved by the
WHO (e.g., Xpert MTB/RIF Ultra and TrueNat) have a sensitivity com-
parable to culture and have significantly shorten the “sample-to-
treatment” cascade of care, but they are still best suited for the
detection of TB disease at later stages and have had limited impact in
improving treatment outcomes”. Responding to a need for more
sensitive tools to identify early stages of TB disease**”, recent devel-
opment efforts have focused on blood-based gene signatures and
inflammatory biomarkers that have been tightly calibrated against
culture-confirmed TB disease. However, these biosignatures have
demonstrated sub-optimal diagnostic accuracy and reproducibility
problems across populations*'®?*2, In contrast, molecular detection
methods with sensitivity superior to culture, such as the TOP assay,
have a long track record of delivering clinically useful results, often
replacing culture as the preferred diagnostic modality for multiple
organisms and sample types*. This study provides further impetus to
reconsidering the standard practice of anchoring new TB diagnostic
studies to a microbiological yardstick defined by culture, as such
evaluations may be flawed by design®**°%. This focus on demonstrating
bacterial viability with cultures (or other means) as a prerequisite to
defining clinically relevant TB disease also limits the interpretation of
our results within the framework of the recent “International Delphi
Consensus Classification of Early Tuberculosis States™”%,

While certainly unforeseen, several results from the present study
align well with currently available knowledge. First, 75% of TB-DNA+
patients were 50 years or older, a finding that is consistent with the
epidemiology of TB in the US, where the rate of TB disease is highest in
older individuals, and 85% of new TB cases are related to reactivation
from a remote exposure***°, This result may be best understood by
applying the “iceberg principle,” where this ultrasensitive assay is
simply detecting additional TB cases that are currently hidden below
the level of detection of current technologies. Similarly, the clinical
description of the TB-DNA+ adolescent is consistent with unstable TB
infection or early TB disease®", as he first presented to BMC when he
was <5 years of age with a classic presentation of pediatric TB (e.g.,
high-grade fever and upper lobe infiltrate on chest radiograph) while
living in homeless shelters. Further, certain characteristics of TB-DNA+
patients have long been associated with TB risk, such as previous or
repeated testing for TB infection, and anemia®.

Consequently, upon careful consideration, the most unexpected
finding of this study is the detection of M. tuberculosis DNA in the
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Table 1 | Characteristics of 101 patients hospitalized at Boston Medical Center with evidence of Mycobacterium tuberculosis
DNA in discarded respiratory samples®

Characteristic Overall M. tuberculosis detected M. tuberculosis not OR or mean/ median P°
detected difference
N=101 N=16 N=85 (95% Cl)
Demographic and clinical
Age (years)
Median [IQR] 59.0[49.0,67-:0] 58.5[43.3, 63.0] 59.0 [50.0, 68.0] 0.50 (-5.00, 15.00) 0.33
Mean {SD} 57.7 {16.2} 51.6 {19.6} 58.9 {15.3} 7.24 (-3.62,18.09) 0.18
Range 15-92 15-78 24-92
Male 63 (62.4) 9 (56.3) 54 (63.5) 0.74 (0.22, 2.59) 0.78
Country of birth
U.S.A. 72 (75) 14 (88) 58 (73) 2.63 (0.53-25.75) 0.34
Other® 24 (25) 2(12) 22 (27)
History of homelessness 16 (13:9) 5 (31) 11(12.9) 1.54 (0.24; 7.04) 0.13
Comorbidities®
Asthma 15 (15) 5 (31) 10 (12) 3.36 (0.76, 13.54) 0.05
Diabetes mellitus 27 (27) 4 (25) 23 (27) 0.90 (0.19, 3.38) 1
COPD 22 (22) 4 (25) 18 (21) 1.24 (0.26, 4.76) 0.74
Sickle cell disease 3(3) 3(19) 0 (0) NA 0.003
Chronic kidney disease 18 (18) 2(12) 16 (19) 0.62 (0.06, 3.14) 1
Obesity 13 (13) 1(6) 12 (14) 0.41(0.01, 3.18) 0.69
Liver cirrhosis 7 () 1(6) 6 (7) 0.88 (0.02, 8.11) 1
HIV 7 @) 0 (0) 7(8) NA 0.59
Years since the first hospital registration
Median [IQR] 9.4 [2.3,12.9] 12.7 [5.9, 14.1] 8.5[1.6,12.5] 4.2 (1.08, 6.35) 0.002
Mean {SD} 811{5.3} 10.7 {5.5} 7.5 {5.1}
TB history
M. tuberculosis infection®
Known TB contact 4 (4.0) 1(6.2) 3(3.5) 2.70 (0.04-54.88) 0.5
Evaluation for infection 27 (26.7) 8 (50.0) 19 (22.4) 3.42 (0.98-12.09) 0.03
TST (9) or IGRA (2) negative 11(10.9) 7(43.7) 4(4.7) 14.98 (313, 84.51) <0.001
TST (10) or IGRA (1) positive 11(10.9) 1(6.2) 10 (11.8) 0.50 (0.01-4.04) 1
Previous LTBI treatment 3(3.0) 1(6.2) 2(2.3) 2.72 (0.04-55.53) 0.41
TB Disease
Microbiological evaluation (AFB 27 (26.7) 6 (37.5) 21(24.7) 2.02 (0.52-7.25) 0.22
request)
Imaging for TB disease 5(4.0) 1(6.2) 4(4.7) 1.35 (0.03-14.91) 0.59
Previous antituberculous treatment 3(3.0) 0(0) 3(3.5) NA 1

Hospital Admission Details

Admission diagnosis

Shortness of breath 17 (16.8) 3(18.7) 14 (16.5) 1.17 (0.19, 5.10) 0.73
Acute respiratory failure 5(4.9) 2 (12.5) 3(3.5) 3.83 (0.30, 36.70) 0.17
Chest pain 3(3.0) 2 (12.5) 101.2) 11.52 (0.57, 712.13) 0.06
Sickle cell disease pain crisis 2(2.0) 2(12.5) 0(0) NA 0.02
Pneumonia 4 (4.0) 1(6.2) 3(3.5) 1.81(0.03, 24.35) 0.5
Stroke 3(3.0) 1(6.2) 2(2.4) 2.73 (0.04, 55.53) 0.4
Gastrointestinal hemorrhage 2(2.0) 1(6.2) 1(1.2) 5.45 (0.07, 442.87) 0.29
Fever 1(1.0) 1(6.2) 0(0) NA 0.16
Malaise/ fatigue 1(1.0) 1(6.2) 0 (0) NA 0.16
Peripheral vascular disease 1(1.0) 1(6.2) 0(0) NA 0.16
Cocaine overdose 1(1) 1(6.2) 0 (0) NA 0.16
Primary discharge diagnosis
Septicemia 17 (16.8) 3(18.7) 14 (16.5) 1.17 (0.19, 5.10) 0.73
Acute/ chronic respiratory failure 9(8.9) 3(18.7) 6(7.1) 2.99 (0.43, 16.29) 0.15
Acute chest syndrome 3(3.0) 3(18.7) 0(0) NA 0.003
Pneumonia 12 (11.9) 1(6.2) 11(10.9) 0.45 (0.01, 3.57) 0.69
Brain hemorrhage/ coma 6 (5.9) 1(6.2) 5(5.9) 1.07 (0.02, 10.57) 1
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Table 1 (continued) | Characteristics of 101 patients hospitalized at Boston Medical Center with evidence of Mycobacterium
tuberculosis DNA in discarded respiratory samplesa

Characteristic Overall M. tuberculosis detected M. tuberculosis not OR or mean/ median p®
detected difference
N=101 N=16 N=85 (95% CI)
Asthma exacerbation 4 (4.0) 1(6.2) 3(3.5) 1.81(0.03, 24.35) 0.5
Cocaine overdose 3(3.0) 1(6.2) 2(2.3) 2.73 (0.04, 55.53) 0.41
Cardiac/vascular device 3(3.0) 1(6.2) 2(2.3) 2.73 (0.04, 55.53) 0.41
complication
Gastrointestinal hemorrhage 1(1.0) 1(6.2) 0 (0) NA 0.16
Peripheral vascular disease 1(1.0) 1(6.2) 0(0) NA 0.16
Hospitalization time (days) 9.9 [5.4, 27.3] 9.4 [6.3,18.5] 9.9[4.9, 28.2] - 0.99
Laboratory'
White blood cells 10.7[7.8, 14.4] 12.9 [11.2,17.4] 10.1[7.7,13.9] = 0.06
Hemoglobin 1.8 [9.4,13.5] 8.6 [6.6,10.9] 12.3[9.9,13.6] - 0.002
Platelets 213 240 [191, 287.5] 211 [162.5, 277.5] - 0.54
[163.2, 280.2]
Alanine aminotransferase 22 [17, 32.5] 28.5[15.8, 35.8] 22 [17.3, 31.8] - 0.68
Aspartate aminotransferase 34 [22,50.] 34 [23.8, 57.5] 34 [22,50] - 0.72
Alkaline phosphatase 85 [67, 113.] 92 [78.3,109.8] 84 [66,115] - 0.65
Albumin 3.7[3.1, 4] 3.6[3.2,3.7] 3.7[2.9, 4] - 0.43
Total bilirubin 0.65 0.80[0.40, 1.6] 0.6[0.4, 0.9] - 0.49
[0.40, 0.98]
Direct bilirubin 0.20 1.3[0.8,1.5] 0.2[0.2,0.5] - 0.01
[0.20, 0.50]
INR 1.1[0.97,1.4] 1.2[0.90, 1.5] 1.1[0.97,1.3] - 0.97

Values are n (%), median [interquartile range, IQR], and mean {standard deviation, SD}, unless otherwise specified.

NA not applicable (unable to calculate), OR odds ratio, Cl confidence interval, AFB acid-fast bacilli, COPD chronic obstructive pulmonary disease, G/ gastrointestinal, HI\V human immunodeficiency
virus, IGRA interferon-gamma release assay, INR international normalized ratio, LTBI latent tuberculosis treatment, TB tuberculosis, TST tuberculin skin test.

?All specimens had a bacterial culture request except for one that had a request for Pneumocystis jiroveci testing.

Wilcoxon test (continuous data) or Fisher’s exact test (categorical data); all comparisons are two-sided.

°Other places of birth included: Barbados (1), Cape Verde (1), Costa Rica (1) Dominican Republic (1), El Salvador (2), Ethiopia (2), Greece (1), Haiti (3), Lithuania (1), Nigeria (1), Peru (1), Philippines (1),

Poland (1), Sierra Leonne (1), Trinidad (1), Unknown (11), missing or unavailable (5).
dPatients may have one or more comorbidities.
°TST missing or unavailable (n=5).

Missing or unavailable data (n): WBC (4), HGB (4), Platelets (3), ALT (41), AST (42), Alkaline (42), Albumin (39), Total bilirubin (43), Direct bilirubin (54). The laboratory result included was closest to the

TOP specimen date.

sputum of the only three patients with sickle cell disease that shared a
diagnosis of acute chest syndrome (3/16 vs. 0/85, p = 0.003), a finding
that should be considered preliminary given the small sample size
despite strong statistical significance. The increased risk of infectious
complications in patients with sickle cell is well established, particu-
larly when complicated by acute chest syndrome*?. In their seminal
study, Vichinsky et al. found that among 671 episodes of acute chest
syndrome, 216 (32%) were caused by infections from 27 different
microorganisms, predominantly atypical bacteria and viruses, but 2
(0.3%) cases were attributed to M. tuberculosis*®. Importantly, in 46% of
patients, the etiology of acute chest syndrome was undetermined (e.g.,
no evidence of infection, fat embolism, or infarction); in the present
study, all three patients had a negative concomitant microbiological
work-up. Although US populations at risk for TB and those at risk for
sickle cell disease may have overlapping demographic and social
characteristics, a definitive link between these two illnesses has not
been established®. If confirmed in larger studies, this previously
unsuspected clinical association may be particularly relevant to set-
tings where both maladies are more prevalent, such as in sub-Saharan
Africa®.

After a dramatic decline in the number of TB cases in the US over
the last 25 years, there is growing evidence the epidemic has entered a
period of non-declining disease rates®, particularly following the
COVID period*. Complicating elimination, 87% of new cases arise from
the large reservoir of individuals with untreated TB infection®. When
individuals with TB infection escape latency, establishing a diagnosis

of TB disease is often challenging because of evolving risk factors,
atypical clinical presentations following immunotherapy, and a grow-
ing need for detection of culture-negative disease®*'**. In 2022, 21% of
TB cases reported to CDC were not microbiologically confirmed (e.g.,
clinical TB case definition with no M. tuberculosis viability demon-
strated), and this proportion has slowly increased over time due to
epidemiological and biological factors**'. Interestingly, most TB-
DNA+ patients in this study were TST or IGRA-negative, a poorly
understood condition that has been associated with advanced age, low
peripheral lymphocyte counts, and poor clinical outcomes in micro-
biologically confirmed TB cases in the U.S. and elsewhere®**'. This
observation is also frequently reported in presumptive TB patients
that are Xpert MTB/RIF Ultra trace-positive, a semi-quantitative diag-
nostic category measuring very low bacillary loads that are often
culture-negative®.

Currently, isolated detection of M. tuberculosis DNA is not uni-
versally accepted as evidence of TB disease® but this opinion is evol-
ving with the growing body of evidence provided by presumptive TB
patients that are Ultra trace-positive®. Although preliminary, the
results of this study lead to several mechanistic, clinical, and infection
control questions that will require further investigation to elucidate.
First, detection of M. tuberculosis DNA in certain patients may be
clinically inconsequential, as it may be capturing non-viable bacteria or
represent shedding from a latent focus®. Yet, disregarding evidence of
M. tuberculosis DNA in respiratory samples without further study is
surely unwise. Second, if linear disease progression culminating in
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Fig. 3 | Distribution of TOP-positive (e.g., 3ponA diagnostic primer) results in
101 hospitalized patients sorted according to patient age on hospital admis-
sion and principal discharge diagnosis. In addition to those shown in the graph,

other discharge diagnoses of TOP-positive patients include brain hemorrhage (1),
peripheral vascular disease (1), gastrointestinal hemorrhage (1), cocaine overdose
(1), and cardiac device complication (1).

culture-positive illness is indeed the common final stage of TB, our
findings may suffer from insufficient follow-up time to culture-positive
conversion. An alternative explanation is that disease progression was
interrupted or modified by partial treatment with beta-lactam anti-
biotics (81% of TB-DNA+ patients received them), given their well-
described antituberculous activity*. Finally, we hypothesize that this
new diagnostic tool may have permitted the discovery of a previously
undetectable variant of paucibacillary TB disease that stands as a polar
opposite to the traditional, culture-positive multibacillary form of the
disease. This presumed bipolar TB pathogenesis model that has been
proposed by others®, would have a strong biological precedent, as
shown by other closely related mycobacteria such as M. leprae® and
certain nontuberculous mycobacteria®. One possible mechanistic
explanation for this bipolar spectrum of TB disease is our household
contact study from Brazil, showing that less transmissible M. tubercu-
losis clinical isolates cause diffuse inflammation in C3HeB/Fe] mice
lung pathology when compared to highly transmissible strains that
exhibited more caseating granulomas, a lesion type with high potential
to cavitate and therefore cause multibacillary TB disease®.

Our study has limitations. The TOP TB assay is a research-use-
only tool that currently lacks regulatory clearance. Also, our results
are challenged by the absence of a confirmatory independent test, as
currently available diagnostic methods do not have the requisite
sensitivity to detect the very low bacterial loads ascertained by the
TOP assay (i.e., culture, other molecular assays and metagenomic
sequencing), or because they depend on M. tuberculosis growth in
culture to sufficiently enrich the molecular target (i.e., whole-
genome sequencing). The use of discarded respiratory samples in
all three studies is not ideal because it may have affected the quality
and volume of specimens, and risk sample contamination. Whereas
the likelihood that cross-contamination or insufficient assay specifi-
city may have resulted in false-positive results is low, it cannot be
completely excluded. Because of the current diagnostic uncertainty
of detecting M. tuberculosis DNA in culture-negative samples, we
cannot certify M. tuberculosis directly contributed to symptoms,
pathology, or death in the absence of tissue or autopsy results. The
latter limitation also needs to be considered when interpreting the
positive predictive value of the TOP assay, given its heightened
sensitivity and low pre-test probability of disease in the study cohort.

Finally, while passive follow-up through serial chart review provided
detailed and reliable information, some additional characteristics
might not have been identified. Future prospective clinical studies
with dedicated respiratory specimens will be necessary to confirm
and expand our findings.

In summary, we detected a higher-than-expected prevalence of M.
tuberculosis DNA in respiratory samples of predominantly US-born
patients hospitalized in a Boston safety-net hospital. Whereas most TB-
DNA+ patients were older and presented with a variety of infectious
and non-infectious syndromes commonly encountered in hospitalized
individuals, there was also a group of four young patients, three of
which shared the diagnosis of acute chest syndrome—a striking and
potentially consequential clinical association. While preliminary, we
hypothesize that our findings indicate the existence of a paucibacillary
form of TB that remains unrecognized and is not detectable using
current diagnostic tools. These results will require confirmation in
larger prospective studies that include clinical, radiological, immuno-
logical, and microbiological correlation. Yet, even without complete
knowledge of biological mechanisms, impact on clinical outcomes, or
transmissibility, the evidence presented supports dissemination given
the potential implications for medical care and public health in the US,
and elsewhere.

Methods

Ethical approvals

The studies were approved (protocols H-32288 and H-32655) by the
Boston University Medical Center Institutional Review Board (IRB) as
“Exempt” (e.g., did not meet the definition of Human Subjects
Research). The IRB waived the need to obtain informed consent. The
IRB at St Elizabeth Medical Center approved the study without further
review.

Study population

This report includes three separate studies conducted over 6 years at
two separate hospitals in Boston, Massachusetts (Fig. 1). Two of the
studies were performed at Boston Medical Center (BMC), a private 496-
bed academic medical center that serves as the principal safety net
hospital for the greater Boston metropolitan area (57% under-served
populations). The Clinical Microbiology Laboratory at BMC is state-of-
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Table 2 | Clinical outcomes in 101 patients hospitalized at Boston Medical Center with evidence of Mycobacterium tuberculosis

DNA in discarded respiratory samples

Outcome Overall M. tuberculosis detected M. tuberculosis not detected OR or mean/median difference P*
N=101 N=16 N=85 (95% ClI)
Died during the index admission 10 (9.9) 1(6.3) 9 (10.6) 0.57 (0.01, 4.65) 0.51
Age at death
Median (range) 68 (53-88) 62 (62) 70 (53-88) - -
Mean {SD} 68 {10} 62 {NA} 69 {11} - -
Died during the study (as of April 2019) 27 (26.7) 6 (37.5) 21(24.7) 1.82 (0.48, 6.34) 0.29
Age at death
Median (range) 66 (48-89) 66 (51-80) 60 (48-89) 6 (-13.33,10.95) 0.67
Mean {SD} 66 {12} 66 {10} 66 {13} - -
Time to death (days)
Median [IQR] 36 [14,201] 390 [5,694] 26 [14,102] - 0.3
Mean {SD} 266 {462} 521 {584} 190 {406} -
Range 0-1658 5-1546 0-1658
Principal diagnosis at the time of death
Sepsis/septicemia/MOF 7 (25.9) 4 (66.6) 3(14.3) 8.79 (1.32, 67.48) 0.02
Tumor registry/unknown 6(22.2) 1(16.6) 5(23.8) 1.07 (0.02, 10.57) 1
Gl perforation/obstruction 2 (7.4) 1(16.6) 1(4.8) 5.45 (0.07, 442.87) 0.4
Pneumonia 6(22.2) 0(0) 6 (28.6) NA 0.28
Cardiovascular/stroke 3 (1.1) 0 (0) 3(14.3) NA -
COPD exacerbation 1(3.7) 0(0) 1(4.8) NA =
Anoxic brain injury 1(3.7) 0(0) 1(4.8) NA =
Trauma 1(3.7) 0 (0) 1(4.8) NA -
Hospital readmissions n=64(70.3) n=11(73.3) n=53(69.7) 119 (0.31, 5.67) 1-0
Median (range) 2 (0-26) 4 (0-15) 2 (0-26) - -
Mean {SD} 4.8 {5-4} 4.7 {4.8} 4.8 {5.6} = =
Values are n (%), median [interquartile range, IQR], and mean {standard deviation, SD}, unless otherwise specified.
NA Not applicable (unable to calculate), OR Odds Ratio, CI Confidence Interval.
COPD chronic obstructive pulmonary disease, HIV human immunodeficiency virus, MOF multiorgan failure, GI gastrointestinal.
“Wilcoxon test (continuous data) or Fisher’s exact test (categorical data); all comparisons are two-sided.
the-art, providing a full range of clinical diagnostic infectious diseases TOP TB assay
testing, performing about 2-8 million tests per annum. The laboratory A detailed description of the TOP TB assay has been reported®®.

has a successful record of supporting pre-clinical and clinical research,
including the provision of clinical samples and microbial isolates, and
performing comparative assay evaluations.

Over the 3 years preceding this study (2011-2013)*, the Boston
Public Health Commission (BPHC) registered 40-45 new TB cases per
year (incidence rate 6-5-7-1 per 100,000 population). Of these, 65%
had pulmonary TB, 80% were non-US born, 8-9% were in PLHIV, and
65-77% were diagnosed while hospitalized®. BMC reports an average
of 2-3 new TB cases monthly, corresponding to 50-65% of notified
cases in Boston.

Control population

To understand the specificity of results at BMC, we sourced a parallel
set of anonymized discarded respiratory samples with identical
inclusion criteria from patients hospitalized at St Elizabeth’s Medical
Center, a private 272-bed community hospital located in Boston’s
Brighton neighborhood. Within the hospital’s primary service area,
residents are predominantly white (79%), followed by Asian (11%) and
Black (5%). The age distribution reflected the large student popula-
tion, as 24% were 20-29 years of age, and 12% were >65 years. Per
BHPC records, from 2009 to 2013 St Elizabeth’s Medical Center
reported 11 hospitalizations for evaluation of TB disease compared to
BMC that reported 141 during the same 5-year period preceding
this study.

Briefly, the assay targets a gene (ponAlI) involved in the assembly of
peptidoglycans in the M. tuberculosis bacterial wall. The assay’s diag-
nostic primer set (3-ponA-F/R) targets sequences unique to all species
in the M. tuberculosis complex. Amplicons generated by 3-ponA are
detected using a capture-probe colorimetric assay, and the resultant
Optical Densities (OD) provide a semi-quantitative measurement of
bacillary load”. TOP TB assay 3-ponA primers and probe have
demonstrated no cross-reactivity with respiratory pathogens and
nontuberculous mycobacteria, and the signal amplified is specific to M.
tuberculosis”®*°. Specimens that are positive using the diagnostic pri-
mer set were tested with a second primer set (2-ponA-F/R) that serves
both as an alternate molecular target®’, and to distinguish among five
possible genetic variants of M. tuberculosis (e.g., 0",1'/1, 2,3, and 4), as
previously described”.

Anonymized respiratory specimens

During early assay development, we sourced anonymized discarded
respiratory samples sourced in sterile containers that were sub-
mitted for routine clinical testing to the BMC laboratory.
These samples were originally intended as a real-world clinical spe-
cimen matrix for spiking M. tuberculosis in decreasing concentrations
(e.g., serial dilutions)*’. To minimize the prevalence of M tuberculosis,
we included only samples without a mycobacterial
laboratory request by the ordering clinician. After routine
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Fig. 4 | Kaplan-Meier survival curve with results from an unadjusted stratified
Cox proportional hazards model stratified at 650 days to account for non-
proportional hazards. CI Confidence interval. All comparisons are two-sided.

microbiology work that included pipetting of specimens to inoculate
standard bacterial cultures was completed, the remnant aliquot was
refrigerated unprocessed for up to 1 week to enable add-on testing as
requested by clinicians. Specimens were then transported weekly to
the research laboratory in a temperature-controlled container where
they were frozen unprocessed for ~3 months in four batches, each
containing 29-43 samples. Before performing serial dilution
experiments, specimens were thawed, processed, and tested with the
TOP TB assay to ensure a negative baseline result. As an additional
measure to minimize cross-contamination, all PCR and DNA
extraction reagents were discarded, and new reagents utilized
each week. Detection of TB-DNA in blank study samples was verified
by repeat testing, and M. tuberculosis sequencing (Genewiz, NJ, USA),
as described”. We followed the same laboratory procedures for a
parallel set of anonymized samples sourced from patients
hospitalized at St Elizabeth’s Medical Center (e.g., control
population).

Longitudinal clinical study

Because of the unexpected results in anonymized samples at BMC,
we then conducted an observational longitudinal study to determine
pre-specified clinical outcomes, including incident microbiological
or clinical TB diagnosis, hospital admissions, and vital status. For this
purpose, we sourced a second set of respiratory specimens with
identical inclusion criteria as the first anonymized BMC study, but
this time assigning each sample a study identifier. We followed the
same sample selection, transport, and storage methods as in the
anonymized study. However, in this study, selected specimens
underwent TOP testing each week to retrospectively perform
mycobacterial cultures in TB-DNA+ samples. Coded study results
were later linked to relevant patient data, including any previous TB-
related history (i.e., exposures, BCG vaccination, TST, IGRA, TB dis-
ease, and treatment), as well as social, clinical, microbiological, and
radiographic data after independent chart review by personnel
unrelated to the research study. An independent clinician conducted
annual reviews of BMC hospital charts and BPHC records to capture a
subsequent clinical or microbiological diagnosis of TB disease, hos-
pital readmissions, and to determine vital status. Date and cause of
death data were extracted from the medical chart or death certificate
when available.

Analytical strategy

This is an observational study reporting unanticipated results in a
population with a presumably low pre-test probability of pulmonary
TB disease; as such, we considered it inappropriate to report results
according to the Standards for Reporting of Diagnostic Accuracy
guidelines*°. We calculated the diagnostic cut-off for TOP OD using a
value of three standard deviations above the mean of the OD values
of negative controls (e.g., laboratory cut-off), after validating the
latter method using a Receiver Operating Curve analysis". We com-
pared patient characteristics according to TOP results using either
the Wilcoxon test (continuous data) or Fisher’s exact test (categorical
data) all two-sided. We followed patients for clinical outcomes
(incident TB, readmission, or death) until April 2019. We show Kaplan
Meier curves and use an unadjusted stratified Cox proportional
hazards model to determine if there are differences in the time to
death for TB-DNA+ and negative patients before and after 650 days.
We also fit a Cox proportional hazards model, considering adjust-
ment for homelessness, alcohol use, age, biological sex, and time
since first hospital visit, and use backwards selection to select a
parsimonious model. All comparisons are two-sided, and we did not
adjust for multiple comparisons

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data for Fig. 2 is included in Table S1 and Table S3. Source data
for the longitudinal clinical study pertains to individual clinical infor-
mation that was extracted by the Boston Medical Center data ware-
house into Excel sheets using study codes to maintain patient
confidentiality and fulfill Health Insurance Portability and Account-
ability Act (HIPAA) requirements. Therefore, widespread access to this
data is restricted due to patient privacy. Upon appropriately justified
requests, coded clinical data may be made available within 60 days
after approval by the Boston University Medical Center Institutional
Review Board. Please contact the corresponding author (EJ-L) for any
data requests. The DNA sequences for the 3ponA and 2ponA primer
sets are available in Supplementary Fig. lll and Supplementary Table IV
in the Appendix of reference #19 (Madico et al., PLoS One, 2016).
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