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Most CRISPR assays lack clinical utility due to their complex workflows and
limited validation. Here we present a streamlined “one-pot” asymmetric
CRISPR tuberculosis assay that attenuates amplicon degradation to achieve
5 copies/pL sensitivity within 60 min and detect positive patient samples
within 15 min. This assay exhibited 93%, 83%, and 93% sensitivity with adult
respiratory, pediatric stool, and adult cerebral spinal fluid specimens, and
detected 64% of clinically diagnosed tuberculous meningitis cases, in a cohort
of 603 clinical samples. This assay achieves complete specificity and greater
sensitivity (74% vs. 56%) than the most sensitive reference test with pro-
spectively collected tongue swabs, and exhibits similar performance when
adapted to a lateral flow assay format and employed to analyze self-collected
tongue swabs. These results demonstrate the utility of this approach across
diverse specimen types, including those suitable for use in remote and
resource-limited settings, to improve access to molecular diagnostics.

Molecular diagnostic advances have substantially improved disease
diagnosis, as revealed during the COVID-19 pandemic, and can facil-
itate early intervention and personalized treatment">. However, half
the global population has limited access to such tests', obscuring the
true burden of many diseases, particularly those linked to poverty**,
and increasing their mortality and socio-economic consequences’. For
example, Mycobacterium tuberculosis (Mtb) infections are responsible
for an estimated 10 million new tuberculosis (TB) cases and 1.6 million
TB-related deaths annually®, which disproportionately affect low- and
middle-income countries® where >35% of new cases go undiagnosed"”.
There is thus an urgent need to develop streamlined diagnostics that

address diagnostic challenges faced by poor, rural, and marginalized
communities.

CRISPR-based assays provide a means to rapidly detect specific
pathogen-derived nucleic acid sequences for disease diagnosis, and
employ ribonucleoprotein (RNP) complexes composed of a CRISPR-
associated (Cas) protein and a guide RNA (gRNA) to bind a target
sequence and cleave a ssDNA reporter, but have issues that limit their
clinical translation®®. For example, amplification-free CRISPR assays
have shown promise for COVID-19 testing®'°, but usually require rela-
tively high concentrations of pathogen-derived nucleic acid for effec-
tive diagnosis, whereas Mtb DNA concentrations are low in most
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diagnostic specimens'"2. Some studies have employed multiple gRNA
to enhance reporter cleavage and signal production but these assays
have yielded only moderate sensitivity increases’'>">. Most CRISPR-
based TB diagnostics therefore employ a two-step process that pre-
amplifies the target to increase signal production®'. This approach has
been adapted for TB diagnosis, and can detect trace Mtb DNA levels in
aseptic body fluids to enable TB diagnosis in populations that have
difficulty producing diagnostic sputum specimens">"*, However,
clinical adoption of such tests has been delayed by their lack of clinical
validation studies; complex workflows that are impractical for use in
clinical applications, especially in resource-limited settings; and sig-
nificant contamination risks™.

Streamlined “one-pot” assays that integrate target amplification
and detection reactions in a single tube can avoid these issues but be
difficult to develop, particularly for low-abundance pathogens, as such
assays must be optimized for reaction condition differences and bal-
ance amplicon production and cleavage to optimize their
sensitivity'®>™", Some groups developing one-pot assays have
employed target sequences with adjacent non-consensus protospacer-
adjacent motifs (PAMs) to attenuate cleavage activity'®” since this
motif facilitates dsSDNA unwinding in Cas12a RNPs®'¢, while others have
employed gRNA modifications to reduce both RNP affinity and clea-
vage activity'”. However, while both approaches can attenuate Casl2a
cis-cleavage activity to increase target accumulation, they can also
attenuate trans-cleavage of the assay reporter to reduce sensitivity.

Here we hypothesized that we could enhance the sensitivity of
isothermal one-pot recombinase polymerase amplification (RPA)-
CRISPR assays by using gRNAs that favor Casl2a trans- vs. cis-cleavage
activity, as this should favor target accumulation that drives reporter
trans-cleavage, and that sensitivity could be further enhanced by the
use of Cas12a RNPs targeting distinct sites on their target amplicon. We
therefore developed a one-pot asymmetric cis/trans CRISPR cleavage
assay for TB (ActCRISPR-TB) that employed multiple gRNAs favoring
trans- vs. cis-cleavage activity upon recognition of their targets within
an Mtb-specific insertion sequence. In an analysis of 603 clinical spe-
cimens from 479 individuals, ActCRISPR-TB diagnostic performance
was comparable to reference molecular diagnostics when analyzing
respiratory samples, but was greater than these tests when applied to
non-respiratory specimens, and markedly enhanced Mtb DNA detec-
tion in tongue swabs. No loss in analytical or diagnostic sensitivity was
observed when this assay was adapted to a lateral flow assay (LFA)
format that analyzed self-collected tongue swab specimens suitable
for use in streamlined active TB disease finding and screening efforts.

Results

ActCRISPR-TB development and characterization

We have previously described a two-step CRISPR-based TB assay that
detects cell-free Mtb DNA in serum/plasma of TB patients using a gRNA
(2RNA-O, Table S1) that recognizes a site in the multi-copy Mtb
complex-specific I1S6110 insertion element with a canonical PAM
(TTTV)". However, an integrated one-pot assay derived from this assay
exhibited delayed and attenuated signal, likely due to a competitive
cis-cleavage of the RPA amplicon by its Cas12a RNP (Fig. S1)'*". Since
gRNAs targeting sequences that lack canonical PAM sites (non-cano-
nical gRNAs) can vyield differential cis-cleavage vs. trans-cleavage
activity, we tiled the IS6110 amplicon sequence to identify non-
canonical gRNA candidates that had stable secondary structures
(Fig. 1a and S2-S3; Table S1). All gRNAs had strong target specificity but
variable cis- and trans-cleavage activities as determined by monitoring
the activity of the RNPs to deplete their dsDNA substrate and ssDNA
reporter (Fig. 1b-d, S4-S6; Table S2-53)'**°. All non-canonical gRNAs
produced weaker cis-cleavage activity than gRNA-O, although trans-
cleavage activities detected with gRNA-2, -5, and -0 were comparable,
and substantially greater than the those of the other five gRNAs
(12-42% of gRNA-O activity) (Fig. 1d).

These results agreed with reports that the cis- and trans-cleavage
activities of Casl2a are functionally independent**?, while reanalysis of
publicly available datasets from a recent study identified another non-
canonical gRNA yielding asymmetric Casl2a cleavage activity
(Fig. S7)®. Structural modeling of the Cas12a RNPs employed in our
study detected similar Casl2a and gRNA-template heteroduplex
structures but divergence in the relative positions of the non-template
strands in proximity to Casl2a catalytic site (Fig. S8), which could
potentially influence their asymmetric cleavage activity.

Normalized activity comparisons (Table S4) revealed that gRNA-4,
gRNA-5, and gRNA-6 differentially promoted trans- vs. cis-cleavage,
and one-pot assays performed with these three gRNAs revealed better
reaction kinetics than the four gRNAs that had more balanced cis- and
trans-cleavage activities (Fig. le), suggesting asymmetric activity
reduced amplicon cleavage to improve amplification efficiency, Cas12a
trans-cleavage kinetics, and assay signal (Fig. 1c). However, assay signal
generated by gRNA-6 was template independent and apparently
derived from a 10-nucleotide sequence overlap with the RPA forward
primer (Fig. 1a, S2 and S10). This gRNA was thus excluded from all
subsequent analyses.

Since gRNA-5 revealed the best reaction kinetics, the RPA and
CRISPR reaction conditions of the gRNA-5-based one-pot Act-
CRISPR-TB assay were optimized to maximize signal (Fig. S11) and
minimize the half-maximum signal time (Fig. S12). Subsequent
analyses were performed using these conditions (500 nM primers,
16.8 nM Mg?', and 40 nM RNP), as alternate parameters yielded less
favorable kinetics. Primer increases tended to reduce RPA effi-
ciency, Mg?" increases reduced assay signal, and reporter increases
had no prominent effect on assay kinetics so that a 600 nM con-
centration was selected to minimize background and assay
expense. Comparable ActCRISPR-TB end results were obtained
across a 36-40 °C temperature range and with RPA reagents from
different manufacturers.

We hypothesized that assays employing distinct Casl2a RNPs
could increase signal (Fig. 1f), as previously reported for an
amplification-free CRISPR system", and found that adding other
gRNAs to an optimized ActCRISPR-TB gRNA-5 assay with a constant
total gRNA concentration differentially increased (gRNA-2>gRNA-
3>gRNA-4) or decreased (gRNA-O>>gRNA-1) its kinetics (Fig. 1g).
Signal increases induced by gRNA additions were influenced by the
relative gRNA ratios: slightly shifting the gRNA-5 to gRNA-2 ratio to
favor gRNA-5 (30:10) modestly enhanced signal, whereas a corre-
sponding decrease (10:30) markedly attenuated assay kinetics and
signal (Fig. S13), likely due to the greater cis-cleavage activity asso-
ciated with gRNA-2. Adding gRNA-3 or gRNA-4 to a gRNA-2/gRNA-5
assay modestly increased its kinetics, while adding gRNA-1 or gRNA-O
had the opposite effect (Fig. 1h and S14). Multi-gRNA ActCRISPR-TB
assays that used gRNA-2, -3, and -5 achieved a limit of detection (LoD)
of 5 copies/pL (Fig. 1i, j)—20 times lower than a one-pot assay using
canonical gRNA-O (Fig. S15)—while retaining specificity for Mtb com-
plex species (Fig. 1k).

ActCRISPR-TB diagnostic performance with pulmonary and
extrapulmonary specimens

This ActCRISPR-TB assay was next systematically evaluated for its
diagnostic performance when used to analyze different types of
cryopreserved specimens (Figs. 2a and 3a). Sputum samples with high
to very low Xpert grades, as assigned by their Ct values, were DNA-
extracted and analyzed to determine the minimum time required for
sensitive detection of positive samples (Fig. 3b). Most Xpert-positive
sputum DNA isolates (85%; 17 of 20) revealed at least weak ActCRISPR-
TB signal by 15 min, with false-negative results detected only in sam-
ples with low or very low Xpert grades. Maximum diagnostic sensitivity
(95%; 19 of 20 samples) was achieved by 45 min, and the remaining
false-negatives did not differ from Xpert-negative specimens at
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60-min. A 45-min read time was thus selected to optimize assay time We next evaluated ActCRISPR-TB performance using sputum

and performance. A subsequent ActCRISPR-TB validation study per-
formed with 56 Xpert-positive and 56 Xpert-negative sputum speci-
mens from adults with presumed TB (Table S5) yielded comparable
performance, misclassifying only four samples with low or very low
Xpert grades (Fig. 3¢ and S16) to achieve 93% (95% Cl: 83-98%) sensi-
tivity and 100% (95% CI: 94-100%) specificity.

samples obtained from a cohort of 28 HIV-positive adults with low CD4
counts (median 72 cells/mL; IQR 13.5-158.5) and with and without
evidence of TB, since it is frequently more difficult to diagnose TB in
this patient population due to the paucibacillary nature of their sputum
specimens'. These individuals were post-hoc classified as confirmed,
unconfirmed, unlikely, or non-TB cases based on their clinical,

Nature Communications | (2025)16:8257


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63094-x

Fig. 1| Development and characterization of the asymmetric cis/trans-cleavage
one-pot CRISPR-TB (ActCRISPR-TB) assay. a Schematic of Mtb genome 1S6110
sites and binding sites for gRNA-0 and six PAM-deficient gRNAs (gRNA-1 to gRNA-6)
(Table S1 and Fig. S2). Created in BioRender. Huang, Z. (2025) https://BioRender.
com/a99265m. b Relative specificity of the indicated Cas12a/gRNA RNPs for
genomic DNA from four Mtb complex (MTBC), seven non-tuberculous myco-
bacteria (NTM), and three non-mycobacterial species. ¢ Dynamic interplay models
of RPA and CRISPR reactions in one-pot RPA-CRISPR assays, established using
Cas12a/gRNA RNPs with distinct cis- and trans-cleavage activity profiles. Created in
BioRender. Huang, Z. (2025) https://BioRender.com/a99265m. d The cis-cleavage
activity (left) and Michaelis—Menten trans-cleavage kinetics (right) of these RNPs, as
derived from three experimental and technical replicates, respectively. e Signal
kinetics of these one-pot RPA/CRISPR assays detected with a positive control (PC;

1000 copies 1S6110 DNA/pL) and a non-templated control (NTC; nuclease-free
water). f Schematic depicting the effect of multiple Cas12a/gRNA RNPs to further
increase reporter cleavage kinetics. Created in BioRender. Huang, Z. (2025) https://
BioRender.com/wtcftat. g, h CRISPR kinetics detected with (g) gRNA-5 or gRNA-5
and gRNA-0, -1, -2, or -4 (1:1 ratio) at constant RNP concentration, or h gRNA-
5+gRNA-2, with or without gRNA-O, -1, -3, or -4 (6:1:1 or 3:1 ratio, respectively). One-
pot ActCRISPR-TB i kinetics and signal detected with the indicated j IS6110 DNA
concentrations and k pathogen genomic DNAs. Data indicate four-parameter
logistic (d-left, e, g-i) and Michaelis-Menten (d, right) curve values with 95% con-
fidence intervals (error bars or shaded areas) for representative data, and mean +
standard deviation (SD) values of five technical replicates of the indicated samples
(4, k). P values were calculated using a two-sided Wilcoxon signed-rank (e) and
Mann-Whitney tests (j, k). Source data are provided as a Source Data file.

laboratory, and treatment data (Table S6). ActCRISPR-TB results
demonstrated 80% (95% Cl: 44-97%) sensitivity for the confirmed and
unconfirmed TB cases, and 89% (95% Cl: 65-99%) specificity with
unlikely and non-TB cases (Fig. 3d), whereas Xpert MTB/RIF results had
40% sensitivity overall as it detected none of the unconfirmed TB cases.
Notably, these results may underestimate ActCRISPR-TB specificity,
since the two unlikely TB cases with false-positive results were both
culture positive but judged to have non-tuberculous mycobacterial
(NTM) infections based on additional findings. However, given the
species specificity of the assay, the observation that the remaining four
unlikely TB cases with NTM diagnoses all had negative ActCRISPR-TB
negative results, and the elevated TB risk in this severely immuno-
compromised patient cohort, we cannot exclude the possibility that
these two unlikely TB patients had both NTM infections and TB.

ActCRISPR-TB performance was next assessed using non-sputum
samples, since 25% of symptomatic and >90% of asymptomatic TB
cases cannot spontaneously produce sputum?. Lower respiratory
tract specimens, including bronchoalveolar lavage fluid (BALF), are
often collected to improve diagnosis of such patients®. BALF speci-
mens analyzed in this study were obtained from 47 bacteriologically
confirmed TB cases, 19 clinically diagnosed TB cases, and 19 non-TB
cases (Fig. 2a; Table S7). Most non-TB cases (66%; 56 of 85) had clinical
features of TB but were not diagnosed with TB due to negative sputum
test outcomes or missing sputum specimens (Fig. S16). BALF
ActCRISPR-TB results identified 96% (45 of 47) of the bacteriologically
confirmed TB cases, 21% (4 of 19) of the clinically diagnosed TB cases,
and all (19 of 19) non-TB cases (Fig. 3e). Notably, there was a strong
correlation between Xpert grade and ActCRISPR-TB signal and posi-
tivity for both sputum and BALF specimens (Fig. S17). BALF ActCRISPR-
TB results yielded false-negatives for two individuals with “very low”
positive Xpert sputum results and identified eight TB cases with false-
negative BALF Xpert results (four with microbiologic confirmation and
four with clinical diagnosed TB). Overall, ActCRISPR-TB showed high
concordance (93%; 95% Cl, 89-96%) with Xpert in respiratory speci-
mens, with a pooled sensitivity of 94% (95% CI, 88-98%) and specificity
of 92% (95% Cl, 85-96%) (Fig. 3f).

ActCRISPR-TB performance was next assessed using stool speci-
mens from a cohort of children with suspected TB, since children are
often unable to expectorate sputum and invasive sampling is often not
feasible", leading the WHO to recommend testing stool specimens?.
We analyzed archived stool samples from 47 children with presumed
TB (Table S8). Only 15 of these children had sputum samples, and just
five had positive Xpert Ultra sputum results. However, Xpert Ultra
detected Mtb DNA in 23 gastric aspirate and 24 stool specimens,
whereas ActCRISPR-TB detected 26 positive stool samples, yielding
83% (95% Cl: 65-94%) sensitivity and 94% (95% Cl: 71-100%) specificity
(Figs. 3g and S18).

Finally, ActCRISPR-TB was evaluated for its ability to diagnose
extrapulmonary tuberculosis (EPTB) since Mtb dissemination increa-
ses the risk of poor outcomes and death, but direct EPTB diagnosis

requires the analysis of paucibacillary samples obtained from sus-
pected infection sites”. Since tuberculous TB meningitis (TBM) cases
require prompt diagnosis and treatment to avoid poor ourtcomes?,
we analyzed cerebrospinal fluid (CSF) specimens from a small cohort
of adults with suspected TBM (Fig. 2a; Table S9). ActCRISPR-TB
detected 93% (14 of 15) of microbiologically confirmed and 64% (7 of
11) of clinically diagnosed TBM cases (Fig. 3h), yielding 81% overall
sensitivity vs. the 35% (9 of 26) overall sensitivity of Xpert. Specificity
was not estimated with the non-TBM group since several individuals
had pulmonary TB diagnoses and missing CSF clinical test results,
which could have yielded false-negative TBM diagnoses. Notably, three
of the four non-TBM patients with strong ActCRISPR-TB false-positives
had pulmonary TB, and their positives could have reflected Mth-DNA
dissemination into the CSF from the circulation (valid false-positives)
or early-stage of TBM undetected by other methods (missed true-
positives).

ActCRISPR-TB performance with tongue swab specimens

New TB diagnostics that rapidly and accurately analyze accessible
specimen types are required to improve access to TB testing and
achieve the End TB program’s goal®>**®, Tongue swabs can simplify
specimen collection for pulmonary TB diagnosis since Mtb bacilli
expelled from the lungs accumulate on the tongue to provide direct
evidence of TB disease*’. However, sensitive and streamlined assays
that can detect trace Mtb DNA concentrations in these specimens are
required for large-scale active TB screening efforts. We therefore
compared ActCRISPR-TB and GeneXpert MTB/RIF Ultra (Xpert Ultra)
performance with 205 tongue swab specimens obtained from 134
individuals with microbiologically confirmed TB or non-TB diagnoses,
with further analyses performed to examine the effect of swab type
and storage conditions (Figs. 2b and 4a, and Table S10). Positive
ActCRISPR-TB and Xpert Ultra results were detected for 60 and 45 of
these TB cases [74% (95% CI: 63-83%) vs. 56% (95% Cl, 44-67%) sensi-
tivity], but not for specimens of the 53 non-TB cases (100% specificity;
95% Cl, 93-100%) (Fig. 4b and S19).

ActCRISPR-TB signal intensities for tongue swabs from TB cases
with negative and positive sputum culture results markedly differed
[median (IQR) values of 509 (447, 1802) vs. 2119 (503, 2119)], and had
positive signal frequencies of 38% and 66%, respectively (Fig. 4c). Swab
ActCRISPR-TB signal also distinguished individuals with positive vs.
negative sputum smear results but not individuals with differing smear
positivity grades, despite a trend for increased swab positivity (33 to
96% positive) with increasing smear grade (Fig. 4d). Similarly, swab
ActCRISPR-TB signal distinguished TB cases with positive vs. negative
Xpert results and very low vs. median and high sputum Xpert grades,
with positive results tending to increase with increasing Xpert grade
(from 14 to 75% positive) (Fig. 4e); and a similar trend was detected
when comparing Xpert Ultra swab and sputum results (Fig. S20).
Notably, ActCRISPR-TB swab results detected 33% (31/82) and 14% (3/
22) of the TB cases missed by sputum smear and Xpert results.
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Subsequent analysis of 52 paired tongue swabs from hospitalized
TB cases did not detect ActCRISPR-TB signal differences among the
tested swab types (Fig. 4f). However, swabs collected in the morning
had higher ActCRISPR-TB signal and positivity rates than those col-
lected at night [median (IQR): 1802 (503, 5128) vs. 1105 (438, 4026);
68% vs. 55% positive] (Fig. 4g), and similar trends were observed for
Xpert Ultra results (Fig. S21). Swabs preserved in Tris/EDTA buffer
yielded stable signal and positivity when stored at —20 °C for 1 week
(Fig. 4h). Swab signal but not positivity decreased after 5 days storage

) [ Tongue swabs )
(n=35)

v

[ ActCRISPR-TB LFA ]

at 4 °C, and signal and positivity decreased after 3 and 5 days at room
temperature (25 °C). Swabs can thus provide useful results after short-
term swab storage at conditions encountered in both well-equipped
and resource-limited settings.

ActCRISPR-TB LFA diagnostic performance

ActCRISPR-TB assays analyze NA extracts and are read by benchtop
instruments, like other reported CRISPR-based TB assays
(Table S11)"1#142329760 - and are thus not practical as point-of-care
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Fig. 2 | Study participants. a Biobank sputum, BALF, CSF, and stool specimens
analyzed to determine the diagnostic performance of ActCRISPR-TB for pulmonary
and extrapulmonary TB, and their characteristics. Diagnostic criteria for (b)
clinician-collected and (c) self-collected tongue swab specimens analyzed by Xpert
Ultra and benchtop ActCRISPR-TB and point-of-care ActCRISPR-TB LFA. Created in
BioRender. Huang, Z. (2025) https://BioRender.com/9103cm7. *TB (Table S5, S7,
S10, and S13) and “TBM (Table S9) classifications were assigned post-hoc according
to the China Clinical Treatment Guide for Tuberculosis and 2019 Chinese Guidelines
for the Diagnosis and Treatment of Central Nervous System Tuberculosis,
respectively. "HIV-positive adult participants were classified based on clinical

presentation, laboratory findings, and treatment response, as determined by
expert panel review (Table S6). * Children were considered MRS-positive (MRS+) if
they had sputum, gastric aspirate, or stool specimens that tested positive by Xpert
Ultra, or had positive culture or smear results; and were otherwise classified as
MRS-negative (MRS-) (Table S8). Abbreviations: BALF bronchoalveolar lavage fluid,
CDTB clinical diagnosed TB, CDTBM clinical diagnosed tuberculous meningitis,
CSF cerebrospinal fluid, CXR chest X-ray, IGRA interferon gamma release assay, LFA
lateral flow assay, NGS Next-generation sequencing, MRS microbiological reference
standard, TB tuberculosis, TBM tuberculous meningitis, Xpert GeneXpert MTB/RIF.

assays, which should minimize operator and equipment requirements.
We therefore refined the ActCRISPR-TB workflow, employing a simple
thermal/mechanical lysis procedure to generate sample lysates that
could be directly analyzed by the assay, yielding signal that could be
visualized using a LFA (Fig. 5a). This streamlined ActCRISPR-TB LFA
workflow employed a 10-min thermal/mechanical lysis step to release
Mtb DNA, a 45-min ActCRISPR-TB reaction, and a 2-min LFA incubation
step, followed by visual or smartphone detection approaches that
respectively produced qualitative or semi-quantitative results
(Fig. 5b and S22-24). Sample classification results obtained with ther-
mal/mechanical lysates were equivalent to those determined with
standard NA extracts despite yielding slightly weaker signal, and sig-
nificantly reduced workflow complexity, time, and cost (Fig. S25;
Table S12).

Sensitivity and specificity results for the optimized ActCRISPR-TB
LFA and benchtop ActCRISPR-TB assay were comparable (Fig. 5c,
d and S26). Weakly and moderately positive swabs spiked with 10 and
100 target copies/pL did not exhibit signal variability detectable by
visual inspection, but smartphone readouts detected 2.3% to 15.6%
intra-assay and 9.9% to 14.5% inter-assay coefficients of variation
(Fig. 5e). Food residue attenuated signal intensity but not positive
signal identification rates in weakly positive spiked swabs sam-
ples (Fig. 5f).

ActCRISPR-TB benchtop and LFA results for self-collected tongue
swabs detected 17 of 24 TB cases and O of 11 non-TB controls (Fig. 5g;
Table S13). Notably, three weakly positive ActCRISPR-TB LFA results
detected at 45 min were readily detected when read by smartphone
(Fig. S27) and had strongly positive visual results when read at 90 min
(Fig. S28). Xpert Ultra swab results detected 16 TB cases, including 15
with positive ActCRISPR-TB benchtop/LFA results, with the former and
latter assays uniquely detecting one and two additional TB cases and
missing six TB cases (Fig. 5e and S29a), despite Xpert Ultra using 40-
fold more lysate. Sputum Xpert results detected more true-positives
than ActCRISPR-TB LFA swab results, but missed one case identified by
ActCRISPR-TB, and both returned false-negative results for two TB
cases (Fig. S29b).

Discussion

Streamlined versions of existing CRISPR assays can serve as promising
foundations for new molecular diagnostics, particularly those that can
be used in remote and resource-limited settings where improved dis-
ease screening is critical. Our findings demonstrate that one-pot Act-
CRISPR-TB assays provide straightforward and sensitive means to
diagnose TB, a significant public health challenge that remains
underdiagnosed worldwide, often due to test limitations. Traditional
microbiologic assays can take weeks to yield useful results, sub-
stantially delaying TB diagnosis*®, while rapid and sensitive molecular
TB tests, such as Xpert and Xpert Ultra, require expensive equipment
and infrastructure that is often unavailable in high TB burden
regions®"®%, Streamlined one-pot molecular assays, such as ActCRISPR-
TB, that integrate isothermal amplification and CRISPR-mediated tar-
get detection without requiring expensive equipment could thus prove
useful for sensitive and specific point-of-care screening efforts®®.

Casl2a can have complex interactions with RPA amplicons in
integrated RPA-CRISPR systems to affect the activity of both reactions.
The recombinase activity and ssDNA binding proteins of the RPA
reaction promote and stabilize dsDNA unwinding to enable primer
annealing and strand-displacement polymerase amplification, yielding
ssDNA intermediates and dsDNA amplicons that can activate both
Casl2a cis- and trans-cleavage activity"*. Cas12a cleavage of either of
these products could thus restrict amplicon accumulation and
attenuate RPA and Casl2a activity, as both are regulated by target
amplicon abundance®', although asymmetric Casl2a activity asso-
ciated with non-consensus PAMs appears dsDNA-specific since ssDNA-
induced Casl2a activation appears to be PAM-independent®. PAM sites
were first reported as essential for Cas12a activation®*, but subsequent
results have shown that they facilitate DNA unwinding without
affecting Casl2a cleavage activity'*. R-loop-induced changes in RuvC
domain conformation have instead been shown to drive Casl2a
activation®, and support PAM-independent cleavage, so that cleavage
efficiency is primarily regulated by stable R-loop formation deter-
mined by gRNA binding affinity, Cas12a RNP concentration, and ionic
strength®. Recent studies have therefore used gRNAs targeting
sequences with non-consensus PAMs or engineered gRNAs” to
attenuate cis-cleavage and improve target detection, although these
efforts also often attenuate reporter trans-cleavage and assay
sensitivity”®. Studies have also revealed the independence of Cas12a
cis- and trans-cleavage activity’-*, suggesting that selecting gRNA
targets that favor trans-cleavage could enhance the sensitivity of one-
pot RPA-CRISPR assays. This agrees with our findings that three gRNAs
(gRNA-4, -5, and -6) that recognize targets with non-consensus PAMs
yielded Cas12a RNP activity profiles biased toward trans-cleavage to
enhance their assay kinetics. These findings agree with a recent study
reporting Casl2a cis-cleavage was not required for trans-cleavage, and
that these activities could be independently altered by variations in
non-consensus PAM sequence®.

Signal production by standard CRISPR assays is proportional to
target concentration but can be enhanced by using multiple RNPs that
bind distinct sites on a target. We observed that assays using multiple
gRNAs sometimes revealed improved kinetics, although the magni-
tude this effect was less than reported in a previous study using an
amplification-free assay’. This may be due to the competition between
the RPA and Casl2a reactions that could accelerate amplicon depletion
when multiple RNPs are used in an integrated RPA-CRISPR reaction,
even when the total RNP concentration does not change. Steric hin-
drance among RNPs that bind adjacent recognition sites, or other
competitive effects, could also attenuate signal production, since we
used a short target fragment (208 bp) with limited gRNA recognition
site separation. Such competitive effects could be mitigated by using
larger target sequences and more dispersed gRNA recognition sites to
facilitate efficient RNP binding and cleavage.

Sputum has been the preferred sample for pulmonary TB diag-
nosis, but its poor diagnostic performance in some patient groups can
limit its utility and require consideration of alternative respiratory
specimens, such as BALF and gastric aspirates®. Non-respiratory spe-
cimens required to directly diagnose EPTB also have difficult collection
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Fig. 3 | ActCRISPR-TB diagnostic performance for pulmonary and
extrapulmonary TB. a Schematic of the ActCRISPR-TB workflow for TB diagnosis,
indicating the patient enrollment sites, patient populations, and the collected
diagnostic specimen types [sputum, bronchoalveolar lavage fluid (BALF), cere-
brospinal fluid (CSF), and stool] and magnetic bead-based nucleic acid extraction,
and fluorescence-based ActCRISPR-TB readout protocols. The depiction of Chinain
the map omits the South China Sea area. Created in BioRender. Huang, Z. (2025)
https://BioRender.com/di4crxt b Heatmap of ActCRISPR-TB signal detected for
sputum specimens with high (Ct <16), medium (Ct 16-22), low (Ct 22-28), and very
low (Ct >28) GeneXpert MTB/RIF (Xpert) grades at the indicated time points.
Arrays indicate signal detected from 25 specimens arranged in columns according
to their Xpert grade and analyzed at the indicated successive timepoints.
ActCRISPR-TB signal and positivity detected in sputum DNA samples from ¢ 112
HIV- adults with TB or non-TB diagnoses, and d 28 HIV+ positive adults with TB,

CDTBM (n=11) Non-TBM (n=12)

unconfirmed TB, unlikely TB, and non-TB diagnoses. e ActCRISPR-TB signal and
positivity detected for BALF specimens from 85 adults with TB or clinically diag-
nosed TB (CDTB) or non-TB diagnoses. f ActCRISPR-TB vs. Xpert overall diagnostic
sensitivity (Sens.) and specificity (Spec.) estimates and 95% confidence intervals for
pooled sputum and BALF results. g Clinical findings for 47 children judged to have
microbiological reference standard (MRS)-positive and negative, including symp-
toms, TB history and exposure, interferon gamma release assay (IGRA), radio-
graphic image, and Xpert testing results on specimens. h Clinical findings for 38
adults with confirmed tuberculous meningitis (TBM), clinically diagnosed TBM
(CDTBM), or non-TBM diagnoses, including symptoms, radiographic image and
CSF test results, and pulmonary TB (PTB) diagnostic status. Bar graphs in (c-e)
depict medians with interquartile ranges, p values calculated with two-sided the
Mann-Whitney tests, and black dashed lines indicating the positive-signal threshold
defined by the non-TB group. Source data are provided as a Source Data file.
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Fig. 4 | ActCRISPR-TB diagnosis of pulmonary TB with tongue swabs. a Study
design and workflow for tongue swab collection and preservation. Created in
BioRender. Huang, Z. (2025) https://BioRender.com/14wqty8. b ActCRISPR-TB and
Xpert Ultra diagnostic performance with tongue swabs collected from this cohort.
Image created with BioRender.com. ActCRISPR-TB signal and positivity for tongue
swabs stratified by sputum ¢ Mtb-culture, d smear grade, and e Xpert grade results.
ActCRISPR-TB signal and positivity for swab specimens collected with f different

Sampling time

swab types and g at distinct intervals, or after variable length storage at different
temperatures. Bar graphs depict median and interquartile ranges, with black
dashed lines indicating the positive signal threshold. Statistical significance was
evaluated using two-sided Mann-Whitney tests (c-e, h), and two-sided Wilcoxon
signed-rank test (f, g). Abbreviations: Med medium, Neg Negative, Sens sensitivity,
Spec specificity, vLow very Low. Source data are provided as a Source Data file.

processes and low positivity rates”’, complicating EPTB diagnosis.
ActCRISPR-TB CSF results sensitively diagnosed TBM, detecting cases
missed by Xpert and other assays, but also detected unexpected false
positives for several individuals diagnosed with pulmonary TB. These
results could indicate the ability of ActCRISPR-TB to detect early-stage
TBM, or represent TBM false positives due to Mth DNA dissemination
from another anatomical site via the circulation®® or aerosol con-
tamination during liquid handling, underscoring the need for stringent
practices when employing sensitive molecular assays. Such false
positives are unlikely to arise from deficient assay specificity, however,
as this would require both off-target RPA amplification and Cas12a RNP
recognition.

Molecular diagnostics tailored for use in remote and resource-
limited settings must consider sample collection practicalities and

prioritize specimens that are easily obtained without clinical person-
nel. Specifications for new TB diagnostics, for example, indicate that
they should be affordable, decentralized, and capable of utilizing non-
sputum specimens to allow their widespread use for TB screening to
narrow the current case detection gap and reduce community TB
transmission®. Our proof-of-concept ActCRISPR-TB LFA can address all
these criteria, as it sensitively and cost-effectively detects Mtb DNA
from self-collected tongue swabs of TB suspects without requiring
expensive and complex equipment. However, we observed that 26% of
TB cases with positive sputum results had negative tongue swab
results. Mtb DNA levels are lower on the tongue than in sputum®**°, and
can vary with differences in sample collection, disease burden, infec-
tion site distribution, and host activity’®”, which can influence the
respiratory material transfer to and depletion from the oral cavity, all
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of which can complicate the translation of swab-based diagnostics into
clinical practice. Lessons from COVID-19 testing suggest that repeat
testing, the use of more homogeneous saliva samples, and other
strategies could offer potential solutions?.

The incomplete integration of ActCRISPR-TB may constrain its
diagnostic utility, and further revision may be required to develop a

> >

24 1 Non-TB 11

sample-in/result-out system that fully integrates sample preparation,
detection, and interpretation into a streamlined workflow. Never-
theless, ActCRISPR-TB LFAs favorably compare with reference Xpert
and Xpert Ultra as they do not require additional expensive equip-
ment, are faster, and have better or comparable sensitivity at lower
cost. The ActCRISPR-TB LFA per test cost should also decrease at scale,
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Fig. 5 | ActCRISPR-TB LFA analysis of self-collected tongue swab specimens.

a Sample collection/processing, ActCRISPR-TB, and LFA readout workflow. Created
in BioRender. Huang, Z. (2025) https://BioRender.com/Osilymt. ActCRISPR-TB LFA
images and results for b no-template control (NTC) and positive control (PC)
samples, ¢ IS6110 DNA concentration standards, and d lysates of four Mtb complex
(MTBC), seven non-tuberculous mycobacteria (NTM), and three non-mycobacterial
(NM) species. e Inter- and intra-assay coefficients of variation for ActCRISPR-TB LFA
results of spiked tongue swab samples (10 and 100 copies/pL) tested with two test
strip batches. f ActCRISPR-TB LFA images and results for postprandial tongue
swabs collected before and after oral rinse from healthy donors (HD, n = 3) and then
spiked with 1S6110 DNA (10 copies/pL). Created in BioRender. Huang, Z. (2025)
https://BioRender.com/execr4a. g ActCRISPR-TB LFA images and ActCRISPR-TB

and Xpert Ultra results for self-collected tongue swabs of 35 adults diagnosed with
(N =24) and without (N =11) TB (Table S13). All TB patients were stratified into four
categories based on their semi-quantitative sputum Xpert MTB/RIF grades as a
proxy for sputum Mtb burden: high (Ct <16), medium (Ct 16-22), low (Ct 22-28),
and very low (Ct >28). Pink triangles denote weakly positive LFA results, and red
and gray dots indicate positive and negative ActCRISPR-TB and Xpert Ultra results.
Bar graphs represent mean + SD results calculated from three independent LFA
reads, and a p value calculated with a two-sided Wilcoxon signed-rank test. IntDen
(Integrated Density) indicates the colorimetric intensity of the T-line, as deter-
mined by the total pixel intensity detected within this region of the test strip when
measured by ImageJ. Source data are provided as a Source Data file Abbreviations:
RT room temperature.

as its major expense derives from the small-scale sourcing of its LFA
test strips and RPA reagents (Table S12). ActCRISPR-TB LFA tempera-
ture stability was not analyzed in this study, but we have previously
reported that a similar RPA-CRISPR TB assay retained full activity after
8 weeks storage at 25 °C, the highest analyzed temperature, whereas
Xpert assays are reported to retain activity for 6 weeks when stored
between 2 and 45°C%. ActCRISPR-TB LFA workflow and diagnostic
characteristics also match or exceed those of other reported CRISPR-
based one-post TB diagnostics (Table S11).

Several factors influence the interpretation of our results. First,
although the TB cohorts analyzed in this study attempt to cover the
spectrum of TB disease and include populations and manifestations
that are more difficult to diagnose, there were relatively few specimens
available for analysis in some of these groups. Future studies will
therefore need to validate our findings in larger prospective cohorts to
better capture the diversity of these groups. Second, our pilot study
performed with tongue swabs obtained from hospitalized TB cases
with culture/Xpert-positive sputum results does not address the fea-
sibility of employing this approach in community-based active TB
detection efforts that screen primarily asymptomatic populations
where affected individuals predominantly have low Mtb burden®.
Further studies should thus evaluate the utility of this approach in
community populations and its potential to identify sub-clinical TB
cases. Third, we observed that swab collection and storage protocol
differences influenced assay performance, highlighting the need for
systematic procedure optimization and standardization prior to clin-
ical translation. At least one study has addressed this issue®’, but fur-
ther studies are required to develop standard practices for sample
collection. Finally, while previous studies have reported that assays
using lyophilized CRISPR reagents exhibit good performance’, we did
not test the stability of ActCRISPR-TB LFA performance after ambient
storage. Future clinical studies will need to validate ActCRISPR-TB LFA
performance following storage under conditions representative of
those found in at screening sites in regions with high TB burden.

These findings provide preliminary evidence that RPA-CRISPR
assays that employ multiple RNPs favoring trans- vs. cis-cleavage
activity can enhance assay sensitivity and kinetics. Successful appli-
cation of this strategy to new molecular diagnostics should permit
development of sensitive and streamlined point-of-care assays that
should facilitate disease diagnosis and management efforts in regions
now underserved by modern diagnostics to improve global health
outcomes.

Methods

Ethical statement

Clinical samples and de-identified clinical results, and patient infor-
mation (self-reported age and gender) analyzed in this study were
collected from electronic medical records systems after obtaining
written informed consent, using protocols approved by the Ethical
Review Boards of the Third People’s Hospital of Shenzhen (2023-051

and 2024-005), Huashan Hospital (KY2023-515), Shanghai Public
Health Clinical Center (2024-S051-03), and Beijing Children’s Hospital
(2025-Y-040-D), and was disclosed on the National Health Security
Information Platform of China (MR-44-24-014255). The study was
registered in the National Health Security Information Platform of
China (MR-44-24-014255).

Key supplies

RPA kits were obtained from three commercial suppliers [Jiangsu
Qitian Gene Biotechnology (BO0000); Amp-Future Biotech
(WLB8201KIT); and TwistDx. (TABASO3KIT)]. Cas12a (32108), HOLMES
buffer (32005), magnetic bead-based nucleic acid extraction kits
(36114-01), and lateral flow strips (31203-02; Lot 24008801 and
24429601) were purchased from Tolo Biotech. Primers, gRNAs, and
reporter oligonucleotides (Table S1 and Supplementary Data 1) were
synthesized by Sangon Biotech. Nuclease-free water was purchased
from ThermoFisher Scientific (4387936) and swab-1and swab-2 tongue
swabs were obtained from Copan Diagnostics (FLOQSwab, 5E075501)
and MEIDIKE GENE (FlockingSwab MFS-98000KQ-A). Mtb complex,
non-tuberculosis mycobacteria, and non-mycobacteria strains
(Table S2) were obtained from ATCC or clinical isolates.

Two-step CRISPR-TB assay

A two-step CRISPR-based TB assay using separate RPA preamplifica-
tion and CRISPR detection steps was performed as described
previously". Lyophilized RPA pellets were dissolved in 29.4 uL RPA
buffer, mixed with 2 puL primer solution (10 pM each), 2.5 uL MgCl,
(280 nM), and 11.1 uL nuclease-free water, then mixed with 5pL of a
nucleic acid sample and incubated at 37 °C for 30 min. A 2 pL aliquot of
this reaction was then mixed with 28 pL of CRISPR reaction reagents
(3 pL of 10 x HOLMES Buffer, 1 uL of 1tM gRNA, 1L of 1 uM Casl2a,
1.5pL of 10 pM fluorescent reporter-1, and 21.5pL of nuclease-free
water), and incubated at 37 °C for up to 60 min in a fluorescence plate
reader, with CRISPR-generated signal (excited at 485 nm and read at
525nm) recorded each minute.

ActCRISPR-TB assay

ActCRISPR-TB assays were performed by mixing 17.5 pL of solution A
and 2.5 pL of solution B with and 5 pL of sample, incubated at 37 °C for
up to 60 min in a fluorescence plate reader, with CRISPR-generated
signal (excited at 485 nm and read at 525 nm) recorded each minute.
Solution A was prepared by dissolving RPA enzyme powder in 29.4 pL
RPA buffer, which was then mixed with 1.25puL of forward/reverse
primer solution (20 pM each), 3 pL MgCl, (280 mM), and 1.35pL
nuclease-free water by gentle shaking. Solution B was prepared by
mixing 0.1pL gRNA (10 pM), 0.1pL CasI2a (10 pM), 1.5pL of 10 pM
reporter-1, and 0.8 pL nuclease-free water. Optimum reaction condi-
tions were determined by systematically adjusting primer, Mg?*, RNP,
and reporter concentrations, reaction temperature, and the RPA
kit used.

Nature Communications | (2025)16:8257

10


https://BioRender.com/0silymt
https://BioRender.com/execr4a
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63094-x

ActCRISPR-TB LFA assay
ActCRISPR-TB LFA reactions mixed 17.5 pL of solution A and 2.5 pL of
solution B (replacing reporter-1 with 12.5 nM reporter-20) with 5 pL of
sample and incubated this reaction mixture at 37 °C for 45 min. An LFA
strip was then inserted into the reaction tube, incubated at room
temperature for 2min, and read by visual inspection or quantified
using a smartphone, where images of LFA results were captured,
cropped to the appropriate region, and converted to 8-bit grayscale
using NIH Image]J software (1.54J, Fig. S18). LFA background was then
subtracted (rolling ball radius: 50 pixels), images were inverted, and
signal intensity at T-line area was quantified using a fixed rectangular
selection box. Each image was captured and analyzed three times to
avoid random variations, and the same rectangular selection area
encompassing the entire T-line region was consistently applied to all
replicates to ensure analytical consistency. The cut-off value for posi-
tive signal was defined as the mean of the NTC plus three times its
standard deviation. Reporter concentration was optimized to mini-
mize background by directly applying serial dilutions of reporter-2
(100, 50, 25, 125, 6.25, 3.13, and OnM) to LFA strips, with the
optimum reporter concentration defined as the lowest concentration
that generated detectable signal at the C-line without producing T-line
signal.

To assess intra- and inter-batch coefficients of variations of the
LFA strips, two LFA strip batches were used to analyze ActCRISPR-TB
LFA results from samples spiked with 10 or 100 IS6110 copies/pL,
with three technical replicates per condition. To assess the effect of
food residue, tongue swabs were collected 1 h after lunch from health
donors (n=23) before and after oral rinsing, spiked with 10 1S6110
copies/pL and then analyzed by ActCRISPR-TB LFA.

Characterization of RNP cis-cleavage activity

Casl2a cis-cleavage reactions (30 uL) containing 13.3 pM IS6110 target
DNA and 0.5 pM RNP were incubated at 37 °C, and 5 pL aliquots were
removed at 30, 45, and 60 min, heat inactivated for 30 s at 60 °C, then
analyzed by gel electrophoresis, after which target band intensities
were measured using ImageJ. Relative Casl2a cis-cleavage activity was
defined as the percent reduction in target band intensity in reactions
with vs. without added Casl2a (Fig. S4).

Characterization of RNP trans-cleavage activity

Casl2a trans-cleavage activity induced by different gRNAs was asses-
sed using the Michaelis—-Menten equation (Vo= Vinax [SI/(Ki +[S]),
where Vg was the rate at which the signal grew linearly during the initial
reaction phase, [S] was the reporter concentration, V,.x was the
maximum reaction rate, and K,,, was the Michaelis constant?.

Casl2a Trans-cleavage reactions (30 pL) containing 1 nM RNP and
sequential concentrations of fluorescent reporter-1 (0, 3.9, 7.8, 15.6,
31.2, 62.5, 125, 250, 500 and 1000 nM) were performed in triplicate at
37 °C and which was initiated by the addition of 13.3 uM IS6110 target
DNA. Fluorescent signal was read every 60 s for at least 10 min, and the
first 10 min of signal was subjected to linear fitting to calculate Vo
(RFU/s), which was converted to the probe cleavage rate (nM/s)
using fluorescence intensity-reporter concentration standard
curves (Fig. S5).

Standard curves were generated using CRISPR reactions con-
taining O or 100 nM template and sequential reporter concentrations
(0, 25, 50, 100, 200, 400, 800, and 1600 nM) and analyzed every 30 s
until attaining maximum signal. The background-subtracted un-
cleaved (RFU,) and cleaved (RFUg) reporter signal values were
respectively calculated for the O and 100 nm template reactions, by
subtracting their maximum OnM reporter reaction signal from all
other reactions. Linear fitting of the RFUucl and RFUcl values of these
reactions versus their input reporter concentrations (C,¢ and Cg) was
then used to derive their slopes (Syq and S¢y) (Fig. S5). The cleavage
reporter concentration as at function of time () was then derived using

the following equation:

_ F(t) — Cosucl

Cd(t) Scl - Sucl

Where F(t) represents the fluorescence measured at a specific time,

C.(t) denotes the concentration of the cleaved probe at that time, and

Co corresponds to the initial concentration of un-cleaved reporters.
The catalytic rate (K.,) and Michaelis constant (Ky,;) determined

for the reaction rate versus reporter concentration were then fitted to

the Michaelis-Menten equation.

Specificity analysis

Supernatants of pathogen cultures (Table S2) were harvested, incu-
bated at 95°C for 30 min, and sonicated, these homogenates were
then centrifuged to remove debris, and their supernatants were stored
at —80°C for subsequent analysis. Specificity of the seven tested
gRNAs was evaluated by analyzing 2 pL of these lysates with the two-
step CRISPR-TB assay and the optimized ActCRISPR-TB assay.

Clinical sample and information collection

Matching sputum, BALF, stool, and CSF biobank specimens archived
after patient diagnosis or treatment were selected using predefined
criteria from patients with complete clinical information and clear
diagnostic outcomes. Sputum and BALF specimens had Xpert results,
stool samples had Xpert Ultra results, and CSF samples had Xpert and/
or NGS results, provided they had >1 mL or >0.05 g of sample available
for analysis. Equal numbers of patients with positive and negative
sputum samples were included in this study, whereas all patients with
BALF and CSF specimens were included in our analyses.

Prospective specimens were obtained from 81 adults con-
secutively enrolled between December 12, 2023 and March 12, 2024
after receiving confirmed TB diagnoses due to their sputum micro-
biological and/or molecular test results. These patients had not
received anti-TB treatment in the past 6 months and received no more
than 1 week of anti-TB treatment at specimen collection. Sputum Xpert
tests were performed within 3 days before tongue swab collections to
provide a reliable reference result. All TB patients had at least one
sample collected with two different swab types by trained profes-
sionals in the morning (9:00-10:00), afternoon (15:00-16:00), and/or
evening (20:00-21:00). Non-TB patients and healthy volunteers were
recruited from TB outpatient clinics and laboratory teams between
December 12 and December 20, 2023, after undergoing symptom
screening, TB history evaluation, chest X-rays, and IGRA testing. TB
cases were excluded from this group by their sputum Xpert results,
and non-TB patients had only morning tongue swabs collected using
swab-1. Self-collected tongue swab specimens were obtained from
patients after instruction and tested by Xpert Ultra and ActCRISPR-TB
desktop/LFA tests.

Swab specimens were transferred to 1 mL of TE buffer, immedi-
ately transported to the testing laboratory, stored at —20 °C overnight,
and then tested by Xpert Ultra and ActCRISPR-TB. Nine additional
morning swab-1 samples were collected from a subset of TB patients
and aliquoted into 50 pL aliquots that were stored at —20 °C, 4 °C, and
25 °C until tested with ActCRISPR-TB at designated time points (0, 1, 3,
5, and 7 days).

Clinical sample preparation

Clinical samples (sputum, BALF, CSF) were mixed with 4% NaOH at a1:2
ratio, incubated at room temperature for 30 min, centrifuged at
13,800 xg for 3 min. Precipitates were resuspended in 800 pL of
supernatant and mixed with 20 pL of magnetic beads and vortexed at
1000 rpm for 3 min. Magnetic beads were collected via magnetic
separation, sequentially washed with 200 pL Wash Buffer 1 and Wash
Buffer 2 then incubated at room temperature for 5 min to air dry, and
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vortexed at 5000 rpm for 2 min in the presence of 50 pL of elution
buffer. Magnetic beads were then collected via magnetic separation
and the nucleic acid supernatants were then collected and stored at
-80 °C until use.

Small (0.6-0.8 g) stool samples were mixed with 1 mL of sterile
water containing -100 mg of glass beads, vigorously vortexed for
>30s, allowed to settle for 10 min, and then 1 mL of supernatant was
collected, avoiding solid debris, and processed for nucleic acid
extraction as previously described for sputum samples.

Swab samples for ActCRISPR-TB and ActCRISPR-TB LFA were
prepared by adding ~100 mg of glass beads (Sigma-Aldrich inc., G8772)
to 200 uL of swab preservation solution, and then vortex mixing these
samples at 95 °C for 10 min at 2000 rpm on a heated vortex mixer.
Samples were then incubated at room temperature for 1 min, quick
spun to pellet the glass beads, and 5 pL of the collected supernatant
added to an ActCRISPR-TB assay.

Structural representations of LbCas12a/gRNA/dsDNA
complexes

Three-dimensional structures of LbCasl2a proteins complexed with
distinct gRNAs and their double-stranded DNA (dsDNA) targets were
predicted with the AlphaFold 3 protein structure prediction web
platform (https://alphafoldserver.com)”. Based on the published
complex structure’®, two magnesium ions were incorporated into each
computational model as catalytic cofactors to preserve enzymatic
activity during RNP structure prediction.

Statistics and reproducibility

Signals from nonclinical samples (IS6110 standards and pathogen DNA
extracts) were normalized to the maximum detected signal in the same
experiment. The positive signal threshold was defined as the mean
signal of the non-template control group plus 3 times its standard
deviation. Clinical validation was conducted with all available samples
without performing an a priori sample size estimate. Laboratory per-
sonnel responsible for sample testing were blinded to the clinical
classification data until the analysis stage. No data were excluded from
the analysis. Participant characteristics were summarized using med-
ians, IQRs, and proportions. Significant signal differences between
groups were determined using Mann-Whitney test or Wilcoxon signed-
test (a=0.05). The 95% confidence intervals of sensitivity and speci-
ficity estimates were calculated assuming a binomial distribution.
Gender-based analyses were not performed since gender was not
found to influence diagnostic performance. Quantitative analysis of
test strip signals was performed using NIH ImageJ software (1.54)) and
all statistical analyses and data visualization were performed using
GraphPad Prism software (10.1.1).

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

Data availability

All data generated in this study are provided in the Supplementary
Information and Source Data within this paper. The crystal structure
used in this work can be found under PDB ID 5XUU. Source data are
provided with this paper.
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