
Articles
https://doi.org/10.1038/s41551-020-0546-5

1Institute for Medical Engineering and Science and Department of Biological Engineering, Massachusetts Institute of Technology, Cambridge, MA, USA. 
2Berlin Institute for Medical Systems Biology, Max Delbrück Center for Molecular Medicine in the Helmholtz Association, Berlin, Germany. 3Department 
of Nephrology and Medical Intensive Care, Charité–Universitätsmedizin Berlin, Berlin, Germany. 4Schuster Transplantation Research Center, Brigham and 
Women’s Hospital, Harvard Medical School, Boston, MA, USA. 5Wyss Institute for Biologically Inspired Engineering, Harvard University, Boston, MA, 
USA. 6Division of Infectious Diseases, Brigham and Women’s Hospital, Boston, MA, USA. 7Department of Medicine, Boston Children’s Hospital, Harvard 
Medical School, Boston, MA, USA. 8Montefiore Einstein Center for Transplantation, Montefiore Medical Center, Albert Einstein College of Medicine, Bronx, 
NY, USA. 9Infectious Disease and Microbiome Program, Broad Institute of MIT and Harvard, Cambridge, MA, USA. ✉e-mail: lriella@bwh.harvard.edu; 
jimjc@mit.edu

The CRISPR and Cas immune system has recently been adapted 
for the detection of nucleic acids1–8. These protocols enable 
rapid, cost-effective DNA and RNA detection in a variety of 

sample types with excellent sensitivity and specificity, making them 
ideal tools for point-of-care (POC) testing. However, most studies 
to date have used synthetic standards, include few clinical speci-
mens, and lack direct comparison to clinical gold-standard diag-
nostics. Here, we applied and optimized the CRISPR–Cas13 specific 
high-sensitivity enzymatic reporter unlocking (SHERLOCK) tech-
nology for diagnosis of biomarkers highly relevant for renal-trans-
plant recipients.

Since the first successful kidney transplantation in 1954, sub-
stantial improvements in short-term outcomes have been achieved 
in organ transplantation. However, there has been less progress in 
long-term outcomes, with more than half of the transplanted organs 
being lost after 10 yr9,10. Opportunistic infections and transplant-
organ rejection are leading causes of graft loss, requiring careful 
adjustment of immunosuppression and life-long monitoring of 
post-transplant patients11.

Current diagnostics, however, involve the use of expensive labo-
ratory equipment and intricate multistep protocols, leading to lim-
ited availability, high costs and slow turnaround time12,13. Diagnosis 
of infections using PCR can take several days in clinical settings, 
and rejection diagnostics require invasive biopsies and histopatho-
logical analysis. These factors result in delays in pertinent diagno-
ses and increase the risk of irreversible allograft injury, especially 
in resource-limited settings. POC or at-home testing could greatly 

reduce associated costs and enable more frequent monitoring, 
which would lead to earlier diagnosis and treatment of graft dys-
function and common infections.

In this study, we developed CRISPR-based diagnostic tools for 
cytomegalovirus (CMV) and BK polyomavirus (BKV) infection, 
two common opportunistic viruses that are highly relevant for renal-
transplant patients14 and other immunocompromised patients15,16. 
Testing of more than 100 clinical specimens from patients infected 
with BKV and CMV over a wide range of virus loads revealed 
high diagnostic accuracy. We further extended the capability of 
SHERLOCK to the detection of human CXCL9 mRNA, a biomarker 
indicative of rejection in renal-transplant recipients17–19. We antici-
pate that CRISPR–Cas13-based technologies will be broadly appli-
cable for personalized medicine diagnostics, where repeated testing 
of biomarkers indicative of disease activity is key to early and effec-
tive secondary prevention.

Results
Optimization of the CRISPR–Cas13 SHERLOCK technology 
for the detection of BKV and CMV virus from patient samples. 
To test for active BKV and CMV infection, we isolated DNA from 
blood and urine of both infected patients and uninfected control 
patients (Fig. 1a). Subsequently, we applied a modified version of 
the SHERLOCK protocol for BKV and CMV detection. In brief, 
conserved regions of BKV and CMV were amplified using isother-
mal recombinase polymerase amplification (RPA). Incorporation of 
the T7 promoter sequence into forward primers enabled subsequent 
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in-vitro RNA transcription using T7 polymerase. A CRISPR guide 
RNA (crRNA) complementary to 28 nucleotides of the RPA prod-
uct was used to direct Cas13 from Leptotrichia wadei (LwaCas13a) 
to the target sequence. Detection of the target resulted in Cas13 
activation and subsequent collateral cleavage of an oligonucleotide 
carrying a quenched fluorophore that exhibits fluorescence when 
cleaved, correlating with the initial concentration of the target in 
the patient sample1.

To identify conserved regions in the BKV genome, we aligned 
all strains accessible from the National Center for Biotechnology 
Information (NCBI) and focused on target regions with sequence 
homology of more than 95% among all strains (Fig. 1b).  
Next, we tested 12 different primer pairs and 3 crRNAs for 
their ability to detect the BKV genes STA, VP2 and VP3 
(Supplementary Fig. 1a). We identified a crRNA–primer pair 
specific for the small T antigen (STA), which allowed detection  

of the American Type Culture Collection (ATCC) quantita-
tive synthetic BKV standard (Dunlop strain) down to the low 
attomolar range (0.3 aM), representing single-molecule detec-
tion in the assay volumes used (Fig. 1c,d). Notably, systematic 
assessment of various forward and reverse primer concentra-
tions (Supplementary Fig. 1b) revealed that forward and reverse 
RPA primer concentrations of 120 nM and 480 nM, respectively, 
resulted in the highest sensitivity. Using a similar strategy, we 
identified a conserved region in the CMV UL54 gene (Fig. 1e)  
as a potential SHERLOCK target that enabled detection of the 
ATCC diagnostic CMV standard (strain AD-169) down to the 
low attomolar range (0.6 aM) (Fig. 1f,g).

Next, we tested whether the diagnostic performance of the 
SHERLOCK assay would be sufficient to detect BKV and CMV 
virus in urine and plasma samples from patients. Testing of 31 urine 
and 36 plasma samples showed that the optimized SHERLOCK  
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Fig. 1 | CRISPR diagnostics enable single-molecule detection of BKV and CMV dNA. a, Schematic illustrating the assay. After isolation of DNA from urine 
or blood, CMV and BKV target regions are amplified by RPA. T7 transcription of the RPA products allows for Cas13 detection of target RNA and subsequent 
collateral cleavage of reporter molecules. T7P, T7 promoter; F, RPA forward primer; R, RPA reverse primer; dsDNA, double-stranded DNA. b, BKV target-
region conservation among all BKV strains. SP, crRNA spacer. c, CRISPR-based detection of the BKV synthetic standard at indicated concentrations. 
Data are mean ± s.e.m., n ≥ 4 independent experiments. RFU, relative fluorescence units. d, CRISPR-based detection of the BKV synthetic standard in the 
attomolar range. Data are mean ± s.d. of three independent reactions. e, CMV target region conservation among all CMV strains. f, CRISPR-based detection 
of the CMV standard. Data are mean ± s.e.m., n ≥ 3 independent experiments. g, CRISPR-based detection of the CMV synthetic standard in the attomolar 
range. Data are mean ± s.d. of three independent reactions. Difference from control assessed by two-tailed Student’s t-test; NS, not significant; *P < 0.05, 
**P < 0.01, ***P < 0.001 and ****P < 0.0001 (c,f).
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protocol correctly identified all BKV specimens with 100% sensitiv-
ity and specificity (Fig. 2a,b and Supplementary Fig. 2a). Of note, 
this performance could be achieved using the rapid and simple 
heating unextracted diagnostic samples to obliterate nucleases 
(HUDSON) protocol2, which involves heating of the sample for 
10 min at 95 °C in the presence of tris(2-carboxyethyl)phosphine 
and EDTA, circumventing the need for time-consuming, column-
based sample preparations (Supplementary Fig. 2b,c).

Similarly, the CRISPR assay enabled the detection of  
CMV-positive plasma samples with high sensitivity and specificity 
(Fig. 2c,d and Supplementary Fig. 2b,c). In contrast to our results 
with BKV, this performance could only be achieved using a com-
mercial column-based viral DNA isolation kit; the HUDSON pro-
tocol resulted in lower sensitivity for low-copy-number samples 
(< 1500 IU ml−1). This difference in sensitivity is probably due to a 
sample concentration step included in the column-based kit.

CRISPR-based detection of CXCL9 mRNA as a biomarker of kid-
ney graft rejection. Next, we tested whether SHERLOCK could be 
applied to detect mRNA biomarkers indicative of kidney graft rejec-
tion. We selected CXCL9 mRNA as a marker of rejection on the 
basis of its validation in multicentre studies17,18,20.

For detection of CXCL9 mRNA, we isolated RNA from pel-
leted urine cells (Fig. 3a). For amplification, we included a reverse 
transcriptase into the RPA reaction (RT–RPA). Using a synthetic 
RNA standard, Cas13 alone was sufficient to detect CXCL9 in the  
low picomolar range, similar to the previously reported sensitivity 
(Fig. 3b). Addition of an RT–RPA reaction followed by T7 transcrip-
tion and Cas13 activation enabled CXCL9 detection in the attomo-
lar range (Fig. 3b).

We next assessed whether this sensitivity was sufficient to  
discriminate patients undergoing kidney graft rejection 
(n = 14) from a control group (n = 17) (Supplementary Table 1). 
Rejection status was determined by gold-standard kidney biopsy 
(Supplementary Table 2).

We observed higher CXCL9 mRNA levels in samples from 
patients with biopsy-proven rejection compared with transplant 
recipients with no rejection or stable graft function, which enabled 
us to detect kidney rejection with a sensitivity of 93% (Fig. 3c,d). 
The area under the receiver-operating-characteristic (ROC) curve 
was 0.91 (Fig. 3e).

We confirmed CXCL9 mRNA upregulation in rejection samples 
with the quantitative PCR (qPCR) gold-standard assay18, observing 
higher diagnostic accuracy compared with the CRISPR-based assay 
(Supplementary Fig. 3a–c). Detection of CXCL9 protein with an 
enzyme-linked immunosorbent assay (ELISA) showed lower sen-
sitivity but higher specificity (Supplementary Fig. 3d–f) compared 
with CRISPR-based mRNA detection.

Rapid DNA isolation, CRISPR diagnostics and smartphone-based 
lateral-flow evaluation enable POC-ready detection of BKV and 
CMV infection. POC testing holds great promise for transplanta-
tion medicine, since fast and low-cost diagnostics could enable ear-
lier treatment decisions and broader accessibility, thereby lowering 
the risk of irreversible transplant injury. To optimize BKV and CMV 
detection for POC testing, we combined the rapid HUDSON DNA-
isolation protocol with SHERLOCK-based target detection and 
commercially available lateral-flow dipsticks (Fig. 4a). This method 
enabled an easy-to-read visual output that indicated a positive or 
negative test result. Since we observed that background noise can 
result in a faint test band on the lateral-flow strip, we developed a 
smartphone-based software application that allowed quantification 
of band intensities (Supplementary video 1). Here, the software cal-
culates the ratio of test to control band intensities using images taken 
with a smartphone camera, enabling simple and rapid discrimina-
tion between negative and positive test results. The total turnaround 
time from isolation to sample detection was below 2 h.

We next tested the lateral-flow readout for the detection of 
the CMV and BKV synthetic standard (Fig. 4b,c). Similar to our 
fluorescence-based readout, we could detect both targets down to 
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the attomolar range. We set the relative band-intensity cut-off dis-
criminating a positive from a negative test result to 0.5, which cor-
responded to an interpolated concentration of 2.3 aM for the CMV 
standard and 0.5 aM for the BKV standard.

Using this protocol, we were able to detect CMV (Fig. 4d) 
and BKV (Fig. 4e) at different concentrations in patient samples. 
Although faint test bands were observable at very low concentra-
tions, they were below the band-intensity cut-off and thus classified 
as negative. Further, lateral-flow-based CRISPR diagnostics success-
fully identified BKV infection in a 58-yr-old male kidney-transplant  

recipient who was admitted for graft dysfunction. A kidney biopsy 
demonstrated BKV nephropathy and qPCR confirmed high viral 
BKV titres in the blood.

After treatment, we could not detect BKV using CRISPR–Cas13; 
this result was validated by the absence of viral DNA in qPCR (Fig. 4f).

To assess lateral-flow signal variability over time, we tested 
the same ten BKV-positive or -negative patient samples on three 
different days (Fig. 4g,h). We observed that all BKV-negative 
samples were consistently below the band-intensity cut-off on 
all three days, whereas all BKV positive samples were above the 
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cut-off. This suggested a low variability of background noise and  
band intensities.

We also assessed the influence of incubation time and tempera-
ture on lateral-flow band intensity for two different concentrations 
of the CMV synthetic standard. For the negative control, the rela-
tive band intensity stayed below the 0.5 cut-off regardless of the 
incubation time, in line with our previous results (Supplementary 
Fig. 4a,b). When detecting 5 or 500 aM of CMV synthetic DNA, we 
observed a time-dependent increase of band intensities. Notably, 
we could observe band-intensity values above the cut-off only after 
60 min, indicating that our assay incubation time could be further 
reduced. For different reaction temperatures ranging between 21 °C 
and 39 °C, we again observed band-intensity ratios below 0.5 for the 
negative control (Supplementary Fig. 4c,d). While room tempera-
ture (21 °C) was sufficient to detect 5 or 500 aM of CMV synthetic 
standard, higher temperatures correlated with higher band intensi-
ties. These results indicate that reaction time and temperature are 
important variables if a quantitative lateral-flow readout is the goal. 
By contrast, highly consistent background noise irrespective of daily 
variation, incubation time and temperature enables a robust quali-
tative assay.

We further optimized the combination of RPA, T7 transcrip-
tion and Cas13 in one reaction (‘one-pot reaction’; Supplementary 
Fig. 5a) by testing different reaction buffers and nucleotide ratios 
(Supplementary Fig. 5b–d). Using this optimized one-pot reaction, 
we achieved BKV detection in the attomolar range (Supplementary 
Fig. 5e).

Detection of CXCL9 mRNA levels with lateral flow enables 
monitoring of kidney rejection and treatment response. Next, 
we sought to apply the lateral-flow-based assay for the detection of 
CXCL9 mRNA indicative of acute cellular kidney rejection. Similar 
to the detection of viral DNA, lateral flow enabled robust detection 
of CXCL9 synthetic RNA (Fig. 5a) down to the attomolar range. 
Using nonlinear regression analysis, we determined that a concen-
tration of 12 aM corresponded to the 0.5 band-intensity cut-off.

To investigate the power of our CRISPR-based readout for rejec-
tion monitoring, we selected two patients experiencing allograft 

cellular rejection as confirmed by biopsy, from whom we had at 
least three prospective samples after the rejection event (Fig. 5b,c). 
Patient 1 (Fig. 5b) had an acute cellular rejection (Banff IIA) and 
showed a good response to treatment with thymoglobulin and 
pulse methylprednisolone, achieving full clinical recovery. This 
was reflected by a strong downregulation of CXCL9 mRNA levels 
as observed by qPCR and return to their baseline serum creatinine 
(0.9 mg dl−1). CRISPR-based testing detected CXCL9 mRNA during 
rejection only, and the patient was CXCL9 negative after treatment 
completion.

By contrast, Patient 2 (Fig. 5c) had an episode of acute cellular 
rejection (Banff IIA) with partial improvement of creatinine after 
treatment (serum creatinine 3.5 mg dl−1, down from 7.9 mg dl−1). 
Levels of CXCL9 mRNA in the urine were reduced initially, but 
increased again 7 months after treatment, and repeat biopsy 
revealed chronic active cellular rejection. Overall, monitoring of 
urine CXCL9 mRNA levels may be a useful tool to assess response 
to rejection treatment, though further validation in a larger trial  
is needed.

discussion
Fast and cost-effective POC testing should enable early diagno-
sis and greater accessibility for patients in low-resource settings, 
including the opportunity for self-monitoring. Here, we applied 
CRISPR–Cas13 diagnostics to detect infection with CMV and BKV 
in samples from recipients of kidney transplants. We extended the 
use of SHERLOCK for the detection of CXCL9 mRNA, a biomarker 
of acute cellular rejection of kidney transplants. Together, these 
developments may enable the cost-effective (Supplementary Table 
3) monitoring of patients at risk of opportunistic infection and serve 
as a tool for earlier detection of rejection and monitoring after organ 
transplantation.

BKV and CMV are among the most common opportunistic 
infections after solid-organ transplantation, and are associated with 
substantial morbidity21. However, clinical presentation is variable 
in transplanted patients and BKV infection frequently presents 
without clinical symptoms except an increase in creatinine, which 
indicates already established BKV nephropathy. Blood testing for 
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BKV and CMV viral load is recommended but is not uniformly per-
formed in all centres due to cost limitations, particularly in develop-
ing countries. Here, our high-sensitivity, low-cost POC assay could 
allow for more frequent testing.

Rejection is the leading cause of chronic allograft loss. However, 
rejection is usually detected late since serum creatinine is a delayed 
marker of allograft injury. Furthermore, the diagnosis of acute 
rejection currently requires a renal biopsy–an invasive process 
that is limited by sampling error and assessment variability22. In 
order to detect graft injury earlier, some centres perform surveil-
lance kidney biopsies at prespecified time points after transplanta-
tion23. However, these procedures are associated with major risks 
for patients, such as bleeding, and high costs (about US$3,500 per 
biopsy, which includes the procedure and the pathological analyses 
of the kidney specimen). Therefore, a sensitive and non-invasive 
assay such as CRISPR–Cas13-based CXCL9 mRNA testing could 
enable more frequent testing and thereby achieve earlier detection 
of graft rejection, allowing timely diagnosis and treatment.

Currently, screening for donor-specific human leukocyte antigen 
antibodies (DSA) is performed in patients with concern for anti-
body-mediated rejection. All patients included in our study tested 
negative for DSA. Screening prospectively for DSA in all patients is 
not uniformly performed, in part due to lack of specificity of DSA 
to antibody-mediated rejection.

Besides DSA screening, two blood tests that detect the frac-
tion of donor-derived cell-free DNA have become clinically avail-
able in kidney transplantation to monitor for rejection24,25. While 
these assays have shown promising results, they still require a visit 
to the clinic to draw blood and shipping of the material to outside 
laboratories for processing and analysis, and they have a high price 
tag of US$2,821 per test (https://www.sec.gov/Archives/edgar/
data/1217234/000156459018006584/cdna-10k_20171231.htm). 
This high price limits the frequency of testing and also prevents 
the use of this test in resource-limited settings. The advantages of 
our rejection assay are its low cost, its high sensitivity and its use 
of urine compared to blood. Since elevation of CXCL9 mRNA in 
the urine can be detected weeks before elevation of creatinine due 
to rejection26, urine CXCL9 mRNA monitoring may represent a 
promising technique for earlier rejection detection as well as post-
treatment monitoring. Lastly, the development of a smartphone 
application to enable simple and fast interpretation of the lateral-
flow assay allows for sharing of results directly with the provider, 
leading to a convenient way of monitoring patients between clini-
cal appointments.

Our test was mainly aimed at qualitative detection of CMV, BKV 
and CXCL9 mRNA at clinically relevant concentrations. However, 
in many clinical situations, precise quantification of the viral load 
and changes in biomarker levels are useful. Future iterations of this 
protocol should, therefore, include quantification strategies and 
may build on recent protocols demonstrating semi-quantitative 
readouts of CRISPR diagnostics3. This would also strengthen the 
power of CRISPR-based diagnostics, since it could enable the detec-
tion of subtle changes as a deviation from an individualized base-
line. Moreover, although most steps could be optimized for POC 
testing, sample isolation for the detection of mRNA still required a 
column-based approach. Thus, further work will involve optimizing 
the protocol for simplified mRNA-isolation procedures. In addition, 
heating represents an essential step in our current sample-process-
ing protocol using HUDSON. Thus, the integration of POC heating 
devices using chemical27 or electromagnetic28 heating might facili-
tate handling for the primary care provider or patient. Finally, inclu-
sion of more patient samples and prospective analysis will allow for 
systematic comparison with current clinical practice. While we have 
focused this study on cellular-mediated rejection, the most frequent 
rejection affecting kidney-transplant recipients, our next steps  
will include expanding and validating our rejection assay for the 

detection of antibody-mediated rejection and its potential comple-
mentary role to DSA testing29,30.

In summary, this work shows the application of CRISPR–Cas13 
for the detection of rejection and opportunistic infection in kid-
ney transplantation. This technology could be applied to other 
solid-organ transplants as well as immune-mediated kidney dis-
eases such as lupus nephritis. On the basis of its low cost, ease of 
use and speed, this assay could enable frequent testing and earlier 
diagnosis. The next steps in order to advance clinical implementa-
tion include studies to validate these findings and to demonstrate 
the clinical utility of this assay in regard to long-term outcomes of 
kidney-transplant recipients.

Methods
Lateral-flow reactions. Twenty microlitres of the SHERLOCK reaction containing 
the lateral-flow reporter oligonucleotide at 1 µM (sequence in Supplementary 
Table 4) were mixed with 80 µl of Hybridetect Assay buffer, followed by insertion 
of lateral-flow sticks (Milenia Hybridetect1, TwistDx) and incubation for 3 min 
at room temperature, according to the manufacturer’s instructions, before images 
were taken.

Image analysis of lateral-flow reactions. The relative band intensities of each of 
the lateral-flow sticks were measured using ImageJ software (National Institutes of 
Health). The relative band intensity was calculated as the mean grey value of the 
test band/mean grey value of the control band. Images were first converted to 8 bit 
and inverted, before highlighting the band region and measuring its mean  
grey value.

Lateral-flow quantification app. The lateral-flow quantification algorithm 
was implemented using the opencv package v.4.1.1 in Python v.3.7.4. In brief, 
images uploaded to the app are automatically converted to greyscale and the 
colours are inverted. The resultant image is then subjected to a Gaussian blur to 
remove outlier pixels that may result in artefactual bright spots. A threshold is 
then applied to accentuate bright spots. Connected-component analysis is then 
used to isolate regions corresponding to the control and sample bands. These 
bands are then identified and quantified by calculating the mean intensity of 
each band. If the sample band cannot be identified due to weak intensity, the 
sample band’s location is estimated by scanning for bright areas in the upper 
portion of the lateral-flow stick using the control band as a perspective scale. 
The ratio of the sample to control band is then calculated and displayed to the 
user. The Android app was developed with Android Studio v.3.5.1 (Google) 
with Java 8 and Gradle v.5.4.1 (Supplementary Video 1). To provide a clean user 
interface, the main screen was limited to three buttons: (1) upload new pictures, 
(2) specify the target of the assay (that is, CMV, BKV or CXCL9), and (3) initiate 
image analysis. The image-upload process requests read permissions to the 
phone’s photo gallery. Image analysis allows two options, with the faster analysis 
scaling down the image to 50% lower resolution for more rapid results. The 
pixel array is passed to a Python back end through Chaquopy v.6.3.0, a Python 
software development kit for Android.

Sample preparation. Patient samples containing CMV or BKV were prepared 
as indicated, either with the previously described HUDSON protocol2 or the 
QIAamp MinElute Virus Spin Kit (Qiagen), according to the manufacturer’s 
instructions. For HUDSON processing, the samples were heated for 10 min at 
95 °C in the presence of 100 mM tris(2-carboxyethyl)phosphine (Fisher Scientific) 
and 1 mM EDTA (Fisher Scientific). For CXCL9 mRNA detection, 45 ml urine was 
centrifuged for 30 min at 2000g at 4 °C, followed by washing of the pellet with PBS 
and resuspension in 200 µl RNAlater (Qiagen). All samples were aliquoted and 
stored at −80 °C. RNA was isolated using the RNeasy Micro Kit (Qiagen) and the 
PureLink RNA Mini Kit (Invitrogen), following the manufacturers' instructions.

Production of crRNAs and LwaCas13a. LwaCas13a was produced by Genscript 
(Piscataway). crRNAs were synthesized using the HiScribe T7 Quick High Yield 
RNA Synthesis Kit (NEB) according to the manufacturer’s instructions, with the T7 
promoter containing annealed oligonucleotides. Reactions were incubated for 16 h 
at 37 °C, digested using DNAse (New England Biolabs) and purified using the RNA 
Clean & Concentrator-25 kit (ZymoResearch).

RPA primer and crRNA design. Genetically conserved regions in the BKV and 
CMV genome were identified using publicly accessible databases (Virus Pathogen 
Resource and NCBI). Alignments were performed using MAFFT31 and visualized 
with Jalview32. RPA primer design was done using the PRIMER-BLAST tool 
with previously described settings3. CXCL9 RPA primers were designed to be in 
proximity to previously published qPCR primers18. For each region to be amplified, 
optimal primer pairs were identified by forward and reverse primer screens. 
Primer concentrations were optimized by testing different forward and reverse 
primer concentrations in a dilution matrix. crRNAs, 28 nucleotides complementary 

NATuRE BIoMEdICAL ENGINEERING | VOL 4 | JUNE 2020 | 601–609 | www.nature.com/natbiomedeng 607

https://www.sec.gov/Archives/edgar/data/1217234/000156459018006584/cdna-10k_20171231.htm
https://www.sec.gov/Archives/edgar/data/1217234/000156459018006584/cdna-10k_20171231.htm
http://www.nature.com/natbiomedeng


Articles NATuRe BIomeDICAl eNgINeeRINg

to the target region, were designed as previously described1,3 and tested for their 
performance with each RPA-primer pair. The sequences, including spacer, direct 
repeat and T7 promoter, are shown in Supplementary Table 4.

RT–qPCR. RNA isolation, reverse transcription and qPCR were performed as 
previously described18. In brief, we reverse transcribed RNA using the TaqMan 
Reverse Transcription kit (ThermoFisher) with random hexamers. The qPCR 
was performed using cDNA without pre-amplification. qPCR reactions were set 
up as previously described18. All reactions were performed in duplicate, using the 
Applied Biosystems StepOne Plus real-time PCR system (ThermoFisher). In vitro 
transcribed RNA for CXCL9 served as a standard (sequences in Supplementary 
Table 4). For expression analysis, we employed the comparative CT method33 for 
quantification relative to 18 S RNA (Supplementary Fig. 3a) or used absolute 
quantification on the basis of a CXCL9 standard curve (Fig. 5b,c). Expression 
levels are presented on a logarithmic scale relative to the control, whose average 
expression was set to 1.

RPA reactions. For RPA reactions, the TwistAmp Liquid Basic kit (TwistDx) 
was used according to the manufacturer’s instructions, with the following 
modifications. Primer concentrations were 120 nM for the forward primer and 
480 nM for the reverse primer. The total reaction volume was 20 µl, with a final 
concentration of dNTPs at 7.2 mM (total) and magnesium acetate at 8 mM. RPA 
reactions were incubated at 37 °C for 50 min. For RT–RPA reactions, forward and 
reverse primers were used at 480 nM each and magnesium acetate was used at 
14 mM. One micorolitre GoScript reverse transcriptase (Promega) was added to 
a 20 µl reaction containing dl-dithiothreitol solution (Sigma-Aldrich) at a final 
concentration of 19 mM. The primer–RNA mix was pre-incubated at 65 °C for 
10 min and the RT–RPA reaction was performed at 42 °C for 60 min.

Cas13 reactions. Detection of RPA or RT–RPA-amplified targets was performed 
as described previously1–3 with minor modifications. NEB buffer 2 (NEB) served as 
cleavage buffer at a final concentration of 1×. Three microlitres of RPA or RT–RPA 
product were used in a 20 µl Cas13 reaction. Fluorescence (485 nm excitation, 
520 nm emission) was measured on a plate reader (SpectraMax M5, Molecular 
Devices) every 5 min for up to 3 h at 37 °C.

One-pot reaction. One-pot RPA–CRISPR reactions were performed with murine 
RNAse Inhibitor (NEB) at 1 U µl−1, Cas13 at 45 nM, crRNA at 22.5 nM, RNAse 
Alert V2 (Thermofisher) at 125 nM, human background RNA (from 293 T cells) 
at 1.25 ng µl−1, T7 polymerase (Lucigen) at 0.6 µl per 20 µl, dNTPs at 1.8 mM (total), 
rNTPs at 0.5 mM (each), magnesium acetate at 16 mM and the buffers of the RPA 
TwistAmp Liquid Basic kit (2×, 10× and 20× buffers) at 1X final concentrations.

Diagnostic BKV and CMV quantitative PCR. De-identified patient samples 
were provided by the Crimson Core at Brigham and Women’s Hospital (BWH). 
Quantification of BKV and CMV viral load were performed at the Clinical 
Laboratory Improvement Amendments-certified diagnostic core facility at 
BWH. In brief, BKV viral load samples were processed using the Luminex Aries 
instrument (Luminex) and a laboratory-developed protocol for a probe-free, 
two-primer, real-time PCR system. Following amplification, a thermal melt was 
performed. The system software allows for a quantitation template, developed 
using a standard curve calibrated against the first World Health Organization 
International Standard for BKV, to be applied to raw data for production of a 
quantitative value, reported in copies per ml (C ml−1). CMV viral load samples 
were processed using the Roche Cobas AmpliPrep/Cobas TaqMan CMV Test on 
the Roche-docked Cobas AmpliPrep/TaqMan instrument. This is a real-time PCR 
system that automates specimen preparation, PCR amplification, target detection 
and quantitation. Results are reported in International Units per ml (IU ml−1).

Patient populations. For the CMV and BKV studies, de-identified samples 
collected for clinical testing for CMV and BKV viremia at the BWH were provided 
by the Crimson Core at BWH. Clinical reported results for CMV and BK viremia 
were then compared to CRISPR–Cas13-diagnostics results. For the rejection and 
BKV nephropathy samples, patients were recruited prior to a kidney-transplant 
biopsy to investigate an elevation of creatinine at BWH. Prospective sample 
collection was also performed in few kidney-transplant recipients between 
January 2019 and June 2019. Samples started to be collected after one month of 
transplantation to avoid the effect of surgery and ischemic time. Samples were 
then collected according to clinical visits for 3–5 collections within the first year 
of transplant. The kidney-transplant cohort is representative of kidney-transplant 
recipients in this geographical location and at a tertiary academic hospital.

Statistics. CRISPR reactions were expressed as the mean of at least three 
independent reactions ± s.d. or s.e.m., as indicated in the figure legends. For 
statistical analysis, comparisons of patients with rejection and controls were 
conducted by unpaired two-tailed Student’s t-test. Multiple group comparisons 
were conducted using one-way ANOVA and Tukey’s multiple comparisons test. 
Comparisons of one control group to multiple others groups were performed using 
one-way ANOVA and Dunnett’s multiple comparisons test. Statistical analyses 
were performed using GraphPadPrism 7.

Study design and participants. The study was approved by the Institutional 
Review Board at BWH (2017P000298), and the procedures followed were in 
accordance with institutional guidelines. In this observational study, a total of 31 
kidney-transplant recipients were enrolled, and informed consent was obtained 
from all study participants (Supplementary Tables 1 and 2). Urine samples 
were collected from patients undergoing kidney biopsy for clinical indications. 
The cohort of samples was then selected on the basis of the presence of cellular 
rejection or no rejection on biopsy findings. For the prospective analyses, 
samples were provided by a cohort from Montefiore Medical Center, Bronx, 
NY (Montefiore/Einstein Institutional Review Board (09-06-174). In brief, 
longitudinal samples were collected at the following time points: 0–3 months, 
6–9 months and 9–12 months after transplant or when clinical biopsy was 
performed). Selection of patients was on the basis of availability of at least three 
samples collected either before or after a rejection event that was classified as 
rejection Banff IA or higher.

Ethics. We have complied with all relevant ethical regulations. The patient samples 
used in this study were obtained from the clinical study Biomarkers in Kidney 
Transplantation, which was approved by Partners Human Research Committee 
(2017P000298/PHS). We have obtained written informed consent from  
all participants.

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

data availability
The authors declare that the data supporting the findings of this study are available 
within the paper and its Supplementary information files. The raw and analysed 
datasets generated during the study are available for research purposes from the 
corresponding authors on reasonable request, and the availability of raw patient 
data is subject to approval from the Institutional Review Board.

Code availability
The lateral-flow quantification app code is available at https://github.com/
jackievaleri/lateral_flow_quantification_app.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were chosen on the basis of anticipated variability between measures.

Data exclusions No data were excluded.

Replication Experiments were repeated at least twice. All attempts at replication were successful. 

Randomization Patient samples for the testing of BKV and CMV were randomly selected by the CRIMSON core at Brigham & Women's Hospital. Patient 
samples for rejection testing were randomly selected from groups of patients with biopsy-proven acute cellular rejection and of control 
patients with either stable kidney function or absence of rejection in biopsy.

Blinding Samples were not blinded.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Human research participants
Policy information about studies involving human research participants

Population characteristics For the cohort of CMV and BKV samples, deidentified samples collected for clinical testing at the Brigham & Women's Hospital 
(BWH) were provided by the Crimson Core at BWH. No clinical characteristics were available for that cohort. For the cohort of 
rejection, see Supplementary Tables 1 and 2 for details.

Recruitment The study was approved by the Institutional Review Board at Brigham and Women’s Hospital (2017P000298), and the 
procedures followed were in accordance with institutional guidelines. For the rejection and BK nephropathy samples, patients 
were recruited prior to a kidney-transplant biopsy to investigate an elevation of creatinine at BWH. Prospective sample collection 
was also performed in few kidney-transplant recipients starting in January 2019 and until June 2019. Samples started to be 
collected  one month after transplantation to avoid the impact of surgery and ischaemic time. Samples were then collected 
according to clinical visits for 3–5 collections within the first year of transplant. The kidney-transplant cohort is representative of 
kidney-transplant recipients in this geographical location and at a tertiary academic hospital.

Ethics oversight The research protocol was approved by the Partners Human Research Committee (2017P000298/PHS).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Not applicable. 

Study protocol Not applicable. This was not an interventional or randomized trial. 

Data collection Data from transplant recipients were collected from electronic medical records from October 2018 to August 2019.

Outcomes Outcomes were determined according to kidney-biopsy reports (extracted from electronic medical records) and clinical results of 
viral copies of BK and CMV (provided by the Crimson Core Lab at BWH). 
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