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ABSTRACT
Background  Immune checkpoint inhibitors (ICIs)-based 
treatments have been recommended as the first line for 
refractory recurrent and/or metastatic nasopharyngeal 
carcinoma (NPC) patients, yet responses vary, and 
predictive biomarkers are urgently needed. We selected 
serum interleukin-15 (sIL-15) out of four interleukins as 
a candidate biomarker, while most patients’ sIL-15 levels 
were too low to be detected by conventional methods, so 
it was necessary to construct a highly sensitive method to 
detect sIL-15 in order to select NPC patients who would 
benefit most or least from ICIs.
Methods  Combining a primer exchange reaction (PER), 
transcription-mediated amplification (TMA), and a 
immuno-PER-TMA-CRISPR/Cas13a system, we developed 
a novel multiple signal amplification platform with a 
detection limit of 32 fg/mL, making it 153-fold more 
sensitive than ELISA.
Results  This platform demonstrated high specificity, 
repeatability, and versatility. When applied to two 
independent cohorts of 130 NPC sera, the predictive value 
of sIL-15 was accurate in both cohorts (area under the 
curve: training, 0.882; validation, 0.898). Additionally, lower 
sIL-15 levels were correlated with poorer progression-free 
survival (training, HR: 0.080, p<0.0001; validation, HR: 
0.053, p<0.0001).
Conclusion  This work proposes a simple and sensitive 
approach for sIL-15 detection to provide insights for 
personalized immunotherapy of NPC patients.

INTRODUCTION
Immune checkpoint inhibitors (ICIs) based 
on programmed death-1/programmed 
death ligand-1 (PD-1/PD-L1) blockade are 
breakthrough agents and were approved for 
the treatment of refractory recurrent and/
or metastatic (R/M) nasopharyngeal carci-
noma (NPC) in 2021 in China.1 However, 
only a subset of NPC patients achieves clinical 
benefits, and biomarkers, especially periph-
eral blood biomarkers, are lacking to guide 
ICI-related treatment choices. The abilities 
of cytokines to mediate and regulate immu-
nity have been extensively studied, and some 

cytokines, such as IL-8,2 3 have been found to 
reflect the response to ICI-based treatment.4–7 
Interleukin (IL)-15 is a proinflammatory 
cytokine that stimulates the proliferation 
and maintenance of natural killer (NK) cells 
and T and B lymphocytes,8 and it exerts anti-
tumor effects by enhancing immunosurveil-
lance and preventing tumor formation.9 10 
Further substantiation for the immune role 
of IL-15 is shown by its impact on CD8+T cells, 
promoting and enhancing the antitumor 
activity of PD-1 antagonists.11 Various preclin-
ical approaches have indicated that IL-15 can 
improve the efficacy of immunotherapy.9 10 12 
However, due to the extremely low levels of 
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efficacy of immunotherapy, could be a potential pre-
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IL-15 in the peripheral blood,13 the predictive efficacy of 
sIL-15 levels in anti-PD-1 treatment has not been compre-
hensively validated; therefore, the development of highly 
sensitive assays is of paramount importance.

Sandwich ELISA for detecting interleukins is currently 
the most widely used clinical method to measure serum 
IL-15 (sIL-15) levels. However, it is not sensitive enough 
to detect low sIL-15 concentrations in certain patients. 
Various amplification technologies have been designed 
and integrated into ELISA to overcome this limitation 
to achieve ultrasensitivity and a multiplexing capability.14 
Niemeyer et al established PCR-ELISA,15 which converts 
protein signals into DNA signals and represents a great 
improvement compared with ELISA. However, the 
process of PCR-ELISA is tedious and relies on sophisti-
cated thermal cycling devices.16 17 Subsequently, recom-
binase polymerase amplification (RPA)-ELISA was 
introduced; this approach eliminates the thermal cycling 
step18 but has a high cost and easily produces false posi-
tives caused by contamination. Recently, clustered regu-
larly interspaced short palindromic repeats–CRISPR/
associated protein (CRISPR/Cas) systems, such as the 
Cas12, Cas13, and Cas14 systems, have been leveraged for 
ultrasensitive nucleic acid detection.19–21 In these systems, 
the recognition of a target DNA or RNA by CRISPR RNA 
(crRNA) leads to the Cas protein switching to an active 
state, wherein the single-stranded DNA (ssDNA) or single-
stranded RNA (ssRNA) substrate is cleaved in a nonspe-
cific way and simultaneously releases the signal.22–25 Joung 
et al21 developed a nucleic acid diagnostic platform called 
SHERLOCK, which uses the CRISPR/Cas13a system for 
highly sensitive and straightforward detection of Zika, 
dengue, and SARS-CoV-2. Fozouni et al26 developed a quan-
titative detection method for SARS-CoV-2 RNA without 
preamplification using CRISPR/Cas13a integrated with 
a mobile phone. Furthermore, the CRISPR/Cas system 
has been introduced as a signal amplification strategy 
for microprotein determination. Previously, we27 28 estab-
lished aptamer ELISA-based CRISPR/Cas assays to detect 
trace proteins on extracellular vesicles.29 Nevertheless, 
the lack of reported IL-15 aptamers limits the application 
of this approach. Another group introduced a CRISPR/
Cas13a signal amplification-linked ELISA for micropro-
tein detection,30 which achieved double signal amplifi-
cation based on transcription-mediated amplification 
(TMA) and the CRISPR/Cas13a system. However, the 
detection sensitivity of this method needs to be improved.

Recently, primer exchange reaction (PER) cascades 
were established by Kishi et al31; these cascades isother-
mally generate arbitrary ssDNA concatemers with the help 
of a DNA primer, a hairpin, and a strand-displacing poly-
merase in one-step amplification. Different from other 
enzyme-driven amplification methods, such as PCR,32 33 
rolling circle amplification,34 35 and polymerase–exonu-
clease/nickase reaction,36 which are limited to producing 
identical copies of fixed sequences, PER provides a 
general method for autonomously synthesizing user-
prescribed concatemers with repeat units.37 38 Due to its 

superior amplification capability, this technique has been 
applied to imaging proteins39 and nucleic acids40 in cells 
and tissues. Additionally, to further improve sensitivity 
and specificity, PER cascades have been integrated with 
the CRISPR/Cas12a system for ribonuclease H (RNase 
H) activity detection41 and SARS-CoV-2 RNA detection.42 
Further efforts to make full use of PER by combining it 
with other amplification methods are being considered.

In this work, we selected sIL-15 as a candidate biomarker 
by examining the predictive effect of four kinds of inter-
leukins (IL-15, IL-2, IL-8, and IL-12) by ELISA on the 
response to ICI-based therapy in a discovery set of 62 
NPC patients. However, the levels of sIL-15 in quite a few 
NPC patients were undetectable by ELISA. To enhance 
the detection limit, we developed a highly sensitive fluo-
rescence sensing strategy for sIL-15 detection based on 
specific immune recognition and a PER-assisted multiple 
TMA-CRISPR/Cas13a signal amplification strategy, 
termed immuno-PER-TMA-CRISPR/Cas13a (iPTC). This 
platform could quantitatively detect sIL-15 with a detec-
tion limit of 32 fg/mL, making it 153-fold more sensitive 
than ELISA. We further revealed that baseline sIL-15 levels 
were associated with response and outcome for ICI-based 
treatment in both the training and validation cohorts. 
The overall results revealed that low baseline sIL-15 levels 
detected by the iPTC platform were associated with a less 
favorable outcome for ICI-based treatment.

MATERIAL AND METHODS
Materials
All oligonucleotides purified by high-performance liquid 
chromatography were obtained from Sangon Biotech-
nology (Shanghai, China). The corresponding DNA 
sequences and modifications are shown in online supple-
mental table 1. Bst DNA Polymerase, Large Fragment, was 
purchased from New England Biolabs (Massachusetts, 
USA; M0275L). dATP, dTTP, and dCTP were purchased 
from G-CLONE (Beijing, China; RE0081; RE0082; 
RE0083). The HiScribe T7 High Yield RNA Synthesis 
Kit was purchased from New England Biolabs (E2040S). 
The v2 reporter was purchased from Thermo Scientific 
(Massachusetts, USA; 4479769). Streptavidin-coated 
magnetic beads (SA@MBs) were acquired from Roche. 
The E.Z.N.A. A Cycle Pure Kit was purchased from Omega 
Bio-Tek (Georgia, USAs; D6492). The LbuCas13a used in 
this assay was expressed and purified by our laboratory, as 
described in previous studies.20 26 The ELISA kits used in 
this assay were all purchased from Cloud-Clone (Wuhan, 
China). Other chemical reagents were purchased from 
Guangzhou Chemical Reagents Factory (Guangzhou, 
China). RNAase-free (RF) water was used in all experi-
ments to prepare aqueous solutions.

Patient characteristics and serum samples
Sera from 130 pathologically confirmed NPC patients 
were collected at Sun Yat-sen University Cancer Center 
between January 1, 2020 and December 31, 2021.

https://dx.doi.org/10.1136/jitc-2022-006552
https://dx.doi.org/10.1136/jitc-2022-006552
Jin Wang



3Wu Y-X, et al. J Immunother Cancer 2023;11:e006552. doi:10.1136/jitc-2022-006552

Open access

Patient serum samples were all collected before the 
anti-PD1 treatment. TNM stage was established based on 
the eighth Edition of the Union for International Cancer 
Control/American Joint Committee on Cancer staging 
system for NPC. Patient characteristics are shown in 
online supplemental tables 2 and 3. For enrolled patients, 
the inclusion criteria were as follows: (1) patients over 
18 years old; (2) patients must be diagnosed with R/M 
NPC with TNM stage identified as stage III/IV; (3) 
patients with another malignancy or inflammatory states, 
such as concurrent infections or autoimmune adverse 
events, and with a history of severe heart or liver disease 
were excluded; (4) patients received anti-PD-1 therapy 
(nivolumab, toripalimab or camrelizumab) plus chemo-
therapy (cisplatin, gemcitabine, paclitaxel); and (5) 
patients who were treated with anti-PD-1 treatment plus 
chemotherapy were followed up with radiographic tumor 
evaluation every 1–2 months.

In this study, we analyzed sIL-15 levels in 130 NPC 
patients; 87 baseline samples (64 non-progressive disease 
(non-PD), 23 PD) were used as a training cohort, and 43 
baseline samples (32 non-PD, 11 PD) were used as a vali-
dation cohort. In the discovery set (group 1), we analyzed 
sIL-15, sIL-2, sIL-8, and sIL-12 in 62 NPC patients (44 
non-PD, 18 PD) who were included in the training 
cohort. Patients were defined by Response Criteria in 
Solid Tumors 1.1. Based on MRI or CT findings, their 
responses to treatment were evaluated as a complete 
response (CR), a partial response (PR), stable disease 
(SD), or PD. During the follow-up time, patients, who 
ever/never developed PD, were defined as non-PD.

The serum was separated by centrifugation at 3500 rpm 
for 10 min at room temperature (RT) and then frozen at 
−80°C until use. Serum interleukin assays were performed 
by ELISA (IL-2, IL-8, IL-12, and IL-15) and with the iPTC 
platform (IL-2 and IL-15).

Preparation of biotinylated PER concatemers
Typically, 200 µL reactions were prepared in 1×PBS with 
final concentrations of 0.8 units per μL Bst DNA Poly-
merase Large Fragment; 10 mM MgSO4; 600 µM each 
of dATP, dTTP and dCTP; 0.5 µM Hairpin aa; 0.1 µM 
dGTP Cleaner (5’-​CCCC​GAAA​GTGG​CCTC​GGGC​CTTT​
TGGC​CCGA​GGCC​ACTTTCG-3'); and RF water added 
to a total volume of 180 µL. Preincubation with 0.1 µM 
dGTP Cleaner for 15 min at 37°C eliminated the small 
amount of dGTP contamination. Then, 20 µL of 10 µM 
biotinylated primer was added to the system, and the 
reaction mixture was incubated for another 1–3 hours at 
37°C. After heating at 80°C for 20 min, the polymerase 
was inactivated, and the reaction was terminated. The 
original biotinylated PER concatemers with a 1 µM final 
concentration were obtained. To remove proteins, short 
DNA fragments (<100 bp), and other contaminants, the 
E.Z.N.A. Cycle Pure Kit was leveraged to purify the orig-
inal PER concatemers. Then, column-bound oligos were 
eluted with 50 µL of RF water, and the concentrations of 
purified biotinylated PER concatemers were measured 

using a Nanodrop depending on their absorption coef-
ficient. Ultimately, a long strand of repeated domains 
‘a’ (5’-ACAACTTAAC-3') was synthesized, and then this 
construct was used as a signal amplifier to hybridize 
with T7 promoter sequences. Biotinylated PER products 
could be stored at −20°C for several months. To illustrate 
the effects of different lengths of biotinylated ssDNA 
concatemers on fluorescence intensity (FI), we chose 
the 10-nucleotide (nt) sequence a (5’-CAACTTAAC-3') 
as the repeated domain and designed 3a (3 repeated a 
domains), 6a (6 repeated a domains) and 9a (9 repeated 
a domains) modified with biotin to compare bioti-
nylated PER concatemers (approximately 250 repeated a 
domains).

Gel electrophoresis
The molecular weights of nucleic acids and proteins were 
observed by PAGE analysis. TBE-urea PAGE denaturing 
gels (5%) were used in most of the experiments, and gels 
were run in 1×TBE buffer at 150 V for 1 hour.43 The gels 
were stained by silver staining or Coomassie blue staining.

Process of PTC
We designed strands that hybridized with the PER 
concatemer; that is, an antisense strand probe (AS 
probe) and an antisense 1 strand probe (AS1) were 
the strands that hybridized with the PER concatemer. A 
sense strand probe (S probe) and a sense 1 strand probe 
(S1) were the strands that hybridized with the AS/AS1 
probe. The AS/AS1 probe and S/S1 probe generated a 
probe duplex containing the T7 promoter. First, bioti-
nylated ssDNA concatemers were hybridized with the 
T7 promoter sequence in the AS/S probe complex, 
incubated at 95°C for 10 min, and then cooled to RT 
for 1 hour to obtain the PER-AS/S probe complex. This 
system was assembled by mixing 100 fM biotinylated 
PER, 10 pM AS/S probes, and 1×PCR buffer and adding 
RF water to a total of 200 µL. Then, the PER-AS/S probe 
complex was obtained. A 200 μL of streptavidin MBs was 
added to these systems and incubated at RT for 0.5 hour, 
followed by four washes.

The second signal amplification was T7 transcription 
mediated by recognition of the T7 promoters on AS/S 
probes. Typically, 20 µL reaction mixtures contained 
5 mM ATP/GTP/CTP/UTP Mix, 1×Reaction Buffer,1 
μL of T7 RNA Polymerase Mix, and AS/S probes with T7 
promoters. The mixture was incubated at 37°C for 40 min 
to generate a mass of target RNA to activate the CRISPR/
Cas13a system. For standard CRISPR/Cas13a detection, 
20 µL systems were mixed with a final concentration of 
200 nM LbuCas13a, 500 nM crRNA, 200 nM v2 reporter, 
1×Thermo pol buffer, and 4 µL of transcription products, 
and then the mixture was loaded into a 384-well plate. 
Cleavage by CRISPR/Cas13a was performed in a fluores-
cent plate reader (Tecan Spark, Shanghai, China) at 37 
℃ for 60 min, and the FI was measured every 2 min (v2 
reporter = λex: 485 nM; λem: 535 nM; gain=80).

https://dx.doi.org/10.1136/jitc-2022-006552
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sIL-15 detection by iPTC
For sIL-15 detection, standard solutions were prepared 
with the indicated concentration gradients for quantita-
tive measurements. We used the IL-15 ELISA kit (Cloud-
Clone, Wuhan, China, SEA061Hu) and followed the 
manufacturer’s instructions to build a double-antibody 
sandwich. Briefly, 100 µL of standards and serum were 
added to a precoated 96-well plate and incubated at 37°C 
for 1 hour. Subsequently, a 100 µL of biotinylated anti-
IL-15 antibody was added to each well and incubated for 
1 hour at 37°C. Then, a 100 µL of streptavidin (500 ng/
mL) was added and incubated at RT for 30 min. Then, 
a 50 µL of PER-AS/S probe hybridizations preassem-
bled containing 2.5 nM biotinylated PER concatemers, 
200 nM AS/S probes (with the T7 promoter sequences), 
and 1×PCR buffer were added to each well and reacted 
for 20 min at RT. After each binding incubation, the 
plate was washed at least four times with 0.05% PBST. 
Then, a 20 µL of T7 transcription mixtures was added 
to each well and incubated at 37°C for 40 min. Finally, 
the standard CRISPR/Cas13a protocol was performed, 
and the FI was obtained. All samples were assayed in 
triplicate.

Serum interleukin detection by conventional ELISA kits
The conventional sandwich ELISA method was used for 
serum interleukin determination. Concentrations of 
IL-15 (SEA061Hu), IL-2 (SEA073Hu), IL-8 (SEA080Hu), 
and IL-12 (SEA073Hu) were measured using ELISA kits 
(Cloud-Clone, Wuhan, China) according to the manufac-
turer’s instructions. Briefly, a capture antibody was coated 
onto microwells. After incubation with 100 µL of standard 
or serum sample, the capture antibody bound the inter-
leukin. Following extensive washing with PBS, a detection 
antibody was added to detect the captured target protein. 
An HRP-linked secondary antibody was then used to 
recognize the bound detection antibody, followed by 
incubation with 3,3',5,5’-tetramethylbenzidine (TMB) 
substrate in the dark. The reaction was terminated by 
adding a stop solution, and the optical density at 450 nm 
was measured immediately using a microplate reader.

Statistical analysis
GraphPad Prism V.9.2.0 software and Microsoft Excel were 
used for statistical analysis. A Mann-Whitney U test and a 
Kruskal-Wallis test were used to analyze the differences 
between two groups and three or more groups, respec-
tively. To evaluate the value of serum interleukins (IL-
15, IL-2, IL-8, and IL-12) in predicting immunotherapy 
response, we used receiver operating characteristic 
(ROC) curve analysis with the corresponding area under 
the curve (AUC). The maximal Youden index value was 
considered the cut-off value for each interleukin. Survival 
analysis was performed with the Kaplan-Meier method 
and log-rank test. All tests were two tailed, and a p<0.05 
was considered to indicate statistical significance. Three 
replicates were performed to improve the statistics.

RESULTS
Identification of predictive biomarkers among sIL-15, sIL-2, 
sIL-12, and sIL-8
IL-15, IL-2, and IL-12 stimulate the development of 
memory CD8+ T cells and NK cells, raising hopes that they 
could become valuable predictive biomarkers in tumor 
immunotherapy. IL-8 has been reported to reflect the 
response to ICI-based treatment across malignant tumors. 
We thus chose them as candidates. To test their poten-
tial predictive values on ICI response, we first enrolled 62 
R/M NPC patients who received anti-PD-1 therapy plus 
chemotherapy and analyzed baseline sIL-15, sIL-2, sIL-12, 
and sIL-8 levels by ELISA in the discovery set (figure 1). 
The patients’ baseline characteristics of the discovery set 
are shown in online supplemental table 2.

The scatter plots (figure  2A–D) show that only base-
line sIL-15 levels measured by ELISA were significantly 
higher in the non-PD group (n=44) than in the PD 
group (n=18, p<0.01). Values did not differ significantly 
between these two groups in the other three interleukins. 
ROC curve analysis evaluated the predictive power of 
sIL-15 to distinguish patients with PD from patients with 
non-PD (figure  2E); the corresponding AUC was 0.700 
(95% CI 0.570 to 0.830; p=0.0143), superior to the other 
three interleukins (sIL-2, 0.577; sIL-12, 0.611; and sIL-8, 
0.517) (figure 2F–H). When the cut-off value was set to 
the optimal point (1.09 pg/mL), the performance of 
sIL-15 was better than that of other interleukins, with a 
sensitivity of 88.89% and a specificity of 52.27% (online 
supplemental table 4). These results indicate that sIL-15 
may be a promising biomarker for predicting response 
and prognosis in NPC patients in the context of anti-PD-1 
therapy. We also separated the prediction of ICI based on 
subgroups of non-PD (PR, SD) for each cytokine (IL-15, 
IL-8, IL-2, IL-12). The Kruskal-Wallis test (online supple-
mental figure 1A-D) showed that only baseline sIL-15 
levels measured by ELISA had significant differences in 
the PR, SD, and PD patients, and the highest levels of 
sIL-15 were found in PR patients in all three groups (PR: 
n=22; median, 3.17; IQR, 0–11.44. SD: n=22; median, 
0.15; IQR, 0–7.78. PD: n=18; median, 0; IQR, 0–0.16.). 
However, values for the other three interleukins did not 
differ significantly among these three groups (p>0.05).

The amount of sIL-15 in most NPC patients (42/62), 
nonetheless, was below the ELISA’s minimum detection 
limit (limit of detection, LOD=4.92 pg/mL) method. 
Hence, we established a highly sensitive platform to 
improve the prediction performance of baseline sIL-15 
further.

Construction of the iPTC platform
We thus combined the triple signal amplification 
approach and developed a novel platform named iPTC, 
which has a three-step process (figure  3): (1) Target 
protein capture by sandwich ELISA: in the presence of 
protein targets, the targets are captured by a capture 
antibody and recognized by a biotinylated detection anti-
body. (2) Protein signal conversion: biotinylated PER 
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concatemers are preassembled, and then approximately 
one hundred double-stranded AS/S probes containing 
T7 promoters are hybridized to the repeated binding 
sites on the PER concatemers (PER-AS/S) for the next 
multiple TMA. After adding streptavidin, the preassem-
bled biotinylated PER-AS/S complex is bound specifically 
to the antigen-antibody complex via the strong inter-
action between biotin and streptavidin. This step is the 
first signal amplification and converts the protein signals 
into hundreds of nucleic acid signals. (3) Multiple TMA 
rounds and CRISPR/Cas13a detection: T7 polymerase 

binds to the multiple promoters on the AS/S probes and 
then executes TMA to convert dsDNA into RNA. After 
TMA, the RNA products bind special crRNAs and acti-
vate the HPEN catalytic site of LbuCas13a. The activated 
Cas13a enzyme can indiscriminately cleave both the target 
RNA and collateral ssRNA reporter in a non-specific 
fashion to obtain a significantly enhanced fluorescence 
signal, which is proportional to the target concentra-
tion. This step involves the second signal amplification 
by TMA and the third signal amplification by the Cas13a 
enzyme. Importantly, this immunoassay platform can be 

Figure 1  Overview of the study design. Top, IL-15, IL-2, IL-12, and IL-8 in the serum of 62 NPC patients were analyzed using 
ELISA to identify predictive biomarker candidates. Middle, process, and performance of the iPTC platform. Botton, serum IL-15 
was evaluated as a novel predictive biomarker for the response to ICI-related therapy in the training cohort (n=87) and validation 
cohort (n=43) by the iPTC platform. The discovery set is included in the training cohort. ICI, immune checkpoint inhibitor; IL, 
interleukin; iPTC, immuno-PER-TMA-CRISPR/Cas13a; NPC, nasopharyngeal carcinoma; PFS, progression-free survival.
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Figure 2  Prediction of ICI-related therapy response by baseline sIL-15, sIL-2, sIL-12, and sIL-8. (A–D) Scatter plots of sIL-15, 
sIL-2, sIL-12, and sIL-8 levels in non-PD and PD patients measured by ELISA. The two groups were statistically compared by 
the Kruskal-Wallis test: ** and ns represent p<0.01, p>0.05, respectively. (E–H) ROC curve analysis evaluating the predictive 
power of sIL-15, sIL-2, sIL-12, and sIL-8 levels in differentiating PD patients from non-PD patients, with the corresponding AUC. 
AUC, area under the curve; PD, progressive disease; ROC, receiver operating characteristic; sIL-15, serum interleukin-15.
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flexibly applied to various proteins by simply replacing 
the antibodies.

To demonstrate the feasibility of this platform, we first 
expressed and purified the LbuCas13a protein, followed 
by enzyme activity detection. The molecular weight of our 
purified LbuCas13a was approximately 130 kD (online 
supplemental figure 2A). We further tested cleavage 
activity using target RNA and crRNA selected from our 
previous study.29 An elevated fluorescence signal was 
obtained only when the target RNA and crRNA were both 
present (online supplemental figure 2B,C), and the LOD 
was 1.01 pM (online supplemental figure 2D, LOD=3σ/S, 
where σ is the blank SD, and S is the linear slope). These 
results validated the enzyme activity of the CRISPR/
Cas13a system.

Next, we tested the feasibility of this platform in a 
heterogeneous manner using SA@MBs (figure  4). The 
schematic is illustrated in figure 4A. One 3a concatemer 
could theoretically hybridize with one AS/sense strand 
(AS/S) probe before SA@MBs captured it. Then, the 
unbound 3a and AS/S probes could be washed off. AS/S 
probes with the T7 promoter can initiate T7 transcrip-
tion to generate numerous target RNAs. These target 
RNAs activated the Cas13a enzyme, and the fluorescence 

signal showed a linear dependence on the logarithm of 
the 3a concentration from 62.5 to 2500 fM. The regres-
sion equation was determined to be FI=27 467×lgC-40374 
(R2=0.990) with an LOD of 1.02 fM (figure  4A), which 
indicated that this approach was 1000-fold more sensitive 
than the CRISPR/Cas13a system.

We introduced a PER concatemer, a long repetitive 
strand DNA with more binding sites for T7 promoters to 
enable further sensitivity enhancement for proteins with 
relatively low abundance. The mechanism of the PER cycle 
is illustrated in figure 4B, and it outputs arbitrary ssDNA 
concatemers through a simple four-step process. As shown 
in figure 4C, PER products exhibited an obvious single 
band in lane 1 in the presence of Bst DNA polymerase, 
a primer, and a hairpin. Moreover, PER sequences were 
gradually extended over time, and by controlling the time 
precisely at 120 min (figure  4D), 2500-nt PER products 
containing approximately 125 repeated binding sites for 
the T7 promoter probes could be produced. Given that 
PER extension size is sequence dependent, we tested four 
pairs of previously reported primers and corresponding 
hairpin sequences (online supplemental table 1).39 As 
shown in online supplemental figure 3A, the apparent 
band and highest yield were observed in the lane 3 PER 

Figure 3  Schematic of iPTC. The target protein is captured by an ELISA double-antibody sandwich structure. After 
hybridization with AS/S probes containing T7 promoters, long biotinylated repetitive DNA sequences (PER concatemers) bind 
to the antigen-antibody complex. Then, multiple TMA rounds are performed to generate a mass of target RNA, recognized by 
crRNA, and trigger transcleavage by Cas13a, resulting in a significant fluorescence signal. AS/S, antisense strand/sense strand; 
iPTC, immuno-PER-TMA-CRISPR/Cas13a; PER, primer exchange reaction; TMA, transcription-mediated amplification.
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products, so primer a and hairpin aa were optimal and 
selected for further assessments. To avoid the influence 
of a biotinylated primer and hairpin in the PER product 
mixture, we used a DNA cycle pure kit to wash off the 
short oligos and collect the long PER products (online 
supplemental figure 3B).

Subsequently, we replaced 3a with 2500-nt PER 
concatemers and then hybridized them with AS/S 
probes (figure  4E). In theory, 125 pairs of AS/S 
probes could hybridize with the repeated binding sites 

(5’-CAACTTAACACAACTTAAA-3') on a 2500-nt PER 
concatemer. After the PER concatemers hybridized with 
the AS/S probes, T7 transcription was initiated, and 
the RNA products were subsequently detected by the 
CRISPR/Cas13a system. The fluorescence signal was 
found to be linearly dependent on the logarithm of the 
PER concentration from 0.625 to 125 fM, and the regres-
sion equation was determined to be FI=16 382×lgC+2721 
(R2=0.994) with an LOD of 1.04 aM; thus, a more than 
1000-fold increase in sensitivity was obtained with the 

Figure 4  The feasibility of the PTC platform performed on magnetic beads. (A) Schematic for the principle of short-strand 
target DNA (3a)-activated LbuCas13a after T7 transcription on streptavidin-conjugated magnetic beads (left). The real-time 
fluorescence kinetics measurements of CRISPR/Cas13a reactions with 3a concentrations ranging from 62.5 to 2500 fM 
(middle). The sensitivity of CRISPR/Cas13a reactions with 3a (right). (B) Schematic for the primer exchange reaction (PER) cycle 
principle. (C) The feasibility of the PER reaction was verified by urea-PAGE. (D) The length of PER products was monitored in 
real-time by urea-PAGE. (E) Schematic for the principle of the long-strand target DNA (PER concatemer)-activated CRISPR/
Cas13a system after T7 transcription on streptavidin-conjugated magnetic beads (left). The real-time fluorescence kinetics 
measurements of CRISPR/Cas13a reactions with PER concatemer concentrations ranging from 0.625 to 125 fM (middle). 
The sensitivity of CRISPR/Cas13a reactions with PER concatemers (right). Blank-subtracted fluorescence was calculated by 
subtraction of blank fluorescence values. Error bars represent the SD for three independent experiments. Data are represented 
as the mean±SD, n=3, three technical replicates. LOD, limit of detection; PTC, PER-TMA-CRISPR/Cas13a.

https://dx.doi.org/10.1136/jitc-2022-006552
https://dx.doi.org/10.1136/jitc-2022-006552
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long PER concatemers (2500 nt) compared with the short 
3a concatemers (30 nt).

Since plate-based ELISA is simpler and more conve-
nient for serum protein detection than magnetic bead-
based ELISA, we further evaluated the feasibility of this 
platform in a heterogeneous assay format using a 96-well 
plate coated with 379 pM streptavidin. The expected 
amplification trend was obtained with increasing 
concatemer length, and the FI showed a sharp increase 
as the ssDNA length increased in size from 3a to 6a, 9a, 
and PER (figure 5A). All these results confirmed that PER 
concatemers greatly improved sensitivity by providing 
more binding sites for T7 promoters and that this strategy 
was compatible with both magnetic beads and an ELISA 
plate.

The detection performance of the iPTC platform
The performance of the iPTC platform, including 
sensitivity, reproducibility, specificity, correlation, and 
universality, was assessed. First, we optimized the exper-
imental conditions, and the details are shown in online 
supplemental figure 4. The range and sensitivity of this 
platform and the ELISA method were analyzed using 
the IL-15 standard, and the principle of iPTC is shown 
in figure  5C. As shown in figure  5B, there was a linear 
trend in the range of 8–125 pg/mL using a human IL-15 
ELISA kit, and the LOD was calculated to be 4.92 pg/
mL. As shown in figure 5D, as the concentration of IL-15 
increased from 0.25 pg/mL to 16 pg/mL, the FI also 
increased, and the linear relationship between FI and the 
concentration of the IL-15 standard could be described as 

Figure 5  The feasibility of the iPTC platform performed on an ELISA plate. (A) The curve slope and visual fluorescence of the 
CRISPR/Cas13a reaction on an ELISA plate. The top-right inset demonstrates the schematic for the principle of PTC performed 
on an ELISA plate, that is, 379 pM streptavidin is precoated on a 96-well plate, and 500 pM different lengths of biotinylated DNA 
concatemers (3a, 6a, 9a, and PER) hybridized with AS/S probes were bound for subsequent T7 transcription. The slope of the 
curve over 1 hour was calculated by performing a simple linear regression of data merged from three replicates and is shown as 
the slope±95% CI. The slopes were compared with the former group by the Kruskal-Wallis test followed by Dunnett’s multiple-
comparison test: *p<0.05, **p<0.01, ****p<0.0001, respectively. The top-left insert demonstrates the fluorescence intensity of 
the CRISPR/Cas13a system observed under ultraviolet radiation-based visual readouts, and the tubes from left to right are 3a, 
6a, 9a, and PER. (B) The corresponding curve between the IL-15 concentrations and the absorbance at 450 nm was measured 
by ELISA. The insert shows the linear relationship between absorbance and the concentrations of IL-15, with a LOD of 4.92 pg/
mL. (C) Schematic of the principle of iPTC. (D) The corresponding curve between the IL-15 concentrations and the fluorescence 
intensity measured by iPTC. The insert shows the linear relationship between fluorescence intensity and the concentrations of 
IL-15, with an LOD of 0.032 pg/mL. Error bars represent the SD for three independent experiments. Data are represented as the 
mean±SD, n=3, three technical replicates. AS/S, antisense strand/sense strand; iPTC, antisense strand/sense strand; LOD, limit 
of detection; PER, primer exchange reaction.
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FI=3139×C+9283, with an LOD of 0.032 pg/mL; this LOD 
was 153-fold lower than that of the ELISA method. In 
addition, to evaluate the stability of the iPTC platform, the 
detection of 0.5 pg/mL and 5 pg/mL IL-15 was repeated 
five times under identical conditions. As shown in online 
supplemental table 5, the relative SDs from the mean 
value were 3.69% and 3.07% for 0.5 pg/mL and 5 pg/mL 
IL-15, respectively, indicating that the iPTC platform had 
good reproducibility. Based on this calibration curve, the 
concentrations of IL-15 in human serum were success-
fully detected by the iPTC platform with high recovery 
rates (93.6%–102.0%) (online supplemental table 6).

Other interleukins and proteins (IL-12, IL-7, IL-18, 
and BSA) were added as interferents to test the analytical 
specificity of IL-15 in the iPTC platform. Online supple-
mental figure 5 shows that targeting only IL-15 induced 
a significant fluorescence increase; even though other 
interleukins and proteins were used at a concentration 
10 times higher than that of IL-15, they did not influence 
the fluorescence signal. These results indicated that the 
iPTC platform had excellent specificity due to the specific 
binding between the antibody and antigen.

We assessed the consistency between the ELISA and 
iPTC platforms in measuring the sIL-15 levels in 62 NPC 
patients from group 1. Nonetheless, sIL-15 in most NPC 
patients (42/62) was below the ELISA’s minimum detec-
tion limit (LOD=4.92 pg/mL). Hence, we selected the 
sIL-15 levels detected by ELISA and iPTC methods in 20 
NPC patients (sIL-15 levels>4.92 pg/mL) and compared 
the correlation (online supplemental figure 6A). In the 
Bland-Altman assay, most results were within the 1.96 SD, 
indicating that the iPTC platform had great consistency 
with the ELISA method (online supplemental figure 6B). 
Furthermore, the equation derived from simple linear 
regression analysis was Y=0.88X, indicating a high consis-
tency between the two methods (online supplemental 
figure 6C).

Finally, the universal applicability of this platform was 
evaluated by detecting another target: the human IL-2 
standard. The absorbance (online supplemental figure 
7A) and FI (online supplemental figure 7B) increased 
obviously with increasing concentrations of the target 
IL-2. In the range from 62.5 fg/mL to 31.2 pg/mL, a 
linear correlation between FI and the logarithm of the 
IL-2 concentration was observed. The linear regression 
equation was determined to be FI=19 011×lgC+36 767 
(R2=0.974), and the LOD was calculated to be 48 fg/mL; 
this LOD was 100-fold more sensitive than that of ELISA 
(LOD=4.96 pg/mL).

Baseline sIL-15 level correlates with chemoimmunotherapy 
response and is associated with progression-free survival in 
NPC patients
We recruited 130 R/M NPC patients who received 
chemoimmunotherapy and randomly divided them into 
a training cohort (n=87) and a validation cohort (n=43). 
The patient baseline characteristics of the training and 
validation cohorts are shown in online supplemental 

table 3. The median follow-up was 17.5 months (IQR 
13.9–23.7) and 14.2 months (IQR 10.0–17.9) in the 
training and validation cohorts, respectively.

Baseline sIL-15 levels on iPTC were significantly higher 
in the non-PD group (n=65; median, 8.16; IQR, 4.79–
13.17; mean, 9.83) in the training cohort than in the 
PD group (n=22; median, 1.80; IQR, 0–4.16; mean, 3.04; 
p<0.0001) (figure 6A). A significant difference was also 
observed in the validation cohort (non-PD: n=31; median, 
5.45; IQR, 2.96–7.97; mean, 6.67. PD: n=12; median, 
2.34; IQR, 0.53–3.29; mean, 2.66, p<0.0001) (figure 6B). 
The AUC for sIL-15 was 0.882 (95% CI 0.792 to 0.971, 
p<0.0001) (figure 6C), and a similar predictive accuracy 
was obtained in the validation cohort (AUC 0.898, 95% CI 
0.771 to 1.000, p<0.0001; figure  6D). The optimal cut-
off value (2.90 pg/mL) for IL-15 was used to categorize 
NPC patients into high-expression and low-expression 
groups. The patients in the training cohort (n=87) with 
lower sIL-15 levels (n=19) had a median progression-free 
survival (PFS) time of 9.8 months, whereas those with 
higher sIL-15 levels (n=68) had an undefined median 
PFS time measured in months (HR 0.080, 95% CI 0.027 to 
0.239, p<0.0001) (figure 6E). Similar results were observed 
in the validation patient cohort (n=43); the patients with 
lower sIL-15 levels (n=9) had a median PFS time of 8.4 
months, whereas those with higher sIL-15 levels (n=34) 
had an undefined median PFS time measured in months 
(HR 0.053, 95% CI 0.010 to 0.275, p<0.0001) (figure 5F). 
Mixing all patients, the correlation between sIL-15 levels 
and ICI response remained significant, supporting the 
strength of this biomarker (online supplemental figure 
8).

Subsequently, we investigated baseline sIL-15 levels in 
130 R/M NPC patients using both ELISA and the iPTC 
platform and compared the predictive performance of 
sIL-15 assessed by two different methods. The scatter plots 
(online supplemental figure 9A,B) showed that baseline 
sIL-15 levels measured by the iPTC (p<0.0001) platform 
were significantly higher in the non-PD group than in 
the PD group, with similar results assessed by the ELISA 
platform (p<0.001). The predictive accuracy of the sIL-15 
improved when applied in the iPTC platform (red line, 
AUC=0.882, 95% CI 0.808 to 0.956, p<0.0001) compared 
with ELISA (blue line, AUC=0.693, 95% CI 0.60 to 0.78, 
p=0.0009). Moreover, despite comparable sensitivity and 
NPV values, the iPTC group had dramatically elevated 
specificity and PPV than the ELISA group in assessing ICI 
predictive accuracy. Overall, iPTC enables sIL-15 to serve 
as a prominent predictor of ICI response.

DISCUSSION
Here, we describe a highly sensitive method for sIL-15 
detection using triple signal amplification involving PER, 
TMA, and the CRISPR/Cas13a system, improving sensi-
tivity by 153-fold compared with ELISA. We also validated 
the robust predictive effect of baseline sIL-15 for ICI-based 
treatment in R/M NPC using 130 clinical samples in two 
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independent groups collected from subjects who received 
both PD-1 inhibitor monotherapy and chemotherapy.

The combination of PD-1/PD-L1 blockade and current 
treatments has improved the outcomes of patients with 
R/M NPC.44 Despite substantial advancements in clinical 
care, only a small subset of patients with R/M NPC achieve 
long-lasting clinical benefits from immunotherapy. Given 
the potential for adverse reactions to immunotherapy, 
identifying biomarkers that can predict the response to 
ICIs is of paramount importance. PD-L1 expression,45 
plasma Epstein-Barr virus DNA load,46–48 and tumor 
mutational burden (TMB)46 47 have been investigated in 
several NPC clinical trials. However, they have not been 
demonstrated to have a statistically significant clinical 
predictive value for immunotherapy in NPC, and further 
exploration is warranted. Recently, the levels of cytokines, 
such as IL-8, have been considered useful biomarkers 
across malignancies as predictive factors for immuno-
therapy response in the context of ICI-based therapy.2 3 49 
Moreover, IL-2,50 51 IL-12,52–54 and IL-158 55 can induce 

the proliferation of activated T cells, activate B cells, and 
enhance the cytotoxic activity of NK cells, thus showing 
great potential to predict immunotherapy efficacy. In this 
study, we first explored the roles of IL-8, IL-2, IL-12, and 
IL-15 as biomarkers for predicting the immune response 
in NPC and found that sIL-15 showed optimal predictive 
performance for NPC. Since IL-8 directly reflects changes 
in the tumor burden, differential expression of IL-8 in 
NPC and other tumors may account for the variation in 
results.9 IL-15 is more similar to an advanced version of 
IL-2, and the distribution of cell sources and target cells is 
wider than that of IL-2, thus leading to stronger immune-
enhancing effects and superior predictive value.

Despite the potential predictive value of sIL-15, its 
concentration is extremely low, and traditional ELISA is 
not sensitive enough. We constructed an iPTC assay that 
exceeded the performance of ELISA. First, this method 
achieved enhanced sensitivity. The major mechanism 
underlying the improved sensitivity is as follows: (1) 
during the PER process, long concatemers contained 

Figure 6  The anti-PD-1 treatment response and outcome prediction based on baseline sIL-15 levels. (A, B) Scatter plots of 
sIL-15 levels in non-PD patients and PD patients in the training cohort and validation cohort determined by the iPTC platform. 
The two groups were statistically compared by the Mann-Whitney U test: ****p<0.0001, respectively. (C, D) ROC curve analysis 
evaluating the predictive power of baseline sIL-15 in differentiating PD patients from non-PD patients, with the corresponding 
area under the curve in the training and validation cohorts. (E) (F) Baseline sIL-15 levels measured prior to anti-PD-1 therapy 
were associated with PFS in NPC patients in the training and validation cohorts. Data were analyzed using the log-rank test. 
iPTC, immuno-PER-TMA-CRISPR/Cas13a; NPC, nasopharyngeal carcinoma; PD, progressive disease; PFS, progression-free 
survival; ROC, receiver operating characteristic; sIL-15, serum interleukin-15.
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approximately 125 repeated binding sites for the T7 
promoter probes form, resulting in a dramatic increase in 
sensitivity. (2) Our system introduced TMA, an RNA TMA 
system, to amplify DNA isothermally and produce RNA 
amplicons, resulting in a considerable signal increase 
within 30 min. (3) Cleavage of RNA reporters by the 
collateral activity of LbuCas13a enhances fluorescence 
signals and improves sensitivity on target RNA recogni-
tion. Second, the isothermal amplification design facili-
tates using the iPTC assay as a simple and versatile tool 
for microprotein detection. (1) It avoids a tedious PCR 
process and requires no sophisticated thermal cycling 
equipment. (2) Like the ELISA method, iPTC can be 
performed in most laboratories. (3) The preassembled 
PER concatemers serve as a universal DNA barcode, 
enabling the detection of different biomarkers by simply 
changing the antibodies. These properties render iPTC a 
potentially suitable solution for sIL-15 detection.

By translating protein signals into nucleic acid signals 
and incorporating CRISPR technology with nucleic 
acid amplification strategies, our group successfully 
conducted a substantial amount of work on improving 
the sensitivity of ELISA, such as PCR-CRISPR/Cas12a-
ELISA, RPA-CRISPR/Cas13a-ELISA, and HCR-CRISPR/
Cas12a-ELISA.15 17 18 56 Nevertheless, each approach has 
shortcomings when applied to cytokine detection. PCR-
CRISPR/Cas12a-ELISA requires complex equipment, 
and extreme care must be taken to avoid contamination. 
RPA-CRISPR/Cas13a-ELISA can be used in resource-
limited settings; however, RPA reagents are costly, and 
amplicon contamination risks still exist. HCR-CRISPR/
Cas12a-ELISA is an enzyme-free amplification reaction; 
hence, it has a low cost and lower kinetic efficiency and 
reproducibility. The proposed iPTC assay is an advance 
in our long-term exploration; it provides femtogram-level 
sensitivity while avoiding amplicon contamination with a 
whole duration time of 5 hours. The balance of sensitivity, 
simplicity, and speed positions iPTC as the appropriate 
solution for cytokine detection.

iPTC allows us to explore the predictive relevance of 
sIL-15 for objective ICI response. Our study first demon-
strated that sIL-15 could be applied as a useful biomarker 
to identify NPC patients who are more likely to respond 
to this costly therapy, which agrees with the in vivo 
finding that IL-15 activation sensitizes tumors to PD-1, 
with improved antitumor and survival benefits.9 Soluble 
IL-15/IL-15Rα complexes are currently being investi-
gated in phase II clinical trials for therapeutic efficacy in 
numerous cancer types57 58; they are also being studied in 
combination with PD-1/PD-L1 blockade. The association 
between an elevated IL-15 level and a superior response 
indicated that anti-PD-1 treatment efficacy might be 
enhanced through an IL-15 superagonist in IL-15-low 
patients at the time of PD-1 therapy initiation.9 10 To our 
knowledge, this is the first study to reveal that the baseline 
sIL-15 level predicts the efficacy of ICI-based treatment in 
NPC, and further studies in other tumors remain to be 
performed.

CONCLUSIONS
In conclusion, we constructed a universal and ultrasensi-
tive iPTC platform to detect serum microproteins. This 
triple signal amplification strategy produced a high-
performance immunoassay for sIL-15 with an ultralow 
LOD of 0.032 pg/mL, which was 153-fold more sensi-
tive than the LOD of conventional ELISA. Additionally, 
we proposed for the first time that sIL-15 levels were a 
potential predictive biomarker for anti-PD-1 treatment 
in patients with advanced NPC. In addition, we discov-
ered that high baseline sIL-15 levels were associated with 
longer PFS in NPC patients receiving ICI and chemo-
therapy. However, our study has several limitations. First, 
the iPTC assay takes more time than conventional ELISA. 
Our assay provides higher sensitivity despite the longer 
reaction time (2 hours). Admittedly, our results should 
be confirmed in independent larger, multicenter studies. 
We hope that the construction of this iPTC platform can 
provide some inspiration for detecting microproteins in 
clinical samples and for the use of sIL-15 in predicting 
immunotherapy outcomes.
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