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H I G H L I G H T S
� Double-stranded RNA (dsRNA) is the only common antigen shared among most viruses.
� Anti-dsRNA immunofluorescence (IF) is simple and cost-effective.
� Anti-dsRNA IF can detect unknown viruses in clinical respiratory specimens.
� Compared to microarray, anti-dsRNA IF has acceptable accuracy (85.1%).
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A B S T R A C T

Background: Emerging viruses could be detected before reaching pandemic level if universal viral detection
screening was routinely used. Double-stranded RNA (dsRNA) is the only common antigen across most viral
families. Anti-dsRNA immunofluorescence has shown promising results in vitro; however, its diagnostic value in
respiratory specimens has not been evaluated.
Methods: Consecutive inpatient cases of suspected respiratory viral infections were prospectively enrolled. Res-
piratory samples were collected and divided for anti-dsRNA immunofluorescence (index test) and 19-subtypes
respiratory virus microarray (reference standard). Using fluorescence microscopy, positive or negative anti-
dsRNA IF results were determined independently by two raters.
Results: By microarray, 108 and 87 samples were positive and negative for viruses, respectively. The anti-dsRNA IF
sensitivity was 83.3% (95%CI 76.1%–90.2%), while specificity was 87.4% (95%CI 80.8%–93.7%).
Conclusions: Anti-dsRNA IF is simple to perform, with acceptable accuracy, and suitable for point-of-care respi-
ratory virus screening. Unlike most molecular techniques, known viral genome sequences are not required.
1. Introduction

Many respiratory viruses, especially influenza and coronavirus,
have continuously evolved in wildlife and successively attacked
humans and livestock on a global scale [1]. To prevent future
ratanakul).

m 21 November 2021; Accepted
vier Ltd. This is an open access ar
pandemics, the Global Virome Project was established, focusing on
early identification of the pandemic-potential of viruses found in wild
animals [2]. Despite the tremendous manpower and resources required
by this project, this effort alone was unable to prevent the current
pandemic of SARS-CoV-2.
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Viral adaptation to a human host is a rate-determining step before
these zoonotic viruses efficiently spread from human to human and reach
pandemic stage [3, 4]. It may be possible to effectively detect emerging
viruses at early stages of adaptation, if most patients suspected of viral
infections are routinely screened.

Many molecular techniques have already been developed for this
purpose. The majority are polymerase chain reaction (PCR)-based and,
more specifically, multiplex PCR assays, that make the diagnosis of viral
infections in the respiratory system faster and broader [5]. One such
method is the microarray technique, where amplified viral genetic ma-
terial (amplicons) from multiplex PCR are hybridized to the microarray
to identify the type of virus [6]. Unfortunately, due to their complexity,
relatively high price and long turn-around time, microarray technology
and other multiplexing methods for virus panels are only available at
some tertiary and university hospitals. In addition, this technique is not
applicable if the viral genome is unknown, as is the case with a newly
emerging virus.

There is therefore an urgent need for a rapid, affordable, and broad
diagnostic test for unknown respiratory viruses, that can be deployed in
most settings. This would facilitate increased understanding of virus
epidemiology and provide an opportunity for early detection of newly
emerging and unknown viruses. From a public health perspective, earlier
diagnosis of respiratory viral infections would afford the opportunity for
early initiation of specific anti-viral treatments, and prompt isolation of
the patients.

Double-stranded RNA (dsRNA) is generated as a by-product of viral
replication in cells infected by most viruses, with a few exceptions
including retroviruses and hepatitis B virus [7]. Since long dsRNA are
pathogen-associated molecular patterns (PAMPs) not generally found
in normal human cells [8], anti-dsRNA immunofluorescence (IF) may
be able to detect virus-infected cells. Originally known as a ‘pan--
enterovirus antibody’, anti-dsRNA antibodies detect cells infected by
most viruses due to their characteristic binding to any long dsRNA,
independent of their sequence [9]. Unlike single-stranded RNA, dsRNA
is not easily degraded and can survive better in poor storage conditions
[10].

In previous studies, direct and indirect IF assays against viral proteins
have been used for detection of respiratory viral infections. Reported
sensitivity and specificity range from 65-86% and 99–100%, respectively
[11, 12]. Though anti-dsRNA antibody has been widely used in vitro for
many viruses [7, 13, 14], it has rarely been applied to clinical specimens.
One report observed positive anti-dsRNA immunoassay results in
formalin-fixed paraffin-embedded (FFPE) cardiac tissues autopsied from
children with enteroviral myocarditis [15]. Tissue diagnosis, however, is
not a practical choice for most viral infections. This study aimed to
explore the feasibility and accuracy of anti-dsRNA IF, as a triage test for
viral infections in direct respiratory samples from inpatient settings,
compared to the commercially available microarray technique.

2. Materials & methods

2.1. Specimen collection

All patients whose respiratory specimens were tested for respiratory
virus microarray by request from their primary physician were pro-
spectively and consecutively enrolled. Specimens were taken from both
upper and lower respiratory tracts including nasal swab, nasopharyngeal
swab, throat swab, sputum, tracheal suction, and bronchoalveolar
lavage. After delivery of specimens to the laboratory for routine detection
of 19 subtypes of respiratory viruses with microarray, an amount of 0.5
ml from the 2 ml total from each specimen in viral transport medium (2%
fetal bovine serum, 10 units/ml penicillin, and 10 mcg/ml streptomycin
in phosphate buffered saline) was secured and stored at 4 �C for further
anti-dsRNA immunofluorescence. The specimens were labeled with
random numbers and the microarray results were concealed from the
investigators.
2

2.2. Cytocentrifugation and fixation

Each specimenwas prepared on amicroscope glass slide in a biosafety
cabinet class II type A2. One hundred microliters of each specimen was
cytocentrifuged (Hettich Rotina 380R with cytospin adaptor and 1 ml
cyto chambers) at 4,000 rpm for 5 min onto a 30 mm2 surface area of
each slide, air-dried, then fixed with cold acetone (�20 �C) for 10 min.
The fixed slides were air-dried again at room temperature and stored at
-20 �C. We had previously compared between heat, formaldehyde, and
cold acetone fixation with or without proteinase K digestion to determine
the best method. Cold acetone fixation without proteinase K was chosen
due to its superior performance and simplicity. (Supplementary
Appendix).

2.3. Anti-dsRNA immunofluorescence (IF) staining

The prepared clinical respiratory specimen slides, a negative control,
and a positive control were stained simultaneously. The negative and
positive controls were prepared from a BHK (baby hamster kidney) cell
line and Chikungunya virus infected BHK, respectively. Blocking with
10% normal goat serum (NGS) made no difference in the signal to noise
ratio, or reduction of non-specific signals. Thus, the blocking step was
omitted. The primary anti-dsRNA antibody [J2] monoclonal antibody
from Scicon® (product number 10010500 at 1:200 dilution) in phos-
phate buffered saline (PBS) with 0.04% TritonX and 5% normal goat
serum (NGS) was applied to the prepared slides. The slides were incu-
bated at room temperature for 60 min. After 3 washes with PBS, the
secondary antibody (Goat anti-mouse IgG-AF488 from Invitrogen® (ab
150117) at 1:200 dilution plus 100 ng/ml of DAPI) in PBS with 0.04%
TritonX and 5% NGS was then applied and the slides were incubated at
room temperature for 30 min. After 3 additional washes with PBS, each
slide was mounted with Prolong Diamond Antifade Mountant from
Invitrogen® (Catalog number P36970) and a coverslip.

2.4. Interpretation

The fluorescent signal was visualized with a fluorescent microscope
(Zeiss Axio Imager M1m) using the FITC channel for dsRNA and the DAPI
channel for the nucleus. The images were captured with a Zeiss AxioCam
MRm 1.4 megapixels monochrome microscope camera and Zeiss Axio
Vision SE64 Rel. 4.9.1 software. The signal from each slide was compared
to positive and negative controls to determine the positivity and nega-
tivity. All slides were independently visualized and interpreted by two
trained investigators, blinded from the microarray results. A dsRNA
positive result was determined by the presence of a group of intracellular
bright green puncta in the FITC channel. We excluded any signals that
were outside the cell boundaries seen in the DAPI channel (nucleus) and
brightfield (cytoplasm). Fluorescent signals from artifacts like crystals
were also ruled out. If the signal in the FITC channel was also seen in the
TRITC channel, it would be considered as autofluorescence, which
generally emits its fluorescent signal across all channels. When the results
were inconsistent between the two investigators, those particular slides
were adjudicated by a third investigator. The results were then compared
to the microarray as a reference standard, for calculation of sensitivity
and specificity.

2.5. Reference standard

Automated microarray (The NxTAG® Respiratory Pathogen Panel) is
a molecular technique routinely used in our hospital to detect viruses in
respiratory specimens. The microarray can detect 19 viruses simulta-
neously, including adenovirus, human bocavirus, coronaviruses (HKU1,
229E, NL63, and OC43), human metapneumovirus, enteroviruses/rhi-
noviruses, influenza A viruses (H1 and H3), influenza B virus, para-
influenza viruses (types 1, 2, 3, and 4), and respiratory syncytial virus (A
and B).



Table 1. Demographic and clinical characteristics of patients.

Characteristic N (%)*

Age

< 15 years 90 (60.8%)

� 15 years 58 (39.2%)

Sex

Male 90 (60.8%)

Female 58 (39.2%)

Onset of symptoms

1-3 days 152 (78.0%)

4-6 days 20 (10.2%)

�7 days 23 (11.8%)

Comorbidity**

Chronic lung disease 17 (11.5%)

Congenital abnormalities 53 (35.8%)

Connective tissue disease 5 (3.4%)

Hematologic disorder 2 (1.4%)

Hematologic malignancy 17 (11.5%)

Solid malignancy 11 (7.4%)

Metabolic disorder 14 (9.5%)

Post transplantation 6 (4.1%)

Preterm 11 (7.4%)

Other 12 (8.1%)

No comorbidity 16 (10.8%)

Received immunosuppressive agents 47 (24.1%)

Received antiviral drugs before specimen collection 30 (15.4%)

Received antibiotics before specimen collection 150 (76.9%)

Source of specimens

Nasopharyngeal swab 167 (85.6%)

Nasal swab 1 (0.5%)

Throat swab 2 (1.0%)

Bronchoalveolar lavage (BAL) 20 (10.3%)

Sputum 1 (0.5%)

Tracheal suction 4 (2.1%)

Grade of specimens

1+ (less than 11 cells per LPF) 29 (14.9%)

2+ (11-20 cells per LPF) 43 (22.1%)

3+ (21-50 cells per LPF) 60 (30.8%)

4+ (more than 50 cells per LPF) 63 (32.3%)

Median (IQR) days from first to subsequent test in patients with > 1 sample

2nd sample (n¼ 33 patients) 18 (3– 33) days

3rd sample (n¼ 9 patients) 67 (38 – 81) days

4th sample (n ¼ 4 patients) 68 (50 – 92) days

5th sample (n ¼ 1 patient) 98 days

* For age, sex, and comorbidity, the denominator is patient at first admission or
test, for other characteristics, the denominator is over all admissions or tests.

** The comorbidities are not mutually exclusive. Some patients had more than
1 comorbidity.
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2.6. Data collection

Written informed consent was obtained from patients. The anti-
dsRNA immunofluorescence results were recorded as positive or nega-
tive, and the cellularity content for each slide was graded from 1þ to 4þ.
The grading system was as follows: 1 þ represented average cells on a
slide of less than 11 cells per low power field (LPF), 2 þ for 11–20 cells
per LPF, 3 þ for 21–50 cells per LPF, and 4 þ for more than 50 cells per
LPF. Types or sources of respiratory specimens were also recorded. After
the results of the anti-dsRNA immunofluorescence from all slides were
finalized by the investigative team, the random number labels were
unmasked. The investigators reviewed the enrolled patients' charts and
recorded each patient's information, such as gender, age, underlying
diseases, antiviral drugs, antibiotics, and immunosuppressants, duration
of onset, microarray results, and the final diagnosis at the time of patient
discharge.

2.7. Statistical analysis

Sensitivity, specificity, accuracy, positive predictive value (PPV),
negative predictive value (NPV), accuracy and likelihood ratios of dsRNA
detection with immunofluorescence were calculated against standard
test (microarray) results as a gold standard. Clustered bootstrapping with
1000 replications was used to derive 95%CI around each parameter and
account for correlation in patients with >1 test result during the study
[16]. Inter-rater agreement was determined with Cohen's kappa (κ).
Software used for analysis was STATA 16 (Statacorp, College Station,
TX).

2.8. Sample size calculation

We hypothesized that the anti-dsRNA IF accuracy would be similar
to that described in previous viral protein antigen immunostaining
studies. Assuming a sensitivity and specificity of 85, we aimed to esti-
mate these parameters with a precision of �5% using the following

formula: [ n ¼ Zα=22pq
d2

]. Since the prevalence of positive microarray for

respiratory virus in our hospital was approximately 60% of all speci-
mens collected, the calculated targeted sample size was 195 (n/0.6).

In accordance with the Code of Ethics of the World Medical Associ-
ation (Declaration of Helsinki), this study was approved by the Institu-
tional Review Board (IRB number 168/61), Institutional Biosafety
Committee (CU-IBC number 008/2018), Faculty of Medicine, Chula-
longkorn University, and registered in Thai Clinical Trial Registry
(TCTR20180129003).

2.9. Role of the funding source

All funding sources had no involvement in the study design, specimen
collection, analysis, interpretation, and preparation/submission of the
manuscript.

3. Results

3.1. Demographic data and clinical characteristics

A total of 195 specimens from 148 unique patients fromOctober 2018
to March 2019 were consecutively enrolled in this study; 24, 5, 3 and 1
patients had 2, 3, 4 and 5 tests, respectively. Demographic and clinical
characteristics are summarized in Table 1. Median patient age was 3.4
years (interquartile range (IQR) 0.83–55; range 0.10–91 years). One
hundred and seventy-two (88.2%) patients reported a symptom onset of
less than 7 days at specimen collection, with the majority less than 3 days
prior to investigation.

One hundred and thirty-two patients (89.2%) had comorbidities.
Forty-seven (24.1%) patients received immunosuppressive agents. Thirty
3

(15.4%) patients were taking antiviral drugs before specimen collection,
and 150 (76.9%) patients received multiple antibiotics prior to specimen
collection. The majority of specimens were collected from the upper
respiratory tract, including 167 (85.6%) nasopharyngeal swabs and 2
(1.0%) throat swabs.
3.2. Respiratory viruses detected by microarray

A total of 108 of 195 specimens (55.3%, 95%CI 47.2%–63.5%) tested
positive for a virus with the respiratory virus 19 subtypes detection
(microarray). Viruses included enterovirus/rhinovirus (60, 55.56%),
parainfluenza virus (11, 10.19%), influenza virus (9, 8.33%),



Table 2. Contingency table showing the concordance of anti-dsRNA immu-
nofluorescence results and respiratory virus 19 subtypes detection
(microarray).

dsRNA Microarray

Positive Negative

Positive 90 11

Negative 18 76
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coronavirus (5, 4.63%), metapneumovirus (3, 2.78%), bocavirus (1,
0.93%), and mixed viral infection (19, 17.59%) (Table S1, Supplemen-
tary Appendix).

3.3. Sensitivity and specificity of the anti-dsRNA immunofluorescence
compared to the respiratory virus 19 subtypes detection (microarray)

One hundred and one (51.8%) of 195 specimens were positive for
dsRNA as detected by anti-dsRNA immunofluorescence (Figure 1).

There were 29 discordant results from the microarray and immuno-
fluorescence assays. The positive and negative concordant and discor-
dant results are shown in Table 2.

Compared to the molecular technique (microarray), the immunoflu-
orescence method had a sensitivity of 83.3% (95% CI 76.1%–90.2%),
specificity of 87.4% (95% CI 80.8%–93.7%), positive predictive value of
89.1% (95% CI 82.5%–94.9%), negative predictive value of 80.9% (95%
CI 73.1%–88.9%) and an accuracy of 85.1% (95% CI 80.1%–89.9%). The
positive likelihood ratio (þLR) was 6.6 (95%CI 4.3–13.5) and the
negative likelihood ratio was 0.2 (95%CI 0.1–0.3). Changes in positive
and negative predictive values with changing prevalence, and the post-
test probability of disease changes are shown in Figures S1 and S2
(Supplementary Appendix), Subgroup performance of anti-dsRNA IF is
shown in Figure 2 and Table S2 (Supplementary Appendix).

3.4. Interrater agreement

All slides were visualized and interpreted by two trained investigators
independently. Expected agreement between the investigators was
4

50.0% and actual agreement was 69.7%, κ ¼ 0.394 indicating fair
agreement unlikely due to chance (P < 0.001).

4. Discussion

In our study, the accuracy of anti-dsRNA IF was comparable to viral
protein detection rates reported in previous studies [11, 12]. The major
advantages of anti-dsRNA IF are its simplicity, short turn-around time of
approximately 2.5 h, and low cost (less than $3 US reagent cost per test),
making it possible to be used for a point-of-care screening and epide-
miologic studies. The test results could be available in less than an hour if
we omitted the secondary antibody step with a dye-conjugated anti--
dsRNA as the primary antibody and incubation time was further opti-
mized. Importantly, this technique also has the potential to detect
emerging or unknown viruses, since the knowledge of the specific
sequence of virus is not required. The positive and negative likelihood
ratios were consistent with a 35% increase or decrease in the post-test
probability of disease, respectively [17].
Figure 1. The examples of anti-dsRNA IF
microscopic images are compared between
positive control (A–C), negative control
(D–F), positive clinical specimen (G–I) and
negative clinical specimen (J–L). The im-
ages in the left column are from DAPI
channel (A, D, G, J) for DAPI (nucleus)
staining. The images in the middle column
are from FITC channel (B, E, H, K) for
dsRNA staining (AF-488 dye). The right
column shows the merged images of the
left and middle columns. Chikungunya-
infected BHK cells are used for the posi-
tive control. The positive clinical specimen,
which had Entero/Rhinovirus (micro-
array), shows one cell with a bright fluo-
rescent signal from a group of
intracytoplasmic puncta (H, I). The signal
from an extracellular large dot, seen in
image K and L, is considered to be an arti-
fact and not counted as a positive signal.
The scale bar of 20 microns is shown in
image K.
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Figure 2. Forest plot showing sensitivities and specificities of anti-dsRNA IF versus respiratory virus 19 subtypes detection microarray.
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Seventy-three samples were positive for enterovirus/rhinovirus
(þssRNA virus), the most common virus detected by microarray in this
study. Out of these 73 samples, 64 (87.67%)were positive for anti-dsRNA
IF. The sensitivity dropped to 74.23% with other viruses, mainly -ssRNA
and DNA viruses. The increased sensitivity in the infant group (<2 years,
Figure 2) was most likely due to a higher percentage of enterovirus/
rhinovirus (78.13%) in this groups.

False negatives were inevitable due to the paucity of infected cells
that were positive for dsRNA signal found on each slide. Subgroup
analysis showed higher sensitivities as the cellularity grade increased.
However, the specificity consequently decreased because of more false
positive results from autofluorescence or non-specific staining that were
observed in the higher cellularity groups. This could be improved by
counting the cell numbers in each sample and adjusting the volume
accordingly by cytocentrifugation to arrive at the proper cellularity level
(grade 3þ, 21–50 cells/LPF, Figure 2). Decreased sensitivity was also
observed in the group given anti-viral treatment (Figure 2).

False positive signals might originate from bacterial flora or bacte-
riophages harboring dsRNA. In rare cases with mutations in the PNPT1
gene, which controls dsRNA degradation in mitochondria, dsRNA accu-
mulation in mitochondria could be detected with IF [18]. Positive
anti-dsRNA IF in novel viral infection, undetected by microarray, is also
possible.

Recently, anti-dsRNA immunostaining has shown positive results in
cells and formalin-fixed paraffin-embedded (FFPE) animal tissues
experimentally infected with SARS-CoV-2 [19]. Unfortunately, our study
detected coronaviruses in only six samples by microarray, an insufficient
number to draw robust conclusions regarding anti-dsRNA IF and
coronaviruses.

The major disadvantage of our approach is low reliability. The
interpretation of the fluorescent signals is heavily based on the rater's
experience. Unlike Gram's stain or other simple staining techniques,
there is no reference textbook to guide IF staining of dsRNA. We chose
the virus-infected/non-infected cell cultures for rater training. Control
respiratory virus slides were also purchased for training, but the anti-
5

dsRNA IF on these slides showed very poor signals unlike our freshly
prepared cells. We also prepared some positive and negative clinical
specimens for training, but this was not very helpful due to a high
variation of clinical specimens and a very low number of infected cells.
The overall results showed fair agreement between raters (Kappa ¼
0.394, p < 0.0001). The interrater agreement did improve over time
despite the lack of awareness by the raters about the microarray results
until the end of the study. Subgroup analysis showed that the agreement
was of moderate degree in the second half (96 samples, Kappa ¼ 0.439,
p < 0.0001), an improvement from the first half (99 samples, Kappa ¼
0.323, p ¼ 0.0006). In the future, machine learning on digital files of
whole slide images might overcome the low reliability problem with
human raters.

One limitation of anti-dsRNA IF is that it cannot differentiate types of
viruses. Rather than being a replacement of a molecular test, it should be
an add-on test to raise a clinician's suspicion on unknown viral infection,
of which further investigation is required. More cases may be correctly
diagnosed as viral rather than bacterial infections, which would in turn
reduce the inappropriate use of antibiotics and the problem of multi-
drug-resistant pathogens.

Similar to 16S rRNA gene PCR and sequencing for universal identi-
fication of both known and unknown bacteria, dsRNA enrichment by
immunoprecipitation for PCR and sequencing (dsRNA-seq) has success-
fully detected unknown viruses in in vitro, plants, and animals [20, 21].
This might be worthy of further investigation in human specimens.

In summary, our current study demonstrates that the anti-dsRNA IF
test may be used in respiratory samples with more than 80% accuracy, if
better reliability is achieved by more training. Further improvements in
sensitivity and specificity can likely be achieved by suitable pre-
treatment of samples, optimizing and standardizing cell numbers on
the slides, and developing as well as validating methods for computer-
based slide reading and interpretation. In resource limited settings
where molecular testing might not be readily affordable, the anti-dsRNA
IF technique might provide a sentinel signal if a new virus was to emerge
somewhere.
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