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Standard multiplex RT-gPCR diagnostic tests use nasopharyngeal swabs to
simultaneously detect a variety of infections, but commercially available kits can
be expensive and have limited throughput. Previously, we clinically validated a
saliva-based RT-gPCR diagnostic test for SARS-CoV-2 to provide low-cost testing
with high throughput and low turnaround time on a university campus. Here,
we developed a respiratory diagnostic panel to detect SARS-CoV-2, influenza A
and B within a single saliva sample. When compared to clinical results, our assay
demonstrated 93.5% accuracy for influenza A samples (43/46 concordant results)
with no effect on SARS-CoV-2 accuracy or limit of detection. In addition, our
assay can detect simulated coinfections at varying virus concentrations generated
from synthetic RNA controls. We also confirmed the stability of influenza A in
saliva at room temperature for up to 5days. The cost of the assay is lower than
standard nasopharyngeal swab respiratory panel tests as saliva collection does
not require specialized swabs or trained clinical personnel. By repurposing the
lab infrastructure developed for the COVID-19 pandemic, our multiplex assay can
be used to provide expanded access to respiratory disease diagnostics, especially
for community, school, or university testing applications where saliva testing was
effectively utilized during the COVID-19 pandemic.

SARS-CoV-2, influenza, flu, virus, surveillance testing, saliva

1. Introduction

Prior to the COVID-19 pandemic, influenza-like respiratory illnesses caused 935,000
infections and 179,000 hospitalizations in the United States annually (1). Although disease
severity and mortality risk are greater in older adults (>65years) (1), these respiratory illnesses
have substantial morbidity in university students and were identified as the third leading cause
of academic impediments at U.S. universities as recently as Fall 2019 (2-4). Additionally,
influenza-like illnesses pose greater infection risk to students than university faculty or staff
because of increased close interactions (5, 6). Transmission from young and healthy students to
older faculty members also increases both adverse health outcomes and disease burden on the
community (7, 8).
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The SARS-CoV-2 pandemic substantially altered the prevalence
of respiratory illnesses in all populations (9), best emphasized in the
marked decrease in seasonal flu activity during the 2020-21 season
(10). However, flu activity resurged during the 2021-22 season (11—
13), and several U.S. universities experienced influenza A outbreaks
in Fall 2021 (14, 15). Masking and social distancing measures
implemented during the pandemic highly contributed to lowered flu
levels during the pandemic; both pre- and post-pandemic studies
show substantial effects of mask-wearing on influenza infections (16,
17). Additionally, coinfections of influenza A and SARS-CoV-2 during
the pandemic resulted in increased disease severity and mortality in
hospitalized patients (18, 19), though the prevalence of influenza and
SARS-CoV-2
non-hospitalized populations. It is likely that the use of respiratory

coinfections remains unclear, particularly in
panels will increase due to the COVID-19 pandemic, and early
diagnosis of both influenza and SARS-CoV-2 is critical to improve
clinical outcomes with current anti-viral drug treatments. Thus,
several prior research studies have recommended that multiplex
panels be made advisable for patients with influenza-like symptoms
(20-22). A more convenient and cost-effective test for simultaneous
detection of both SARS-CoV-2 and influenza would greatly increase
diagnostic and treatment options.

Standard RT-qPCR diagnostic tests that distinguish between
SARS-CoV-2, influenza A, and influenza B utilize nasopharyngeal
(NP) swabs (23). Commercially available kits such as the Cepheid
Xpert® Xpress SARS-CoV-2/Flu/RSV and the Roche cobas® SARS-
CoV-2 & influenza A/B only process NP swabs, cost upwards of $60
per sample, and have limited throughput (24, 25). These tests also
require trained technicians and specialized equipment that is not
commonly available in university or community settings. Saliva-based
diagnostics are a promising alternative, allowing self-collection of
samples and proving a more cost-effective option for large-scale
screening programs (26, 27). Influenza viruses can be differentially
detected in saliva samples via RT-qPCR (28-30) with similar
sensitivity and specificity (31, 32), and a saliva-based diagnostic test
for simultaneous detection of SARS-CoV-2, influenza A, influenza B,
and respiratory syncytial virus (RSV) has been validated with
simulated samples (33). However, to our knowledge, non-commercial
assays have not been validated with patient samples. At-home saliva
tests have previously been utilized in community screening programs
for influenza outbreak prevention (34) and many U.S. universities
implemented saliva-based population screening programs in response
to the SARS-CoV-2 pandemic (35-39). Saliva pooling strategies have
also provided low-cost, high throughput testing in university
populations (39), though these methods are limited by lower
sensitivity, particularly in areas with low viral prevalence (40, 41).
Many large-scale labs established during the pandemic were dedicated
exclusively to SARS-CoV-2 testing and are now under-utilized as
community-wide testing is no longer in high demand (42). Though
some of these centers are closing, existing equipment and personnel
can be repurposed for other common respiratory illnesses to provide
support for existing healthcare centers during surges, especially in
rural communities and those lacking large-scale diagnostic labs.

We previously validated and implemented TigerSaliva, a cost-
effective saliva-based diagnostic workflow to detect SARS-CoV-2 with
capacity to process up to 10,000 samples per day (27, 43). We have
expanded this diagnostic test to simultaneously detect influenza A and
B alongside SARS-CoV-2 within a single saliva sample. Additionally,
this multiplex assay can accurately detect coinfections across a range
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of simulated viral concentrations. Our work highlights the necessity
for comprehensive diagnostic panels to maximize convenience and
cost-effectiveness for surveillance testing.

2. Materials and methods

These studies involving human participants were reviewed and
approved by the Clemson University Institutional Review Board
IRB2021-0703 and  Pro00100731)
(Supplementary Data Sheet 1). All patients/participants provided their

(approval  numbers:

written informed consent to participate in this study.

2.1. Respiratory virus assay conditions

Our assay contains primer and probe sets (Integrated DNA
Technologies, Coralville, IA, United States) targeting the SARS-CoV-2
nucleocapsid (N) gene, influenza A (HIN1) matrix gene, influenza B
non-structural protein gene (44), and internal control Hs_RPp30
gene. We have previously validated the TigerSaliva assay with the N
gene and Hs_RPp30 gene (43). Each of the four probes was modified
with a unique fluorophore to allow for quadruplex analysis (Table 1).
Primer and probe concentrations were optimized using a matrix
ranging from 50 to 750 nM to determine the maximum fluorescent
range with a standard template concentration. Our assay was
performed with Luna Universal One-Step RT-qPCR Kit (New England
Biolabs, Ipswich MA, United States) using 4 uL of template with a final
reaction volume of 20 pL. Thermocycling conditions are listed in
Supplementary Data Sheet 2.

2.2. Limit of detection analysis

We used synthetic RNA (Twist Bioscience, San Francisco, CA,
United States) SARS-CoV-2 control 2 (GenBank ID: MN908947.3),
influenza HIN1 A/California/07/2009 (assembled genome), and
influenza B/Lee/1940 (assembled genome) to determine the assay
limits of detection (LoD) for each virus. We performed a 10-fold
dilution series ranging from 1 x 10° to 1 x 10° copies/uL (cpu) in
triplicate. Standard curves were generated from each RNA control and
were used to find correlation coefficients and determine primer
efficiencies (Supplementary Data Sheet 3).

2.3. Simulated coinfection evaluation

We performed pairwise combinations of influenza A, influenza B,
and SARS-CoV-2 synthetic RNA (Twist Bioscience) to simulate
coinfections. All mixtures had a final concentration of 10,000 cpu and
each reaction was performed in triplicate with the standard
assay conditions.

2.4. Sample collection and processing

Saliva samples (n=71) were collected from patients at the
university health center and SARS-CoV-2 surveillance test site during
April-May 2022. Due to the logistics of testing at our university,
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TABLE 1 Assay components.

10.3389/fpubh.2023.1168551

Component Sequence (5-3) Fluor Final Concentration
2019-nCoV- N1-For GACCCCAAAATCAGCGAAAT - 500 nM
2019-nCoV-N1-Rev TCTGGTTACTGCCAGTTGAATCTG - 500nM
2019-nCoV-N1 Probe /SFAM/ACCCCGCAT/ZEN/ FAM 125nM
TACGTTTGGTGGACC/3IABKFQ
Hs-RPP30-For AGATTTGGACCTGCGAGCG - 500 nM
Hs-RPP30-Rev GAGCGGCTGTCTCCACAAGT - 500nM
Hs-RPP30 Probe /5Cy5/TTCTGACCT/ZEN/ Cys 125nM
GAAGGCTCTGCGCG/3IABKFQ
Inf Al For CAAGACCAATCYTGTCACCTCTGAC - 500 nM
Inf Al Rev GCATTYTGGACAAAVCGTCTACG - 500nM
Inf Al Probe /5TEX615/TGCAGTCCTCGCTCACTGGGCACG/3IAbR TEXAS RED 500nM
QSp
Inf B For TCCTCAAYTCACTCTTCGAGCG - 725nM
Inf B Rev CGGTGCTCTTGACCAAATTGG - 725nM
Inf B Probe /SHEX/CCAATTCGA/ZEN/ HEX 500nM
GCAGCTGAAACTGCG/3IABKFQ

Primer and probe sequences and fluorophores are listed along 104 with the final concentration per reaction.

we could not collect samples from the same location for validation of
both viruses. For influenza validation, 50 saliva samples were collected
from patients who were undergoing testing with either the Cepheid
Xpert® Xpress SARS-CoV-2/Flu/RSV test or BD Veritor Influenza A/B
test at the university health center. 21 saliva samples were collected
from patients tested with the TigerSaliva assay (43) (Clemson
IRB2021-0703) for SARS-CoV-2 validation. Influenza B was not
circulating in our community at the time of collection, so its clinical
validity could not be determined. Saliva samples were stored at 4°C
prior to processing.

Saliva samples were incubated with 10puL of DNase I (Zymo
Research, Irvine, CA, United States) to decrease total DNA content in
the sample. RNA was manually extracted from saliva samples using
the MagMAX™ Viral/Pathogen Nucleic Acid Isolation Kit (Thermo
Fisher Scientific, Waltham, MA, United States) with a starting volume
of 140 pL per manufacturer’s protocol. Samples were treated with 50 ug
Proteinase K to decrease viscosity. Eluted RNA was quantified with a
UV-Vis spectrophotometer (NanoDrop™, Thermo Fisher) and stored
at —80°C.

2.5. Clinical sample evaluation

We performed the assay on extracted RNA from patient saliva
samples (n="71) matched with clinical results. Clinical samples were
tested using a single-blind method to prevent investigator bias. Two
samples were excluded from analysis due to poor amplification.
We calculated the accuracy, positive percent agreement (PPA) and
negative percent agreement (NPA) of our assay as described in similar
studies (45, 46). 95% confidence intervals were calculated using either
an exact binomial distribution or the normal approximation to the
binomial distribution. A complete list of samples and relevant testing
information is included in Supplementary Data Sheet 4.
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2.6. Influenza A stability

We determined the stability of influenza A in saliva samples to
mimic conditions for sample transportation. Patient saliva samples
(n=3) were stored at room temperature (~22°C) for 5days and sample
stability was evaluated at 1, 3, and 5day time points. Samples were
tested in triplicate using the multiplex assay described above and Ct
values were compared to “fresh” (day 0).

3. Results
3.1. Analytical sensitivity and efficiencies

We evaluated the sensitivity of our multiplex RT-qPCR assay via
10-fold serial dilutions of synthetic RNA for SARS-CoV-2, influenza
A, and influenza B, ranging from 4 x 10° to 4 x 10° cpu (Table 2). The
LoD for SARS-CoV-2 was 4 gene copies/reaction, which is similar to
the original TigerSaliva assay (43). The LoD for both influenza A and
B was 40 gene copies/reaction, and the associated Ct values were
comparable to previous validation of the primer sets (44). Primer
efficiencies were calculated with the following equation: E=—1+ 10"
sore) Efficiencies for SARS-CoV-2, influenza A, and influenza B were
98.02, 80.45, and 90.65%, respectively. R* values for all primer sets
were > 0.9854.

3.2. Clinical performance in saliva

We compared assay results from saliva samples with clinical
results from Cepheid Xpert® Xpress SARS-CoV-2/Flu/RSV kit or BD
Veritor Influenza A/B clinical kit to determine accuracy, PPA, and
NPA for the influenza A component of the assay (Table 3). Saliva
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samples were considered valid with duplicate amplification of the
internal control gene Hs_RPp30 (Cy5 Ct < 33). Samples with duplicate
amplification of matrix gene (Texas Red Ct<30) were considered
positive for influenza A (47). Samples with at least one replicate Ct
value for the matrix gene above 30 were considered inconclusive and
were excluded from this comparison (n=4). The total accuracy of the
assay for influenza A was 93.5%, PPA was 100%, and NPA was 89.7%
(Supplementary Data Sheet 4).

In addition, we compared assay results from SARS-CoV-2 positive
samples (1 =21) that were previously tested using the TigerSaliva assay
(26, 43). Two samples were excluded due to insufficient amplification
of Hs_RPp30. 18 of the 19 samples were positive for SARS-CoV-2 on
this multiplex assay, yielding 94.7% accuracy for detection of SARS-
CoV-2. As identified through the SARS-CoV-2 sequencing program
at Clemson, the variants circulating on the university campus at the
time were all (100%) Omicron variants with the predominant
subvariant being BA.2 (50.6%) and associated sub-variants (All BA.2
and BA.2 sub-variants: 91.7%).

3.3. Simulated coinfection evaluation

We mixed synthetic controls for SARS-CoV-2, influenza A, and
influenza B to simulate coinfections (Figure 1). Synthetic controls
were run individually at a concentration of 10,000 cpu and in pairwise
combinations with final concentrations of 5,000 cpu for each virus.
The assay accurately detected both viruses in each mixture within the
same reaction. Small amounts of non-specific amplification from the

TABLE 2 Performance of multiplex RT-qPCR assay in saliva.

Gene Mean Ct values + SD
:::apclﬁiln SARS- Influenza A Influenza B
CoV-2
4x10° 12.77+0.34 14.02+0.10 14.00+0.17
4x10° 16.24+0.12 17.43+0.05 17.45+0.07
4x10* 19.25+0.11 20.81+0.11 20.55+0.10
4x10° 22.37+0.15 24.49+0.02 23.88+0.16
4x10? 25.49+0.41 27.94+0.18 27.57+0.26
4x10! 29.94+0.52 34.28+1.98 32.24+1.64
4x10° 34.04+1.56 39.92 nd
E 98.02% 80.45% 90.65%
R 0.9942 0.9854 0.9949

Limits of detection for each 159 virus were evaluated using synthetic RNA and are defined as
the lowest Ct value present in all 160 three replicates. Limits of detection are shown in bold.
nd, not detected.

TABLE 3 Influenza A clinical performance in saliva.

Influenza A clinical result

10.3389/fpubh.2023.1168551

FAM probe were observed in the 100% SARS-CoV-2 reaction (Ct> 35,
RFU<600) (Figure 1).

SARS-CoV-2 is known to be stable in saliva samples at room
temperature (26), but the stability of influenza is yet to be investigated.
To evaluate influenza A stability in saliva, we stored samples (n=3) at
room temperature and tested using the assay on days 0, 1, 3, and 5.
We found that influenza A is stable in saliva for up to 5 days with only
minimal degradation (average increase of 3.4 cycles). We were not able
to obtain influenza B samples, so its stability in saliva could not
be determined.

4. Discussion

We expanded upon the pre-existing SARS-CoV-2 surveillance
protocol at our university to simultaneously detect influenza A and B
in saliva samples. Our multiplex assay shows that influenza A and B
synthetic RNA can be detected without affecting SARS-CoV-2
detection. Influenza A virus can also be detected in patient saliva
samples with 93.5% accuracy using our assay (Table 3). To our
knowledge, we are the first group to validate a non-commercial
multiplex RT-qPCR assay with influenza A patient samples.
We determined that a Ct cutoft of 30 for all targets maximized assay
precision while reducing likelihood of false positive results based on
experimental analytical sensitivity (47). Additionally, there was no
decrease in primer efficiency for SARS-CoV-2 detection in the
multiplex assay as compared to the original TigerSaliva assay (48).
We observed that influenza A primer efficiency in saliva was lower
than that of SARS-CoV-2 and influenza B (Table 3), though no
efficiencies were calculated by other groups utilizing the same primer
set for traditional swab samples (44).

We determined that our assay can also detect coinfections of
SARS-CoV-2, influenza A, or influenza B at varying ratios of synthetic
viral concentration (Figure 1). Reports of coinfections in a clinical
setting are scarce and little is known about the relative quantities of
pathogens within coinfections (49-52). Thus, one benefit of our assay
is that multiple infections can be detected independently of individual
virus concentrations. We observed a small amount of signal bleed over
in the FAM channel for influenza B (Figure 1), which may be caused
by the overlap of absorption spectra for both FAM and HEX
fluorophores. We attempted to compensate for this by adjusting
primer and probe ratios, but this did not decrease the level of
background signal.

One limitation of this study was the lack of clinical influenza B
samples. Influenza B was not circulating in our community during the
study, and we were unable to obtain patient samples. In addition,
influenza B levels in the U.S. were considerably lower than influenza
A for the 2022-2023 flu season, accounting for less than 2% of all flu

Assay clinical analysis

Positive Negative % Accuracy % PPA % NPA
‘ Influenza A assay Positive 17 0 93.5[92.4, 94.5] ‘ 100.0 [86.8, 100] ‘ 89.7 [89.4, 89.9] ‘
result Negative 3 26 ‘ ‘ ‘

95% confidence interval is represented in brackets.
PPA, positive percent agreement; NPA, negative percent agreement.
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FIGURE 1
Representative curves of synthetic viral RNA mixtures. Synthetic positive controls 192 for each virus were mixed to evaluate assay performance in the
presence of two viruses. 193 representative curves are shown for each combination.

©w
o
1

13
o
1

-~ Sample 1
- Sample 2

Ct Value
N
3]
l&

Sample 3
20+
15 T T T T 1
0 1 2 3 4 5
Time (Days)
FIGURE 2

Stability of influenza A in saliva at room temperature. Influenza A is
stable in saliva samples at room temperature (~20°C) for 5days
without addition of any stabilization buffers. Ct values increased
slightly at days 3 and 5 but remained within detectable limits
(Ct<30).

cases reported (13). One strain of influenza B is believed to have gone
extinct during the COVID-19 pandemic (53). However, it should
be noted that cultured influenza B virus has previously been measured
in patient saliva with high clinical sensitivity and selectivity (90-100%)
(31, 54).

Prior studies have shown that additives or stabilization buffers are
not required to prevent SARS-CoV-2 viral degradation in saliva (26, 55).
Here, we have confirmed that influenza A can be reliably detected in
saliva samples for 5days at room temperature without the addition of
stabilizing buffers (Figure 2). This allows for greater flexibility in sample
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transportation to the laboratory and can expand access to testing in rural
areas. The main advantage of our assay is multiple diagnostic targets
within the same high-throughput, low-cost test. We estimate the cost of
this assay to be similar to low-cost COVID-19 saliva tests (<$10/test)
used during the pandemic, such as our own TigerSaliva assay (43) or the
SalivaDirect assay (26). Other cost-lowering measures include sample
pooling, which greatly reduces reagents needed, but can increase the
chances of false negatives due to the lack of internal control for each
sample. Sensitivity of sample pooling decreases further when the
community prevalence of the viral target is low, as it was for influenza
during the SARS-CoV-2 pandemic (40, 41).

Limitations to this study included a small sample size and samples
collected from two different locations, due to constraints around
sample collection, which may weaken sensitivity and specificity
calculations (56). Future studies should focus on collecting a higher
number of influenza A and B samples for further clinical validation.
Additionally, pre- and post-analytic factors should be considered,
particularly for scale up and large-scale community testing. Self-
collection of samples inherently introduces more error, though steps
were taken to provide thorough instructions to all participants. In our
prior experience of large scale COVID-19 saliva surveillance (26, 43,
48) with over 1.1 million saliva tests collected, less than 0.15% of
samples were deemed invalid due to broken collection tubes, visible
food particles, or other issues which prevented the samples from being
analyzed. In addition, less than 0.3% of samples returned inconclusive
results due to low-quality amplification of the Hs_RPp30 control.
Altogether, saliva is a relatively robust sample type and can be reliably
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self-collected for large community testing applications. Expanding this
saliva testing for other respiratory diseases could facilitate community
testing programs, especially in places that do not have ready access to
health care professionals to collect the standard swab assays, such as
schools, universities, or community outreach programs.

5. Conclusion

SARS-CoV-2 saliva-based testing can be multiplexed to screen for
influenza, which may increase voluntary testing and reduce the
burden on community health services and external healthcare
providers. In addition, influenza A and SARS-CoV-2 are stable in
saliva over several days in ambient conditions without the need for
specialized buffers or stabilizers, which facilitates easy transport to
laboratories for testing. Accessible testing programs have the potential
to decrease the spread of disease in settings where standard clinical
collection of samples is not feasible. Thus, this multiplex assay can
expand the capabilities of the community and university testing labs
that were established during the pandemic and allow broader
surveillance of diseases beyond COVID-19.
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