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Abstract
Respiratory viruses are difficult to characterize in the airborne environment due to their low
concentration and the presence of a wide range of inhibitors. As a first step in studying airborne
viruses, we optimized molecular biology methods to quantify influenza viruses and human
rhinovirus. Quantitative PCR was used as an endpoint to evaluate RNA extraction techniques and
reverse transcription protocols. We found that a Trizol-chloroform extraction and MultiScribe™ RT
increased virus detection 10-fold compared to methods used in published field studies of airborne
respiratory viruses. Virus was recovered without inhibition from samples contaminated with up to
50 μg/sample of particulate matter. The methods developed can be used in studies of airborne
respiratory viruses.

Introduction
Human respiratory viruses are difficult to characterize in the airborne environment due to their
low concentration and the presence of a wide range of contaminants which can inhibit
laboratory assays. Molecular methods such as quantitative polymerase chain reaction (qPCR)
offer increasingly sensitive techniques to detect small numbers of viruses but can be inhibited
or enhanced by airborne contaminants such as humic acids, metals, proteins and other free
nucleic acids[1]. Methods developed to overcome inhibitor effects include increasing template
concentrations[2], adding internal standards[3], diluting environmental samples[4,5], using
alternative DNA polymerases[4,6], and adding proteins post-extraction[7]. However, due to
the complexity of the contaminant mixtures and their degree of influence on microorganisms,
there is no general method that can be used to eliminate their effects in all cases[1,5,8] and
optimized protocols have to be evaluated for each application.

Viruses are entrained in the air when infected humans cough, sneeze, talk, and breathe[9]. They
are quickly diluted when released into the airborne environment, necessitating large sample
collection volumes in order to achieve numbers detectable by laboratory assays[10]. As a first
step in studying airborne human respiratory viruses, we optimized molecular biology methods
to quantify influenza viruses and human rhinovirus in bench experiments. Both viruses are
important agents of respiratory disease, believed to be transmitted at least in part via the
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airborne route[11–14]. We first used quantitative PCR as an endpoint to evaluate RNA
extraction techniques and reverse transcription protocols for influenza virus. We then evaluated
the degree of inhibition by contaminating influenza virus and human rhinovirus samples with
a range of airborne particulate matter.

Materials and methods
Influenza virus optimization study

Virus—Influenza A/PR8/34 (H1N1) virus was obtained from Advanced Biotechnologies
Incorporated (Columbia, MD) with a concentration of 1.9×1011 virus particles per ml as
determined by electron microscopy. Influenza A virus was diluted 10−1 in phosphate buffered
saline with calcium and magnesium (PBS++) and 0.1% bovine serum albumin (BSA)
(HyClone, Logan, UT) and stored at −80°C in 15 μl single-use aliquots.

RNA extraction—Two viral RNA extraction methods were tested: a Trizol-chloroform based
method modified from a protocol developed for extraction of nasal swab and lavage samples
[15] and QIAamp viral RNA columns (Qiagen, Valencia, CA). The Qiagen columns were
selected because they have been used previously to isolate human rhinovirus and SARS from
air samples [16,17]. A third method using magnetic beads (Agencourt, Beverly, MA) was tested
and eliminated in early experiments due to low viral RNA recovery (data not shown). In all
methods tested, RNA was extracted from a 400 μl aliquot of influenza virus A, suspended in
60 μl of nuclease-free water (Promega, Fitchburg, WI), and immediately reverse-transcribed
to cDNA. Unused RNA was stored at −80°C.

Reverse-transcription—Three reverse transcription (RT) kits were tested with influenza
virus RNA extracted using the methods described above: 1) Omniscript RT kit (Qiagen,
Valencia, CA), 2) MultiScribe™ High capacity cDNA RT kit (Applied Biosystem, Foster City,
CA) and 3) AMV RT kit (Promega, Fitchburg, WI). cDNA was synthesized according to each
kit manufacturer’s instructions in a PTC-200 Peltier Thermal Cycler (BioRad, Hercules, CA).
The AMV kit used 12 μl of RNA and yielded a cDNA volume of 30 μl, the MultiScribe™ and
Omniscript kits used 10 μl of RNA and produced 20 μl of cDNA. All results were normalized
based on sample volumes and concentration factors.

Quantitative PCR—Quantitative PCR was performed using an Applied Biosystems Prism
7300 detection system (Foster City, CA). Triplicate samples were analyzed in a 96-well plate
with optical caps (Applied Biosystems, Foster City, CA) according to methods described by
van Elden et al[18]. Influenza virus was quantified using two forward primers (INFA-1 and
INFA-2) with sequences 5′-GGA CTG CAG CGT AGA CGC TT - 3′ and 5′-CAT CCT GTT
GTA TAT GAG GCC CAT - 3′; reverse primer (INFA-3) with sequence 5′-CAT TCT GTT
GTA TAT GAG GCC CAT - 3′ and probe (INFAprobe) sequence 5′-CTC AGT TAT TCT
GCT GGT GCA CTT GCC A -3′. We constructed standard curves for the qPCR by making
1:10 dilutions of cDNA made from the virus stock. The virus was extracted using the Trizol-
chloroform method and cDNA synthesized using the MultiScribe™ RT kit. The limit of
quantification for the qPCR was 6 influenza virus A particles per PCR well, with all replicates
crossing the qPCR fluorescence threshold within 37 cycles.

Inhibition characterization of human rhinovirus and influenza viruses
Virus—Human rhinovirus 16 strain 11757 (HRV) was obtained from ATCC (Manassas, VA)
with a concentration of 1.14×1011 virus particles per ml as determined by qPCR. Human
rhinovirus was diluted in phosphate buffered saline (PBS) (HyClone, Logan, UT) and stored
at −80°C in single-use aliquots. For this experiment HRV RNA was extracted from 100 μl
aliquots of a 3×10 −4 dilution of the original stock. The influenza A PR8 virus stock was
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described above. Influenza virus RNA was extracted from 100 μl aliquots of a 5×10−4 dilution
of the original stock.

RNA extraction & reverse transcription—Influenza virus and human rhinovirus were
extracted using QIAamp viral RNA columns and Trizol-chloroform extraction as described
above. cDNA synthesis was carried out using the MultiScribe™ RT kit (Applied Biosystems,
Foster City, CA) as described above.

Quantitative PCR—Quantitative PCR for influenza virus was carried out as described by
van Elden et al[18]. HRV qPCR was performed as described by Hayden et al[19] with the
following sequences: 5′-GTG AAG AGC CSC RTG TGC T-3′ for the forward primer, 5′-GCT
SCA GGG TTA AGG TTA GCC-3′ for the reverse primer and FAM-TGA GTC CTC CGG
CCC CTG AAT G-TAMRA for the probe. The limits of quantification for the qPCR were 6
influenza virus A particles per PCR well, and 24 HRV particles per PCR well, with all replicates
crossing the qPCR fluorescence threshold within 37 cycles.

Particulate matter—Virus inhibition was tested by spiking samples with fine Arizona road
dust (ARD) (AC Spark Plug, General Motors, Detroit, MI) and indoor air dust (IAD) collected
at a residence. ARD was weighed out and suspended in sterile filtered water to make stock
solutions of 5 mg/ml, 0.5 mg/ml and 0.05 mg/ml. IAD was collected on three Teflon filters
from air sampled at 4 liters per minute over a period of two months at a house in Boston, MA.
Three people inhabited the residence which was heated by baseboard heat. The room sampled
was carpeted, and the windows remained closed over the sampling period. No pets were in
residence, and no water damage was noted over the sampling period. The Teflon filters were
scraped, the IAD weighed and suspended in water to make stock solutions of 0.2 mg/ml, 0.02
mg/ml and 0.002 mg/ml. Stocks were stored at −20°C.

Triplicate 100 μl aliquots of influenza virus and human rhinovirus were spiked with 100 μl of
5 mg/ml, 0.5 mg/ml and 0.05 mg/ml each of Arizona road dust and with 100 μl of 0.2 mg/ml,
0.02 mg/ml and 0.002 mg/ml each of indoor air dust. Positive controls were virus samples free
of dusts. Water blanks as well as Arizona road dust and indoor air dust blanks were analyzed.

Data analysis
Regression models were built using the proc MIXED procedure in the SAS System for
Windows 9.13 (Cary, North Carolina). In the optimization study the dependent variable was
the log of the number of influenza virus particles per PCR well and the covariates were
experiment replicates, RNA extraction method (Trizol-chloroform or QIAamp), and reverse
transcription kit (AMV, MultiScribe™ or Omniscript). In the validation study, the dependent
variable was the log of the number of influenza virus or human rhinovirus particles per PCR
well and the covariates were the extraction method (Trizol-chloroform or QIAamp) and the
particulate matter dose (Indoor air dust or Arizona road dust). The mixed model adjusted for
the correlation among PCR wells for each sample and calculated a different effect for each
dust dose-kit combination. Excel 2002 (Microsoft Corporation, Redmond, WA) was used for
t-tests and plotting.

Results
Influenza virus recovery

RNA extraction—The Trizol-chloroform extraction recovered 2.5 times more influenza
virus RNA than the QIAamp columns, significant at the 0.05 level. We quantified 8.8×105

(95% CI: 6.2×105–1.3×106) and 3.4×105 (95% CI: 2.4×105–5.2×105) influenza virus particles
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per PCR well from samples extracted using Trizol-chloroform and QIAamp columns
respectively (n=18 [6 samples × 3 PCR wells]).

Reverse transcription—The MultiScribe™ RT kit yielded 2.6-times more influenza virus
cDNA compared to that synthesized with the AMV kit and 3.7-times more than that synthesized
with the Omniscript kit. Differences were significant at the 0.05 level. From influenza virus
samples extracted using Trizol-chloroform, we recovered 2.7×105 (95% CI: 2.0×105–
3.6×105), 1.9×105 (95% CI: 1.6×105–2.1×105), and 7.0×105 (95% CI: 5.1×105–9.3×105) from
RNA synthesized using the AMV RT, Omniscript RT and MultiScribe™ RT kits respectively
(n=8 [2 samples × 2 dilutions × 2 PCR wells]).

Inhibition characterization of human rhinovirus and influenza viruses
Figures 1 and 2 show the recovered influenza virus and human rhinovirus concentrations from
samples contaminated with Arizona road dust (ARD) and indoor air dust (IAD), extracted with
QIAamp columns and Trizol-chloroform. At all ARD doses (Figure 1A), Trizol-chloroform
extraction yielded 1.9 to 3.5-fold more influenza virus concentration compared to QIAamp
columns. At all IAD concentrations (Figure 1B) Trizol-chloroform extraction yielded 1.5 to
3.3-fold more concentration of influenza virus compared to QIAamp columns.

For HRV recovery, at all ARD doses (Figure 2A) Trizol-chloroform extraction yielded 1.4 to
4.2-fold more HRV concentrations compared to QIAamp columns. At all IAD concentrations
(Figure 2B) Trizol-chloroform extraction yielded 3.9 to 9.0-fold more concentration of HRV
compared to QIAamp columns.

Discussion
The methods presented are the first step in the development of protocols to collect and quantify
airborne respiratory viruses. The combined optimized methods recovered 10-fold more viruses
compared to methods used previously to isolate human rhinovirus from air samples[16]. This
increased sensitivity was observed for influenza virus and human rhinovirus contaminated with
ARD and IAD. In contrast to previous studies of airborne respiratory viruses which used
standard PCR[16,17,20,21], we analyzed viruses via quantitative PCR, a method that is more
sensitive and allows us to measure the number of viruses in the sample. Quantification is also
essential for exposure assessment and dose response studies.

Samples in the field are collected via air sampling onto media, requiring extra steps to suspend
the virus in a solution ready to be extracted. In the case of air samples collected on filter media,
the filter material has be washed by vortexing or sonication to suspend the virus in solution.
Air samples collected with liquid impingers have to be concentrated using ultracentrifugation
columns prior to extraction.

The RNA extraction method we selected was robust with human rhinovirus and influenza virus
contaminated with typical air particulate matter up to 50 μg per sample. ARD represented
outdoor airborne particulate matter that was well characterized both in composition and size.
It is composed of 40% clay material with nominal particle sizes between <1 and 80 μm[22].
The IAD is a more complex dust matrix representative of dust found in an urban residence,
and likely contained a mixture of microorganisms, outdoor pollutants and indoor pollutants.
The range of dust concentrations was estimated from studies of airborne particulate matter in
schools and residences. In one study, 1 milligram of dust was collected at an elementary school
over a 2 day sampling period at an airflow of 36.5 lpm (~29 μg/m 3)[23]. In a study of residential
indoor air particulate matter, concentration of PM10 in houses of healthy adults was 12.6 μg/
m3 air[24], corresponding to a total of 46 μg of dust collected if the air is sampled for 2 hours
at a rate of 30 lpm. For our reported study dust concentrations simulated particulate matter
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between 0.2 and 500 μg per sample, and no inhibitory effect was noted for neither influenza
virus nor human rhinovirus at concentrations under 50 μg per sample.

Although assay methods can reduce the effect of inhibition, one approach to reducing inhibitors
is to restrict aerosol collection to particle sizes that are relevant and avoid collecting particles
that may not contain viruses but probably contain inhibitors. Studies of airborne virus detection
have used open-faced filters which do not restrict the particle size they collect[16,17,20,21].
The use of a particle collector that reduces the particle cutoff size of a sampler would eliminate
large particles that aren’t likely to contain viruses of interest but may be a major source of
inhibitors. Mass is a cubed function of particle size, thus removing a small number of large
particles has a large impact on the total mass in a sample.

In contrast with clinical samples which contain high concentration of a single virus, air samples
typically contain low numbers of viruses. Air samples also typically contain a wide array of
contaminants which can inhibit molecular biology assays. These factors make the likelihood
of detecting viruses in air samples very low and can explain the small number of field studies
that have detected airborne respiratory viruses as well as the larger number studies with
negative findings. After the optimization work was completed, the methods presented in this
paper were used in the field to detect low levels of influenza virus in the exhaled breath of
infected patients[25].

We studied influenza virus and human rhinovirus because they are both important causes of
respiratory disease human rhinovirus causes 40–65% of common colds annually[26,27] and
influenza virus causes 36,000 deaths yearly in the US[28]. Their predominant mode of
transmission remains controversial in spite of the numerous studies supporting either airborne
transmission[14,29,30] and other transmission modes[31,32]. The protocols we propose can
be used in future studies designed to answer transmission questions.

Conclusions
In this study of respiratory virus quantification from samples contaminated with airborne
particulate matter, we found that we could improve virus detection 10-fold compared to
methods published in field studies of airborne respiratory viruses. We increased recovery by
using the optimal molecular biology methods to extract nucleic acid (RNA), reverse transcribe
RNA and quantify cDNA using quantitative PCR. The improvement in detection is critical for
studies of the environment, where virus concentrations are low and many inhibitory substances
are collected along with the microorganisms under study. When tested in a controlled
environment, quantification of human rhinovirus and influenza virus was unaffected by
particulate matter concentrations up to 50 μg per sample. In conjunction with efficient air
sampling techniques, these methods can be used to improve recovery of respiratory viruses
from the airborne environment.
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Fig 1.
Total influenza virus recovered from virus samples contaminated with A) Arizona road dust
and B) indoor air dust, extracted using 2 RNA extraction methods (n=9 [3 samples × 3 PCR
wells]). Concentrations and 95% confidence intervals were estimated from a mixed regression
model and controlled for correlation among wells.
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Fig 2.
Total human rhinovirus recovered from samples contaminated with A) Arizona road dust and
B) indoor air dust, extracted using 2 RNA extraction methods (n=9 [3 samples × 3 PCR wells]).
Concentrations and 95% confidence intervals were estimated from a mixed regression model
and controlled for correlation among wells.
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