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Monitoring monkeypox virus in saliva and air samples in
Spain: a cross-sectional study

Bruno Hernaez*, Ana Mufioz-Gémez*, Africa Sanchiz*, Eva Orviz, Adrian Valls-Carbo, Ifiigo Sagastagoitia, Oskar Ayerdi, Rocio Martin,
Teresa Puerta, Mar Vera, Noemi Cabello, Jorge Vergas, Cristina Prieto, Maria Pardo-Figuerez, Anabel Negredo, José Maria Lagarén,
Jorge del Romero, Vicente Estrada, Antonio Alcami

Summary

Background The transmission of monkeypox virus occurs through direct contact, but transmission through saliva or
exhaled droplets and aerosols has not yet been investigated. We aimed to assess the presence of monkeypox virus
DNA and infectious virus in saliva samples and droplets and aerosols exhaled from patients infected with monkeypox
virus.

Methods We did a cross-sectional study in patients with monkeypox confirmed by PCR who attended two health
centres in Madrid, Spain. For each patient, we collected samples of saliva, exhaled droplets within a mask, and aerosols
captured by air filtration through newly developed nanofiber filters. We evaluated the presence of monkeypox virus in
the samples by viral DNA detection by quantitative PCR (qPCR) and isolation of infectious viruses in cell cultures.

Findings Between May 18 and July 15, 2022, 44 patients with symptomatic monkeypox attended two health centres in
Madrid and were included in the study. All were cisgender men, with a median age of 35-0 years (IQR 11-3). We
identified high loads of monkeypox virus DNA by qPCR in 35 (85%) of 41 saliva samples. Infectious monkeypox
virus was recovered from 22 (67%) of 33 saliva samples positive for monkeypox virus DNA. We also found a
significant association between the number of affected cutaneous areas or general symptoms and the viral load
present in saliva samples. Droplets exhaled from patients with monkeypox, detected inside a mask, contained
monkeypox virus DNA in 32 (71%) of 45 samples, with two of the 32 positive samples showing the presence of the
infectious virus. Monkeypox virus DNA in aerosols, collected from the medical consultation room, were detected in
27 (64%) of 42 samples, despite patients wearing an FFP2 mask during the visit. Infectious virus was not recovered
from aerosol samples. High levels of monkeypox virus DNA were identified in aerosols collected from a hospital
isolation room housing a patient with monkeypox.

Interpretation The identification of high viable monkeypox virus loads in saliva in most patients with monkeypox and
the finding of monkeypox virus DNA in droplets and aerosols warrants further epidemiological studies to evaluate the
potential relevance of the respiratory route of infection in the 2022 monkeypox virus outbreak.
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Introduction

Unprecedented outbreaks of monkeypox have been
reported since May, 2022, in many countries around the
world."” The number of cases is increasing and has now
surpassed the total number of cases ever reported outside
monkeypox-endemic African countries since 1970, when
the first case of monkeypox in humans was reported.*
This suggests a more efficient human-to-human
transmission of the disease, which might have been

WHO Global Smallpox Eradication Campaign.” The
clinical picture of monkeypox resembles that of smallpox,
but it is less severe and shows a characteristic
lymphoadenopathy not common in smallpox. The
monkeypox virus is endemic in central and west Africa,
where a natural reservoir in rodents has been identified
that sporadically transmits to humans.® Two clades of
monkeypox virus have been identified: the central African
clade, renamed clade I, and the west African clade,

spreading undetected, or that the introduction of the
virus in the community of men who have sex with men
(MSM) has led to more opportunities of contact
transmission.’

Monkeypox is an emerging zoonotic disease caused by
the monkeypox virus, a member of the Orthopoxvirus
genus related to the variola virus, the causative agent of
smallpox that was eradicated by 1980 as a result of the

www.thelancet.com/microbe Vol 4 January 2023

renamed clade Ila. The two clades are geographically
separated and have defined epidemiological and clinical
differences. Monkeypox virus clade I shows a higher case-
fatality rate of up to 11%, with more human-to-human
transmission reported. Clade II has a lower case-fatality
rate and has been exported outside the African continent
through travellers who were infected or exported animals
(as occurred in the 2003 US outbreak). Phylogenetic
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Research in context

Evidence before this study

We searched PubMed from inception to Sept 1, 2022, for
studies published in English using the following terms,
individually or combined: monkeypox infectious virus, saliva,
droplets and monkeypox viable virus, airborne, and air
transmission. The current evidence indicates that the main
route of monkeypox virus transmission is by direct contact with
skin lesions, which appears to be responsible for the current
monkeypox virus outbreak identified mainly in men who have
sex with men. Previous studies in Africa have identified
human-to-human transmission in households, and infection
by contact with contaminated surfaces or respiratory droplets
were suggested as additional routes of transmission. A 2022
report identified monkeypox virus DNA in saliva samples.
However, to our knowledge, the identification of infectious
monkeypox virus in saliva or virus particles in droplets and
aerosols exhaled from infected patients has not been
documented.

Added value of this study

We did a study in patients with monkeypox to evaluate
whether the virus is present in saliva and could be exhaled

to the air as droplets or aerosols. We report high viral loads,
detected by quantitative PCR, in saliva from most patients that
correlated with the extent of skin lesions and symptoms
suggestive of systemic disease. Viable infectious virus from

analysis has shown that the monkeypox virus circulating
in the 2022 outbreaks in several non-endemic countries
belongs to clade II (subclade IIb).>* The circulating virus
has been mainly identified among close contact cases of
MSM.?

Respiratory viruses can spread through droplets that fall
to the ground within a 1-5 m radius of the source and
contaminate surfaces (fomites) or through airborne
transmission, which involves the inhalation of infectious
aerosols that travel longer distances (>1-5 m) suspended
in the air." The aerosol size was traditionally defined as
smaller than 5 pm, but it has been proposed that it should
be defined as smaller than 100 pm because particles of
this size can travel beyond 1 m and be inhaled. Defining
the relative importance of droplet versus airborne
transmission is complex because of technical limitations."

Transmission of monkeypox virus is thought to occur
through direct contact with lesion exudates or crust
material, body fluids, and respiratory droplets of people
who are infected.” A 2022 report showed experimental
evidence for the presence of monkeypox virus DNA in
saliva samples” but, to our knowledge, evidence of
infectious virus in saliva or virus particles in droplets
and aerosols has not been reported. To determine
whether patients infected with monkeypox virus might
expel it through respiratory tract secretions and whether
the respiratory route of transmission might be relevant,

many saliva samples was recovered in cell cultures. We also
found that monkeypox virus is present in droplets exhaled by
infected individuals, collected within a mask. We detected the
presence of infectious virus in two of these samples. Lastly,

we took advantage of nanofiber filters that we have recently
developed to capture virus particles present in aerosols at
longer distances from patients, and we showed for the first
time the frequent presence of virus particles in the air collected
in the consultation room, despite patients wearing a mask, and
high levels of airborne virus in a hospital isolation room
housing a patient.

Implications of all the available evidence

Our results show the presence of high loads of infectious
monkeypox virus in saliva of infected individuals, indicating
that viable monkeypox virus might be present in the oral
mucosa. The identification of monkeypox virus in droplets
exhaled from patients with monkeypox, including viable
viruses in two samples, and in aerosols collected at longer
distances suggests that the virus can be found in air samples.
Our results do not show transmission, and further
investigations will be required to evaluate whether the levels

of virus present in saliva, droplets, and aerosols are sufficient for
disease transmission. This study has implications for preventive
actions and health policies to control transmission in the 2022
monkeypox virus outbreak.

we aimed to investigate the presence of monkeypox
virus DNA and infectious virus in saliva samples and
droplets and aerosols exhaled from patients infected
with monkeypox virus.

Methods

Patients and variables

For this cross-sectional study, we recruited successive
cases of individuals with suspected cutaneous lesions of
monkeypox virus, which was confirmed by PCR, who
attended two health centres in Madrid, Spain (Hospital
Clinico San Carlos and Centro Sanitario Sandoval).
Samples of the cutaneous lesion, saliva, mask filter, and
air were obtained from each patient. We included these
in the analysis if the cutaneous sample tested positive for
monkeypox virus by PCR. Clinical and epidemiological
information was recorded for each patient at the time of
the visit, including the location of suspected lesions in
one of the following cutaneous regions: face, perioral,
upper limbs, lower limbs, trunk, and palms and soles. In
patients with two sets of samples, we selected the most
recent sample from the first visit when this information
was used to associate clinical and laboratory data.
Included patients provided written informed consent.
The study protocol was approved by the Ethics Committee
of the Hospital Clinico San Carlos (approval
number 22/389-E).
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Sample collection

Sample collection was done at the two participating health
centres. Characteristics of the consultation and isolation
rooms are described in the appendix (p 3). We collected a
sample from the cutaneous lesion at the first visit and
three additional types of non-invasive samples within the
first week of infection for patients with a positive
monkeypox PCR result (appendix p 15): phlegm-free saliva
collected in a sterile vial in private; exhaled breath and
respiratory tract secretions expelled through the nose and
mouth, captured in two 25 mm nanofiber filters in the
interior of an FPP2 mask (Bioinicia [Paterna, Spain] and
Spanish National Research Council [CSIC]) worn by the
patient during the medical visit (3045 min, except for
about 30 s when the mask was removed during exploration
of the oral cavity and oropharynx); and two air samples
filtered through 47 mm nanofiber filters (Bioinicia and
CSIC) connected during the medical visit (3045 min) to
air pumps with an airflow of 30 L/min and placed at 2-3 m
from the patient and at 1-5 m in height to collect aerosols
that remained suspended in the air. Nanofiber filters were
developed in 2021 and shown to capture SARS-CoV-2 from
air samples.”™ The filter used, based on nanofiber
technology developed by the Institute of Agrochemistry
and Food Technology (CSIC) and Bioinicia, was composed
of two protective spunbond polypropylene layers of
18 g/m2 sandwiching a polyvinylidene fluoride nanofiber
layer of 0-9 g/m2, without antimicrobial components. The
filtration efficiency for paraffin aerosols (0-14-5-00 pm in
size) was a mean 99-29% (SD 0-11), and the pressure drop
tested at 160 L/min in filter areas of 100 cm2 was a mean
317-03 Pa (SD 30-78). Filters were immersed into
collection media (phosphate-buffered saline containing
0-1% bovine serum albumin and 25 pg/mL gentamycin)
to test virus viability or cell lysis buffer from the Maxwell
RSC Viral Total Nucleic Acid Purification kit (Promega;
Madison, W1, USA) for quantitative PCR (qPCR) detection,
and they were kept at 4°C until processed. Air samples
from a patient with monkeypox housed in a hospital
isolation room were collected with 47 mm nanofiber filters
(Bioinicia and CSIC) connected to a 15 L/min air pump for
2-3 h and processed as indicated.

Detection of monkeypox virus DNA and infectivity

We inactivated saliva samples under biosafety level 3
(BSL3) containment by adding an equal volume of twice
concentrated cell lysis buffer to the sample (Promega). For
DNA extraction from mask filters, air filters, and saliva in
cell lysis buffer, we used the Viral Total Nucleic Acid
Purification kit (Promega) in combination with a Maxwell
RSC 48 Instrument (Promega). To enhance the recovery of
DNA, 100 ng of human DNA (from HelLa cells) were added
to each sample from mask and air filters as a DNA carrier.
We detected monkeypox virus DNA by qPCR using specific
primers and fluorescent-labelled probes previously
described.” All measurements were made in triplicate, and
a non-template control together with the standard curve
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(7log standard curve of 10-fold dilutions of a plasmid
containing an 85 bp insert of monkeypox virus DNA) were
included in each plate. Samples with a cycle threshold (Ct)
value lower than 35 and with a positive result for at least
two of three replicates were considered positive by qPCR.
After quantification by Ct interpolation in the calibration
curve, data were converted to copies of monkeypox virus
DNA/mL of saliva, copies per mask filter, or copies/m3 of
captured air. We tested virus infectivity from clinical
samples on BSC-1 cells (American Type Culture Collection
[ATCC] CCL-26; ATCC, Mansassas, VA, USA), handled in
BSL3 facilities. A detailed description of these methods is
presented in the appendix (pp 4-5).

Transmission electron microscopy

Saliva samples were fixed in phosphate-buffered saline
(PBS) with 4% paraformaldehyde for 30 min at room
temperature in a BSL3 facility. Fixed samples were
adsorbed to ionised collodion-carbon coated grids for
5 min, washed with PBS, and exposed for 30 s at 37°C to
a drop of 2% uranyl acetate. We analysed specimens
using a Jeol 1400 Flash transmission electron microscope.

Statistical analysis

We compared baseline clinical and epidemiological
characteristics of the patients in terms of test positivity,
viability, and viral load in each sample with the Fisher’s
exact test, x2 test, Wilcoxon test, Kruskal Wallis test,
Cochran Armitage test, and univariate linear models
as appropriate. For the analysis, viral load was
logarithmically transformed to increase the linearity of
this measure. In the linear models, the assumptions
of linearity, homoscedasticity, independence, and
normality were tested in each model. All measures are
shown in terms of median (IQR), with range also
provided when indicated. Statistical analysis was done
with R, version 4.1, considering 2-sided values of
p<0-05 as statistically significant. No subgroup or
sensitive analyses were done. Missing values from viral
load (undetermined or not available) were excluded for
the analysis.

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

During the 2022 monkeypox outbreak, between May 18
and July 15, Madrid was one of the areas with the highest
incidence in the world, with 2249 confirmed cases by
Aug 23, 2022 Of these, patients with symptomatic
disease from two health centres in Madrid were assessed
from June 7 to 26 (appendix pp 7-8). 44 cisgender men, of
whom 41 (94%) self-identified as MSM, were included in
the study; only one patient required hospitalisation. The
median age was 35-0 years (IQR 11-3). 23 (52%) patients

See Online for appendix
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were positive for HIV on treatment, all with undetectable

16- © Novisbleviros detected | TLLV-11(25%) patients reported having received a smallpox

o ® Viable virus detected vaccine, and six (14%) did not know whether they had

8] ® been vaccinated. The median time from symptom onset
209 o9 °® to sample collection was 5 days (IQR 4-7, range 1-9). Fever
2 ©g988°e was reported as first symptom in 18 (41%) patients, with
244 e .’. ° 33 (75%) patients having reported fever at any time during

_ %] e®e8 °® the disease duration. Most patients (40 [91%)]) developed
o] @ .: general symptoms such as asthenia, myalgia, headache,
g ° .. ° odynophagia, or fever. Additionally, 26 (59%) of 44 patients
7 . had inguinal adenopathies, of which 14 (54%) were
329 ° classified as painful, and 16 (36%) had adenopathies in
344 ° other locations, especially cervical (ten [63%) of 16). All
36+ oe® patients had characteristic vesicular-umbilicated and
38 ° pseudo-pustular skin lesions, most frequently located on

2 : : . the anogenital region (33 [75%)]), face (31 [70%)]), trunk
Saliva (n=41) Mask (n=45) Air (n=44) (25 [57%]), and upper limbs (24 [55%)]). 12 (27%) patients

) ) L . i had a concomitant sexually transmitted infection other
Figure 1: Monkeypox virus detection in 45 samples from patients with

confirmed infection than HIV (appendix PP 7_8)'

Individual mean Ct values determined by a specific quantitative PCR for monkeypox Analysis by qPCR revealed that 35 (85%) of 41 saliva
virus DNA from every patient’s saliva, mask filter, and air filter are shown. A mean samples tested positive for monkeypox virus. The Ct values
Ct value of '35 was established as threshold for positivity (dotted line). Eth sample obtained from positive samples Were unexpecte dly low
was tested in triplicate, and at least two of three wells needed to be positive for the

sample to be considered positive. Red colour indicates samples in which infectious (loweSt Ct value was 18) and most ranged from 20 to 26
viruses were detected after inoculation of cell monolayers. Ct=cycle threshold. (ﬁgure 1). These low Ct values indicate an elevated viral
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Figure 2: Infectious monkeypox virus detected in saliva samples from patients

(A) Representative cytopathic effect in BSC-1 cells inoculated with a fraction of saliva sample from a patient and examined daily for cytopathic effect; images show
viral spreading through the cell culture at 0, 3, and 5 days after infection. (B) Box and whisker plot showing the distribution of monkeypox virus loads from saliva
samples containing (red) or not containing (blue) viable virus (n=41). (C, D) Identification of monkeypox virus particles (green arrows) in saliva samples by electron
microscopy after negative staining; the inset shows the magnification of the indicated virion. (E) Monkeypox virus particle from a pustular lesion identified by
electron microscopy after negative staining.
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load and raise the possibility that viable monkeypox virus
could remain in the saliva of patients with monkeypox.
Indeed, cells inoculated with saliva samples showed the
typical monkeypox virus-induced cytopathic effect at the
first attempt in 22 (67%) of the 33 positive samples (figure 1,
appendix pp 9-10). The fact that the cytopathic effect rapidly
spread through the cell culture within the first 5 days after
inoculation indicates the presence of infectious virus in
saliva (figure 2A). The presence of monkeypox virus was
further confirmed by qPCR in cell cultures in which the
cytopathic effect was observed (appendix p 11). We found a
relationship between the viral load estimated by qPCR and
the detection of viable virus, indicating that recovering
infectious viruses was more likely in samples with Ct lower
than 26 or with a viral load higher than 104 monkeypox
virus genomes per mL of saliva (figures 2B, 3A,
appendix p 12). Consistently, monkeypox virus particles
were identified by transmission electron microscopy in
saliva samples with high viral loads (figure 2), similar to
virions identified in patient pustules (figure 2E).

In the assessment of exhaled breath samples, 32 (71%) of
45 mask filters were positive for monkeypox virus by
qPCR (baseline Ct of 35), with a lowest Ct value of 26
(figure 1). Viral loads detected in positive mask filters were
lower than those estimated for saliva samples, ranging
from 70 to about 6x104 monkeypox virus genomes per
mask (figure 3B, appendix pp 9-10). Consequently, the
number of positive mask filter samples in which infectious
viruses could be recovered was limited to patient number 7
(3x103 monkeypox virus genomes per mask filter) and
number 21 (8x103 monkeypox virus genomes per mask
filter). Both samples with infectious viruses were in the
85th percentile of viral load.

In the assessment of air samples, 27 (64%) of 42 air
filters tested positive for monkeypox virus by qPCR
(baseline Ct of 35), despite patients wearing an FFP2 mask
for almost the whole visit. The distribution of Ct values
was similar to that of Ct values obtained for mask filters
(lowest Ct value of 29; figure 1), and the viral loads
calculated ranged from 40 to about 9x103 monkeypox
virus genomes per m3 (figure 3C, appendix pp 9-10).
Moreover, air samples collected with the nanofiber filters
from a hospital isolation room housing a single patient
with monkeypox with respiratory symptoms tested
positive for monkeypox virus on two consecutive days.
The viral load in the saliva of this patient was lower than
others (3-7x105 monkeypox virus genomes per mL) but
infectious in cell culture, and it could be detected in the
mask filter but not in the air filter during the medical visit
(appendix pp 9-10). Despite these low levels of monkeypox
virus in the patient’s samples, high levels of monkeypox
virus DNA were identified in two air samples taken during
2-3 h from the isolation room (Cts of 30 and 29,
corresponding to 4-4x103 viral genomes per m3 for the
first sample and 1-3x103 viral genomes per m3 for the
second). We could not recover infectious viruses from any
of the air samples.
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We found that systemic symptoms, such as non-inguinal
lymphoadenopathy, asthenia, and myalgia, as well as skin
lesions located in the face, upper limbs, and trunk, were
associated with higher monkeypox virus loads in saliva
(appendix pp 12-13). The presence of headache (16 [76%)]
of 20 with the symptom vs seven [41%] of 17 without;
p=0-04) and non-inguinal adenopathies (13 [93%)] of 14
with the symptom vs ten [43%] of 23 without; p=0-008)
were associated with the identification of viable monkeypox
virus in saliva. We observed an association between the
presence of oral symptoms (odynophagia or perioral
lesions) at the time of evaluation and the viability
of monkeypox virus in saliva samples (18 [75%] of
24 vs five [38%) of 13; p=0-039), but we could not find this
association in samples collected from masks (two [7%] of
28 vs 0 [0%] of 15; p=0-54) or ambient air (0 [0%] of
26 vs 0 [0%)] of 14; p=1-0). We did not find an association
between respiratory symptoms, such as cough, nasal
congestion, or dyspnoea, and the presence of monkeypox
virus DNA in masks, although the number of patients
with respiratory symptoms was very low (six [14%]).

Additionally, we found an association between monkey-
pox virus load in saliva and the extent of skin involvement,
defined by the number of affected body regions; these areas
were the face, upper extremities, trunk, lower extremities,
palms and soles, and anal and genital area (appendix
pp 14, 16). We used a linear model to predict the logarithm
of monkeypox virus load in saliva as a function of the
number of skin lesions. For each new area affected, viral
load was increased by a mean of 48% (IQR 16-88, p=0-002;
appendix p 16). When we calculated the percentage of viral
positivity and viability in cumulative subgroups of patients
with increasing number of skin areas affected, we found
that subgroups of patients with more areas affected had
higher viability (p<0-01) and positivity (p=0-01) in saliva
samples than subgroups with fewer areas affected, as well
ashigher positivity in mask samples (p<0-01; appendix p 14).
In terms of monkeypox virus PCR positivity in saliva, we
observed a gradual increase in positivity for saliva samples
(p=0-05), mask samples (p<0-001), and air samples
(p=0-01) when more affected regions were considered
(appendix p 14). In terms of monkeypox virus load or
viability in saliva, we found no differences between people
living with HIV, those with a concurrent sexually
transmitted infection, or those previously vaccinated
against smallpox, although vaccination was not confirmed
by serology and was unlikely considering the age of the
patients.

Discussion

The identification of monkeypox virus DNA in saliva by
qPCR was reported in 12 patients in 2022.” Our study in
44 patients with monkeypox, assessed less than a week
after onset of symptoms, extends this observation by
identifying monkeypox virus DNA in a high
proportion (85%) of saliva samples. We also provide, to our
knowledge, the first experimental evidence for the
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Figure 3: Monkeypox virus load determination from samples

Estimated monkeypox virus genome copies per mL of saliva (A) and mask filter (B) or m® of captured air (C) from every patient. We interpolated cycle thresholds in the calibration curve (range of
linearity from 10° to 1 copy per pL, with a slope of -3-10, intercept 35-82; R?=0-997 and amplification efficiency of 110%). Red bars indicate samples in which infectious monkeypox virus was detected.
Dotted lines indicate the baseline of the assay in every sample; values below this line were considered negative. n=41 for saliva, n=45 for mask filters, and n=42 for air samples. Patient 12 was not
confirmed positive for monkeypox virus infection by PCR of the cutaneous lesion, and was excluded from the study. *Not available.
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presence of infectious monkeypox virus in human saliva.
We found the viral load detected by qPCR to be high in
most cases, reaching values of up to 106-107 viral genomes
per mL. Moreover, the finding of viable virus in 66% of
qPCR-positive saliva samples suggests that monkeypox
virus present in oral mucosa is infectious. The finding of
high viral loads in saliva that can be ejected from the
mouth as spittle droplets suggests that saliva might
contribute, together with respiratory droplets, aerosols,
and shedding of skin lesions, to surface contamination
with the infectious virus. Monkeypox virus DNA has been
detected by qPCR on various surfaces in hospital rooms
occupied by patients with monkeypox, and the infectious
virus was found in some of these samples, as described in
three publications.”"

Human-to-human transmission of monkeypox virus has
been reported in the past in Africa, but the number of
studies is low.””” Several studies showed transmission
within a household, and transmission routes other than
direct contact might occur under these circumstances,
perhaps through saliva contaminating surfaces, droplets,
or aerosols. However, these studies have not addressed the
relative contribution of different routes of transmission,
and these should be investigated. Our finding of high viral
loads in saliva in people infected with monkeypox virus
with general symptoms and more affected skin areas
suggests that, in this initial phase of the disease (a median
of 5 days of symptoms), a systemic infection is evolving
that can affect the oral mucosa. A limitation of our study is
that we have not determined viraemia to assess a systemic
infection. Prolonged upper respiratory tract viral DNA
shedding after skin lesion resolution was reported in some
patients.” Similarly, it will be of interest to investigate
whether monkeypox virus might be present in saliva for
longer periods.

We have developed new nanofiber filters that allowed us
to capture monkeypox virus particles from aerosols that
can travel long distances in the air. A limitation of this
study is the fact that we did not recover infectious
monkeypox virus from air samples, which contrasts with
the recovery of viable virus from most saliva samples. This
might be due to the low levels of virus captured from the
air, not reaching the viral load that might be required to
recover the virus in cell cultures. Additionally, the use of
filters to capture airborne viruses might not preserve viral
infectivity due to desiccation of the sample. Similar
technical limitations have been found in studies of
SARS-CoV-2, a virus that transmits through aerosols: the
use of a gentle vapour condensation VIVAS sampler
allowed researchers to show the presence of viable virus in
aerosols."? A 2022 study reported the identification of five
air samples positive for monkeypox virus DNA, taken at a
distance of 1-0-2-5 m from patient beds in a hospital, with
low levels of viral DNA detected (generally Ct of about 36).”
Three of the positive samples, one of them with replication-
competent viruses taken at less than 1 m from the patient
(Ct 32.7), were collected during bed linen changes,
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suggesting that the viruses detected in the air sample
might correspond to viruses in fomites re-aerosolised
rather than aerosols generated by the patient’s breathing.
Our detection of higher levels of monkeypox virus DNA in
air samples (Ct 28-5-35-0) might be due to the use of
nanofiber filters instead of gelatine filters, together with
the sampling of larger air volumes. We should note that
high levels of monkeypox virus DNA in air samples were
detected in this study despite patients wearing an FFP2
mask, suggesting that even higher levels might be exhaled
when masks are not used.

The identification of high viral loads of infectious
monkeypox virus in saliva and the emission of viral
particles from nose and mouth (from spittle, respiratory
droplets, or aerosols) that can be captured in mask filters
might represent a potential route of transmission.
Moreover, the frequent identification of the virus in the air
suggests that monkeypox virus is also present in aerosols
that travel longer distances. Reports have shown the
presence of monkeypox virus DNA detected by qPCR in
nose and throat swabs, suggesting shedding from the
upper respiratory tract*** that would be compatible with
our identification of viral DNA in droplets and aerosols.
Viable monkeypox virus has been recovered from
laboratory-controlled aerosols after up to 90 h, suggesting
that the virus might remain infectious for long periods
in the environment* Human-to-human aerosol trans-
mission has not been documented for monkeypox virus.
However, evidence of human infections from prairie dogs
in the 2003 US outbreak, in which individuals who were in
the same room with a prairie dog without handling the
animals or who entered the room after the prairie dog was
removed became infected with monkeypox, suggests
indirect contact (fomites) or aerosol transmission.** This
evidence supports the potential of monkeypox virus to
transmit through the respiratory route, as shown in the
prairie dog model of infection.” Similarly, transmission of
variola virus, a related virus that caused human smallpox,
is thought to occur by direct contact and droplets, but
evidence also exists of airborne transmission.”

Our understanding of monkeypox virus human-to-
human transmission is scarce. Most cases in the
2022 outbreak of monkeypox are in MSM, and close
contact with skin lesions and possibly sexual transmission
plays a major role in transmission in this context,
consistent with the finding of monkeypox virus DNA in
skin lesions and semen.””* The high loads of infectious
monkeypox virus in saliva suggest that salivary
transmission might also contribute to transmission during
sexual activity and should be investigated. Community
transmission is likely to occur and, as monkeypox spreads
to other social groups, alternative types of transmission
other than direct skin contact during sexual activity might
become more relevant and warrant further investigation.
Asymptomatic infections are likely to occur in this
monkeypox virus outbreak, which can contribute to viral
spread in the community,** and we hypothesise that the

e27



Articles

presence of the virus in respiratory droplets and aerosols
might be relevant in monkeypox transmission.

Further investigations are required to determine
whether the viral loads present in saliva, droplets, and
aerosols are sufficient for efficient transmission of
monkeypox virus and to evaluate the relevance of salivary
and respiratory routes of transmission in the spread of the
disease in the community. Our results have implications
for prevention and control measurements of the
2022 monkeypox virus outbreak, which should consider
the presence of monkeypox virus in saliva and air samples.
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