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ABSTRACT

Domestic cats are susceptible to SARS-CoV-2 viméection and given that they are in close
contact with people, assessing the potential @& epresent for the transmission and
maintenance of SARS-CoV-2 is important. Assesdngrisk implies quantifying transmission
from humans-to-cats, from cats-to-cats and froms-tathumans. Here we quantified the risk of
cat-to-cat transmission by reviewing publishedditere describing transmission either
experimentally or under natural conditions in inéechouseholds. Data from these studies were
collated to quantify the SARS-CoV-2 reproductiominerR, among cats. The estimatBgwas
significantly higher than 1, hence cats could @laple in the transmission and maintenance of
SARS-CoV-2. Questions that remain to be addressetha risk of transmission from humans-
to-cats and cats-to-humans. Further data on holgsehasmission and data on virus levels in
both the environment around infected cats and #hdialed air could be a step towards assessing

these risks.
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A relevant concern in the control of the ongoing/i@dl9 pandemic is the risk domestic
animals could play in the maintenance and transoms¥ SARS-CoV-2. Assessing this risk
implies quantifying transmission from humans-toraals, from animals-to-animals and from
animals-to-humans. Large epidemics in farmed mingkge confirmed this risk for that specific
species (1). The role of cats is of particularnese because they are in close contact with
humans and frequently in contact with other catailable field (2-9) and experimental data
(10-14) indicate that cats are susceptible to trdacoccasionally show mild clinical signs and
may be able to transmit the infection between datkeed, transmission experiments confirmed
this possibility (10-14), however, the lack of @per statistical assessment of transmission in the
reported experiments limits confident extrapolatbthe results from the experiment to the
population. An important question when assessiagittk of transmission is whether cat-to-cat
transmission can be sustained. A key measure teesitbis question is the basic reproduction
numberRy, which is the average number of individuals to mhetypical infectious individual
will transmit the infection to in a naive populatid?, is a key parameter in infectious disease
epidemiology, it provides an indication of the samssibility of a pathogen and the risk of
epidemic transmission. Whé > 1, one can expect sustained transmission with hsk of a
major outbreak and endemicity to occur, whereasmiye< 1 the infection is likely to peter out.
Other parameters which contribute to quantitatiekdgcribe transmission are: 1) the latent
periodL, which is the time from becoming infected to becagniontagious, 2) the infectious
periodT, which is the average period of time an individsatontagious and 3) the transmission
rate parametef which is the number of contact infections causgdre typical infectious
individual per unit of time. Here, published expeents and observational studies describing

infection and transmission of SARS-CoV-2 betweds ezere reviewed. Data from these studies
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were collated and analysed to statistically confivhether cat-to-cat transmission can be
sustained and to provide estimates of relevansingsion parameters.

A systematic literature search was conducted widiehtified 115 publications. Upon
screening and selection of relevant studies fax daliection and analysis, five experimental
studies and 8 observational studies were includedrfalysis. A detailed description of the
systematic review process is provided as suppleaherdterial (Text S1).

In Tables 1 and 2 the experimental and househottiest included for analyses are
summarised. Of the experimental studies, four (@Paksessed direct-contact transmission and
one (13) indirect (droplet) transmission. Theselistsiused different study designs with respect
to age and the number of inoculated (donor) antbcbrats included within an experimental
group. All experiments used inoculation dosekd® PFU (Gaudreault et al (12) used 10
TCIDsg) and the predominant inoculation route was ineaatinoculation. Following
inoculation, infection and transmission were mamitbby longitudinally detecting and
measuring virus shedding in nasal, faecal or omyptygal samples collected from inoculated
and contact- or droplet-infected cats. The laboyattethods used to monitor infection were
either virus isolation (VI) (10, 11) or RT-PCR (11). From the observational studies, data
from 12 households housing infected people andaet lone infected cat were included for
analysis. Eight of these households (4-9) had reitix@ or three cats and four households (15,
16) had only one cat (Tables 2, S3, S4). The irdegirocess of owners and cats was
longitudinally followed in most of these households

For the statistical analysis of the transmissigmeeixnents, temporal data on infection of
inoculated and contact-or droplet-infected cats ealected. Within each experimental group,

an inoculated cat was classed as infectious wh&asdtreported as shedding virus, regardless of
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the viral load and of the detection method (viedation or RT-PCR). Contact cats were
considered susceptible for the period of days ledfoe first day they were shown to shed virus
(one day latent period (Table 3)). The prepareds#ds (Tables S1, S2) were used to estiinate
(days), T (days), 2 (day™*) andRy. The first two parameters were estimated usingmatric
survival regression modelgwas estimated by using a SEIR model fitted by usiggneralised
linear regression model afig was estimated either as the product ®ff or by using the final
size method (FSM). The latter only requires infatioraof the total number of infections in a
group/household at the end of the infection praqogken there is either no more infectious or no
more susceptible hosts present (17, 18). For asalyshe household data (Table 2),
transmission was analysed using the FSM, and tiggHeof shedding was estimated using
parametric survival models. To simplify the anadysf transmission, it was assumed that the
source of infection of secondary infected cats thadirst infected cat (infected by the owner) in
the household and the contribution of infected awne the infection of secondary infected cats
was not included in the analysis. A detailed expieom of the statistical analysis is provided as
Supplemental material (Text S2).

For all experimentd, was estimated to be about one day, with no sanfidifferences
observed between inoculated and contact infectisd(€able 3). The type of test has a clear
influence in the estimation @f, with estimates done using RT-PCR data leadiranto
overestimation of and consequentlig, when compared with the FSM estimates. Using Vadat
from contact-infected cats (assumed to closeleceth “natural” infection) to estimaieand the
correspondingR, led to similar estimates to those done using & FTable 2). The
experimental design had a large influence in thienesion of 5; with the design used in two of

the studies (11, 12) leading to an overestimatfdahie parameter and large standard errors.
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Although a small sample size was used, the panstréssion design used by Shi et al (13),
Halfmann et al (10) and Bao et al. (14) alloweddkgmation of3 andR,with good certainty
The former experiment assessed droplet-transmisgndst the latter two experiments assessed
direct transmission and allowed confirmation tRais significantly higher than 1 (p < 0.05).
When combining these two experiments,abmated?, (T * ) for cats was 3.9 (95%
confidence intervals: 2.2 — 6.8) or 3.3 (FSM) (2.11.8). These estimates were similar to the
estimates done at household level, with the estidfat (FSM) being 3.8 (1.2 — 42.2) (Table 3).
Similarly, the estimates df and virus shedding levels from household data wiendar to those
estimates from the experiments (Table 3). Notigassumptions made for the analysis of
household data, the results indicate that paistrassion experiments appear to provide a
reliable approximation of the expected transmissigmamics of SARS-CoV-2 between cats at
household level. Compared to direct transmissioopldt transmission was slowgr 0.14

(0.02 — 0.44)ay ™ and may happen to a lower extdRg= 1.0 (0.2 — 4.7) than direct
transmission (Table 3).

This study shows the importance of quantitativelyessing transmission when performing
transmission experiments and the relevance of peprexperimental design to obtain reliable
estimates of different parameters that describéréimsmission process. Pair-transmission
experiments are a suitable design to assess trsgiemi By using both data from the studies that
used this type of experimental design (10, 14)datd from studies which followed infected
households, we statistically confirmed that sustittansmission of SARS-CoV-2 among cats
can be expectedR{ > 1). To put this into perspective, scenarios inciWitontacts between stray

and household cats take place (3) could lead &wigtence of the virus in the cat population.
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By combining field and experimental observationsoeald partly validate the suitability of
pair-transmission experiments to study transmisarmmhthe validity of the estimated parameters.
Whilst field observations would be ideal, it is giieally impossible to obtain detailed temporal
data to have a thorough understanding of the tressgon dynamics. Given this limitation, in
order to analyse the household data we had to amdwemptions which influence our estimates.
The main assumption being that secondary infecé&siwere infected by the first infected cat in
the household, ignoring the possibility of thests d@coming infected by contact with the
infected owner. As a result tiRg estimates could be overestimated. AsTfand shedding
levels, observations were left censored, sincedieggnosis of the cats was around five to seven
days after clinical onset of the infected owner[€e54) and not all cats were followed dalily,
which may affect the accuracy of these estimateseNheless, they were similar to the
experimental estimates. The combination of expeartaleand field data in this study improved
the characterization of transmission between gaddrecreased the certainty in the estimated
parameters.

Interestingly, levels of virus shedding in househiafected cats, were as high as those
observed experimentally (Table 3), with reporteeldsting levels as high as®TtRNA
copies/swab sample or RT-PCR CT values as low g¥&dle S4). Considering both that
infected cats shed high levels of virus, and thaplet transmission is possible, the risk for cat-
to-human transmission of SARS-CoV-2 may not be [Blaere is a need to further investigate
this risk. Experimental assessment of, for exantpke probability of transmission via a
contaminated environment around an infected cat@msurements of virus concentrations in
infected cats’ exhaled air would provide furtheommation to quantify the risk for cat-to-human

transmission. This data combined with more detail@dsmission and environmental
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contamination data (5, 16) from infected houseltaks$ could aid to further quantify the
combined risks of human-to-cat and cat-to-humamstrassion. Thorough understanding of
transmission of SARS-CoV-2 at the human-animakpisg is important to obtain a better

insight into the population dynamics of this virus.
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Supplemental material

Text S1. Literature search and selection of manuscripts

Text S2. Data analysisnethods for the estimation of transmission pararsete

Table S1. Collated data for the quantification of the traission rate? (day'). Data for each

pair of cats (inoculated + contact) was collatediydeom day one post inoculation to the day the
contact cat was assumed infected (one day befeddsig virus).

Table S2. Collated data for the estimation of the infectiansl latent periods.

Table S3. Collated data from infected households with mbentone cat. These data were used
for the estimation of the reproductive numbemuBing the final size method.

Table $4. Collated data from observational studies desagikie longitudinal follow up of
infection in infected cats from infected householdsese data were used to estimate the
duration of observed shedding in naturally infectats.

Table S5. Estimated Weibull parameters (Shape and Scaseyideng the length of the

infectious periodr.
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Table 1. Summary of the experimental procedurewistgothe study design, the age of the cats, theulation route and dosthe

type of samples taken and the diagnostic methaodl tasguantify virus levels in time.

Sudy Type of Design  Cat's age Inoculation Dose  Units’ Sample Diagnostic
transmission Ix S (months) Route (l0g10) (routef test
Halfmann et al.(10) Direct contact 1x1 3.5t04.2 Nasal,Tracheal, 5.7 PFU Respiratory vI®
Oral,Ocular
Bosco-Lauth et al.(11) Direct contact 2x2 60-96 Nasal 54 PFU Respiratory/rectal Vi
Gaudreault et al. (12) Direct contact 3x1l 45-5 Nasal, Oral 6 TCIBy  Respiratory RT-PCR
Bao et al.(14) Direct contact 1x1 8-18 Nasal 6 TCIDs; Respiratory/rectal RT-PCR
Shi et al. juveniles.(13)ndirect-droplet 1x1 2.31t03.3 Nasal 5 PFU Respry RT-PCR
Shi et al. subadults.(13hdirect-droplet 1x1 6to9 Nasal 5 PFU Rectal -RIR

1 = number of inoculated cats and S = number s€eptible contacts per group at the start of tipegment.

PPFU = Plaque-forming units, TC#p= Fifty-percent tissue culture infective dose

° Type of samples considered as respiratory wesalsavabs, oropharyngeal swabs, nasal washes.| Bactples were: rectal sWws

or faeces.

4V/I = Virus Isolation
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Table 2. Summary description of the householdsesudcluded for estimation of the shedding (infac$) period and the

Reproductive NumbeR,.

Studies No. of Total No. of Number of Sample (Rout®) Diagnostic
households cats per households with test
household > 1 cat infectell

Data used for estimation of

Chaintoutis et al. (4), Hamer 3 3 1  Respiratory/rectal PCR,
et al.(7), Neira et al.(6) Serology
Hamer et al.(7), Klaus et 5 2 3 Respiratory/rectal PCR,
al.(5), Segales et al.(9), Serology
Neira et al.(6) Goryoka et

al.(8)

Barrs et al.(15), Bessiere et 4 1 Respiratory/rectal PCR,
al.(16) Serology

Ry, Shedding

Ry, Shedding

Shedding

For a cat to be considered infected it had todbep®sitive the last time the cats in the househeid sampled.

® Type of samples considered as respiratory wewsalrsavabs, apharyngeal swabs or oral swabs. Rectal samples vemital s\abs

or faeces.
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Table 3. Quantified parameters for direct contack droplet transmission of SARS-CoV-2 between aaisg data from transns®n

experiments or observational studies describingciindn and transmission at household 1ével.

Study No. groupsPeak shedding Latent period Infectious period Transmission rate R, mean (95% ClI)
/households  (logyox/ml)° L (days§ T (daysy B (day")
(No. without mean + SD mean (95% CI) mean (95% CIl) mean (95% CI) TXf Final Size
transmission)
Direct transmission
Halfmann et al.(10) 3(0)4.0 0.5 PFY 4.6(3.0-5.7 0.64(0.16-1.66) 2.9 (1.0-7.6) >1.2
3.5+0.6 PFO 5.4(3.6-6.8)
Bosco-Lauth et al.(11) 1(0) 4.0 +0.6 PFY 6.8 (4.5-8.4) 2.77 (0.45 - 8.93)15.2 (4.4 - 50.9)
4.1 +1.4 PFQ 4.7 (3.0-5.8)
Gaudreault et al.(12) 2(0) 9.0 RNA 6.6 (3.8-8.7) 1.46 (0.23-5.04) 9.6 (2.7 - 33.1)
Bao et al. (14) 8 (48.4 0.5 RNA 10.0 (6.5 - 12.4) 0.69 (0.21-1.65) 6.8 (2.8-16.3) 2.0 (0.5-7.7)
4.9 +0.6 RNA 11.6 (7.5 - 14.4)
Combined 1.1(05-2%) 46(3.0-57 0.88(0.45-1.52) 3.9(2.2-6.8) 3.3(1.1-11.8)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 08(03_1g)
Droplet transmission
Shi et al.juveniles(13) 3 (2Y.0 0.3 RNA 8.1(4.6-10.6) 0.10(0.01-0.46) 0.8(0.2-4.4) 1.0(0.1-7.6)
Shi et al.subadults(13) 3(2) 4.9+0.4 RNA 5.7(3.3-7.55 0.22(0.01-0.99) 1.2(0.2-6.7) 1.0(0.1-7.6)
Combined 0.8 (0.3-1.9) 0.14 (0.02-0.44) 1.1 (0.3-3.6) 1.0(0.2-4.7)
Household transmission
Households (4-6, 8, 9) 8(2) 6.1+1.6 RNA 6.6 (1.8 - 13.6) 3.8(1.2-42.2)
28.0+4.9 CT

#Where relevant, empty cells represent analysisiooé. Data was not suitable/sufficient to perftine corresponding analgsi
®x values are plaque-forming units (PFU), RNA copynbbers. CT = Real time PCR (RT-PCR) cycle threst®idi= standard

deviation
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¢ L was estimated fitting an exponential distributibrwas estimated fitting a Weibull distribution usieither virus isolation data or
PCR data (see column peak shedding) (Text S2).@inrfidence Intervals.

4 These are estimates for the contact-infected cats.

® These are estimates for the inoculated-infectésl ca

" Estimates done combining data from the differémdies or groups when a combined analysis was [ples§ior estimation oRythe
estimatedr from the contact infected cats from Halfmann €tl8) was used. This was because contact infectsdveae assumed to
resemble “natural” infection better than inoculatets and that virus isolation is a better indicatanfectiousness thaRT-PCR.

9 This estimate was done combining the data fronfiniéain et al.(10) and Bao et al.(14).

" Estimated using the estimat€drom the juvenile group. This estimate was basedasal shedding.
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