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• Housing at 31 °C reduced nasal turbinate
infection in the K18-hACE2 model of
COVID-19.

• The data is consistent with a warmer cli-
mate improving mucociliary clearance.

• The reduced nasal turbinate infection led
to reduced brain infection and delayed
mortality.

• At 31 °C several markers of lung inflam-
mation were elevated.

• Increase immune competence at thermo-
neutrality may cause increased lung in-
flammation.
Interpretation of the data presented herein; warmer ambient temperatures improve mucocilary clearance thereby re-
ducing nasal turbinate infection, which reduces infection of the olfactory epithelium and brain infection in K18-hACE2
mice. Warmer temperatures also improve immune competence leading to promotion of inflammation in the lungs.
A B S T R A C T
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Warmer climatic conditions have been associated with fewer COVID-19 cases. Herein we infected K18-hACE2 mice
housed at the standard animal house temperature of∼22 °C, or at ∼31 °C, which is considered to be thermoneutral
for mice. On day 2 post infection, RNA-Seq analyses showed no significant differential gene expression lung in lungs of
mice housed at the two temperatures, with almost identical viral loads and type I interferon responses. There was also
no significant difference in viral loads in lungs on day 5, but RNA-Seq and histology analyses showed clearly elevated
inflammatory signatures and infiltrates. Thermoneutrality thus promoted lung inflammation. On day 2 post infection
mice housed at 31 °C showed reduced viral loads in nasal turbinates, consistent with increased mucociliary clearance
at the warmer ambient temperature. These mice also had reduced virus levels in the brain, and an ensuing
drome coronavirus 2; ARDS, acute respiratory distress syndrome; K18-hACE2, transgenic mice where the keratin 18 promoter drives
0, 50%cell culture infectivity dose; RT-qPCR, quantitative reverse transcription polymerase chain reaction; RNA-Seq, RNA sequencing
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Brain
Anosmia
amelioration of weight loss and a delay in mortality. Warmer air temperatures may thus reduce infection of the upper
respiratory track and the olfactory epithelium, resulting in reduced brain infection. Potential relevance for anosmia
and neurological sequelae in COVID-19 patients is discussed.
1. Introduction

Ambient temperature can have important effects on virus replication in
a diversity of settings and for a range of different viruses (Lane et al., 2018;
Prow et al., 2017; Wimalasiri-Yapa et al., 2021; Zhang et al., 2017). In par-
ticular, for respiratory viruses, colder climatic conditions have traditionally
been associated with promotion of infection, with, for instance, clear sea-
sonal fluctuations in the northern hemisphere seen for influenza and com-
mon cold viruses (Maciorowski et al., 2021; Madaniyazi et al., 2021).
Epidemiological studies on SARS-CoV-2 infections and COVID-19 disease
have similarly associated lower climatic temperatures with an increase in
the number of infections and an increase in the mortality rate (Burra
et al., 2021; Chen et al., 2021; Christophi et al., 2021; Mu et al., 2021;
Sobral et al., 2020; Solmaz et al., 2021; Wang et al., 2021b; Wu et al.,
2020; Yuan et al., 2021). A range of mechanisms may be involved such as
virus stability, humidity and human behavior (Maciorowski et al., 2021).
However, once infected, increased air temperature (over a 2–11 °C range)
in field hospitals in China correlated with improved survival (Cai et al.,
2020). Perhaps in contrast, mild hypothermia (cooling the blood to 33.5
°C) was recently used to treat a COVID-19 patient (Cruces et al., 2021),
with mild hypothermia therapy also shown to reduce markers of injury
and inflammation in experimental models of acute respiratory distress syn-
drome (ARDS) (Akyol et al., 2022; Angus et al., 2022).

Mouse models have been used to explore the role of ambient tempera-
ture on infection and disease caused by a number of different viruses. For
instance, survival from rabies virus challenge was higher for mice housed
at 35 °C when compared with 21 °C (Bell and Moore, 1974). Similarly, sur-
vival after herpes simplex virus and Coxsackie A-21 infectionswas higher in
mice held at 36 °C when compared with 25 °C (Underwood et al., 1966).
These results have been attributed to increased immune cell competence
at the warmer temperatures, with the energy needed to drive immune pro-
cesses not being diverted towards heat generation (Vialard and Olivier,
2020). Humans are deemed to be thermoneutral at ≈20–22 °C, whereas
for mice the thermoneutral temperature is believed to be ≈29–32 °C
(Seeley and MacDougald, 2021). Arguably, experimental mice kept at tem-
peratures below thermoneutrality (usually 20–22 °C) are permanently cold
stressed, potentially complicating interpretation of mouse experiments and
their relevance to human disease (Ganeshan and Chawla, 2017; Seeley and
MacDougald, 2021; Speakman and Keijer, 2012). However, others have ar-
gued that cold stress may be ameliorated by provision of nesting materials
and co-housing with other mice allowing huddling (Gaskill and Garner,
2014), with such housing conditions now generally met in most animal
houses.

The innate anti-viral type I interferon (IFN) system represents a key re-
sponse to many acute viral infections, and can provide rapid early protec-
tion against explosive viral replication (Munoz-Moreno et al., 2021; Rudd
et al., 2012). Tissues and cells kept at only a few degrees below normal
mammalian core body temperatures (≈36–37 °C) have been shown to ex-
hibit suboptimal type I IFN responses after infection with respiratory
(Boonarkart et al., 2017; Eccles, 2021; Foxman et al., 2015; Foxman
et al., 2016) and non-respiratory viruses (Lane et al., 2018; Prow et al.,
2017; Zhang et al., 2017) resulting in increased viral replication. This effect
can also be observed in vivo; for instance, mice infected with chikungunya
virus and housed at 30 °C, rather than 22 °C, showed reduced virus replica-
tion in feet with a subsequent reduction in arthritis (Prow et al., 2017).
However, SARS-CoV-2 infection of IFNAR−/− mice indicated that endoge-
nously induced type I IFN responses do not significantly suppress SARS-
CoV-2 replication (Rawle et al., 2021),with SARS-CoV-2 proteins able to in-
hibit various steps in type I IFN production and the ensuing responses
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(Bastard et al., 2022; Guo et al., 2022; Setaro and Gaglia, 2021). Type I
IFN responses are, nevertheless, induced and contribute to immunopathol-
ogy (Kim and Shin, 2021; Lu et al., 2022; Rawle et al., 2021), with inhibi-
tion of type I IFN production using a cGAS-STING inhibitor (H-151) able
to inhibit SARS-CoV-2 lung immunopathology in K18-hACE2 mice
(Andreakos, 2022; Domizio et al., 2022).

K18-hACE2 mice have been widely used to evaluate interventions
against SARS-CoV-2 infection and disease (Alsoussi et al., 2020; Garcia-
Arriaza et al., 2021; Hassan et al., 2020; Mills et al., 2021; Rosenfeld
et al., 2021; Yan et al., 2022; Zheng et al., 2021) and (when housed at 22
± 1 °C) develop lung infection and respiratory disease resembling severe
COVID-19-associated ARDS (Arce and Costoya, 2021; Yinda et al., 2021).
RNA-Seq and bioinformatic analyses of SARS-CoV-2 infected lungs of
K18-hACE2mice also show a high level of concordance in proinflammatory
cytokine responses (the key drivers of ARDS) to those seen in infected
human lungs/lung tissues (Bishop et al., 2022). K18-hACE2 mice infected
via the intranasal route also develop a fulminant brain infection, which is
associated with mortality (Carossino et al., 2022; Fumagalli et al., 2022;
Kumari et al., 2021). Fulminant brain infection is, however, not a feature
of human disease (Butowt et al., 2021; Carossino et al., 2022; Fernandez-
Castaneda et al., 2022), although evidence for some level of brain infection
in COVID-19 patients has emerged (Balasubramanian et al., 2022; Chertow
et al., 2021; Fu et al., 2022; Gagliardi et al., 2021; Liu et al., 2021; Serrano
et al., 2021; Song et al., 2021; Wang et al., 2021a; Zhou et al., 2021), and
may play an important part in the neurological manifestations of COVID-
19 and long-COVID (Bauer et al., 2022; None, 2021). Infection of the olfac-
tory epithelium (Bryche et al., 2020; de Melo et al., 2021; Zheng et al.,
2021), perhaps also involving infection of olfactory neurons (Lempriere,
2021; Piras et al., 2021; Ye et al., 2021; Zhang et al., 2021), has been re-
ported for animalmodels and humans and is likely associatedwith anosmia
(loss of smell), a common COVID-19 symptom (Kumar et al., 2021). In K18-
hACE2 mice, virus likely enters the brain via the olfactory epithelium
(Carossino et al., 2022; Kumari et al., 2021; Yu et al., 2022), with high
virus titers seen in the nasal turbinates after intranasal delivery of virus
(Carossino et al., 2022; Guimond et al., 2022; Kumari et al., 2021; van
Oosten et al., 2022; Yu et al., 2022; Zheng et al., 2021). Brain infection is
also seen in hamsters (de Melo et al., 2021) and in a mouse model where
hACE2 is driven from the mouse ACE2 promoter (Sun et al., 2020). Infec-
tion with a number of viruses in the family Coronaviridae have also been as-
sociated with neurological involvement (Alluwaimi et al., 2020).

The K18-hACE2mousemodel was used herein to explore the role of am-
bient temperature on SARS-CoV-2 infection and disease. Mice were housed
at standard animal house temperature of 22±1 °C orwere housed at 31±
1 °C; the latter considered thermoneutral formice (Seeley andMacDougald,
2021). The mice were then infected with SARS-CoV-2 to ascertain whether
the increased temperature would influence infection, the innate immune
responses and/or immunopathology. Mice housed at 31 °C showed de-
creased infection of nasal turbinates and brain, but also showed increased
lung inflammation.

2. Materials and methods

2.1. Ethics statement and regulatory compliance

All mouse work was conducted in accordance with the Australian code
for the care and use of animals for scientific purposes as defined by the Na-
tional Health and Medical Research Council of Australia. Mouse work was
approved by the QIMR Berghofer Medical Research Institute Animal Ethics
Committee (P3600). All infectious SARS-CoV-2 work was conducted in a
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dedicated suite in a biosafety level 3 (PC3) facility at the QIMR Berghofer
MRI (Australian Department of Agriculture, Water and the Environment
certification Q2326 and Office of the Gene Technology Regulator certifica-
tion 3445). Breeding and use of GMmice was approved under a Notifiable
Low Risk Dealing (NLRD) Identifier: NLRD_Suhrbier_Oct2020: NLRD 1.1
(a). Mice were euthanized using carbon dioxide.

2.2. SARS-CoV-2

The SARS-CoV-2 isolate (hCoV-19/Australia/QLD02/2020) (GISAID
accession EPI_ISL_407896) (original strain) was kindly provided by Dr.
Alyssa Pyke (Queensland Health Forensic& Scientific Services, Queensland
Department of Health, Brisbane, Australia). Virus stocks were generated in
Vero E6 cells as described (Rawle et al., 2021). The virus was determined to
be mycoplasma free using co-culture with a non-permissive cell line (i.e.
HeLa) and Hoechst staining as described (La Linn et al., 1995). The Fetal
Bovine Serum (Gibco) used to propagate cells and virus was determined
to be endotoxin free using RAW264-HIV-LTR-luc indicator cells (Johnson
et al., 2005). The virus was titered using CCID50 assays (see below).

2.3. K18-hACE2 mice, housing and infection

K18-hACE2 mice (strain B6.Cg-Tg(K18-ACE2)2Prlmn/J, JAX Stock No:
034860) were purchased from The Jackson Laboratory, USA, and were
maintained in-house as heterozygotes by backcrossing to C57BL/6J mice
(Bishop et al., 2022). Mice were genotyped using hACE2 Primers: Forward:
5′-CTT GGT GAT ATG TGG GGT AGA -3′; Reverse: 5′-CGC TTC ATC TCC
CAC CAC TT -3′ (recommended by NIOBIOHN, Osaka, Japan) (Amarilla
et al., 2021; Bishop et al., 2022).

The housing conditions for the mice were as follows; light = 12:12 h
dark/light cycle, 7:45 a.m. sunrise and 7:45 p.m. sunset, 15 min light
dark and dark light ramping time. Enclosures, M.I.C.E cage (Animal Care
Systems, Colorado, USA); up to 6 mice per cage. Ambient temperature, 22
± 1 °C. Humidity,≈55%. Ventilation, 100% fresh air, 16 complete air ex-
change/h/room, with cages on continuous air flow sourced from the room.
Environmental enrichment, paper cups (Impact-Australia), tissue paper,
cardboard rolls. Bedding, PuraChips (Able Scientific) (aspen fine). Food,
double bagged Norco rat and mouse pellet (AIRR, Darra, Qld.). Drinking
water was deionized and acidified with HCl (pH ≈ 3.2). Although acidifi-
cation can influence themicrobiome (Whipple et al., 2021), this is standard
practice to prevent infection of the water supply; a pertinent feature espe-
cially at the higher housing temperature.

For each experiment mice were sorted into groups with a similar age
distribution and the same gender in each group. Mice were then moved
to the PC3 facility and housed under the same conditions as above but at
22 ± 1 °C or 31 ± 1 °C for 24 h prior to being infected, and were housed
at these temperatures until they were euthanized. Mice were infected
intrapulmonarily via the nasal route with 5 × 104 CCID50 of virus in 50
μl medium while under light anaesthesia; 3 % isoflurane (Piramal Enter-
prises Ltd., Andhra Pradesh, India) delivered using The Stinger, Rodent An-
aesthesia System (Advanced Anaesthesia Specialists/Darvall, Gladesville,
NSW, Australia).Micewere euthanized using CO2, and tissueswere homog-
enized using four ceramic beads at 6000 rpm twice for 15 s (Precellys 24
Homogenizer, Bertin Instruments, Montigny-le-Bretonneux, France). After
centrifugation for 10 min, 9400 ×g at 4 °C, virus titers in supernatants
were determined by CCID50 assays using Vero E6 cells.

2.4. Disease scores

Overt clinical signs of mice were scored on a scale of 0–3 (Diseases
scores) according to posture, activity, and fur ruffling. For all criteria, the
normal condition was designated as 0. For posture, hunching only while
at rest was designated as 1, moderate hunching with some impairment of
normal movement was designated as 2, and severe hunchingwith difficulty
in maintaining upright posture was designated as 3. For activity, a mild to
moderate decrease was designated as 1, stationary unless stimulated was
3

designated as 2, and reluctant to move even if stimulated was designated
as 3. For fur ruffling, mild to moderate fur ruffling was designated as 1, se-
vere ruffling was designated as 2, and any sign of shivering was designated
as 3. Any animal reaching a level of 3 in any single criterion was eutha-
nized, and any animal reaching a level of 2 in two or more criteria was eu-
thanized.

2.5. CCID50 assays

CCID50 assays were undertaken using Vero E6 cells using 10 fold serial
dilution in duplicate as described (Rawle et al., 2021; Yan et al., 2021).

2.6. Histology

Lungs were fixed in 10 % formalin, embedded in paraffin, and sections
stained with H&E (Sigma-Aldrich, Darmstadt, Germany). Slides were
scanned using Aperio AT Turbo (Aperio, Vista, CA, USA) and images ex-
tracted using Aperio ImageScope software v12.3.2.8013 (Leica Biosystems,
Wetzlar, Germany). Leukocyte infiltrates were quantified bymeasuring nu-
clear (strong purple staining) / cytoplasmic (total red staining) pixel ratios
in scannedH&E stained images (n=2whole lung sections permouse), and
was undertaken using Aperio Positive Pixel Count Algorithm (Leica
Biosystems) (Prow et al., 2017). Quantitation of white space in scanned im-
ages of H&E stained lung parenchyma (with areas greater than ≈100 μm
set as a threshold) was undertaken using PixelClassifierTools in QuPath
v0.3.2.

2.7. RT-qPCR

Quantitative reverse transcriptase PCR was undertaken as described
(Rawle et al., 2021) using the following primers: SARS-CoV-2 E, F 5′-
ACAGGTACGTTAATAGTTAATAGCGT-3′, R 5′-ATATTGCAGCAGTACG
CACACA; and mouse Rpl13a F 5′-GAGGTCGGGTGGAAGTACCA-3′, R 5′-
TGCATCTTGGCCTTTTCCTT-3′.

2.8. RNA-Seq and bioinformatics

In-house RNA-Seqwas undertaken as described using female mice (n=
6 mice per cage) using Illumina Nextseq 550 platform generating 75 bp
paired end reads (Bishop et al., 2022; Rawle et al., 2021). The per base se-
quence quality for >90 % bases was above Q30 for all samples. Subsequent
analyses were undertaken as described (Bishop et al., 2022; Rawle et al.,
2021), with the mouse reference genome GRCm39 primary assembly and
GENCODE M27 used in the combined reference that included SARS-CoV-
2 isolate Wuhan-Hu-1 (NC_045512.2; 29,903 bp). In brief, counts for
mouse genes and for SARS-CoV-2were generated using RSEM and differen-
tially expressed geneswere determined using EdgeR. To avoidmissing type
I IFN genes, which have low read counts (Wilson et al., 2017), a low filter of
row sum normalized read count >1 was used.

DEGs in direct and indirect interactions were analyzed using Ingenuity
Pathway Analysis (IPA) (QIAGEN) using the Canonical pathways, Up-
Stream Regulators (USR) and Diseases and Functions features (Rawle et al.,
2022). Enrichment for biological processes, molecular functions, KEGG
pathways, and other gene ontology categories in DEG lists was elucidated
using the STRING database (Szklarczyk et al., 2019) in Cytoscape (v3.7.2)
(Shannon et al., 2003). GSEAs were undertaken using MSigDB (https://
www.gsea-msigdb.org/gsea/msigdb/) and ImmuneSigDB (https://
immunespace.org/announcements/home/thread.view?rowId=50).

2.9. Statistics

Statistical analyses of experimental data were performed using IBM
SPSS Statistics for Windows, Version 19.0 (IBM Corp., Armonk, NY, USA).
The t-test was used when the difference in variances was <4, skewness
was >minus 2 and kurtosis was <2 (deemed normally distributed). Other-
wise, for non-parametric data the Mann Whitney U test was used if the

https://www.gsea-msigdb.org/gsea/msigdb/
https://www.gsea-msigdb.org/gsea/msigdb/
https://immunespace.org/announcements/home/thread.view?rowId=50
https://immunespace.org/announcements/home/thread.view?rowId=50
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difference in variances was <4, otherwise the Kolmogorov-Smirnov test
was used.

3. Results

3.1. Nasal turbinates on day 2 post infection showed lower viral loads at 31 °C vs.
22 °C

In this K18-hACE2 mouse model of SARS-CoV-2 infection and disease,
virus is generally inoculated into the lungs of lightly anesthetized mice
Fig. 1. Nasal turbinate and brain infection for mice housed at 31 °C vs. 22 °C. a K18
intrapulmonarily via the intranasal route. Nasal turbinates were harvested on day 2 po
qPCR normalized to Rpl13a (House-keeping gene). Statistics by Mann Whitney U test
CCID50 assays. Data from 2 independent experiments. c. Brains were harvested on d
normalized to TPM normalized Rpl13a read counts are shown. Statistics by Kolmogoro
by RNA Seq to provide 2022 DEGs. DEGs were analyzed by IPA and selected top inflam
e As for d but showing selected neuron-associated signatures identified in IPA, and by
determined on the indicated days; n = 12 mice per group, data derived from two indep
mice reached ethically defined end points for euthanasia; n = 6 for 31 °C and n = 17
rank statistic. h Disease scores (data for 31 °C taken from 2 independent experiments).
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via the intranasal route, with the nasal turbinates (part of the upper respira-
tory tract) becoming infected and showing high viral loads (Carossino et al.,
2022; Guimond et al., 2022; Kumari et al., 2021; vanOosten et al., 2022; Yu
et al., 2022; Zheng et al., 2021), which peak around day 2 post infection
(Oladunni et al., 2020; Rathnasinghe et al., 2020).

K18-hACE2 mice were housed at standard animal house temperatures
(22 ± 1 °C) and were then moved to rooms held at 31 ± 1 °C or 22 ± 1
°C, hereafter referred to as 31 °C or 22 °C, respectively. A day later, all
mice were inoculated with 50 μl of 5 × 104 CCID50 SARS-CoV-2 (original
strain, QLD02) into the lungs via the intranasal route. On day 2 post
-hACE2 mice were housed at 31 °C or 22 °C and were infected with SARS-CoV-2
st infection from mice infected with SARS-CoV-2 and viral load determined by RT-
. b Brains were harvested on day 5 post infection and tissue titers determined by
ay 5 post infection and analyzed by RNA Seq. TPM normalized viral read counts
v Smirnov test. d Brains were harvested on day 5 post infection and were analyzed
mation annotations shown (full data sets are available in Supplementary Table 1).
Cytoscape in up-regulated DEGs. f Percent body weight change relative to day 0
endent experiments. Statistics by Kolmogorov-Smirnov tests. g Survival; time until
for 22 °C (the latter derived from 3 independent experiments). Significance by log
Statistics by Kolmogorov-Smirnov test.
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infection, mice housed at 31 °C showed significantly lower levels of viral
RNA in their nasal turbinates than mice housed at 22 °C, as measure by
RT-qPCR and normalized to the house keeping gene Rpl13a (Mogal and
Abdulkadir, 2006) (Fig. 1a).

3.2. Brains on day 5 post infection showed lower viral loads and inflammation at
31 °C vs. 22 °C

Infection of K18-hACE2 mice with SARS-CoV-2QLD02 is associated with
a fulminant brain infection (Guimond et al., 2022; van Oosten et al., 2022)
that is also seen with other SARS-CoV-2 strains, with the virus likely
reaching the olfactory bulb and then the brain via the olfactory
neuroepithelium (Carossino et al., 2022; Fumagalli et al., 2022; Ye et al.,
2021; Yu et al., 2022). The olfactory epithelium is located at the back of
the nasal turbinates, separated from the olfactory bulb by the cribriform
plate (Gardner et al., 2015), with axons of the olfactory neurons passing
through the plate to the olfactory bulb (Bilinska et al., 2020).

The mean infectious virus titers in brain on day 5 post infection were
lower for mice housed at 31 °C; but this did not reach significance
(Fig. 1b). However, RNA-Seq did show a significantly lower level of viral
RNA (read counts normalized to Rpl13a) in the brains of these mice on
day 5 (Fig. 1c), consistent with lower viral RNA levels in the nasal turbi-
nates on day 2 (Fig. 1a). RNA-Seq provides viral RNA reads from both infec-
tious virus, as well as non-infectious viral RNA that has accumulated over
several days of infection (Martin and Griffin, 2018).

Consistent with the reduced viral load (Fig. 1c), the brains of infected
mice housed at 31 vs. 22 °C showed a series of inflammation-associated an-
notations with negative z-scores (Fig. 1d; Supplementary Table 1). Neurons
are infected in K18-hACE2 brains (Carossino et al., 2022; Dong et al.,
2022), with neuron-associated signatures identified with positive z-scores
and neuron-associated genes found in up-regulated DEGs, indicating re-
duced infection and disruption of these cells at 31 °C (Fig. 1e, Supplemen-
tary Table 1).

3.3. Improved survival of SARS-CoV-2 infected K18-hACE2 mice housed at 31
°C vs. 22 °C

In the K18-hACE2 model the fulminant brain infection is associated
with weight loss and mortality (Carossino et al., 2022; Fumagalli et al.,
2022; Yu et al., 2022), with ethically defined end points for euthanasia usu-
ally met by day 5 post infection (Amarilla et al., 2021; Bishop et al., 2022;
Guimond et al., 2022).

Mice held at 31 °C showed significantly less weight loss on days 4 and 5
post infection (Fig. 1f) and survived slightly, but significantly, longer
(Fig. 1g), consistentwith the reduced level of brain infection and inflamma-
tion. Although disease score for activity and posture were not significantly
different, fur ruffling was significantly less prominent in mice housed at 31
°C (Fig. 1h). Ruffled fur is generally considered to be a sign of a febrile re-
sponse (Groeneveld et al., 1988; Smith et al., 2010), with shivering and
chills likely to be ameliorated at warmer temperatures. The febrile response
has recently been shown to involve the brain (Eskilsson et al., 2021).

3.4. No significant differential gene expression for lungs on day 2 for 31 °C vs.
22 °C

Although in humans SARS-CoV-2 infection generally travels from the
upper to the lower respiratory track, infection of lungs in the K18-hACE2
mouse model requires direct inoculation of virus into the lungs of anesthe-
tized mice, with an estimated ≈40 μl of the inoculum reaching the lower
respiratory track. Lungs were harvested on day 2 post infection and were
analyzed by RNA-Seq, with SARS-CoV-2 read counts not significantly dif-
ferent for mice held at the two temperatures (Fig. 2a).

RNA-Seq comparison of the transcriptome of infected lungs for mice
held at the two temperatures provided no significantly differentially
expressed genes (DEGs) on day 2 post infection. Consistent with this find-
ing, type I IFN responses and type I IFN read counts were essentially
5

identical (Supplementary Fig. 1). Thus, although substantial type I IFN ac-
tivity was induced by SARS-CoV-2 infection on day 2 (as would be expected
(Rawle et al., 2021)), neither the induction of type I IFN mRNA, nor the
type I IFN-induced transcriptional responses showed any significant differ-
ences for 31 °C vs. 22 °C. Although type I IFN responses generally operate
more effectively at temperatures closer to core body temperatures
(Boonarkart et al., 2017; Eccles, 2021; Foxman et al., 2015; Foxman
et al., 2016; Lane et al., 2018; Prow et al., 2017; Zhang et al., 2017), this
would appear not to manifest during acute SARS-CoV-2 infection in this
model.

To ascertain if there was any indications of a temperature effect, Gene
Set Enrichment Analyses (GSEAs) were undertaken using ranked gene list
(Supplementary Table 2a) and gene sets from the Molecular Signatures Da-
tabase (MSigDB), a collection of≈30,000 gene sets. Two dominant themes
emerged from the signatures, muscle and epithelial differentiation (Supple-
mentary Table 2b). Thesemight be interpreted as amild increase at 31 °C of
smooth muscle hyperplasia and squamous metaplasia of lung epithelium,
both of which have been described as inflammatory responses in SARS-
CoV-2 infected lungs (Boszormenyi et al., 2021; Margaroli et al., 2021;
Ramasamy et al., 2022; Recalde-Zamacona et al., 2020; Woolsey et al.,
2021).

3.5. Increased inflammation signatures in lungs on day 5 post infection for 31 °C
vs. 22 °C

RNA-Seq analysis of infected lungs on day 5 post infection for mice
housed at 31 °C showed no significant difference in viral read counts
(Fig. 2b). Viral titers in the lungs were also not significantly different
(Fig. 2c). Nevertheless, RNA-Seq analysis of SARS-CoV-2 infected lungs
on day 5 post infection for mice housed at 31 °C vs. 22 °C provided 841
DEGs (q < 0.05) (Supplementary Table 3a, b). The gene expression profile
and bioinformatic analyses did, to some extent, reflect the different housing
temperatures (Fig. 2d). Specifically, the most down-regulated gene at 31 °C
was the mitochondrial uncoupling protein, Ucp1 (Fig. 2d; Supplementary
Table 3b), with Ucp1 up-regulated by cooler ambient temperatures to pro-
mote thermogenesis (Cui et al., 2016; Denjean et al., 1999). The Thermoreg-
ulation annotation in IPA Disease or Functions showed a slight, but
significant, negative z-score for mice housed at 31 °C (Fig. 2d; Supplemen-
tary Table 3d). The GO Process term Response to cold was identified as sig-
nificant in the DEGs down-regulated at 31 °C (Fig. 2d; Supplementary
Table 3f).

IPA and Cytoscape analyses of the DEGs showed a series of annotations
illustrating that for mice housed at 31 °C, leukocyte activity and migration
was increased, and cytokine responses were higher (Fig. 2e; Supplementary
Table 3c–e). This observation is consistent with reports showing enhanced
immune function and immune cell metabolism for mice housed at thermo-
neutral temperatures when compared with≈21 °C (Carpenter et al., 2020;
Rubin, 2017; Seeley and MacDougald, 2021; Vialard and Olivier, 2020).
Mounting an immune response incurs a considerable energy burden,
which may be harder to meet when energy allocations are diverted to ther-
mogenesis (Derting Terry and Compton, 2003; Ganeshan et al., 2019). Such
an interpretation is supported by the prominence of signatures associated
with metabolic processes and metabolism of lipids in the down-regulated
DEGs for infected lungs at 31 °C vs. 22 °C (Fig. 2f; Supplementary
Table 3f). For mice held at 31 °C the requirement to burn fat to supply en-
ergy for thermogenesis is reduced, with an ensuing increase in energy avail-
ability for immune responses.

The acute respiratory distress syndrome (ARDS) that is associated with
severe COVID-19 is generally viewed as a pro-inflammatory immunopa-
thology with inter alia excessive IL-6, TNF, IL-1β (Wong and Perlman,
2022) and neutrophils (Cui et al., 2021). Although IL-6 was not identified
(Supplementary Table 3c), the following inflammation-associated signa-
tures emerged with positive z-scores for mice infected at 31 °C; (i) TNF
and IL-1 β (Fig. 2e), (ii) neutrophils (Fig. 2g; Supplementary Table 3d, e),
as well as (iii) shock, necrosis and influenza pathogenesis (Fig. 2g; Supple-
mentary Table 3d, e, g). These data illustrate that at the warmer housing



Fig. 2. LungRNA-Seq formice housed at 31 °C vs. 22 °C. a Lungswere taken day 2 post infection andwere analyzed byRNA-Seq. TPMnormalized read counts for SARS-CoV-2
divided by TPM normalized read counts for Rpl13a (house keeping gene) are shown for each mouse. n.s. – not significant, Kolmogorov Smirnov test. b As for a but for lungs
taken on day 5 post infection. Statistics as in a. c Lung virus titers on day 5 post infection determined by CCID50 assays; data derived from4 independent experiments. Limit of
detection≈2 log10CCID50/g. Statistics as in a. d RNA-Seq of mouse lungs taken day 5 post infection comparing mice held at 31 °C vs. 22 °C. The 841 DEGs were analyzed by
IPA and Cytoscape. Thermogenesis associated genes and annotations are shown (full data sets are available in Supplementary Table 3). e As for d but showing selected
dominant immune response and inflammation-associated annotations. f The DEGs down-regulated at 31 °C in lungs were analyzed by Cytoscape, with multiple
metabolism signatures identified (Supplementary Table 3f). g As for d but showing dominant immune pathology associated annotations.

Fig. 3. Lung histology for mice housed at 31 °C vs. 22 °C. a Aperio Positive Pixel Count Algorithm (Aperio ImageScope analysis) of H&E stained lung sections showing strong
purple pixels (nuclear staining) over total red (cytoplasmic staining) ratios, which indicates the level of leukocyte infiltration. Statistics by t-test. b Example of H&E staining
showing increased leucocyte infiltrates in infected lungs on day 5 for mice housed at 31 °C.
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temperature, SARS-CoV-2-associated lung inflammation was more severe,
suggestive of an increase in ARDS severity.

3.6. Lungs on day 5 post infection showed more cellular infiltrates at 31 °C vs. 22
°C

The bioinformatic signatures identified by IPA (e.g. Fig. 2e, leukocyte
migration) were supported by histology, with Aperio image analysis of
H&E stained lung sections showing an increase in the ratio of nuclear to cy-
toplasmic staining for mice housed at 31 °C (Fig. 3a). As leukocytes have a
higher ratio of nuclear to cytoplasmic staining than resident tissue cells, an
overall increase in nuclear/cytoplasmic staining ratios indicates increased
levels of leukocyte infiltration (Prow et al., 2019; Prow et al., 2017). Exam-
ples of H&E staining are shown in Fig. 3b (an uninfected control is shown in
Supplementary Fig. 2a). Lung consolidation (loss of alveolar airspaces) was
measured as the proportion of white space in H&E stained lung paren-
chyma (Amarilla et al., 2021), but showed no significant differences (Sup-
plementary Fig. 2b, c).

3.7. GSEAs indicated that inflammatory infiltrates and processes were similar for
31 °C vs. 22 °C

ImmuneSigDB provides≈5000 immunology-specific gene sets that can
be used to interrogate gene lists (herein ranked by fold change) using
GSEAs (Godec et al., 2016). We have previously reported results of such
an analysis for infected lungs vs. naïve lungs for this model at 22 °C, with
significant GSEAs grouped by the cell type mentioned in the gene set anno-
tation and ranked by Normalized Enrichment Scores (NES) in each group
(Bishop et al., 2022). Here we compare the GSEAs for infected vs. naïve
lungs (Fig. 4, top heat map) with the same analysis for infected lungs for
mice housed at 31 °C vs. 22 °C (Fig. 4, middle heat map). The results
show a high level of concordance, with gene sets showing significant en-
richment and high NES overlapping considerably for the two data sets
(Fig. 4; Supplementary Table 4). As might be expected, a greater number
of significant GSEAs were identified for infected lungs vs. naïve lungs (n
= 1967 significant GSEAs) than for infected lungs 31 °C vs. 22 °C (n =
997). The major cellular infiltrates and associated immune processes
would thus appear to be largely similar at 22 °C and 31 °C.

The same process was undertaken for infected brains for mice housed at
31 °C vs. 22 °C (Fig. 4, bottom heat map). Generally, annotations with pos-
itive NES in lung (increased at 31 °C) showed negative NES in brain (de-
creased at 31 °C) (Fig. 4; Supplementary Table 4), suggesting the cellular
infiltrates and processes in infected lungs and brains are largely compara-
ble, but increased in lung and decreased in brain for mice housed at 31 °C.

4. Discussion

We show herein that the improved ability of the early innate type I IFN
anti-viral response to operate at temperatures closer to normal mammalian
Fig. 4.GSEAs using ImmuneSigDB. GSEAs were undertaken using gene sets from Immun
type (mentioned in the GSEA annotation) and ranked by NES and plotted as heat maps.
Middle, lungs of infected mice 31 °C vs. 22 °C. Bottom, brains of infected mice 31 °C vs.
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core body temperatures (≈36–37 °C) (Boonarkart et al., 2017; Eccles,
2021; Foxman et al., 2015; Foxman et al., 2016; Lane et al., 2018; Prow
et al., 2017; Zhang et al., 2017) did not appear to manifest significantly
for SARS-CoV-2 infection of lungs of K18-hACE2 mice housed at 31 °C.
The overriding ability of SARS-CoV-2 to evade and inhibit early anti-viral
type I IFN responses (Beyer and Forero, 2022; Guo et al., 2022; Oh and
Shin, 2022; Setaro and Gaglia, 2021; Tay et al., 2022; Wong and Perlman,
2022) and for lung viral loads to be largely unaffected by endogenous
type I IFN responses (Boudewijns et al., 2020; Rawle et al., 2021), likely
provide an explanation for these observations.

Both RNA-Seq and histology analyses illustrated that mice housed at 22
°C had decreased lung inflammation and leukocyte infiltrates, consistent
with a reduction in the severity of ARDS. Immune functions are often de-
creased for mice housed under standard animal house temperatures,
which are considered to be below thermoneutrality (Carpenter et al.,
2020; Rubin, 2017; Seeley and MacDougald, 2021; Vialard and Olivier,
2020). Herein, such reduced immune function would appear also to result
in decreased lung immunopathology. The observation is consistent with
the general contention that cryotherapy (e.g. icing) reduces inflammation
and tissue damage (Kwiecien and McHugh, 2021), with mild hypothermia
also able to ameliorate lung inflammation in animal models of non-viral
ARDS (Akyol et al., 2022; Angus et al., 2022). In humans ARDS is the
main cause of morbidity and mortality for COVID-19 patients; however,
there is no compelling data suggesting ARDS in humans is less severe dur-
ing the winter, or in geographic regions with cooler climates. Quite the con-
trary, transmission andmortality is generally seen to increase during cooler
climatic conditions. However, such epidemiological correlations may be
unable to detect any reduction in ARDS severity at cooler temperatures,
given that other overarching mechanisms are in play. For instance, during
winter in northern climates there is less UV-inactivation and dehydration
of virus in droplets/aerosols, and people spend more time indoors (Burra
et al., 2021; Chen et al., 2021; Christophi et al., 2021; Mu et al., 2021;
Sobral et al., 2020; Wang et al., 2021b; Wu et al., 2020). Increased air tem-
perature, over a 2 °C to 11 °C range, in COVID-19 field hospitals also de-
creased mortality (Cai et al., 2020); however, other factors may again
come into play at these low temperatures, such as impaired tissue regener-
ation (Kwiecien andMcHugh, 2021). Our data is consistent with the notion
that mild hypothermia (housing at 22 °C) might reduce the severity of lung
inflammation (Fig. 2e, g) and thus by implication also ARDS (Cruces et al.,
2021; Dos Reis Ururahy and Park, 2021). Human data supporting such a
contention may be limited (Solmaz et al., 2021) because, unlike laboratory
mice, COVID-19 patients with severe ARDS are generally not kept at tem-
peratures below thermoneutrality. Although mild hypothermia has been
suggested as a potential treatment option (Cruces et al., 2021; Dos Reis
Ururahy and Park, 2021), any advantage over anti-inflammatory cortico-
steroid treatments (Griesel et al., 2022; Wagner et al., 2021) might need
to be established, given the latter is arguably simpler, cheaper and safer.

The reduced level of brain infection and inflammation for mice housed
at 31 °C likely underpins the reduced weight loss and delayed mortality
eSigDB and ranked gene lists. Significant GSEAs were grouped by the indicated cell
Top, previously published results for lungs from Infected vs. naïve K18-hACE2 mice.
22 °C.
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(Carossino et al., 2022; Fumagalli et al., 2022; Kumari et al., 2021; Yu et al.,
2022). Reduced brain infection likely arises from reduced infection of the
nasal turbinates at 31 °C vs. 22 °C (Fig. 1a), given the virus probably enters
the brain via the olfactory epithelium (Carossino et al., 2022; Kumari et al.,
2021). Reduced infection of the upper respiratory track (nasal turbinates)
at 31 °C may be due to the more than doubling of the beat frequency of
cilia from nasal epithelium held at for 31 °C vs. 22 °C (Green et al., 1995).
Mucociliary clearance is the first line of defense against airway infection
and is driven by the beating of 200–300 cilia present in every airway epi-
thelial cell (Gallo et al., 2021; Kawaguchi et al., 2022). The beating cilia
propel mucus and associated pathogens out of the respiratory track to the
laryngopharynx, where it is ultimately swallowed (Robinot et al., 2021).
Mucociliary clearance is believed to mitigate against SARS-CoV-2 infection
(Chatterjee et al., 2020; Courtney and Bax, 2021; Ferreira et al., 2022), al-
though ultimately ciliated cells are targeted by viral infection in humans
(Robinot et al., 2021). Increased mucociliary clearance may be one of the
factors that contribute to reduced respiratory infections during warmer cli-
matic conditions, although its relative importance given other factors is un-
clear (Moriyama et al., 2020).

For the K18-hACE2 mouse model described herein, 50 μl of medium
containing the SARS-CoV-2 inoculum is delivered intranasally, and what-
ever fluid remains in the nasal cavity would likely be rapidly and largely
cleared to allow breathing, given mice are obligatory nasal breathers.
Then more efficient mucociliary clearance at 31 °C would explain the
lower viral RNA levels in the nasal turbinates of mice house at this temper-
ature (Fig. 1a); although it should be noted that mucociliary clearance was
not measured in our study and other factors may be involved (Horstmann
et al., 1977; Tippe et al., 1998). Humidity can effect mucocillary clearance
(Kudo et al., 2019), and humidity was similar for mice held at the two tem-
peratures (≈55 %). Reduced infection of the nasal turbinates and thus the
olfactory epithelium, would delay brain infection, and the ensuing weight
loss and mortality (Fumagalli et al., 2022). Why increased mucociliary
clearance did not significantly reduce lungs titers for mice housed at 31
°C is unclear. However, this may simply reflect the difficulty in shifting,
viamucociliary clearance, the≈40 μl of viral inoculum that is delivered di-
rectly into the lungs, before significant viral infection has taken place. In
humans, infection tends to migrate from the upper to the lower respiratory
track, a feature not recapitulated by mouse models. While initial infection
of the upper respiratory track in humans may be modulated by mucocilary
clearance (Chatterjee et al., 2020; Courtney and Bax, 2021; Kumar et al.,
2021), to what extent warmer ambient air temperatures would increase
mucociliary clearance in human lungs and thereby lead to ameliorated
lung infection remains unclear (Bridges et al., 2022).

The value of the K18-hACE2 mouse model for understanding human
disease has been extensively discussed (Arce and Costoya, 2021; Bishop
et al., 2022; Dong et al., 2022; Oladunni et al., 2020; Yinda et al., 2021;
Yu et al., 2022; Zheng et al., 2021). To what extent the fulminant brain in-
fection seen in this model is informative for neurological manifestations of
COVID-19 in humans (Dangayach et al., 2022) remains controversial
(Butowt et al., 2021; Carossino et al., 2022). However, olfactory disorders
(including anosmia) appear to be considerably more common in cooler
Western countries (33.4 %) than in warmer East Asian countries (8.3 %)
(Kumar et al., 2021), an observation consistent with Fig. 1a. Importantly,
a significant associated between persistent anosmia and long-lasting cogni-
tive problemswas recently reported at a conference (RADC, 2022), suggest-
ing that in humans there may also be a link between infection of the
olfactory epithelium and brain involvement.

5. Conclusion

When comparedwith standard animal house temperature of≈22 °C, at
thermoneutral housing temperature (≈31 °C) the K18-hACE2 mouse
model of SARS-CoV-2 infection and disease showed reduced infection
levels in the nasal turbinates and the brain (leading to reduced weight
loss and delayed mortality), but increased inflammation in the lung. The
data support the view that warmer climatic ambient air temperatures lead
8

to an increase in mucociliary clearance of the viral inoculum in the nasal
turbinates. The reduced infection of the nasal turbinates is associated
with reduced infection of the brain, with brain infection fulminant and as-
sociated with mortality in this mouse model. A growing body of evidence
suggests brain infection can occur in humans andmay give rise to neurolog-
ical manifestations of COVID-19 and long-COVID; however, brain infection
is neither fulminant nor lethal. The K18-hACE2 mouse model recapitulates
many aspects of severe ARDS, and at 31 °C, inflammatory cytokines and
leukocyte infiltrates were significantly elevated in lungs, arguing that,
once infected, warmer ambient temperatures may worsen lung inflamma-
tion. The observation is consisted with the general contention that mild hy-
pothermia can reduce inflammation; although the suggested use of mild
hypothermia as a treatment for COVID-19 ARDS may not be germane,
given inter alia the availability of corticosteroids as an anti-inflammatory
treatment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.160163.
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