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Patients with COVID-19 frequently manifest adipose atrophy, weight loss
and cachexia, which significantly contribute to poor quality of life and
mortality*. Browning of white adipose tissue and activation of brown
adipose tissue are effective processes for energy expenditure®”; however,
mechanistic and functional links between SARS-CoV-2 infection and
adipose thermogenesis have not been studied. In this study, we provide
experimental evidence that SARS-CoV-2 infection augments adipose
browning and non-shivering thermogenesis (NST), which contributes

to adipose atrophy and body weight loss. In mouse and hamster models,
SARS-CoV-2infection activates brown adipose tissue and instigates a
browning or beige phenotype of white adipose tissues, including augmented
NST. This browning phenotype was also observed in post-mortem adipose
tissue of four patients who died of COVID-19. Mechanistically, high levels
of'vascular endothelial growth factor (VEGF) in the adipose tissue induces
adipose browning through vasculature-adipocyte interaction. Inhibition
of VEGF blocks COVID-19-induced adipose tissue browning and NST and
partially prevents infection-induced body weight loss. Our data suggest
that the browning of adipose tissues induced by COVID-19 can contribute to
adipose tissue atrophy and weight loss observed during infection. Inhibition
of VEGF signaling may represent an effective approach for preventing and
treating COVID-19-associated weightloss.

To study the mechanism underlying COVID-19-associated weight
loss, a transgenic mouse model developed by knocking in human
angiotensin-converting enzyme 2 (ACE2)® was employed in our study.
Inthis model, progressive weight loss alongside ‘wild-type’ SARS-CoV-2
virusinfection was observed within arelatively short period, typically
with significant weight loss within 1week (Fig. 1a). Although variations
existed among individual animals, approximately 20% weight loss as the
ethical endpoint was observed within 2 weeks. Examination of adipose
depots showed an approximately threefold reduction of subcutaneous
white adipose tissue (WAT) (sSWAT) (Fig. 1b). Aslight decrease of brown

adipose tissue (BAT) was also detected in SARS-CoV-2-infected animals
(Extended Data Fig.1a). Despite body weight loss, food intake was not
significantly different between the non-infected and infected groups
(Extended DataFig. 1b).

Histological and immunohistochemical analyses of BAT dem-
onstrated an activated phenotype with dense intracellular struc-
tures, high contents of COX4" mitochondria and high expression
levels of uncoupling protein 1 (UCP1) (Fig. 1c). Similarly, sWAT from
SARS-CoV-2-infected mice exhibited a marked browning pheno-
type with smaller adipocyte sizes and morphologically appeared as
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multivesicular structures (Fig. 1d). Consistent with morphological
changes, high contents of COX4" mitochondria and UCP1" structures
also existed in sSWAT adipocytes (Fig. 1d). Quantification of messenger
RNA levels of adipocyte browning markers, including Cox4, Ucpl,
Cox7a, Cox8b, Cidea and Prdmi16 validated browning phenotypes in
both BAT and sWAT (Fig. 1e and Extended Data Fig. 1c). Quantitative
analysis of UCP1and COX4 protein levels further corroborated brown-
ing of BAT and sWAT (Fig. 1f). Decreases of lipid dropletsin adipocytes
of SARS-CoV-2-infected adipose depots might create a superficial
browning phenotype of decreased adipocyte sizes and increases of
expressionbrowning proteins such as UCP1and COX4. To exclude this
possibility, we measure the total amount of UCP1 and COX4 proteins
inthe entire BAT and SWAT depots by a published immunoblot-based
method’. Consistent with increased levels of mRNA expression, the
totalamount of UCP1and COX4 in the entire BAT and SWAT depots was
markedly increased in SARS-CoV-2-infected mice. Thus, SARS-CoV-2
infection augments adipose browning. Together, these data demon-
strate that SARS-CoV-2infectionin mice augments abrowning pheno-
typein BAT and sWAT.

Lung tissues of SARS-CoV-2-infected mice were infiltrated with
extravasated non-cellular and cellular components in the alveolar
space, leading to severe hypoxia (Extended Data Fig. 2a). Accordingly,
mRNA and protein levels of CA9 and HIF1a were markedly increased
inthe lungtissue of the SARS-CoV-2-infected animals (Extended Data
Fig. 2a). Reconciling with local hypoxia in the lung tissue, SWAT also
suffered from hypoxia by showing high mRNA levels of Car9 and Hifla
expression (Fig. 1g). Immunoblots further validate the high levels of
HIF1locand CA9 proteins in SWAT of SARS-CoV-2-infected mice (Fig. 1h).

Expression levels of VEGF, amain target of HIF1a'*", in SWAT were
markedly increased (Fig. 1i). Consequently, circulating VEGF (cVEGF)
levels in the plasma of SARS-CoV-2-infected animals were markedly
increased (Fig. 1j). In concordance with high VEGF levels, microvas-
cular density in SWAT of SARS-CoV-2-infected mice was also markedly
increased and some of these microvessels showed Ki67 positivity over-
lapping with CD31" signals, indicating proliferating endothelial cells
in angiogenic vessels (Fig. 1k). Similar to sSWAT, BAT also experienced
tissue hypoxia by expression of high levels of CA9 and HIFlamRNAs and
proteins (Extended DataFig. 2b,c). Consequently, high VEGF expression
and vascular density existed in BAT of SARS-CoV-2-infected animals
(Extended DataFig. 2d,e). These results show that SARS-CoV-2-infected
adipose tissues contain high levels of VEGF and increased microvessels.

Significantbody weight loss was detected after day 4 of SARS-CoV-2
infection and progressively decreased thereafter (Extended Data
Fig.1d). Notably, BAT became activated only 24 h after SARS-CoV-2
infection and intensified until day 3 (Extended Data Fig. 1e,f). Marked
increases of mMRNA and protein levels of UCP1and COX4 were readily
detectable 24 h after infection. Similar to BAT activation, SWAT also
exhibited an overt browning phenotype by high expression of UCP1
and COX4 mRNA and protein 24 h after SARS-CoV-2 infection and
became maximally activated after day 3 infection (Extended Data
Fig. 1e,f). Additionally, visceral WAT (vWAT) browning occurred at

similar time points as SWAT (Extended Data Fig. 5m,n). These data show
that browning of various adipose depots occurs before body weight
loss inthe SARS-CoV-2-infected experimental model.

Previous work from our laboratory and others demonstrates
that VEGF is a crucial angiogenic factor that augments a brown-
ing phenotype in adipose tissues” . To investigate the functional
role of VEGF in adipose browning, we employed a loss-of-function
experimental approach by using an anti-mouse neutralizing antibody
(VEGF blockade)”. Under the standard mouse housing temperature
of 22 °C £ 2 °C, anti-VEGF treatment did not alter food intake in the
SARS-CoV-2-infected animals relative to controls (Extended Data
Fig. 3a). Treatment of SARS-CoV-2-infected mice with VEGF block-
ade largely restored the SWAT mass relative to the non-immune IgG
(NIigG)-treated sWAT (Extended Data Fig. 3b). We should emphasize
that VEGF blockade did not completely prevent the loss of SWAT weight.
In contrast, VEGF blockade had no impact on tissue mass of SWAT in
the non-infected healthy animals (Extended Data Fig. 3b). Consistent
with restoration of sSWAT, VEGF blockade also significantly increased
total body weight and body massindex (BMI) of SARS-CoV-2-infected
animals relative to the control group (Extended Data Fig. 3c).

Histological and immunohistochemical examination of SWAT in
SARS-CoV-2-infected mice showed a marked whitening phenotype by
VEGF blockade, which was nearly indistinguishable from NIIgG-treated
SWAT (Extended DataFig. 3d). Consistent with morphological whiten-
ing, VEGF blockade-treated sWAT showed markedly mitigated levels
of UCP1and COX4 (Extended Data Fig. 3d,e). Additionally, quanti-
tative analysis of mRNA levels of browning markers demonstrated
marked decreases of Cox4, Ucpl, Cox7a, Cox8b, Cidea and Prdm1i6 levels
(Extended Data Fig. 3e). Along with sWAT whitening, VEGF blockade
also alleviated adipose hypoxia by mitigating Car9, Hifla and Vegf
expression levels (Extended Data Fig. 3f,g). Consequently, anti-VEGF
treatment alsoinhibited adipose angiogenesisin SARS-CoV-2-infected
animals (Extended Data Fig. 3h). Similar whitening phenotypes of
anti-VEGF-treated BAT were also observed (Extended Data Fig. 4a—f).

SARS-CoV-2infection significantly increased thermal signals com-
pared to those in non-infected animals (Extended Data Fig. 4g). VEGF
blockade largely ablated the thermal effect in SARS-CoV-2-infected
animals, even though anti-VEGF had no impact on thermogenesis
in non-infected mice (Extended Data Fig. 4g). SARS-CoV-2 infection
markedly increased NST in non-immune IgG-treated mice (Extended
DataFig.4h). Of note, VEGF blockade ablated SARS-CoV-2-induced NST,
whichwasindistinguishable from non-infected control mice (Extended
DataFig.4h). Anti-VEGF treatment alone in non- SARS-CoV-2-infected
mice had no effect onsuppression of NST metabolism. Thus, our find-
ingsrevealed a VEGF-dependent mechanism of adipose browning and
NST metabolism in SARS-CoV-2-infected mice.

To study whether SARS-CoV-2 infection also induced a brown-
ing phenotype of vVWAT, we performed immunohistochemical and
molecular analyses using similar experimental approaches for BAT
and sWAT. Similar to sWAT, SARS-CoV-2 infection also augmented
vWAT mass, abrowning phenotype, exhibiting upregulation of UCP1,

Fig.1|SARS-CoV-2induces adipose atrophy in mice. a, Body weights of
non-infected (NI) and day-6 post-SC-infected mice (n = 6 mice per group). b,
Representative images of SWAT and quantification of adipose depot weights of
NI- or day-6 post-SC-infected mice (n = 6 samples per group). ¢,d, Histological
and immunohistochemical analyses of BAT and sWAT of NI or day-6 post-SC-
infected mice by staining with hematoxylin and eosin (H&E), perilipin (PERI),
UCP1and COX4.Immunohistological sections were counterstained (blue) by
4,6-diamidino-2-phenylindole (DAPI). UCP1- and COX4-positive signals of BAT
and sWAT were quantified (n = 8 random fields per group). e, mRNA levels of
browning markers of UcpI and Cox4 in BAT and sWAT of Nl or day-6 post-SC-
infected mice were quantified by qPCR (n = 8 samples per group). f, Immunoblot
analysis of UCP1and COX4 protein levels of BAT and sWAT in Nl or day-6 post-
SC-infected mice. B-actin served as internal control. Quantification of relative

and totalamount of UCP1and COX4 (n = 6 samples per group). g, Quantification
of Car9 and Hifla mRNA levels by qPCR in SWAT of NI or day-6 post-SC-infected
mice (n =8 samples per group). h, Quantification of HIFla and CA9 protein levels
by immunoblot in sSWAT of Nl or day-6 post-SC-infected mice. B-actin served as
internal controls (n = 6 samples per group). i, qPCR quantification of Vegf mRNA
levels in sSWAT of NI or day-6 post-SC-infected mice (n = 8 samples per group).j,
Quantification of cVEGF levels in the plasma of NI or day-6 post-SC-infected mice
(n=8mice per group).k, CD31staining and quantification of microvessels in
SWAT of NI or day-6 post-SC-infected mice. CD31and Ki67 double-positive signals
of SWAT were quantified (n = 8 random fields per group). Data are presented
asmean +s.e.m. Statistical analysis was performed using two-sided unpaired
Student’s t-tests. SC, SARS-CoV-2. Scale bar, 50 um.
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COX4 and other browning markers (Extended Data Fig. 5a-c). In vVWAT
of SARS-CoV-2-infected mice, marked increases of tissue hypoxia,
HIF1la expression, VEGF, microvascular density and CD31°Ki67*
double-positive signals were detected (Extended Data Fig. 5d-f). Treat-
ment of SARS-CoV-2-infected mice with VEGF blockade significantly
prevented the loss of VWAT mass by whitening adipocytes (Extended
Data Fig. 5g-1). These data indicate that SARS-CoV-2 augments VWAT

browning through a VEGF-dependent mechanism and anti-VEGF ther-
apy prevents adipose atrophy.

To exclude the possibility of low temperature in contributing to
adipose browning, we performed the same experiments of adipose
browning, NST and anti-VEGF treatment under 30 °C thermoneutral-
ity. Similar to 22 °C, SARS-CoV-2infection augmented nearly identical
browning phenotypes of BAT, sWAT and vWAT (Fig. 2a-e). Notably,

a b
- NI P<0.001
35 4 = SC N 05 ——
S 30 N NI sC S
2 = :lo S 04 .
z 25 ﬁN\.\.\- ° €
© 20 S D 03
() QO
2 15 2
> 10 SWAT g Z 02
o <
2 54 = o
] T T T T T T 1 1cm 0
01 2 3 4 5 6 7 —
Days after inoculation
c ucP1/ d cox4/
/DAPI H&E P<0.001
47F’<0.001 2 -
© H [
QNE 3 A y QE
© 3 © 3
e 2 _ A O
a o e z &8O
o< 14 p O
oX ¥ . o
0 =
= NI sC <§z "
o P<0.001 G s
N %’ 8¢ :
o X ¢ SE 24 :
s E Yl B ot
Lo Q By Y X xQ 4]
59 @ Wa . . 8>< nss
ox ) l“ ’!A
PO A 0-
NI SC A Ay ¥r NI SC
e
f BAT 3
- = 3 P<0.001 ® P<0.001
3 _ 10 .P<0001 © _ 8-P<0.001 NI SC g_. 8 >_ 4 .0 .
A 30 . - 285 . 2T g% 352
- 0 1 N — O J B = o >
Lsf 4] T o25° UCPI {— — - ewwmwwm| 33kDa § § 58 S ok
S ES L, B 41 55 4 8% 2 354 25
o £6 4 €9 COX4 v o = o F17kDa 5O 52 50 55
=2 5] S 2 55 2 s5 | L3 2 o5
g : 5E B-actin | == — == == — |- 45kDa & = xXE e £
> 0- o 0- = (o] o~ o 0 0
NI SC NI SC NI sC © NI SC
SWAT
— P=0.008 < NI SC E 8 P<_O‘OO1 9 8 P<_O‘OO1 2 Px 0'0.01
Q__ 64 —. E KT : Ry v <~ <
37 L5 UCPl {== — wmwmem| 33kDa c 26 i c26 5o 52
£ $§47 . =58 sE , 2g, o8 o8 e
g Es x5 COXA { == == wwm wmm - |17kDa 20 26 =G =0
[ [olye] el iyl So
w Eg 29 | k) -3 2 <735 2 °3 53
‘5§ X2 B-actin «{‘————— %45 kDa 8;—, o 5;—, o = L) o
o= o J Q= =)
> N ose O NEsc © NI SC NI SC
g h SWAT i
- T _ P<0.001
B .0 P2002 g NI sc S _ s P<0001 G 4. P<0.001 ®__ 6 <
30 . 2 - = 3y L9 : ) H
E-R'S Y- CAO amEn e gD IR R 0kDa 2 g2 L 54
Ig§50 25 HIFta {= - wa 85 ° 85 2 s &5
O — — — = N
3 Es Eg ifm—=m f120k0a £5 ) ag g 5 Eg 2
235 ° &3 : Y op 58 |
St 0 E‘:E“& B-act|n{-‘—-—-——-—}>45 kDa ST o L=9o o= o
NI SC N sc T NI SC NI SC
i k sWAT SWAT
C
27 s00
52 55 | P<0.001
2 g 400 o ® L2 .
§% 800 2 © &= - i
= <5 o T 15
8§ 2% a 52 =3 o8 10
L @ 100 o R 5 e 5 .
Oa x ©%5 5
e} 0 oz xQ
>G5 )
S NI SC 0
NI SC
Nature Metabolism | Volume 4 | December 2022 | 1674-1683 1676


http://www.nature.com/natmetab

Letter

https://doi.org/10.1038/s42255-022-00697-4

UCP1and COX4 were markedly increased in SARS-CoV-2-infected BAT,
sWAT and vWAT (Fig. 2d,e). Again, VEGF blockade largely ablated the
activation of browning of these adipose tissues, tissue hypoxia and
VEGF expression (Fig.2d-i). SARS-CoV-2 infection under thermoneu-
trality also markedly instigated thermal signals and NST metabolism,
which were dependent on VEGF (Fig. 2j,k). Together, these data dem-
onstrate that SARS-CoV-2 promotes adipose browning independently
from cold exposure.

To corroborate our findings in mice, we further investigated
COVID-19-induced adipose browning in a Syrian hamster model®.
Afterinfection, Syrian hamsters exhibited similar pathologies ashuman
COVID-19 pneumonia, including focal diffuse alveolar destruction in
theinfected lungs, hyaline member formation, inflammationresponse
and fever”. Unlike the mouse model, SARS-CoV-2 causes pneumonia
in non-genetically manipulated wild-type Syrian hamsters. Thus, the
hamster model of COVID-19 is considered to be a clinically relevant
animal model. Previous studies demonstrated that Syrian hamsters
are hibernators during cold seasons and possess BAT and browning
WATSs?, As seen in mouse models, browning phenotypes of adipose
tissues, expression of browning markers, including Ucpl, Cox4, Dio2,
Tbx1, Pdgfraand Tnfrsf9 expression and anti-VEGF responses were also
observedin SARS-CoV-2-infected Syrian hamsters (Fig. 3 and Extended
DataFig. 6).

Torelate our findings to clinical relevance, we studied the adipose
tissues from human patients who died of severe COVID-19. A 61-year-old
male patient without obvious comorbidity died of COVID-19 pneu-
monia. In addition, three other patients who died of COVID-19 were
recruited to autopsy studies. Detailed demographic information,
including age, sexand BMI of these patients was listed (Supplementary
Table1).Immunohistochemical staining showed that SWAT exhibited an
overt browning phenotype by elevated expression of UCP1and COX4
proteinsignals (Fig. 4a). Notably, VWAT also demonstrated increased
expression of thermogenic protein of UCP1and mitochondrial-specific
protein COX4. These findings show that SARS-CoV-2 infection can aug-
mentabrowning phenotype in visceral fatin humans. Previous studies
inhumans showed that BAT in adult humans is primarily located in the
supraclavicular, paravertebral, mediastinal, para-aortic and suprarenal
regions®* >, We, therefore, studied supraclavicular BAT from patients
who died of severe COVID-19. Patients without COVID who died of other
diseases served as controls in our experimental settings. Supraclav-
icular BAT from patients with COVID-19 exhibited high expression of
UCP1 and COX4. These results from immunohistochemical analysis
were further validated and quantified by gPCR, which showed marked
increases of UCPI and COX4in adipose tissues (Fig. 4b). Together, these
human datafurther corroborate the clinical relevance of our findings
in preclinical models.

It is estimated that full activation of 1 g BAT in an adult human
would burn away nearly 70 g WAT per year®®. In rodents, both BAT
activation and browning of sSWAT by cold exposure, $3-adrenoceptor

agonistsand foods markedly contribute to NST**. Along with adipocyte
browning, other cellular components, including microvasculature,
preadipocytes and inflammatory cellsin BAT and WAT undergo marked
alterations®. Perhaps angiogenesis and vessel remodeling are the most
overwhelming processes inbrowning adipose tissues®. Experimental
evidence demonstrates that the VEGF-VEGFR2 signaling pathway
plays a pivotal role in augmenting adipose angiogenesis. For exam-
ple, pharmacological blockage of VEGF and genetic deletion of the
Vegfr2 geneinendothelial cells ablates cold-induced adipose browning
and NST>51°,

Despite adipose atrophy in our experimental settings, we
did not find muscular atrophy and liver weight reduction in
SARS-CoV-2-infected animals versus non-infected control animals. Adi-
pose atrophy may partly contribute to total body weight loss butis not
fully correlated with total body weight loss. Perhaps other factors such
as fever-related dehydration may also contribute to body weight loss.

On the basis of our discoveries, we have hypothesized that high
levels of VEGF in SARS-CoV-2-infected individuals may contribute
to adipose browning and NST and blocking of VEGF may provide a
therapeuticapproachfor preventing adipose atrophy and weight loss
(Extended Data Fig. 7). In both mouse and hamster COVID-19 models,
VEGF blockade markedly inhibited browning of WATSs, indicating the
VEGF-dependent mechanism of WAT browning. Although suppression
of adipose browning by anti-VEGF treatment is difficult to be validated
in human patients, histological and immunohistochemical analyses of
autopsied human adipose tissue from patients who died of COVID-19
showed the existence of abrowning phenotype. Thus, our findings are
clinically relevant.

VEGF isakey upregulated growth factor caused by hypoxia, which
displays potent angiogenic and vascular permeability effects®**’. VEGF
hasbeen reported to cause abrown-like phenotype of WATs!»1+716-28-30,
In preclinical models, treatment of SARS-CoV-2-infected animals with
VEGF blockade significantly prevented body weight loss by restoring
WAT. Although SARS-CoV-2-infected animals suffer from acute weight
loss and are different from human patients, the anti-cachexic effect of
anti-VEGF treatmentinexorably corroborates this therapeutic concept.

Another notable issue related to adipose browning and NST is
fever, which is one of the most common and characteristic clinical
symptoms of infectious diseases, including COVID-19 pneumonia;
however, the molecular mechanisms underlying fever and heat pro-
duction in the body remain elusive. In particular, the role of NST by
browningadiposetissueinthe development of fever and adipose atro-
phy symptoms during COVID-19 pneumonia is completely unknown.
In this study, we provide evidence in mouse and hamster COVID-19
models that anti-VEGF may mitigate fever. Although the detailed
mechanisms underlying the antipyretic effect are not completely
understood at the time of writing, we reasonably speculate that whit-
ening of WATs provides an attractive mechanism of the antipyretic
effect of anti-VEGF drugs. Consistent with this notion, clinical trials

Fig.2|SARS-CoV-2 instigates adipose browning and NST metabolism under
thermoneutrality. a, Body weights of non-immune IgG (NIIgG)- and anti-VEGF-
treated Nl or SC-infected mice (n = 5 mice per group). Statistics on day 6 are
presented. b, Daily food intake of NIIgG- and anti-VEGF-treated Nl or SC-infected
mice (n =5 mice per group). Statistics on day 6 are presented. ¢, Representative
images of adipose depots of each group and quantification of adipose depot
weights of NlIgG- and anti-VEGF-treated NI or day-6 post-SC-infected mice
(n=>5samples per group).d, Histological and immunohistochemical analyses
of BAT, sWAT and VWAT of NlIgG- and anti-VEGF-treated Nl or day-6 post-SC-
infected mice by staining with H&E, PERI (green), UCP1 (red) and COX4 (red).
Tissue sections were counterstained with DAPI (blue). Quantifications of UCP1-
and COX4-positive signals (n = 8 random fields per group). e, mRNA levels of
browning markers of UcpI and Cox4 of NligG- and anti-VEGF-treated Nl or day-6
post-SC-infected mice were quantified by qPCR (n = 5samples per group). f, qQPCR
quantification of Car9 and Hifla mRNA levels of NlIgG- and anti-VEGF-treated NI

or day-6 post-SC-infected mice (n =5 samples per group). g, qPCR quantification
of VegfmRNA levels of NlIgG- and anti-VEGF-treated NI or day-6 post-SC-infected
mice (n =5samples per group). h, Quantification of circulating VEGF (cVEGF)
levels in the plasma of NI or day-6 post-SC-infected mice (n =5 mice per group).

i, CD31and Ki67 staining and quantification of microvessels of NI or day-6 post-
SC-infected mice. Tissue sections were counterstained with DAPI. CD31and Ki67
double-positive signals were quantified (n = 8 random fields per group).

Jj, Quantification of interscapular thermal signals of NllgG- and anti-VEGF-treated
NI or day-3 post-SC-infected mice (n =5 mice per group). k, Measurements of
NST by norepinephrine in NllgG- and anti-VEGF-treated NI or day-3 post-SC-
infected mice. NE, norepinephrine (n = 5mice per group). Data are presented
asmean + s.e.m. Statistical analysis was performed using one-way analysis of
variance (ANOVA) followed by Tukey multiple-comparison test and two-sided
unpaired Student’s ¢-tests. NS, not significant. Scale bar, 50 pm.
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Fig.3|SARS-CoV-2induces VEGF-dependent adipose browning in hamsters.
a, Histological and immunohistochemical analyses of sWAT of Nl hamsters and
NIlgG- or anti-VEGF-treated day-8 post-SC-infected hamsters by staining with
H&E, PERI, UCP1and COX4. Tissue sections were counterstained with DAPI (blue).
Quantification of UCP1- and COX4-positive signals in SWAT (n = 8 random fields
per group). b, mRNA levels of browning markers of Ucp1, Cox4, Dio2, Tbx1, Tnfrsf9
and Pdgfrain sWAT of Nl hamsters and NIIgG- or anti-VEGF-treated day-8 post-
SC-infected hamsters were quantified by qPCR (n = 6 samples per group). ¢, SWAT
weight and body weight of Nl hamsters and NIIgG- or anti-VEGF-treated day-8
post-SC-infected hamsters (n = 5hamsters per group). Statistics are shown on

Days after inoculation

day 8 of infection. d, qPCR quantification of Car9 and HifIla mRNA levels in SWAT
of NI hamsters and NIIgG- or anti-VEGF-treated day-8 post-SC-infected hamsters
(n=6samples per group). e, qPCR quantification of VegfmRNA levels in SWAT
of NI hamsters and NIIgG- or anti-VEGF-treated day-8 post-SC-infected hamsters
(n=6samples per group). f, Physiological scores and core body temperature of
NI hamsters and NIIgG- or anti-VEGF-treated day-8 post-SC-infected hamsters
(n=5hamsters per group). Statistics are shown on day 8 of infection. Dataare
presented as mean + s.e.m. Statistical analysis was performed using two-sided
unpaired Student’s ¢-tests. Scale bar, 50 pm.

with bevacizumab for treating patients with severe COVID-19 demon-
strated that anti-VEGF therapy produces a potent antipyretic effectin
nearly 100% of patients®.

We propose a therapeutic concept of treating COVID-19 weight
loss by whitening adipose tissue. Anti-VEGF drugs provide a suc-
cessful example of this type of therapy. Although we provide the
proof-of-concept example for treating COVID-19, the same therapeu-
tic principle can be probably expanded for treating other pulmonary
diseases; however, we admit that differences exist between preclini-
cal models in our study and human patients. Several factors, includ-
ing genetic background, age, sex, comorbidity and body weight loss
areintrinsically different between SARS-CoV-2 -infected humans and
experimental animals, highlighting the importance of confirming our
findings in humans.

Methods

Ethical permission for animal and human studies

All animals were performed in strict compliance with approved
ethical permits, including 8298-2020 and 10513-2020. Animals
were kept at the Astrid Fagraeus laboratory and the experiments
were performed in a biosafety level 3 laboratory at the Karolinska
Institutet under the guidelines of the Swedish Board of Agriculture.
The biological clock cycle for animals was 12 h light-dark. Food for
hamsters (Tiny Friends Farm, 1240789) and mice (Special Diets Ser-
vices, CRM, 801722) was given freely. The protocols were approved
by the local ethics committee, Stockholms Norra Djurforsoksetiska
Namnd and in compliance with the Animal Research Reporting of
In Vivo Experiments guidelines. All animals were randomly divided
into each group for exposure to 30 °C or room temperature and
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Fig.4 | COVID-19 stimulates adipose browning in human patients with
severe COVID-19. a, Histological and immunohistochemical analyses of
sWAT, vVWAT and supraclavicular BAT of autopsied fresh tissue samples from
patients who died of COVID-19 infection. Non-infected patients who died of
other diseases served as controls. Adipose tissues were stained with H&E,
PERI, UCP1and COX4. Tissue sections were counterstained with DAPI (blue).

UCP1- and COX4-positive signals in sWAT, vVWAT and BAT were quantified (n =8
random fields per group). b, Quantification of mRNA levels of UCPI and COX4
in human sWAT, vVWAT and BAT (n = 4 samples per group). Data are presented
as mean * s.e.m. Statistical analysis was performed using two-sided unpaired
Student’s t-tests. Scale bar, 50 pm.

received various treatments. For human studies, all autopsies were
conducted at the risk-autopsy facility of the Department of Clinical
Pathology/Cytology, Karolinska University Hospital. All individuals
were referred to the pathology department for the clinical autopsy to
establish the precise cause of death. The study was approved by the
Swedish Ethical Review Authority under approval nos. DNR 2020-02446
and 2020-04339.

Animal COVID-19 models and drug treatment

Heterozygous K18-hACE C57BL/6) mice (strain 2B6.Cg-Tg(K18-ACE2)
2Prlmn/J) were purchased from the Jackson Laboratory (strain
034860). Animals were housed in a group of fewer than five animals
per cage and fed with a standard chow diet. Mice at 12 weeks old were
intranasally administered with ‘wild-type’ SARS-CoV-2 virus at the

dose of 1x10? plaque-forming units (p.f.u.) per mouse. SARS-CoV-2
viruses wereisolated and expanded from clinical samples of wild-type
SARS-CoV-2 obtained from G. Mclnerney’s group at the Karolinska Insti-
tute accordingto previously published protocols™. A rabbit anti-mouse
VEGF neutralizing antibody at a dose of 7.5 mg kg™ (BD08O01, Simcere
Pharmaceutical Company) was intraperitoneally injected into each
mouse every other day, starting at day O of SARS-CoV-2 infection.
NllgG-antibody-treated animals served as controls using the same
treatment regimen. All animal experiments were terminated using a
lethal dose of isoflurane. Syrian hamsters at 8 weeks old were purchased
fromJanvier Labs. SARS-CoV-2viral particles at the dose of 1 x 10°p.f.u.
were intranasally administrated into each hamster. Anti-VEGF and
NIigG treatment regimens, schedules and protocols were the same as
those used in mouse studies.
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Measurements of food intake, body weight and BMI

To measure food intake and body weight, mice were caged two mice
per cage and free-fed with normal chow. Food consumption and body
weight of SARS-CoV-2-infected and non-infected mice were meas-
ured on a daily basis. BMI was calculated daily according to a pre-
viously published protocol® by (body weight (g) / (crown — rump
length (cm))?).

H&E histological staining

Inguinal WAT was used as subcutaneous WAT in mice and hamsters.
Epididymal WAT was used as VWAT in this study. Interscapular BAT
was used as BAT. In humans, supraclavicular adipose is a commonly
recognized BAT; sWAT was obtained under the skin in the abdomi-
nal region and vVWAT was obtained from the mesentery adipose tis-
sue. Paraffin-embedded tissues were cut into 5-pm-thick sections,
de-paraffinized in Tissue-Clear (1466, Sakura) and rehydrated with
sequential incubation in 99-95-70% ethanol using a stepwise proce-
dure. Tissue slides were stained with hematoxylin (6765009, Thermo
Fisher Scientific), followed by eosin (HT110116, Sigma). After dehydra-
tion with 95-99% ethanol, slides were mounted with a Pertex mounting
medium (00801, HistoLab). Stained tissues were photographed using
alight microscope (x20, Nikon Eclipse TS100) equipped witha camera
(DS-Fi1, Nikon) and software (NIS-Elements F3.2).

Immunohistochemistry

Paraffin-embedded tissues were cutinto 5-pm-thick sections. Before
staining, tissue slides were de-paraffinized by Tissue-Clear (1466,
Sakura) and rehydrated with sequential incubation with 99-95-70%
ethanol. Tissue sections were boiled for 20 min in an unmasking
solution (H3300, VECTOR) and subsequently blocked with 4% serum.
Tissue slides were stained overnight at 4 °C with primary antibod-
ies against COX4 (1:300 dilution, NB110-39115, Novus Biologicals),
UCP1 (1:300 dilution, PA1-24894, Thermo Fisher Scientific), Per-
ilipin (1:300 dilution, NB100-60554, Novus Biologicals), CA9 (1:300
dilution, NB100-417, Novus Biologicals), HIF1a (1:300 dilution,
36169, Cell Signaling Technology), CD31 (1:300 dilution, 553370, BD
Pharmingen) and Ki67 (1:300 dilution, PA5-19462, Thermo Fisher
Scientific), followed by further staining for 1 h at room temperature
with species-matched secondary antibodies: Alexa Fluor 555-labeled
goat anti-rat antibody (1:300 dilution, A21434, Thermo Fisher Sci-
entific), Alexa Fluor 488-labeled donkey anti-rat antibody (1:300
dilution, A21208, Thermo Fisher Scientific), Alexa Fluor 555 donkey
anti-rabbit antibody (1:300 dilution, A31572, Thermo Fisher Scien-
tific) and Alexa Fluor 488 donkey anti-goat antibody (1:300 dilution,
A11055, Thermo Fisher Scientific). Positive signals were detected
using a fluorescence microscope equipped with a camera (Nikon,
DS-QilMC).Images were analyzed using an Adobe Photoshop software
(CS6, Adobe) program.

Whole-mount staining

Tissue samples were collected and fixed overnight with 4% PFA. Samples
were cutinto thin pieces and digested for 5 min with20 mM proteinase
Kin a10 mM Tris-buffer (pH 7.5), followed by incubation with 100%
methanol for 30 min. Samples wereincubated at 4 °C with 0.3% Triton
X-100 PBS containing 3% skim milk overnight. Samples were washed
with PBS five times, followed by incubation with acombination of arat
anti-mouse CD31 (1:300 dilution, 553370, BD Pharmingen) antibody
overnight. Samples were incubated with an Alexa Fluor 555-labeled
goat anti-rat secondary antibody (1:300 dilution, A21434, Thermo
Fisher Scientific). After washing with PBS, tissues were mounted by
a VECTASHIELD mounting medium (H1000, Vector Laboratories).
Images were obtained by confocal microscopy (Nikon C1 confocal
microscope, Nikon). Dimensional images of vessels were analyzed.
Positive signals of CD31area were calculated using Adobe Photoshop
software (CS6, Adobe).

RNAisolationand qPCR

Total RNAs were extracted from tissues using TRIzol (15-596-018, Inv-
itrogen) and the GeneJET RNA purification kit (K0731, Thermo Fisher
Scientific) according to the manufacturer’s protocol. Total RNA con-
centrations were determined by NanoDrop2000. cDNA was synthe-
sized with the RevertAid cDNA synthesis kit (K1622, Thermo Fisher
Scientific) and was subsequently used for qPCR analysis with a Power
SYBR Green Master Mix (43-676-59, Invitrogen) using the StepOnePlus
Real-Time PCR System. qPCR data were quantified from the threshold
cycle (Ct) and relative expression levels were calculated by using the
274 method. All primers used are listed in Supplementary Table 2.

Immunoblotting

Total proteins from adipose tissues were extracted by a RIPA lysis/
extraction buffer (89900, Thermo Fisher Scientific) containing a Halt
Protease Inhibitor Cocktail (87785, Thermo Fisher Scientific). An equal
amount of protein from each sample was loaded onto Mini-PROTEAN
TGX Gels (4561086, Bio-Rad) and transferred to PVDF membranes
(1620184, Bio-Rad). Immunoblotting was incubated with the primary
antibodies specific for UCP1 (1:1,000 dilution, PA1-24894, Thermo
Fisher Scientific), COX4 (1:1,000 dilution, NB110-39115, Novus Bio-
logicals), CA9 (1:1,000 dilution; NB100-417; Novus Biologicals) and
HIF1a (1:1,000 dilution, 36169, Cell Signaling Technology). A primary
antibody against 3-actin (1:2,000 dilution, 3700, Cell Signaling Tech-
nology) was used to justify the sample loading levels. Secondary
antibodies-conjugated with IRDye 680RD donkey anti-mouse (1:15,000
dilution, 926-68072, LI-COR Biosciences) and IRDye 800CW donkey
anti-rabbit (1:15,000 dilution, 926-32213, LI-COR Biosciences) were
incubated. Densitometry analysis was performed using the Odyssey
CLXImaging System (LI-COR Biosciences).

ELISA

ELISA was used for determining mouse VEGF protein concentrations.
Todetectcirculating protein levels, mouse plasma VEGF (MMVO0O, R&D
Systems) were determined according to the manufacturer’s protocol
with the standard curve. Absorbance values were detected at 450 nm
using amicroplate reader and values were calculated using the formula
obtained from the trendline.

Quantification of total amounts of UCP1and COX4 protein
Determination of relative total amounts of proteins was performed
using a previously published method’. In brief, a total volume of
200 pl homogenates from each adipose depot was prepared. Total
protein contents of tissue homogenates were determined by the
bicinchoninic acid assay. Each homogenate in 30 pg was loaded for
immunoblot analysis. Positive signals of UCP1 and COX4 proteins
were defined per unit in each sample. Each unit was multiplied by the
amountof total proteinin the same sample to obtain the total amount
of protein.

Infrared thermal imaging

According to our recently published method**, SARS-CoV-2-infected
and non-infected mice under various experimental conditions were
anesthetized and placed in the same position, followed by imaging on
theback side using athermal camera (Infrared Thermal Imager, Fotric,
346). Thermal images of each experimental mouse were analyzed by
Fotric AnalyzIR software. Heat signals were quantified from images
(n=>5animals per group).

Metabolic analyses

Owing to the strict regulation of COVID-19 work at our institution,
oxygen consumption wasindirectly measured using an oxygen detec-
tor (Oxygen and Carbon Dioxide Detector CM-505; cat. no. CM-505).
NST measurements were performed using norepinephrine according
to our previously published method®. Mice were anesthetized and O,
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concentrations were measured by collecting samples every1 min. The
basal metabolic rate was measured before norepinephrine injection.

Statistical analysis
Collected data analyses were performed using GraphPad Prism (Graph-
Pad) and Microsoft 365 Excel. Data were presented as mean + s.e.m.and
statistical computations were performed using a standard two-tailed
Student’s t-test and one-way ANOVA. P < 0.05 was deemed to be sta-
tistically significant.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability
Fullscans of allimmunoblots are provided in the Supplementary Infor-
mation. Source data are provided with this paper.
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Extended Data Fig.1| SARS-CoV-2 instigates adipose browning. (a) mice at various infected time points were quantified by qPCR (n = 4 samples per
Representative images of BAT and quantification of brown adipose depot group). (f) Histological and immunohistochemical analyses of BAT and sWAT of
weights of NI- or day-6-post SC-infected mice (n = 6 samples per group). (b) Daily mice at various infected time points by staining with H&E, perilipin (PERI), UCP1
food intake of NI-and SC-infected mice (n = 6 mice per group). (c) mRNA levels and COX4. Immunohistological sections were counterstained by DAPI (blue).
of browning markers of Cox7a, Cox8b, Cidea, and Prdm16 in BAT and sWAT of UCP1and COX4 positive signals of BAT and sWAT were quantified (n =8 random
NI- or day-6-post SC-infected mice were quantified by qPCR (n = 8 samples per fields per group). Data are presented as means +s.e.m. Statistical analysis was
group). (d) Body weight of mice at various infected time points (n = 4 mice per performed using two-sided unpaired t-tests. NS = not significant. SC = SARS-

group). (€) mRNA levels of browning markers of Ucpl, Cox4in BAT and sWAT of CoV-2.Scalebar=50 um.
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Extended Data Fig. 2| SARS-CoV-2 instigates tissue hypoxia and VEGF of HIF1a.and CA9 protein levels by Western immunoblot in BAT of NI- or day-
expressionin mice. (a) Histological and immunohistochemical analyses of lung 6-post SC-infected mice. B-actin served as internal controls (n = 6 samples per
tissues of NI-and day-6-post SC-infected mice by staining with H&E, HIF1a.and group). (d) qPCR quantification of Vegf mRNA levels in BAT of NI- or day-6-post
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Quantification of Car9 and HiflamRNA and HIF1acand CA9 proteinlevelsby qPCR  Tissue sections were counterstained with DAPI (blue). CD31 and Ki67 double
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lung tissues. (b) Quantification of Car9 and Hifla mRNA levels by qPCR in BAT of presented as means + s.e.m. Statistical analysis was performed using two-sided
NI- or day-6-post SC-infected mice (n = 8 samples per group). (c) Quantification unpaired t-tests. NI = non-infected. SC = SARS-CoV-2. Scale bar =50 pm.
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Extended Data Fig. 4 | BAT whitening and ablation of NST by blocking

VEGEF. (a) Representative pictures of BAT and quantification of BAT weights of
non-immune IgG (NIIgG)- and anti-VEGF-treated NI- or day-6-post SC-infected
mice (n = 8samples per group). (b) Histological and immunohistochemical
analyses of BAT of NligG- and anti-VEGF-treated NI- or day-6-post SC-infected
mice by staining with H&E, Perilipin (PERI), UCP1and COX4. Tissue sections were
counter stained with DAPI (blue). Quantifications of UCP1and COX4 positive
signalsin BAT (n = 8 random fields per group). (c) mRNA levels of browning
markers of Ucpl, Cox4, Cox7a, Cox8b, Cidea, and Prdm16 in BAT of NlIgG-and
anti-VEGF-treated NI- or day-6-post SC-infected mice were quantified by qPCR
(n=6samples per group). (d) qPCR quantification of Car9 and Hifla mRNA
levels in BAT of NlIgG- and anti-VEGF-treated NI- or day-6-post SC-infected mice
(n=6samples per group). (e) qPCR quantification of Vegf mRNA levels in BAT of

NIIgG- and anti-VEGF-treated NI- or day-6-post SC-infected mice (n = 6 samples
per group). (f) CD31and Ki67 staining and quantification of microvessels in
BAT of NIIgG- and anti-VEGF-treated NI- or day-6-post SC-infected mice. Tissue
sections were counterstained with DAPI (blue). CD31and Ki67 double positive
signals of BAT were quantified (n = 8 random fields per group). (g) Quantification
of interscapular thermal signals of NllgG- and anti-VEGF-treated NI- or day-
3-post SC-infected mice (n = 5mice per group). (h) Measurements of NST by
norepinephrine in NlIgG- and anti-VEGF-treated NI- or day-3-post SC-infected
mice. NE = norepinephrine (n = 5mice per group). Data are presented as means
+s.e.m. Statistical analysis was performed using one-way analysis of variance
(ANOVA) followed by Tukey multiple-comparison test. NS = not significant.

NI =non-infected. SC = SARS-CoV-2. Scale bar =50 um.
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Extended DataFig. 5| VEGF-dependent mechanisms of SARS-CoV-2-induced
adipose browning. (a) Representative pictures and weight of VWAT and vVWAT
weight of NI-and day-6-post SC-infected mice (n = 6 samples per group). (b)
Histological and immunohistochemical analyses of VWAT of NI- and day-6-
post SC-infected mice by staining with H&E, Perilipin (PERI), UCP1and COX4.
Quantification of UCP1and COX4 positive signalsin VWAT (n = 8 random fields
per group). (c, d, ) Quantification of Ucpl, Cox4, Cox7a, Cox8b, Cidea, Prdm1I6,
Car9, Hifla and VegfmRNA level (n = 8 samples per group); UCP1, COX4, HIF1x
and CA9 protein level in VWAT of NI- and day-6-post SC-infected (n = 6 samples
per group). (f) CD31 and Ki67 staining and quantification of microvessels in
VWAT of NI- or day-6-post SC-infected mice (n = 8 random fields per group).
(g) Representative pictures of VWAT and vVWAT weight of NlIgG- and anti-
VEGF-treated NI- or day-6-post SC-infected mice (n = 8 samples per group).

(h) Histological and immunohistochemical analyses of VWAT of NligG- and
anti-VEGF-treated NI- or day-6-post SC-infected mice by staining with H&E,

Perilipin (PERI), UCP1and COX4. Quantifications of UCP1and COX4 positive
signalsin VWAT (n = 8 random fields per group). (i, j, k) Quantification of Ucp1,
Cox4, Cox7a, Cox8b, Cidea, Prdm16, Car9, Hifla and Vegf mRNA levels in VWAT of
NIIgG- and anti-VEGF-treated NI- or day-6-post SC-infected mice (n = 6 samples
per group). (I) CD31 and Ki67 double staining and quantification of microvessels
in VWAT of NIlgG- and anti-VEGF-treated NI- or day-6-post SC-infected mice (n =8
random fields per group). (m) Quantification of UcpI and Cox4 mRNA levels in
VWAT of SC-infected mice at various time points (n = 4 samples per group). (n)
Histological and immunohistochemical analyses of VWAT in SC-infected mice
atvarious time points by staining with H&E, perilipin (PERI), UCP1and COX4.
UCP1" and COX4'signals were quantified (n = 8 random fields per group). Data
are presented as means + s.e.m. Statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by Tukey multiple-comparison test and
two-sided unpaired t-tests. NS = not significant. NI = non-infected. SC = SARS-
CoV-2.Scalebar=50 um.
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Extended Data Fig. 6 | Suppression of BAT activation and vVWAT browning by mRNA levels of browning markers of Ucp1, Cox4, Dio2, Tbx1, Tnfrsf9, and Pdgfra

VEGF blockade in SARS-CoV-2-infected Syrian hamsters. (a) BAT and VWAT in BAT and vVWAT of NI- hamsters and NIIgG- or anti-VEGF-treated day-8-post SC-
weightsin NI- hamsters and NIIgG- or anti-VEGF-treated day-8-post SC-infected infected hamsters were quantified by qPCR (n = 6 samples per group). (d) mRNA
hamsters (n = 5hamsters per group). (b) Histological and immunohistochemical levels of Car9, Hifla and Vegfin BAT and vVWAT of NI- hamsters and NllgG- or anti-

analyses of BAT and vVWAT of NI- hamsters and NIIgG- or anti-VEGF-treated day-8- VEGF-treated day-8-post SC-infected hamsters were quantified by gPCR (n=6
post SC-infected hamsters by staining with H&E, Perilipin (PERI), UCP1and COX4.  samples per group). Data are presented as means + s.e.m. Statistical analysis
Tissue sections were counterstained with DAPI (blue). Quantification of UCP1 was performed using two-sided unpaired t-tests. NS = not significant. NI = non-
and COX4 positive signals in BAT and vVWAT (n = 8 random fields per group). (c) infected. SC = SARS-CoV-2.Scale bar =50 pm.
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Extended Data Fig. 7 | Schematicillustration of mechanisms underlying
SARS-CoV-2-induced adipose atrophy and weight loss. SARS-CoV-2 infection
triggers dyspnea and pathological changes in the infected lung tissues, including
pulmonary edema, inflammation, and obstruction of pulmonary alveoli. These
pathological alterations induce local hypoxia in the lung tissue and systemic
hypoxia in other tissues. Hypoxia serves as a potent factor to induce VEGF
expression through the HIF1a-VEGF promoter dependent mechanism. Non-
heparin-binding smaller isoforms of VEGF enters the circulation and produces

systemic effects on multiple tissues and organs. In the adipose tissue, the

local and circulating VEGF promotes browning phenotypes of WATs and BAT.
Activation of BAT and browning of WATs augment non-shivering thermogenesis
(NST) by heat production, which may partly explain the SARS-CoV-2-induced
fever. NST activation by SARS-CoV-2 also markedly augments energy
consumption, leading to alean phenotype and clinically manifesting as adipose
atrophy and weight loss.
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Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[x] [x] [x]

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection -Immunofluorescence images were captured using a camera (Nikon, DS-QiIMC) with NIS-Elements D3.2 (Nikon) software and quantified using
Adobe Photoshop software CS6 extended (Adobe) .
- The confocal images were recorded using the camera of a Nikon C1 confocal microscope with EZ-C1 3.91 software (Nikon) and quantified
using Adobe Photoshop software CS6 extended (Adobe) .
- For H&E staining, the image was captured by a light microscope (Nikon Eclipse TS100) with the camera (DS-Fil, Nikon) using NIS-Elements F
3.2 software (Nikon), and quantified using Adobe Photoshop software CS6 extended (Adobe) .
-Immunoblots files were collected using an Odyssey CLx system (LI-COR) with an Image Studio version 3.1 (LI-COR).
-The oxygen consumption data were collected using Oxygen and Carbon Dioxide Detector (CM-505) .
-Thermal images captured by infrared thermal imager were quantified using Fotric AnalyzIR software.
-RT-PCR files were collected using a StepOnePlus™ Real-Time PCR System (Applied Biosystems).

Data analysis Adobe Photoshop software CS6 extended (Adobe) program; Microsoft 365 Excel; GraphPad Prism 9.2.0(GraphPad Software); Image Studio ver
3.1; NIS-Elements F3.2; Fotric AnalyzIR software

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

=
QO
=
=
=
D
o
o
e
e
=i
—
D
2
O
=
=
(e}
(%]
=
=
3
Q
=




Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Full scans of all immunoblots are provided in the Supplementary Information. In addition, source data for all experiments are provided in this paper.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender A total of 4 non-covid19 infected patients, two males and two females, and 4 patients dead from covid19, two males and two

females took part in this study. The detail of the chemotherapy was described in supplementary information files.

Population characteristics A total of 4 non-covid19 infected patients, two males (BMI 34.5 kg/m2 aged 69, BMI 35.5 kg/m2 aged 74), and two females

Recruitment

Ethics oversight

(BMI 26.9 kg/m2 aged 75, BMI 24.9 kg/m?2 aged 61), and 4 patients dead from covid19, two males (BMI 27 kg/m2 aged 61,
BMI 24.7 kg/m?2 aged 55), and two females (BMI 26.9 kg/m2 aged 81, BMI 33.1 kg/m2 aged 57), took part in this study. The
detail of the chemotherapy was described in supplementary information files.

For human studies, all autopsies were conducted at the risk-autopsy facility of the Department of Clinical Pathology/Cytology,
Karolinska University Hospital, Huddinge, Stockholm, Sweden. All subjects were referred to the pathology department for the
clinical autopsy to establish the precise cause of death. Some potential self-selection biases, such as sex, age, and BMI, in
selecting the participants were not observed.

The study was approved by the Swedish Ethical Review Authority under the approval number DNR 2020-02446 and
2020-04339.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

E Life sciences

D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

Sample numbers in vivo experiments were indicated according to our published data and other publications[1-3]. Due to the 3R principle for
animal ethical permission, we used an optimal number of animals[4]. Sample sizes are indicated in Figure legends. No statistical calculations
were used to predetermine sample size for in vivo experiments.

[1] Seki, T., et al. “Brown-fat-mediated tumour suppression by cold-altered global metabolism.” Nature vol. 608,7922 (2022): 421-428.
[2] Seki, T., et al. “Ablation of endothelial VEGFR1 improves metabolic dysfunction by inducing adipose tissue browning.” The Journal of
experimental medicine vol. 215,2 (2018): 611-626.

[3] lwamoto H., et al. Cancer lipid metabolism confers antiangiogenic drug resistance. Cell Metab. 2018 Jul 3;28(1):104-117.e5.

[4] Swedish 3R-center, https://jordbruksverket.se/languages/english/the-swedish-3rs-center

No data were excluded.

All the biological experiments were performed at least twice and were reproducible. Murine studies: Experiments were performed at least
twice. The infected experiments for different treatments were performed at least twice and were reproducible. Analysis for metabolites was
performed once using five independent biological replecants. Human autopsy studies: the IHC and gPCR analyses using patients with Covid19
and non-Covid19 were performed two times using four independent biological samples.

Age, gender, and background-matched mice and hamster were randomly allocated into the groups for all animal experiments.

The author who was blinded to experimental groups performed the body weight of animal. Other experiments were carried out in non-
blinding. Because the animals were kept in P3 Lab and accepted different treatment, it was not possible to hide the animal identity.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [] chip-seq

Eukaryotic cell lines D Flow cytometry
Palaeontology and archaeology D MRI-based neuroimaging
Animals and other organisms

Clinical data

= ] = =[] §
=

Dual use research of concern

Antibodies

Antibodies used Information for antibodies in this study as below,
- Rat anti-mouse CD31 antibody (MEC 13.3; 1:300; 553370, BD Pharmingen)
- Rabbit anti-mouse/human UCP1 polyclonal antibody (1:300; PA1-24894, Thermo Fisher Scientific) for IHC
- Rabbit anti-mouse/human COX4 polyclonal antibody (1:300; NB110-39115, Novus Biologicals) for IHC
- Goat anti-mouse Perilipin polyclonal antibody (1:300; NB100-60554, Novus biologicals) for IHC
- Rabbit anti-mouse polyclonal CA9 (1:300; NB100-417; Novus biologicals) for IHC
- Rabbit anti-mouse HIF1a antibody (D1S7W; 1:300; 36169, Cell Signaling Technology) for IHC
- Rabbit anti-mouse Ki67 polyclonal antibody (1:300; PA5-19462; Thermo Fisher Scientific)
- Alexa Fluor 555-labeled goat anti-rat antibody (1:300; A21434; Thermo Fisher Scientific)
- Alexa Fluor 488-labeled donkey anti-rat antibody (1:300; A21208, Thermo Fisher Scientific)
- Alexa Fluor 555-labeled donkey anti-rabbit antibody (1:300; A31572; Thermo Fisher Scientific)
- Alexa Fluro 488-labeled donkey anti-goat antibody (1:300; A11055; Thermo Fisher Scientific)
- Rabbit anti-mouse UCP1 polyclonal antibody (1:1000; PA1-24894, Thermo Fisher Scientific) for immunoblotting
- Rabbit anti-mouse COX4 polyclonal antibody (1:1000; NB110-39115, Novus Biologicals) for immunoblotting
- Rabbit anti-mouse polyclonal CA9 (1:1000; NB100-417; Novus biologicals) for immunoblotting
- Rabbit anti-mouse HIF1a antibody (D1S7W; 1:1000; 36169, Cell Signaling Technology) for immunoblotting
- Mouse anti-mouse beta-actin antibody (8H10D10; 1:2000; 3700; Cell Signaling Technology)
- Donkey anti-mouse IRDye 680RD antibody (1:15000, 926-68072, LI-COR Biosciences)
- Donkey anti-Rabbit IRDye 800CW antibody (1:15000, 926-32213, LI-COR Biosciences)

Validation All antibodies used in this study were validated for the application and species by their manufacturers. The links as below,
- Rat anti-mouse CD31 antibody (MEC 13.3; 1:300; 553370, BD Pharmingen)
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
purified-rat-anti-mouse-cd31.553370
- Rabbit anti-mouse/human UCP1 polyclonal antibody (1:300; PA1-24894, Thermo Fisher Scientific) for IHC
https://www.thermofisher.com/antibody/product/UCP1-Antibody-Polyclonal/PA1-24894
- Rabbit anti-mouse/human COX4 polyclonal antibody (1:300; NB110-39115, Novus Biologicals) for IHC
https://www.novusbio.com/products/cox4-antibody_nb110-39115
- Goat anti-mouse Perilipin polyclonal antibody (1:300; NB100-60554, Novus biologicals) for IHC
https://www.novusbio.com/products/perilipin-antibody_nb100-60554
- Rabbit anti-mouse polyclonal CA9 (1:300; NB100-417; Novus biologicals) for IHC
https://www.novusbio.com/products/carbonic-anhydrase-ix-ca9-antibody_nb100-417b
- Rabbit anti-mouse HIF1a antibody (D1S7W; 1:300; 36169, Cell Signaling Technology) for IHC
https://www.cellsignal.com/products/primary-antibodies/hif-1a-d1s7w-xp-rabbit-mab/36169
- Rabbit anti-mouse Ki67 polyclonal antibody (1:300; PA5-19462; Thermo Fisher Scientific)
https://www.thermofisher.com/antibody/product/Ki-67-Antibody-Polyclonal/PA5-19462
- Alexa Fluor 555-labeled goat anti-rat antibody (1:300; A21434; Thermo Fisher Scientific)
https://www.thermofisher.com/antibody/product/Goat-anti-Rat-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21434
- Alexa Fluor 488-labeled donkey anti-rat antibody (1:300; A21208, Thermo Fisher Scientific)

https://www.thermofisher.com/antibody/product/Donkey-anti-Rat-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-21208

- Alexa Fluor 555-labeled donkey anti-rabbit antibody (1:300; A31572; Thermo Fisher Scientific)
https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-
Polyclonal/A-31572

- Alexa Fluro 488-labeled donkey anti-goat antibody (1:300; A11055; Thermo Fisher Scientific)

https://www.thermofisher.com/antibody/product/Donkey-anti-Goat-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal /
A-11055
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- Rabbit anti-mouse UCP1 polyclonal antibody (1:1000; PA1-24894, Thermo Fisher Scientific) for immunoblotting
https://www.thermofisher.com/antibody/product/UCP1-Antibody-Polyclonal/PA1-24894

- Rabbit anti-mouse COX4 polyclonal antibody (1:1000; NB110-39115, Novus Biologicals) for immunoblotting
https://www.novusbio.com/products/cox4-antibody_nb110-39115

- Rabbit anti-mouse polyclonal CA9 (1:1000; NB100-417; Novus biologicals) for immunoblotting
https://www.novusbio.com/products/carbonic-anhydrase-ix-ca9-antibody_nb100-417b

- Rabbit anti-mouse HIF1a antibody (D1S7W; 1:1000; 36169, Cell Signaling Technology) for immunoblotting
https://www.cellsignal.com/products/primary-antibodies/hif-1a-d1s7w-xp-rabbit-mab/36169

- Mouse anti-mouse beta-actin antibody (8H10D10; 1:2000; 3700; Cell Signaling Technology)
https://www.cellsignal.com/products/primary-antibodies/b-actin-8h10d10-mouse-mab/3700

- Donkey anti-mouse IRDye 680RD antibody (1:15000, 926-68072, LI-COR Biosciences)
https://www.licor.com/bio/reagents/irdye-680rd-donkey-anti-mouse-igg-secondary-antibody

- Donkey anti-Rabbit IRDye 800CW antibody (1:15000, 926-32213, LI-COR Biosciences)
https://www.licor.com/bio/reagents/irdye-800cw-donkey-anti-rabbit-igg-secondary-antibody

Animals and other research organisms
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Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Heterozygous K18-hACE ¢57BL/6J mice (strain: 2B6.Cg-Tg(K18-ACE2) 2Prlmn/J) at age of 12-week-old were purchased from the
Jackson’s Laboratory (Strain #034860). Syrian hamsters at age of 8-week-old were purchased from JANVIER LABS.

Wild animals This project did not use wild animals.

Reporting on sex This project did not report on sex.

Field-collected samples This study did not collect samples from the field.

Ethics oversight All mouse studies were approved by the North Stockholm Animal Ethical Committee, Stockholm, Sweden

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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