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Introductory paragraph 26 

 Obesity is one of the most significant risk factors for the deterioration and mortality 27 

associated with COVID-19 [1]. A certain proportion of COVID-19 patients experience marked 28 

elevations of inflammatory mediators, termed “cytokine storm”, resulting in the deterioration 29 

of the respiratory condition [2,3]. In the present study, we elucidate that the high visceral 30 

adipose tissue (VAT) burden was more closely related to accelerated inflammatory 31 

responses and the mortality of Japanese COVID-19 patients than other obesity-associated 32 

markers, including body mass index (BMI). To explore a novel stratification of COVID-19 33 

patients, we infected mouse-adapted SARS-CoV-2 in several obese mice, revealing that 34 

VAT-dominant ob/ob mice and diet-induced obesity obese mice died after infection with low-35 

titer mouse-adapted SARS-CoV-2 virus due to the subsequent cytokine storm, whereas none 36 

of the subcutaneous adipose tissue (SAT) dominant db/db mice or control lean wild-type mice 37 

died. SARS-CoV-2 genome and proteins were more abundant in the lungs of ob/ob mice, 38 

engulfed in macrophages, resulting in increased production of inflammatory cytokine 39 

represented by IL-6. As well as the anti-IL-6 treatment, the prevention of obesity by leptin 40 

administration improved the survival of SARS-CoV-2 infected ob/ob mice by reducing the 41 

viral protein burden and excessive immune responses. 42 

 43 
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Results 53 

Visceral, but not subcutaneous adipose tissue accumulation was associated with 54 

death in Japanese COVID-19 patients. 55 

 We have previously reported the clinical characteristics of Japanese COVID-19 patients 56 

focusing on the thrombotic complications [4]. During inpatient management and data 57 

collection, we also noticed that the patients with abdominal fat dominant obesity, namely, 58 

apple-shaped (VAT dominant) obesity, tend to experience severer disease courses and 59 

worse outcomes rather than those with pear-shaped (SAT dominant) obesity. The former is 60 

closely associated with metabolic disorders and immune-related diseases [5,6], whereas the 61 

latter type of obesity does not preclude such association with specific diseases. Therefore, 62 

we hypothesized that the accumulation of VAT would fuel the systemic inflammatory 63 

responses in COVID-19, and the burden of VAT would become a more reliable marker to 64 

identify the patients with a potential risk. 65 

 To evaluate whether body composition was associated with the outcome of COVID-19, 66 

we quantified the fat areas in the abdomen and in the subcutaneous tissues using 67 

abdominal CT scan images and (Fig. 1A) [7]. These data were analyzed in correlation with 68 

disease severity and outcome. VAT area, SAT area, and BMI were associated with the 69 

peak severity of COVID-19 (Fig. 1B-D). Among the obesity-related markers, the VAT area 70 

was the single marker with a statistically significant association with death (Extended Data 71 

Table 1). By drawing the Receiver Operating Characteristic (ROC) curve, we designated 72 

the cut-off value of VAT area as 175 cm2 in order to maximize sensitivity and specificity 73 

(81.0% and 55.9%, respectively). Indeed, multivariable analysis using a logistic regression 74 

model revealed that increased VAT area (p<0.0001) was a robust independent risk factor 75 

for mortality due to COVID-19 in addition to other known risk factors [8–12] such as older 76 

age (p=0.0389), chronic kidney disease (CKD) above grade 4 (p=0.0382), and history of 77 

infarction (p=0.0097), with high adjusted odds ratio (Extended Data Table 2). Kaplan-Meier 78 

survival analysis also revealed the survival rate during hospitalization was worse in the 79 

patients with high VAT burden but not in those with high BMI or high SAT burden (Fig. 1E-80 

G). The Harrell's c-statistic with optimism correction using the internal bootstrap method of 81 

the Cox regression model [13] including the known risk factors (gender male, hypertension, 82 

history of infarction, elevated HbA1c (> 7.5%), and CKD (≥ grade 4)) was 0.6632 (Extended 83 

Data Table 3). By adding increased VAT (> 175 cm2) to this model, we could improve the 84 

value to 0.7229, whereas the addition of BMI (> 30 kg/m2) or SAT (>160 kg/m2) decreased 85 

(0.6470 and 0.6157, respectively). 86 



 Interestingly, increased adipose tissue has weak, but significant, correlations with 87 

several biomarkers, including CRP, D-dimer and, ferritin at both the early phase and the 88 

disease peak in the relatively younger group (Fig. 1H, 1I, and Extended Data Fig. 1A-C). 89 

Since macrophages and adipocytes in VAT contributed to subclinical inflammation in some 90 

metabolic diseases [14], we hypothesized that increased VAT burden also fueled the 91 

inflammatory responses during COVID-19 and resulted in worsening outcomes in some 92 

patients. 93 

 94 

Visceral obese mice were more susceptible to SARS-CoV-2 infection 95 

 The ob/ob and db/db mice have a genetic dysfunction of leptin ligand or receptor, 96 

respectively, leading to hyperphagia and a similar level of obesity (Extended Data Fig. 2A). 97 

Visceral adipose accumulation including fatty liver was dominant in ob/ob mice rather than 98 

in db/db mice (Extended Data Fig. 2B and 2C), as shown previously [15,16]. The number of 99 

crown-like structures (CLS), which are formed with inflammatory macrophages as a result 100 

of excessive apoptotic adipocyte exposure, were more frequently observed in the livers 101 

from ob/ob mice than those from db/db mice, indicating the existence of subclinical 102 

inflammation [15]. 103 

 Immune responses against mouse-adapted SARS-CoV-2, established from human 104 

isolates, reached peak levels at three days post-infection (dpi), as shown previously [17]. 105 

Intriguingly, all the ob/ob mice died around four to nine dpi, after inoculation with mouse-106 

adapted SARS-CoV-2 (Fig. 2A and 2B). In contrast, all the db/db mice, as well as the 107 

control C57BL/6 mice, survived. Histological analysis at the disease peak (three dpi) 108 

revealed the minor differences among the three strains, and the lung inflammation was 109 

distributed widely in B6 and ob/ob mice rather than db/db mice (Extended Data Fig. 3A and 110 

3B), indicating that the infection itself was less likely a cause of death in ob/ob mice. 111 

However, the SARS-CoV-2-positive cells in the alveolar area were more abundant in ob/ob 112 

mice than in the other two strains (Fig. 2C-2E), while those in the bronchial area were 113 

similar among three groups. Indeed, more copies of SARS-CoV-2 genomic RNA-encoding 114 

spike (S) protein were detected in the lungs of ob/ob mice at three dpi (Fig. 2F). To 115 

consider the susceptibility of lung cells to SARS-CoV-2 infection, we analyzed the 116 

distribution of SARS-CoV-2 antigens at one dpi. Both bronchial and alveolar cells of ob/ob 117 

mice showed greater levels of SARS-CoV-2 IHC staining (Extended Data Fig. 4A-4C). 118 

However, both the viral infectivity assay using lung homogenates at one dpi or at three dpi 119 



and experimental SARS-CoV-2 infection using isolated lung epithelial cells demonstrated 120 

indifferent results among three groups (Extended Data Fig. 4D and 4E). These findings 121 

indicated that the susceptibility of lung cells to SARS-CoV-2 infection and replication 122 

capability was indifferent among three strains.  123 

 Thus, we considered that the detection of viral-derived genomes or proteins would 124 

result from phagocytosis to explain the discrepancy. Interestingly, SARS-CoV-2 genomic 125 

RNA was also detected in the liver and in circulating cells, particularly in ob/ob mice (Fig. 126 

2G and 2H). The proportion of SARS-CoV-2 antigen-positive macrophages was increased 127 

in ob/ob mice, although F4/80-positive macrophages as well as EpCAM-positive lung 128 

epithelial cells co-localized with SARS-CoV-2 antigens in all three strains (Fig. 2I-2K). 129 

Additionally, SARS-CoV-2 viral particles were observed using an electron microscope to be 130 

present only in the macrophages and disrupted epithelial cells (Fig. 2L). However, no virus-131 

derived ultrastructures, such as double-membrane vesicles and budding virions, during 132 

viral replication were found in the macrophage. The high density and irregular nucleocapsid 133 

arrangement of the viral particles in macrophage endosomes further indicated that they 134 

were distinct from infectious post-budding viral particles. These observations suggested 135 

that the macrophages in ob/ob mice carried disrupted viral particles during phagocytosis 136 

and did not support viral replication.  137 

 Therefore, we considered that SARS-CoV-2 antigen-carrying phagocytes circulated 138 

systemically in ob/ob mice and might induce inflammasome-dependent activation, as 139 

shown previously [18,19].  140 

 141 

Innate immune activation and cytokine storm occurred in the lungs of ob/ob mice. 142 

 On three dpi we evaluated the inflammatory cytokine levels, revealing that IL-6 and 143 

type I/II interferon responses were upregulated in the lungs of ob/ob mice but not in db/db 144 

and wild-type mice at RNA levels and protein levels (Fig. 3A-3C). Additionally, we observed 145 

an impairment of type I interferon responses in db/db mice (Fig. 3A and 3B), consistent a 146 

previous report [20]. In the RNA-Seq analysis, the major principal components exhibited 147 

separated gene expression patterns between the three strains (Fig. 3D). Among 184 genes 148 

identified as shared differentially expressed genes (DEGs), we identified using pathway or 149 

gene set enrichment analysis that global alterations of inflammation-associated pathways 150 

were enriched in the shared DEGs and were enhanced in ob/ob mice but not in the other 151 



mice (Fig. 3F and 3G). The representative DEGs in the top four pathways of Fig. 3F are 152 

shown as a heatmap in Fig. 3H. 153 

 We next explored the differences between ob/ob and db/db mice by further RNA-Seq 154 

regardless of SARS-CoV-2 infection. The pathway enrichment analysis of the 738 DEGs 155 

identified different gene expressions in several immune-response associated pathways, 156 

including the phagosome pathway (Extended Data Fig. 5A-5C). Based on the differences in 157 

genetic backgrounds of ob/ob and db/db mice (e.g., C57BL/6 and C57BLKS, respectively), 158 

different expressions of major histocompatibility complex class II molecules were identified 159 

(Extended Data Fig. 5D). Beyond the differences, we observed a clear separation of 160 

macrophage phenotypes associated molecules, specifically, inflammatory macrophage 161 

associated molecules were dominant in ob/ob mice, while pan-macrophage markers were 162 

upregulated in both ob/ob and db/db mice after infection (Extended Data Fig. 5E). 163 

 These findings suggested that ob/ob mice were more sensitive against SARS-CoV-2 164 

infection rather than db/db mice, and excessive inflammatory responses were the cause of 165 

death in ob/ob mice. Indeed, survival rates were improved by inhibition of IL-6 using the 166 

anti-IL-6-receptor antibody MR16-1, the mouse counterpart to tocilizumab (Fig. 3I) [21], 167 

indicating that excessive IL-6 production was at least one of the causes of death in ob/ob 168 

mice. 169 

 170 

Reducing the adipose tissue by leptin administration prevented death of ob/ob mice 171 

with prompt elimination of virus genome and attenuation of excessive immune 172 

responses. 173 

 Reduction of the body weight by preventive administration of leptin to ob/ob mice (lean 174 

ob/ob) resulted in improved survival after infection, suggesting that excessive adipose 175 

accumulation was the cause of death in ob/ob mice (Fig. 4A, and Extended Data Fig. 6A and 176 

6B). Indeed, leptin administration after infection did not show any beneficial effects on the 177 

survival of ob/ob mice, suggesting the difference in survival was not due to an immune-178 

related feature of leptin. In fact, leptin pretreatment could reduce the adipose tissue weight 179 

and improve the fatty liver with decreased CLS (Extended Data Fig. 6C-6E). As expected, 180 

regarding SARS-CoV-2, the IHC score, genomes, and the ratio of SARS-CoV-2 positive 181 

macrophages were lower in the lean ob/ob mice than in the obese ob/ob mice (Fig. 4B-4E). 182 

Simultaneously, IL-6 induction and interferon-induced responses were attenuated in lean 183 



ob/ob mice (Fig. 4E and 4F).  184 

 Furthermore, we identified that several inflammation-associated pathways were 185 

enriched among 689 shared DEGs between lean ob/ob mice and obese ob/ob mice, similar 186 

to Fig. 3F (Fig. 4G-4I). Interestingly, gene set enrichment analysis revealed that most of them 187 

were attenuated in lean ob/ob mice rather than obese ob/ob mice (Fig. 4J). 188 

 In contrast, we elucidated that abdominal fat gain in wild-type mice by high-fat diet 189 

resulted in the early death after the mouse-adapted SARS-CoV-2 infection, confirming the 190 

negative effects of VAT in mice with common genetic background (Extended Data Fig. 7A-191 

7D).  192 

 From these findings, we concluded that the excessive adipose accumulation was 193 

responsible for delayed elimination of the virus and to the activation of inflammatory 194 

macrophage and cytokine storm, leading to death in SARS-CoV-2 infected obese mice.  195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 
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 207 



Discussion 208 

 Here, we have shown that VAT burden is a risk factor contributing to the deterioration 209 

and death of Japanese COVID-19 patients, and that excessive adipose tissue is a more 210 

accurate predictor of mortality, which has been previously suggested in several studies 211 

[22,23]. Interestingly, the contribution of overweight to COVID-19 mortality was more 212 

pronounced in Asian and Black populations than in White, even with a similar level of obesity 213 

[24,25]. Since VAT-dominant obesity is more common in Asian and associated with metabolic 214 

disorders [5,26], VAT accumulation might accurately reflect the discrepancy of 215 

epidemiological or ethnic risks of COVID-19 mortality in overweight patients, at least in the 216 

Japanese population. We should consider increased VAT as a risk factor for the deterioration 217 

and mortality seen in obese patients, especially among younger people [24,25], since most 218 

of the other risk factors, such as hypertension, renal dysfunction, and a history of 219 

cardiovascular diseases, are associated with aging [27].  220 

 Recently, various reports demonstrated that macrophage activation is the essential 221 

factor of the cytokine storm complicated in the severe COVID-19 patients and animal models 222 

of SARS-CoV-2 infection [18,28–30]. In addition, several studies revealed that adipose 223 

tissues serve as a target and reservoir for SARS-CoV-2, with evidence of infection in 224 

adipocytes [31,32] and infiltrating monocytes [29]. Interestingly, Salina et al. revealed that 225 

the engulfment of SARS-CoV-2 infected pro-apoptotic cells by macrophages resulted in the 226 

production of inflammatory cytokines and impaired efferocytosis, namely, the failure in 227 

phenotype conversion to anti-inflammatory macrophages [33]. Impaired efferocytosis was 228 

considered as a major mechanism of metabolic disorders induced by obesity [34] and was 229 

observed in ob/ob mice [35]. In this study, we showed that SARS-CoV-2 transcripts were 230 

abundant systemically, and expressions of M2 macrophage markers were impaired in ob/ob 231 

mice. Therefore, we considered that macrophages were activated by engulfing the SARS-232 

CoV-2 infected cells and unleashed inflammatory responses, resulting in the production of 233 

lethal cytokines in VAT-dominant mice. 234 

  Comparing different types of obese mice, we demonstrated quite a clear discrepancy in 235 

the inflammatory response to mouse-adapted SARS-CoV-2 infection between ob/ob mice 236 

and db/db mice, even with the comparable obese states in body weight. While the 237 

vulnerability of pancreatic beta cells from C57BLKS background resulted in the impaired 238 

glucose metabolism [36], little is known about the difference in immunological phenotype 239 

between ob/ob mice and db/db mice. Although both strains of mice are considered similarly 240 

immunocompromised [37–39], previous report demonstrated that ob/ob mice showed a 241 



greater sensitivity to inflammatory stimuli by endotoxin than their lean littermates, or db/db 242 

mice [40]. In spite of the immunological function of leptin, the vulnerability of ob/ob mice 243 

against SARS-CoV-2 was not merely due to such effects because the simultaneous 244 

administration of leptin to the obese ob/ob mice did not improve their disease course. 245 

 In addition to anti-viral agents, anti-inflammatory therapies, including steroids, IL-6 246 

blockers, and baricitinib, are being administered to patients with moderate to severe COVID-247 

19. Such anti-cytokine strategies attenuate excessive immune responses and provide 248 

benefits to certain subgroups of patients. However, at this moment, we cannot predict the 249 

efficacy of the anti-inflammatory/immunosuppressive treatments in the real-world clinics. 250 

Since patients prone to cytokine storms are more likely to respond to these therapies, our 251 

current data are expected to be helpful in the stratification of the patients who would benefit 252 

from anti-cytokine therapeutics in the earlier phase of COVID-19.  253 

 Also, we might warn of the necessity of improving our lifestyle in this era of emerging 254 

novel or mutated viral variants since VAT accumulation is related to the custom of 255 

cardiorespiratory fitness regardless of the BMI level [41,42]. To attenuate inflammatory 256 

responsiveness upon known and unknown infection, interventions aimed at reducing VAT 257 

may be a feasible goal for the obese population.  258 

 We must admit several limitations in this study. Because clinical questions were raised 259 

from our retrospective cohort of COVID-19 patients, we could not avoid the residual 260 

confounding and lack of data regarding some biomarkers or follow-up data. We should further 261 

identify the mechanisms how visceral adipose accumulation recruited or converted 262 

macrophages into inflammatory phenotype in the lungs and visceral adipose tissue. 263 

 In conclusion, our findings indicated that VAT-dominant patients would be at risk for 264 

cytokine storm due to COVID-19 and might be good candidates to receive cytokine-265 

suppressing therapy during the disease course.  266 

 267 

 268 

 269 

 270 



MATERIALS AND METHODS  271 

The patient cohort of COVID-19 in Tokyo Medical and Dental University hospital 272 

 In the present study, we analyzed 250 patients who underwent abdominal computed 273 

tomography (CT) out of 594 consecutive COVID-19 patients admitted to Tokyo Medical and 274 

Dental University (TMDU) Hospital from Apr. 2020 to Aug 2021. Among them, 34 patients 275 

died in hospital, while 216 survived.  276 

 The diagnostic real-time reverse-transcription PCR (RT-PCR) was conducted during 277 

admission, as described previously [4]. We collected all the data from electronic medical 278 

records, including disease severity, comorbidities, laboratory data, treatment, and outcomes. 279 

We assessed disease severity at admission and at times of the most severe clinical condition. 280 

The definition of disease severity was followed by the guideline presented by the Japanese 281 

Ministry of Health, Labor, and Welfare. Briefly, mild for patients who do not need oxygen 282 

therapy; moderate for patients who need oxygen of equal or <5 L/min; and severe for patients 283 

who need oxygen of more than 5 L/min or mechanical ventilation. The definitions of 284 

comorbidities, treatment, and complications were described previously [4].  285 

 Study protocols and procedures complied with the Declaration of Helsinki and followed 286 

the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) 287 

reporting guideline. This study was approved by the ethics committees of TMDU as M2020-288 

027. 289 

Quantification of fat tissues from CT images  290 

 The abdominal fat distribution was measured on the umbilicus level of abdominal CT 291 

images using Fat Scan version 2.0 software (N2 System Co., Osaka, Japan) [7]. Briefly, the 292 

regions of interest (ROI) of the fat areas were defined by tracing their contour and the outline 293 

of the abdominal wall. The visceral and subcutaneous fat areas were calculated automatically 294 

from ROI following the caliper of each CT image. 295 

Animals 296 

 Male C57BL/6JHamSlc-ob/ob (ob/ob), C57BLKS/J-db/db (db/db), and C57BL/6J (B6) 297 

mice were purchased from Japan SLC, Inc. (Hamamatsu, Japan) or CLEA Japan, inc. (Tokyo, 298 

Japan) and were maintained in specific pathogen-free facilities in National institute of 299 

infectious diseases. All animals were allowed free access to water and diet and provided with 300 



12 hours of light/dark cycle. 301 

Cells and viruses 302 

 VeroE6/TMPRSS2 cells were purchased from the Japanese Collection of Research 303 

Bioresources Cell Bank (the National Institute of Biomedical Innovation, Health, and Nutrition, 304 

Osaka, Japan) were used in this study. Cells were cultured in DMEM, low glucose (Sigma-305 

Aldrich, St. Louis, MO), containing 10% fetal bovine serum (FBS), penicillin G (50 IU/ml), and 306 

streptomycin (50μg/ml) (10DMEM). SARS-CoV-2 human isolates were prepared and 307 

provided by Dr. Shutoku Matsuyama and Dr. Makoto Takeda (Department of Virology III, 308 

National Institute of Infectious Diseases, Japan) [17]. In addition, stocks of QHmusX PT2-309 

Lot2 (GenBank Accession No.: LC605054) were propagated and titrated on 310 

VeroE6/TMPRSS2 cells in DMEM containing 2% FBS, penicillin G (50 IU/ml), and 311 

streptomycin (50 μg/ml) (2DMEM). Viral infectivity titers were expressed as TCID50 per 312 

milliliter in VeroE6/TMPRSS2 cells and were calculated according to the Behrens-Kärber 313 

method. Work with infectious SARS-CoV-2 was performed under BSL3 conditions. 314 

SARS-CoV-2 challenge experiments 315 

 Mouse-adapted SARS-CoV-2 strain was established in the previous study [17]. Mice 316 

were anesthetized by intraperitoneal injection with a mixture of 0.75 mg/kg of medetomidine, 317 

4.0 mg/kg of midazolam, and 5.0 mg/kg of butorphanol and then inoculated viral solution 318 

intranasally (i.n.). Viral solutions for inoculation were diluted with PBS and 30 µl of solution 319 

contained twice of the 50% lethal dose (2LD50) determined in 24-week-old BALB/c mice. 320 

Body weight was measured, and behaviors were observed daily for ten days. The humane 321 

endpoint was defined as the appearance of clinically diagnostic signs of respiratory stress or 322 

more than 25% weight loss. Mice were sacrificed with an overdose of isoflurane if severe 323 

disease symptoms or weight loss were observed. The ob/ob, db/db, and B6 mice were 324 

sacrificed at one, three, or ten days post infection (dpi) to collect whole blood/serum and 325 

tissue homogenates. (n = 3-6 per group).  326 

In vivo anti-IL-6R antibody (MR-16-1) treatment  327 

 A Rat anti-mouse IL-6 receptor monoclonal Ab (clone MR16-1, rat IgG1) was provided 328 

by Chugai Pharmaceutical (Tokyo, Japan). Purified rat IgG1 (isotype-matched control Ab) 329 

(Sigma-Aldrich) was administered as an isotype-matched-control. The 2 mg of antibodies 330 

and vehicle were administered intraperitoneally one hour before the virus inoculation and on 331 

three dpi. The body change and abnormal behaviors were monitored daily up to 10 dpi to 332 



consider humane endpoints.  333 

The administration of leptin 334 

 For the continuous administration of leptin, we used Alzet pumps (DURECT Corp., 335 

Cupertino, CA) with model 2004 for six weeks treatment and model 2001 for one week 336 

treatment. These pumps delivered 2 μg of mouse recombinant leptin (biotech) per day and 337 

were inoculated in the back of 9-week-old ob/ob mice for the six-week administration and 15-338 

week-old ob/ob mice for the administration just before the SARS-CoV-2 infection, 339 

respectively. Body weights were measured every week after pump inoculation until the 340 

SARS-CoV-2 infection. 341 

Diet induced obesity model 342 

 To develop visceral dominant obesity, eight-to-ten-week male C57BL/6J (B6) mice were 343 

by high fat diet (HFD) (D12492, Research Diet), which contained 60% of fat, ad libitum 344 

access to food and water for ten weeks. Body weights were measured every week during 345 

HFD feeding until the SARS-CoV-2 infection. 346 

Tissue residual viral infectivity assay  347 

 Left lung lobes from ob/ob, db/db, and B6 mice were collected and homogenized in 2 ml 348 

PBS with a gentleMACS TM Octo Dissociator (130-095-937, Miltenyi Biotec). Homogenates 349 

were centrifuged at 3000 rpm for 10min, and the supernatants were collected and frozen at 350 

-80℃ . When we conducted the analysis, the supernatants (10% w/v) were diluted in 351 

Dulbecco’s Modified Eagle medium (DMEM) containing 2% FBS, 50 IU/ml penicillin G, and 352 

50 μg/ml streptomycin (2DMEM). The serially diluted samples were added to Vero E6-353 

TMPRSS2 cells in triplicate, and cells were incubated for five days to observe cytopathic 354 

effects (CPEs). To visualize the plaques, we fixed the cells with 20% formaldehyde and 355 

stained them with 1% crystal violet. Viral infectivity titers were expressed as TCID50 per 356 

milliliter in VeroE6/TMPRSS2 cells and were calculated according to the Behrens-Kärber 357 

method. 358 

Histopathology and immunohistochemistry  359 

 Mice were anesthetized as described above and were perfused transcardially with 360 

phosphate-buffered saline (PBS). Lungs, livers, spleens, and adipose tissues were collected 361 

and fixed with 4% paraformaldehyde for 72 hours. Subsequently, fixed tissues were 362 



embedded into paraffin following standard protocols and sectioned at 3 μm thickness. After 363 

deparaffinization and rehydration, the sections were stained with hematoxylin and eosin 364 

(H&E) or immunofluorescent staining. 365 

 For the immunohistochemical staining, endogenous peroxidases were inactivated with 366 

3% hydrogen peroxide for 20 min. After the incubation in a blocking solution (1% BSA in TBS-367 

T) for 60 min at room temperature, the tissue sections were incubated with primary antibodies 368 

against rabbit anti- SARS-CoV/SARS-CoV-2 Nucleocapsid Antibody (Sinobiological, #Cat: 369 

40143-R001,1:5000), rabbit anti-EpCAM antibody (Abcam, #cat. Ab 71916,1:500), and rabbit 370 

anti-F4/80 antibody (Abcam, #cat. ab6640, 1:100) overnight at 4℃ . Tissue sections 371 

incubated with rabbit IgG were used as isotype controls. After three washes, the sections 372 

were incubated with secondary antibodies at 37℃ for 30 min, counterstained with DAPI, and 373 

then sealed with Fluoro-Gel for photography. Microscopy images were photographed at ×4 374 

and ×40 magnification using BX-50(OLYMPUS). Fluorescent images were obtained using a 375 

BZ-X810 (Keyence).  376 

 To measure the abundance of SARS-CoV-2 antigen and the infiltration of F4/80 positive 377 

cells semi-quantitatively, we evaluated ten images blindly captured from individual samples 378 

with 100× objective fields. The scores of individual mice were expressed as the average of 379 

the ten images. IHC scores were determined based on the percentage of positive cells, using 380 

the following scoring system: 0, no positive cells; 1, positive cells (≤5%); 2, positive cells 381 

(>5%, ≤20%); 3, positive cells (>20%, ≤50%); 4, positive cells (>50%). The proportions of 382 

positive cells were determined using PatholoCount version 1.2.0 software (MITANI 383 

Corporation, Toshima-ku, Tokyo). 384 

Pathological score 385 

 Lung tissue sections were scored based on pathological changes. To evaluate 386 

histological changes, we used two different quantitative histologic scores on lung tissues as 387 

reported previously [43,44]. Briefly, the distribution score was based on the percentage of 388 

inflammation area for each section of the five lobes with the following scoring system: 0, no 389 

pathological change; 1, affected area (≤10%); 2, affected area (<50%, >10%); 3, affected 390 

area (≥50%); an additional point was added when pulmonary edema and alveolar 391 

hemorrhage was observed. The total score for the five lobes was shown as a distribution 392 

score for individual animals. A Lung Injury Scoring System by the American Thoracic Society 393 

was used to quantitate histological features of acute lung injury (ALI) observed in mouse 394 

models. We randomly chose three fields of lung tissue at high power (200×), which were 395 



scored as previously described : (A) neutrophils in the alveolar space (none = 0, 1–5 cells = 396 

1, > 5 cells = 2), (B) neutrophils in the interstitial space/septae (none = 0, 1–5 cells = 1, > 5 397 

cells = 2),(C) hyaline membranes (none = 0, one membrane = 1, > 1 membrane = 2), (D) 398 

Proteinaceous debris in air spaces (none = 0, one instance = 1, > 1 instance = 2), (E) alveolar 399 

septal thickening (< 2× mock thickness = 0, 2–4× mock thickness = 1, > 4× mock thickness 400 

= 2). Scores were calculated as followed: [(20x A) + (14 x B) + (7 x C) + (7 x D) + (2 x E)]/100. 401 

Final scores were obtained by averaging three fields per mouse. Microscopy slides were 402 

examined without knowledge of the identity of the animals. 403 

Electron microscopy analysis of SARS-Cov-2 infection 404 

 Tissue samples were prefixed with 2.5% glutaraldehyde and 2% paraformaldehyde in 405 

0.1M phosphate buffer for three days at 4°C and then post-fixed in 2% osmium tetroxide, 406 

dehydrated with a graded series of alcohols and propylene oxide, and embedded in epoxy 407 

resin. After trimming the epoxy resin-embedded tissue, ultrathin sections (70 nm thick) were 408 

cut using an ultramicrotome (Diatome), mounted on grids, and stained with 4% uranyl acetate 409 

and lead citrate for TEM analysis using a HT7700 (Hitachi Ltd., Japan) at 80 kV. 410 

 RNA extraction and RT-qPCR  411 

 Tissue samples were dissected from mice and immediately immersed in RNA later 412 

(Invitrogen) stabilization reagent and stored at -80℃  for 24 hr. Then, samples were 413 

transferred to a new tube containing 1-mm glass beads and 700μL Trizol (Invitrogen). Tissues 414 

were subsequently homogenized using a MINI BEAD-BEATER (Biospec). Total RNA was 415 

extracted and purified using a RNeasy mini kit (QIAGEN) and quantified using a 416 

spectrophotometer (NanoDrop one, Thermo Fisher Scientific). Real-time quantitative PCR 417 

(RT-qPCR) was performed using a Reverse transcription (RT)-PCR kit (QIAGEN) containing 418 

SYBR green dye. Each reaction was performed in duplicate. Relative gene expression was 419 

analyzed based on the threshold cycle method with GAPDH as an internal control. At least 420 

two independent experiments were analyzed.  421 

RNA sequencing analysis. 422 

 Total RNA sequencing was performed with the assistance of BGI (Hong Kong, China). 423 

Briefly, total RNA was extracted from the lung as described above and checked for quality 424 

using RNA integrity scores were typically 7.0 and greater with an Agilent 2100 bioanalyzer 425 

(Agilent, Santa Clara, USA). For the quality control, mRNA had to meet the requirement of 426 

28S/18S > 1, while miRNA had to meet the requirement of 28S/18S > 1.5. According to the 427 



manufacturer's protocol, the RNA was fragmented into small pieces. Afterward, the 428 

fragmented RNA was reverse-transcribed into cDNA and amplified with polymerase chain 429 

reaction (PCR) to create a cDNA library. Quality control and quantification of the libraries 430 

were performed with the Agilent 2100 bioanalyzer and real-time quantitative PCR (qPCR) 431 

(TaqMan Probe). The qualified libraries were subjected to mRNA sequencing on a DNBSEQ 432 

platform (BGI-Shenzhen, China). The sample reads were trimmed to remove reads with an 433 

unknown base (N) content greater than 5%, adapters, and low-quality bases using 434 

Trimmomatic software and aligned with the reference genome using HISAT and Bowtie2 435 

software. Mapping rates were > 90% in all samples. In total, 18126 genes (for Fig. 3), 18342 436 

genes (for Fig.4) and 18283 genes (for Extended Data Fig. 5) were expressed (TPM > 0) in 437 

more than one sample and further analyzed.  438 

Differentially expressed genes (DEGs)  439 

 Genes expressing significantly different amounts between the paired groups were 440 

determined using the PossionDis method based on poisson distribution (Audic and Claverie 441 

1997), and DESeq2. FDR ≤ 0.001 in PossionDis and Qvalue (adjusted P value) ≤ 0.05 in 442 

DESeq2 were considered as cutoffs.  443 

Enrichment analysis 444 

 The phyper function in R software was used to evaluate the enrichment of gene sets. 445 

Qvalue ≤ 0.05 is regarded as a significant enrichment. For the pathway classification, KEGG 446 

annotation was used. For gene set enrichment analysis, Gene ontology (GO) database 447 

related to biological process (GO_P) was used.   448 

Multiplex assay for cytokine and chemokines  449 

 Homogenized lung samples from 19-week-old ob/ob, db/db, and B6 mice were diluted 450 

1:1 in cell extraction buffer (10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 451 

mM NaF, 20 mM Na4P2O7, 2 mM Na3VO4, 1% Triton X-100, 10% glycerol, 0.1% SDS, and 452 

0.5% deoxycholate (Invitrogen)), incubated for 10 min on ice with vortex, irradiated for 10 453 

min with UV-C light to inactivate infectious virus, and tested in the BSL2 laboratory. Mouse 454 

Luminex Discovery Assay (R&D Systems) was utilized to analyze cytokines and chemokines 455 

in lung samples according to the manufacturer’s protocol, which detects 15 cytokines and 456 

chemokines: IP-10, IFN-γ, IL-6, IL-17/IL-17A, TNF-α, MCP-1, IL-1α/IL-1F1, IL-10, and IL-33. 457 

The assay samples were analyzed on a Luminex 200 instrument with xPONENT software 458 

described by the manufacturer. 459 



Ex vivo cultures and infection of mice  460 

 The virus infection procedures were performed as previously described. Single-cell 461 

suspensions of lung tissues were obtained from non-infected 10-week-old male ob/ob, db/db, 462 

and B6 mice. Then, CD45 negative cells were isolated using MACS beads (Miltenyi Biotec) 463 

and harvested to 24 well plates at 5x105cells/well. The adhered cells were infected with 464 

mouse-adapted SARS-CoV-2 at an MOI of 0.2, 0.5, 2, and 5 for 3 h at 37 °C. Each tissue 465 

fragment was washed in culture medium to remove residual virus inoculum, topped up with 466 

fresh medium, and incubated at 37 °C for 72hr. Total RNA was extracted using 700µL of 467 

QIAzol. 468 

Ethics statements for animal experiments 469 

 All infected experiments were handled in BSL3 animal facilities, and non-infected 470 

experiments were in TMDU according to the guidelines of the committee. Experiments using 471 

pathogens were approved by the Committee for Pathogens at the National Institute of 472 

Infectious Diseases, Tokyo, Japan. Animal experiments were approved by the Animal Care 473 

and Use Committee of the National Institute of Infectious Diseases in Japan (120148 and 474 

121093)), and the ethics committees of TMDU (G2020-023C5).  475 

Statistics   476 

 We compared the distributions of continuous and categorical variables between the two 477 

groups using the Mann-Whitney U test and Chi-squared test (or Fisher’s exact test), 478 

respectively. The cut-off values were determined by drawing the ROC curve about VAT, SAT 479 

and BMI to maximize sensitivity and specificity. Univariate and multivariate logistic regression 480 

analyses were employed to explore the impacts of known risk factors on mortality during 481 

admission. The variables were selected based on the previous reports and our research 482 

interests. Multicollinearity was then checked using the variance inflation factor for the final 483 

predictor variables. When developing the prediction model of the time to death based on the 484 

Cox regression analysis, we followed the transparent reporting of a multivariable prediction 485 

model for individual prognosis or diagnosis (TRIPOD) 2015 guideline [45]. For each model, 486 

we calculated the Harrell’s c-statistic with optimism correction using the internal bootstrap 487 

method [13], along with apparent c-statistic. The bootstrap was replicated 1000 times. In the 488 

animal experiments, statistical significances in mean values among the groups were 489 

analyzed by analysis of variance (ANOVA) and Student’s t-tests. The survival rates were 490 

analyzed by log-rank test. All the statistical analyses were performed using GraphPad Prism 491 



software version 8.0 (GraphPad Software, San Diego, CA), EZR software version 1.54, a 492 

free software for using R on graphical user interface [46], and the SAS (version 9.4; SAS 493 

Institute Inc., Cary, NC, USA). All statistical analyses were two-sided, and statistical 494 

significance was considered as P < 0.05. 495 
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＜Figure Legend＞ 700 

Figure1: VAT area but not the other obesity markers was associated with COVID-19 701 

mortality and inflammatory biomarkers. 702 

(A) Representative CT images analyzed by Fat Scan. The left and right panels represented 703 

visceral fat dominant obesity (apple-shaped) and subcutaneous-dominant obesity (pear-704 

shaped), respectively. The visceral fat is indicated in red, and the subcutaneous fat is 705 

indicated in pink. 706 

(B-D) The association of the peak severity and obesity-associated markers, VAT (B), BMI (C), 707 

and SAT (D). Data are mean ± SD. One-way ANOVA followed by Tukey’s post hoc test was 708 

performed to compare three groups.  709 

(E-G) Kaplan-Meier plot of survival rate in COVID-19 patients during hospitalization until 120 710 

days after admission. Graph shows survival curves when patients are divided into two groups 711 

based on the VAT (E), BMI (F) and SAT (G). The cut cut-off values were designated by 712 

drawing the Receiver Operating Characteristic (ROC) curve to maximize sensitivity and 713 

specificity. 714 

(H-I) Heatmap showing the correlation between obesity-associated markers and biomarkers 715 

in the patients less than 70 years old (H) and 70 years old or above (I). The correlations were 716 

evaluated by Spearman’s method.  717 

p: *: < 0,05; p: **: < 0,01; *** < 0,001. VAT: Visceral adipose tissue, BMI: Body Mass Index, 718 

SAT: Subcutaneous adipose tissue. 719 
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Figure 2:  ob/ob mice were more vulnerable to SARS-CoV-2 infection with high 726 

infectivity.  727 

(A-B) Survival curve (A) and body weight (B) of ob/ob, db/db, and B6 mice (n = 11-12) after 728 

mouse-adapted SARS-CoV-2 inoculation. Data are pooled from two independent 729 

experiments showing similar results. Log-rank (Mantel-Cox) test was used to assess the 730 

survival curve. Data are mean ± SD.  731 

(C-E) Immunohistochemical staining using anti–SARS-CoV-2 N-specific antibody in the 732 

lungs of three strains at three days post infection (dpi) in Alveola area (D) and Bronchial area 733 

(E). IHC scores were determined based on the percentage of viral antigen-positive cells, 734 

using the following scoring system: 0, no positive cells; 1, positive cells (≤5%); 2, positive 735 

cells (>5%, ≤20%); 3, positive cells (>20%, ≤50%); 4, positive cells (>50%).  736 

(F-H) The abundance of SARS-CoV-2 genomic RNA detected in the tissue samples derived 737 

from lung (F), peripheral blood (G), and liver (H) at three dpi.  738 

(I-K) Semi-quantification of SARS-CoV-2 carrying macrophages by immunohistochemical 739 

(IHC) staining in the lungs of three strains at three dpi. (I) Representative image of triple IHC 740 

staining of F4/80 (brown), EpCAM (pink), and SARS-CoV-2 (blue) in the lungs.  The arrow 741 

indicated SARS-CoV-2 antigens engulfed in macrophages. The arrowhead indicated SARS-742 

CoV-2 antigens positive lung epithelial cells. (J) Representative images of SARS-CoV-2 and 743 

F4/80 double positive cells in the lungs of three strains. (K) The proportions of SARS-CoV-2 744 

and F4/80 double positive cells in F4/80 single positive cells. One-way ANOVA followed by 745 

Tukey’s post hoc test was performed to compare three groups. Data are mean ± SD. **P 746 

< 0.01, ***P < 0.001. 747 

(L) Electron microscopy images of viral particles in infected ob/ob mice. A higher-748 

magnification images of the boxed area in the bottom. Nucleocapsid-visible viral particles 749 

and high-density viral particles were indicated with black arrowhead and white arrowhead, 750 

respectively. Scale bars, 1.0 µm (top); 0.2 µm (bottom)  751 

 752 

 753 

 754 



Figure 3: Lethal level of excessive immune responses in the lung of ob/ob mice 755 

(A-B) Quantitative analysis of representative immune-related, including IL-6 and interferon 756 

signature genes relative to B6 (A), and intracellular virus sensing molecules (B). Data are 757 

presented as the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001. Data were analyzed by 758 

one-way ANOVA followed by Tukey’s post hoc test. 759 

(C) Heatmap of the concentrations of immune-related cytokines and chemokines in the lung 760 

homogenates at three days post infection (dpi) (n=3 mice for each group), analyzed by 761 

Mouse Luminex Discovery Assay. The red color indicates higher concentrations of the 762 

biomarkers (pg/ml for IL-6, IL-10, TNF-α, IL-1-α, and IFN-γ, ng/ml for MCP-1, IL-33, and IP-763 

10.)  764 

(D-H) RNA sequencing analysis of lung samples from ob/ob, db/db, and B6 mice at three dpi. 765 

(D) Principal component analysis of RNA sequencing data from nine murine lung samples in 766 

the three groups at three dpi. The X and Y axes represent a data set of the corresponding 767 

principal components obtained after the dimension reduction of the sample expressions. The 768 

red, blue, and black dots and ellipses represented the sample distributions of ob/ob, db/db, 769 

and B6 mice, respectively. (E) Venn Diagram showing differentially expressed genes (DEGs) 770 

in ob/ob vs. db/db mice (green) or B6 mice (magenta), respectively. (F) The enrichment 771 

analysis of the shared 184 DEGs in Fig. 3E. The X-axis showed -log10(Q value). The dot line 772 

corresponded to a Q value = 0.05. The red bars indicated significantly enriched pathways. 773 

(G) The representative results of gene set enrichment analysis comparing ob/ob mice vs. B6 774 

mice and db/db mice using the Gene ontology (GO) database related to biological process 775 

(GO_P).  The X-axis always indicates the rank of the change value (ob/ob vs. the others). 776 

The green fold line indicates the change curve of the gene enrichment score (ES), and the 777 

Y-axis is the ES value. The numbers aside the wave top were the rank of bottom genes in 778 

the leading edges. Normalized enrichment scores of "cellular response to interferon-beta", 779 

"cellular response to interferon-gamma", "inflammatory response", "monocyte chemotaxis" 780 

were 3.8, 2.8, 2.7 and 2.7, respectively. (H) The heatmap of representative gene 781 

transcriptions in the top four pathways in Fig. 3F. The TPM Z-scores were standardized by 782 

row direction. The red and blue colors indicated higher and lower scores.  783 

(I) The survival curve of vehicle (n=22), control IgG (n=18), or MR16-1 (n=17) administrated 784 

mice are shown. Data are pooled from three independent experiments showing similar 785 

results. The agents were administered intraperitoneally one hour before infection and at three 786 

dpi. Log-rank (Mantel-Cox) test was used to assess the survival curve.  787 



Figure 4: Lean ob/ob mice survived after SARS-CoV-2 infection by inducing an 788 

appropriate immune reaction 789 

(A) Survival curve after mouse-adapted SARS-CoV-2 inoculation. The groups consisted of 790 

vehicle (n=11), 2ug/day of leptin pretreatment (n=8), 10ug/day of leptin pretreatment (n=8), 791 

2ug/day of leptin after infection (n=4) and 10ug/day of leptin after infection (n=3). Data are 792 

pooled from three independent experiments showing similar results. Log-rank (Mantel-Cox) 793 

test was used to assess the survival curve.  794 

(B-F) Comparison of mice received vehicle (n=5) or 2ug/day of leptin pretreatment (N=5) at 795 

three days post infection (dpi). Immunohistochemical staining of the lung using anti–SARS-796 

CoV-2 N-specific antibody (B). Quantitative analysis of SARS-CoV-2 genomic RNA (C), IL-6 797 

(E) and interferon signature genes (F). The proportions of SARS-CoV-2 and F4/80 double 798 

positive cells in F4/80 single positive cells (D). A student t-test was used to compare two 799 

groups. Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. 800 

(G-J) RNA sequencing analysis comparing the immune responses of lean ob/ob mice to 801 

obese ob/ob mice at three dpi. (G) Principal component analysis of RNA sequencing data 802 

from nine murine lung samples from vehicle treated (obese ob/ob, n=3), 2ug/day of leptin 803 

pretreatment (lean ob/ob, n=3), and 2ug/day of leptin after infection (obese ob/ob with leptin, 804 

n=3). The red, blue, and black dots and ellipses represented the sample distributions of 805 

individual mouse in three groups. (H) Venn Diagram showing differentially expressed genes 806 

(DEGs) in Lean ob/ob vs. obese ob/ob (magenta), or obese ob/ob with leptin (green), 807 

respectively. (I) The pathway enrichment analysis of the shared 689 DEGs shown in Fig. 4H. 808 

The X-axis showed -log10(Q value). The dot line corresponded to a Q value = 0.05. The red 809 

bars indicated significantly enriched pathways. (J) The representative results of gene set 810 

enrichment analysis comparing obese ob/ob mice vs. lean ob/ob using the Gene ontology 811 

(GO) database related to biological process (GO_P). The X-axis always indicates the rank 812 

of the change value (ob/ob mice vs. lean ob/ob). Normalized enrichment scores of "cellular 813 

response to interferon-beta", "cellular response to interferon-gamma", "inflammatory 814 

response“, and "monocyte chemotaxis“ were -3.0, -2.1, -2.1 and -1.9, respectively.  815 

 816 

 817 

 818 



Extended Data Table 1:  Comparison of baseline characteristics including obesity 819 

associated markers and comorbidities in deceased and survive patients with COVID-820 

19 821 

 822 

Extended Data Table 2: Univariable and multivariable logistic regression analysis 823 

adjusted for the variables.  824 

 825 

Extended Data Table 3:  Harrell’s c-statistic for Cox regression model for predicting 826 

time to death 827 

 828 

 829 

 830 

 831 

 832 

 833 

 834 

 835 

 836 

 837 

 838 

 839 

 840 



Extended Data Figure 1: The associations between VAT and inflammatory markers at 841 

the disease peak 842 

(A-C) Correlation between VAT area and biomarkers at the disease peak in the patients less 843 

than 70 years old (red dots) and 70 years old or above (black dots). The correlations were 844 

evaluated by Spearman’s method.  845 

 846 

 847 

 848 

 849 

 850 
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 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 



Extended Data Figure 2: Different patterns of adipose tissue distribution in aged ob/ob 863 

and db/db mice 864 

(A) Body weight of ob/ob, db/db, and B6 mice at 19 weeks. One-way ANOVA with posthoc 865 

Tukey Test was used to compare three groups. Data were mean ± SD.  866 

(B) Representative images of the adipose tissue in ob/ob mice and db/db mice.  867 

(C) Comparison of visceral and subcutaneous adipose tissues. VAT was perirenal fat, and 868 

SAT was the sum of inguinal and hip adipose tissues. A student t-test was used to compare 869 

two groups. Data were mean ± SD. p: *: < 0,05; p: **: < 0,01; *** < 0,001. VAT: Visceral 870 

adipose tissue, BMI: Body Mass Index, SAT: Subcutaneous adipose tissue. 871 

 872 

 873 

 874 

 875 

 876 

 877 

 878 

 879 

 880 

 881 

 882 

 883 

 884 

 885 



Extended Data Figure 3: ob/ob mice showed broad inflammation in the lung, while 886 

tissue damage was comparable 887 

(A-C) Pulmonary pathological scores for mice (n=5 or 6 per group) at three days post 888 

infection (dpi). The distribution scores (A) and the acute lung injury (ALI) score (B) were 889 

determined from the average of five lobes in individual mice.  890 

One-way ANOVA followed by Tukey’s post hoc test) was performed to compare three groups. 891 

Data are mean ± SD. **P < 0.01, ***P < 0.001. 892 

 893 

 894 

 895 

 896 

 897 

 898 

 899 

 900 

 901 

 902 

 903 

 904 

 905 

 906 

 907 



Extended Data Figure 4: Indifferent virus susceptibility of the lung cells among three 908 

strains 909 

(A-C) Immunohistochemical staining of the lung using anti–SARS-CoV-2 N-specific antibody 910 

at one day post infection (dpi). IHC scores were determined based on the percentage of viral 911 

antigen-positive cells, using the following scoring system: 0, no positive cells; 1, positive cells 912 

(≤5%); 2, positive cells (>5%, ≤20%); 3, positive cells (>20%, ≤50%); 4, positive cells (>50%). 913 

One-way ANOVA followed by Tukey’s post hoc test) was performed to compare three groups. 914 

Data are mean ± SD.  915 

(D) Viral infectivity in the lung homogenates analyzed on one dpi and three dpi (n=3 per 916 

group). Data are mean TCID50 ± SD.  917 

(E) Non-hematopoietic lung cells from non-infected ob/ob and db/db mice (n=4) were infected 918 

with SARS-CoV-2 (QHmusX) at different multiplicity of infection (MOI). Cell lysates were 919 

prepared for RT-PCR of SARS-CoV-2 genomic RNA.  920 

 921 

 922 

 923 

 924 

 925 

 926 

 927 

 928 

 929 

 930 

 931 

 932 



Extended Data Figure 5: RNA-Seq analysis of ob/ob and db/db mice under non-933 

infected and infected conditions 934 

(A) Principal component analysis of RNA sequencing data from 18 samples of ob/ob mice 935 

and db/db mice under non-infected or infected conditions. The X and Y axes represent a data 936 

set of the corresponding principal components obtained after the dimension reduction of the 937 

sample expressions. The dots and ellipses represented the sample distributions of ob/ob 938 

mice and db/db mice under non-infected or infected conditions.  939 

(B) Venn Diagram showing differentially expressed genes (DEGs) in ob/ob vs. db/db mice 940 

under non-infected (green) or infected (magenta) conditions, respectively. Genes expressing 941 

significantly different amounts between the paired groups were determined using the 942 

PossionDis method and DESeq2. FDR ≤ 0.001 in PossionDis and Q value (adjusted P value) 943 

≤0.05 in DESeq2 were considered as cutoffs.  944 

(C) The enrichment analysis of the shared 738 DEGs in non-infected conditions. For the 945 

pathway classification, Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation was 946 

used. The X-axis showed -log10(Q value). The dotted line corresponds to a Q value = 0.05. 947 

The red bars indicated significantly enriched pathways. 948 

(D) The heatmap of DEGs in the phagosome pathway in non-infected ob/ob and db/db mice. 949 

The TPM Z-scores were standardized by row direction. The red and blue colors indicated 950 

higher and lower scores.  951 

(E) The heat map of the representative macrophage phenotype associated genes of ob/ob 952 

and db/db mice under non-infected and infected conditions. Genes were categorized as pan; 953 

pan-macrophage markers; M1, inflammatory macrophage makers, and M2, anti-954 

inflammatory macrophage markers. The TPM Z-scores were standardized by row direction. 955 

The red and blue colors indicated higher and lower scores. 956 

 957 

 958 

 959 

 960 



Extended Data Figure 6: Adipose tissue reduction by continuous leptin administration 961 

(A-F) The effects of pre-treatment of leptin in ob/ob mice. (A) The body weight before infection 962 

related to Fig. 4A. Data were mean ± SD. (B) Representative images of the mice with vehicle 963 

or leptin pre-treatment. (C) The weight of adipose tissues in the leptin or vehicle treated mice. 964 

The definitions of VAT and SAT are the same in Extended Data Figure 2. (D) The 965 

representative images of IHC staining in the liver using F4/80 antibody. The arrowheads 966 

indicated the crown-like structures (CLS). (E) The number of CLSs around portal veins. A 967 

student t-test was used to compare two groups. Data were mean ± SD. p: *: < 0,05; p: **: < 968 

0,01; *** < 0,001.  969 
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Extended Data Figure 7: Abdominal adipose accumulation exacerbated the outcome 985 

of SARS-CoV-2 infection in wild type mice 986 

(A-D) Survival curve of normal fat diet (NFD) (n=12) and high fat diet (HFD) (n=13) after 987 

mouse-adapted SARS-CoV-2 inoculation (A). Log-rank (Mantel-Cox) test was used to assess 988 

the survival curve. Representative images of the mice fed by NFD or HFD (B). The sequential 989 

change of body weight during HFD feeding (C) and the comparison of body weight in NFD 990 

and HFD groups before infection(D). A student t-test was used to compare two groups. Data 991 

were mean ± SD. p: *** < 0,001.  992 

 993 



Figures

Figure 1

VAT area but not the other obesity markers was associated with COVID-19 mortality and in�ammatory
biomarkers. (A) Representative CT images analyzed by Fat Scan. The left and right panels represented
visceral fat dominant obesity (apple-shaped) and subcutaneous-dominant obesity (pear-shaped),



respectively. The visceral fat is indicated in red, and the subcutaneous fat is indicated in pink. (B-D) The
association of the peak severity and obesity-associated markers, VAT (B), BMI (C), and SAT (D). Data are
mean ± SD. One-way ANOVA followed by Tukey’s post hoc test was performed to compare three groups.
(E-G) Kaplan-Meier plot of survival rate in COVID-19 patients during hospitalization until 120 days after
admission. Graph shows survival curves when patients are divided into two groups based on the VAT (E),
BMI (F) and SAT (G). The cut cut-off values were designated by drawing the Receiver Operating
Characteristic (ROC) curve to maximize sensitivity and speci�city. (H-I) Heatmap showing the correlation
between obesity-associated markers and biomarkers in the patients less than 70 years old (H) and 70
years old or above (I). The correlations were evaluated by Spearman’s method. p: *: < 0,05; p: **: < 0,01;
*** < 0,001. VAT: Visceral adipose tissue, BMI: Body Mass Index, SAT: Subcutaneous adipose tissue.



Figure 2

ob/ob mice were more vulnerable to SARS-CoV-2 infection with high infectivity. (A-B) Survival curve (A)
and body weight (B) of ob/ob, db/db, and B6 mice (n = 11-12) after mouseadapted SARS-CoV-2
inoculation. Data are pooled from two independent experiments showing similar results. Log-rank
(Mantel-Cox) test was used to assess the survival curve. Data are mean ± SD. (C-E)
Immunohistochemical staining using anti–SARS-CoV-2 N-speci�c antibody in the lungs of three strains



at three days post infection (dpi) in Alveola area (D) and Bronchial area (E). IHC scores were determined
based on the percentage of viral antigen-positive cells, using the following scoring system: 0, no positive
cells; 1, positive cells (≤5%); 2, positive cells (>5%, ≤20%); 3, positive cells (>20%, ≤50%); 4, positive cells
(>50%). (F-H) The abundance of SARS-CoV-2 genomic RNA detected in the tissue samples derived from
lung (F), peripheral blood (G), and liver (H) at three dpi. (I-K) Semi-quanti�cation of SARS-CoV-2 carrying
macrophages by immunohistochemical (IHC) staining in the lungs of three strains at three dpi. (I)
Representative image of triple IHC staining of F4/80 (brown), EpCAM (pink), and SARS-CoV-2 (blue) in the
lungs. The arrow indicated SARS-CoV-2 antigens engulfed in macrophages. The arrowhead indicated
SARS-CoV-2 antigens positive lung epithelial cells. (J) Representative images of SARS-CoV-2 and F4/80
double positive cells in the lungs of three strains. (K) The proportions of SARS-CoV-2 and F4/80 double
positive cells in F4/80 single positive cells. Oneway ANOVA followed by Tukey’s post hoc test was
performed to compare three groups. Data are mean ± SD. **P < 0.01, ***P < 0.001. (L) Electron
microscopy images of viral particles in infected ob/ob mice. A higher-magni�cation images of the boxed
area in the bottom. Nucleocapsid-visible viral particles and high-density viral particles were indicated with
black arrowhead and white arrowhead, respectively. Scale bars, 1.0 µm (top); 0.2 µm (bottom)



Figure 3

Lethal level of excessive immune responses in the lung of ob/ob mice (A-B) Quantitative analysis of
representative immune-related, including IL-6 and interferon signature genes relative to B6 (A), and
intracellular virus sensing molecules (B). Data are presented as the mean ± SD, *P < 0.05, **P < 0.01, ***P
< 0.001. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. (C) Heatmap of the
concentrations of immune-related cytokines and chemokines in the lung homogenates at three days post



infection (dpi) (n=3 mice for each group), analyzed by Mouse Luminex Discovery Assay. The red color
indicates higher concentrations of the biomarkers (pg/ml for IL-6, IL-10, TNF-α, IL-1-α, and IFN-γ, ng/ml for
MCP-1, IL-33, and IP-10.) (D-H) RNA sequencing analysis of lung samples from ob/ob, db/db, and B6
mice at three dpi. (D) Principal component analysis of RNA sequencing data from nine murine lung
samples in the three groups at three dpi. The X and Y axes represent a data set of the corresponding
principal components obtained after the dimension reduction of the sample expressions. The red, blue,
and black dots and ellipses represented the sample distributions of ob/ob, db/db, and B6 mice,
respectively. (E) Venn Diagram showing differentially expressed genes (DEGs) in ob/ob vs. db/db mice
(green) or B6 mice (magenta), respectively. (F) The enrichment analysis of the shared 184 DEGs in Fig.
3E. The X-axis showed -log10(Q value). The dot line corresponded to a Q value = 0.05. The red bars
indicated signi�cantly enriched pathways. (G) The representative results of gene set enrichment analysis
comparing ob/ob mice vs. B6 mice and db/db mice using the Gene ontology (GO) database related to
biological process (GO_P). The X-axis always indicates the rank of the change value (ob/ob vs. the
others). The green fold line indicates the change curve of the gene enrichment score (ES), and the Yaxis is
the ES value. The numbers aside the wave top were the rank of bottom genes in the leading edges.
Normalized enrichment scores of "cellular response to interferon-beta", "cellular response to interferon-
gamma", "in�ammatory response", "monocyte chemotaxis" were 3.8, 2.8, 2.7 and 2.7, respectively. (H) The
heatmap of representative gene transcriptions in the top four pathways in Fig. 3F. The TPM Z-scores were
standardized by row direction. The red and blue colors indicated higher and lower scores. (I) The survival
curve of vehicle (n=22), control IgG (n=18), or MR16-1 (n=17) administrated mice are shown. Data are
pooled from three independent experiments showing similar results. The agents were administered
intraperitoneally one hour before infection and at three dpi. Log-rank (Mantel-Cox) test was used to
assess the survival curve.



Figure 4

Lean ob/ob mice survived after SARS-CoV-2 infection by inducing an appropriate immune reaction (A)
Survival curve after mouse-adapted SARS-CoV-2 inoculation. The groups consisted of vehicle (n=11),
2ug/day of leptin pretreatment (n=8), 10ug/day of leptin pretreatment (n=8), 2ug/day of leptin after
infection (n=4) and 10ug/day of leptin after infection (n=3). Data are pooled from three independent
experiments showing similar results. Log-rank (Mantel-Cox) test was used to assess the survival curve.



(B-F) Comparison of mice received vehicle (n=5) or 2ug/day of leptin pretreatment (N=5) at three days
post infection (dpi). Immunohistochemical staining of the lung using anti–SARS-CoV-2 N-speci�c
antibody (B). Quantitative analysis of SARS-CoV-2 genomic RNA (C), IL-6 (E) and interferon signature
genes (F). The proportions of SARS-CoV-2 and F4/80 double positive cells in F4/80 single positive cells
(D). A student t-test was used to compare two groups. Data are presented as the mean ± SD. *P < 0.05,
**P < 0.01, ***P < 0.001. (G-J) RNA sequencing analysis comparing the immune responses of lean ob/ob
mice to obese ob/ob mice at three dpi. (G) Principal component analysis of RNA sequencing data from
nine murine lung samples from vehicle treated (obese ob/ob, n=3), 2ug/day of leptin pretreatment (lean
ob/ob, n=3), and 2ug/day of leptin after infection (obese ob/ob with leptin, n=3). The red, blue, and black
dots and ellipses represented the sample distributions of individual mouse in three groups. (H) Venn
Diagram showing differentially expressed genes (DEGs) in Lean ob/ob vs. obese ob/ob (magenta), or
obese ob/ob with leptin (green), respectively. (I) The pathway enrichment analysis of the shared 689
DEGs shown in Fig. 4H. The X-axis showed -log10(Q value). The dot line corresponded to a Q value =
0.05. The red bars indicated signi�cantly enriched pathways. (J) The representative results of gene set
enrichment analysis comparing obese ob/ob mice vs. lean ob/ob using the Gene ontology (GO) database
related to biological process (GO_P). The X-axis always indicates the rank of the change value (ob/ob
mice vs. lean ob/ob). Normalized enrichment scores of "cellular response to interferon-beta", "cellular
response to interferon-gamma", "in�ammatory response“, and "monocyte chemotaxis“ were -3.0, -2.1, -2.1
and - 1.9, respectively
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