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16  One-Sentence Summary:

17  SARS-CoV-2 infection induces adipose tissue lipolysis to release fatty acids that drive
18  myelopoiesis and monocyte production for lung protection and COVID-19 disease
19  tolerance, but this protective circuit declines with age, increasing disease severity in the
20  elderly.

21
22 ABSTRACT

23 Disease tolerance limits infectious disease severity through tissue damage control
24 mechanisms that do not target pathogens directly. Here we demonstrate that age-dependent
25  decline in adipose tissue lipolysis compromises disease tolerance to SARS-CoV-2
26  infection. Young adult mice exhibited robust adipocyte lipolysis and 80% survival,
27  whereas old mice showed impaired adipocyte lipolysis and only 20% survival. Genetic
28  repression of adipocyte lipolysis eliminated this age-dependent survival advantage without
29  affecting viral titers, revealing that adipocyte lipolysis is essential for disease tolerance to
30 SARS-CoV-2 in young adults. Impaired adipocyte lipolysis in aged mice was associated
31  with a plasma lipidomic signature that predicts COVID-19 severity and mortality in three
32 independent human cohorts. Mechanistically, adipocyte lipolysis provides free fatty acids
33 (FFA) to support bone marrow emergency myelopoiesis, through CD36- and CPT1-
34  dependent FFA cellular uptake and mitochondrial import, respectively. Bone marrow
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35  derived monocytes migrate to the lung via CCL2/CCR2-dependent mechanism where they
36  enforce an immune-metabolic communication network with parenchymal cells to sustain
37  lung structure and function. This circuit is not required to confer protection against
38 influenza infection, revealing pathogen-specific disease tolerance mechanisms. These
39  findings reveal adipose tissue catabolism as a central age-dependent factor responsible for
40  exacerbated COVID-19 mortality in aged populations.

41
42 INTRODUCTION

43 Host response to infection encompasses two distinct defense strategies: resistance, which
44  targets and reduces pathogen burden and disease tolerance, which limits tissue damage
45  without targeting pathogens directly!?. Although immune-mediated resistance
46  mechanisms have been extensively studied, how the immune system contributes to tissue
47  damage control® and disease tolerance to infection remains poorly understood*.

48 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections can
49  progress towards acute respiratory distress syndrome (ARDS) underlying the lethal
50  outcome of the coronavirus disease 2019 (COVID-19)>¢. While viral load correlates with
51  ARDS onset and severity as well as COVID-19 mortality’, this association is confounded
52 by aging®!?, among other independent risk factors'!. This suggests that age-dependent
53 COVID-19 susceptibility results not only from defective viral clearance but also from

54  compromised disease tolerance!>!3. In keeping with this notion, aging has been recently
55  associated with a decline of disease tolerance to infection'*!>,

56 Disease tolerance relies on reprogramming of host energy metabolism!%!?, via
57  integrated mechanisms that control glucose production via gluconeogenesis®*?! as well as

58 free fatty acids (FFA) and glycerol mobilization via adipocyte lipolysis*2. Aging is
59  associated with a pronounced decline of adipocyte lipolysis*>-%, suggesting that this age-
60  dependent vulnerability might compromise disease tolerance to severe infections in the
61  elderly?®®. Here we tested this hypothesis for COVID-19 and found that age-dependent
62  decline of adipocyte lipolysis enhances SARS-CoV-2 lethality in the elderly, a hallmark of
63  the COVID-19 pandemic®°,

64
65 RESULTS
66  Adipose tissue lipolysis confers age-dependent disease tolerance to MA-SARS-CoV-2

67  To examine age-dependent effects in COVID-19 pathogenesis, we infected young adult
68  (10-16 weeks) and elderly (>20 months old) C57BL/6J mice, corresponding to ~20-30 and
69  >65 year-old humans, respectively, with mouse-adapted (MA)-SARS-CoV-2?7. The viral
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70  inoculum was calibrated to cause 20-40% lethality in young mice (LD20), while resulting
71 in 80% lethality in old mice (LD80) (Fig. 1A,B). Lung viral titers were slightly increased
72 (0.5 logio) in old vs. young mice, as assessed 5 days post-infection (dpi) (Fig. 1C), before
73  the onset of lethality in old mice (Fig. 1B). This suggests that age-dependent increase in
74  mortality is not readily explained by an overt viral titer increase, consistent with SARS-
75  CoV-2 load being only modestly dependent on the age?® and not fully explaining the
76  increased severity and mortality of elderly patients?.

77 Histological analysis of the lungs confirmed a more prominent inflammation (Fig. 1D)
78 and ARDS development (Fig. ID,E) in old vs. young infected-mice at 5 dpi, as
79  demonstrated by bronchoalveolar lavage (BAL) protein content and dextran extravasation
80  from airspaces due to lung alveolar-capillary barrier disruption (Fig. 1E). This suggests
81  that age-dependent COVID-19 mortality is attributed to defective tissue (lung) damage
82  control’.

83 We hypothesized that age-dependent decrease in adipocyte lipolysis?*-® limits FFA
84  mobilization, an energy substrate we have recently found to be essential to support tissue
85  damage control and disease tolerance to bacterial infection??. MA-SARS-CoV-2 infection
86  was associated with the upregulation of the rate-limiting lipolytic enzymes, adipose
87  triglyceride lipase (ATGL) and phosphorylated hormone-sensitive lipase (pHSL) in
88  epididymal white adipose tissue (eWAT) from young but not old mice, as assessed by
89  immunofluorescence analysis (Fig. 1F-H; Fig. S1) and confirmed by western blot analysis
90  (Fig. S2). This was corroborated by an increase in FFA and glycerol release from the
91 eWAT of young vs. old infected-mice (Fig. 11,J) and with FFA and glycerol accumulation
92  in plasma from young vs. old infected-mice (Fig. 1K). This suggests that young mice
93  mobilize FFA via a robust lipolytic response to MA-SARS-CoV-2 infection, while old
94  mice fail to do so, consistent with age-dependent decline in adipocyte lipolysis?*-2.

95 To test whether age-dependent decline in adipocyte lipolysis®*?°> compromises disease

96  tolerance to MA-SARS-CoV-2 infection, we generated adipocyte-specific Pnpla2 (ATGL)
97  deficient mice, Pnpla29r°944 mice. ATGL deletion was confirmed in eWAT, under
98  steady state and after infection in young Pnpla24@roQ44 vs. Pnpla2™ mice (Fig. S3).

99 MA-SARS-CoV-2 infection was associated with a reduction of eWAT and SCWAT
100  (subcutaneous WAT) mass in Pnpla2™ mice but not in young Pnpla2@ro944 mice (Fig.
101  S4A.,B). This was corroborated by failure to accumulate circulating FFA in young
102 Pnpla24direQ44  ys  Pppla2™  infected mice (Fig. S4C,D). Moreover, infected
103 Pnpla244r°Q44 mice exhibited lower circulating glycerol, compared to Pnpla2" mice (Fig.
104  S4C,D). This confirms that ATGL is essential for the induction of adipose tissue lipolysis
105  and FFA mobilization in response to SARS-CoV-2 infection.


https://doi.org/10.64898/2026.06.27.734955
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.27.734955; this version posted June 30, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC-ND 4.0 International license.

106 Young Pnpla24@ro944 mice developed severe disease (Fig. S5A,B) and succumbed
107  (Fig. 1L,M) to MA-SARS-CoV-2 infection, while Pnpla2™’ controls remained minimally
108  affected (Fig. S5A,B; 1L,M). Lung viral titers were similar between genotypes, as assessed
109  across multiple timepoints (Fig. IN). Moreover, viral titers remained below the detectable
110  level in eWAT, as assessed 5 dpi (Fig. S5C,D). This confirming that young Pnpla244ieQ4/4
111 mice fail to establish disease tolerance to SARS-CoV-2 infection.

112 The lethal outcome of MA-SARS-CoV-2 infection in Pnpla29ro944 mice was
113 attributed to ARDS, as illustrated histologically by prominent alveolar and interstitial
114  infiltrates (Fig. 10, S5E,F) and disruption of alveolar-capillary barrier (Fig. S5G, 1P).
115  Critically, liver enzymes (ALT, AST) and kidney function (urea) remained normal in both
116  genotypes (Fig. SSH-K), suggesting that lethality of MA-SARS-CoV-2 infection in young
117 Pnpla249r°@44 mice is not attributed to multi-organ failure.

118 Notably, influenza A virus (PR8 strain) virulence was not increased in young
119 Pnpla24diro044 v controls Pnpla2™ mice, as assessed by disease severity, survival and
120 body weight loss in response to an increasing range of infectious inocula (Fig. S6). This
121  suggests that adipocyte lipolysis is dispensable to survive influenza.

122 Taken together these findings suggest that adipocyte lipolysis is essential to confer
123 disease tolerance to SARS-CoV-2 infection. It also suggests that age-dependent decline in
124 adipocyte lipolysis?*-® is sufficient to compromise disease tolerance to SARS-CoV-2 but
125  not influenza A virus infection.

126  Age-dependent impairment of adipocyte lipolysis is associated with COVID-19 severity

127  To validate whether age-dependent impairment of adipocyte lipolysis in mice impacts on
128  COVID-19 severity, we performed untargeted plasma lipidomics in old vs. young,
129 Pnpla2™ vs. Pnpla249P°244 mice infected with human specific SARS-CoV-2 B.1.351 (B)
130  variant. The plasma lipidome (905 lipid metabolites) of old vs. young Pnpla2™" mice
131  revealed an age-dependent reduction of 124 lipid species (log:FC > 1, p < 0.05) (Fig.
132 2A,B). This age dependent reduction was restricted to 45 lipid species in Pnpla244ieQ4/4
133 mice (Fig. 2C,D).

134 A direct comparison of the plasma lipidomic profiles from infected Pnpla2™? vs.
135 Pnpla249ro9%4 mice revealed 79 lipid species reduced in an age- and adipocyte lipolysis-
136  dependent manner (Fig. 2E,F). This suggests that defective adipocyte lipolysis accounts
137 for ~64% (79/124 lipid metabolites) of the age-dependent alterations in the plasma
138  lipidome of SARS-CoV-2 infected mice.

139 We then compared the adipocyte-dependent lipidomic signature (79 lipids) of old
140  infected mice with plasma lipidomic signatures associated with COVID-19 severity in
141  three independent cohorts®**2. The adipocyte lipolysis-dependent reduction of
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142 phosphatidylcholine (PC), phosphatidylethanolamines (PE) and phosphatidylinositol (PI)
143 in old infected mice was consistent with that of critical COVID-19 patients, reported by
144 Byeon et al*°, where PE species showed mixed directionality (29]91) (Fig. 2G,H). The
145  reduction of PC, ceramide and sphingomyelin (SM) in old infected mice corroborated with
146  that of severe COVID-19 patients, reported by Caterino et al.’!, where PC (1| 17) displayed
147  mixed directionality (Fig. 2G,I). The reduction of PC, PE, PI and coenzyme Q (COQ) was
148  consistent with that of fatal COVID-19 cases reported by Wu et al.32, where PC (12]51)
149  and PE (14]261) displayed mixed directionality (Fig. 2G,J). Data integration confirmed
150  the age-dependent phospholipid depletion (PC, PE, PI) driven by impaired adipocyte
151  lipolysis in mice as a conserved feature of COVID-19 severity and fatal outcomes in these
152 human cohorts®*-32, with ceramide and SM showing mixed directionality across datasets.
153 This suggests that age-dependent compromise of adipocyte lipolysis contributes critically
154 to explain the increase in COVID-19 severity and lethality in elderly individuals®1°.

155 Of note, severe COVID-19 is associated with an increase in circulating carnitines (CAR)
156 32, while old infected mice presented an adipocyte lipolysis-dependent reduction of CAR
157  (Fig. 2G-J)*%32,

158  Ketogenesis is dispensable to survive SARS-CoV-2 infection

159  We reasoned that impaired FFA mobilization may be responsible for the impaired
160  ketogenesis associated with severe COVID-19%. In keeping with this notion, MA-SARS-
161  CoV-2 infection induced the accumulation of circulating ketone bodies (Fig. S7A,B)*? in
162 an adipocyte lipolysis-dependent manner as revealed by the failure of infected
163 Pnpla244r°244 mice to accumulate ketone bodies in the circulation in response to infection,
164  when compared to control infected Pnpla2/ mice (Fig. STA,B).

165 To address whether the protective effect of adipocyte lipolysis is mediated via a
166  mechanism that relies on ketogenesis, we generated Hmgcs 24744 mice carrying a deletion
167  of 3-hydroxy-3-methylglutaryl-CoA synthase 2 (Hmgcs?2), the rate limiting mitochondrial
168  ketogenesis enzyme’*, specifically in hepatocytes. As expected, Hmgcs24P44 mice failed
169  to accumulate circulating ketone bodies in response to MA-SARS-CoV-2 infection (Fig.
170  S7C,D). However, this was not associated with increased disease severity (Fig. S7E),
171  mortality (Fig. S7F), body weight loss (Fig. S7G) or thermoregulation (Fig. S7H),
172 compared to control Hmgcs2™" mice. Together, these findings suggest that hepatic
173 ketogenesis is dispensable to survive MA-SARS-CoV-2 infection.

174  Adipocyte lipolysis regulates monocyte lung recruitment in SARS-CoV-2 infection

175  We next explored other possible mechanisms whereby adipose tissue lipolysis counters the
176  pathogenesis of ARDS to confer disease tolerance to MA-SARS-CoV-2 infection. Flow
177  cytometry analysis of lung immune cells revealed that infected Pnpla24@ro944 mice
178  exhibited marked reductions in both Ly6C*MHCII"™ and Ly6C*MHCII" monocyte
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179  populations, compared to control Pnpla2™/ mice, as assessed at 5 dpi (Fig. 3A-C, S8A,B).
180  While alveolar macrophages (AM; F4/80°CD11¢"CD11b") were reduced upon infection,
181  there was no difference between genotypes (Fig. S8C,D). Similarly, interstitial
182  macrophages (IM; F4/80"CD11c"°CD11b"), neutrophils (CD11b"Ly6G*) and dendritic
183  cells (DCs; CD11¢"MHCIT") showed comparable numbers between genotypes under both
184  control and infected conditions (Fig S8E-I). Although infection led to an increase in NK
185 cells (CD3'NK1.1*) and NKT cells (CD3"NKI1.1%), no significant differences were
186  observed between genotypes under both control and infected conditions (Fig. S8J-M). This
187  was also the case for CD8* T cells (CD3"CD8") and CD4" T cells (CD3"CD4") (Fig. S9A-
188 D), including activated CD8" T cells (CD8"CD44") (Fig. S9E,F) and activated CD4" T
189  cells (CD4"CD44") (Fig. S9G,H), as well as for total B cells (CD11b-CD19") (Fig. S9LJ).
190 This suggests that adipose tissue lipolysis selectively supports the recruitment of
191  monocytes into the lungs without affecting other immune populations.

192 The impaired recruitment of Ly6C*MHCII* and Ly6C"MHCII" monocytes to the lungs
193  was also a hallmark of the severe outcome of MA-SARS-CoV-2 infection in old vs. young
194  mice at 5 dpi (Fig. 3D-F, S10A,B). AM were reduced in old vs. young mice at steady state
195  but remained equivalent upon infection in both age groups (Fig. S10C,D). IM showed a
196  marked reduction in old vs. young mice after infection (Fig. S10E). Neutrophils, DCs, and
197  NKT cells showed largely comparable numbers between young and old mice (Fig. S10F-
198  LL,M). NK cells showed a modest infection-induced increase in young but not old mice
199  (Fig. S10J,K). This suggests that while some immune populations show minor age-related
200 differences, the primary defect in old mice is impairment in monocyte lung recruitment
201  (Fig. 3E,F). This indicates that monocyte recruitment might be involved in establishing
202  disease tolerance to MA-SARS-CoV-2 infection.

203 Monocytes recruitment to the lung is essential to survive SARS-CoV-2 infection

204  To probe whether monocyte lung recruitment is necessary for the establishment of disease
205  tolerance to SARS-CoV-2 infection, we used young adult CCL2 chemokine receptor-
206  deficient (Ccr2”") mice, which fail to mobilize monocytes from bone marrow (BM) into
207  peripheral tissue®. Ccr2” mice developed severe disease (Fig. 3G,H) and succumbed to
208 MA-SARS-CoV-2 infection, compared to wild-type controls (Fig. 3I), as previously
209  shown?®. Similar viral titers between genotypes (Fig. 3J) confirms that monocyte lung
210  recruitment is essential to establish disease tolerance to SARS-CoV-2 infection.

211 The lethal outcome of MA-SARS-CoV-2 infection in Ccr2”” mice was associated with
212 a near-complete absence of lung MHCIT® and MHCII" monocytes (Ly6C"), compared to
213 wild-type littermate controls (Fig. S11A-D). The lethal outcome of SARS-CoV-2 infection
214 in Ccr2”- mice was characterized by the development of ARDS (Fig. 3K), showing that
215  monocyte lung recruitment establishes disease tolerance to SARS-CoV-2 infection via a
216  mechanism that prevents the development of ARDS.
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217 Of note, the number of lung AM were comparable (Fig. S11E,F) while IM showed a
218 modest decrease in absolute numbers (Fig. S11G). Neutrophil lung infiltration was
219  exacerbated in infected Ccr2”~ vs. wild-type controls (Fig. S11H,I). Dendritic cells showed
220  a modest decrease in both percentage and absolute number (Fig. S11J,K), while NK cells
221  and NKT cells remained comparable between genotypes (Fig. S11L-O).

222 To test whether monocyte recruitment into the lungs is sufficient per se to counter the
223 pathogenesis of ARDS, we adoptively transferred bone marrow-derived monocytes
224  (BMDMo) intranasally to young Pnpla24¥ro944 mice (Fig. 4A). To trace BMDMo, we
225  used LysMCe"T R26¥TWT (tdT*M) mice®’, in which myeloid-lineage specific Cre
226  (LysM©*"T)induces the expression of a Rosa26-Flox-stop-Flox tandem dimer (td) Tomato
227  allele (R26"7"T) (Fig. S12A,B). Adoptive transfer of BMDMo 3, 5 and 7 dpi rescued
228  Pnpla244ire@44 mice, preventing disease progression (Fig. 4B) and lethality to 33%,
229  compared to 84% lethality in vehicle-treated controls (Fig. 4C, S12C-E). This shows when
230  naive monocytes access the lung, these can prevent the onset of lethal ARDS caused by
231  SARS-CoV-2 infection.

232 Adipocyte lipolysis regulates lung gene expression during MA-SARS-CoV-2 infection

233 We then explored the mechanism whereby monocytes prevent the onset of lethal ARDS
234 caused by SARS-CoV-2 infection. To do so, we performed single-cell RNA sequencing
235  (scRNAseq) of CD45" and CD45  fractions from lungs of infected Pnpla2™" and
236  Pnpla244iroQ44 mice at 5 dpi. Analysis of CD45" scRNAseq, focusing on the myeloid cells,
237  identified monocytes, IM, AM (AM1 and AM2), DCs (cDC1, cDC2, Mo-DC, and pDC),
238  and neutrophils [classical and interferon (IFN)-stimulated] visualized by uniform manifold
239  approximation and projection (UMAP) (Fig. S13A,B).

240 Differential gene expression (DGE) analysis revealed predominant downregulation of
241  genes in monocyte clusters from Pnpla24@ro944 s Pppla2™! infected mice (log2FC > 0.5,
242 pagj <0.05). These included IFN-stimulated genes (ISG; Gbp2, Gbp4, Gbp6, ligp1, 1118bp,
243 wdfyl, Gm4951) (Fig. 4D,E), consistent with impairment of IFN signaling in monocytes
244 from severe COVID-19 patients®. Critically, Acodl (aconitate decarboxylase 1), which
245  produces itaconate, an immunometabolite with potent tissue-protective properties®*-4?
246  among the most significantly downregulated genes (Fig. 4E). Minor changes were also
247  observed in classic and IFN-stimulated neutrophils (Fig. S13C) and IM (Fig. S13D), while
248  no DGE was detected in AM (Fig. S13E) and DCs (Fig. S13F). Of note, there was a
249  negligible DGE in adaptive immune cells between Pnpla24@r°44 and Pnpla2™" mice,
250  essentially absent in CD8" cytotoxic T cells, CD4" T helper cells CD8" cytotoxic T cells
251  and regulatory T cells (Fig S13G-I). This monocyte-specific transcriptional signature
252 suggests that adipocyte lipolysis controls monocyte recruitment and/or effector function,
253 underlying ARDS in severe COVID-19%!,

, Was
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254  Adipocyte lipolysis regulates lung cell-cell communication during MA-SARS-CoV-2
255  infection

256  To determine whether adipocyte lipolysis regulates intercellular lung communication, we
257  combined scRNAseq analysis (LIANA)* from sorted lung CD45" and CD45 5 dpi.
258  Intercellular communication counts were reduced in Pnpla249reQ44 v Pnpla2™" mice
259  (Fig. 4F). This was particularly pronounced for structural cell populations, including
260  vascular endothelial cells (VEC), capillary endothelial cells (Cap), pericytes, and epithelial
261  cells (Fig. 4F). Of note there was a marked reduction of intercellular interactions among
262  endothelial cells and among epithelial cells (Fig 4F), consistent with the development of
263  ARDS in Pnpla24@ro944 infected mice.

264 Of 48,508 putative ligand-receptor interactions analyzed, 309 showed significant
265  alterations (log2FC > 0.5, p <0.01). These included ligand-receptor interactions associated
266  with tissue damage control (173 reduced vs. 136 increased) as well as impaired AM
267 interaction with epithelial and endothelial cells via oncostatin M, associated with loss of
268  lung epithelial barrier integrity*® (Table S1).

269 Focusing on monocytes, the reduction in ligand-receptor interactions was bidirectional
270  (Fig. 4G-I). There was a reduced interaction strength of chemokine signals received by
271  lung-infiltrating monocytes from AM and IM in Pnpla249ro@44 s Pnpla2™" mice (Fig.
272  4H). These monocytes also showed diminished relay of signals to cell populations
273 predicted to regulate tissue remodeling, immune regulation, and inflammatory resolution
274  (Fig. 4]). This is illustrated by reduced urokinase (uPA/Plau) signaling to its receptor uPAR
275  (Plaur) on Cxcl10* gCap (general capillary) endothelial cells (Fig. 41), consistent with
276  impaired extracellular-matrix remodeling and vascular repair in the infected lung***. In
277  contrast, AM1 showed increased interaction strength with incoming monocytes in
278  Pnpla24direQ44 ys Pppla2! infected mice, notably through pro-inflammatory (e.g. /11b,
279  Tnf, Cxcll0) and CD44-mediated ligand-receptor pairs (Fig. 4I). Together, these findings
280  suggest that adipocyte lipolysis sustains the capacity of lung-infiltrating monocytes to
281  establish intercellular communication with parenchyma cells, presumably supporting
282  tissue repair and inflammatory resolution during SARS-CoV-2 infection.

283  Monocytes establish disease tolerance to SARS-CoV2 infection independently of
284  adaptive immunity

285  Adaptive immune responses can aggravate SARS-CoV-2 immunopathology, as
286  demonstrated in Rag-deficient mice lacking mature T and B cells*. To test whether
287  monocytes confer protection against SARS-CoV-2 infection via a mechanism that
288  regulates adaptive immunity, we generated Ccr2”Rag2”- mice. Consistent with previous
289  findings*, Rag2”’- mice showed residual disease severity (Fig. 4]J,K) and mortality (Fig.
290  4L) preserving body weight (Fig. 4M). In contrast, Ccr2”"Rag2”’- mice developed severe
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291  disease (Fig. 4K) and succumbed (Fig. 4L) to MA-SARS-CoV-2 infection with
292  pronounced body weight loss (Fig. 4M). This demonstrated that the protective effect of
293  monocytes against SARS-CoV-2 infection acts independently of adaptive immunity.

294 Adipose tissue lipolysis supports emergency myelopoiesis in SARS-CoV2 infection

295  We reasoned that failure of Pnpla24ro?44 mice to recruit monocytes to the lungs in
296 response to SARS-CoV-2 infection may be caused by a defect in emergency
297  myelopoiesis*’*%. In support of this notion, MA-SARS-CoV-2 infection induced BM
298  emergency myelopoiesis in Pnpla2™" mice, which was impaired in Pnpla244P°244 mice
299  (Fig. 5A,B). This is revealed by a marked reduction of long-term hematopoietic stem cells
300 (LT-HSC), short-term HSC (ST-HSC), multipotent progenitor 3 (MPP3), common
301  myeloid progenitors (CMP), bulk granulocyte-monocyte progenitors (GMP), and GMP
302 numbers in infected Pnpla249roQ44 vs  Pnpla2™" mice (Fig. 5A,B). Of note, most
303  individual stem cell populations involved in hematopoiesis and myelopoiesis remained
304  intact during MA-SARS-CoV-2 infection (Fig. S14, S15). This reveals a functional
305 adipocyte lipolysis-dependent mechanism supporting emergency myelopoiesis during
306 COVID-19%.

307 Old mice also presented clear signs for impaired BM myelopoiesis at steady state (Fig.
308 5C,D, S16, S17) as well as emergency myelopoiesis in response to MA-SARS-CoV-2
309 infection (Fig. 5C,D). This is revealed by baseline changes in hematopoietic progenitor
310  cells across LT-HSC and MPP populations (Fig. 5D, S16), consistent with previously
311  described*-!. Upon MA-SARS-CoV-2 infection, old mice presented a reduction of bone
312 marrow MPP3 and MPP4 cells, compared to the young, infected mice (Fig. 5D), despite a
313  baseline myeloid bias®!. This suggest that age-dependent impaired adipocyte lipolysis
314  compromises MA-SARS-CoV-2 infection-induced emergency myelopoiesis in old mice.
315  Of note, most individual stem cell populations remained intact during MA-SARS-CoV-2
316  infection in old vs. young C57BL/6J mice (Fig. S16, S17).

317 Consistent with adipocyte lipolysis-derived FFA fueling myelopoiesis, MA-SARS-
318 CoV-2 infection increased intracellular FFA (BODIPY™ FL Ci,) uptake in a subset of
319  hematopoietic progenitors including LKS, ST-HSC (Fig. S18) and myeloid progenitor
320 MPP3 but not in others, such as the downstream progenitor CMP (Fig. 5E-G, S18).
321 Moreover, MA-SARS-CoV-2 infection was also associated with an accumulation of
322 neutral lipids (BODIPY 493/503) in most of the hematopoietic and myeloid progenitor
323  including both MPP3 and CMP populations (Fig. SH-J, S19).

324 Taken together these findings suggest that FFA mobilization via adipocyte lipolysis
325  provides the essential metabolic fuel to support BM stress myelopoiesis and drive the
326  expansion of myeloid progenitors including MPP3 and CMP. This metabolic circuit fails
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327  in old mice impairing the induction of BM stress myelopoiesis in response to SARS-CoV-
328 2 infection.

329  FFA uptake/oxidation is required for disease tolerance to MA-SARS-CoV-2 infection

330 To test whether adipocyte lipolysis delivers FFA to hematopoietic cells, FFA cellular
331 uptake via CD36 was inhibited pharmacologically (sulfo-N-succinimidyl oleate; SSO).
332  CD36 inhibition compromised survival to MA-SARS-CoV-2 infection, increasing
333 mortality to 67% vs. 25% in SSO vs. vehicle-treated controls (Fig. 6A,B), without affecting
334  wiral titer in the lungs (Fig. 6C). This was associated with a marked reduction in monocyte
335  lung recruitment (Fig. 6D,E), without affecting AM, IM, neutrophils, DCs, NK cells, and
336 NKT cells (Fig. S20). This is consistent with a selective impairment of monocyte
337  recruitment similar to infected Pnpla249P°944 mice and old mice (Fig. 3C and F).

338 To probe the involvement of CD36 genetically, lethally irradiated wild-type mice
339  received BM from wild-type (Cd36™") vs. Cd36-deficient (Cd367") mice (Fig. 6F). All
340  bone marrow chimeric mice carrying Cd36”" hematopoietic cells succumbed to MA-
341  SARS-CoV-2 (100%), compared to 40% lethality in control bone marrow chimeric mice
342  carrying Cd36"" hematopoietic cells (Fig. 6G). This was not associated with changes in
343  wviral titers (Fig. 6H), suggesting that hematopoietic CD36 expression is essential to
344  establish disease tolerance to MA-SARS-CoV-2 infection.

345 To test whether adipocyte lipolysis is required to support hematopoietic B-oxidation
346  during MA-SARS-CoV-2 infection, mitochondrial FFA import by carnitine
347  palmitoyltransferase-1 (CPT1)*? was inhibited pharmacologically (etomoxir) (Fig. 6I).
348 CPT1 inhibition compromised survival to MA-SARS-CoV-2 infection, increasing
349  mortality to 100% vs. 25% in Etomoxir vs. vehicle-treated controls (Fig. 6J), without
350  affecting viral titers in the lungs (Fig. 6K). Mortality was associated with a marked
351  reduction in monocyte lung recruitment (Fig. 6L,M), without affecting major lung immune
352 cell populations (Fig. S21). This suggests that the selective impairment of monocyte
353  recruitment in infected Pnpla24¥P°244 mice and old mice (Fig. 3C and F) is due to failure
354  of adipocyte lipolysis to deliver FFA required to support B-oxidation.

355 MA-SARS-CoV-2 infection was associated with a marked increase of protein synthesis
356  across most hematopoietic stem cell populations, including myeloid progenitors such as
357  MPP3 and CMP (Fig. S22), as assessed ex vivo by puromycin incorporation®®. This was
358  fully inhibited by etomoxir, suggesting that stress myelopoiesis relies on B-oxidation,
359  explaining why inhibition of B-oxidation compromises survival to MA-SARS-CoV-2
360 infection.

361 To probe the involvement of CPT1 genetically, we used Cptla™sM44

362  myeloid-specific deletion of CPT1A, the predominant CPT1 isoform expressed in myeloid
363 cells, to generate bone marrow chimeric mice carrying hematopoietic cells from

mice carrying a
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364  Cptla™M44ys. control (Cptla™") mice (Fig. 6N). All bone marrow chimeric mice carrying
365  Cptla™*M44 hematopoietic cells succumbed to MA-SARS-CoV-2 (100%), compared to
366  50% lethality in control bone marrow chimeric mice carrying Cptla™" hematopoietic cells
367  (Fig. 60). This was not associated with changes in viral titers (Fig. 6P), suggesting that
368 myeloid CPT1A expression is essential to establish disease tolerance to MA-SARS-CoV-
369 2 infection. Together, these results establish that both CD36-mediated FFA uptake and
370  CPT1A-dependent mitochondrial B-oxidation are required to confer disease tolerance to
371  SARS-CoV-2 infection.

372
373  DISCUSSION

374  We identified adipose tissue lipolysis as a rate-limiting metabolic requirement for
375 emergency myelopoiesis that confers disease tolerance to SARS-CoV-2 infection.
376  However, this protective effect is not required to establish disease tolerance to influenza
377  virus infection, illustrating the distinct pathology caused by these two respiratory
378  viruses®3,

379  Mechanistically, FFA mobilization via adipocyte lipolysis fuels the expansion and
380  functional maturation of monocytes through myelopoiesis that protects from ARDS, the
381  primary cause of COVID-19 mortality®. This protective inter-organ communication circuit
382  fails with aging: old mice cannot mount the lipolytic response required to sustain
383  emergency myelopoiesis, lowering monocyte production and lung recruitment, leading to
384  lethal ARDS. These findings establish a metabolic-immune based tissue damage control
385  mechanism®* that protects against viral ARDS and its age-dependent collapse as a
386  mechanism of COVID-19 susceptibility in elderly individuals®-1°.

387  The central role of monocytes in the protective response to SARS-CoV-2 infection is
388  consistent with their capacity to support tissue function’” and disease tolerance to SARS-
389  CoV-2 infection®®%’, Importantly, this does not preclude aberrantly activated monocyte-
390  derived macrophages from driving COVID-19 severity**%>, a duality reflecting how

391  metabolic heterogeneity impacts on macrophage effector functions®-6%-61,

392  FFA deprivation resulting from impaired adipocyte lipolysis due to aging or imposed
393  genetically in young mice creates a pathological cascade that compromises the intercellular
394  network supporting lung function during SARS-CoV-2 infection. This is illustrated for
395 example by impaired signaling of alveolar macrophages with epithelial and endothelial
396  cells (i.e., via oncostatin M and CXCL10), predictive of loss of lung epithelial barrier
397  integrity®. Loss of these tissue damage control mechanisms?® compromises lung function
398  and therefore disease tolerance to SARS-CoV-2 infection.
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399  The dual requirement for CD36 and CPT1A establishes mitochondrial B-oxidation of
400  extracellular FFA, rather than that of endogenous fatty acids alone, as the rate-limiting
401  metabolic program enabling monocytes to execute tissue-protective functions in infected
402  lungs. Whether FFA B-oxidation represents a conserved metabolic axis governing disease
403  tolerance across diverse infections remains to be established.

404 A critical role of adipose tissue lipolysis in the support of emergency myelopoiesis during
405  SARS-CoV-2 infection resembles what has been described in myocardial infarction®?.
406  Whether, similar to myocardial infarction®?, bone marrow adipose tissue lipolysis is the
407  source of FFA supporting emergency myelopoiesis in SARS-CoV-2 infection warrants
408  investigation.

409  Our findings are consistent with FFA B-oxidation being a hallmark of tissue-reparative
410  monocyte-derived macrophages, coupling efferocytosis to the production of protective
411  mediators: such as IL-10%, specialized pro-resolving lipid mediators derived from FFA
412  substrates®*% and growth factors such as amphiregulin®, that promote epithelial repair and
413  maintain alveolar-capillary barrier integrity®’. Additional energy-demanding mechanisms
414  deployed by tissue-reparative macrophages include the disposal and recycling of damaged
415  mitochondria®’, via transmitophagy’’ and possibly the transfer of functional
416  mitochondria to damaged cells”!.

417 We provide a mechanistic framework for understanding age-related COVID-19
418  susceptibility. Aging is associated with a progressive decline in adipose tissue lipolytic
419  capacity?*-?°, which coupled with age-dependent changes in myeloid cell function’, creates
420  a metabolic-immune vulnerability that predisposes older individuals to severe COVID-19.
421  This suggests that therapeutic strategies to enhance FFA availability or restore monocyte
422  metabolic function could be used as targeted interventions for elderly COVID-19 patients,
423 with potential applicability to other age-sensitive infectious diseases.
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424 MATERIAL AND METHODS
425  Mice

426  Mice (male and female) were bred and maintained under specific pathogen-free (SPF)
427  conditions at the Gulbenkian Institute of Molecular Medicine (GIMM), housed at standard
428  vivarium temperature (22°C) in a 12-hour light/dark cycle lights on from 8:00 am (ZT 0)
429  to 8:00 pm (ZT 12). Mice were maintained with free access to water and standard chow
430  pellets (ad libitum). All experimental protocols were approved in a two-step procedure, by
431  the Animal Welfare Body of the GIMM and by the Portuguese National Entity that
432 regulates the use of laboratory animals in research (Dire¢do Geral de Alimentagdo e
433 Veterinaria; DGAV). Experimental procedures followed the Portuguese (Decreto-Lei n°
434  113/2013) and European (Directive 2010/63/EU) legislation. C57BL/6J mice were
435  obtained from the GIMM animal facility. C57BL/6] AdipoQ<*"'Pnpla2™ (i.e.,
436  Pnpla249r°@¥%) mice and littermate control Pnpla2™/' mice were previously described’.
437  C57BL/6] Ccr2”- were previously described’®. C57BL/6J Rag2”~ were previously
438  described”. C57BL/6) Ccr2”- Rag2’~ were generated by crossing C57BL/6J Ccr2”- with
439  C57BL/6J Rag2”-. C57BL/6] Cd367 were previously described’®. Hmgcs2™/ mice were
440  previously described””. A" Hmgcs2"" were generated by crossing AIb*"T mice
441  (#003574-JAX) with Hmgcs2™" mice. Cptld™" mice were obtained from Prof. Laura
442  Herrero (University of Barcelona, Spain)’®. C57BL/6] LysM“*"T Cptla™" mice were
443  generated by crossing LysM "7 with Cptla™" mice by Prof. David Sancho (Nacional de
444  Investigaciones Cardiovasculares Carlos III (CNIC), Madrid, Spain). LysM<"T R26'TWT
445  mice, in which a Rosa26-tandem dimer (td) Tomato-Flox-stop-Flox allele driving the
446  expression of td Tomato (tdT) by Cre-driven excision, under the control of Rosa26
447  promoter (1dT%?°) mice were crossed with LysM " mice to enable tdTomato expression
448  specifically in myeloid-lineage cells (¢dT2*M)37,

449  Cells and viruses

450  To generate SARS-CoV-2 viral stocks, VeroE6 cells were inoculated with mouse adapted
451 (MA)-SARS-CoV-2 isolate hCoV-19/mouse/USA/TA-N501Y-MA30/2021 (Lineage B)
452  (BEI Resources #NR-56222) or human specific SARS-CoV-2 USA/MD-HP01542/2021
453  (Lineage B.1.351) (BEI Resources #NR-55282) to generate the P1 stocks. Supernatant was
454  clarified by centrifugation (700 x g x S5min) and then aliquoted for storage at — 80°C. Virus
455  titer was determined by plaque assay using Vero E6 cells.

456  Plaque assay

457  For viral titration, Vero E6 cells were seeded for 24 h, infected with different dilutions of
458  SARS-CoV-2 virus in DMEM supplemented with 2 mM L-glutamine and 1% (v/v)
459  penicillin/streptomycin and devoid of serum for 1h at 37°C and 5% CO2. After 1h, the
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460  cells were overlayed by 1% carboxymethyl cellulose supplemented with 2.5% serum and
461  incubated for 5 days at 37°C and 5% CO.. The media was aspirated and the cells were
462  fixed and stained with 0.1% toluidine blue in 4% formaldehyde O/N. The medium was
463  aspirated and the cells were washed with PBS and viral titer was determined.

464 Viral infection and disease assessment

465 Mice were maintained at the GIMM ABSL-3/ABSL-2 facility. Briefly, mice were
466  anesthetized with isoflurane and intranasally inoculated with SARS-CoV-2 virus or
467  influenza A virus. For SARS-CoV-2 virus, mice were intranasally inoculated with either
468  1.75x10° PFU of SARS-CoV-2 (Lineage B.1.351, 50uL per nostril) or 0.2 x 10* PFU of
469 MA-SARS-CoV-2 (25uL per nostril). For influenza infections, mice were inoculated with
470 50,75 or 150 PFU of influenza A virus strain A/Puerto Rico/8/34 (PRS, 30 uL). Mice were
471  monitored daily from day O (day of infection) onward for clinical severity score (CSS,
472  including activity, level of consciousness, response to stimulus and respiration), body
473  weight (Ohaus® CS200 scaler, Sigma Aldrich), rectal temperature (Rodent thermometer;
474  BIO-TKS8851, Bioset) and blood ketone bodies (FreeStyle Precision Neo; Abbott) for 14
475  days.

476  Lung viral titers

477  Viral titers were determined at day 3, 5 and 7 post-infections from the right upper lobes of
478  MA-SARS-CoV-2 mice. Samples were homogenized in serum-free DMEM (Gibco) using
479  tungsten carbide beads (Qiagen) in a Tissue Lyzer II (1600 MiniG) for 2 min. The
480  supernatant was clarified by centrifugation at 2,000 x g for 5 min. Viral titer was
481  determined by plaque assay using Vero E6 cells.

482  Histopathological analysis

483  Mice were sacrificed by CO» inhalation, transcardially perfused in foto with ice-cold PBS
484  (1X, 20 mL). For histological analysis, lungs were fixed in 10% formalin for 24h,
485 embedded in paraffin, sectioned (3 um) and stained with hematoxylin & eosin (H&E).
486  Whole sections from formalin-fixed and H&E-stained tissues were examined using a
487  DM2000 LED microscope (Leica Microsystems), and digital images were acquired with a
488  NanoZoomer-SQ digital slide scanner (Hamamatsu Photonics). Lung sections were
489  evaluated using a semi-quantitative histopathological scoring system”. The assessment
490  encompassed multiple parameters including alveolar edema, emphysema, atelectasis, and
491 inflammatory infiltrates at alveolar, interstitial, peribronchial and perivascular locations.
492  Each parameter was graded based on the percentage of affected area per lobe or severity
493  of involvement, with predominant inflammatory cell types identified. Vascular lesions,
494  including endothelitis, vasculitis, and thrombi formation, were scored for presence and
495  severity. A composite total score was calculated by summing individual parameter scores
496  to quantify overall lung pathology.
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497  Lung permeability assay

498  Lung permeability was measured using fluorescently labeled dextran (10 kDa), essentially
499  as described®. Briefly, 25 pL of 50 mg/mL rhodamine-dextran (Sigma #R8881) was
500  dissolved in sterile PBS and instilled intranasally into the airways. Mice were sacrificed 1h
501 thereafter (CO: inhalation), blood was collected (EDTA tubes) and centrifuged at 3,000 x
502 g, 10 min. Plasma was harvested, and virus was inactivated by the addition of NP-40 (10
503  upL in 200 pL plasma). Fluorescence intensity was measured at an excitation wavelength
504  of 570 nm and an emission wavelength of 594 nm using a GloMax reader.

505  Protein determination in BAL

506 To measure protein concentration in the BAL, as a proxy of increase in lung capillary
507  leakage, mice were sacrificed (CO: inhalation), and the thorax was opened to expose the
508 trachea. The lungs were washed by intratracheal instillation of sterile PBS (20G catheter,
509 3 x0.5mL) followed by gentle aspiration. The recovered fluid was centrifuged at 300 x g,
510 10 min and the cell-free supernatant was collected and incubated at 70°C for 10 min to
511  inactivate the virus. Protein concentration was determined using Bradford reagent by
512 measuring the absorbance at 595 nm.

513  Adipose tissue mass

514  Mice were euthanized, perfused in tofo with ice-cold PBS. The eWAT and scWAT fat pads
515  were harvested and weighed (Entris® II, Satorius).

516  Adipose tissue immunofluorescence

517  Mice were sacrificed by CO; inhalation, transcardially perfused in tofo with ice-cold PBS
518  (1X,20 mL). eWAT was harvested and fixed with 4% PFA with gentle shaking, overnight
519  (O/N) at 4°C. Next day, tissues were washed thrice with 1X PBS (30 min each) and
520  permeabilized (BIN buffer: 0.1% Triton X-100, 0.3 M Glycine, 0.01% Sodium Azide in
521  distilled water) O/N with gentle shaking at RT. Samples were blocked using PtxwH buffer
522 (1x PBS, 0.1% Triton X-100, 0.05% Tween-20, 2mg/mL Heparin, 0.01% Sodium Azide,
523 3% donkey serum) O/N at RT. Samples were incubated with primary antibodies: anti-
524  ATGL (PNPLA2/ATGL Antibody, #AF5365 Novus biologicals) and anti-pHSL
525  (Phospho-HSL Ser660, Cell Signaling Technology, #45804,) prepared in blocking buffer
526  for 3 days with gentle shaking at RT. The samples were then washed with PtxwH buffer,
527 5 times (lh each). After washing, the samples were incubated with secondary antibody,
528  donkey anti-sheep IgG H&L (Alexa Fluor® 647) (Abcam, #ab150179) and donkey anti-
529  rabbit IgG H&L (Alexa Fluor® 568) (Abcam, #ab175470) prepared in blocking buffer O/N
530  with gentle shaking at RT. The samples were then washed with PtxwH buffer, 5 times (30
531 min each). After washing, the samples were incubated with BODIPY 493/503 (Cayman,
532 #25892) and DAPI (in PBS) for 2h at 37°C. The samples were then washed with PBS, 3
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533  times (30 min each) and imaged using a laser scanning confocal microscope (LSM980,
534  Zeiss) and fluorescence intensity was measured using ImageJ 1.53k software (Rasband,
535  W.S., Imagel, U.S. NIH, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/,1997-2014).

536 Western Blot

537  Mice were sacrificed and perfused as described before, eWAT was collected and snap
538  frozen in liquid nitrogen. The tissue was homogenized in NP40 extraction buffer (100 mL
539  of extraction buffer containing 3 mL of 5M NaCl, 10 mL of 10% NP-40, 5 mL of 1M Tris,
540 82 mL of H20, protease inhibitor: complete Mini, EDTA-free, Sigma #11836170001)
541 using a tissue lyzer (Qiagen) with tungsten carbide beads (Qiagen). Samples were
542  incubated lh on ice and then centrifuged (20,000 x g, 15 min, 4°C). The middle layer
543  (without the fat) was transferred to another tube and centrifuged again, as before. The
544  supernatant was transferred and protein was quantified via Bradford assay (BioRad,
545  #5000006). Protein (30 pg) was resolved on a 10% SDS-PAGE and transferred to
546  Polyvinylidene fluoride (PVDF) membranes. The membranes were blocked (5% bovine
547  serum albumin: BSA in 1XT-TBS) and incubated with primary antibodies overnight (4°C):
548  Anti-mouse phospho-HSL (Ser660) (#45804, Rabbit, 1:1000), Anti-mouse HSL (#4107,
549  Rabbit, 1:1000), Anti-mouse ATGL (#2439, Rabbit, 1:1000) and Anti-mouse [-Actin
550 (#4967, Rabbit, 1:1000) all from Cell Signaling Technology. Membranes were washed (3x,
551  1X T-TBS) and incubated (1h, RT) with corresponding peroxidase-conjugated secondary
552  antibodies (goat anti-rabbit IgG (H+L) HRP #31460). Peroxidase activity was detected
553  using SuperSignal West Pico PLUS Chemiluminescent Substrate (ThermoFisher
554 Scientific). Blots were developed using Amersham Imager 680 (GE Healthcare), equipped
555  with a Peltier cooled Fujifilm Super CCD. Densitometry analysis was performed with
556 ImageJ (Rasband, W.S., ImageJ, U.S. NIH, Bethesda, Maryland, USA,
557  https://imagej.nih.gov/ij/, 1997-2014), using only images without saturated pixels.

558 FFA measurement from the explants

559  Mice were sacrificed and perfused as described before. The eWAT was harvested and
560 weighed. eWAT (15mg) was taken from each mouse and incubated in a 24 well plate
561  containing 1 mL of pre-warmed Krebs-Ringer Solution, HEPES-buffered (Thermofisher,
562  #J67795.AP) with 2% FA free BSA (AlbumiNZ™ Bovine Albumin Low Free Fatty Acid
563 #02199899). The plate was then incubated at 37 °C for 2h. After 2h, incubation media was
564  collected in 1.5 mL tubes. The tubes were incubated at 65°C for 10 min. For FFA
565 measurement, Free FA Quantitation Kit (Sigma, #MAKO044) was used. Briefly 2, 4, 6, 8,
566  and 10 nmol/well standards were prepared in a 96 well plate. 15 uL of sample were added
567  to the well and volume was made up to 50 pL. 2 pL of acyl-CoA synthetase reagent was
568 added to each sample and standard well, and incubated at 37 °C for 30 min. The master
569  reaction mix was prepared according to the manufacture instruction and 50 pl was added
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570  to each well and the plate was incubated at 37 °C for 30 min. The absorbance was measured
571  at 570 nm and the FFA concentration of unknown samples were determined.

572  Glycerol measurement from the explants

573  Mice were sacrificed and perfused as described before. The epidydimal (eWAT) white
574  adipose tissue fat pads were harvested and weighed. eWAT (15mg) was taken from each
575 mouse and incubated in a 24 well plate containing 1 mL of pre-warmed Krebs-Ringer
576  Solution, HEPES-buffered (Thermofisher, #J67795.AP) with 2% FA free BSA
577  (AlbumiNZ™ Bovine Albumin Low Free Fatty Acid #02199899). The plate was then
578  incubated at 37 °C for 2h. After 2h, incubation media was collected in 1.5 mL tubes. The
579  tubes were incubated at 65°C for 10 min. For glycerol measurement, glycerol standard
580  solution (Sigma #G7793, Conc: 0,26 mg/mL of glycerol) was used. Briefly standards were
581  prepared by diluting Glycerol Standard Solution 2-fold in PBS. 50 pl of standard or sample
582  was added to the 96 well plate. 100 uL of Free Glycerol Reagent (Sigma, #F6428) was
583  added to each well and incubate for 15 min at RT. Absorbance was measured at 540nm
584  and the glycerol levels of unknown samples were determined.

585  Blood analysis

586  Mice were sacrificed by CO; inhalation, and the blood was collected by cardiac puncture
587 in EDTA tubes. The blood was centrifuged (1,500 x g, 10 min, 4 °C) and plasma was
588  collected. To inactivate the virus, plasma was treated with RNase A (sigma #10109169001,
589  1:1000) and Triton X 100 (sigma #515958069, 1%). Serological analyses were outsourced
590 by DNATech (Portugal; http://www.dnatech.pt/web/). Blood levels of FFA, glycerol,
591  ALT, AST and urea were assessed.

592 Untargeted Lipidomics

593  Young (3-4 months) and old (16 months) Pnpla2"" and Pnpla24¥r°944 mice were infected
594  with SARS-CoV-2 (Lineage B.1.351). Mice were sacrificed at 3 days post infection and
595  blood was collected through intracardial puncture (23 G needle pre-coated with 0.5M
596 EDTA), plasma was extracted by centrifugation (1500 x g; 10 min.) and 50 pL was used
597  for lipid extraction. Isopropanol (450 pL containing internal standards) was added and after
598  thorough vortexing and incubation (-20 °C; 20 min.) samples were centrifuged (10 min.;
599 14,000 x g, 4 °C). Supernatants were collected and used for LC-MS/MS analysis,
600 performed on a Vanquish UHPLC system coupled to an Orbitrap Exploris 240 high-
601  resolution mass spectrometer (Thermo Scientific, MA, USA) in negative and positive ESI
602  (electrospray ionization) mode. Chromatographic separation was carried out on an
603  ACQUITY Premier CSH C18 column (Waters; 2.1 mm x 100 mm, 1.7 um) at a flow rate
604  of 0.3 mL/min. The mobile phase consisted of water: ACN (40:60, v/v; mobile phase A)
605 and IPA:ACN (9:1, v/v; mobile phase B), which were modified with a total buffer
606  concentration of 10 mM ammonium acetate + 0.1 % acetic acid (negative mode) and 10
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607 mM ammonium formate + 0.1% formic acid (positive mode), respectively. The following
608  gradient (23 min. total run time including re-equilibration) was applied (min/%B): 0/15,
609  2.5/30,3.2/48, 15/82, 17.5/99, 19.5/99, 20/15, 23/15. Column temperature was maintained
610 at 65°C, the autosampler was set to 4°C and sample injection volume was set to 3 uL
611  (positive mode) and 5 pL (negative mode). Analytes were recorded via a full scan with a
612  mass resolving power of 120,000 over a mass range from 200 — 1700 m/z (scan time: 100
613  ms, RF lens: 70%). To obtain MS/MS fragment spectra, data-dependent acquisition was
614  carried out (resolving power: 15,000; scan time: 54 ms; stepped collision energies [%]:
615  25/35/50; cycle time: 600 ms). Ion source parameters were set to the following values:
616  spray voltage: 3250 V /3000 V, sheath gas: 45 psi, auxiliary gas: 15 psi, sweep gas: 0 psi,
617  ion transfer tube temperature: 300°C, vaporizer temperature: 275°C. Level 1 feature
618 identification was based on the MS-DIAL8! LipidBlast V68 library.

619  All experimental samples were measured in a randomized manner. Pooled quality control
620 (QC) samples were prepared by mixing equal aliquots from each processed sample.
621  Multiple QCs were injected at the beginning of the analysis in order to equilibrate the
622  analytical system. A QC sample was analyzed after every Sth experimental sample to
623  monitor instrument performance throughout the sequence. For determination of
624  background signals and subsequent background filtering, an additional processed blank
625  sample was recorded.

626  Lipidomics Analysis

627  Lipid abundances were normalized using the median Total Ion Current (mTIC)%? method
628  and subsequently logz-transformed prior to statistical analysis. This transformation serves
629  to stabilize variance and render the data approximately normally distributed, which was
630  verified per lipid feature using the Shapiro-Wilk test (scipy.stats, Python). Detections from
631  positive and negative ionization modes were merged into a unified dataset; in cases where
632  the same lipid species was identified in both modes, only the detection with the highest
633  intensity was retained to avoid redundancy. Differential abundance between groups was
634  assessed by fitting an independent linear model fitted by ordinary least squares, for each
635  lipid feature, specified as: lipid _abundance ~ group, where group defined the mice age and
636  genetic background. All models were implemented using the statsmodels package in
637  Python. Because lipid abundances were modelled on the log: scale, the estimated group
638  coefficient directly represents the log: fold change (log-FC) between conditions. Pairwise
639  group contrasts were extracted from each fitted model using the t test pairwise function,
640  which evaluates linear combinations of model coefficients and yields nominal p-value per
641  contrast per lipid. To account for the inflated risk of false positives arising from the
642  simultaneous testing of hundreds of lipid species, all nominal p-values were corrected using
643  the Benjamini—Hochberg procedure (statsmodels.stats.multitest.multipletests), controlling
644  the false discovery rate (FDR) at the dataset level. A lipid species was deemed differentially
645  regulated if it met both criteria: an FDR-adjusted p-value < 0.05 and an absolute log: fold
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646  change greater than 1, corresponding to at least a two-fold difference in abundance between
647  groups. Volcano plots were generated to visualize the joint distribution of effect size and
648  statistical significance (p-value) using the plotly Python library.

649  The same lipid classes were analyzed in the human datasets**-32, where fold changes were

650  calculated from the available intensity data. To maximize consistency across re-analyses
651  and between studies, a t-test was applied to identify individually significant lipid species,
652  using a fold-change threshold of absolute log. fold change greater > 0.58 (the smallest
653  threshold across all studies) and a corrected p-value (FDR) < 0.05.

654  Flow cytometry

655  Lungs Myeloid and lymphoid panel

656  Mice were sacrificed and perfused as described before. Lungs were harvested and digested
657  with cRPMI media containing Img/mL collagenase IV (sigma #C5138) and 100pg/mL
658 DNase I (sigma #10104159001). Cell suspensions were filtered through a cell strainer (70
659  um, Corning) and RBCs were lyzed using ACK lysis buffer. Cells were then stained with
660  Fc block (BD pharmingen, #553142) and fixable live dead yellow dye (LIVE/DEAD™
661  Fixable Yellow Dead Cell Stain Kit, Invitrogen, #L.34959) for 20 min (4°C). The cells were
662  washed with PBS containing 2% FBS and centrifuged (700 x g, 2 min, 4°C). The cells
663  were fixed using 4% paraformaldehyde for 30 min (4°C). Cells were washed with PBS
664  containing 2% FBS and centrifuged (700 x g, 2 min, 4°C). Cells were stained with
665  following antibodies: For lungs, CD45 APCe780 (#47-0451-82), Ly6G AF700 (#56-9668-
666  82) from Invitrogen, CD11b BV785 (#101243), NK1.1 PE/Dazzle 594 (#108748), TCRyd
667 BV605 (#118129), CD3 AF647 (#152320), MHCII BV711 (#107643), F4/80
668 BV421(#123132), Ly6C PE/Cy7 (#128018), B220 PercP/Cy5.5 (#103236), CD4 PE/Cy7
669  (#100422), CD19 BV711 (#115555), CD69 PE (#104508), CD44 BV421 (#103039),
670  CD25 AF488 (#102017), all from Biolegend, CD11C PE (BD Pharmingen, #557401), CD8
671  PerCP/Cy5.5 (Life technology, #45-0081-82) for 30 min (4°C). The cells were washed with
672  PBS containing 2% FBS and centrifuged (700 x g, 2 min, 4°C) and analyzed in a
673  LSRFortessa X-20 (BD Biosciences). FACS data was analyzed with FlowJo V10.8.1.

674  Bone marrow hematopoiesis and myelopoiesis

675  Mice were sacrificed and perfused as described before. The femur was harvested and cut
676  at both ends and placed in a 0.5 mL tubes with bottom pinched with a hole by 20G needle.
677  The 0.5 mL tube was then placed in a 1.5 mL tube, and the cells were harvested by
678  centrifugation at (5,000 x g, 10 sec, 4 °C). RBCs were lyzed using ACK buffer and cells
679  were then stained with fixable live dead yellow dye for 20 min (4°C). For measuring FA
680  uptake and intracellular lipid content, the cells were stained with BODIPY™ FL Ci»
681  (Invitrogen #D3822) and BODIPY 493/503 (Cayman, #25892), respectively for 30 min at
682  37°C. Cells were washed with PBS containing 2% FBS and centrifuged (700 x g, 2 min,
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683  4°C). Cells were then stained with CD16/32 BV421 (Biolegend, #101331) for 15 min
684  (4°C). Cells were washed with PBS containing 2% FBS and centrifuged (700 x g, 2 min,
685  4°C). The cells were stained with the following primary antibodies: Sca-1 FITC (#122505),
686  Ly6C PerCP/Cy5.5 (#128012), CD115 PE (#135505), CD34 PE/CyS (#119311), F4/80
687  AF647 (#123122), CD11C BV605 (#117333), CD3 Biotin (#100243), CD49b Biotin
688  (#103521),CD90.1 Biotin (#202510), all from Biolegend, CD135 PerCPeF710 (#46-1351-
689  82), CD150 eF450 (#48-1502-82), MHCII eF506 (#69-5321-82) from Invitrogen, CD48
690 PE-Vio 770 (Miltenyi Biotec S. L, #130-102-363), c-KIT APC (BD Pharmingen,
691  #553356), CD19 Biotin (eBioscience, #553784), for 25 min (4°C). The cells were washed
692  with PBS containing 2% FBS and centrifuged (700 x g, 2 min, 4°C). The cells were then
693  stained with secondary antibody PE/Fire700 Streptavidin (Biolegend, #405174) for 15 min
694  (4°C) and washed with PBS containing 2% FBS and centrifuged (700 x g, 2 min, 4°C). The
695 cells were fixed using 4% PFA for 30 min (4°C). The cells were washed with PBS
696  containing 2% FBS and centrifuged (700 x g, 2 min, 4°C) and analyzed in a Cytek Aurora
697  (Cytek Biosciences). FACS data was analyzed with FlowJo V10.8.1.

698  Puromycin incorporation

699  Mice were sacrificed and femur was harvested as described before. After RBC lysis, 2 x
700  10° cells were seeded in a 96 well plate and treated with either vehicle (PBS) or etomoxir
701  (4puM, Cayman, #11969-50) for 20 min. Puromycin (final concentration 10 pg/mL, sigma
702 # P7255) was added to cultures for 25 min. Cells were washed with PBS containing 2%
703 FBS and centrifuged (700 x g, 2 min, 4°C). Cells were then stained with fixable live dead
704 yellow dye, CD16/32 BV421 and other antibodies as described before. The cells were fixed
705 and permeabilized using FIX & PERM kit (ThermoFisher #GAS004). After
706  permeabilization, cells were stained with anti-puromycin antibody (Merck # MABE343).
707  The cells were washed with PBS containing 2% FBS and centrifuged (700 x g, 2 min, 4°C)
708  and analyzed in a Cytek Aurora (Cytek Biosciences). FACS data was analyzed with FlowJo
709  VI10.8.1. Mean fluorescence intensity (MFI) was used to quantify puromycin
710  incorporation™.

711  Single-cell RNA-seq sample preparation

712 Lungs were harvested from Pnpla2™" and Pnpla244iP°@¥% infected mice and digested with
713 cRPMI media containing 1mg/mL collagenase IV and 100ug/mL DNase 1. Cell
714 suspensions were filtered through a cell strainer (70 pm), and RBCs were lyzed using ACK
715  lysis buffer. Cells were then stained with Fc block (BD pharmingen, #553142) and fixable
716  live dead yellow dye (LIVE/DEAD™ Fixable Yellow Dead Cell Stain Kit, Invitrogen,
717 #L34959) for 20 min (4°C). The cells were washed with PBS containing 2% FBS and
718  RNASE inhibitor (sigma # 3335399001) and centrifuged (700 x g, 2 min, 4°C). Single-cell
719  suspensions were stained with CD45.2 (clone 104, Biolegend # 109808) and TotalSeq-C-
720  tagged anti-mouse Hashtag 5 to 10 (Biolegend #155875, #155877, #155879, #155881,
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721  #155883, #155885). The cells were washed twice with PBS containing 2% FBS and
722  RNASE inhibitor. The cells were sorted into CD45" and CD45" populations using Cytek
723 Auroa cell sorter (Cytek Biosciences) and adjusted to 1,333 cells/uL in PBS. Single-cell
724 library preparation was performed according to the Chromium GEM-X Single Cell 5' Kit
725  v3 (10x Genomics). Library preparations were done based on manufacturer's instruction.
726  PCR were done using a C1000 Touch Thermal Cycler (Bio-Rad). cDNA and library quality
727  control and quantification were performed with a HS NGS Fragment kit (Agilent
728  Technologies). Gene expression libraries were indexed using the Dual Index Plate TT, Set
729 A and antibody barcode libraries were indexed with Dual Index Kit TN, Set A. All libraries
730  were verified by Fragment Analyzer prior to sequencing on a NextSeq 2000 instrument
731  (Illumina) using the P2 reagent kit with 100-cycle runs.

732  sc-RNA analysis

733  RNA expression quantification, demultiplexing and quality control

734 Gene expression was quantified using Cell Ranger v9.0.1%3 with default parameters and
735  aligned against the mouse reference transcriptome GRCm39-2024-A. To assign each cell
736  to its respective mouse of origin and identify potential doublets, demultiplexing was
737  performed using the HTODemux function within the Seurat R package. Following
738  quantification, cells were filtered based on quality control metrics to remove low-quality
739  cells. Thresholds were determined by manual inspection of the distributions of the quality
740  control metrics. For CD45" dataset, cells with fewer than 5,000 detected genes
741  (nFeature RNA), a mitochondrial read fraction (percent.mt) below 25%, and a total unique
742 UMI count (nCount RNA) below 25,000 were retained. For CD45" cells, following criteria
743 were applied: fewer than 5,000 detected genes, a mitochondrial content under 8%, a total
744 UMI count below 20,000, and a ribosomal gene percentage (percent.rp) below 17%. Only
745  cells meeting these predefined thresholds were retained for downstream analysis.

746  Downstream analysis

747  Downstream analyses were conducted using the Seurat R package (v5.4.0)%. To enable
748  lineage-specific analysis, the CD45" population was partitioned into two distinct datasets,
749  myeloid and lymphoid, while the CD45- population was processed as a single dataset. For
750  all objects, normalization and scaling were performed via the SCTransform workflow®3,
751  which identified the top 5,000 highly variable features while simultaneously regressing out
752 variation associated with total UMI counts (nCount RNA) and mitochondrial transcript
753  percentages (percent.mt). Dimensionality reduction was performed through Principal
754  Component Analysis (PCA), with the appropriate number of principal components (PCs)
755  selected based on the inflection point of ElbowPlot visualizations. Specifically, 28, 30, and
756 40 PCs were chosen for the myeloid, lymphoid, and CD45" datasets, respectively. These
757  components were used as input for UMAP dimensionality reduction using the RunUMAP
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758  function. Clustering was executed using the FindClusters function with dataset-specific
759  resolutions: 0.6 for myeloid cells, 0.2 for lymphoid cells, and 0.4 for the CD45" fraction.
760  Differential gene expression analysis was performed using the FindMarkers function, with
761  significant markers defined by a log, fold change (log2FC) threshold greater than 0.5 and
762  ap-value below 0.05, as determined by the non-parametric Wilcoxon Rank Sum test. Cell
763  cluster annotation was performed by cross-referencing differentially expressed genes with
764  established markers from the literature®®.

765  Cell-cell communication

766  To characterize intercellular signaling dynamics, the LIANA framework (v0.1.14)*? was
767  applied independently to the Pnpla249P°@44 and Pnpla2™" mouse datasets. For each
768  condition, the dataset containing myeloid, lymphoid, and CD45" populations served as
769  input. To improve robustness of interaction inference, infrequent cell populations were
770  excluded using the filter nonabundant celltypes function with default parameters. Cell-
771  cell communication was then inferred via the liana wrap function, specifically employing
772 the CellPhoneDB method®” against the mouse OmniPath database®® as the reference
773  resource. The resulting interaction tables were filtered to retain only significant entries (p
774  <0.01). To further prioritize high-confidence signaling events, interactions within the top
775 80" percentile (percentile > 20) based on the mean ligand-receptor expression (Ir.mean)
776  were considered for downstream analysis. To quantify shifts in connectivity between the
777  two experimental groups, the absolute difference in interaction counts for each cell-type
778  pair was computed by subtracting the interaction matrices between conditions. For
779  interactions conserved across both conditions, the logoFC of Ir.mean values was calculated
780  to assess the relative change in signaling magnitude between the Pnpla24@ro944 and
781  Pnpla2™.

782  Adoptive transfer of bone marrow derived monocytes (BMDMo)

783  Adoptive transfer of bone marrow-derived monocytes (BMDMo) was performed
784  essentially as described®. Briefly, BMDMo cells were freshly harvested from C57BL/6J
785  mice and placed in culture for 5 days in Ultra-low-adherence T75 cell culture flasks
786  (Corning #734-4139) with BMDMo differentiation culture medium (RPMI, 10% FCS, 1%
787  Penicillin/Streptomycin, supplemented with 10% L1929 culture supernatant. On day 5,
788  BMDMo were collected, washed in RPMI (10 mL; 300 x g, 5 min, 4 °C) and resuspended
789  in RPMI. On days 3, 5 and 7 post-infection, 50 pL (25ul per nostril) of BMDMo suspension
790  was injected intranasally in each mouse (3 x 10 cells/mouse/).

791  Drug treatments

792  Etomoxir (Cayman, 11969-50) was freshly prepared before administration by diluting into
793  1XPBS. Mice were administered i.p. with 25 mg/kg of etomoxir or vehicle before infection
794  and ondays 1, 3 and 5 post infection. Sulfosuccinimidyl oleate sodium (MedChem express,
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795  #HY-112847A) was freshly prepared before administration by diluting into 10% DMSO,
796  30% PEG400 and 60% PBS. Mice were administered ip. with 40 mgkg of
797  Sulfosuccinimidyl oleate sodium or vehicle before infection and on days 1, 3 and 5 post
798  infection.

799  Bone marrow Chimera

800  All bone marrow chimera combinations were generated by lethally irradiating (8.5 Gy)
801  recipient mice and reconstituted 4 h post-irradiation with freshly isolated or cryo- preserved
802  bone marrow cells isolated from donor mice (retroorbital injection of 2~3x10° cells in 100
803  uL RPMI). Successful hematopoietic cell reconstitution was confirmed by concomitant
804 lethal irradiation of control mice that were not reconstituted with bone marrow cells.

805  Statistical Analysis

806  Statistically significant differences between two experimental groups were assessed using
807  two-tailed Unpaired t-test. Comparisons between more than two groups were carried out
808 by one or two-way ANOVA with Tukey’s or Siddk multiple-comparisons test. Survival
809  was represented by Kaplan—Meier plots and difference between the groups was assessed
810  using the log-rank test. All statistical analyses were performed using GraphPad Prism 10
811  software. Differences were considered significant at a p value <0.05. ns: Not significant, p
812 > 0.05; *p < 0.05, **p < 0.01; ***p < 0.001; ****p < 0.0001. In MA-SARS-CoV-2
813  experimental studies, mice that failed to exhibit body weight reduction within the first 5
814  days post-infection were identified as technical outliers and excluded from further analysis.
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817  Figure 1. Adipose tissue lipolysis confers age-dependent disease tolerance to MA-
818  SARS-CoV-2 infection. (A) Schematic of young (10-16 weeks) and old (>20 months)
819  C57BL/6J mice infected intranasally with mouse-adapted (MA)-SARS-CoV-2 strain. (B)
820  Survival curves of old control as well as young vs. old infected (inf.) mice (n=5-9 mice per
821  group, males). (C) Lung viral titers measured as plaque forming units (PFU) per g of tissue
822  at5 days post-infection (dpi) (n=4-5 mice per group, males). Dashed line indicates limit of
823  detection. (D) Representative H&E-stained lung sections at 5 dpi showing alveolar (red
824  arrows) and perivascular infiltrates (black arrows). (E) Protein concentration in the
825  bronchoalveolar lavage (BAL) and dextran-rhodamine leakage to the blood after intranasal
826 instillation at 5 dpi (n=6-8 mice per group, males & females). (F) Schematic of lipolytic
827  enzymes expression analysis in the epididymal white adipose tissue (eWAT) from young
828  and old infected mice at 5 dpi. (G) Representative immunofluorescence images of eWAT
829  from young vs. old control and infected mice, stained for BODIPY 493/503 (lipid droplets,
830  green), ATGL (magenta), pHSL (yellow), and DAPI (nuclei, cyan). White arrowheads
831  highlight positive staining of lipolytic enzymes. (H) Quantification of ATGL and pHSL
832  from (G) (n=6-7 mice per group, males, a.u.; arbitrary unit). (I) Quantification of free fatty
833  acids (FFA) and glycerol (J) released from eWAT explants (n=3-4 mice per group, males)
834  and (K) in plasma (n = 7-8 mice per group, males) from young vs. old control and infected
835  mice at 5 dpi. (L) Adipocyte-specific ATGL knockout (Pnpla244P°24/1) mice and littermate
836  (Pnpla2") controls infected with MA-SARS-CoV-2 and monitored for (M) Survival (n=8
837  mice per group, males & females) and (N) Lung viral titers at 3, 5, and 7 dpi (n=4-6 mice
838  per group per timepoint, males & females). Dashed line indicates limit of detection, nd:
839  not determined. (O) Representative H&E-stained lung sections at 5 dpi showing alveolar
840  (red arrows) and interstitial infiltrates (yellow arrows). (P) Dextran-rhodamine leakage to
841 the blood after intranasal instillation at 5 dpi (n=4-5 mice per group, males & females)
842  Data represented as mean = SD (J, K) or SEM (C, E, H, N, P). Numbers indicate surviving
843  mice per total mice at day 14 (B, M). Circles represent individual mice (C, E, H, J, K, N,
844  P). Survival curves were compared using the Cox proportional hazards model adjusted for
845  experiment, with pairwise log-rank tests between-group comparisons (B, M). p values were
846  determined using Log-rank test (B, M), unpaired t-test (C, E, K, P) and two-way ANOVA
847  (H, J, N). NS, not significant; *p < 0.05; **p < 0.01; ***p <0.001; ****p <0.0001. Data
848  pooled from three independent experiments (B) or two independent experiments with a
849  similar trend (C, E, H, K, M, N, P) or from one experiment (D, J, O).
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851  Figure 2. Age- and adipocyte lipolysis- dependent alterations in the plasma lipidome
852  during SARS-CoV-2 infection are conserved in humans. (A) Young (3 months) and old
853 (16 months) Pnpla2™" mice were infected with the human specific SARS-CoV-2 B.1.351
854  (P) variant, plasma was collected at 3 dpi, and untargeted lipidomics was performed (n =
855  3-4 mice per group, males). Total lipids analyzed: 905. (B) Volcano plot showing
856  differential lipid abundance in plasma from old vs. young Pnpla2™" mice. Each dot
857  represents an individual lipid species colored by lipid class. Numbers indicate regulated
858  lipids in old mice. (C) Young and old Pnpla24¥ro944 mice were infected and analyzed as
859  in(A). (D) Volcano plot showing differential lipid abundance in plasma from old vs. young
860  Pnpla249iro944 mice. (E) Comparative analysis of age-dependent lipid changes between
861  Pnpla24@io944 and Pnpla2™ mice. (F) Scatter plot comparing log fold changes (old vs.
862  young) between genotypes. Colored dots indicate lipids significantly altered in Pnpla2™"
863  mice (green, n=79), Pnpla2¥r°944 mice only (red, n=2), both genotypes (purple, n=45),
864  or neither (grey). (G) Comparison of age-dependent and COVID-19-associated lipid
865  changes between human®’-*? and mouse plasma. (H) Heatmap comparing COVID-19
866  severity-associated lipid changes between humans®® and mice. (I) Heatmap showing
867  conservation of COVID-19 severity-associated lipid changes between humans?! and mice.
868  (J) Heatmap showing conservation of COVID-19 mortality-associated lipid changes
869  between humans®> and mice. Numbers (H, I, J) indicate individual lipid species
870  significantly altered within each lipid class; 1 upregulated, | downregulated. Colors (H, I,
871 J) indicate regulation status: red, increased; blue, decreased; purple, mixed; dark gray, not
872  significant; light gray, not measured. Abbreviations: PC, phosphatidylcholine; PE,
873  phosphatidylethanolamine; Cer, ceramides; HexCer, hexosylceramide; SPB, sphingoid
874  base; SM, sphingomyelin; PI, phosphatidylinositol; CL, cardiolipin; PS,
875  phosphatidylserine; CAR, carnitine; CoQ, coenzyme Q; NS, not significant.
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877  Figure 3. Adipose tissue lipolysis regulates monocyte lung infiltration during MA-
878  SARS-CoV-2 infection. (A) Young Pnpla2"" and Pnpla2ro944 mice were infected with
879  MA-SARS-CoV-2 and lung monocyte populations were analyzed by flow cytometry at 5
880  dpi. (B) Representative flow cytometry plots for Ly6C*MHCII* and MHCII" monocyte
881  subsets from control (Ctrl) and infected (Inf.) Pnpla2™ vs. Pnpla249roQ44 mice. (C)
882  Quantification of lung Ly6C"MHCII" and MHCII- monocytes from (B) (n=4-9 mice per
883  group, males & females). (D) Young (10-16 weeks) and old (>20 months) C57BL/6J mice
884  infected with MA-SARS-CoV-2 analyzed by flow cytometry at 5 dpi for lung monocyte
885  populations. (E) Representative flow cytometry plots showing Ly6C"MHCIIT" and MHCIT
886  monocyte. (F) Quantification of LyoC"MHCII™ and MHCII" monocyte from (E) (n=6-8
887  mice per group, males). (G) Wild-type (WT) and Ccr2” mice infected with MA-SARS-
888  CoV-2 and monitored for (H) disease severity and (I) survival (n=12-16 mice per group,
889  males & females). (J) Lung viral titers at 3 dpi (n=4-5 mice per group, males & females).
890  Dashed line indicates limit of detection. (K) Rhodamine fluorescence intensity at 3 dpi
891  (n=4-7 mice per group, males and females). Data represented as mean + SD (C, F) or SEM
892  (H, J, K). Numbers indicate surviving mice per total mice at day 14 (I). Circles represent
893  individual mice (C, F, I, J, K). Survival curves were compared using the Cox proportional
894  hazards model adjusted for experiment, with pairwise log-rank tests between-group
895  comparisons (I). p values determined using Log-rank test (I) and two-way ANOVA (C, F,
896  H) or unpaired t-test (J, K). NS, not significant; *p < 0.05; **p <0.01; ***p <0.001; ****p
897 < 0.0001. Data pooled from one (J), two (A-F, K) or six (H, I) independent experiments
898  with a similar trend.
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901  Figure 4. Monocyte lung infiltration is essential to establish disease tolerance to MA-
902  SARS-CoV-2 infection. (A) Pnpla2™" and Pnpla24¥r°244 mice were infected with MA-
903  SARS-CoV-2. Pnpla244i°Q44 mice received either vehicle or adoptive transfer of BM
904  derived monocytes (BMDMo) from C57BL6/J mice and monitored for (B) disease severity
905 and (C) Survival (n=6-9 mice per group, males). (D) Young Pnpla2™" and Pnpla244ireQ4/4
906 mice were infected with MA-SARS-CoV-2 and CD45" and CD45" populations were
907  harvested at 5 dpi for scRNA-seq analysis and cell-cell interaction (n=3 mice per group,
908 males). (E) Volcano plot showing differential gene expression (log2FC > 0.5, pagj < 0.05)
909  in monocytes from Pnpla24@ro944 s Pnpla2™' infected mice. Differentially expressed
910  genes (DEG) are highlighted in red (upregulated) or blue (downregulated), non-DEG (NS)
911 are shown in grey. Each dot represents an individual gene. (F) Heatmap showing
912  differential ligand-receptor interaction counts between structural and immune lung
913  populations from Pnpla244re@44 v Pnpla2™ infected mice. Blue indicates decreased and
914  red indicates increased interaction counts in Pnpla244reQ4/4 v Pnpla2™’ infected mice.
915 (G) CD45" and CD45" populations from infected Pnpla2™" and Pnpla24@Po944 mice were
916  analyzed for cell-cell interaction as in (D). (H) Dot plot showing differential ligand-
917  receptor interactions with monocytes as receivers (express receptor) and (I) as senders
918  (express ligand) across all cell types from Pnpla249°Q44 y5 Pnpla2’ infected mice. Red
919  box (H) highlights reduced chemokine signaling. Only statistically significant interactions
920  (p<0.01) are shown (H, I). Dot color and size (H, I) indicate the log2FC in ligand-receptor
921  mean expression score (Ir.mean) between Pnpla29ro?44 and Pnpla2™ interaction strength
922  (red: increased; blue: decreased in Pnpla249ro944) (J) Rag2”’- and Ccr2”~ Rag2”’~ mice
923  infected with MA-SARS-CoV-2 and monitored for (K) disease severity, (L) survival and
924 (M) body weight loss (n=6-19 mice per group, males & females). Data represented as mean
925  £SD (B, K, M). Numbers indicate surviving mice per total mice at day 14 (C, L). Survival
926  curves were compared using the Cox proportional hazards model adjusted for experiment,
927  with pairwise log-rank tests between-group comparisons (C, L). p values determined using
928  Log-rank test (C, L) or two-way ANOVA (B, K, M). NS, not significant; *p < 0.05; **p <
929  0.01; ***p < 0.001; ****p < (0.0001. Data from one (E-I), two (B, C), or five (K-M)
930  independent experiments with a similar trend.
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932  Figure 5. Adipose tissue lipolysis regulates bone marrow hematopoiesis during MA-
933  SARS-CoV-2 infection. (A) Young Pnpla2"" and Pnpla24¥r°94/4 mice infected with MA-
934  SARS-CoV-2 were monitored for BM hematopoietic stem and progenitor cells (HSPCs)
935  and myeloid progenitors by flow cytometry at 5 dpi. LT-HSC: long-term hematopoietic
936  stem cells; ST-HSC: short-term hematopoietic stem cells; MPP: multipotent progenitors;
937  CMP: common myeloid progenitors; GMP: granulocyte-monocyte progenitors; MDP:
938  monocyte-dendritic cell progenitors; cMoP: common monocyte progenitors, GP:
939  Granulocyte progenitors; MPs (monocyte progenitor), moDCs (monocyte-derived
940  dendritic cells). (B) Quantification of LT-HSC, ST-HSC, MPP3, CMP, Bulk GMP, and
941  GMP populations in BM from Pnpla2™" and Pnpla244P°944 mice (n=10-11 mice per
942  group, males & females). (C) Young (10-16 weeks) and old (>20 months) C57BL/6J mice
943  were infected with MA-SARS-CoV-2 and BM myelopoiesis was analyzed at 5 dpi. (D)
944  Quantification of LT-HSC, MPP2, MPP3, and MPP4 populations in BM from young vs.
945  old control (Ctrl) and infected (Inf.) mice (n=6 mice per group, males). (E) Control and
946  infected C57BL/6J young mice were analyzed for FFA uptake by BM progenitor cells
947  using BODIPY Ci: at 5 dpi. (F) Representative flow cytometry histograms showing
948  BODIPY Ci: staining (fatty acid uptake) in MPP3 and CMP populations from control and
949  infected mice. (G) Quantification of BODIPY Ci> mean fluorescence intensity (MFI) from
950  (F) (n=8 mice per group, males). (H) Control and infected C57BL/6J young mice were
951  analyzed for lipid content in BM progenitor cells using BODIPY 493/503 at 5 dpi. (I)
952 Representative flow cytometry histograms showing BODIPY 493/503 staining (lipid
953  content) in MPP3 and CMP populations from control and infected mice. (J) Quantification
954  of BODIPY 493/503 MFI from (I) (n=4 mice per group from one out of two independent
955  experiments with similar trend, males). Data represented as mean + SD (B, D) or SEM (G,
956  J). Circles represent individual mice (B, D, G, J). p values were determined using unpaired
957  t-test (B, G, J) and two-way ANOVA (D). NS, not significant; *p < 0.05; **p <0.01; ***p
958 < 0.001. Data pooled from three (B) or two (D, G) independent experiments with a similar
959  trend or from one experiment representative of two independent experiments (J).
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961  Figure 6. FFA uptake and oxidation are required for disease tolerance to MA-SARS-
962  CoV-2 infection. (A) C57BL/6J mice were infected with MA-SARS-CoV-2 and treated
963  with vehicle or CD36 inhibitor, sulfo-N-succinimidyl oleate, (CD361), and monitored for
964  (B) Survival (n=7-12 mice per group, males) and (C) Lung viral titers (PFU/g tissue) at 3
965  dpi (n=5-6 mice per group, males). (D) C57BL/6J mice were infected and treated as in (A)
966  and lung monocyte populations were analyzed by flow cytometry at 3 dpi. Quantification
967 of (E) Ly6C* MHCII* and Ly6C*" MHCII- monocytes (n=8-10 mice per group, males). (F)
968  Lethally irradiated C57BL/6J recipient (R) mice were transplanted with BM from WT or
969  Cd36” donor (D) mice, and mice were allowed to reconstitute for 6-8 weeks before being
970  infected with MA-SARS-CoV-2. (G) Survival curves (n=6-7 mice per group, males &
971  females) and (H) lung viral titers (n=5-6 mice per group, males & females). (I) C57BL/6J
972  mice were infected with MA-SARS-CoV-2 and treated with vehicle or CPT1 inhibitor,
973  etomoxir (CPT11i), and monitored for (J) Survival (n=4-8 mice per group, males) and (K)
974  lung viral titers (n=5-6 mice per group, males). (L) C57BL/6J mice were infected and
975  treated as in (J) and lung monocyte populations were analyzed by flow cytometry at 3 dpi.
976 (M) Quantification of Ly6C* MHCII" and Ly6C* MHCII" monocytes (n=6 mice per group,
977  males). (N) Lethally irradiated C57BL/6J recipient (R) mice were transplanted with BM
978  from Cptla™" or Cptla™*M#* donor (D) mice and infected with MA-SARS-CoV-2 (6-8
979  weeks thereafter). (O) Survival curves (n=6 mice per group, males & females) and (P) lung
980  wviral titers of bone marrow chimeras at 5 dpi (n=5-6 mice per group, males & females).
981  Dashed line indicates limit of detection (C, H, K, P). Data represented as mean + SD (E,
982 M) or SEM (C, H, K, P). Circles represent individual mice (B, C, E, G, H, J, K, M, O, P).
983  Numbers in B, G, J and O indicate surviving mice per total mice at day 14. p values
984  determined using Log-rank test (B, G, J, O), unpaired t-test (C, H, K, P) and one-way
985 ANOVA (E, M). NS, not significant; *p < 0.05; **p <0.01; ****p <0.0001. Data pooled
986  from two (C, G, H, J, K, M, O, P) or three (B, E) independent experiments with a similar
987  trend.
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988  SUPPLEMENTARY FIGURES & LEGENDS
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MA-SARS-CoV2

989

990  Supplementary Figure 1. Age-dependent lipolytic responses to MA-SARS-CoV-2
991 infection. Deconvolution of representative immunofluorescence images of epididymal
992  white adipose tissue (eWAT) from young (10-16 weeks) and old (>20 months) C57BL/6J
993  mice under steady state (control) conditions or 5 days after MA-SARS-CoV-2 infection
994  from figure 1G. eWAT stained for BODIPY 493/503 (lipid droplets, green), ATGL
995  (magenta), pHSL (yellow) and DAPI (nuclei, cyan). Scale bars: 20 pm. Images are
996  representative of n=6-7 mice per group (males) from 2 independent experiments.
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998  Supplementary Figure 2. Age-dependent lipolytic responses to MA-SARS-CoV-2

999 infection. (A) Young (10-16 weeks) and Old (>20 months) C57BL/6J mice were infected
1000  with MA-SARS-CoV-2 and epididymal white adipose tissue (eWAT) was harvested at 5
1001  dpi for western blot. (B) Detection of ATGL, pHSL, HSL and B-ACTIN protein expression
1002  from eWAT of C57BL/6J mice under steady state (control; ctrl) conditions or 5 days after
1003 MA-SARS-CoV-2 infection (n=6-7 mice per group, males & females). (C) Relative
1004  quantification of ATGL and pHSL/HSL protein expression normalized to B-Actin detected
1005 by western blot. Data shown as mean + SD (C). p values determined by two-way ANOVA
1006  (C). NS, not significant; *p < 0.05, **p < 0.01; ***p < 0.001. Data pooled from two
1007  independent experiments with a similar trend.
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1009  Supplementary Figure 3. Adipocyte-specific ATGL deletion. Representative
1010  immunofluorescence images of epididymal white adipose tissue (eWAT) from Young
1011 Pnpla2™ and Pnpla249iP°944 mice under steady state conditions or following MA-SARS-
1012 CoV-2 infection at 5 dpi. Left panels show BODIPY 493/503 staining (green) marking
1013 lipid droplets; right panels show ATGL immunostaining (magenta). Scale bars: 20 um.

1014  Images are representative of n=3-7 mice per group (males & females) from 2 independent
1015  experiments.
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1017  Supplementary Figure 4. Adipocyte ATGL deletion prevents FFA and glycerol
1018  mobilization in response to MA-SARS-CoV-2 infection. (A) Young Pnpla2™ and
1019 Pnpla244reQ44 mice were infected with MA-SARS-CoV-2 and white adipose tissue
1020  (WAT) weights were measured at 5 dpi. (B) Epididymal WAT (eWAT) and subcutaneous
1021  WAT (ScWAT) weights (n=6-7 mice per group, males & females). (C) Plasma was
1022 collected from young Pnpla2™ and Pnpla249P°244 mice at steady state or 5 dpi to measure
1023 (D) free fatty acids (FFA) and glycerol (n=7-10 mice per group, males & females). Data
1024  represented as mean + SD (B, D). Circles represent individual mice (B, D). p values were
1025  determined using two-way ANOVA (B, D). NS, not significant; *p < 0.05; **p < 0.01;

1026  ***p < 0.001, ****p < 0.0001. Data pooled from two (B) or three (D) independent
1027  experiments with a similar trend.
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1029  Supplementary Figure 5. ATGL deletion causes progressive lung-specific pathology
1030  during MA-SARS-CoV-2 infection without systemic organ dysfunction. (A) Young
1031 Pnpla2™" and Pnpla249P°244 mice were infected with MA-SARS-CoV-2 and monitored
1032 for (B) disease severity (n=8 mice per group, males & females). (C) eWAT was collected
1033 from young Pnpla2"" and Pnpla249°@44 mice at 5 dpi to assess (D) viral titers (n=3 mice
1034 per group, males). Dashed line indicates limit of detection, nd: not determined. (E) Lung
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1035  damage at 5 dpi, shown as (F) histology scores (n=3 mice per group, males) and (G)
1036  bronchoalveolar lavage (BAL) protein concentration (n=4-5 mice per group, males &
1037  females). (H) Plasma was collected from young Pnpla2™" and Pnpla24¥ro944 mice at
1038  steady state or 5 dpi to assess (I-K) liver (ALT, AST) and kidney (urea) damage markers
1039  (n=3-4 mice per group, males & females). Data represented as mean + SD (B, F, I, J, K)
1040  or SEM (D, G). Circles represent individual mice (D, F, G, I, J, K). p values determined
1041  using two-way ANOVA (B, I, J, K) and unpaired t test (D, F, G). NS, not significant; *p <
1042 0.05; **p < 0.01. Data pooled from two independent experiments with a similar trend (B,
1043 G) or one experiment (D, F, I, J, K).
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Supplementary Figure 6. Adipocyte lipolysis is dispensable for disease tolerance to
influenza A virus infection. (A) Young Pnpla2™" and Pnpla24¥r°244 mice were infected
with 50 PFU of influenza A virus (PRS strain) and monitored for (B) disease severity, (C)
survival and (D) body weight (n= 10 mice per group, males & females). (E) Young
Pnpla2™" and Pnpla2ro944 mice were infected with 75 PFU of influenza A virus and
monitored for (F) disease severity, (G) survival and (H) body weight (n= 5-7 mice per
group, females). (I) Young Pnpla2™' and Pnpla249P°244 mice were infected with 150 PFU
of influenza A virus and monitored for (J) disease severity, (K) survival and (L) body
weight (n= 5-6 mice per group, females). Numbers in (C, G, K) indicate surviving mice
per total mice at day 14. Data shown as mean + SD. p values determined using two-way
ANOVA (B, D, F, H, J, L) or Log-rank test (C, G, K). NS, not significant. Data pooled
from two independent experiments with a similar trend.
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1059  Supplementary Figure 7. Hepatic ketogenesis is not essential to establish disease
1060  tolerance to MA-SARS-CoV-2 infection. (A) Young Pnpla2™ and Pnpla249i°Q44 mice
1061  were infected with MA-SARS-CoV-2 and monitored for (B) blood ketone bodies at 3 dpi
1062  (n=4 mice per group, females). (C) Hmgcs2"" and Hmgcs2444 mice were infected with
1063 MA-SARS-CoV-2 and monitored for (D) blood ketone bodies, (E) disease severity, (F)
1064  survival, (G) body weight and (H) body temperature, over 14 dpi. (N=8-9 mice per group;
1065 males & females; numbers in (F) indicate surviving mice per total mice at day 14). Data
1066  shown as mean + SD (B, D, E, F, G, H). p values determined by two-way ANOVA (B, D-
1067 H) or Log-rank test (F). NS, not significant; ****p < 0.0001. Data pooled from three
1068  independent experiments with a similar trend (D-H) or from one experiment (B).
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1070  Supplementary Figure 8. ATGL deletion selectively impairs monocyte recruitment
1071  without affecting other immune cell populations in infected lungs. (A) Young Pnpla2™!
1072 and Pnpla249iroQ44 mice were infected with MA-SARS-CoV-2 and lung immune cell
1073 populations were analyzed by flow cytometry at 5 dpi. (B) Percentage of Ly6C* MHCIT*
1074  and Ly6C" MHCII" monocytes. (C) Representative flow cytometry plots showing CD11b
1075  vs. CDl11c gating for macrophage populations. Percentage and absolute numbers of (D)
1076  alveolar macrophages (F4/80'CD11¢"CD11b") and (E) interstitial macrophages
1077  (F4/80"CD11c°VCD11b"). (F) Representative flow cytometry plots showing Ly6G vs.
1078 Ly6C gating for neutrophils. (G) Percentage and absolute numbers of neutrophils
1079  (CD11b‘Ly6G"). (H) Representative flow cytometry plots showing MHCII vs. CD11c
1080  gating for dendritic cells. (I) Percentage and absolute numbers of dendritic cells
1081  (CDI11¢"MHCIIY). (J) Representative flow cytometry plots showing NK1.1 vs. CD11b
1082  gating for NK cells. (K) Percentage and absolute numbers of NK cells (CD3"NK1.17). (L)
1083  Representative flow cytometry plots showing SSC-W vs. NK1.1 gating for NKT cells. (M)
1084  Percentage and absolute numbers of NKT cells (CD3"NK1.17). Data represented as mean
1085 +=SD (B, D, E, G, I, K, M). Circles represent individual mice (n=4-9 mice per group, males
1086 & females). p values determined using two-way ANOVA. NS, not significant; *p < 0.05;
1087  **p<0.01; ***p <0.001; ****p <0.0001. Data pooled from two independent experiments
1088  with a similar trend.
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1091  Supplementary Figure 12. ATGL deletion does not impair adaptive immune response
1092  in infected lungs. (A) Pnpla2"" and Pnpla24¥ro944 mice were infected with MA-SARS-
1093  CoV-2 and lung immune cell populations were analyzed by flow cytometry at 7 dpi. (B)
1094  Representative flow cytometry plots showing CD4 vs. CD8 gating for T cells population.
1095  (C) Percentage and absolute numbers of CD8" T cells (CD3"CD8*) and (D) CD4" T cells
1096 (CD3"CD4") (E) Representative flow cytometry plots showing CD44 vs. CD8 gating for
1097  activated CD8 T cells population. (F) Percentage and absolute numbers of activated CDS8
1098 T cells (CD8'CD44"). (G) Representative flow cytometry plots showing CD44 vs. CD4
1099  gating for activated CD4 T cells population. (H) Percentage and absolute numbers of
1100  activated CD4 T cells (CD4"CD44"). (I) Representative flow cytometry plots showing
1101  CD19 vs. SSC-A gating on CD11b" for total B cells population. (J) Percentage and absolute
1102 numbers of B cells (CD11b-CD19"). Data in (C, D, F, H, J) represented as mean + SD.
1103  Circles represent individual mice (n=5-6 mice per group, males & females). p values
1104  determined using two-way ANOVA. NS, not significant; *p < 0.05; ****p <0.0001. Data
1105  pooled from three independent experiments with a similar trend.
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1107  Supplementary Figure 10. Age-dependent disease tolerance failure is associated with
1108  innate immune recruitment defects in the lung. (A) Young (8-12 weeks) and old (>18
1109  months) C57BL/6J mice were infected with MA-SARS-CoV-2 and lung immune cell
1110  populations were analyzed by flow cytometry at 5 dpi. (B) Percentage of Ly6C* MHCIT*
1111 and Ly6C" MHCII" monocytes. (C) Representative flow cytometry plots showing CD11b
1112 vs. CDl1l1c gating for macrophage populations. Percentage and absolute numbers of (D)
1113 alveolar macrophages (F4/80'CD11¢"CD11b") and (E) interstitial macrophages
1114  (F4/80'CD11c°"CD11b"). (F) Representative flow cytometry plots showing Ly6G vs.
1115 Ly6C gating for neutrophils. (G) Percentage and absolute numbers of neutrophils
1116 (CDI11b'Ly6G"). (H) Representative flow cytometry plots showing MHCII vs. CD11c¢
1117  gating for dendritic cells. (I) Percentage and absolute numbers of dendritic cells
1118 (CDI11¢"MHCIIY). (J) Representative flow cytometry plots showing NK1.1 vs. CD11b
1119  gating for NK cells. (K) Percentage and absolute numbers of NK cells (CD3"NK1.17). (L)
1120  Representative flow cytometry plots showing SSC-W vs. NK1.1 gating for NKT cells. (M)
1121  Percentage and absolute numbers of NKT cells (CD3"NK1.17). Data represented as mean
1122+ SD (B, D, E, G, I, K, M). Circles represent individual mice (n=6-8 mice per group,
1123 males). p values were determined using two-way ANOVA. NS, not significant; *p < 0.05;
1124 **p<0.01; ***p <0.001; ****p <0.0001. Data pooled from two independent experiments
1125  with a similar trend.
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1128  Supplementary Figure 11. CCR2 deficiency impairs monocytes recruitment to the
1129 lungs during MA-SARS-CoV-2 infection. (A) WT and Ccr2”~ mice were infected with
1130 MA-SARS-CoV-2 and lung immune cell populations were analyzed by flow cytometry at
1131 5 dpi. (B) Representative flow cytometry plots showing MHCII vs. Ly6C gating on
1132 CDI11b" cells. (C) Percentage and absolute numbers of Ly6C"MHCII* monocytes and (D)
1133 Ly6C*MHCII™ monocytes. (E) Representative flow cytometry plots showing CD11b vs.
1134 CDllc gating for macrophage populations. (F) Percentage and absolute numbers of
1135  alveolar macrophages (F4/80*CD11¢"CDI11b") and (G) interstitial macrophages
1136  (F4/80"CD11c°"CD11b"). (H) Representative flow cytometry plots showing Ly6G vs.
1137 Ly6C gating for neutrophils. (I) Percentage and absolute numbers of neutrophils
1138  (CDI11b+Ly6G+). (J) Representative flow cytometry plots showing MHCII vs. CDl11c
1139  gating for dendritic cells. (K) Percentage and absolute numbers of dendritic cells
1140  (CDI11c+MHCII+). (L) Representative flow cytometry plots showing NK1.1 vs. CD11b
1141  gating for NK cells. (M) Percentage and absolute numbers of NK cells (CD3 " NK1.17). (N)
1142 Representative flow cytometry plots showing SSC-W vs. NK1.1 gating for NKT cells. (O)
1143 Percentage and absolute numbers of NKT cells (CD3"NK1.17). Data are shown as mean =+
1144 SD (C,D, F, G, I, K, M, O). Circles represent individual mice (n=3-6 per group, males &
1145  females). p values were determined using two-way ANOVA. NS, not significant; *p <
1146 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Data pooled from two independent
1147  experiments with a similar trend.
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Supplementary Figure 12. Adoptive transfer of BM derived monocytes rescues
Pnpla219iro044 mice from severe SARS-CoV-2 infection. (A) Pnpla249r°944 mice were
infected with MA-SARS-CoV-2 and received adoptive transfer of bone marrow-derived
monocytes (BMDMo) from LysMC "7 tdT??6(tdT"*) mice (N=4 mice, males). (B) tSNE
plots showing marker expression profiles in control td7%*¥ BMDMo as well as tdTomato*
cells recovered from the lungs of Pnpla24iro?44 mice. Each plot displays the expression
of the designated marker across the tSNE projection. tSNE was used to generate projections
from 16000 cells (downsampled) for BMDMo prior to adoptive transfer, and from 3900 to
4000 tdTomato® cells/mice for BMDMo recovered from the lungs following adoptive
transfer (pooled from 4 mice). (C) Pnpla2™" and Pnpla244r°94/4 mice were infected with
MA-SARS-CoV-2. Pnpla24¥ro944 mice received either vehicle or adoptive transfer of
BMDMo from C57BL6/J mice, monitored for (D) body weight and (E) body temperature
over 14 dpi. (N=6-9 mice per group, males). Data shown as mean + SD (D, E). p values
determined by two-way ANOVA (D,E). NS, not significant; **p <0.01. Data pooled from
two independent experiments with a similar trend (D, E) or from one experiment (B).
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1167

1168  Supplementary Figure 13. Adipose tissue lipolysis regulates monocyte transcriptional
1169  responses and cell-cell communication during MA-SARS-CoV-2 infection. (A) Young
1170 Pnpla2™" and Pnpla24¥r°244 male mice were infected with MA-SARS-CoV-2 and lungs
1171  were harvested at 5 dpi. CD45" cells were analysed for scRNA-seq (n=3 mice per group).
1172 (B) UMAP of myeloid cell from CD45" lung cells, classified as monocytes, interstitial
1173  macrophages (IM), alveolar macrophages (AM1 and AM2), conventional dendritic cells
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1174  (cDCl1, c¢DC2), monocyte-derived dendritic cells (Mo-DC), plasmacytoid dendritic cells
1175  (pDC), classic neutrophils, and IFN-stimulated neutrophils. Volcano plots showing
1176  differential gene expression (log2FC > 0.5, pagj < 0.05) in (C) classic neutrophils (top) and
1177  IFN-stimulated neutrophils (bottom), (D) IM, (E) AM1 (top) and AM2 (bottom), (F) cDC1
1178  (top) and cDC2 (bottom) (G) CD4" T cells, (H) CD8" T cells and (I) regulatory T cells
1179  (Treg) from Pnpla249re@44 s Pnpla2™" infected mice. Differentially expressed genes
1180 (DEG) are highlighted in red (upregulated) or blue (downregulated), non-DEG (NS) are
1181  shown in grey. Each dot represents an individual gene.
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1183  Supplementary Figure 14. Characterization of early BM hematopoietic stem and
1184  progenitor cell populations during MA-SARS-CoV-2 infection upon ATGL
1185  deficiency. (A) Young Pnpla2™" and Pnpla249ro944 mice were infected with MA-SARS-
1186  CoV-2 and BM was analyzed for early hematopoiesis at 5 dpi. (B) Representative flow
1187  cytometry plots showing c-KIT vs. Sca-1 gating on lineage-negative (Lin") cells to identify
1188  LKS (Linc-Kit*Sca-1") hematopoietic stem and progenitor cells. Percentage and absolute
1189  numbers of (C) LKS (Lin" ¢KIT" Sca-1") and (D) ¢-KIT" (Lin" cKIT* Sca-1") cells. (E)
1190  Representative flow cytometry plots showing CD48 vs. CD150 gating on LKS cells to
1191  identify long-term hematopoietic stem cells (LT-HSC: CD150"CD48"), short-term HSC
1192  (ST-HSC: CD150CD48) and multipotent progenitor 2 (MPP2: CD150* CD48").
1193  Percentage and absolute numbers of (F) LT-HSC, (G) ST-HSC and (H) MPP2 cells. (I)
1194  Representative flow cytometry plots showing CD135 vs. CD34 gating on MPP cells to
1195  identify MPP3 (CD135CD34") and MPP4 (CD135°CD34"). Percentage and absolute
1196  numbers of (J) MPP3 and (K) MPP4 cells. Data shown as mean + SD (C, D, F, G, H, J,
1197  K). Circles represent individual mice (n=7-11 per group, males & females). p values
1198  determined using two-way ANOVA. NS, not significant; *p <0.05. Data pooled from three
1199  independent experiments with a similar trend.
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1201  Supplementary Figure 15. Characterization of myeloid progenitors during MA-
1202  SARS-CoV-2 infection upon ATGL deficiency. (A) Young Pnpla2"/" and Pnpla244ieQ4/4
1203  mice were infected with MA-SARS-CoV-2 and BM was analyzed for myelopoiesis at 5
1204  dpi. (B) Representative flow cytometry plots showing Ly6C vs. CD115 gating on Lin c-
1205  Kit"Sca-1" cells to identify common myeloid progenitors (CMP: Ly6C CD1157) and
1206  monocyte-dendritic cell progenitors (MDP: Ly6CCD115"). Percentage and absolute
1207  numbers of (C) CMP and (D) MDP cells. (E) Representative flow cytometry plots showing
1208  CDI135 vs. CD34 gating on CD16/32" to identify bulk granulocyte-monocyte progenitors
1209  (Bulk GMP: CD135CD34"). Percentage and absolute numbers of (F) bulk GMP cells. (G)
1210  Representative flow cytometry plots showing Ly6C vs. CD115 gating on bulk GMP to
1211  identify granulocyte-monocyte progenitors (GMP: Ly6C CD1157), common monocyte
1212 progenitors (¢cMoP: Ly6C* CD115%) and granulocyte progenitors (GP: Ly6C~ CD115%).
1213 Percentage and absolute numbers of (H) cMoP, (I) GMP and (J) GP. Data are shown as
1214  mean = SD (C, D, F, H, 1, J). Circles represent individual mice (n=7-11 per group, males
1215 & females). p values were determined using two-way ANOVA. NS, not significant; *p <
1216 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001. Data pooled from three independent
1217  experiments with a similar trend.
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1219  Supplementary Figure 16. Aging selectively alters early hematopoietic stem and
1220  progenitor cell populations during MA-SARS-CoV-2 infection. (A) Young (3 months)
1221  and old (>20 months) mice were infected with MA-SARS-CoV-2 and BM was analyzed
1222 for early hematopoiesis at 5 dpi. (B) Representative flow cytometry plots showing c-KIT
1223 vs. Sca-1 gating on lineage-negative (Lin") cells to identify LKS (Lin c-Kit"Sca-1")
1224 hematopoietic stem and progenitor cells. Percentage and absolute numbers of (C) LKS
1225 cells and (D) ¢-KIT* (Lin~ ¢cKIT" Sca-1°) cells. (E) Representative flow cytometry plots
1226  showing CD48 vs. CD150 gating on LKS cells to identify long-term hematopoietic stem
1227  cells (LT-HSC: CDI150°CD48"), short-term HSC (ST-HSC: CD150CD48"), and
1228  multipotent progenitor 2 (MPP2: CD150"CD48"). Percentage and absolute numbers of (F)
1229  LT-HSC, (G) ST-HSC and (H) MPP2 cells. (I) Representative flow cytometry plots
1230  showing CD135 vs. CD34 gating on MPP cells to identify MPP3 (CD135°CD34") and
1231  MPP4 (CD135°CD34"). Percentage and absolute numbers of (J) MPP3 and (K) MPP4
1232 cells. Data are shown as mean + SD (C, D, F, G, H, J, K). Circles represent individual mice
1233 (n=6 per group, males). p values were determined using two-way ANOVA. NS, not
1234 significant; *p < 0.05, **p < 0.01; ***p < 0.001. Data pooled from two independent
1235  experiments with a similar trend.
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1237  Supplementary Figure 17. Age-dependent BM myeloid progenitor characterization
1238  during MA-SARS-CoV-2 infection. (A) Young (3 months) and old (>20 months) mice
1239  were infected with MA-SARS-CoV-2 and BM was analyzed for myelopoiesis at 5 dpi. (B)
1240  Representative flow cytometry plots showing Ly6C vs. CD115 gating on Lin ¢-Kit"Sca-1~
1241 cells to identify common myeloid progenitors (CMP: Ly6C CDI115") and monocyte-
1242 dendritic cell progenitors (MDP: Ly6C-CD115). Percentage and absolute numbers of (C)
1243  CMP and (D) MDP cells. (E) Representative flow cytometry plots showing CD135 vs.
1244  CD34 gating on CD16/32" cells to identify bulk granulocyte-monocyte progenitors (Bulk
1245  GMP: CD135°CD34"). (F) Percentage and absolute numbers of bulk GMP cells. (G)
1246 Representative flow cytometry plots showing Ly6C vs. CD115 gating on bulk GMP to
1247  identify granulocyte-monocyte progenitors (GMP: Ly6C CD1157), common monocyte
1248  progenitors (cMoP: Ly6C*CD115%), and granulocyte progenitors (GP: Ly6C CD115%).
1249  Percentage and absolute numbers of (H) cMoP, (I) GMP and (J) GP. Data are shown as
1250  mean = SD (C, D, F, H, 1, J). Circles represent individual mice (n=6 per group, males). p
1251  values were determined using two-way ANOVA. NS, not significant; *p < 0.05. Data
1252 pooled from two independent experiments with a similar trend.
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1254  Supplementary Figure 18. Assessment of FFA uptake by BM progenitor cells during
1255 MA-SARS-CoV-2 infection. (A) Control and infected C57BL/6J young mice were
1256  analyzed for FFA uptake by BM progenitor cells using BODIPY Ci; at 5 dpi. (B)
1257  Representative flow cytometry histograms showing BODIPY Ci; staining (fatty acid
1258  uptake) and quantification of BODIPY Ci> mean fluorescence intensity (MFI) in LKS, (C)
1259  ¢KIT, (D) LT-HSC, (E) ST-HSC, (F) MPP2, (G) MPP4, (H) MDP, (I) Bulk GMP, (J)
1260  cMoP, (K) GMP and (L) GP populations from control and infected mice (n=8 mice per
1261  group, males). Data represented as mean + SEM (B-L). Circles represent individual mice
1262 (B-L). p values were determined using unpaired t-test (B-L). NS, not significant; *p <0.05;
1263  ***p <0.001. Data pooled from two independent experiments with a similar trend.
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1265  Supplementary Figure 19. Profiling of intracellular neutral lipid content in BM
1266  progenitor cells upon MA-SARS-CoV-2 infection. (A) Control and infected C57BL/6J
1267  young mice were analyzed for lipid content in BM progenitor cells using BODIPY 493/503
1268  at 5 dpi. (B) Representative flow cytometry histograms showing BODIPY 493/503 staining
1269  (lipid content) and quantification of BODIPY 493/503 mean fluorescence intensity (MFI)
1270  in LKS, (C) cKIT, (D) LT-HSC, (E) ST-HSC, (F) MPP2, (G) MPP4, (H) MDP, (I) Bulk
1271  GMP, (J) cMoP, (K) GMP and (L) GP populations from control and infected mice (n=4
1272 mice per group from one out of two independent experiments with a similar trend, males).
1273 Data represented as mean = SEM (B-L). Circles represent individual mice (B-L). p values
1274  were determined using unpaired t-test (B-L). NS, not significant; *p < 0.05; **p < 0.01.
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1276 ~ Supplementary Figure 20. Pharmacologic CD36 inhibition specifically alters
1277  monocytes recruitment during MA-SARS-CoV-2 infection. (A) C57BL/6J mice were
1278  infected with MA-SARS-CoV-2 and treated with CD36 inhibitor, sulfo-N-succinimidyl
1279  oleate (CD36i), or vehicle and lung immune cell populations were analyzed by flow
1280  cytometry at 5 dpi. (B) Representative flow cytometry plots showing MHCII vs. Ly6C
1281  gating on CD11b" cells. Percentage of (C) Ly6C"” MHCII" and MHCII" monocytes. (D)
1282  Representative flow cytometry plots showing CD11b vs. CD11c gating for macrophage
1283  populations. Percentage and absolute numbers of (E) alveolar macrophages
1284  (F4/80'CD11c¢"CD11b") and (F) interstitial macrophages (F4/80°CD11c°CD11b"). (G)
1285  Representative flow cytometry plots showing Ly6G vs. Ly6C gating for neutrophils. (H)
1286  Percentage and absolute numbers of neutrophils (CD11b"Ly6G™). (I) Representative flow
1287  cytometry plots showing MHCII vs. CD11c gating for dendritic cells. (J) Percentage and
1288  absolute numbers of dendritic cells (CD11¢"MHCII"). (K) Representative flow cytometry
1289  plots showing NK1.1 vs. CD11b gating for NK cells. (L) Percentage and absolute numbers
1290  of NK cells (CD3"NK1.1%). (M) Representative flow cytometry plots showing SSC-W vs.
1291  NKI.1 gating for NKT cells. (N) Percentage and absolute numbers of NKT cells
1292  (CD3"NKI1.1%). Data are shown as mean + SD (C, E, F, H, J, L, N). Circles represent
1293  individual mice (n=8-10 per group, males). p values were determined using one-way
1294  ANOVA. NS, not significant; *p < 0.05; **p < 0.01, ***p < 0.001, ****p <0.0001. Data
1295  pooled from three independent experiments with a similar trend.
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1297  Supplementary Figure 21. Pharmacologic CPT1 inhibition alters monocytes
1298  recruitment during MA-SARS-CoV-2 infection. (A) C57BL/6J mice were infected with
1299  MA-SARS-CoV-2 and treated with CPT1 inhibitor, etomoxir (CPT11), or vehicle and lung
1300  immune cell populations were analyzed by flow cytometry at 5 dpi. (B) Representative
1301  flow cytometry plots showing MHCII vs. Ly6C gating on CD11b" cells. Percentage of (C)
1302 Ly6C*MHCII" and MHCII" monocytes. (D) Representative flow cytometry plots showing
1303  CDI11b vs. CD1l1c gating for macrophage populations. Percentage and absolute numbers
1304  of (E) alveolar macrophages (F4/80°CD11c¢"CD11b") and (F) interstitial macrophages
1305  (F4/80"CD11c°VCD11b"). (G) Representative flow cytometry plots showing Ly6G vs.
1306  Ly6C gating for neutrophils. (H) Percentage and absolute numbers of neutrophils
1307 (CD11b'Ly6G"). (I) Representative flow cytometry plots showing MHCII vs. CD1lc
1308  gating for dendritic cells. (J) Percentage and absolute numbers of dendritic cells
1309 (CD11c"MHCIIY). (K) Representative flow cytometry plots showing NK1.1 vs. CD11b
1310  gating for NK cells. (L) Percentage and absolute numbers of NK cells (CD3"NK1.1%). (M)
1311  Representative flow cytometry plots showing SSC-W vs. NK1. gating for NKT cells. (N)
1312 Percentage and absolute numbers of NKT cells (CD3"NK1.17). Data are shown as mean +
1313  SD(C, E, F, H, J, L, N). Circles represent individual mice (n=6 per group, males). p values
1314  were determined using one-way ANOVA. NS, not significant; *p < 0.05; **p <0.01. Data
1315  pooled from two independent experiments with a similar trend.
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1318  Supplementary Figure 22. CPT1-dependent fatty acid oxidation fuels BM
1319  hematopoietic progenitors during MA-SARS-CoV-2 infection. (A) C57BL/6] mice
1320  were infected with MA-SARS-CoV-2 and BM progenitor cells were harvested from
1321  control and infected mice at 5 dpi. The cells were treated with vehicle or CPT1i (Inf +
1322 CPTli) and analyzed for puromycin incorporation using flow cytometry. (B)
1323 Representative flow cytometry histograms showing puromycin incorporation levels and
1324  quantification of puromycin mean fluorescence intensity (MFI) in LKS, (C) ¢KIT, (D) LT-
1325  HSC, (E) ST-HSC, (F) MPP2, (G) MPP3, (H) MPP4, (I) CMP, (J) MDP, (K) Bulk GMP,
1326 (L) cMoP, (M) GMP and (N) GP populations from control and infected mice treated with
1327  wvehicle or CPT1i (n=4-6 mice per group, males). Data represented as mean + SEM (B-N).
1328  Circles represent individual mice (B-N). p values were determined using one-way ANOVA
1329  (B-N). NS, not significant; *p < 0.05; **p < 0.01, ***p < 0.001. Data pooled from two
1330  independent experiments with a similar trend.
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