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Figure 1. Aging exacerbates A59 (mCoV) infection. (A) Schematic of A59 (mCoV) infection experiment with young (2–6 months) and old mice (20–24

months). (B) Probability of survival of young (n = 6) and old (n = 6) infected mice. Survival of mice was examined after infection with high dose of virus

(PFU 7e3) up to 14 days. (C–E) Young (n = 8) and old mice (n = 8) were infected with low dose of virus (PFU 7e2), and weight change (%) (C), O2

saturation (D), and daily food intake (E) were recorded. (F) Plaque assay of lung from uninfected, infected young and old mice. (G–L) Flow cytometry

analysis of CD4 T cell (G), CD4/CD8 T cell ratio (H), gd T cell (I), neutrophil (J), Ly6Chi cell (K), and CD64+ MerTK+ cell (L) on day 8 post (PFU 7e2)

infection. Error bars represent the mean ± S.E.M. Two-tailed unpaired t-tests were performed for statistical analysis. *p<0.05; **p<0.01; ***p<0.001;

****p<0.0001.
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Figure 1—figure supplement 1. Characterization of immune cell population in young and old mice infected with A59 (mCoV). (A) Representative flow

cytometry gating plot to analyze T lymphocytes, eosinophils, and neutrophils in lung of A59 (mCoV) infected young and old mice. (B) Flow cytometry

Figure 1—figure supplement 1 continued on next page
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Figure 1—figure supplement 1 continued

analysis result of gd T cell in spleen of uninfected, infected young and old mice. (C) Flow cytometry analysis result of eosinophil in lung of uninfected,

infected young and old mice. (D) Representative flow cytometry gating plot to analyze myeloid cells in lung of A59 (mCoV) infected young and old

mice. (E, F) Flow cytometry analysis results of alveolar macrophage (AM) (E), and interstitial macrophage (IM) (F) population in lung of uninfected,

infected young and old mice. Error bars represent the mean ± S.E.M. Two-tailed unpaired t-tests were performed for statistical analysis. *p<0.05;

**p<0.01; ***p<0.001; ****p<0.0001.

Ryu et al. eLife 2021;10:e66522. DOI: https://doi.org/10.7554/eLife.66522 4 of 21

Research article Immunology and Inflammation

https://doi.org/10.7554/eLife.66522


A

B

Y
o

u
n

g
-u

n
in

fe
c
te

d
O

ld
-A

5
9

 (
m

C
o

V
)

H&E

Lower Power Higher Power

Young-A59 (mCoV) Old-A59 (mCoV)

MSB

Y
o

u
n

g
-A

5
9

 (
m

C
o

V
)

O
ld

-u
n

in
fe

c
te

d

Lower Power Higher Power

Figure 2. A59 (mCoV) infection significantly affects lung phenotype in old mice. (A) Transmission electron microscopic images of A59 (mCoV) particles

in pneumocytes. Left panels show pneumocyte of an infected young (left) and old (right) mice. Bar scale represents 500 nm. Right panels show zoomed-

in images of boxed areas of left panels. Pneumocyte with budding viral particles was indicated by red arrowheads. Bar scale represents 100 nm.

Apoptotic pneumocyte of an infected old mouse showed the shrunken and degraded nucleus (white arrow) and chromatin condensation (white

asterisk). (B) Representative photomicrographs of hematoxylin and eosin (H and E)-stained (left) and Martius scarlet blue trichrome (MSB)-stained (right)

sections of lung from young and old mice 8 days post infection with A59 (mCoV), along with lung from uninfected young and old mice. There are foci

of inflammation (arrow), perivascular edema (*), and perivascular lymphocytes and plasma cells (arrow head). Boxed areas in low power images were

used for high power imaging. BV indicates small blood vessel.
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Figure 3. Aging induces systemic hyperinflammatory response in A59 (mCoV) infection. (A–C) Serum levels of inflammatory cytokines IL-1b (A), TNFa

(B), and IL-6 (C) of young (6 months old) and old (24 months old) infected mice on day 8 post (PFU 7e2) infection. (D) Representative

immunofluorescence analysis of CD68 expression, phalloidin, and DAPI in hearts isolated from young and old mice. CD68+ cells/heart area analysis was

shown in right panel. (E) Quantification of MHV-A59 (mCoV) in visceral adipose tissue (VAT) of young and old infected mice by quantitative PCR (qPCR)

of a gene expressing A59 M protein. (F–H) qPCR analysis of Il1b (F), Tnf (G), and Il6 (H) in VAT of young and old infected mice. (I) Western blot analysis

of caspase-1 inflammasome activation in VAT of uninfected young and old mice. (J) Immunoblot analysis of caspase-1 cleavage showing higher

inflammasome activation in VAT in aged mice post-infection. (K) Quantification of gene expression of Casp1 in VAT by qPCR. (L) Quantification of MHV-

A59 (mCoV) in hypothalamus of young and old infected mice by qPCR. (M–P) Gene expression analysis of Tnf (M), Casp1 (N), Il1b (O), and Il6 (P) in

hypothalamus of young and old mice 8 days post-infection. Error bars represent the mean ± S.E.M. Two-tailed unpaired t-tests were performed for

statistical analysis. *p<0.05; **p<0.01.
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Figure 3—figure supplement 1. Inflammatory response in young and old mice infected with A59 (mCoV). (A–E) Serum levels of inflammatory cytokine

and chemokines of young and old uninfected and A59 (mCoV) infected mice. Analysis results of IL-1b (A), TNFa (B), IL-6 (C), MCP-1 (D), and MIP-1b (E)

Figure 3—figure supplement 1 continued on next page
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Figure 3—figure supplement 1 continued

were shown. (F) Representative immunofluorescence images of CD68 expression, phalloidin, and DAPI in hearts isolated from uninfected young and old

mice (left) and CD68+ cells/heart area analysis in heart from uninfected, infected young and old mice (right). (G) Quantification of MHV-A59 (mCoV) in

visceral adipose tissue (VAT) of uninfected, infected young and old mice by qPCR. (H–K) qPCR analysis of Il1b (H), Tnf (I), Il6 (J), and Nlrp3 (K) in VAT of

uninfected, infected young and old mice. (L) Quantification of MHV-A59 (mCoV) in hypothalamus of uninfected, infected young and old mice by qPCR.

(M–Q) Gene expression analysis of inflammatory genes and inflammasome component genes in hypothalamus of uninfected, infected young and old

mice. (R, S) Gene expression analysis in hypothalamus of uninfected, infected young mice (R) and uninfected, infected old mice (S). Error bars represent

the mean ± S.E.M. Two-tailed unpaired t-tests were performed for statistical analysis. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 4. Ketogenic diet reduces the severity of A59 (mCoV) infection in old mice. (A, B) Western blot analysis about pro and active cleaved p17 form

of IL-1b from supernatant of A59 (mCoV)-infected BMDMs co-treated with priming reagents such as LPS (A) and Pam3CSK4 (B), and BHB with indicated

concentration. (C, D) Western blot analysis of ASC monomer, dimer, and oligomers from insoluble pellet of A59 (mCoV) infected BMDMs co-treated

Figure 4 continued on next page
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Figure 4 continued

with priming reagents such as LPS (C) and Pam3CSK4 (D), and BHB with indicated concentration. (E) Schematic of non-lethal dose (PFU 7e2) of A59

(mCoV) infection experiment with old mice (20–21 month) fed chow (Old-Chow, n = 6) or ketogenic diet (Old-KD, n = 5). The mice were provided with

diet from 5 days before infection. (F, G) After infection, the phenotype was evaluated until 7 days post-infection. Weight change (%) (F), and % O2

saturation (G) in old mice fed chow or KD. (H) Schematic of lethal dose (PFU 1e6) of A59 (mCov) infection experiment with young (4 months) and old (24

months) mice fed chow (Young-Chow, n = 11; Old-Chow, n = 7) or KD (Young-KD, n = 11; Old-KD, n = 6). The mice were provided with diet from 5

days before infection. After infection, the survival was evaluated until 7 days post-infection. (I) Probability of survival of lethal dose A59 (mCoV)-infected

young mice fed chow or KD. (J) Probability of survival of lethal dose A59 (mCoV)-infected old mice fed chow or KD. Error bars represent the mean ± S.

E.M. Two-tailed unpaired t-tests were performed for statistical analysis. Gehan–Breslow–Wilcoxon tests were performed for survival analysis. *p<0.05.
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Figure 4—figure supplement 1. Protective effect of BHB in BMDM against A59 (mCoV) and phenotype of A59 (mCoV) infected old mice fed chow or

KD. (A, B) Western blot analysis about pro and active cleaved p17 form of IL-1b from cell lysate of A59 (mCoV) infected BMDMs co-treated with priming

reagents such as LPS (A) and Pam3CSK4 (B), and BHB with indicated concentration. (C–F) Physiological phenotype of Old-Chow- (20–21 months, n = 6)

and Old-KD-infected mice (20–21 months, n = 5). Analysis results of b-hydroxybutyrate (BHB) level (C), food intake per day (D), glucose level (E), and

core body temperature (F) were shown until 7 days post-infection. (G–I) Measurement of vital signs of Old-Chow- and Old-KD-infected mice. Analysis

results of heart rate (G), breath rate (H), and pulse distention (I) were indicated. Error bars represent the mean ± S.E.M. Two-tailed unpaired t-tests were

performed for statistical analysis. *p<0.05; **p<0.01; ****p<0.0001.
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Figure 5. Ketogenic diet protects old mice from A59 (mCoV) infection by alleviation of inflammation. (A–E) Gene expression analysis of inflammatory

cytokines (A–C) and components of inflammasome (D, E) in lung, VAT, and hypothalamus of A59 (mCoV)-infected old mice fed chow (Old-Chow, 20–21

months, n = 6) or KD (Old-KD, 20–21 months, n = 5). (F, G) Western blot analysis of caspase-1 inflammasome activation (F) in VAT of infected Old-Chow

and Old-KD mice with quantification (G). (H) Representative immunofluorescence images of CD68 expression, phalloidin, and DAPI in hearts isolated

from Old-Chow and Old-KD mice (left) and CD68+ cells/heart area analysis in heart of infected Old-Chow and Old-KD mice (right). (I) Flow cytometry

analysis of gd T cell in lung of infected Old-Chow and Old-KD mice. Error bars represent the mean ± S.E.M. Two-tailed unpaired t-tests were performed

for statistical analysis. *p<0.05; **p<0.01.
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Figure 5—figure supplement 1. Immune cell population profile in lung of infected old mice provided with chow or ketogenic diet. (A) Representative

flow cytometry gating plot to analyze T lymphocytes, neutrophils in lung from infected Old-Chow and Old-KD mice. (B–F) Flow cytometry analysis of T

Figure 5—figure supplement 1 continued on next page
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Figure 5—figure supplement 1 continued

lymphocytes and neutrophil in lung of infected Old-Chow (20–21 months, n = 6) and Old-KD (20–21 months, n = 5) mice. Analysis results of T cell (B),

CD4 T cell (C), CD8 T cell (D), CD4/CD8 T cell ratio (E), and neutrophil (F). (G–L) Sub-population analysis of T cells in lung of infected Old-Chow and

Old-KD mice by flow cytometry analysis. CD44 +CD62L� (G) and CD44�CD62+ (H) cell population in CD4 T cells. CD44+CD62L� (I) and CD44�CD62

+ (J) cell population in CD8 T cells. CD44+CD62L� (K) and CD44�CD62+ (L) cell population in gd T cells. Error bars represent the mean ± S.E.M. Two-

tailed unpaired t-tests were performed for statistical analysis. *p<0.05.
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Figure 5—figure supplement 2. Myeloid cell population profile in lung of infected old mice provided with chow or ketogenic diet. (A) Representative

flow cytometry gating plot to analyze myeloid cells in lung from infected Old-Chow and Old-KD mice. (B–F) Flow cytometry analysis of myeloid cells in

lung of infected Old-Chow (20–21 months, n = 6) and Old-KD (20–21 months, n = 5) mice. Analysis results of CD64+ MerTK+ cell (B), F4/80 + Ly6 Clo cell

(C), Ly6Chi cell (D), alveolar macrophage (E), and interstitial macrophage (F). (G–H) Sub-population analysis of macrophages in lung of infected Old-

Chow and Old-KD mice by flow cytometry analysis. CD86+ alveolar macrophage (AM) (G) and interstitial macrophage (IM) (H). Error bars represent the

mean ± S.E.M. Two-tailed unpaired t-tests were performed for statistical analysis.
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Figure 6. Ketogenesis induces protective gd T cell expansion and inhibits myeloid cell activation in aged mice with mCoV infection. (A) Uniform

Manifold Approximation and Projection (UMAP) plot of lung cells from Old-KD and Old-Chow samples as described in Figure 4E. (B) Bar chart shows

Figure 6 continued on next page
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Figure 6 continued

population fold-changes in relative abundance of each cluster. (C) Zoom into UMAP plot from A showing T cells (cluster 1) split by sample. Color

represents expression of Trdc. (D) Volcano plot identifying significantly regulated genes (5% FDR) within sorted gs T cells from lungs of Old-KD and

Old-Chow mice. Increase in expression corresponds to ketogenic diet-induced genes. (E) GSEA enrichment curve based on differential expression

analysis results shown in (D). (F) Monocyte cluster 0 and 1 from (A) were subset and analyzed separately. UMAP plot of monocytes split by samples. (G)

Heatmap of normalized within row gene expression values of selected markers of three monocyte subsets. (H) UMAP as in (F). Color represents

expression of selected genes. For (A–C, F–H), expression values were obtained by pooling data from Old-Chow and Old-KD samples (each containing

n = 6 chow and n = 5 KD pooled biological samples into one technical sample for each diet).
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Figure 6—figure supplement 1. Single-cell RNA-sequencing analysis of lung from young and old A59 (mCoV)-infected mice. (A) UMAP plot of lung

cells from infected young and old samples as described in Figure 1A. (B) Heatmap of normalized gene expression values of selected genes to identify

Figure 6—figure supplement 1 continued on next page
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Figure 6—figure supplement 1 continued

major lineages. (C) Bar chart shows population fold-changes in relative abundance of each cluster. (D) UMAP as in (A) split by sample. Color represents

expression of Mki67. (E) Foxp3 expressing Treg population in T cells in young and old infected mice. (F) Expression level of Foxp3 in subclusters of T

cells in young and old infected mice. (G) Fraction of T cell subclusters in young and old infected mice. (H) Summary of cluster-by-cluster differential

expression comparison of infected young and old samples. Each dot represents a gene, and significant genes are shown in red. (I) Gene set enrichment

analysis of significantly up- and downregulated genes described in (H). (J, K) UMAP as in (A) split by sample. Color shows average z-scores of genes in

selected pathways.
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Figure 6—figure supplement 2. The lung RNA-sequencing analysis of old infected mice fed chow or ketogenic diet. (A) Heatmap of normalized gene

expression values of selected genes to identify major lineages. (B) Summary of cluster-by-cluster differential expression comparison of Old-KD and Old-

Figure 6—figure supplement 2 continued on next page
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Figure 6—figure supplement 2 continued

Chow. Each dot represents a gene, and significant genes are shown in red. (C) UMAP plot of T cell cluster as in Figure 6C. Color represents expression

of Trac. (D) Density plot of expression levels of Vg chain genes. (E) Expression levels of Vg chains genes in lung of Old-Chow and Old-KD mice. (F)

Expression levels of Ifng and Il17 family genes in lung of Old-Chow and Old-KD mice. (G) Percentage of each monocyte subset as identified in

Figure 6F relative to total number of monocytes in the corresponding sample. (H) UMAP plot as in Figure 6F showing average z-scores of genes in

IFN-alpha and IFN-gamma pathways. (I) Monocyte clusters 1 and 7 from Figure 6—figure supplement 1A were subset and analyzed separately. UMAP

plot of monocytes split by samples. (J) Heatmap of normalized within row gene expression values of selected markers of three monocyte subsets in

lung of infected young and old mice. (K) Fraction of monocyte subclusters in lung of infected young and old mice.
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