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SUMMARY

Modulation of individual macronutrients or caloric density is known to regulate host resistance to infection in
mice. However, the impact of diet composition, independent of macronutrient and energy content, on infec-
tion susceptibility is unclear.We show that two laboratory rodent diets, widely used as standard animal feeds
and experimental controls, display distinct abilities in supportingmice during influenza infection.Mice placed
on the highly processed AIN93G showed increased mortality to infection compared with those on a grain-
based chow diet, suggesting a detrimental role for highly processed food in host defense. We further demon-
strate that the heightened susceptibility of AIN93G-fed mice was associated with the failure in homeostasis
restoration mediated by the cytokine interferon (IFN)-g. Our findings show that diet composition calibrates
host survival threshold by regulating adaptive homeostasis and highlights a pivotal role for extrinsic signals
in host phenotype and outcome of host-pathogen interaction.

INTRODUCTION

Animal models for elucidating host defense mechanisms have

traditionally focused on two interacting organisms: the pathogen

and its host. However, it is now understood that environmental

factors, such as diet, can also dictate host survival outcomes.

While alterations of dietary macronutrients or caloric density

are known to modulate infection susceptibility in mice,1–5 the

impact of the dietary composition, independent of macronutrient

and energy content, on infection outcome is unknown. We have

previously demonstrated that the interaction between macronu-

trients, rather than calorie intake, regulates physiology6,7 and im-

mune function8 in health, highlighting the importance of studying

the composition of energy-balanced diets in infection.

Laboratory animal diets can be divided into two categories:

grain-based and those containing purified ingredients. Although

both have equivalent protein, carbohydrate, and fat energy

densities, grain-based and purified diets comprise of different

ingredients, resulting in minor qualitative differences in the

macro- and micronutrient content. For instance, grain-based

diets typically obtain protein from soy instead of casein,

thereby increasing the dietary phytoestrogen content.9 Further-

more, grain-based diets include whole-food ingredients,

whereas purified diets are equivalent to ultra-processed foods

(UPFs) in human food systems.10 There is growing evidence

that UPFs are a major contributor to the global chronic disease

burden,11,12 in part, due to their palatability and nutritional

composition (low in nutrient density, low in fiber, and energy

dense).13 There are also suggestions that the degree of pro-

cessing per se is important.14,15 Whether the same applies to

resistance to infectious diseases is an important, but unan-

swered, question.
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In this study, we report that grain-based (chow) and highly pro-

cessed (AIN93G) diets, both known to support the growth of

naive animals and used frequently as control diets in rodent

studies, displayed distinct abilities in mediating resistance to

influenza virus infection in mice, with AIN93G diet failing to sup-

port the survival of the infected hosts. Mechanistically, the

heightened susceptibility is not due to impaired induction of anti-

viral immune response but to dysregulated adaptive homeosta-

sis. Unexpectedly, the AIN93Gdiet-dependent lethality is medi-

ated by virus-induced interferon (IFN)-g. Together, these data

demonstrate that subtle variations in dietary composition,

including the extent of processing, are sufficient to alter host

phenotype and disease severity. Therefore, this study estab-

lishes diet quality as a previously unappreciated determinant of
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Figure 1. Energy-balanced chow and AIN93G diets show comparable ability in supporting the physiological health of naive mice

NaiveWTmice were fedwith chow (red symbols) or AIN93G (black symbols) diets ad libitum for 4 weeks, and food intake and energy metabolismwere examined.

(A and B) Food (A) and total energy (B) intake determined at 3 weeks. Symbols are group mean (n = 5 mice), and pair represents an individual experiment.

Difference in food intake ([A] Student’s t test n = 4, t6 = 4.72, p = 0.0033).

(C) Change in body weight over 4 weeks of feeding (mean weight ± SD, n = 6).

(D) Body composition measured using EchoMRI at 3 weeks.

(E–L) Three days prior to termination of the studies, some of the mice were transferred to metabolic cages, and food intake, RQ, activity, and energy

expenditure of individually housedmiceweremonitored for 3 days. Data shown are groupmeans (n = 8mice) across 3 days (E–H) or individual animals (n = 8mice)

over 24 h (I–L).

In (D), and (I)–(L), each symbol represents an individual mouse and bars denote group mean. (I) Differences in food intake at night (Mann-Whitney test, U = 5, p =

0.0480). Data shown in (A)–(D) are representative of at least 3 experiments, and (E)–(L) are pooled from 2 independent experiments. *p < 0.05 and **p < 0.01.
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host susceptibility to infection in mice, offering an additional

mechanism to help explain the health impacts of ultra-processed

diets in humans.

RESULTS

Commercial macronutrient- and energy-balanced diets
show comparable ability in supporting the health of
naive mice
To study the impact of diet quality on host defense against infec-

tion, we chose crude grain-based chow and highly processed

AIN93G diets. Both diets aremacronutrient and energy balanced

and are commonly used in rodent studies as control diets. We

first examined feeding behavior and multiple physiological pa-

rameters in naive wild-type (WT) C57BL6 female mice placed

on either a chow or an AIN93G diet for 4 weeks. As reported pre-

viously,16 AIN93G-fed mice displayed decreased food con-

sumption (Figure 1A) but similar energy intake (Figure 1B)

compared with chow-fed animals due to the slightly higher en-

ergy content of AIN93G (Table 1). Consequently, chow- and

AIN93G-fed mice showed comparable levels of weight gain (Fig-

ure 1C) as well as muscle and fat mass (Figure 1D).

To investigate the impact of dietary composition on respiratory

and behavioral patterns under steady state, mice were housed

individually in respirometry cages and monitored across 72 h.

Consistent with our findings in Figure 1A, chow-fed mice dis-

played increased food consumption in night cycles (Figures 1E

and 1I), while all animals showed comparable physical activity

regardless of diet (Figures 1F and 1J). By measuring O2 con-

sumption and CO2 output, we determined the respiratory quo-

tient (RQ). Chow-fed mice displayed a trend toward a higher

RQ than those on AIN93G (Figures 1G and 1K), indicating prefer-

ential oxidation of carbohydrates. Finally, we observed that mice

on both diets exhibited comparable energy expenditure across a

72 h period during both day and night cycles (Figures 1H and 1L).

Together, these findings confirm that chow and AIN93G diets are

equally adequate in supporting the whole-body metabolism of

naive mice.

Chow- and AIN93G-fed mice show differential
susceptibility to influenza infection
The ability of different rodent diets in supporting host defense

against infection is unknown. Mice on chow or AIN93G for

3 weeks were inoculated intranasally (i.n.) with influenza A virus

(IAV) and monitored for changes in body weight and survival.

IAV infection triggered weight loss in both diet groups; however,

while all chow-fed mice regained their weight after day 10 (Fig-

ure 2A), the mice on AIN93G failed to recover and subsequently

succumbed to infection between days 12 and 14 (Figures 2A and

2B). To quantify the difference in the sensitivity of chow- and

AIN93G-fed mice to IAV infection, graded doses of IAV were

given to determine the lethal dose required to cause 50%mortal-

ity (LD50). The chow-fed mice exhibited an LD50 of 3.5 plaque-

forming units (PFUs), almost triple that of the LD50 in the

AIN93G-fed mice (1.2 PFUs; Figure 2C), indicating that AIN93G

consumption increases the hosts’ sensitivity to IAV infection.

We quantified the viral load (measured as PFU and viral nucle-

oprotein [NP] mRNA) in the lungs of day 7 and 9 infected mice.

We observed that IAV loads of chow- and AIN93G-fed mice

were comparable at day 7 and decreased in both groups by

day 9 post infection (p.i.) (Figures 2D and 2E), suggesting

containment of IAV infection regardless of diet type. To deter-

mine if the log-transformed PFU and NPmeans were statistically

equivalent in the two diet groups, we performed Welch’s two-

sample equivalence t test. This analysis showed statistical evi-

dence that PFU and NP levels were equivalent in the two diet

groups at day 7 but not day 9, suggesting a possible delay in viral

clearance in AIN93G-fed mice. However, analysis of host

response in the lungs of chow- and AIN93G-fed mice did not

reveal any difference in the extent of cell infiltration (Figure 2F),

generation of IAV-specific (tetramer-positive) CD8+ T cells (Fig-

ure 2G), T cell effector function (Figure 2H), or expression of

innate inflammatory genes (Figure 2I). These results suggest

that mechanisms mediating the induction of immune response

to IAV infection are not impaired in the AIN93G-fed mice.

AIN93G-fed mice fail to restore physiological
homeostasis following infection
Maintaining physiological homeostasis and promoting tissue

repair is critical in ensuring the survival of an infected host.17–19

However, the role of diet and its components in regulating host

fitness remains poorly defined. To assess the physiological

and metabolic parameters associated with host fitness in IAV

infection, mice were individually housed in respirometry cages

and continuously measured across 9 days of IAV infection.

Like body weight (Figure 2A), the progression of IAV infection

led to a gradual reduction in food intake, RQ, and energy expen-

diture in both chow- and AIN93G-fed mice (Figure 3). However,

mice on the AIN93G diet consumed less food (Figures 3A and

3B) and recorded a lower RQ (Figure 3C) compared with

chow-fed mice, which was most notable during the night cycle

of the recovery phases (showed in boxed areas in Figures 3A

and 3C) of IAV infection. The difference in food consumption be-

tween the two diet groups was greater in the infected than unin-

fected states (5.4- versus 1.5-fold difference; Figure 3B), sug-

gesting that the small difference in caloric density between the

two diets (Table 1) cannot fully account for the significant

Table 1. The key macronutrients and energy contents of chow

and AIN93G diets

Nutritional parametera Chow AIN93G

Macronutrients (%)

Protein 19 19.4

Total fat 4.6 7

Total digestible carbohydrate 59.90 56.8

Crude fiber 5.20 4.7

Acid detergent fiber 7.7 4.7

Neutral detergent fiber 15.50

Energy contents

Digestible energy (MJ/Kg) 14.2 16.1

Lipid-derived energyb 12 16

Protein-derived energyb 23 21
aBased on the information provided by Specialty feeds (https://www.

specialtyfeeds.com/).
bThe percentage of total digestible energy.
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reduction in food intake observed in the AIN93G-fed mice

following infection. Nonetheless, the levels of energy expendi-

ture were comparable between the two groups (Figure 3D), indi-

cating that IAV infection leads to an energy deficit in the AIN93G-

fed relative to chow-fed mice.

To investigate whether the increased mortality associated with

persistent appetite loss is a result of food aversion or the physical

and sensory properties of the diet, such as palatability, diet-swap-

ping experiments were performed. Following 3 weeks of feeding

on a given diet, mice were divided and placed on the other diet

at day 0 or 7 of IAV infection. While replacing AIN93G with chow

at day 0 protected the mice from IAV-induced death (Figure 3E,

left panel), diet swapping on day 7 of infection (a time point before

chow-fedmice begin to recover their appetite) failed to rescue the

animals (Figure 3E, right). Interestingly, switching chow to AIN93G

at day 7 also led to increased mortality, suggesting that the con-

sumption of AIN93G during either early- or late-stage infection im-

pairs host survival to influenza infection inmice. Importantly, these

findings suggest that the persistent appetite loss in AIN93G-fed

mice is not simply due to poor food palatability or conditioned

taste aversion (CTA), where animals learn to associate a novel

taste with illness and, as a consequence, avoid eating the food

with this specific taste.20

Since glucose utilization is required to fuel physiological pro-

grams and host survival to IAV infection,21 we assessed the

impact of diet quality on glucose utilization before and after infec-

tion. While chow- and AIN93G-fed mice showed similar rate of

glucose clearance under steady state, the latter animals exhibited

slower glucose clearance than the former mice, indicating that

AIN93G impairs glucose uptake in the infected host (Figure 3F).

Finally, we observed that IAV-infected AIN93G-fedmice exhibited

persistent andmore severe core temperature loss compared with

chow-fed mice (Figure 3G), suggesting that AIN93G is unable to

restore temperature homeostasis in IAV-infected mice.

Chow and AIN93G diets induce distinct transcriptional
responses in the hypothalamus and brown adipose
tissue
Todissect themechanismsunderlying theperturbedphysiological

homeostasis in AIN93G-fedmice, we performedRNA sequencing

(RNA-seq) analysis on the hypothalamus (Hypo), brown adipose

tissue (BAT), and liver from naive and IAV-infected mice fed on

chow or AIN93G. Hierarchical clustering analysis of the 12 groups

of mice showed that the gene-expression profiles clustered ac-

cording to organ type and condition (Figure 4A). Next, we per-

formed differential expression analysis on infected versus unin-

fected groups in the chow- and AIN93G-fed mice within each

organ. When comparing infected with naive groups, the number

of differentially expressed genes (DEGs) (log2 fold change

[FC] > 1 and false discovery rate [FDR] < 0.05) in the BAT was

higher in the AIN93G-fed mice than in the chow-fed mice (Fig-

ure 4B; Table S1). In contrast, the number of DEGswas compara-

ble in the Hypo and liver of chow- and AIN93G-fed mice.

We next performed Gene Ontology (GO) enrichment analysis

using the DEGs of the chow- and AIN93G-fed groups to identify

potential diet-dependent biological processes. Analysis of the

top 15 most significant pathways from each diet group revealed

enrichment of immune-related pathways, driven mainly by IFNs,

in all three organs regardless of diet regimen (Figure 4C;

Table S2). However, fewer GO terms were shared between

chow and AIN93G groups in the Hypo and BAT than in the liver.

GO enrichment analysis of DEGs in the Hypo of AIN93G-fed

mice generated only 13 pathways compared with 40 in chow-

fed mice (Table S2). All non-immune enriched pathways in the

AIN93G-fed mice were negatively regulated by infection,

including pathways related to DNA packaging (Figure 4C). In

contrast, all enriched pathways in the Hypo of infected

chow-fed mice were upregulated relative to their naive counter-

parts. The most prominently enriched non-immune pathways in

IAV-infected chow-fed mice were associated with bone cell

development. Distinct enrichment profiles between chow- and

AIN93G-fed mice were also evident in the BAT. Specifically,

pathways related to muscle cell development were preferentially

enriched in the AIN93G-fed mice (Figure 4C). Together, these

findings demonstrate that diet quality regulates transcriptional

responses in organs critical for maintaining physiological and

metabolic homeostasis during infection.

AIN93G diet alters cell differentiation programs in IAV-
infected mice
Our finding that pathways associated with bone cell develop-

ment were preferentially enriched in the Hypo of infected

Figure 2. Chow- and AIN93G-fed mice show differential susceptibility to influenza virus infection

Mice on chow (red) or AIN93G (black) diets for 3 weeks were inoculated with IAV (5 PFUs or otherwise indicated).

(A) Body weight change (mean weight ± SD, n = 10).

(B) Difference in the survival of infected chow and AIN93G mice (log rank Mantel-Cox test, n = 10–12, x21 = 14.67, p = 0.0001).

(C) Survival of chow- and AIN93G-fed mice (n = 5) following infection with graded doses (indicated in the graphs) of IAV.

(D and E) PFU (D) and viral NPmRNA copy number (E) in the lungs at day 7 and 9 p.i. Statistical equivalence between diet groups were determined using Welch’s

two-sample equivalence t test. Equivalence boundaries were set based on the smallest standardized effect size of interest detectable at 90% power by t test

(n = 2–14, chow versus AIN93G, day 7, PFU t21.83 = 2.295, p = 0.0159, NP t18.88 = 2.706, p = 0.00703, and day 9, PFU t18.9 = 1.647, p = 0.058, NP, t14.84 = 0.557,

p = 0.293).

(F) Lung cell count (mean ± SD, n = 4–6) determined by trypan blue exclusion.

(G) Percentage of IAV-specific (PA-H2Db+) CD8+ T cells determined using flow cytometry after gating on pulmonary CD8+ T cells.

(H) Flow cytometric analysis of IFN-g and TNF-a expression in CD44+CD8+ T cells.

(I) mRNA expression of innate inflammatory genes in the lungs of day 7 infected mice measured by qRT-PCR. Data shown are fold change relative to naive chow-

fed mice.

In (D), (E), (G), and (I), symbols represent individual mice, and bars denote group mean. Data shown in (A) and (B) are representative of at least 5 independent

experiments, in (D), (E), and (I) are pooled from 2–3 independent experiments and in (C) and (F)–(H) are representative of 2 experiments. *p < 0.05, **p < 0.01, and

***p < 0.001.
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chow-fed mice (Figure 4C) was unexpected. Further examina-

tion of the DEGs participating in these pathways revealed an

abundance of genes encoding bone morphogenesis proteins

(BMPs; members of the TGF-b superfamily) and related lipid me-

diators and transforming growth factor b (TGF-b) receptor com-

ponents. In addition to bone morphogenesis, BMPs play an

essential role in cell differentiation,22 tissue development,23,24

adipogenesis,25–27 and appetite.28 We found that relative to their

respective naive counterparts, the expression of Bmp4, Bmp5,

Bmp6, and Bmp7, as well as Lox and Tgfbr3, were significantly

increased in the Hypo of the infected chow-fed, but not

AIN93G-fed, mice (Figure 5A).

Brown adipocytes store more mitochondria than white adipo-

cytes and express a set of unique thermoregulatory genes,

including uncoupling protein-1 (Ucp1), which allows energy to

be dissipated as heat without generating ATP. Brown adipocytes

and myocytes are believed to share a common progenitor,

mesenchymal stem cells.29 Since pathways participating inmus-

cle cell development were highly enriched in the BAT of the in-

fected AIN93G-fed mice, we compared the expression of genes

involved in adipogenesis and myogenesis between the two die-

tary groups in this tissue. Compared with infected chow-fed

mice, myogenesis genes were upregulated while adipogenesis

genes were downregulated in the infected AIN93G-fed mice

(Figure 5B), suggesting that cell differentiation programs in

BAT of chow- and AIN93G-fed mice are differentially regulated

in IAV infection.

One of themarkedly downregulated genes in the BAT of the in-

fected AIN93G-fed mice is Dio2, known to be important for

adaptive thermogenesis.30 Dio2 converts intracellular thyroxine

(T4) to 3,5,30-triiodothyronine (T3), thereby contributing to ther-

mogenesis. To investigate whether impaired adipogenesis and

Dio2 expression contributes to the more severe hypothermia in

the IAV-infected AIN93G-fed mice, we administered T3 daily to

a subset of AIN93G-fed mice intraperitoneally (i.p.). Compared

with their untreated counterparts, T3-treated, AIN93G-fed mice

displayed significantly improved recovery from hypothermia

(Figure 5C). These results indicate that the dysregulated thermo-

genesis could be a result of impaired T3 activity due to the

reduced Dio2 expression.

To determine whether chow and AIN93G diets differentially

control the brown adipocyte response to IAV infection at the

cellular and tissue levels, we quantified adipocyte number and

size on H&E-stained BAT tissue sections at days 7 and 9 p.i.

Based on eosin staining, brown adipocytes in the infected

AIN93G-fed mice displayed lower mitochondrial content than

that of the chow-fed animals, which was most apparent at day

7 after infection (Figure 5D). Moreover, compared with chow-

fed mice, AIN93G-fed animals had significantly lower numbers

of brown adipocytes, and these cells were larger in size at day

9 (Figure 5E). Finally, while the fat mass decreased in both

chow and AIN93G groups at day 9 following infection, the reduc-

tion was more apparent in the AIN93G-fed animals (Figure 5F).

Collectively, these data indicate that adipocytes in the BAT of

chow- and AIN93G-fed animals undergo distinct transcriptomic

and cellular changes in IAV infection, with the function of the

latter group more severely impacted.

AIN93G-mediated susceptibility is dependent on virus-
induced IFN-g
Cytokines are common drivers of sickness-induced manifesta-

tions, including appetite loss31 and hypothermia.32 Since IFN-g

is one of the main cytokines produced in IAV infection and is

known to trigger hypothermia in mice,33 we examined the role

of the cytokine in AIN93G-dependent disease susceptibility

and observed that infected AIN93G-fed Ifngr1�/�, but not WT,

mice were able to regain their body weight and temperature to

the same degree as chow-fed WT or Ifngr1�/� mice (Figure 6A).

Importantly, IFN-g receptor signaling deficiency protected

AIN93G-fed mice from lethality, suggesting that the impaired re-

silience of AIN93G-fed mice to IAV infection is mediated by IAV-

induced IFN-g.

We next determined whether AIN93G regulates local and sys-

temic IFN-g production. The Ifng gene was expressed at an

extremely low level in the Hypo and BAT as shown by our

RNA-seq analysis (data not shown). qRT-PCR analysis demon-

strated that the Ifng mRNA was strongly induced in the lungs

but not in other organs of chow- and AIN93G-fed animals (Fig-

ure 6B). Although T cells were readily detected in all organs

analyzed (Figure S1A), IFN-g-producing CD8+ and CD4+ T cells

Figure 3. Infected AIN93G-fed mice fail to restore physiological homeostasis

Mice were placed on different diets for 3 weeks and infected with 2.5 PFUs of IAV.

(A–D) Mice on chow (red) or AIN93G (black) were individually housed in metabolic cages and their physiological parameters monitored up to day 9 p.i.

(A) Food intake. Data shown are mean daily food intake over 9 days (left, n = 20) and individual intake over 24 h at day 9 (right). Differences between chow and

AIN93G mice in food intake at night (right panel, U = 39, p < 0.0001).

(B) Fold differences in food intake between chow- and AIN93G-fed mice before and after infection (day 9) (n = 8–20).

(C) Changes in RQ. Data shown aremean daily RQover 9 days (left, n = 18–20) andRQof individual animal over 24 h at day 9 (right). Differences in RQbetween diet

groups (right panel, daytime, U = 92, p = 0.0091; night-time, U = 60, p = 0.0001).

(D) Energy expenditure over 9 days following infection (n = 20).

(E) Survival of IAV-infectedmice following diet swapping. Diets were swapped at either at day 0 (left panel, n = 6–10, x23 = 12.20, p = 0.0067) or 7 (right panel, n = 6,

x23 = 17.68, p = 0.0005). Statistical significances shown are chow/chow versus AIN93G/chow, chow/AIN93G, or AIN93G/AIN93G mice.

(F) Difference in blood glucose in naive and day 9 infected chow and AIN93G mice following oral glucose administration (n = 5, diet effect in infected mice, F1,6 =

15.54, p = 0.0076).

(G) Difference in body temperature in infected chow- and AIN93G-fed mice after infection (n = 9, diet effect, F1,1 = 25.11, p = 0.0001). Body temperature was

recorded daily using a rectal probe.

Data shown in (A) and (C), left panels, (B), (D), (F), and (G) are mean ±SD. In (A) and (C), right panels, each symbol represents an individual mouse, and bars denote

group mean. Data in (A)–(D) and (G) are pooled from 2 individual experiments and in (E) and (F) are representative of 2 experiments. Statistical analysis was

performed using Mann-Whitney test (right panels in A and C), log rank Mantel-Cox test (E), two-way repeated-measures ANOVA (F), and mixed-effects analysis

and Sidak multiple comparisons test (G). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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were detected in the lung and liver (Figures S1B and S1C) but not

the white adipose tissue (WAT) nor BAT (Figures S1D and S1E) of

chow- and AIN93G-fed mice following ex vivo polyclonal restim-

ulation. Although the Ifng level was higher in the lungs of the

AIN93G-fed mice compared with chow-fed animals (Figure 6B),

the percentage of cytokine-producing T cells in the same organ

was comparable in both groups (Figures S1B andS1C), suggest-

ing that other IFN-g-producing cells, such as natural killer (NK)

cells, may contribute to the increased Ifng mRNA expression in

the lungs of AIN93G-fedmice. These findings indicate that, inde-

pendently of diet used, IFN-g is mainly produced in the infected

lungs, which is consistent with the knowledge that active IAV

infection is restricted to the epithelial cells of respiratory system.

Therefore, the effect of IFN-g on distant organs in IAV infection is

likely mediated by circulating cytokine. We found that circulating

IFN-g was produced late during the infection (day 7) (Figure 6C),

correlating with the divergence in homeostatic response be-

tween the diet groups. Circulating IFN-g level was comparable

in IAV-infected chow- and AIN93G-fed mice, confirming that

the induction of IFN-g and other antiviral responses (Figure 2)

in our system is largely independent of the quality of diet and

pointing to a role for AIN93G in regulating IFN-g receptor

signaling in infected mice.

We next determined the cell types mediating the detrimental

effect of IFN-g signaling in the AIN93G-fed mice by generating

reciprocal bone marrow chimeras, in which either or both of

the hematopoietic and stromal compartments were deficient in

IFN-g signaling. As expected, the absence of IFN-g signaling in

both the hematopoietic and stromal compartments led to

reduced mortality (Figure 6D). Interestingly, IFN-g signaling defi-

ciency in either radio-sensitive or -resistant cells also resulted in

partially enhanced survival, demonstrating that IFN-g signaling is

required in both hematopoietic and non-hematopoietic cells to

impair the resilience of AIN93G-fed mice during IAV infection.

We next compared brown adipocyte number and size in

AIN93G-fed WT and Ifngr1�/� mice at day 9 p.i. As shown in Fig-

ure 5E, brown adipocytes in AIN93G-fed animals were lower in

numbers and larger in size compared with those in chow-fed

mice (Figure 6E). In contrast, the same measurements in

AIN93G-fed Ifngr1�/� mice were comparable with chow-fed

WT mice. Interestingly, we found that thermogenesis genes

were markedly downregulated in BAT of both diet groups

following infection and that the downregulation was independent

of IFN-g signaling (Figure S2), suggesting that IFN-g regulates

some, but not all, metabolic programs in BAT.

We next investigated whether IFN-g plays a role in regulating

glucose metabolism in IAV-infected AIN93G-fed mice. Gluco-

neogenesis is critical for maintaining blood glucose levels during

prolonged fasting, and pyruvate is believed to be the major sub-

strate in vivo. i.p. injection of pyruvate (pyruvate tolerance test

[PTT]) resulted in a more profound increase in blood glucose in

infected mice than their naive counterparts (Figures S3A and

S3B), suggesting an enhanced gluconeogenesis in IAV infection.

AIN93G-fed WT mice, however, showed significantly delayed

glucose clearance compared with their Ifngr1�/� counterparts,

whichwasmirrored in the glucose tolerance test (GTT). An insulin

tolerance test (ITT) showed that infected WT mice were more

resistant to insulin than Ifngr1�/� mice, although the difference

did not reach statistical significance. We speculate that IAV-

induced IFN-g impairs glucose uptake in infected AIN93G-fed

mice possibly through modulating sensitivity of muscle cells to

insulin signaling, a mechanism that has been demonstrated in

a murine cytomegalovirus (MCMV) infection model.34

To further understand how IFN-gmediates the increased host

susceptibility of AIN93G-fed mice in IAV infection, the possible

role of nitric oxide was examined. Nitric oxide is highly induced

by IFN-g and is detrimental to host resistance to IAV infection

in mice.35,36 We observed that treatment with the nitric oxide in-

hibitor L-NMMA improved recovery in body temperature and, to

a lesser extent, body weight (Figure 6F) and reduced mortality

rates (Figure 6G) in AIN93G-fed mice, demonstrating that the

negative impact of IFN-g on the survival of AIN93G-fed animals

is at least partially dependent on nitric oxide. Together, the find-

ings suggest that IFN-g signaling modulates multiple mecha-

nisms important in maintaining host physiological homeostasis

in IAV-infected AIN93G-fed mice.

DISCUSSION

Infectious disease research in animals has predominately

focused on host and pathogen interactions. Until recently, little

consideration has been placed on the role of diet in the outcome

of an infection. It is also assumed that all commercially available

macronutrient- and energy-balanced diets are equally compe-

tent in supporting the survival of the infected host. Here, we

demonstrate that diet formulation, independent of macronutrient

balance and caloric intake, plays a previously unrecognized role

in maintaining host fitness during influenza. These findings offer

critical insight toward our understanding of how host physiolog-

ical and immune systems, and ultimately the outcome of host-

pathogen interactions, is regulated by diet.

Additionally, to the extent that chow versus purified diets in

mice provide a model for comparing whole-food versus UPF di-

ets in humans, our results provide another mechanism to explain

Figure 4. IAV-infected chow- and AIN93G-fed mice exhibit distinct transcriptomic landscapes in endocrinological and metabolic organs

Mice fed with chow or AIN93G were either left uninfected or infected with 5 PFU IAV. Hypothalamus (Hypo), brown adipose tissue (BAT), and liver were collected

from uninfected or day 7 infected mice (n = 3–4) for RNA sequencing.

(A) Hierarchical clustering analysis of the top 500 most variable genes (rows) among 4 groups (columns) in the Hypo, BAT, and liver. mRNA expression levels are

represented as mean normalized counts (NC) (n = 4) on a log2(x+1) scale.

(B) Numbers of DEGs in Hypo, BAT, and liver of chow- or AIN93G-fed mice in infected versus uninfected analysis. DEGs were determined using a cutoff of FDR

<0.05 and log2FC of >1. Red and blue bars denote the numbers of up- and downregulated DEGs, respectively.

(C) GO enrichment analysis of DEGs from chow- and AIN93G-fedmice in infected versus uninfected analysis. Top 15 enriched pathways from each diet group are

shown, except for AIN93G-fed mice in the Hypo with only 13 pathways enriched. Bubble size indicates the number of DEGs included in a pathway. Z score

indicates up- (red) or downregulated (blue) pathways. Z score was calculated by subtracting the number of upregulated DEGs from the number of downregulated

DEGs in a pathway from the GO enrichment analysis. This calculation was then divided by the square root of the total number of DEGs in a pathway.
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the deleterious health impacts of UPFs in human food sys-

tems.10–12,15 Most emphasis to date has been placed on the

role of UPFs in obesity and associated cardiometabolic dis-

eases; our study brings to light how these diet-regulated physi-

ological alterations can increase the susceptibility to infectious

diseases.

In agreement with our findings, Milner et al. also noted a similar

differential effect of chow and purified diets on the survival of IAV-

infected mice.3 Our study reveals a regulatory role for diet quality

in maintaining host physiological homeostasis. Sickness-induced

anorexia and hypothermia have been suggested to be a defense

mechanism that protects the host from tissue damage21,37,38 in

some, but not all, infections. For instance, anorexia is protective

in defense against bacterial infection but detrimental in viral and

malarial infection.21,38 This study shows that the host-protective

versus -detrimental function of these physiological mechanisms

is further controlled by external factors, such as dietary formula-

tion. Our findings therefore uncover a double-edged sword effect

of disease-tolerance mechanisms, suggesting that sickness-

induced manifestations must be tightly regulated.

Our findings reveal that IAV infection not only triggers signifi-

cant immunological changes in the lung but also remodels the

transcriptional landscape in in the organs critical for energy

metabolism (such as the Hypo, BAT, and liver). Importantly, we

establish that the IAV-driven transcriptional signatures are regu-

lated by diet composition. Diet has been identified as an extrinsic

factor that can influence disease tolerance to infection in in-

sects.39,40 Our findings show that nutrient composition plays a

similar role in mammals. The significance of the enhanced

expression of myogenesis genes in the BAT of AIN93G-fed

mice relative to chow-fed mice is unclear. Brown adipocytes

and skeletal muscle cells share an early development pathway

and mechanisms that promote one differentiation process tend

to repress alternative pathways.41,42 Therefore, enhanced myo-

genesis could be the cause or result of impaired adipogenesis.

Alternatively, it could reflect an increase in a subset of adipo-

cytes progressing through a myogenic intermediate state, a pro-

cess like that described in cold-induced beige adipocyte

differentiation.43

IFN-g is identified as a mediator of AIN93G-diet-dependent

susceptibility to IAV infection in this study. This cytokine is gener-

ally believed to play a minimal role in the survival of chow-fed

C57BL6 mice infected with the PR8 strain of IAV.44–46 Therefore,

the profound effect of IFN-g on AIN93G-fed C57BL6 mice is un-

expected. The host-detrimental function of IFN-g is likely medi-

ated by multiple mechanisms as we have shown that IFN-g

signals in both hematopoietic and non-hematopoietic compart-

ments increase infection susceptibility. One possible mecha-

nism of action is through the induction of nitric oxide, which is

known to exacerbate influenza disease in mice.35,36 In addition,

IFN-gmay also contribute to the glucose resistance observed in

infected AIN93G-fed mice, a mechanism shown to operate in

another viral infection model.34

Our findings raise several questions regarding the design and

approach of laboratoryanimal-based research. Should our

investigation into the disease pathogenesis mechanisms in lab-

oratory animals incorporate diet as a variable? Should mouse

phenotype established using one diet be confirmed with another

one, similar to the approach used to handle the genetic back-

ground issue with inbred laboratory mouse strains? Adequately

addressing these questions may lead to changes in practice

and, therefore, improvements in research reproducibility.

Currently, grain-based and processed diets are used inter-

changeably in many nutrition and metabolism studies.47,48 For

example, grain-based diets are incorrectly used as a control

for high-fat or Western-style diets based on AIN93G formula.

Finally, the findings from this investigation strongly support the

notion that a multi-dimensional approach including immunology,

physiology, microbiology, and nutrition is required to understand

host-pathogen interactions.49,50

Limitations of the study
Our study has several limitations. Firstly, the key diet component

underlying differential survival outcome was not identified. While

Figure 5. Infected AIN93G-fed mice exhibit altered cell differentiation and tissue development in the Hypo and BAT

(A) Differential expression of BMP genes before (triangles) and after infection (circles) in the Hypo of chow (red) and AIN93G (black) mice (n = 3–4). Bmp4 (diet

effect, F1,10 = 14.79, p = 0.0032; infection status and diet interaction, F1,10 = 10.60, p = 0.0086); Bmp5 (diet, F1,10 = 9.78, p = 0.0107; interaction, F1,10 = 5.75, p =

0.0375); Bmp6 (diet, F1,10 = 14.86, p = 0.0032; interaction, F1,10 = 12.51, p = 0.0054); Bmp7 (diet, F1,10 = 16.54, p = 0.0023; interaction, F1,10 = 16.43, p = 0.0023);

Tgfbr3 (diet, F1,10 = 14.79, p = 0.0052; interaction, F1,10 = 14.79, p = 0.0052); and Lox (diet, F1,10 = 20.12, p = 0.0012; interaction, F1,10 = 11.51, p = 0.0068). Levels

of mRNA expression are shown as NCs on a log2(x+1) scale.

(B) Top 10 myogenesis and adipogenesis DEGs in the BAT of infected AIN93G-fed versus infected chow-fed mice. DEGs in analysis of infected AIN93G-fed

versus infected chow-fed mice were determined by FDR <0.05 and log2FC >1. Blue and red bars denote genes involved in myogenesis and adipogenesis,

respectively.

(C) Effect of T3 treatment in AIN93G-fed mice. Top, timelines of treatment. Some of the AIN93G-fed mice were injected daily i.p. with T3 starting 1 week prior to

IAV infection. Bottom, difference in body temperature (n = 6, T3 treated versus untreated AIN93G-fed mice, F1,10 = 84.78, p < 0.0001; interaction, F2,20 = 7.62, p =

0.0035). Data shown are the differentials calculated by subtracting the body temperature of individual T3-treated (gray) and untreated (black) AIN93G-fed mice

from the mean body temperature of chow-fed mice. Dotted line represents the temperature of the chow-fed mice at the respective time points.

(D) Representative images (403) of H&E-stained BAT.

(E) Number (top) and diameter (bottom) of brown adipocytes at day 9 p.i. Differences between chow- (red) and AIN93G-fed (black) mice (n = 4–5) in cell number

(F1,14 = 9.20, p = 0.0090) and diameter (F1,14 = 6.78, p = 0.0209). Symbol represents the mean value (for each mouse) of cell numbers or diameters quantified in

four to five 300 3 400 mm fields of the tissue section.

(F) Change in fat and leanmass following IAV infection (fat mass difference, n = 4, F1,12 = 12.50, p = 0.0041). Data shown are the percentage of bodymass of naive

mice determined using EchoMRI.

In (A), (E), and (F), each symbol represents an individual mouse, and bars denote group mean. Data shown in (A) and (B) are from a single experiment, and (C)–(F)

are representative of 2 independent experiments. Statistical analysis was performed using two-way ANOVA and Sidak’s multiple comparisons test (A, E, and F) or

two-way repeated measures ANOVA (C). *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 6. Increased susceptibility of AIN93G-fed mice to IAV infection is dependent on IFN-g receptor signaling

WT and Ifngr1�/� mice fed with chow or AIN93G for 3 weeks were infected with 5 PFU IAV.

(A) Body weight, temperature, and survival of infectedWT and Ifngr1�/�mice. Data shown are meanmeasurement ± SD (left andmiddle panels, n = 4). Difference

in the survival (right panel, n = 4, x23 = 20.75, p = 0.0001). Statistical significances shown are AIN93G-fed WT versus AIN93G-fed Ifngr1�/� mice.

(legend continued on next page)
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the main difference between the two diets was related to the

extent of processing or purification, multiple nutritional differ-

ences could have contributed to the impacts found. Unlike

grain-based chow diets, which contain both soluble and insol-

uble fiber, AIN93G contains mainly cellulose, resulting in the

absence of soluble fiber.51 Indeed, a role for fiber in defense

against IAV infection in mice has been demonstrated.5 Similarly,

difference in the fat content between the two diets could also in-

fluence the infection phenotype as a study performed in crickets

has shown a trade-off between lipid transport and defense

against infection.52 Secondly, the role of gut microbiome in the

survival outcome was not investigated. Variations in diet pro-

cessing or nutrient composition are known to control gut bacte-

rial community diversity.7,8,53,54 Finally, only female C57BL6

mice were tested here. Recent studies have clearly demon-

strated that sex and genetic background of animals regulate

the metabolic response to dietary fat and protein.55,56 Whether

diet quality impacts host defense against infection in male

mice and/or mice on different genetic background remains to

be determined. The interactions between diet, sex, and genetics

may modulate host response to other types of stimuli beyond

pathogens. In this regard, we have already shown that diet com-

positions can differentially regulate host response to several

drugs.57
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(B) IfngmRNA expression as measured by qRT-PCR. Data shown are fold change relative to naive chow-fed mice (chow versus AIN93G in lung, n = 4, t8 = 3.19,

p = 0.0128).

(C) Levels of IFN proteins quantified in the plasma of chow- and AIN93G-fed mice at days 3 and 7 p.i.

(D) Survival of reciprocal bone marrow chimera. Lethally irradiated WT and Ifngr1�/� mice were reconstituted with WT or Ifngr1�/� bone marrow cells. Re-

constituted mice were fed with AIN93G diet for 3 weeks before being infected with IAV. A group of infected chow-fed WT mice was included as a control.

Statistical significances between chow and chimera groups are shown (n = 12, x24 = 29.74, p < 0.0001). Statistical significance shown are chow group versus

KO/KO, KO/WT, WT/KO, or WT/WT group.

(E) The number and dimension of adipocytes in WT and Ifngr1�/� mice at day 9 p.i. (n = 5–6, cell number, F2,28 = 5.05, p = 0.0134; dimension, F2,28 = 3.94, p =

0.0312). Symbol represents the mean value (for each mouse) of cell numbers or dimension quantified in four to five 300 3 400 mm fields of the tissue section.

(F and G) WT mice on chow or AIN93G were infected with IAV. Infected chow-fed mice were left untreated (red), whereas AIN93G-fed mice were either left

untreated (black) or injected i.p. daily with L-NMMA (gray) starting on day 0.

(F) Body temperature (left) and weight (right) of L-NMMA-treated and untreated mice (n = 5–6). Body weight, F2,15 = 6.28, p = 0.0105. Body temperature, F2,15 =

14.04, p = 0.0004.

(G) Survival of L-NMMA-treated and untreated AIN93G mice (n = 6–7, x22 = 9.11, p = 0.0105). Statistical significance in survival between treated and untreated

AIN93G groups is shown.

In (B), (C), (E), and (F), each symbol represents an individual mouse, and bars denote group mean. Data shown in (A), (B), (F), and (G) are representative of 2

independent experiments and in (C)–(E) are pooled from 2–3 experiments. Statistical analysis was performed using log rank Mantel-Cox test (A, D, and G),

Student’s t test (B), and one-way ANOVA and Tukey’s multiple comparisons test (E and F). *p < 0.05, **p < 0.01, and ***p < 0.001.
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Devarakonda, S., Conroe, H.M., Erdjument-Bromage, H., et al. (2008).

PRDM16 controls a brown fat/skeletal muscle switch. Nature 454,

961–967.

43. Chen, Y., Ikeda, K., Yoneshiro, T., Scaramozza, A., Tajima, K., Wang, Q.,

Kim, K., Shinoda, K., Sponton, C.H., Brown, Z., et al. (2019). Thermal

stress induces glycolytic beige fat formation via a myogenic state. Nature

565, 180–185.

44. Graham, M.B., Dalton, D.K., Giltinan, D., Braciale, V.L., Stewart, T.A., and

Braciale, T.J. (1993). Response to influenza infection in mice with a tar-

geted disruption in the interferon gamma gene. J. Exp. Med. 178, 1725–

1732.

45. Nguyen, H.H., van Ginkel, F.W., Vu, H.L., Novak, M.J., McGhee, J.R., and

Mestecky, J. (2000). Gamma interferon is not required for mucosal cyto-

toxic T-lymphocyte responses or heterosubtypic immunity to influenza A

virus infection in mice. J. Virol. 74, 5495–5501.

46. Turner, S.J., Olivas, E., Gutierrez, A., Diaz, G., and Doherty, P.C. (2007).

Disregulated influenza A virus-specific CD8+ T cell homeostasis in the

absence of IFN-gamma signaling. J. Immunol. 178, 7616–7622.

47. Warden, C.H., and Fisler, J.S. (2008). Comparisons of diets used in animal

models of high-fat feeding. Cell Metab. 7, 277.

48. Pellizzon, M.A., and Ricci, M.R. (2018). The common use of improper con-

trol diets in diet-inducedmetabolic disease research confounds data inter-

pretation: the fiber factor. Nutr. Metab. 15, 3.

49. Ponton, F., Wilson, K., Cotter, S.C., Raubenheimer, D., and Simpson, S.J.

(2011). Nutritional immunology: a multi-dimensional approach. PLoS

Pathog. 7, e1002223.

50. Ponton, F., Wilson, K., Holmes, A.J., Cotter, S.C., Raubenheimer, D., and

Simpson, S.J. (2013). Integrating nutrition and immunology: a new frontier.

J. Insect Physiol. 59, 130–137.

51. Wise, A., and Gilburt, D.J. (1980). The variability of dietary fibre in labora-

tory animal diets and its relevance to the control of experimental condi-

tions. Food Cosmet. Toxicol. 18, 643–648.

52. Adamo, S.A., Bartlett, A., Le, J., Spencer, N., and Sullivan, K. (2010).

Illness-induced anorexia may reduce trade-offs between digestion and

immune function. Anim. Behav. 79, 3–10.

53. Holmes, A.J., Chew, Y.V., Colakoglu, F., Cliff, J.B., Klaassens, E., Read,

M.N., Solon-Biet, S.M., McMahon, A.C., Cogger, V.C., Ruohonen, K.,

et al. (2017). Diet-microbiome interactions in health are controlled by intes-

tinal nitrogen source constraints. Cell Metab. 25, 140–151.

54. Solon-Biet, S.M., Walters, K.A., Simanainen, U.K., McMahon, A.C., Ruo-

honen, K., Ballard, J.W.O., Raubenheimer, D., Handelsman, D.J., Le Cou-

teur, D.G., and Simpson, S.J. (2015). Macronutrient balance, reproductive

function, and lifespan in agingmice. Proc. Natl. Acad. Sci. USA 112, 3481–

3486.

55. Roy, S., Sleiman, M.B., Jha, P., Ingels, J.F., Chapman, C.J., McCarty,

M.S., Ziebarth, J.D., Hook, M., Sun, A., Zhao, W., et al. (2021). Gene-by-

environment modulation of lifespan and weight gain in the murine BXD

family. Nat. Metab. 3, 1217–1227.

56. Green, C.L., Pak, H.H., Richardson, N.E., Flores, V., Yu, D., Tomasiewicz,

J.L., Dumas, S.N., Kredell, K., Fan, J.W., Kirsh, C., et al. (2022). Sex and

genetic background define the metabolic, physiologic, and molecular

response to protein restriction. Cell Metab. 34, 209–226.e5.

57. Le Couteur, D.G., Solon-Biet, S.M., Parker, B.L., Pulpitel, T., Brandon,

A.E., Hunt, N.J., Wali, J.A., Gokarn, R., Senior, A.M., Cooney, G.J., et al.

(2021). Nutritional reprogramming of mouse liver proteome is dampened

by metformin, resveratrol, and rapamycin. Cell Metab. 33, 2367–2379.e4.

58. Randhawa, M.A. (2009). Calculation of LD50 values from the method of

miller and tainter, 1944. J. Ayub Med. Coll. Abbottabad 21, 184–185.

59. Stifter, S.A., Bhattacharyya, N., Sawyer, A.J., Cootes, T.A., Stambas, J.,

Doyle, S.E., Feigenbaum, L., Paul, W.E., Britton, W.J., Sher, A., and

Feng, C.G. (2019). Visualizing the selectivity and dynamics of interferon

signaling in vivo. Cell Rep. 29, 3539–3550.e4.

60. Bhattacharyya, N.D., Counoupas, C., Daniel, L., Zhang, G., Cook, S.J.,

Cootes, T.A., Stifter, S.A., Bowen, D.G., Triccas, J.A., Bertolino, P., et al.

(2021). TCR affinity controls the dynamics but not the functional specifica-

tion of the antimycobacterial CD4. J. Immunol. 206, 2875–2887. https://

doi.org/10.4049/jimmunol.2001271.

61. Huang, S.S.Y., Makhlouf, M., AbouMoussa, E.H., Ruiz Tejada Segura,

M.L., Mathew, L.S., Wang, K., Leung, M.C., Chaussabel, D., Logan,

D.W., Scialdone, A., et al. (2020). Differential regulation of the immune sys-

tem in a brain-liver-fats organ network during short-term fasting. Mol.

Metab. 40, 101038.

Cell Reports 41, 111638, November 15, 2022 15

Article
ll

OPEN ACCESS

http://refhub.elsevier.com/S2211-1247(22)01509-1/sref35
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref35
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref35
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref35
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref36
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref36
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref36
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref36
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref37
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref37
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref37
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref37
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref38
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref38
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref38
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref39
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref39
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref39
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref40
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref40
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref40
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref41
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref41
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref42
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref42
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref42
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref42
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref43
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref43
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref43
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref43
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref44
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref44
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref44
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref44
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref45
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref45
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref45
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref45
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref46
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref46
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref46
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref47
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref47
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref48
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref48
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref48
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref49
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref49
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref49
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref50
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref50
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref50
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref51
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref51
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref51
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref52
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref52
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref52
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref53
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref53
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref53
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref53
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref54
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref54
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref54
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref54
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref54
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref55
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref55
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref55
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref55
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref56
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref56
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref56
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref56
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref57
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref57
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref57
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref57
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref58
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref58
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref59
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref59
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref59
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref59
https://doi.org/10.4049/jimmunol.2001271
https://doi.org/10.4049/jimmunol.2001271
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref61
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref61
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref61
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref61
http://refhub.elsevier.com/S2211-1247(22)01509-1/sref61


STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Fc Block (2.4G2) BD 553142; RRID: AB_394657

CD4 - AF700 (RM4-5) BD 557956; RRID: AB_396956

CD8 - BV711 (53-6.7) BD 563046; RRID: AB_2737972

CD44 – BV605 (IM7) BD 563058; RRID: AB_2737979

IFN-g - PE/Cy7 (XMG1.2) BD 561040; RRID: AB_396766

TNF-a - PerCP/Cy5.5 (MP6-XT22) BioLegend 506321; RRID: AB_961435

PE-conjugated PA224-233:H2-D
b tetramer NIH N/A

Purified NA/LE Anti-CD3e (145-2C11) BD 553057; RRID: AB_394590

Bacterial and virus strains

PR8: A/PR/8/34 (H1N1) Common passaged lab strain - grown in

house

N/A

Chemicals, peptides, and recombinant proteins

UV Live/Dead Thermo Fisher Cat# L34962

RNAlater Sigma Aldrich Cat# R0901-500ML

Trisure Bioline Cat# BIO-38033

DNase I Sigma Aldrich Cat# DN25-100MG; Cas: 9003-98-9

L-NMMA Cayman Chemical 10005031 ; RRID: 53308-83-1

L-15 Media Sigma Aldrich Cat# L4386-10X1L

Avicel Sigma Aldrich 11365; Cas: 9004-34-6

Glucose Sigma Aldrich G8270-100G; Cas: 50-99-7

Insulin (Actrapid) ThePharmacy NA

Pyruvate Sigma Aldrich P2256; Cas: 113-24-6

EDTA Thermo Fisher Cat# 15575020

T3 (3,305-Triiodo-L-thyronine) Cayman Chemical 17598; Cas: 5817-39-0

Trypsin Worthington Biochemicals Cat# LS003740

Collagenase type IV Sigma Aldrich C5138; Cas: 9001-12-1

Collagenase type II Sigma Aldrich C6885; Cas: 9001-12-1

Fixation/Permeabilization Kit BD 554714; RRID: AB_2869008

Critical commercial assays

LegendPlex Mouse Type I/II IFN Panel BioLegend Cat# 740635

Tetro cDNA synthesis Kit Bioline Cat# BIO-65043

SYBR No-ROX Master Mix Bioline Cat# BIO-98020

Deposited data

RNAseq data This paper GEO: GSE215976

Experimental models: Cell lines

MDCK Common cell line – grown in house N/A

Experimental models: Organisms/strains

C57BL/6J Australian BioResources N/A

Ifngr1�/� (B6.129S7-Ifngr1tm1Agt/J) The Jackson Laboratory 003288

Oligonucleotides

See Table S3 for oligonucleotide sequences N/A N/A

Software and algorithms

GraphPad Prism 8 GraphPad Software RRID: SCR_002798

MetaScreen Sable Systems https://www.sablesys.com
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Carl Feng

(carl.feng@sydney.edu.au).

Materials availability
This study did not generate new unique reagents.

Data and code availability
RNA-seq data has been deposited at GEO and is publicly available as of the date of publication. Accession numbers are listed in the

key resources table. This paper does not report original code. Any additional information required to reanalyze the data reported in

this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Mice were maintained under specific pathogen-free conditions at University of Sydney Charles Perkins Centre and Centenary Insti-

tute with the ethics approvals from the University of Sydney (protocol 2019-066) and Sydney Local Health District (2015-037 and

2020-007), respectively. Wild-type (WT) C57BL6 mice were purchased from Australian BioResources (Moss Vale, NSW, Australia).

Ifngr1�/� mice on C57BL/6 background were bred in the Centenary Institute. Female animals aged between 6 and 20 wk old were

used for all experiments. Mice were provided food and water ad libitum and housed in a temperature and humidity-controlled envi-

ronment with a 12-hour light and 12-hour dark cycle.

Rodent diets and feeding protocols
Irradiated chow diet (Meat Free Rat and Mouse Diet) and a AIN93G diet supplemented with extra vitamins (SF09-091) were pur-

chased from Speciality Feeds (Glen Forrest, Western Australia). Unless specified, mice were pre-conditioned with chow or

AIN93G diet for 3w before exposing to influenza virus.

For diet swapping experiments, mice were first fed on their condition diet (chow or AIN93G) for 3w and then switched to the

alternative diet at either day 0 or day 7 p.i.. Some mice were maintained on chow and AIN93G throughout the studies as

controls.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ImageScope Leica Biosystems https://www.leicabiosystems.com

RStudio RStudio https://www.rstudio.com

FACSDiva Software BD https://www.bdbiosciences.com

FlowJo10 TreeStar https://www.flowjo.com

QuPath Queen’s University https://qupath.github.io

Other

Irradiated chow diet (Meat Free Rat and

Mouse Diet)

Specialty Feeds https://www.specialtyfeeds.com/new/

wp-content/uploads/2016/06/irr_rm.pdf

Irradiated AIN93G diet + extra vitamins Specialty Feeds SF09-091

Promethion behavioral phenotyping cages Sable Systems Multiple

Rectal thermometer Physitemp Instruments N/A

Leica Aperio XT slide scanner Leica Biosystems https://www.leicabiosystems.com

Roche LightCycler480 Roche https://diagnostics.roche.com

NanoDrop 2000c Thermo Fisher Scientific Cat# ND-2000

Illumina HiSeq 2000 Illumina https://www.illumina.com

BD Fortessa BD https://www.bdbiosciences.com

EchoMRI-900 EchoMRI LCC http://www.echomri.com

Glucometer Abbott N/A
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METHOD DETAILS

Influenza A virus infection and mouse monitoring
After anaesthetizing with ketamine and xylazine, mice were inoculated intranasally with 2.5 or 5 PFU of mouse-adapted influenza A

virus (strain A/Puerto Rico/8/1934 H1N1, kindly provided by Dr John Stambas) in 40 mL of sterile PBS. For the majority of metabolic

and immunological analysis experiments, a lower inoculant dose 2.5 PFUwas used. Viral dose required for 50%of the lethality (LD50)

was calculated as previously described method.58 Mice were scored and monitored daily for food intake, body weight and temper-

ature throughout the course of the study. Food consumption per cage was monitored by weighing food in the hopper. Body temper-

ature of individual animals were recorded using a rectal thermometer.

Generation of bone marrow chimeric mice
Lethally irradiated (10 Gy) naı̈ve WT C57BL6 and Ifngr1�/� recipient mice were reconstituted with 2 3 106 bone marrow cells from

Ifngr1�/� or C57BL6mice by tail vein injection. Mice weremaintained on antibiotic (Trimethoprim sulpha)-supplemented drinking wa-

ter for 4 wk after irradiation. Mice were used for infection experiments after at least 8 wk when the recipient mice were fully

reconstituted.

Treatments in mice
For nitric oxide inhibition in vivo, L-NMMA (Cayman Chemical) was administered i.p. daily (2 mg/kg in PBS) until mice recovered or

reached their humane endpoint. T3 (3,305-Triiodo-L-thyronine) (CaymanChemical) treatment was initiated 7 days before IAV infection

and continued throughout the duration of the study. T3 (100 mg/kg in PBS) was administrated daily by i.p. injection.

Promethion cage study and EchoMRI
Mice were individually housed in Promethion behavioral phenotyping and respirometry cages (Sable Systems) with ad libitum access

to food and water. Data on food and water consumption, distance travelled on the cage floor, VO2 and VCO2 were captured in real

time via sensors and stored using the MetaScreen software (Sable Systems). Energy expenditure was determined by analyzing ox-

ygen consumed and carbon dioxide exhaled and was corrected for lean mass. Respiratory quotient (RQ) was calculated based the

ratio of oxygen consumed to carbon dioxide exhaled to determine the main fuel being used. For instance, RQ of 1 indicates carbo-

hydrate usage as glucose uses six molecules of oxygen to generate six molecules of carbon dioxide. Food intake and water intake

was measured in real time via sensors mounted in the food and liquid hoppers. Physical activity was measured by number of beam

breakers in X, Y and Z axes. All data was analyzed in Rstudio, where relevant data were averaged over 12 hours to obtain day and

night cycles as well as 24 hours to obtain daily measurements.

Mouse lean and fat mass were determined using the EchoMRI-900 (EchoMRI LCC) in a non-invasive manner. Mice were awake

and un-anesthetized during all measurements. Measurements were taken before as well as after infection (day 9).

Oral glucose tolerance, insulin tolerance and pyruvate tolerance test
For glucose (GTT) and pyruvate (PTT) tolerance tests, mice fasted overnight were gavaged with a 30% glucose solution (1.5 g/kg

body weight) and injected i.p. with pyruvate sodium solution (1 g/kg, Sigma Aldrich), respectively. For insulin tolerance test (ITT)

mice were fasted for 4 hours and then injected i.p. with 0.75 U/kg of human fast working insulin (Actrapid). In all tests, blood glucose

measurements were recorded at 0, 15, 30, 60 and 120 minutes using a glucometer (Libre).

Preparation of single cell suspensions from lung
Lung single cell suspensions were prepared using methods previously described.59,60 Briefly, lungs were incubated with 2 mg/mL of

DNase I (Sigma Aldrich) and Collagenase IV (Sigma Aldrich) for 30 minutes. Lungs were dissociated and red blood cells were lysed

using ACK lysis buffer (Thermo Fisher Scientific). Liver single cell suspensions were prepared using methods previously described.60

Briefly, liver leukocytes were enriched using 35% isotonic Percoll (Cytiva, Marlborough). For adipose tissue single cell suspensions,

BAT and epididymal WAT were collected in 5 mL of PBS and minced with scissors. Minced epididymal white adipose tissue and

brown adipose tissue were digested in a 37�C water bath using 2 mg/mL of Collagenase II (Sigma Aldrich) for 25 minutes and 40 mi-

nutes, respectively. Digested tissues were filtered through a 100 mm strainer and centrifuged at 500 g for 10 minutes. Supernatant

was discarded and stromal vascular fraction (SVF) was resuspended in ACK lysis buffer. All single cell suspensions were washed

with RPMI 1640 supplemented with 2% fetal calf serum (FCS) prior to being counted using trypan blue exclusion on a

haemocytometer.

Flow cytometry
Cells (1 3 106) were washed with FACS wash (PBS supplemented with 2% FCS and 2mM EDTA) prior to being stained with PA-

H2Db+ conjugated to PE (NIH Tetramer Core Facility, Atlanta, GA, USA) for 1 hour at 4�C in FACS wash. After tetramer staining, cells

were further stained with a surface receptor antibody cocktail containing FcBlock (2.4G2, BD Bioscience) and LIVE/DEAD fixable

blue dead cell stain in FACSwash (ThermoFisher Scientific) for 30minutes at 4�C. For surface staining, cells were incubated for 30mi-

nutes at 4�C with the following monoclonal antibodies: CD4 (RM4-5), CD8 (53-6.7) and CD44 (IM7).
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For intracellular staining of cytokines, cells were stimulated with 1 mg/mL of anti-CD3ε mAb (clone 145-2C11, BD Bioscience) in

RPMI 1640 supplemented with 10%FCS containing 1:1000 Golgi-plug (BD Biosciences) for 5 hours at 37�C. Following surface stain-

ing, the cells were fixed with 100 mL of Cytofix/Cytoperm (BD Bioscience) for 20 minutes at 4�C. Cells were incubated in 1x Perme-

abilization buffer for 1 hour at 4�C containing a cocktail of the following monoclonal antibodies: IFN-g (XMG1.2) and TNF-a (MP6-

XT22). Cells were washed in 1x Permeabilization buffer and resuspended in FACS wash buffer prior to acquisition. All flow cytometry

acquisition was performed on BD Fortessa using FACSDiva software (BD Biosciences) and all analysis was performed using

FlowJo10 (TreeStar).

Histological analysis
Paraffin-embedded brown adipose tissue collected from infected chow- and AIN93G-fed mice was sectioned at 5 mM and stained

with hematoxylin and eosin (H&E). Slides were imaged by Leica Aperio XT slide scanner (Leica Biosystems) at x40 magnification and

imported into ImageScope (Leica Biosystems). Individual fields (400 3 300 mM) randomly selected from the scanned images were

analyzed using QuPath (Queen’s University, Belfast, Northern Ireland) or ImageJ (the National Institutes of Health, USA). Number

of nuclei was determined in QuPath using the positive cell detection function. Lipid droplet diameter was determined in ImageJ

by manual quantification and data points were imported into RStudio for graphic generation.

Cytokine quantification in plasma
For plasma samples, blood in EDTA-coated tubes was centrifuged at 2000 g for 15minutes and plasma collected. The cytokine (IFN-

a, IFN-b and IFN-g) concentrations in plasma were quantified using the LEGENDplex kit (BioLegend). All kits were used according to

the manufacturer’s instructions.

Viral plaque assays
MDCK cells (4.53 105/well) were seeded into 6-well culture plates. Plates were incubated for 24 hours at 37�C, 5%CO2. Lung lobes

from infected mice were homogenized in PBS and centrifuged for 5 minutes at 2000 g to remove debris. Serially diluted lung homog-

enates in RPMI 1640were added to theMDCK cells in 6-well culture plate (150 mL/well) and incubated at 37�C for 45mins. The cells in

each well were then overlaid with 3mL of L15 media (Sigma Aldrich) containing 1% (w/v) of Avicel (FMC biopolymer) and 1 mg/mL of

trypsin (Worthington Biochemicals). After further incubation at 37�C, 5% CO2 for 3 days, the cells were washed with PBS, fixed with

methanol and stained with crystal violet for visualization. Plaque forming units (PFU) was calculated as per lobe.

RNA preparation and qRT-PCR
Organs were preserved in RNAlater (Sigma Aldrich) and stored at �80�C. RNA extraction was performed using Trisure (Bioline) ac-

cording to themanufacturer’s instructions andRNAquantity determined using aNanoDrop (2000c, Thermo Fisher Scientific). Purified

RNA was reversely transcribed using the Tetro cDNA synthesis Kit with random primers (Bioline).

Relative mRNA expression level was determined using the 2(-DDC(T)) method and 18S as the reference gene. All quantitative

reverse-transcriptase (qRT-PCR) was performed using SYBR NoROX master mix (Bioline) on a Roche LightCycler480. Primer se-

quences for each gene are described in Table S3.

To determine viral nucleoprotein (NP) mRNA copy number, absolute viral NP quantification was performed as described.59 Briefly,

RNA was extracted from 1 3 107 IAV (PR8) and transcribed using viral nucleoprotein specific primers (IAV NP – forward CAGCC-

TAATCAGACCAAATG; IAV NP – reverse TACCTGCTTCTCAGTTCAAG). The cDNA product was subsequently purified and total

copy number was determined based on size and yield of the product.

RNA sequencing
Mice fed on chow or AIN93G diets for 3wk ad libitumwere infected with IAV. The hypothalamus, brown adipose tissue and liver were

collected before and after infection at day 7 post infection in both diet-fed groups (n = 3–4). In total there were 47 samples which

underwent RNA extraction using methods described above.

RNA was sequenced by the GENEWIZ Genomics Centre, China. Libraries were prepared using Illumina’s TruSeq Stranded mRNA

kit and sequencing was performed on an Illumina HiSeq 2000 platform as 150 base pair, paired end reads. Quality assessment and

pre-processing of raw readswas performed by the Sydney Informatics Hub, University of Sydney. Briefly, the quality of the readswas

assessed using FastQC (v 0.11.7) andMultiQC (v 1.5). Samples contained 30.3–42.7 million pairs of raw sequencing reads. Adaptors

were trimmed using BBDuk (v 38.26). Trimmed sample FASTQ files were aligned as pairs to the mouse reference genome Mouse

mm10 (GRCm38) using STAR (v 2.7.2b), GenBank Assembly ID: GCA_000001635.8 with default or recommended settings. Gene

annotations (v 98) were obtained from Ensembl. Sequencing libraries were confirmed to be reverse strand-aware using

RSeqQC’s infer_experiment.py tool (v 2.6.4). STAR (v2.7.2b) generated the raw counts for differential expression analysis with DE-

Seq2 (Table S4). Sample S-011 was removed as it was deemed an outlier.

Pre-processing was performed using published methods.61 Briefly, a count per million threshold equivalent to�10 raw expression

value was applied to remove all lowly expressed genes. Samples with total reads lower than two standard deviations from the tissue

means were removed. Highly variable genes were queried from normalised log2 expression values (log2 (x+1) NC) of the filtered data-

sets. Filtered genes were annotated using org.Mm.eg.db.
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Differential gene expression analysis was performed using DESeq2 with the following criteria: false discovery rate (FDR) < 0.05 and

a log2 Fold Change >1. Differential gene expression analysis was performed independently in each organ for the following pairwise

comparisons: Infected chow versus uninfected chow, infected AIN93G versus uninfected AIN93G and infected AIN93G versus in-

fected chow. Each pairwise comparison was used when indicated.

DEGs were submitted to the gene over-representation test (enrichGO) provided by ClusterProlifer. The minimal gene set size was

set at three, and an FDR <0.05 cut-off was set for significance. All GO enrichment results were semantically reduced using Simplify

provided by ClusterProlifer with a cut-off threshold set at 0.5. Z-score was calculated by subtracting the number of DEGs with a pos-

itive fold change from the number of DEGs with a negative fold change. This number was then divided by the square root of the total

number of DEGs in a pathway.

To evaluate genes involved in myogenesis and adipogenesis, we retrieved a list of genes belonging to myogenesis (GO:0007519)

and adipogenesis (GO:0045444) GO terms from the mouse genome database (http://www.informatics.jax.org/vocab/gene_

ontology). DEGs were matched against the myogenesis and adipogenesis gene lists. Top 5 upregulated and down regulated genes

from each GO term were utilised.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphs were generated in RStudio or Prism 8 (GraphPad Software). All statistical analysis was performed in RStudio or Prism 8. The

group differences in survival studies were determined using log-rank Mantel-Cox test. The pair-wise group differences were exam-

ined by Student’s t-test or Mann-Whitney test. Differences between three or more groups were assessed by one-way ANOVA

followed by post-hoc comparisons with Tukey’s multiple test correction. Differences between three or more groups and two or

more treatments was assessed by two-way ANOVA followed by post-hoc comparisons with Sidak’s multiple test correction. Differ-

ences between two treatments across time-courses was determined by two-way repeated measures ANOVA. The level of signifi-

cance was set at p = 0.05.

To determine whether the PFU and NP numbers are equivalent in the chow and AIN93G fed groups, we first performed power

calculation to determine the smallest effect size of interest that our study had 90% power to detect. This information was then

used to set standardised equivalence boundaries for a in Welch two-sample equivalence t-test with the null hypothesis that viral

loads differ between chow and AIN93G fed mice.
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