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Abstract

Influenza virus-induced respiratory pneumonia remains a major public health concern. Obesity,
metabolic diseases, and female sex are viewed as independent risk factors for worsened influenza
virus-induced lung disease severity. However, lack of experimental models of severe obesity in
female mice limits discovery-based studies. Here, via utility of thermoneutral housing (30 °C) and
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high-fat diet (HFD) feeding, we induced severe obesity and metabolic disease in female C57BL/6
mice and compared their responses to severely obese male C57BL/6 counterparts during influenza
virus infection. We show that lean male and female mice have similar lung edema, inflammation,
and immune cell infiltration during influenza virus infection. At standard housing conditions,
HFD-fed male, but not female, mice exhibit severe obesity, metabolic disease, and exacerbated
influenza disease severity. However, combining thermoneutral housing and HFD feeding in female
mice induces severe obesity and metabolic disease, which is sufficient to amplify influenza virus-
driven disease severity to a level comparable to severely obese male counterparts. Lastly, increased
total body weights of male and female mice at time of infection correlated with worsened
influenza virus-driven disease severity metrics. Together, our findings confirm the impact of
obesity and metabolic disease as key risk factors to influenza disease severity and present a

novel mouse experimental model suitable for future mechanistic interrogation of sex, obesity, and
metabolic disease traits in influenza virus-driven disease severity.

BACKGROUND

Influenza virus infection remains a major public health threat. Despite public education
and vaccination campaigns, the burden of influenza virus-induced respiratory pneumonia
remains high, with an estimated annual 32 million cases and 5.7 million hospitalizations
globally®. Traditionally, age, chronic pulmonary disease, pregnancy, immunocompromised
state, and female sex are viewed as key factors that place individuals at higher risk for
worsened influenza disease severity?. Additionally, the 2009 HIN1 influenza A pandemic
also established obesity as an independent risk factor for influenza disease severity and
mortality?3.

Obesity, an unabated pandemic, impacts over half a billion people worldwide* and is
dogmatically associated with metabolic diseases, including type 2 diabetes, nonalcoholic
fatty liver disease (NAFLD), and cardiovascular disease®. Individuals with these obesity-
associated sequelae have an elevated risk of progressing to severe pneumonia during
influenza infection®’. Obesity-associated modulation of the immune system is also linked
with enhanced emergence of virulent strains of influenza during infection®, prolonged

viral shedding,? and impaired adaptive responsesi? following influenza infection. However,
the underlying immunological causes of obesity-associated influenza virus-driven disease
severity remain undefined®Z.

Sex is another risk factor associated with worsened outcomes during influenza virus
infection. Specifically, post-pubertal females exhibit higher morbidity and mortality

than their age-matched male counterparts for seasonal and pandemic-related strains of
influenzal213, Notably, during the 2009 H1N1 pandemic, females had higher hospitalization
and mortality rates than males!4. In addition, metanalysis of influenza virus challenge
studies revealed that females were more likely to develop a higher number of symptoms
from the same viral dose when compared to males!®. However, mechanisms underlying

this predisposition to influenza disease severity in females remain underdefined. One
underappreciated contributor may be obesity. Pertinently, the global rates of severe obesity
are higher in females compared to males'6:17. Hence, the increased prevalence of severe
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obesity in females may be linked with the reported increase of influenza virus-driven disease
severity. However, despite the clinical significance, epidemiological studies conducted to
date have not focused on the intersection of severe obesity, metabolic disease, and sex in
influenza disease pathogenesis.

Experimental studies focused on influenza virus-driven disease severity in obesity almost
exclusively utilize high-fat diet (HFD)-fed obese male mice. In fact, these severely obese
male mice are reported to have higher mortality, lung edema, lung immune cell infiltration,
and levels of pro-inflammatory cytokines in their bronchoalveolar lavage fluid (BALF)
compared to their lean male counterparts'8. However, wild-type (WT) C57BL/6 female
mice are protected from severe diet-induced obesity (D10) and metabolic diseases!®. A
potential contributor to the insufficient induction of obesity in C57BL/6 female mice is

the ambient housing temperature, which plays a major role in metabolic homeostasis.
Animal facilities are predominately maintained at “room temperature” (19 °C-22 °C) for
comfort of humans working in these environments. However, the mouse thermoneutral (TN)
zone is between 30 °C and 32 °C, and housing below such temperatures exposes mice

to chronic thermostress (TS) conditions, which in turn exacerbate stress hormone release
(corticosterone and catecholamine), cellular energy expenditure, and immune responses20.

TN housing at 30 °C supports minimal expenditure of metabolic energy to maintain

body temperature?!, alleviating the effects of TS housing and allowing for mice to

achieve metabolic homeostasis. Specifically, TN housing, in combination with HFD
feeding, increases hepatic inflammation across various models, allowing for female mice
to develop NAFLD?2, as well as accentuates the development of atherosclerosis?3, glucose
dysmetabolism, and increased visceral adiposity1®. Thus, the ability of TN housing to
promote severe DIO and metabolic diseases in female mice provided a novel and effective
model to study influenza virus infection in both obese female and male mice.

In this study, we employed variations in diet (chow diet [CD] vs. HFD), housing
temperatures (TS vs. TN), and sex of mice (male vs. female) to determine the contributions
of obesity and sex to influenza virus-driven disease severity. To validate successful
infections, we used total body weight loss and lung RNA expression of influenza M1
protein, a viral matrix protein present within the cell membrane of infected cells. To analyze
influenza disease severity, unflushed left lung weights were used to approximate lung
edema and to semiquantitatively examine histopathological changes of lung tissue following
influenza virus infection. Further, pro-inflammatory cytokine levels in BALF and lung
immune cell (total CD45* cells, including macrophages and neutrophils) infiltration were
used to determine influenza virus-driven lung inflammation and disease severity. Together,
we found that lean male and female mice have comparable lung edema, inflammation, and
immune cell infiltration during influenza infection. While HFD feeding of male mice in

TS conditions is sufficient to induce obesity, metabolic diseases (e.g. visceral adiposity,
glucose dysmetabolism, and hepatocellular damage), and worsened influenza virus-driven
disease severity, HFD feeding alone at TS is insufficient to induce either severe obesity

or amplify influenza virus-driven disease severity in female mice. However, utilizing our
novel model of combined TN housing and HFD feeding, we enable the induction of severe
obesity and metabolic disease in female mice that fully uncovers phenotypes linked with
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obesity-associated influenza virus-driven disease severity that is comparable to severely
obese male mice. Lastly, we show that increased body weight positively and significantly
correlates with worsened influenza virus-driven disease outcomes in both male and female
severely obese mice. Collectively, these findings demonstrate the contribution of metabolic
disease to influenza virus-driven disease severity in both sexes and highlight the necessity
of the future use of robust experimental models of DIO to further interrogate key cellular
and molecular mechanisms underlying obesity, metabolic disease, and sex differences in
influenza disease pathogenesis.

RESULTS

Lean male and female mice have comparable influenza virus-driven disease severity

To begin to examine the contribution of sex as a variable in influenza virus-driven disease
severity, lean, age-matched, male and female mice were intranasally mock infected (saline)
or infected with influenza virus (HIN1 PR8; 30HA Units/5.7 logig 50% Tissue Culture
Infectious Dose [TCIDsg]) (Fig. 1A%425). Influenza virus infection induced significant total
body weight loss in both male and female mice compared to mock-infected counterparts,
although lean female mice displayed reduced weight loss compared to lean male mice (Fig.
1B24:25)_ Further, influenza virus-infected, lean, male and female mice exhibited similar
levels of viral M protein transcript expression in the lungs (Fig. 1C24:25) and lung edema
(weight of non-flushed left lungs) (Fig. 1D24:25).

Inflammation and immune cell tissue accrual and function play a central role in influenza
virus infection pathogenesis. Lung-produced interleukin-6 (1L-6) is a potential clinical
biomarker for worsened influenza virus-driven disease severity2®. Influenza virus infection
similarly increased IL-6 levels in the BALF between lean male and female mice

(Fig. 1E24:25), Population percentage analyses of lung immune cell populations revealed
differences between mock-infected (saline) and influenza virus-infected, lean, male and
female mice (Fig. 1F2425). Notably, there were increases in macrophage and neutrophil
frequency, lung immune cells known to play roles in influenza virus-driven disease
pathogenesis?”-28, and a decrease across all other immune cell populations in influenza-
infected mice of both sexes (Fig. 1G2425). Further, lungs from influenza virus-infected,
lean mice, compared to mock-infected lean controls, had an overall increase in numbers
of CD45* cells, which was comparable between male and female mice (Fig. 1H24:25),
Lastly, there were similar increases in macrophage and neutrophil quantified numbers
between influenza-infected male and female mice (Figs. 11 and 1J24.25), Combined, these
data demonstrate that influenza infection utilized in our study robustly drives disease
pathogenesis and promotes comparable character and vigor of lung inflammation in lean,
age-matched, male and female mice.

HFD feeding exacerbates influenza virus-driven disease severity in male mice

Obesity is an independent risk factor for worsened influenza virus-driven disease
outcomes® 7. To examine how obesity and metabolic disease shape influenza virus-driven
disease severity, male mice were fed CD or HFD and subsequently intranasally mock
infected (saline) or infected with influenza virus (Fig. 2A). Obese male mice had
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significantly decreased time-to-death compared to lean controls within 6 days post-infection
(DPI) (Fig. 2B). Temporal analysis of influenza virus-driven disease severity at 1, 3, and

5 DPI revealed that both lean and obese mice infected with influenza virus, compared to
mock-infected controls, had significant weight loss that was similar in amplitude (Fig. 2C).
Further, infected lean and obese mice had similar expression of viral M protein in their lungs
throughout the course of infection (Fig. 2D). However, despite such similarities, lung edema
was significantly worsened in influenza virus-infected, obese, male mice, compared to lean,
influenza virus-infected controls, at 5 DPI (Fig. 2E).

Obesity skews tissue inflammatory immune responses. Hence, lung immune cell character
and inflammatory vigor were examined next. While influenza virus infection resulted in a
comparable increase in BALF IL-6 levels at 3 DPI in both lean and obese male mice, the
IL-6 levels were significantly higher in obese, compared to lean, male mice at 5 DPI (Fig.
2F). The obese male mice, compared to lean male controls, also had increased total lung
CD45* immune cell accrual at baseline (Fig. 2G, dashed lines). Following influenza virus
infection, total lung immune cell accrual was comparable at 3 DPI due to a decrease in obese
lung immune cell infiltration but was significantly amplified at 5 DPI in obese mice (Fig.
2G). Notably, at 5 DPI, macrophage and neutrophil numbers were dominantly increased
in the lungs of influenza virus-infected, obese, male mice (Figs. 2H and 21). Additionally,
at 5 DPI, IL-6 production by lung CD45* cells was significantly increased in influenza
virus-infected, obese, male mice compared to infected lean male controls (Fig. 2J), with
similar trends observed in IL-6 production by lung macrophage populations (Fig. 2K).

We next determined how obesity madifies influenza virus infection-driven tissue
pathogenesis. Specifically, left lungs from obese and lean, male, influenza virus-infected
and mock-infected mice were histologically examined (Fig. 3A, representative sections

at different magnifications). Assessing all histological compartments of the lung, we semi-
quantitatively scored inflammatory pathology and expressed these parameters (see materials
and methods for specifics) as a combined score of severity of bronchopneumonia for the
different experimental conditions. We found that influenza virus-infected, lean and obese,
male mice had greater total lung histopathologic severity scores when compared to mock-
infected controls. However, the amplitude of the bronchopneumonia severity was similar
between influenza virus-infected, lean and obese, male mice (Fig. 3B). Specifically, the
bronchocentric histopathologic patterns and the extent of pathologic changes were similar
between infected lean and obese male mice (Fig. 3C). Notably, the influenza virus-infected,
obese, male mice had a trend toward increased parenchymal inflammation severity scores
(peripherally extended and more severe disease) when compared to lean infected controls
(Fig. 3D). Combined, our inflammatory and histological findings validate our experimental
model by demonstrating that HFD-induced obesity in male mice amplifies influenza virus-
driven inflammatory responses in the lung.

HFD feeding alone does not exacerbate influenza virus-driven disease severity in female
mice
We next determined whether HFD feeding, independent of severe obesity, is sufficient to
similarly exacerbate influenza virus-driven disease severity in female mice. Male and female
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mice were fed CD or HFD and subsequently infected with influenza virus (Fig. 4A). Of
note, female mice fed HFD do not robustly gain weight to be considered “obese” despite
being on the “obesogenic diet” for the same length of time as their male counterparts and
are thus considered “overweight”. While there was similar weight loss between CD and
HFD infected groups of each sex, female mice had less pronounced reduction in absolute
weight loss when compared to male mice regardless of diet (Fig. 4B). The expression of
influenza virus M protein in the lungs of infected male and female mice, however, was
comparable across all conditions (Fig. 4C). Further, lung edema was increased similarly

in both HFD-fed, influenza virus-infected, male and female mice compared to their CD-
fed counterparts (Fig. 4D). However, while the HFD-fed, influenza virus-infected, female
mice tended to have a slightly higher BALF IL-6 levels compared to CD-fed, influenza
virus-infected, female mice (p = 0.07), such increase was significantly lower compared

to HFD-fed, influenza virus-infected, male mice (Fig. 4E). Lastly, HFD-fed, influenza
virus-infected, female mice had similar numbers of lung CD45" cells, macrophages, and
neutrophils compared to CD-fed, influenza virus-infected, female mice, but significantly
reduced compared to HFD-fed, male mice (Figs. 4F-H). Intriguingly, however, lung immune
cell population percentage analysis revealed similar shifts between the HFD-fed, influenza
virus-infected, male and female mice (Fig. 4J) when compared to CD-fed, influenza virus-
infected, male and female mice (Fig. 41). Combined, these data suggest that HFD feeding
alone is not sufficient to exacerbate inflammatory responses to influenza virus infection

in female mice. This is likely due to limited induction of obesity (and absence of severe
obesity and metabolic disease) in HFD-fed WT female mice under standard housing (TS)
conditions. Further, these data potentially invoke the critical role of severe obesity and
metabolic disease in regulation of immune responses to influenza virus infection.

Obesity-associated influenza virus-driven disease severity is maintained in
thermoneutrally housed male mice

Housing mice in their TN zone has emerged as a more accurate method of modeling

human diseases. Given that TN housing can impact the immune system?? and inflammatory
responses to infection39:31, we next examined the impact of TN housing on influenza virus-
driven disease severity. Lean male mice were placed at TS (22 °C) or TN (30 °C) housing
for 4 weeks to acclimate and subsequently infecting with influenza virus (Supplementary
Fig. 1A). Influenza virus infection exacerbated body weight loss, viral M protein expression
in the lungs, lung edema, and BALF IL-6 levels when compared to saline controls, but

to a comparable degree between influenza virus-infected, TS- and TN-housed, lean, male
mice (Supplementary Figs. 1B—E). Furthermore, while total lung immune cell infiltration
was increased in influenza virus-infected, lean, male mice over mock-infected controls, such
increase was similar between TS- and TN-housed infected lean male mice (Supplementary
Fig. 1F), a trend also seen in lung macrophage and neutrophil populations (Supplementary
Figs. 1G and 1H). Combined, these data suggest that TN housing alone does not alter
influenza disease severity in lean male mice.

TN housing also shapes obesity-associated metabolic diseases. Hence, we next examined if
TN housing would modify metabolic disease severity in male mice. Age-matched male mice
were placed in either TS or TN housing and fed CD or HFD (Supplementary Fig. 2A). TN
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housing accelerated weight gain in HFD-fed male mice compared to TS-housed HFD-fed
males (Supplementary Fig. 2B). However, TN housing did not further exacerbate HFD-
induced glucose dysmetabolism (Supplementary Fig. 2C) or epididymal white adipose tissue
expansion (Supplementary Fig. 2D). Intriguingly, TN-housed obese males had increased
accumulation of perirenal white adipose tissue (Supplementary Fig. 2E) and inguinal white
adipose tissue (Supplementary Fig. 2F) compared to TS-housed obese counterparts. Liver
weights and hepatocellular damage (measured via serum alanine transaminase [ALT] levels)
in HFD-fed males were also further increased by TN housing (Supplementary Figs. 2G

and 2H). Combined, these data suggest that TN housing exacerbates severity of specific
metabolic disease parameters in obese male mice.

The contribution of TN-housing amplification of metabolic disease parameters to influenza
virus-driven disease severity in obese male mice was examined next. HFD-fed obese male
mice were housed in TS or TN conditions and were either intranasally mock-infected or
infected with influenza virus (Fig. 5A). Although HFD-fed, TN-housed, mock-infected
male mice exhibited weight loss post-challenge, the HFD-fed, influenza virus-infected, male
mice had a greater amplitude of the weight loss in both TS and TN conditions (Fig. 5B).
Similarly, lung viral M protein expression, left lung weight, and BALF IL-6 levels were
significantly elevated over mock-infected controls but were found comparable between the
obese, influenza virus-infected, male mice housed at TS and TN (Figs. 5C-E). Further,
obese male mice infected with influenza virus had increased numbers of CD45* cells,
macrophages, and neutrophils in the lungs compared to mock-infected controls, albeit such
increase was similar between TS- and TN-housed mice (Figs. 5F-H). Finally, lung immune
cell population analysis revealed a high degree of similarity in lung population percentages
in mock-infected mice in TS or TN housing (Fig. 51). During influenza virus infection,
however, TN-housed mice had a slight increase in lung macrophage percentage infiltration
when compared to TS-housed mice (Fig. 5J). Combined, these data suggest that HFD
feeding in TN housing does not robustly modify influenza virus-driven disease severity in
either the lean or obese male mice.

TN housing establishes DIO-associated influenza virus-driven disease severity in female

mice

TN housing in combination with HFD feeding can amplify metabolic disease outcomes

in male mice.1® Hence, we next re-examined such outcomes in female mice. Age-

matched female mice were housed under TS or TN conditions and fed CD or HFD
(Supplementary Fig. 3A). TN-housed female mice fed HFD gained significantly more
weight when compared to TS-housed HFD-fed counterparts or either TS- or TN-housed
CD-fed controls (Supplementary Fig. 3B). Further, such increase in obesity positively
correlated with increased accumulation of gonadal white adipose tissue (Supplementary Fig.
3C), perirenal white adipose tissue (Supplementary Fig. 3D), and inguinal white adipose
tissue (Supplementary Fig. 3E) when compared to TS-housed HFD-fed females and TN-
housed CD-fed controls. Notably, only TN-housed HFD-fed female mice developed glucose
dysmetabolism (Supplementary Fig. 3F) and had increased liver weights and serum ALT
levels (Supplementary Figs. 3G and 3H). Combined, these data confirmed that TN housing
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also allows for development of HFD-induced obesity and metabolic diseases in WT female
mice.

Whether TN housing impacts influenza virus-driven disease severity in lean female mice
was examined next. Female mice were fed CD and housed at TS or TN conditions

for 4 weeks to acclimate prior to influenza virus infection (Supplementary Fig. 4A).
Housing conditions did not modify influenza virus infection-driven total body weight loss
(Supplementary Fig. 4B). However, TN-housed lean females had increased lung edema
(Supplementary Fig. 4D). Lung viral M protein transcript expression (Supplementary Fig.
4C) and BALF IL-6 levels (Supplementary Fig. 4E), while elevated over mock-infected
controls, were comparable between influenza virus-infected, TS- and TN-housed females.
Lastly, total lung immune cell infiltration (Supplementary Fig. 4F), as well as lung
macrophages and neutrophils numbers (Supplementary Figs. 4G and 4H), were similar
between influenza virus-infected, TN- and TS-housed, female mice. Combined, these data
suggest that TN housing has minimal impact on influenza virus-driven disease severity in
lean female mice.

To examine the impact of severe obesity and metabolic diseases on influenza virus-driven
disease severity in female mice, mice were housed at TS or TN conditions and fed HFD
prior to influenza virus infection (Supplementary Fig. 5A). TN-housed, influenza virus-
infected, female mice had increased total body weight loss compared to their TS-housed
controls (Supplementary Fig. 5B). Lung viral M protein transcript expression, lung edema,
and BALF IL-6 levels were similarly elevated in influenza virus-infected, TS and TN,
HFD-fed, housed mice (Supplementary Figs. 5C-E). However, influenza virus infection
induced increased numbers of lung CD45* cells, macrophages, and neutrophils in the TN-
housed obese female mice when compared to the TS-housed HFD-fed female control mice
(Supplementary Figs. 5F—H). Combined, these data suggest that a combination of HFD
feeding and TN housing establishes robust obesity-associated influenza disease severity in
female mice.

Obese male and female mice with metabolic disease have comparable influenza virus-
driven disease severity

Whether the independent risk factors of obesity-associated metabolic disease and sex
(female) have a synergistic impact on worsened influenza virus-driven infection disease
outcomes remains unknown. To examine such possibilities, TN-housed male and female
mice were placed on CD or HFD and infected with influenza virus (Fig. 6A). All infected
mice, regardless of sex and diet, had comparable total body weight loss (Fig. 6B) and

lung viral M protein expression (Fig. 6C). Obese, influenza virus-infected, female mice

had significantly worse lung edema and elevated BALF IL-6 levels when compared to

lean female controls, which was exacerbated to a similar degree to obese, influenza virus-
infected, male mice (Figs. 6D and 6E). Further, both obese male and female mice had robust
increase in total lung immune cell accrual compared to their lean counterparts (Fig. 6F),

in contrast to TS-housed HFD-fed influenza-infected female mice (Fig. 4F). Additionally,
lung macrophage and neutrophil populations were also increased obese male and female
mice when compared to lean counterparts (Figs. 6G and 6H). These trends were also visible
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in the population percentage analysis when lean, influenza virus-infected, male and female
mice (Fig. 61) were compared to the obese influenza virus-infected counterparts (Fig. 6J).
Semiquantitative analyses of histopathologic images (Fig. 6K) revealed that bronchocentric
and parenchymal pathologic patterns were comparable across all infected conditions,
regardless of sex or diet (Figs. 6L and 6M). Notably, variable correlation analyses were
performed between body weight and disease severity metrics. These tests showed significant
positive correlation between heavier body weight preinfection and increased lung edema
(Fig. 7A), BALF IL-6 levels (Fig. 7B), and total immune cell accrual (Fig. 7C) at 5 DPI in
TN-housed male and female mice.

Lastly, all examined metrics of disease severity (weight loss, left lung weight, lung viral

M protein transcript expression, BALF IL-6 levels, and lung immune cell infiltration) are
summarized for CD- versus HFD-fed and male versus female mice under TS conditions in
Table 1 and TN conditions in Table 2. Combined, our data suggest that TN housing is a
novel and viable method of inducing severe obesity in female mice, which upon influenza
virus infection develop robust obesity-associated influenza disease severity to a comparable
degree as their severely obese male counterparts.

DISCUSSION

In this study, we aimed to verify the impact of obesity and obesity-associated metabolic
diseases as key risk factors to influenza disease severity and to establish a novel mouse
model of severe obesity in female mice that can be utilized for future mechanistic
interrogations on the role of sex and metabolic disease in shaping influenza virus-driven
disease severity in obesity. We found that HFD-driven obesity accelerated time-to-death
due to influenza virus infection in male mice. However, HFD feeding alone was not
sufficient to induce obesity-associated influenza virus-driven disease severity in female mice
housed under traditional (TS) conditions. Importantly, combination of HFD feeding and

TN housing was required to promote severe obesity and metabolic disease in female mice
and enable initial characterization of influenza virus-driven disease severity in this setting.
Combined, our findings demonstrate that TN-housed, severely obese, male and female mice
had similarly exacerbated inflammatory responses to high-dose influenza virus challenge
and that mouse body weight preinfection strongly correlated with influenza disease severity
outcomes.

Unlike previous reports32, our initial findings suggested that lean male and female mice
have similar influenza virus-driven disease severity. A potential explanation for the divergent
outcomes may be the difference in the dose of influenza virus employed. While some
influenza infection models suggest that lean female mice exhibit greater reductions in

body mass, body temperature, and survival while having increased BALF pro-inflammatory
cytokines (e.g. IL-6, tumor necrosis factor, and interferon [IFN]-y) levels in spite of similar
viral titers33, other studies suggest that these responses are dose-dependent and not present
in models employing higher viral dosage and severe influenza infection32. Thus, a high dose
of influenza virus used in our studies may represent a severe influenza virus-driven disease
that masks sex differences previously reported at lower doses. Hence, future studies utilizing
a gradient of viral titers (e.g. low, medium, and high) in tandem with our novel model
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may be needed to fully uncover sex-specific phenotypes of obesity-associated influenza
virus-driven disease pathogenesis.

Historically, WT C57/BL6 female mice are protected from DIO and obesity-associated
metabolic diseases34. Our findings suggested that placing female mice on HFD in traditional
TS housing results in a minor weight gain (overweight) and minimally exacerbated
inflammation during influenza infection when compared to HFD-fed, severely obese

male mice housed at TS. Alternative models of obesity in female mice utilize genetic
manipulation of the leptin hormone to generate obesity (ob/0b mice)3®. While successful in
generating female mice with metabolic disease, elimination of this key endocrine hormone
may introduce confounding variables in the context of influenza virus infection. Specifically,
leptin plays an inflammatory role in the immune system, including its effects on cells
necessary for proper responses to influenza virus infection (e.g. macrophages, neutrophils,
natural killer cells)36. Further, leptin has been appreciated to play an important role in lung
development and homoestasis3’38, thus questioning the applicability of leptin-deficient mice
in the context of lung-tropic infections.

The temperature for traditional housing (22 °C) is chosen for human comfort in animal
facilities. Thus, mice kept in traditional housing experience chronic cold stress, which
impacts their metabolic health. While in this temperature WT male mice are still able to
develop DIO, WT females are resistant to severe obesity, limiting the range of studies

that can be performed. In fact, housing mice in their TN zone (30 °C-32 °C) achieves a
metabolic homeostasis. TN housing has been shown to reduce heart rate by over 200 beats
per minute, decrease mean arterial blood pressure by 30%, and decrease energy expenditure
by 50%-60% in mice2%:39, Furthermore, TN housing improves the murine model of DIO in
male mice by exacerbating adipose tissue inflammation23, allowing for the development of
atherosclerotic plaques*®, and improving the NAFLD pathogenesis model?2. Additionally,
our previous findings suggest that utilizing TN housing allows for WT female mice to

also develop DIO and metabolic diseasel®. Hence, these data provided a platform to begin
to establish a novel methodology to examine whether severe obesity shapes influenza virus-
driven disease severity in female mice.

Whether TN housing independently alters the immune response to influenza virus infection
is insufficiently defined. Existing literature suggests that housing temperature plays an
important role in inflammatory immune responses. For example, TN housing is reported to
increase systemic inflammation, elevate levels of circulating pro-inflammatory cytokines?,
and promote febrile responses to LPS challenge3C. This increased inflammatory phenotype
is also noted in the context of infection, with a more robust immune response to rhinovirus#!
and £. col2. However, contrary results in infection have also been reported. Specifically,
TN housing is shown to decrease mortality to Typhus*3 and rabies*4. In context of
respiratory disease-associated pathologies, TN housing is shown to increase Tyeg cell lung
infiltration in murine asthma models*® and decrease inflammatory cytokine responses to
influenza virus infection in the lung 72 hours post-infection*6. Thus, these findings made

it imperative to determine whether TN housing impacted obesity-associated influenza virus-
driven disease severity in male mice where an established phenotype in TS housing already
exists. Notably, our data demonstrate that obesity-associated influenza virus-driven disease
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severity is similar in TN- and TS-housed, lean mice and is comparably induced in TN- and
TS-housed, obese male mice.

In our studies, we observed that TN-housed obese, mock-infected, male mice had notable
weight loss when compared to the mock-infected TS-housed obese controls. A possible
explanation for this effect could be associated with the setup of our studies. Specifically,
after male mice become obese in either TN or TS housing, all mice are moved to an animal
facility uniquely used for infectious studies that is maintained at TS housing conditions until
conclusion of the study. As such, due to the change in ambient temperatures the weight loss
experienced by the TN-housed may be augmented. However, the total weight loss by the
mock-infected, TN-housed, obese male mice was not as extensive as that observed in the
TN-housed, influenza virus-infected mice. Importantly, the examined metrics of influenza
virus-driven disease severity were comparable among influenza virus-infected, TS- and
TN-housed, severely obese, male mice. These data suggest that the potential difference in
weight loss in TN-housed, obese male mice is an unlikely contributor to their exacerbated
lung inflammatory state following influenza virus infection.

Although studies have shown that females in their reproductive years are at a higher risk

of developing worsened disease outcomes to influenza virus infection1412, epidemiological
studies to date have not examined whether this predisposition is due to the higher global
rates of female obesityl’. While pregnancy is an independent risk factor for influenza virus-
driven disease severity4”#8, published reports have suggested that pregnancy by itself does
not fully account for the increased female predisposition to influenza disease severity13:49,
Thus, increased global obesity rates in females may contribute to the skewed female
morbidity and mortality rates with regards to influenza virus infection. Therefore, additional
epidemiological studies are warranted to fully elucidate both the individual and combined
contribution of obesity and sex to influenza virus-driven disease severity.

While rigorously performed, there are still several limitations to our studies. One key
limitation is the usage of a lethal viral dose. While most influenza infection survival studies
extend past 2 weeks, our studies are limited to day 5 post-infection as obese mice had
substantial mortality beginning at day 6 (Fig. 2B). Further, lean mice, regardless of their
housing or sex, had the maximum percent weight loss allowed by animal care standards at
5 DPI (data not shown). Given these limitations, key future directions include additional
studies at a range of viral doses (e.g. low, medium, high) followed by temporal analysis

of disease severity phenotypes in obese state in both sexes. Another limitation is the lack

of mechanistic exploration underlying obesity-associated exacerbation of influenza virus-
driven disease severity. Although our study does not address the mechanisms underlying
increased disease severity in obesity, importantly, it presents the newly established model of
combined TN housing and HFD feeding that provides a robust platform to conduct these
future mechanistic studies. In particular, the positive and significant correlation between
increased body weight and influenza disease severity (Fig. 6) reveals the need for further
studies that interrogate the causative molecular and cellular causes of this phenotype. While
our studies did not reveal major differences in immune cell accrual and inflammatory
capacity between obese male and female mice infected with high doses of influenza virus,
this may be due to the state of the immune system during obesity or the dose of influenza
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virus used. Obesity represents a chronic inflammatory state®0, and thus such skewing may
exacerbate or tolerize the inflammatory response in obese males and females to a degree
where they equilibrate, resulting in similar influenza virus-driven disease severity.

TN housing represents an important tool to mechanistically interrogate how obesity-induced
metabolic changes alter key immune mediators. Various mechanisms are likely at play,
including pro-inflammatory cytokines, adipokines, and hormones. For example, Type |
IFNs, key modulators of immune responses, play a critical role in influenza virus infection.
Type | IFN responses are reported to be more robust in females than males®?, and type |

IFN levels are also elevated during the obese state52. Hence, how modulation of type I IFN
axis shapes influenza virus-driven disease severity in obesity and sex is a prime candidate
for future studies. Another potential mechanism is the leptin signaling pathway. Leptin
levels are increased in obesity®3 and differ between males and females®*. Further, given
leptin’s proinflammatory effect on immune cells3®, future examination of the mechanistic
role of leptin to obesity-associated inflammatory responses in influenza virus-driven disease
severity in obesity and sex would be imperative. The role of sex-specific hormones should
also be interrogated. Of note, estrogen has an anti-inflammatory effect on immune cells,>®
and estrogen levels are elevated in obesity®6. Thus, future analysis of the role of estrogen in
influenza virus-driven disease severity in obesity and sex is needed.

Other applications of our model include future studies utilizing non-lethal doses to examine
processes underlying lung tissue repair between obese male and female mice. As lung repair
is impaired in obese male mice®’, such studies would be highly informative. Further, obese
male mice have diminished adaptive immune responses to influenza virus infection0. Our
model can also be utilized to uncover the existence of potential sex-specific differences in
the adaptive immune responses to influenza virus via re-infection challenge experiments

in obese hosts. Lastly, sex-dependent differences are reported for multiple infectious
diseases®8, including tuberculosis®® and severe acute respiratory syndrome-coronavirus
26061 Thus, our novel model represents an ideal platform from which to examine the role
of sex and metabolic disease in the pathogenesis of various infections. Collectively, utilizing
the combined HFD-feeding and TN-housing model allows for rigorous and comparative
interrogation of molecular and cellular modifiers of inflammatory immune responses across
numerous insults in obese male and female mice. The discovery of novel mechanistic
insights, via the utility of these platforms, may allow for development of more targeted
therapies in the obese population to combat infectious diseases, with their sex as a careful
consideration for disease severity outcomes.

MATERIALS AND METHODS

All animal care was provided in accordance with the Guide for the Care and Use of
Laboratory Animals. All studies were approved by the Cincinnati Children’s Hospital
Medical Center (CCHMC) Institutional Animal Care and Use Committee.

Mouse obesogenic diet model

WT mouse breeding pairs, originally purchased from Jackson Laboratories (Bar Harbor,
ME, USA), were on C57BL/6J background, housed at TS (22 °C) conditions with free
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access to autoclaved food and water, and bred at CCHMC in a specific pathogen-free
facility with free access to autoclaved CD food (LAB Diet #5010; calories provided by
carbohydrates [58%)], fat [13%], and protein [29%]) and water. 6- to 8-week-old, WT,
male and female mice were used in our studies. For all studies, food and water were
replaced weekly. For obesogenic model studies, age-matched mice were fed either CD or
an irradiated HFD Research Diets #D12492i; 60% of calories from fat). Body weight was
recorded weekly. Corn cob bedding was used in the housing of all mice.

For TN studies, 6- to 8-week-old mice were maintained at TS or placed at TN (30 °C

with 30% humidity) conditions for 2 weeks to allow acclimation prior to the initiation of
dietary challenge. TN housing was accomplished using Caron chambers (Caron Products &
Services, Inc, Marietta, OH, USA). Age-matched mice were fed CD or HFD, with food and
water replaced weekly. Body weights were recorded weekly.

For glucose tolerance tests, fasted mice were subjected to glucose (mice injected 100 pL of
a 10% dextrose solution per gram of body weight), and glucose was monitored kinetically
using an Accu-Chek glucometer per manufacturer instructions and as done previously by our
laboratory19:22, For hepatocellular damage assessment, serum ALT levels were quantified
using ALT Reagent and Catatrol | and 11 (Catachem, Oxford, CT, USA).

To determine viral dosage, a TCIDsgg assay utilizing Madin-Darby Canine Kidney cells in
monolayer was performed as described previously®2. In brief, Madin-Darby Canine Kidney
monolayers in 96-well tissue culture-treated plates were infected with serially diluted (10-
fold) viral stock (starting at 30 HA Units). Plates were incubated at 37 °C for 7 days before
being fixed (4% paraformaldehyde) for 1-3 hours and subsequently stained (Naphthol
Blue-Black dye) overnight. Plates were subsequently washed and examined under light
microscope for cytopathic effect. A positive signal was interpreted as well where cells had
more than 50% cytopathic effect. TCIDgy was calculated using the Reed-Muench method.

In vivo influenza Infections

Mice were moved from their TS or TN housing to a dedicated infectious room in the
CCHMC animal facility (infectious room kept at standard temperature of 22 °C). Mice
were sedated via isoflurane inhalation (2.5% isoflurane; Akorn, NDC 59399-106-01) and
treated intranasally with saline (50 pL, veterinary grade; Hospira, NDC 0409-4888-02) or
H1N1 PR8 influenza (30 HA Units/7.16 logqgEID/5.7 10919 TCIDsq in 50 pL veterinary
grade saline; Charles River: Influenza A/PR/8/34, Batch: 4XP160913; provided by Dr
William Zacharias). Mice were subsequently monitored (weight measured daily) before
tissue collection at 1, 3, or 5 DPI.

Quantitative real-time reverse transcriptase polymerase chain reaction

Lung tissue samples were homogenized in TRIzol (Invitrogen, Waltham, MA, USA),
followed by messenger RNA extraction and reverse transcription to cDNA (Verso cDNA
Synthesis Kit; Thermo Scientific, Waltham, MA, USA). Quantitative polymerase chain
reaction was done utilizing QuantStudio 7 Real-Time polymerase chain reaction System
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(Applied Biosystems, Waltham, MA, USA) according to the manufacturer’s instructions.
Primer sequences used for the influenza M1 protein gene were as follows:

Influenza M1 protein Sense: 5’-AAG ACC AAT CCT GTC ACC TCT GA-3’

Influenza M1 protein Antisense: 5’-CAA AGC GTC TAC GCT GCA GTC C-3’

BALF cytokine quantification

BALF was obtained post-exsanguination of mouse. A cross-section incision was made on
the exposed trachea. Following, a cannula was inserted, and the lung was flushed 3-4 times
with 1 mL of Hanks’ Balanced Salt Solution (Gibco, Billings, MT, USA). Recovered fluid
was placed into a 1.5 mL Eppendorf tube. BALF was subsequently centrifugated at 300g
for 6 minutes and then at 5000¢ for 30 seconds. Fluid was separated from the pelleted lung
cells. BALF IL-6 was quantified by enzyme-linked immunosorbent assay (BD Biosciences,
Franklin, Lakes, NJ.) as per manufacturer instructions.

Lung immune cell isolation and flow cytometric analysis

To determine immune cell populations, lungs were digested (digestion buffer: 7 mL/sample
Dulbecco’s modified Eagle’s medium + 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, 2% bovine serum albumin, 0.03 mg/mL Liberase Blendzyme 3 Collagenase Cocktail,
50 U/mL DNAse) and immune cells were isolated. Cells were stimulated for 4 hours

with phorbol 12-myristate 13-acetate (50 ng/mL; Sigma-Aldrich), lonomycin (1 pg/mL;
Calbiochem), and brefeldin A. Cells were subsequently labeled with monoclonal antibodies.
Specifically, Live/dead (Zombie UV Dye; BioLegend, San Diego, CA, USA), B220 -
BV605 (clone RA3-6B2, BioLegend), CD45 — PEDazzle (clone 104, BioLegend), CD11b
— eFluor450 (clone M1/70, eBioscience, San Diego, CA, USA), CD11c - BV711 (clone
N418, BioLegend), NK1.1 — FITC (clone PK136, BioLegend), F4/80 — AF700 (clone BMS,
eBioscience), Grl — APC (clone RB6-8C5, eBioscience), CD8 — BV510 (clone 53-6.7,
BioLegend), and IL6 — PE (clone MP5-20F3, eBioscience). Data were collected using an
LRS Fortessa flow cytometer (BD Biosciences) and analyzed by FlowJo X software (vX10,
Tree Star, Ashland, OR, USA).

Histopathological analysis

For all mice, left lungs were identically clamped with a hemostat during BALF isolation
before being removed from chest cavity (no infusion, flushing, or inflation performed). For
histology, left lung tissue was fixed in 10% buffered formalin and stained with hematoxylin
& eosin. Evaluation was performed by an experienced board-certified pathologist who

was blinded to the experimental parameters while scoring. Semiquantitative assessment
determined: (1) inflammatory severity/grade of bronchopneumonia (none, mild, moderate,
severe); (2) inflammatory activity and composition (from neutrophil-predominant, purulent
necrotizing, to lymphomononuclear-predominant, with histiocytes and plasma cells); (3)
“bronchitis” to “bronchiolitis” to “pneumonia” at major histologic landmarks of the
conductive airways to airspaces, from the proximal segmental bronchial level, (through
bronchioles, terminal and respiratory bronchioles) to alveolar ducts, sacs, and alveoli; and
(4) alveolar involvement and compromise, (here referred to as “parenchymal inflammation™)
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secondary both to (a) extension of inflammation along the conductive airways/bronchial

tree to air spaces/alveoli in the peripheral lung, and (b) centrally, via direct peribronchial
extension of marked purulent bronchitis (from the lumen through the wall). Parameters

were quantified in a total combined score for the purposes of semiquantitative comparison
of influenza disease severity; predominantly intraluminal airway-disease (bronchocentric)
versus additional significant involvement of alveolated parenchyma (parenchymal) were also
accounted for in scoring.

Statistical analysis

For statistical analysis, normality and lognormality tests and parametric tests were employed
as necessary via the Prism 5a software (GraphPad Software Inc, San Diego, CA, USA). For
all normally distributed data sets, unpaired two-tailed Student’s t test was used when the
comparison was between 2 groups, and a one-way analysis of variance with Tukey’s post
hoc test to assess differences between specific groups was employed for 3 or more groups.
For variable correlation analyses, nonparametric Spearman Rank Correlation tests were
performed on datasets with smaller power, and Pearson Correlation tests were performed
on datasets with a larger n. Statistical analysis was completed using Prism 5a. All values
are represented as means + standard error of the mean. A p-value < 0.05 was considered
significant. Sample size determination was based on preliminary data with respect to
influenza infection including weight loss, lung immune cell infiltration, and lung viral M
protein expression. No animals were excluded from analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Legan female and male mice have similar influenza disease severity. (A) Experimental design
schematic. 12-week-old WT C57/BL6 males and females (/7= 6-13/group; combined result
of 3 independent experiments) were intranasally mock-infected with saline or infected

with influenza virus (Charles River Influenza A/PR/8/34 (H1N1), Batch: 4XP160913;

dose of 30 Hemagglutinin (HA) units). (B) Weight loss post-infection. (C) Lung viral M
protein expression quantified via gPCR. (D) Left lung weight 5 days post-infection. (E)
Bronchoalveolar Lavage Fluid (BALF) Interleukin-6 (IL-6) levels quantified via cytokine
ELISA. (F) Baseline immune cell population percentage of total lung CD45* cells.

Mucosal Immunol. Author manuscript; available in PMC 2024 February 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Alarcon et al.

Page 20

(G) Infected immune cell population percentage of total lung CD45* cells. (H) Lung
CD45" immune cell infiltration, measured by flow cytometry as done previously by our
lab2425, (1) Lung macrophage absolute numbers (CD11b"F4/80"). (J) Lung Neutrophil
absolute numbers (CD11b"-GR1M). Means + SEM. Student’s t test or one-way analysis of
variance; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ELISA = enzyme-linked
immunosorbent assay; qPCR = quantitative polymerase chain reaction; SEM = standard
error of the mean.
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Fig. 2.

T T T T
1 2 3 4
Days Post Infection

Obese male mice have increased lung inflammation in response to influenza infection
compared to lean male mice. (A) Experimental design schematic. 6- to 8-week-old WT
C57/BL6 males (3 independent experiments performed: 2 for time-to-death, 2 for kinetic
analysis) were placed on either Chow Diet (CD, fat 10%, carbohydrate 70%, protein 20%;
Research Diet #D12450J) or High-Fat Diet (HFD, fat 60%, carbohydrate 20%, protein 20%;
Research Diet #D12492) for 20 weeks and subsequently intranasally challenged with saline
or influenza virus. (B) Time-to-death curve of infected, lean, male and obese male mice (7
= 8/group, result of 2 independent experiments). (C) Weight loss post-infection (7= 4-10/
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group; result of 2 independent experiments). (D) Lung viral M protein expression quantified
via gPCR. (E) Left lung weight. (F) BALF IL-6 levels quantified via cytokine ELISA.

(G) Total lung CD45* immune cell infiltration, measured by flow cytometry. Average

of saline-treated controls represented by dashed lines. (H) Lung macrophage absolute
numbers (CD11b"F4/80M). (1) Lung neutrophil absolute numbers (CD11b"NGR1M). (3—-K)
Immune cell inflammatory capacity, performed via ex vivo PMA-lonomycin and brefeldin
stimulation. Inflammatory cytokine production quantified via intracellular antibody accrual
via flow cytometry. (J) Total lung CD45* cell IL-6 production post ex vivo stimulation.

(K) Lung macrophage IL-6 production post ex vivo stimulation. Means + SEM. Student’s

t test or one-way analysis of variance; *p < 0.05, **p < 0.01. ELISA = enzyme-linked
immunosorbent assay; PMA = phorbol 12-myristate 13-acetate; SEM = standard error of the
mean; WT = wild-type.
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Fig. 3.

Infected obese male mice have worsened parenchymal inflammation than infected lean
male mice. (A) Representative images of left lungs from lean and obese control/saline-
treated versus influenza-infected mice (displayed in 4 columns), with no inflation, taken
at different magnifications, equivalent to 1x, 5x, and 20x objectives (in rows; scale bars

in micrometers; H&E stains). Low-power images provide overviews for each experimental
group; intermediate power views zoom on main conductive airways (for bronchocentric
pathology) and on peripheral alveolated lungs, to the pleura. Representative images

for control (saline-infused during mock infection but not flushed or inflamed) lungs
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demonstrate both well-aerated air spaces and regions with minor procurement-related
fresh hemorrhage. In control lean and obese mice, conductive airways are intact and
free of bronchocentric pathologic processes (with no luminal, epithelial, transmural or
peribronchial inflammatory infiltrates, or damage) and with no extension into the peripheral
lung parenchyma—as reflected in histopathologic scores. For influenza-infected lungs,
the bronchocentric distribution of increased cell density is apparent at low powers (1x
and 5x equivalent), in contrast with the aerated peripheral parenchyma. At intermediate
powers, the bronchocentric pathology (“20X”, 3rd row) is evidenced by intraluminal
purulent (necro)inflammatory infiltrates, attenuation of the inflamed broncho-epithelial
lining, and extension to peribronchial spaces (with increased cellularity). Extension to the
peripheral parenchyma (“20X” 4th row) is seen in dissipating small foci along alveolar
septae, including in subpleural edema in occasional subjects (see obese infected mouse
lung). (B) Total histopathological score for the entire lung. (C) Histopathological score of
bronchocentric pneumonia (exemplified in images at “20X”, 3rd row, and at low powers).
(D) Histopathological score of inflammatory extension to parenchyma (exemplified at
“20X”, 4th row, and at low powers). H&E = hematoxylin & eosin.
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Fig. 4.

High-fat diet (HFD) feeding is not sufficient to robustly amplify influenza disease severity
in female mice. (A) Experimental design schematic. 6- to 8-week-old WT C57/BL6 males
and females (n7= 8-14/group; combined result of 3 independent experiments) were placed
on either CD or HFD for 20 weeks and subsequently challenged intranasally with influenza
virus (30 HA Units). (B) Weight loss post-infection. (C) Lung viral M protein expression
quantified via gPCR. (D) Left lung weight. (E) BALF IL-6 levels quantified via cytokine
ELISA. (F) Total lung CD45* immune cell infiltration, measured by flow cytometry.

(G) Lung macrophage absolute numbers (CD11b"F4/80M). (H) Lung neutrophil absolute
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numbers (CD11bMGR1M). Means + SEM. (1) Infected immune cell population percentage of
total lung CD45" cells in CD-fed males and females. (J) Infected immune cell population
percentage of total lung CD45* cells in HFD-fed males and females. Student’s t test or
one-way analysis of variance; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. CD

= chow diet; ELISA = enzyme-linked immunosorbent assay; SEM = standard error of the
mean; WT = wild-type.

Mucosal Immunol. Author manuscript; available in PMC 2024 February 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Alarcon et al. Page 27
A B
0 -
G
‘ P =
H|gh Fat Diet ol 8
. (22 0 Influenza 5 ) E =
. o
Dlsease f
H|gh Fat Diet Severity
™™ (30 C) Obese
} | 10

6-8 Weeks 20 Weeks Infection 5Days Sac
ns
¢ 60 - — D 300- ns E 16 oS
_ skekokok  kokkk l |
B **** skeskskk =5 kkskk kkkk
= 457 D 225- £ 12
> RS DS é E-,
8 2 Py
< 30 £ 150 Q 8-
5] é = =
§ ? % L_Ll Il Macrophages
a 154 | 75— < 4 1 BCells
= 0 EE Neutrophils
NK Cells
- 0- 0 ND [l CD4+T Cells
TS N TS TN TS Il CD8+T Cells
ns I Undefined
F —— G H
4x106- Fdkdk Kk 4%106 6.0x10%
ns
& £ 1 &
2 3x106 g 3x106+ *k = 4.5%10°
3 2 Fokokok s
o ]
+ o 6 .- 5
3 2x10°6 5 2x10° 53.0%10°
[=] 1] é’
o = -t
2 1x10°+ 2 1x10° £1.5x10%
3 3 e
0- 0- 0.0-
TS TN TS TN
Fig. 5.

Obesity-associated influenza disease severity is maintained in thermoneutral (TN)-housed
male mice. (A) Experimental design schematic. 6- to 8-week-old WT C57/BL6 males
(n=5-6/group; combined result of 2 independent experiments) were placed in either
thermostress (TS, 22 °C) or TN (30 °C) housing and fed HFD for 20 weeks and
subsequently challenged intranasally with influenza virus (30 HA units). (B) Weight loss
post-infection. (C) Lung viral M protein expression quantified via gqPCR. (D) Left lung
weight. (E) BALF IL-6 levels quantified via cytokine ELISA. (F) Total lung CD45* immune
cell infiltration, measured by flow cytometry. (G) Lung macrophage absolute numbers
(CD11bNiF4/80M). (H) Lung neutrophil absolute numbers (CD11bNGR1M). Means + SEM.
(1) Baseline immune cell population percentage of total lung CD45" cells in HFD-fed, TS-
or TN-housed males. (J) Infected immune cell population percentage of total lung CD45*
cells in HFD-fed, TS- or TN-housed males. Student’s t test or one-way analysis of variance;
**p<0.01, ***p<0.001, ****p< 0.0001. BALF = bronchoalveolar lavage fluid; CD =
chow diet; HFD = high-fat diet; IL-6 = interleukin-6; gPCR = quantitative polymerase chain
reaction; SEM = standard error of the mean; WT = wild-type.
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Fig. 6.
Obese male and female mice have comparably exacerbated obesity-associated influenza

disease severity. (A) C57BL/6 male female mice (n7= 6-15/group; combined results of

4 independent experiments) were placed in TN housing and fed CD or HFD for 20

weeks before intranasal challenge with influenza virus (30HA Units). (B) Weight loss post-
infection. (C) Lung M protein expression quantified via gPCR. (D) Left lung weight 5 days
post-infection (E) BALF IL-6 levels quantified via cytokine ELISA. (F) Total lung CD45*
immune cell infiltration, measured by flow cytometry. (G) Lung macrophage absolute
numbers (CD11b"F4/80M). (H) Lung Neutrophil absolute numbers (CD11bMGR1M). (1)
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Infected immune cell population percentage of total lung CD45* cells in TN-housed CD-fed
males and females. (J) Infected immune cell population percentage of total lung CD45* cells
in TN-housed HFD-fed males and females. (K) Histopathological score of bronchocentric
pneumonia (L) Histopathological score of inflammatory extension to parenchyma. (M)
Representative H&E staining of unflushed left lungs (light microscope, 10X). Means +
SEM. Student’s t test or one-way analysis of variance; **p < 0.01, ***p < 0.001, ****p

< 0.0001. BALF = bronchoalveolar lavage fluid; CD = chow diet; ELISA = enzyme-

linked immunosorbent assay; H&E = hematoxylin & eosin; HFD = high-fat diet; IL-6 =
interleukin-6; SEM = standard error of the mean; TN = thermoneutral.
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Increased total body weight correlates with worsened influenza-associated disease severity

outcomes. Preinfection total body weight in TN-housed lean and obese males and females
was correlated with various influenza disease severity metrics. (A) Preinfection total body
weight versus left lung weight at 5 DPI. (B). Preinfection total body weight versus

bronchoalveolar lavage fluid interleukin-6 levels at 5 DPI. (C) Preinfection total body

weight versus Lung CD45* immune cell infiltration at 5 DPI. Nonparametric Spearman

Rank Correlation and Pearson Correlation tests were performed for males and females,

Mucosal Immunol. Author manuscript; available in PMC 2024 February 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Alarcon et al.

Page 31

respectively, performed in Prism (GraphPad software). R and p values directly reported. DPI
= days post-infection; TN = thermoneutral.
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