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Abstract Influenza (flu) infection increases the risk for
disability, falls, and broken bones in older adults. We
have employed a preclinical model to examine the im-
pact of flu onmuscle function, which has a direct impact
on fall risk. In mice, flu causes mobility and strength
impairments with induction of inflammatory andmuscle
degradation genes that are increased and prolonged with
aging. To determine if vaccination could reduce flu-
induced muscle decrements, mice were vaccinated with
flu nucleoprotein, infected, and muscle parameters were
measured. Vaccination of aged mice resulted in signif-
icant protection from functional decrements, muscle
gene expressions alterations, and morphological dam-
age. Vaccination also improved protection from lung
localized and systemic inflammation in aged mice. De-
spite documented decreased vaccine efficacy with ag-
ing, vaccination still provided partial protection to aged
mice and represents a potential strategy to prevent flu-
induced disability. These findings provide translational

insight on ways to reduce flu-induced disability with
aging.
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Introduction

Influenza (flu) and pneumonia are the seventh leading
cause of death among older adults in the USA with 90%
of all flu-related deaths occurring in late life (Heron
2013). Equally compelling from a clinical and public
health perspective, but less well understood, is the rela-
tionship between flu infection and disability. Older
adults have a greatly increased risk of both progressive
and catastrophic disability following flu infection
(McElhaney et al. 2012; Ferrucci et al. 1997), including
a greater risk of falls and broken bones (McConeghy
et al. 2017). Nevertheless, mechanisms by which flu
infection contributes to this risk of disability remain
unknown and unexplored, resulting in missed opportu-
nities for the discovery of interventions designed to
prolong function and independence in late life. Flu
infections, even in uncomplicated cases, have some
degree of muscle involvement with myalgia being a
common symptom (Kuiken and Taubenberger 2008).
We previously reported that flu infection, which by its
very nature is limited to pulmonary epithelial cells,
results in mobility and strength impairments and in-
creased markers of muscle atrophy in a well-
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established murine model of infection. Moreover, these
effects are more pronounced and prolonged with aging,
providing a molecular link between flu infection and
disability in older adults (Bartley et al. 2016). The
pathogenesis of this interaction is unknown and little
information exists detailing the systemic impact of flu
infection and how it changes with aging. Here, we
investigate if prior immunity can prevent the muscular
ailment. Our goal is to provide translationally relevant
insight on potential ways to protect older adults from
flu-induced functional decrements and muscle atrophy.

The average flu-related mortality is between 20,000
and 40,000 people annually (White 2019). Flu vaccina-
tion substantially reduces mortality in humans (White
2019). Indeed, a 1% increase in total vaccination rate
would result in an estimated 800 fewer deaths (White
2019). Through decades of research, it is clear that
vaccination improves the humoral and cellular functions
of the immune system in response to flu. Inactivated and
recombinant flu vaccines induce robust antibody and
CD4+ T cell responses. Neutralizing antibodies work
to prevent infection, while non-neutralizing antibodies
facilitate viral clearance via mechanisms such as
antibody-dependent cell-mediated cytotoxicity (Kaur
et al. 2011). This results in faster clearance of flu and
less severe illness. Previous vaccination studies from
our lab (Lefebvre et al. 2016) emphasized the two-
pronged protection of flu nucleoprotein (NP) vaccina-
tion with antibody and lung-homing T cell effector
generation to provide non-neutralizing protection.
Though general vaccination efficacy is reduced with
aging, inflammation and lung viral copies were reduced
in both young and aged mice with NP vaccination.

While many benefits of vaccination have been pre-
viously reported, the effects of vaccination on muscle
function and overall muscle quality, specifically in the
more vulnerable aged population has not been explored.
Indeed, muscle integrity and quality are key components
when considering recovery, resilience, and prevention
of physical disability in the aging population. Here, we
investigated how non-neutralizing immunity induced by
vaccination with NP impacts the muscular decrements
observed during flu infection. NP vaccination induces a
protective heterosubtypic antibody response in young
mice (LaMere et al. 2011a; b), and reduces lung inflam-
mation and susceptibility to secondary bacterial infec-
tion following primary flu infection (Haynes et al.
2012). Previously, we showed that NP vaccination of
aged mice protected them from death following flu

infection, but did not protect from flu-induced weight
loss (Lefebvre et al. 2016). Thus, we hypothesized that
NP vaccination would mediate protection in muscle
through reduction in flu-induced inflammation.

Skeletal muscle is a complex tissue consisting of
many different cell types, as well as different muscle
fibers. The four main fiber types in the murine skel-
etal muscle are based on different muscle myosin
heavy chains (MyHC). MyHC I fibers are considered
slow twitch fibers, while MyHC IIA, IIX, and IIB
fibers are fast twitch fibers (Sartorius et al. 1998;
Augusto et al. 2004). Fiber areas and muscle cross-
sectional areas in the skeletal muscles of mice differ
with fiber sizes increasing in the order type I < IIA <
IIX < IIB (Sartorius et al. 1998). The typical mouse
skeletal muscle is 77% MyHC IIB (Augusto et al.
2004). With aging, type IIB and IIX fibers have
impaired regeneration capacities in response to im-
mobilization atrophy (Pattison et al. 2003).
Translationally, fast twitch fibers control balance,
strength, and numerous other necessary functions in
humans and rodents. In human aging, there is marked
muscle atrophy, along with a decrease in total num-
ber of fibers with preferential loss of type II muscle
fibers (Thompson 1994). Indeed, the change in com-
position to greater slower-contracting isoforms leads
to symptoms consistent with denervation (Suzuki
et al. 2002). In addition to the quantitative loss, there
is also a qualitative decline in muscle in terms of
specific force (force generation normalized for mus-
cle cross-sectional area), dysfunctional proteins, and
other age-associated deficiencies (Brooks and
Faulkner 1994; Thompson 1999; Thompson 2002;
Thompson 2009). Typically, fast twitch muscle fibers
are more vulnerable to degeneration and more sensi-
tive to inflammation (Wright et al. 2017; Ciciliot
et al. 2013; Nilwik et al. 2013). Importantly, the
decline in muscle strength from type II fiber atrophy
and loss can lead to sarcopenia, which increases risk
of loss of activities of daily living. Since clinically
there is an increase in loss of activities of daily living
following flu infection and type II fibers are more
sensitive to age-related loss and inflammatory stim-
uli, we hypothesize that flu will most severely affect
type II fibers.

In this report, we examine the impact of NP vaccina-
tion on muscular function and quality in a preclinical
model of flu infection with aging. As we have previous-
ly shown, NP vaccination leads to reduced
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inflammatory mediators in the bronchoalveolar lavage
(BAL), high titers of NP-specific antibody, and im-
proved lung viral clearance (Lefebvre et al. 2016). Here,
we show that vaccination was able to preserve the
function of young and aged mouse grip strength, gait
kinematics, and voluntary mobility parameters, as well
as reduce inflammation within the skeletal muscle, and
prevent morphological disruption and type II muscle
atrophy. Thus, our results point to a novel finding that
despite reduced vaccine efficacy with aging, vaccination
provides protection from flu-induced muscular impair-
ments highlighting the clinical necessity for flu vacci-
nation with aging.

Results

Prior vaccination prevents body mass loss
and accelerates viral clearance during flu infection

Utilizing established methods from our lab
(Lefebvre et al. 2016) and others (LaMere et al.
2011a; Haynes et al. 2012), young (2.5–4 months)
and aged (19–22 months) mice were vaccinated with
NP/alum (Vax) or PBS control (NoVax), and infect-
ed with a sublethal dose of PR8 influenza virus
(Online Resource 1). In unvaccinated mice, infec-
tion led to greater weight loss (Fig. 1a) and higher
flu copy number in the lung (Fig. 1b) in both young
and aged mice when compared with vaccinated
groups. Young vaccinated mice were protected from
weight loss and had accelerated viral clearance,
while aged vaccinated mice only had partial protec-
tion. At 9 days postinfection (DPI), the vaccinated
aged mice follow similar trends as unvaccinated
young mice. We have previously shown that aged
mice suffer greater and prolonged weight loss com-
pared with young mice (Bartley et al. 2016). Simi-
larly, young mice are more resilient than aged mice
with vaccination. Despite similar peak virus levels
in the lung at 7 DPI, vaccinated young and aged
mice clear the virus faster than their unvaccinated
controls (Fig. 1b), though differences between
young and aged mice are still evident. Importantly,
vaccination induced increased serum anti-NP IgG
antibodies (Fig. 1c) supporting the efficacy of the
vaccination. Overall, the NP/alum vaccination has-
tens viral clearance while reducing body mass losses
in both young and aged mice.

Prior vaccination protects muscular function during flu
infection

As we have shown previously (Bartley et al. 2016), flu
infection without prior vaccination leads to functional
decrements in voluntary locomotor activity, grip
strength, and gait kinematics. Importantly, prior vacci-
nation prevents these decrements in young mice and
either prevents or reduces these decrements in aged
mice. Postural gait parameters were assessed utilizing
DigiGait at 7 DPI. Hindmidline distance decreased with
infection in both young and aged unvaccinated mice,
while this decrease was not significantly different with
vaccination only in young mice (Fig. 2A). Conversely,
fore limb midline distance was only decreased in unvac-
cinated aged mice and vaccination prevented this de-
crease (Online Resource 2A). Thus, mice have a
narrower hind stance during flu infection and vaccina-
tion was not able to prevent this narrowing in agedmice,
however, the narrowing of the fore limb stance was
protected with vaccination in aged mice. Hind and fore
stride length increased with infection in aged unvacci-
nated mice, while this increase was prevented with
vaccination in young and aged mice (Fig. 2B and
Online Resource 2B). Kinematic gait parameters in the
hind and fore limbs such as stride frequency (Fig. 2C
and Online Resource 2C), time propelling (Fig. 2D and
Online Resource 2D), stance time (Fig. 2E and Online
Resource 2E), time in stride (Fig. 2F and Online
Resource 2F), and time in swing (Fig. 2G and Online
Resource 2G) also followed similar trends in aged mice.
In contrast, young mice experienced no kinematic gait
changes in their hind (Fig. 2C–G) or fore (Online Re-
source 2C-G) limbs during infection. Importantly, aged
mice had increased time in the propel, stance, stride, and
swing phases during infection, which was only partially
protected with vaccination as some decrements were
still evident in aged vaccinated mice (Fig. 2C–G). Over-
all, these results suggest that flu infection leads to a
narrower stance and slower gait movements in aged
mice and that vaccination preserved baseline gait pa-
rameters and protected aged mice from many flu-
induced changes.

Similarly, vaccination significantly protected both
young and aged mice from decreased voluntary activity
at 8 DPI, assessed by open field, compared with their
unvaccinated counterparts (Fig. 2H). Infection without
prior immunity led to an approximate 50% decrease of
their initial voluntary activity by 8DPI. Vaccinatedmice
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were protected from this decrease, however aged vacci-
nated mice did not perform as well as their young
vaccinated counterparts. Additionally, grip strength, as
measured by a grip strength meter and normalized to
pre-infection levels, was preserved in vaccinated mice,
while unvaccinated mice had decreased strength (Fig.
2I) in both young and aged groups.

Vaccination mitigated alterations in cytokine/
chemokine inflammatory milieu

Proinflammatory cytokine and chemokines (IFNγ, IL-
6, and CXCL10) were assessed in the BAL from young
and aged mice postinfection, and they followed similar
trends (Fig. 3 A–C and F–H) with increased levels by 7
DPI in unvaccinated infected mice. Young vaccinated
mice only showed modestly increased levels of proin-
flammatory signals during infection and returned to
baseline levels by 9 DPI. Vaccination did not mitigate
the peak levels of inflammation in aged cohorts but did

hasten the resolution of inflammation by 9 DPI. In sum,
vaccination prevented prolonged inflammation in aged
BAL, but did not reduce peak inflammation at 7 DPI.
Type 2 cytokines (IL-4 and IL-10) are generally consid-
ered anti-inflammatory and counteract inflammatory
cytokines (Fig. 3 D–E and I–J ) (Wynn 2015; Gardner
and Murasko 2017). IL-4 increased with infection,
peaking at 7 DPI, and was higher in vaccinated mice
compared with their unvaccinated age-matched coun-
terparts (Fig. 3 D and I). Interestingly, only aged vacci-
nated mice still had elevated IL-4 at 9 DPI (Fig. 3D). IL-
10 peaked in all groups at 7 DPI and returned to close to
baseline levels by 9 DPI (Fig. 3 E and J). Vaccination of
aged mice led to significantly increased in IL-10 at 7
DPI, compared with the unvaccinated aged mice (Fig.
3E), while vaccinated young mice had lower IL-10
levels at 7 DPI compared with unvaccinated young mice
(Fig. 3E). It is likely the reduced inflammation in the
young vaccinated mice did not require strong anti-
inflammatory responses at that time point. In totality,

Fig. 1 The NP/alum vaccination
hastens viral clearance while re-
ducing body mass loss. Young
and aged C57BL/6 mice were
vaccinated with NP/alum or PBS
before being intranasally infected
with 500 EID50 of PR8 influenza.
a The percent body mass loss
graphed over the course of the
experiment and bar graph of day 9
postinfection differences (n = 10–
15/group). b Influenza acid poly-
merase (PA) copy number deter-
mined by RT-qPCR of mouse
lungs at given time points (n = 5–
6/group). c IgG titer for influenza
nucleoprotein assayed via ELISA
of mouse serum (n = 5–6/group).
Data analyzed via two-way
ANOVA with Bonferroni post
hoc corrections comparing with
NoVax/NoFlu age-matched con-
trols (* = p < 0.05), comparing
with NoVax/Flu age-matched
controls (# = p < 0.05), and com-
paring between day postinfection/
ages (brackets = p < 0.05)
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vaccination reduced peak inflammation and limited
prolonged inflammation in the BAL of young and aged
mice while also promoting IL-4 and IL-10 production in
aged mice.

Systemic inflammation, as measured by serum cyto-
kines and chemokines, followed a similar trend as in the
BAL. Flu infection led to increased serum IFNγ, IL-6,
and CXCL10 at 7 DPI in all groups (Fig. 3 K–M and P–
R). Vaccination reduced serum IFNγ levels at 7 DPI in
both young and aged compared with unvaccinated con-
trols. Conversely, serum IL-6 was elevated by 5 DPI in

all groups (Fig. 3 L and Q). Vaccinated mice began to
decrease levels of IL-6 by 7 DPI, while unvaccinated
young mice continued to increase at 7 DPI before
returning to baseline levels (Fig. 3L) and unvaccinated
aged mice levels remained elevated at 9 DPI (Fig. 3L).
Serum CXCL10 increased with infection in all groups
(Fig. 3 M and R), with only minor increases in the
young vaccinated mice. Conversely, aged vaccinated
mice followed similar trends to the unvaccinated young
mice with increases at 7 DPI that returned to near
baseline levels by 9 DPI (Fig. 3 M and R). Similar to

Fig. 2 Vaccination against influenza reduced flu-induced func-
tional decrements in voluntary locomotor activity, grip strength,
and gait kinematics. Young and aged C57BL/6 mice were vacci-
nated with NP/alum or PBS before being intranasally infected with
500 EID50 of PR8 influenza. Mice were acclimated to testing prior
to infection and tested for functional performance at designated
time points. (A–G) Gait parameters were assessed utilizing
DigiGait 7 days postinfection (n = 8–15/group). (H) Spontaneous

voluntary activity was assessed via the open field test at 8 days
postinfection (n = 10–15/group). (I) Grip strength was determined
by using a grip strength meter at day 8 postinfection (n = 10–15/
group). Data analyzed via two-way ANOVAwith Bonferroni post
hoc corrections comparing with NoVax/NoFlu age-matched con-
trols (* = p < 0.05), comparing with NoVax/Flu age-matched con-
trols (# = p < 0.05), and comparing between ages within a condi-
tion (brackets = p < 0.05)
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IL-6, serum CXCL10 continued to rise in unvaccinated
aged mice with peak levels seen at 9 DPI. Thus, the
unvaccinated aged group had prolonged IL-6 and
CXCL10 elevation at 9 DPI compared with other
groups. Prior vaccination resulted in increased serum
IL-4 at 7 and 9 DPI in youngmice only (Fig. 3N). Serum
IL-10 was increased at 7 and 9 DPI in young vaccinated
mice (Fig. 3 O and T), but only at 9 DPI in aged
vaccinated mice (Fig. 3 O and T). Importantly, serum
IL-4 and IL-10 did not change in both young (Fig. 3N–
O) and aged (Fig. 3S–T) unvaccinated mice, suggesting
vaccination speeds up systemic anti-inflammatory sig-
nals. In sum, vaccination reduced prolonged systemic
inflammation and provided modest increases in anti-
inflammatory signals in aged mice. It is known that
muscle atrophy can be triggered by external stress sig-
nals and overall inflammation status of an individual.
Thus, we hypothesized that by limiting systemic flu-

induced inflammation with vaccination, we could re-
duce the negative impact of flu on muscle.

Vaccination mitigates negative skeletal muscle gene
and protein expression changes

To determine if vaccination-related reduction in BAL
and serum inflammation would be associated with re-
duced negative changes in skeletal muscle, we first
examined muscle gene and protein expression. We have
previously shown that flu infection results in dramatic
increases in muscle atrophy genes (Bartley et al. 2016).
Here, we found that vaccination mitigates flu-induced
changes in skeletal muscle gene expression (Fig. 4A–J)
and protein expression in gastrocnemius (Fig. 4K–T).
Vaccination in both young and aged (Fig. 4 A and F)
mice prevents MuRF-1 expression (considered a major
regulator of skeletal muscle atrophy). Similarly,

Fig. 3 Vaccination reduces flu-induced cytokines and
chemokines in the BAL and serum. Young and aged C57BL/6
mice were vaccinated with NP/alum or PBS before being intrana-
sally infected with 500 EID50 of PR8 influenza. (A–E) Broncho-
alveolar lavage (BAL) was collected frommice at time of sacrifice
as described in methods. The BAL was then analyzed via
Millipore chemokine/cytokine multiplex (n = 16–21). (F–J) Group
mean area under the curve (AUC) between 5 and 9 DPI for each

cytokine. (K–O) Serum was collected from mice at the time of
sacrifice as described in the “Methods” section and analyzed via
Millipore chemokine/cytokine multiplex (n = 16–21). (P–T)
Group mean AUC between 5 and 9 DPI for each cytokine. Data
analyzed via three-way ANOVA (treatment × age × time) with
Bonferroni post hoc corrections comparing with NoVax/NoFlu
age-matched controls (* = p < 0.05) and comparing with NoVax/
Flu age-matched controls (# = p < 0.05)
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ubiquitin C (UBC) upregulation is reduced with vacci-
nation in youngmice (Fig. 4B), with minor upregulation
evident in aged vaccinated mice at 9 DPI (Fig. 4 B and
G). Conversely, unvaccinated aged mice show dramatic
upregulation at 9 DPI (Fig. 4B). This suggests that
vaccination completely protects young mice from mus-
cle atrophy gene expression changes, while only partial-
ly protecting aged mice. Insulin growth factor-1 (IGF-
1), a positive regulator of the mTOR pathway that
promotes muscle hypertrophy and suppresses atrophy
gene expression (White 2016; Zou et al. 2018), was
surprisingly not statistically significantly decreased,
but was trending towards significance in unvaccinated
infected groups 7 DPI (young NoVax/Flu p = 0.08 and
aged NoVax/Flu p = 0.09) (Fig. 4 D and I). The aged
vaccinated mice had an increase at 9 DPI (Fig. 4 D and
I). It is possible that a decrease in IGF-1 was missed in
the unvaccinated groups during the experimental time
course. It is also possible that an increase in IGF-1 was
not observed in the young vaccinated mice due to de-
creased damage and need for any muscle repair.

Myoblast determination protein 1 (MyoD), a critical
factor regulating satellite cell proliferation and muscle
repair, was downregulated in young and aged unvacci-
nated mice at 7 DPI (Fig. 4 E and J), but remained
downregulated at 9 DPI only in unvaccinated aged mice
compared with their aged vaccinated counterparts (Fig.
4 E and J). Conversely, vaccination protected both
young and aged mice from downregulation of MyoD
(Fig. 4 E and J). Thus, vaccination promoted positive
muscle regulators of both young and aged mice at later
time points, suggesting accelerated healing from flu-
induced muscle damage.

Since it is known that the inflammatory milieu of
the skeletal muscle affects muscle atrophy and mus-
cle repair pathways (Bartley et al. 2016), we next
examined how vaccination impacts the flu-induced
cytokine and chemokine protein expression in the
gastrocnemius muscle. Not surprisingly, baseline
differences existed in multiple cytokines and
chemokines (Gomez et al. 2005; Bruunsgaard et al.
2001; Morley and Baumgartner 2004; Hawkley and

Fig. 4 Vaccination reduces flu-induced skeletal muscle gene ex-
pression and protein expression in the gastrocnemius. Young and
aged C57BL/6 mice were vaccinated with NP/alum or PBS before
being intranasally infected with 500 EID50 of PR8 influenza. (A–
E) Vaccination reduced changes in gastrocnemius muscle gene
expression (n = 10–19). (F–J) Group mean AUC between 5 and 9
DPI for each gene. (K–O) Vaccination altered the kinetics of

muscle cytokine, chemokine, and myokine levels (n = 4–6). (P–
T) GroupmeanAUC between 5 and 9 DPI for each cytokine. Data
analyzed via three-way ANOVA (treatment × age × time) with
Bonferroni post hoc corrections comparing with NoVax/NoFlu
age-matched controls (* = p < 0.05) and comparing to NoVax/
Flu age-matched controls (# = p < 0.05)
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Cacioppo 2004). IFNγ only significantly increased
in unvaccinated aged mice at 7 DPI and unvaccinat-
ed young mice at 9 DPI, while vaccinated groups are
protected from this change (Fig. 4 K and P). Con-
versely, IL-6 changes are not vaccination dependent.
Young mice have increased IL-6 at 9 DPI (Fig. 4 L
and Q), and aged mice have increased IL-6 at 7 DPI
irrespective of vaccination status (Fig. 4 L and Q).
CXCL10, a chemokine for recruiting type 1 inflam-
matory cells, remained unchanged in young unvac-
cinated and vaccinated mice (Fig. 4 M and R), while
it is elevated at 7 DPI in both unvaccinated and
vaccinated aged mice but to a greater degree in the
unvaccinated mice (Fig. 4 M and R). By 9 DPI, only
unvaccinated aged mice have elevated CXCL10,
suggesting that vaccination prevented prolonged ex-
pression of this chemokine (Fig. 4 M and R). In
totality, since IL-6 actions are pleiotropic in the
skeletal muscle, it is hard to distinguish the pathol-
ogy of the discordant increases with age. Important-
ly, however, IL-6 in the aged muscle is increased at
the same time as IFNγ and CXCL10. This suggests a
more inflammatory environment. In contrast, in vac-
cinated young mice, there is no simultaneous IFNγ
or CXCL10 increase, possibly suggesting an appro-
priate signal for myogenesis . On the ant i-
inflammatory side, IL-4 and IL-10 were both in-
creased in aged mice at baseline (NoVax/NoFlu)
compared with young mice (NoVax/NoFlu) (Fig.
4N, O). IL-4 increased steadily in both unvaccinated
and vaccinated aged mice, and was elevated at 7 DPI
and 9 DPI with greater levels in the vaccinated aged
group (Fig. 4 N and S), while young mice did not
exhibit any changes in IL-4 irrespective of vaccina-
tion (Fig. 4 N and S). IL-10 was increased in all
groups except the unvaccinated aged mice at 9 DPI
(Fig. 4 O and T). It is likely that the lower levels of
inflammatory signals in young mice did not require a
robust anti-inflammatory response as evident by the
low levels of IL-4 (Fig. 4N). Furthermore, this is
corroborated by the gene expression changes at this
time showing that young mice have decreased mus-
cle atrophy gene expression when compared with
aged mice with or without vaccination. In totality,
vaccination prevents muscle atrophy gene expression
changes in young mice and reduces muscle atrophy
gene expression in aged mice, which is accompanied
by similar changes in the inflammatory milieu in-
cluding reduced proinflammatory signals and

increased anti-inflammatory signals in the aged vac-
cinated mice.

Vaccination reduces muscle morphological changes
and fast twitch fiber atrophy

To determine if the changes in gene expression and
inflammatory milieu resulted in detectable changes in
muscle morphology and architecture, we investigated
gastrocnemius histology. Cross-sections of the gastroc-
nemius muscle of unvaccinated and vaccinated infected
mice at 9 DPI were stained with hematoxylin and eosin
(H&E), and blindly scored on multiple histological pa-
rameters adapted from the literature (Meador et al. 2008;
Mikhak et al. 2006). Flu infection increased architectur-
al damage and cellular infiltration in young and aged
unvaccinated mice (Fig. 5a, b). Importantly, vaccination
mitigated these changes in both age groups (Fig. 5a. b
and Online Resource 3A-B). Similarly, total H&E
scores showed pronounced protection from morpholog-
ical changes with vaccination (Fig. 5b). Further immu-
nohistochemistry revealed that flu infection induced
fiber-specific atrophy, where type IIB fibers were the
only ones detrimentally affected during infection (Fig.
5c, d and Online Resource 3C). Type IIB fibers lose
one-third of their cross-sectional area by 9 DPI in both
unvaccinated groups (Fig. 5 c and d), while vaccination
prevented these losses. Type I, IIA, and IIX muscle
fibers were not severely impacted during flu infection.
This agrees with the general consensus that MyHC IIB
is more sensitive to inflammation and other stressors
(Wright et al. 2017; Ciciliot et al. 2013; Nilwik et al.
2013).

Discussion

With age, the immune response to flu infection dimin-
ishes, resulting in slower viral clearance and increased
lung inflammation (Lefebvre et al. 2016). Indeed, un-
vaccinated aged mice follow this pattern in our study.
Aged mice are typically slower to clear virus and exhibit
higher and prolonged inflammatory cytokines in the
BAL and serum when compared with young. This lin-
gering inflammation in response to flu is associated with
dramatic changes in mouse mobility, gait kinematics,
strength, and other functional parameters. Interestingly,
vaccination in aged mice reduced weight loss, but did
not prevent it as it did in young mice. Vaccination also
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resulted in faster viral clearance and improved anti-IgG
antibody titers in both young and aged mice. In older
adults, flu infection increases the susceptibility to sec-
ondary infection and other flu complications (Keilich
et al. 2019). Thus, ways to better control viral infection,
especially in older adults, are a clinically important goal.
Here, we show that vaccination not only controls viral
loads in the lung, but also prevents flu-induced muscle
dysfunction, both on a functional and molecular level.
We believe that the impact of flu infection on muscle

may directly predispose older adults for catastrophic
disability and sarcopenia, as well as increase risk of falls
and other musculoskeletal injuries. Thus, we have iden-
tified vaccination as a proactive protective preventative
measure with the potential to increase resilience in older
adults.

We previously demonstrated that flu infection leads
to prolonged muscular deficits, both functionally and
molecularly, with more pronounced changes in aged
mice compared with young mice (Bartley et al. 2016).

Fig. 5 Vaccination reduces muscle morphological changes and
fast twitch fiber atrophy. Young and aged C57BL/6 mice were
vaccinated with NP/Alum or PBS before being intranasally infect-
edwith 500 EID50 of PR8 influenza.Micewere sacrificed at 9 days
postinfection and the gastrocnemius muscle was harvested for
histological analyses. a Represented hematoxylin and eosin
(H&E) staining of the gastrocnemius skeletal muscle from unin-
fected (left), unvaccinated/infected (middle), and vaccinated/
infected (right) 9 DPI aged mice. Scale bars are 100 μm. b
Quantification (detailed in methods) of muscle morphological

changes (n = 3–5). cMuscle cross-sectional area via immunofluo-
rescent staining from uninfected (left), unvaccinated/infected
(middle), and vaccinated/infected (right) 9 DPI aged mice. Colors:
myosin heavy chain I (red), myosin heavy chain IIA (green),
myosin heavy chain IIB (yellow), myosin heavy chain IIX (no
stain), nuclei (cyan). Scale bars are 100 μm. d Quantification of
fiber type cross-sectional area (n = 3–5). Data analyzed via two-
way ANOVA with Bonferroni post hoc corrections comparing
age-matched counterparts (* = p < 0.05)
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This provided a molecular link for the increased risk of
disability in older adults following a flu infection seen
clinically. Here, we investigated the clinical significance
of prior immunity to protect against flu-induced muscle
decrements. Indeed, we have shown that vaccination
mitigates functional losses. Importantly, vaccination re-
duces the decrements in voluntary mobility, grip
strength, and gait kinetics observed with flu infection
in aged mice.

Vaccination also protected young and aged mice
from increased and prolonged systemic inflamma-
tion. Some level of inflammation is necessary to clear
flu virus from the lungs and, in fact, without IL-6,
mice die from flu infection (Yang et al. 2017; Lauder
et al. 2013). Similarly, without adaptive immune cell
trafficking to the lung via ligands, such as CXCL10,
there is no proper viral clearance (Oslund et al.
2014). We emphasize here that prolonged inflamma-
tory responses exacerbate the damage to the skeletal
muscle. IFNγ is primarily produced by immune cells
and has been known to trigger CXCL10 expression
(Oslund et al. 2014; Groom and Luster 2011; Mikhak
et al. 2006). The production of these inflammatory
cytokines and chemokines were not completely
prevented in our vaccinated aged mice, but their
prolonged elevation was mitigated. Vaccinated
groups also had higher levels of IL-4 and IL-10 in
the BAL, serum, and skeletal muscle. While serum
IL-4 and IL-10 play a role in IgG antibody responses
(Mathers and Cuff 2004), they also act to suppress
the systemic inflammation seen during peak infec-
tion. In fact, we see increases in IL-4 and IL-10 in the
BAL and serum at 7 and 9 DPI, as viral titers are
diminishing and the lung is polarized towards type-2
regenerative response. These factors are also crucial
to skeletal muscle regeneration. While IL-6, IL-1β,
and TNFα have all been associated with skeletal
muscle atrophy Frost and Lang 2005; Guttridge
2004; Roth et al. 2006; Kumar et al. 2002) and
contribute to a catabolic environment which over
time reduces muscle function in humans and rodents,
IL-4 and IL-10 have crucial roles in muscle repair
and regeneration. IL-4 is a molecular signal that
controls myoblast fusion with myotubes. Indeed,
muscle cells lacking IL-4 signaling/receptors form
normally but are reduced in size and myonuclear
number (Horsley et al. 2003). Absence of IL-10 is
associated with elevated IL-6, IL-1β, and TNFα ex-
pression in response to lipopolysaccharide (LPS) in

the skeletal muscle, with aging further exacerbating
these responses (Meador et al. 2008). Similarly, both
IL-4 and IL-10 trigger changes in the macrophage
phenotype that promotes muscle growth and regen-
eration (Makita et al. 2014; Deng et al. 2012). In fact,
muscle growth and regeneration are greatly slowed
by loss of IL-10 (Deng et al. 2012). Our research
confirms that flu infection induces a proinflammatory
environment in the muscle and that vaccination can
increase the anti-inflammatory milieu with IL-4 and
IL-10.

This more anti-inflammatory environment generated
upon vaccination corresponded with both improved
muscle gene expression and preserved muscle morphol-
ogy. Fast twitch muscle fibers (mainly MyHC IIB) are
most sensitive to inflammation (Wright et al. 2017;
Ciciliot et al. 2013; Nilwik et al. 2013) and we found
that they were significantly decreased in size by 9 DPI
in unvaccinated young and aged mice. Similarly, his-
tology scores showed poor architecture and increased
cellularity at this time point in unvaccinated mice.
Importantly, these same mice had increased expression
of the atrophy genes Murf-1 and UBC, as well as
pronounced functional deficits. Vaccination reduced
or prevented all of these declines with preserved type
IIB fiber cross-sectional area and morphology, as well
as reduced expression of atrophy genes and less impair-
ment of muscle function. Indeed, there was no visible
difference between naïve controls and vaccinated mice
of both age groups. Additionally, we observed upregu-
lated skeletal muscle IGF1 in vaccinated aged mice at 9
DPI. In vitro, IGF-1 stimulation of C2C12 myotubes
increased mouse type IIB MyHC mRNA, suggesting
IGF-1 has a role in MyHC IIB gene expression
(Shanely et al. 2009). Further, overexpression of IGF-
1 for 9 months in the extensor digitorum longus (EDL)
muscles (primarily composed of type IIB fibers)
prevented muscle atrophy and loss of type IIB fibers
in aged mice (Barton-Davis et al. 1998). This suggests
that vaccination is also promoting positive muscle sig-
nals to prevent loss of function. Our research clearly
highlights the association between inflammatory mi-
lieu, muscle gene expression, muscle atrophy, and mus-
cle function.

As previously mentioned, we anticipated the fiber-
specific cross-sectional area changes due to the in-
creased sensitivity to stressors in type II fibers.
Translationally, fast twitch fibers control balance,
strength, and numerous other necessary functions in
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humans and rodents. It is possible that the type II fiber
atrophy explains the narrowing of stance in infected
mice and potentially the increased fall risk in humans
due to both weakness and lack of balance. In long-stay
nursing home residents, influenza-like illnesses are as-
sociated with a 13% average increase in hip fracture
hospitalization risk (McConeghy et al. 2017). The cor-
responding observations during acute illness focused on
unsteady gait and dizziness, which also included a
greater risk of falls and broken bones (McConeghy
et al. 2017). The loss of fast twitch fibers in our mice
might suggest a potential mechanism connecting flu-
induced fast twitch fiber loss with fall risk and frailty.
Importantly, the decrease in mouse fast twitch fiber
cross-sectional area was prevented by vaccination in
both young and aged mice. Correspondingly, function
was preserved in vaccinated mice as well. We also
observed increased cellularity in the H&E of unvacci-
nated mice. In other animal models, cachexia was
caused by CD8+ T cells during anti-viral responses
(Baazim et al. 2019) and some suggest the possibility
of autoimmune reactivity (Nagaraju et al. 2000; Prieto
and Grau 2010; Pummerer et al. 1996; Rose et al. 1988;
Suzuki et al. 2009). Future research is necessary to
confirm the identity and function of these infiltrating
cells during flu infection as it is possible that these cells
could be a potential target for therapeutics.

In summary, this manuscript is the first to identify in
a controlled experimental setting flu-induced muscle
inflammation and atrophy mitigation by vaccination/
prior immunity. We demonstrated that prior immunity,
induced by vaccination, prevents muscle fast twitch
fiber atrophy and consequently protects muscle func-
tionality. We also determined that vaccine-induced pro-
tection is not NP antibody mediated (data not shown),
and more research is necessary to determine if protec-
tion is solely mediated via a T cell–dependent mecha-
nism. As disability is one of the major complications of
flu infection in older adults, the goal of this study was to
determine if prior non-neutralizing immunity could pro-
vide protection to skeletal muscle. We determined that
vaccination indeed could prevent or reduce muscle dec-
rements due to flu infection despite reduced vaccine
efficacy with aging. Thus, flu vaccination is still an
essential part of protecting older adults from flu-
induced disability. Future research may be able to iden-
tify specific pathways and therapeutics to fully prevent
flu-induced atrophy and potential loss of quality of life
in older adults.

Methods

Mice

Young (2.5–4-month old) C57BL/6 male mice were
purchased from Jackson Laboratories or obtained
from the National Institute on Aging. Aged (19–22-
month old) C57BL/6 male mice were obtained from
the National Institute on Aging rodent colony. All
mice were housed in a climate controlled environ-
ment with 12:12 light:dark cycle and fed standard
rodent chow and water ad libitum. All mice were
cared for in accordance with the recommendations
in the Guide for the Care and use of Laboratory
Animals of the National Institutes of Health. All
procedures were approved by the University of Con-
necticut Medical School IACUC, protocol number
100705. Recumbent mice and mice that lost more
than 30% body weight were considered moribund
and euthanized. All mice underwent gross patholog-
ical examination at time of sacrifice and animals with
obvious pathology were excluded from the study.

Viral infection

Mice were anesthetized with isoflurane and intranasally
inoculated with 50 μL of 500 EID50 of influenza virus
A/PR/8/34 (PR8). Mice were weighed daily to monitor
infection progression. At time points indicated, whole
lung tissue was homogenized and RNA was isolated via
TRIzol/chloroform extraction per manufacturer’s proto-
col (Ambion by Life Technologies, Naugatuck, CT, and
Sigma Aldrich, Natick, MA, respectively). RNA was
reverse transcribed with iScript cDNA synthesis kit
(Bio-Rad Laboratories, Inc., Hercules, CA) and flu viral
copies were detected via reverse transcription quantifica-
tion PCR of flu acid polymerase (PA) as previously
described (Jelley-Gibbs et al. 2007).

Vaccination

Recombinant A/PR/8/ influenza nucleoprotein (NP) was
generated by the Protein Expression Core at UConn
Health. Immunizations were prepared using NP protein
and Imject® Alum (Thermo Scientific) at 1:1. Injections
were administered intraperitoneally at a concentration of
30 μg NP in 100 μL per mouse. Control mice were given
100 μL PBS. Previous studies in our laboratory showed
no differences between PBS control and PBS/alum
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control (Lefebvre et al. 2016). Mice received one dose of
vaccination or control at 30 days and a second dose at
20 days prior to influenza infection (LaMere 2011).

Antibody titers

96-well plates were coated with recombinant A/PR/8/34
influenza NP (generated by UConn Health Protein Ex-
pression Core). Serum samples were serial diluted (1:10
to 1:1 × 108). Anti-NP IgG titers in serum were then
determined using anti-mouse IgG-HRP (Southern Bio-
tech, Birmingham, AL) and o-phenylenediamine (Sig-
ma, Natick, MA) buffered in hydrogen peroxide. Sam-
ples were read in duplicate (490 nm, Bio-Rad iMark
microplate reader, Hercules, CA). Antibody titers were
determined by the last serum dilution with an optical
density above background.

Gastrocnemius reverse transcription quantitative PCR

At the time points indicated for gastrocnemius gene
expression, mice were fasted with the exception of water
for 4–6 h prior to sacrifice to minimize potential con-
founding results due to postprandial muscle protein syn-
thesis. The gastrocnemius muscle was dissected and
placed in RNAlater (Qiagen Inc., Germantown, MD)
overnight at 4 °C. RNAlater was removed and gastroc-
nemius was frozen at − 80 °C until RNA extraction. The
muscle was homogenized and RNA was extracted via
TRIzol/chloroform extraction per manufacturer’s instruc-
tions (Ambion by Life Technologies and Sigma Aldrich,
respectively). RNA quantity and quality was assessed
with Nanodrop 2000c (Thermo Scientific, Waltham,
MA) and was reverse transcribed via iScript Advanced
cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercu-
les, CA). Reverse transcription quantitative PCR (RT-
qPCR) was performed using predesigned commercially
available primers (Bio-Rad Laboratories, Inc.). Gene ex-
pression was calculated via a modified Pfaffl method
utilizing multiple reference genes (RPS18 and TBP,
which showed the least variability between conditions
and thus suitable reference genes as previously shown
(Bartley et al. 2016)) and normalized to the unvaccinated
uninfected young mice to give comparable changes.

Multiplex protein analysis

BAL fluidwas collected by flushing lungswith 1mLPBS.
Supernatant was collected after centrifugation and assayed

for cytokine and chemokine content. Similarly, the blood
was collected via cardiac puncture, allowed to clot at room
temperature, and the resultant serum was assayed for cy-
tokine and chemokine content. Gastrocnemius muscle was
dissected from each mouse and homogenized in Tissue
Protein Extraction Reagent (Thermo Scientific, Bedford,
MA) supplemented with 5 mM EDTA (Invitrogen, Carls-
bad, CA) and Protease/Phosphatase Inhibitor Cocktail
(Thermo Scientific)). Debris was removed via centrifuga-
tion and total protein content was determined using a
Pierce™ BCA Protein Assay Kit (Thermo Scientific).

Voluntary locomotor activity

Spontaneous voluntary locomotor activity was mea-
sured via open field test at time points indicated. All
tests were performed between 7 and 9 am to control for
diurnal variations. Following acclimation to the dim-lit
testing room (at least 1 h), mice were placed in the center
of the photobeam activity system-open field (PAS-OF,
16”×16”×15” acrylic animal enclosure, San Diego In-
struments, San Diego, CA) and their activity was re-
corded for 20 min. The first 5 min was excluded as this
is generally considered to be exploratory behavior rather
than general voluntary locomotor activity. The number
of beam breaks per minute during the last 15 min was
then used to assess voluntary locomotor activity.

Grip strength

Grip strength was determined by using a grip strength
meter BIOSEB In Vivo Research Instruments, Pinellas
Park, FL. Briefly, mice were permitted to grab onto a T-
shaped bar and pulled horizontally by the tail until they
released their grip. The force (grams) read by the force
meter at the release of the mouse’s grasp was averaged
by their mass (grams) on that day and compared with
their pre-infection results. The same researcher per-
formed all testing to minimize variability.

Gait analysis

Gait analysis was performed using the DigiGait instru-
ment (Mouse Specifics, Inc. Quincy, MA) and software
(DigiGait Imager 4.0.0 and DigiGait Analysis 11.5,
Mouse Specifics, Inc.). The DigiGait instrument consists
of a clear treadmill with a high-speed camera mounted
underneath that collects images at 147 frames per second
for high resolution of postural temporal gait parameters.
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Mice run within a 2-in.-wide acrylic running chamber at
set speeds. The ventral plane videos are analyzed with the
DigiGait software which identifies portions of the paw
that are in contact with the treadmill belt to produce both
postural and kinematic gait parameters. Mice were intro-
duced to the DigiGait system at a low speed (10 cm/s)
briefly (30 s) prior to the initial testing. Mice were
allowed to acclimate to the dim-lit room for 1 h prior to
each testing period and all tests were performed between
8 and 10 am. Mice ran at the testing speed (16 cm/s, as
previously optimized (Bartley et al. 2016)) until approx-
imately 5 s of consecutive walking was recorded, and this
video segment was analyzed via DigiGait software.

Histology

The gastrocnemius muscle was carefully dissected and
blotted on a Kim Wipe before being placed in a
cryomold, embedded in optimal cutting temperature
(OCT, ThermoScientific Inc., Waltham, MA) and fro-
zen in liquid nitrogen cooled isopentane. Samples were
stored at − 80° C freezer until sectioning. A total of
10 μm thick muscle cross-sections were mounted on
charged slides (Superfrost Plus Glass Slides,
ThermoScientific Inc., Waltham, MA) for histological
analyses. Standard H&E staining was performed and
imaged at × 20. H&E images were blindly scored by
multiple evaluators utilizing a rubric adapted from the
literature (Jin et al. 2017; Erben et al. 2014). The rubric
was based on two criteria, i.e., (1) infiltration of nuclei
and (2) architecture disruption and tissue damage. Each
criterion was independently scored from 0 to 3 and
combined for a total score that ranged 0–6.

Fiber type staining

Primary antibodies for muscle fiber types were acquired
from the Developmental Studies Hybridoma Bank
(DSHB) at the University of Iowa, i.e., myosin heavy
chain type I (DSHB, BA-D5), myosin heavy chain type
IIA (DSHB, SC-71), and myosin heavy chain type IIB
(DSHB, BF-F3). Secondary antibodies Alexa Fluor 647
(Invitrogen Carlsbad, CA), Alexa Fluor 488 (Life Tech-
nologies St. Petersburg, FL), and Alexa Fluor 555 (Life
Technologies St. Petersburg, FL) were utilized, respec-
tively. Nuclei were stained with Hoechst 33342 (Life
Technologies St. Petersburg, FL). Stained slides were
imaged via confocal microscopy (Zeiss LSM 880,

Peabody, MA). Cross-sectional area was quantified using
ImageJ (NIH, Bethesda, MD).

Statistical analysis

All data were analyzed via two-way (treatment × age) or
three-way (treatment × age × time) ANOVA with
Bonferroni post hoc corrections. Significance was set
at p < 0.05. Area under the curve (AUC) was calculated
with group means (as study design did not allow for
repeated measures in the same mice over time) via
standard trapezoidal method.
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