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ABSTRACT Acute respiratory infection with mouse adenovirus type 1 (MAV-1) in-
duces activity of the immunoproteasome, an inducible form of the proteasome that
shapes CD8 T cell responses by enhancing peptide presentation by major histocom-
patibility complex (MHC) class I. We used mice deficient in all three immunoprotea-
some subunits (triple-knockout [TKO] mice) to determine whether immunoprotea-
some activity is essential for control of MAV-1 replication or inflammatory responses
to acute infection. Complete immunoproteasome deficiency in adult TKO mice had no
effect on MAV-1 replication, virus-induced lung inflammation, or adaptive immunity
compared to C57BL/6 (B6) controls. In contrast, immunoproteasome deficiency in neona-
tal TKO mice was associated with decreased survival and decreased lung gamma inter-
feron (IFN-�) expression compared to B6 controls, although without substantial effects
on viral replication, histological evidence of inflammation, or expression of the proin-
flammatory cytokines tumor necrosis factor alpha and interleukin-1� in lungs or other
organs. T cell recruitment and IFN-� production was similar in lungs of infected B6 and
TKO mice. In lungs of uninfected B6 mice, we detected low levels of immunoprotea-
some subunit mRNA and protein that increased with age. Immunoproteasome subunit
expression was lower in lungs of adult IFN-�-deficient mice compared to B6 controls.
Together, these results demonstrate developmental regulation of the immunoprotea-
some that is associated with age-dependent differences in MAV-1 pathogenesis.

IMPORTANCE MAV-1 infection is a useful model to study the pathogenesis of an
adenovirus in its natural host. Host factors that control MAV-1 replication and contrib-
ute to inflammation and disease are not fully understood. The immunoproteasome is an
inducible component of the ubiquitin proteasome system that shapes the repertoire of
peptides presented by MHC class I to CD8 T cells, influences other aspects of T cell sur-
vival and activation, and promotes production of proinflammatory cytokines. We found
that immunoproteasome activity is dispensable in adult mice. However, immunoprotea-
some deficiency in neonatal mice increased mortality and impaired IFN-� responses in
the lungs. Baseline immunoproteasome subunit expression in lungs of uninfected mice
increased with age. Our findings suggest the existence of developmental regulation of
the immunoproteasome, like other aspects of host immune function, and indicate that
immunoproteasome activity is a critical protective factor early in life.
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immunology, respiratory viruses

The immunoproteasome is an inducible component of the ubiquitin proteasome
system that contributes to the degradation of misfolded and damaged proteins and

the processing of proteins to generate peptides that are then presented to CD8 T cells
by major histocompatibility complex (MHC) class I (reviewed in references 1 and 2).
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Stimulation by gamma interferon (IFN-�) induces the replacement of constitutively
active proteasome subunits (�1, �2, and �5) by the immuno subunits �1i (also known
as LMP2), �2i (MECL-1), and �5i (LMP7) and the incorporation of the proteasome
activator 11S/PA28�/� (3, 4). The resulting immunoproteasome complex is thought to
be more efficient than the standard proteasome in generating MHC class I epitopes for
recognition by CD8 T cells. Immunoproteasome activity may also contribute to host
responses via degradation of I�B and activation of nuclear factor-�B (NF-�B)-mediated
pathways (5).

We use mouse adenovirus type 1 (MAV-1) to study the pathogenesis of an adeno-
virus in its natural host. Host responses that are closely linked to immunoproteasome
activity are active during MAV-1 infection. For instance, expression of IFN-� and
proinflammatory cytokines, such as tumor necrosis factor alpha (TNF-�) and
interleukin-1� (IL-1�), increases in the lungs during MAV-1 respiratory infection (6, 7).
CD8 T cells contribute to MAV-1 clearance from the lungs and promote MAV-1-induced
pulmonary inflammation (8). We demonstrated that MAV-1 infection upregulates the
expression of immunoproteasome subunits and increases immunoproteasome activity
in hearts and lungs in an IFN-�-dependent manner (9). However, deficiency of the �5i
subunit or pharmacological inhibition of �5i activity had minimal effect on viral loads,
virus-induced inflammation, and cardiac damage. In addition, the establishment of
protective immunity was not compromised by �5i deficiency.

Residual activity of �1i and/or �2i may have been sufficient to compensate for �5i
deficiency in our previous study. To define effects of immunoproteasome activity on
MAV-1 pathogenesis in a more comprehensive manner, we used triple-knockout (TKO)
mice that lack �1i, �2i, and �5i and are therefore completely immunoproteasome
deficient (10). We hypothesized that IFN-�-induced immunoproteasome activity medi-
ates virus-induced inflammation during acute infection and optimizes the development
of protective antiviral immunity. We found that complete immunoproteasome defi-
ciency affected MAV-1 pathogenesis in an age-dependent manner, impairing IFN-�
responses and increasing mortality in neonatal mice but having minimal effect in adult
mice.

RESULTS
Effects of immunoproteasome deficiency on MAV-1 replication in lungs of

adult mice. CD8 T cells contribute to clearance of MAV-1 from the lungs of infected
mice (8). Activity of the immunoproteasome, which aids in proteolytic processing of
proteins into peptides that are presented by MHC class I to CD8 T cells (2, 11), increases
in the lungs of mice during acute infection with MAV-1 (9), suggesting that the
immunoproteasome plays an essential role in host defense against MAV-1. Deficiency
of a single immunoproteasome subunit �5i does not impair the control of MAV-1
replication (9), potentially due to residual activity of �1i and �2i in �5i deficiency mice.
To characterize the effects of complete immunoproteasome deficiency on MAV-1
replication in the lungs, we infected adult C57BL/6 (B6) and TKO mice intranasally (i.n.)
with MAV-1. All B6 and TKO mice survived over the course of the experiment (14 days).
We detected peak DNA viral loads in the lungs of infected B6 mice at 7 days postin-
fection (dpi) (Fig. 1A). Lung viral loads in B6 mice were substantially lower at 14 dpi,
although still detectable. As a complementary measure of viral replication, we quanti-
fied MAV-1 late transcription using reverse transcription-quantitative real-time PCR
(RT-qPCR) to assess MAV-1 tripartite leader (TPL) mRNA levels in the lungs. Peak TPL
mRNA levels were detected in the lungs of infected B6 mice at 7 dpi; viral gene
expression was essentially undetectable in the lungs by 14 dpi. There were no statis-
tically significant differences between lung viral loads or TPL mRNA levels in the lungs
of B6 and TKO mice at 7 or 14 dpi (Fig. 1B). These data indicate that immunoprotea-
some deficiency did not impair control of MAV-1 replication in adult mice.

Effects of immunoproteasome deficiency on MAV-1-induced pulmonary in-
flammation in adult mice. Acute MAV-1 respiratory infection causes pneumonitis that
is characterized by a predominantly mononuclear cell infiltrate concentrated around
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the airways along with scattered areas of hypercellular and thickened alveolar walls (7,
12). We evaluated the lungs of infected adult B6 and TKO mice to assess contributions
of the immunoproteasome to virus-induced inflammation. Histological evidence of
pulmonary inflammation (Fig. 2A) and total protein concentrations in bronchoalveolar
lavage fluid (BALF) (Fig. 2B) were similar in infected adult B6 and TKO mice at 7 and
14 dpi (Fig. 2A). MAV-1 infection was associated with increased BALF protein concen-
trations (Fig. 2C to E) and whole lung mRNA levels (Fig. 2F to H) of IFN-� and the
proinflammatory cytokines TNF-� and IL-1�, but there were no statistically significant
differences between infected B6 and TKO mice at 7 or 14 dpi. Thus, immunoprotea-
some deficiency did not substantially affect multiple measures of MAV-1-induced
pulmonary inflammation during acute respiratory infection.

Effects of immunoproteasome deficiency on adaptive immunity to MAV-1 in
adult mice. Isolated deficiency of a single immunoproteasome subunit, �5i, does not
impair the development of protective immunity to MAV-1 following primary infection
(9). To determine whether complete immunoproteasome deficiency impaired protec-
tive immunity, we infected adult B6 and TKO mice with MAV-1, allowed them to
recover, and then rechallenged the mice with MAV-1 at 28 dpi. Controls were rechal-
lenged with conditioned media. As a measure of protective immunity, we assessed viral
replication in the lungs 7 days after rechallenge using RT-qPCR to quantify TPL mRNA
levels. TPL mRNA was undetectable in the lungs of all rechallenged B6 and TKO mice
(Fig. 3A), indicating that protective immunity was intact in immunoproteasome-
deficient mice.

Deficiency of �1i is associated with impaired antiviral antibody production during
influenza infection (10). B cell deficiency increases susceptibility to MAV-1 infection
following intraperitoneal inoculation, and passive transfer of immune antiserum pro-
tects B cell-deficient mice (13). We have not yet defined contributions of virus-specific
antibody production to the pathogenesis of MAV-1 respiratory infection. However, the
results of our rechallenge experiments suggested that immunoproteasome deficiency
was not likely to have substantially altered production of neutralizing antibodies to
MAV-1. To verify this, we assessed the ability of serum obtained from B6 and TKO mice
at 21 dpi to neutralize in vitro infection of 3T12 mouse fibroblasts by MAV-1.pIXeGFP,
a recombinant green fluorescent protein (GFP)-expressing MAV-1 (14, 15). Preincuba-
tion of virus with serum from infected B6 or TKO mice inhibited viral replication,
assayed by measuring fluorescence in wells of infected cells (Fig. 3B). These data
suggest that the production of neutralizing antibody to MAV-1 was not impaired in
immunoproteasome-deficient mice.

Effects of immunoproteasome deficiency on susceptibility to MAV-1 infection
in neonatal mice. Neonatal B6 mice are more susceptible than adult B6 mice to MAV-1,
with higher lung viral loads, delayed clearance of virus from the lungs, and IFN-�
responses in the lungs that are blunted and delayed in neonatal mice compared to

FIG 1 Effects of immunoproteasome deficiency on MAV-1 replication in lungs of adult mice. Adult B6 and
TKO mice were infected intranasally with MAV-1. (A) qPCR was used to quantify MAV-1 genome copies
in the lungs. DNA viral loads are expressed as copies of MAV-1 genome per 100 ng of input DNA. (B)
RT-qPCR was used to quantify MAV-1 TPL mRNA levels in the lungs. mRNA levels are expressed in
arbitrary units standardized to GAPDH. Individual circles represent values for individual mice (n � 7 to 13
per group), and horizontal bars represent geometric means (A) or means (B) for each group. Statistical
comparisons were made using two-way ANOVA, followed by Bonferroni’s multiple-comparison tests. No
statistically significant differences were identified.
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responses in adult mice (7). Isolated deficiency of �5i does not substantially affect
MAV-1 pathogenesis in neonatal mice (9), and the data presented above suggest that
complete immunoproteasome deficiency in adult TKO mice had minimal effect on
MAV-1 pathogenesis. To identify potential age-dependent contributions of the immu-
noproteasome to MAV-1 pathogenesis, we infected neonatal (7 days old) B6 and TKO
mice with MAV-1. All B6 mice survived until at least 11 dpi (Fig. 4A), consistent with our
previous reports (7, 9). In contrast, a significant proportion of TKO neonates died or
were euthanized because they were moribund between 9 and 11 dpi. To determine
whether increased mortality in neonatal TKO mice was related to impaired control of
viral replication in TKO mice, we measured viral loads and viral gene expression in the
lungs at 7 and 9 dpi. Lung viral loads (Fig. 4B) and TPL mRNA levels (Fig. 4E) were
equivalent in neonatal B6 and TKO mice. We also assayed viral replication in the hearts
and livers of infected mice to determine whether defects in control of viral replication

FIG 2 Effects of immunoproteasome deficiency on virus-induced pulmonary inflammation. Adult B6 and TKO mice were infected i.n. with MAV-1. Control
animals were mock infected with conditioned media. BALF was obtained, and lungs were harvested at the indicated time points. (A) Hematoxylin-and-eosin-
stained sections were prepared from paraffin-embedded lungs. Scale bars, 100 �m. (B) Total protein concentration was measured in BALF at 7 and 14 dpi. (C
to E) ELISA was used to measure concentrations of the indicated cytokines in BALF. (F to H) RT-qPCR was used to quantify cytokine mRNA levels in the lungs.
mRNA levels are expressed in arbitrary units standardized to GAPDH. Individual circles represent values for individual mice (n � 4 to 6 mock-infected mice per
group except n � 2 for BALF from mock-infected B6 mice at 14 dpi; n � 7 to 12 infected mice per group), and horizontal bars represent means for each group.
Statistical comparisons were made using two-way ANOVA, followed by Bonferroni’s multiple-comparison tests. *, P � 0.05; **, P � 0.01, and ***, P � 0.001
comparing mock-infected and infected mice of the same genotype. No statistically significant differences between B6 and TKO mice were identified.
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outside the lung. We detected no statistically significant differences in heart or liver
viral loads (Fig. 4C and D) or TPL mRNA levels (Fig. 4F and G) in B6 and TKO mice at
either time point. There were no significant differences in brain viral loads or TPL mRNA
levels (at 7 dpi; data not shown). Increased mortality in infected neonatal TKO mice was
therefore not associated with corresponding increases in viral replication.

Effects of immunoproteasome deficiency on MAV-1-induced inflammation in
neonatal mice. Multiple cytokines and chemokines are upregulated in the lungs of
neonatal mice during acute MAV-1 respiratory infection (7, 16). We used RT-qPCR to
quantify the expression of IFN-�, TNF-�, and IL-1� in the lungs of neonatal B6 and TKO
mice (Fig. 5A to C). Expression of all three cytokines was greater in lungs of infected
mice than in mock-infected controls. However, IFN-� mRNA levels were significantly
lower in the lungs of infected neonatal TKO mice compared to B6 mice at 7 and 9 dpi
(Fig. 5A). There were no significant differences between TNF-� or IL-1� mRNA levels in
the lungs of TKO and B6 mice at either time point (Fig. 5B and C). We also quantified
cytokine expression in hearts and livers to determine whether immunoproteasome
deficiency in neonatal mice affected MAV-1-induced inflammation in other organs. In
contrast to our findings in the lungs, there were no statistically significant differences
between IFN-� mRNA levels in the hearts (Fig. 5D) or livers (Fig. 5G) of infected neonatal
TKO and B6 mice. TNF-� and IL-1� mRNA levels were also similar in hearts (Fig. 5E and
F) and livers (Fig. 5H and I) of infected neonatal TKO and B6 mice. There were no
significant differences in IFN-�, TNF-�, or IL-1� mRNA levels in brains of TKO and B6
mice (at 7 dpi; data not shown). Histological evidence of inflammation was similar in
lungs, hearts, and livers of infected neonatal B6 and TKO mice at 9 dpi (Fig. 5J). These
data suggest that several aspects of inflammatory responses induced by acute MAV-1
infection were unaffected by immunoproteasome deficiency in neonatal mice. How-
ever, in contrast to our findings in adult mice, immunoproteasome deficiency was
associated with impaired IFN-� responses to MAV-1 infection in the lungs.

Effects of immunoproteasome deficiency on adaptive immunity to MAV-1 in
neonatal mice. Protective immunity is established following MAV-1 infection of neo-
natal B6 mice (7). We were unable to assess protective immunity with virus rechallenge
following infection of neonatal TKO mice due to the increased mortality compared to

FIG 3 Effects of immunoproteasome deficiency on adaptive immune responses to MAV-1 in adult mice.
(A) Adult B6 and TKO mice were infected i.n. with MAV-1. Control animals were mock infected with
conditioned media. Mice were reinfected i.n. with MAV-1 at 28 dpi. Lungs were harvested at 7 dpi
following reinfection. RT-qPCR was used to quantify TPL mRNA levels in the lungs. mRNA levels are
expressed in arbitrary units standardized to GAPDH. Data from mice at 7 dpi. following primary infection
(also depicted in Fig. 1B) are presented to the left of the dotted line for reference but are not included
in statistical analysis. Individual circles represent values for individual mice (n � 4 to 6 mice per reinfected
group), and horizontal bars represent means for each group. Statistical comparisons were made using
two-way ANOVA, followed by Bonferroni’s multiple-comparison tests. No statistically significant differ-
ences were identified. (B) Neutralization assays were performed in which serum obtained from infected
B6 and TKO mice (n � 10 per group) at 21 dpi was used at the indicated dilutions to neutralize in vitro
infection of 3T12 mouse fibroblasts by MAV-1.pIXeGFP, a recombinant GFP-expressing MAV-1. Serum
from mock-infected mice (n � 4) was used as a control. Accumulating fluorescence expressed as relative
fluorescence units (RFU) was used as an indicator of viral replication. The bottom horizontal dashed line
represents background fluorescence in wells with uninfected cells. The top horizontal dashed line
represents fluorescence in wells with cells infected with virus in the absence of any serum. Statistical
comparisons were made using two-way ANOVA followed by Bonferroni’s multiple-comparison tests. ***,
P � 0.001, comparing sera from mock-infected and infected mice (both B6 and TKO). No statistically
significant differences between sera from infected B6 and TKO mice were identified.
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B6 mice during acute infection (Fig. 5A). Neutralizing antibody is present in the serum
of adult B6 mice as early as 6 dpi after intraperitoneal inoculation (13). We therefore
assessed the presence of neutralizing antibody in neonatal B6 and TKO mice at 9 dpi as
a separate measure of adaptive immunity. However, we did not detect virus neutral-
ization by serum of infected neonatal B6 or TKO mice (data not shown).

Effects of immunoproteasome deficiency on T cell responses to infection in
neonatal mice. Immunoproteasome activity may affect antiviral CD8 T cell responses
by altering the repertoire of virus-derived peptides that are presented by MHC class I
and also by promoting T cell development or maturation (reviewed in reference 2). CD8
T cells are recruited to the lungs and hearts of neonatal mice infected with MAV-1 (7,
17). The number and spatial distribution of CD3� T cells detected by immunohisto-
chemistry in lungs was qualitatively similar in infected neonatal B6 and TKO mice (Fig.
6A). We used flow cytometry to quantify CD4 and CD8 T cells in the lungs and
characterize their production of IFN-� in neonatal B6 and TKO mice at 7 dpi, when we
detected less overall IFN-� expression in the lungs of infected neonatal TKO mice
(Fig. 5A). Total leukocyte numbers (Fig. 6B) and numbers of CD4� (Fig. 6C) and CD8�

(Fig. 6D) cells in the lungs were similar in B6 and TKO mice. Likewise, there were no
statistically significant differences in numbers of IFN-�-producing CD4� (Fig. 6E) or
CD8� (Fig. 6F) cells, whether or not they were restimulated with anti-CD3 antibody.
These data suggest that defects in IFN-� production in the lungs of neonatal TKO mice
were not due to altered numbers of CD4 or CD8 T cells in the lungs or by altered IFN-�
production by CD4 and CD8 T cells.

FIG 4 Effects of immunoproteasome deficiency on survival and MAV-1 replication in neonatal mice. B6 and TKO mice were
infected intranasally with MAV-1 at 7 days of age. (A) Survival was monitored throughout the course of the experiments (n � 9 B6
mice, n � 19 TKO mice). Statistical comparisons were made using the log-rank (Mantel-Cox) test. (B to G) Lungs, hearts, and livers
were harvested from mice at 7 and 9 dpi (n � 8-15 per group). (B to D) qPCR was used to quantify MAV-1 genome copies in lungs,
hearts, and livers. DNA viral loads are expressed as copies of MAV 1 genome per 100 ng of input DNA. (E to G) RT-qPCR was used
to quantify MAV-1 TPL mRNA levels in lungs, hearts, and livers. The data are shown in arbitrary units standardized to GAPDH. In
panels B to G, individual circles represent values for individual mice, and horizontal bars represent geometric means (B to D) or
means (E to G) for each group. Statistical comparisons were made using two-way ANOVA, followed by Bonferroni’s multiple-
comparison tests. No statistically significant differences between B6 and TKO mice were identified at either time point.
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FIG 5 Effects of immunoproteasome deficiency on virus-induced inflammation in neonatal mice. B6 and TKO mice were infected
intranasally with MAV-1 at 7 days of age. Control animals were mock infected with conditioned media. Lungs, hearts, and livers were
harvested from mice at 7 and 9 dpi. RT-qPCR was used to quantify mRNA levels of the indicated cytokines in lungs (A to C), hearts (D to
F), and livers (G to I). mRNA levels are expressed in arbitrary units standardized to GAPDH. Individual circles represent values for individual
mice (n � 8 to 16 mice per group), and horizontal bars represent means for each group. Statistical comparisons were made using two-way
ANOVA, followed by Bonferroni’s multiple-comparison tests. *, P � 0.05; **, P � 0.01, and ***, P � 0.001, comparing mock-infected and
infected mice of the same genotype. ††, P � 0.01, and †††, P � 0.001, comparing infected B6 and TKO mice. (J) Hematoxylin-and-eosin-
stained sections were prepared from paraffin-embedded lungs, hearts, and livers. Scale bars, 100 �m.
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Age-dependent expression of immunoproteasome subunits. Immunoprotea-
some deficiency affected the pathogenesis of acute MAV-1 infection in an age-
dependent manner, with effects on survival and virus-induced IFN-� expression that
were apparent in neonatal mice but not in adult mice. We reasoned that this effect
could be related to changes in baseline immunoproteasome activity that developed
with age. To assess this possibility, we used RT-qPCR and Western blot to quantify
expression of immunoproteasome subunits in the lungs of uninfected mice at multiple
ages, including 7 and 11 days old (preweaning), 20 days (shortly before weaning), and
30 days old (postweaning). �1i, �2i, and �5i mRNA levels in lungs increased significantly
with age between 7 and 30 days of age (Fig. 7A to C). We detected corresponding
increases in the mature form of �1i protein and of �5i protein in whole lung homog-
enate between 7 and 30 days of age (Fig. 7D).

IFN-� is the predominant inducer of immunoproteasome activity (18, 19), and
immunoproteasome subunit expression is impaired in hearts and lungs of neonatal
IFN-��/� mice infected with MAV-1 (9). To determine the extent to which age-based

FIG 6 Effects of immunoproteasome deficiency on T cell responses to MAV-1 infection in neonatal mice. B6 and
TKO mice were infected i.n. with MAV-1 at 7 days of age. (A) Sections from lungs of infected mice harvested at 9 dpi
were stained with antibody specific for CD3. CD3� cells are stained dark brown. Representative images from n � 3
mice per group are presented. Scale bars, 100 �m. (B to F) Lung leukocytes were isolated from lungs of infected
mice at 7 dpi. (B) Total cell numbers were quantified with a hemocytometer. Cells were stimulated overnight with
anti-CD3 antibody or left unstimulated (PBS controls). Overall numbers of CD4� (C) and CD8� (D) T cells in lungs
were calculated based on total lung cell counts and the percentage of CD4� or CD8� cells in unstimulated
fractions, as determined by flow cytometry (n � 6 to 9 per group). Intracellular cytokine staining was used to
quantify the percentages of CD4� (E) and CD8� (F) cells that were IFN-�� (n � 10 to 15 per group). Statistical
comparisons were made using the Mann-Whitney test (B to D) or two-way ANOVA (E and F), followed by
Bonferroni’s multiple-comparison tests. No statistically significant differences were detected.
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changes in IFN-� expression corresponded to age-dependent increases in immunopro-
teasome expression, we quantified IFN-� expression in the lungs of uninfected mice at
the ages described above. IFN-� mRNA levels (Fig. 7E) increased with age similar to
increases in immunoproteasome subunit expression with age. Next, we measured
immunoproteasome subunit expression in lungs of adult (36 to 37 days old) B6 and
IFN-��/� mice (Fig. 7F to H). �1i and �5i mRNA levels were significantly lower in
IFN-��/� mice than in B6 mice, although both �1i and �5i mRNA were readily
detectable in IFN-��/� mice. There was no statistically significant difference between
lung �2i mRNA levels in B6 and IFN-��/� mice.

Our data indicated that baseline immunoproteasome subunit expression was pres-
ent at very low levels in uninfected neonatal mice and then increased with age in a
manner that was partially dependent on IFN-�. However, it remained possible that
inducible immunoproteasome activity was intact in neonatal mice to the same extent
that it is in adult mice. For instance, we previously demonstrated inducible immuno-
proteasome subunit expression in hearts and lungs of neonatal mice (9). To determine
whether the capacity for inducing immunoproteasome subunit expression was similar
in neonatal and adult mice despite differences in baseline expression, we compared
induction of �5i expression in lungs of infected neonatal and adult B6 mice during

FIG 7 Age-based increases in immunoproteasome subunit expression in lungs of uninfected mice. RT-qPCR was
used to quantify mRNA levels of the indicated immunoproteasome subunits (A to C) and IFN-� (E) in lungs
harvested from uninfected B6 mice at the indicated ages (n � 3 to 8 mice per group). (D) Immunoproteasome
subunit protein was detected by immunoblot in whole lung homogenates from B6 mice at the indicated ages
(n � 4 per group). (F to H) RT-qPCR was used to quantify mRNA levels of the indicated immunoproteasome
subunits in lungs harvested from uninfected adult (36 to 37 days old) B6 and IFN-��/� mice (n � 6 per group).
mRNA levels are expressed in arbitrary units standardized to GAPDH. Individual circles represent values for
individual mice, and horizontal bars represent means for each group. Statistical comparisons in panels A to C and
panel E were made using the Kruskal-Wallis test, followed by Dunn’s multiple-comparison tests. Statistical
comparisons in panels F to H were made using Mann-Whitney test (*, P � 0.05; **, P � 0.01).
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acute MAV-1 infection, characterizing �5i expression near the peak of viral replication
and IFN-� expression that occurs at 9 dpi in neonatal mice (Fig. 4) and 7 dpi in adult
mice (Fig. 2). Relative increases in �5i mRNA levels in the lungs of infected neonatal
mice compared to mock-infected controls were significantly less than corresponding
increases in the lungs of adult mice (Fig. 8A). We observed a similar pattern with IFN-�
mRNA levels in the lungs of neonatal and adult mice (Fig. 8B). Together, our data
indicate that baseline levels of immunoproteasome and IFN-� expression are lower in
neonatal mice than in adult mice, and the capacity for induction of immunoproteasome
subunit expression is less in neonatal mice than adult mice during MAV-1 infection.

DISCUSSION

Proteasome and immunoproteasome activity contribute to the processing of pro-
teins to generate peptides presented to CD8 T cells by MHC class I (2). CD8 T cells are
essential for efficient clearance of MAV-1 from the lungs (8). We have therefore
determined the extent to which immunoproteasome activity is required for CD8 T
cell-mediated virus clearance. Isolated deficiency of one immunoproteasome subunit,
�5i, has no effect (9). Residual �1i and �2i activity in �5i-deficient mice may be
sufficient to compensate for absent �5i activity, even though those subunits are likely
to be incorporated into proteasome complexes less efficiently in the absence of �5i
(20). We addressed this possibility by using TKO mice, which lack all three immuno-
proteasome subunits and are completely deficient in immunoproteasome activity. Our
data indicate that complete immunoproteasome deficiency does not substantially
impair host control of viral replication or clearance of virus from the lungs of adult or
neonatal mice.

Those results are in accord with other studies examining the effects of immuno-
proteasome deficiency on viral replication in vivo. For instance, �5i deficiency does not
affect control of coxsackievirus B3 (CVB3) replication in the heart (20), and the com-
bined deficiency of �1i and �2i does not affect lymphocytic choriomeningitis virus
(LCMV) viral replication in the brain (21). LCMV epitope presentation and T cell
responses are impaired in TKO mice, but effects on LCMV replication or other aspects
of LCMV pathogenesis in TKO mice were not reported (22). Immunoproteasome
deficiency is associated with increased pathogen burden and dissemination in mouse
models of Candida albicans (23) and Streptococcus pneumoniae (24) infection, indicating
important pathogen-dependent differences in the contributions of the immunoprotea-
some to host defense. It is possible that immunoproteasome deficiency had an effect
on the overall profile of MAV-1-specific epitopes presented by MHC class I to CD8 T
cells, as has been demonstrated for LCMV (22), influenza virus (25, 26), and murine
cytomegalovirus (27). Because MAV-1-specific MHC class I epitopes have not yet been
defined, we are currently unable to address this possibility in a detailed manner.
However, our results with TKO mice suggest that any such difference would have
minimal implications for CD8 T cell-mediated control of MAV-1 replication. Proteasome

FIG 8 Lung �5i and IFN-� expression in infected neonatal and adult mice. Neonatal (7 days old) and adult
(6 to 8 weeks old) B6 mice were infected i.n. with MAV-1 or mock infected with conditioned media.
RT-qPCR was used to quantify expression of �5i (A) and IFN-� (B) mRNA levels in lungs harvested at 9 dpi
(neonatal mice) or 7 dpi (adult mice). Data for are presented as the fold change in infected mice (n � 8
to 18 per group) compared to expression levels measured in mock-infected control mice of the same age
(n � 4 per age). Statistical comparisons were made using Mann-Whitney test (**, P � 0.01).
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activity, which is intact in TKO mice, may be sufficient to compensate for relevant
contributions of the immunoproteasome during MAV-1 infection of adult TKO mice.
Redundancy in innate and adaptive immune functions, including those that are not
influenced by proteasome or immunoproteasome activity, may be sufficient for ade-
quate control of viral replication.

The immunoproteasome may promote inflammation via mechanisms such as deg-
radation of I�B and subsequent activation of NF-�B-mediated signaling (5). In addition,
CD8 T cells exert a proinflammatory effect during MAV-1 respiratory infection (8) and
myocarditis (our unpublished data). Thus, we hypothesized that MAV-1-induced inflam-
mation would be less in TKO mice than in B6 mice. However, similar to our previous
work with neonatal (9) and adult (our unpublished data) �5i-deficient mice, we
observed very few differences in virus-induced inflammatory responses in adult and
neonatal B6 and TKO mice. Our results contrast with those in studies that show
enhanced manifestations of CVB3 myocarditis in �5i-deficient mice (20) or decreased
evidence of central nervous system inflammation induced by LCMV in �1i/�2i-deficient
mice (21). Even though some manifestations of CVB3 myocarditis are more apparent in
�5i-deficient mice than in wild-type mice, CVB3 myocarditis in �5i-deficient mice is not
associated with altered expression of proinflammatory cytokines (20). Instead, �5i
deficiency is linked to impaired clearance of polyubiquitinated proteins, increased
oxidative damage, and enhanced apoptosis in hearts following CVB3 infection. Acute
MAV-1 respiratory infection induces apoptosis in the lungs of adult mice (6), but the
extent to which turnover of polyubiquitinated proteins or generation of oxidative
damage occurs during MAV-1 infection is unknown. If those are not prominent aspects
of MAV-1 pathogenesis, then correspondingly minimal effects of immunoproteasome
deficiency would be expected.

Immunoproteasome activity contributes to CD8 T cell function via its effects on
antigen presentation (2). The immunoproteasome also affects lymphocyte function in
ways that are independent of antigen presentation, including intrinsic effects on T cell
survival, expansion, differentiation, and activation (28–31). We did not detect substan-
tial differences in BALF IFN-� concentrations in adult B6 and TKO mice. However, IFN-�
expression was impaired in the lungs of TKO mice, similar to our previous observations
in lungs of neonatal �5i-deficient mice (9). A separate study demonstrated decreased
IFN-� production by CD8 T cells isolated from TKO mice infected with LCMV (22). Our
data indicate that the effect of immunoproteasome deficiency on IFN-� expression was
not due to decreased numbers of T cells in the lungs or decreased IFN-� production by
CD4 or CD8 T cells in the lungs of neonatal TKO mice infected with MAV-1. It is possible
that we would have detected subtler effects of immunoproteasome deficiency on T cell
IFN-� production using different nonspecific or virus-specific stimulation ex vivo.

It is also possible that immunoproteasome deficiency affected IFN-� production by
other types of cells that we did not specifically analyze, such as NK cells and �� T cells.
NK cells are not essential for control of MAV-1 replication in the brains of adult mice
(32), but their contribution to other aspects of MAV-1 pathogenesis in adult or neonatal
mice has not been defined. Likewise, although �� T cells are present in the lungs of
infected adult mice (33), it is unclear whether they are essential for control of viral
replication or contribute to virus-induced inflammation in adult or neonatal mice. In
addition, we are aware of no reports that detail requirements of the immunoprotea-
some for appropriate function of NK cells or �� T cells. The immunoproteasome is also
likely to influence functions of other immune cells, including B cell number, differen-
tiation, and antibody production and macrophage and dendritic cell maturation and
cytokine production (10, 34). Our results indicate that immunoproteasome deficiency is
unlikely to affect those aspects of immune function during MAV-1 infection. A more
detailed analysis of specific cell types may reveal effects that were not addressed in this
study.

Immunoproteasome deficiency had a more pronounced effect on outcomes of
MAV-1 infection in neonatal mice compared to adult mice. Both adult and neonatal B6
mice typically survive infection, making the mortality in neonatal TKO mice a notable
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finding. Both the magnitude and timing of the increased mortality in TKO mice
resembles effects that we have observed in neonatal IFN-�-deficient mice (9) and
neonatal mice treated with antibody to neutralize IFN-� (17), raising the possibility that
effects of IFN-� deficiency and neutralization are mediated by downstream effects on
immunoproteasome activity. We have previously shown that IFN-� is not required for
control of MAV-1 replication in mice (9, 16, 17), so it is not surprising that impaired
IFN-� production in neonatal TKO mice was not associated with increased viral repli-
cation. IFN-� drives much of the virus-induced inflammation that we have demon-
strated in the hearts of neonatal mice (17), differentiating the decreases in inflamma-
tion that we detected in IFN-�-neutralized neonatal B6 mice from the lack of an effect
on various measures of inflammation in neonatal TKO mice in this study. Just as
immunoproteasome deficiency affected virus-induced IFN-� expression only in the
lungs of neonatal TKO mice, it may be that other organ-specific effects on viral
replication, inflammation, or other aspects of pathogenesis not measured in our study
accounted for the increased mortality in neonatal TKO mice.

The identification of age-based effects of immunoproteasome deficiency prompted
us to investigate potential developmental changes in baseline immunoproteasome
subunit expression. We detected low-level expression of immunoproteasome subunits
in the lungs of mice early in life that increased with age. Immunoproteasome subunit
expression levels generally correlate with activity (9), suggesting that age-based in-
creases in subunit mRNA and protein levels are likely to correspond with increasing
levels of immunoproteasome activity. Our results in the lung are similar to results
demonstrating age-based increases in immunoproteasome activity in rat lung, spleen,
and liver (35–37). In addition, our data suggest that developmental changes in immu-
noproteasome activity are mediated at least in part by corresponding changes in IFN-�
expression or signaling. These effects may be related to intrinsic changes in immuno-
proteasome subunit, such as accumulation of histone methylation markers or other
types of epigenetic regulation that have been described for developmental regulation
of other aspects of immunity such as monocyte function (38). It is also possible that
extrinsic factors, such as effects related to the establishment of lung and gut micro-
biome in early life, contribute to age-based increases in immunoproteasome activity.

Baseline immunoproteasome expression was lower in lungs of uninfected neonatal
mice than in adult mice. We also demonstrated that there is less induction of immu-
noproteasome activity during infection in neonatal mice than in adult mice. This may
be related to age-based differences in baseline immunoproteasome expression. How-
ever, it is likely that impaired IFN-� responses in neonatal mice, which we previously
demonstrated during MAV-1 respiratory infection (7) and others have demonstrated at
baseline and in the context of other infections (reviewed in references 39 and 40), also
contributed to age-based differences in virus-induced immunoproteasome subunit
expression. Despite these age-based differences, acute MAV-1 infection was still asso-
ciated with increased immunoproteasome subunit expression in the lungs of neonatal
mice, confirming our previous findings in lungs and hearts of neonatal mice (9).
Immunoproteasome activity therefore seems likely to be relevant early in life for MAV-1
infection. Less abundant immunoproteasome activity, coupled with relative immaturity
of other aspects of immune function in neonatal mice, may provide an explanation for
why we observed effects of immunoproteasome deficiency in neonatal TKO mice but
not in adult TKO mice during MAV-1 infection. Our results did not allow us to determine
whether baseline immunoproteasome activity in hematopoietic cells, inducible activity
in hematopoietic cells or other cell types, or both were essential for survival and IFN-�
production in neonatal mice during infection.

In summary, our data indicate that the immunoproteasome makes age-dependent
contributions to MAV-1 pathogenesis that are important for survival and IFN-� produc-
tion in neonatal mice but are largely dispensable in adult mice. Our findings in
uninfected mice of various ages are consistent with a mechanism of developmental
regulation of immunoproteasome activity in the lung, which is likely to influence the
pathogenesis of MAV-1 infection in neonatal mice. The use of immunoproteasome
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inhibitors is being explored for treatment of hematologic malignancies and noninfec-
tious inflammatory conditions (41, 42). Inhibition of an inducible host function such as
the immunoproteasome would be an appealing strategy to decrease virus-induced
inflammation and ensuing disease in an infected host. However, the results of our study
suggest that complete inhibition of all immunoproteasome subunit activity during
acute adenovirus infection may not be an optimal strategy early in life.

MATERIALS AND METHODS
Mice. C57BL/6J (B6) mice were obtained from The Jackson Laboratory and bred at the University of

Michigan. Mice deficient in �1i, �2i, and �5i (TKO mice; VelociGene modified allele ID VG#1230�Psmb10)
(10) were obtained from Kenneth Rock (University of Massachusetts) with the permission of Regeneron
Pharmaceuticals, Inc., and bred at the University of Michigan. Adult IFN-� deficient mice (IFN-��/�,
B6.129S7-Ifngtm1Ts/J) and B6 controls were purchased from The Jackson Laboratory. All mice were
maintained under specific-pathogen-free conditions and provided with food and water ad libitum. All
experiments were approved by the University of Michigan Institutional Animal Care and Use Committee.

Virus and cells. MAV-1 was grown and passaged in mouse 3T6 fibroblasts, and titers of viral stocks
were determined by plaque assay on 3T6 cells as previous described (43). MAV-1.pIXeGFP, a recombinant
GFP-expressing MAV-1 (14, 15), was kindly provided by Kathy Spindler (University of Michigan). MAV-
1.pIXeGFP was also grown and passaged in 3T6 fibroblasts.

Mouse infections. Adult mice were infected when they were 6 to 8 weeks old. Neonatal mice were
infected when they were 7 days old. In a subset of experiments, mice were used without infection or
mock infection. Male and female mice were included in all experiments. Adult mice were anesthetized
with ketamine and xylazine and then infected intranasally (i.n.) with 105 PFU of MAV-1 in 40 �l of sterile
phosphate-buffered saline (PBS). Neonatal mice were manually restrained without anesthesia and were
infected i.n. with 105 PFU in 10 �l of sterile PBS. Control adult and neonatal mice were mock-infected i.n.
with conditioned medium at an equivalent dilution in sterile PBS. In some experiments, mice were
weighed on the day of infection and then intermittently throughout the course of the experiment. All
mice were euthanized by ketamine/xylazine overdose at the indicated time points. Organs were
harvested, snap-frozen in dry ice, and stored at – 80°C.

Assessment of protective immunity using virus rechallenge. Protective immunity to MAV-1 was
assessed as previously described (9, 33). In brief, adult B6 and TKO mice were infected i.n. with 105 PFU
of MAV-1. Mice were rechallenged i.n. with 105 PFU of MAV-1 or with conditioned media 28 days after
primary infection. Mice were euthanized by a ketamine/xylazine overdose, and lungs were harvested
7 days following rechallenge.

Isolation of DNA and RNA. Portions of organs were homogenized using sterile glass beads in a
Mini-Beadbeater (Biospec Products) for 30 s in 1 ml of TRIzol (Invitrogen). RNA and DNA were then
isolated from homogenates according to the manufacturer’s protocol.

Analysis of viral and host gene expression. Host gene expression was quantified using RT-qPCR.
RNA was reverse transcribed using Moloney murine leukemia virus reverse transcriptase (Invitrogen)
according to the manufacturer’s instructions. Then, 5-�l portions of cDNA were added to reaction
mixtures containing Power SYBR green PCR Mix (Applied Biosystems) and forward and reverse primers,
each at 200 nM final concentrations in a 25-�l reaction volume. Primers used to detect the MAV-1
tripartite leader (TPL), IFN-�, IL-1�, TNF-�, �1i, �5i, and GAPDH have been previously described (8, 9, 44).
Additional primers were used to detect �2i (forward, 5=-GCTTGTGTTCCGAGATGGAGTC-3=; reverse,
5=-TCCGTTCAAATCAACCCCG-3=). Separate reactions were prepared with primers for mouse GAPDH
(glyceraldehyde-3-phosphate dehydrogenase). RT-qPCR analysis consisted of 40 cycles of 15 s at 90°C
and 60 s at 60°C. Quantification of target gene mRNA was normalized to GAPDH and expressed in
arbitrary units as 2–ΔCT, where CT is the threshold cycle, and ΔCT � CT(target) – CT(GAPDH). In some
experiments, relative expression (fold change) was calculated using the comparative CT (ΔΔCT) method.

Analysis of viral loads. MAV-1 viral loads were measured in organs using quantitative real-time PCR
(qPCR) as previously described (7, 17).

Measurement of total protein in bronchoalveolar lavage fluid. Bronchoalveolar lavage fluid
(BALF) was obtained by lavaging lungs three times with the same aliquot of 1 ml of sterile PBS containing
protease inhibitor (complete, Mini, EDTA-free tablets; Roche Applied Science). Total protein concentra-
tions in BALF were determined by using a QuickStart Bradford protein assay (Bio-Rad) according to the
manufacturer’s instructions.

Measurement of cytokine concentrations in bronchoalveolar lavage fluid. Cytokine concentra-
tions were determined by enzyme-linked immunosorbent assay (ELISA; Duoset kits; R&D Systems)
according to the manufacturer’s directions. ELISA was performed by the University of Michigan Cancer
Center Immunology Core.

BALF total and differential cell counts. BALF cells were counted using a hemocytometer. Differ-
ential cell counting was performed as previously described (33).

Measurement of neutralizing antibody in serum. 3T6 cells were plated in clear-bottom, opaque-
walled 96-well plates (Greiner Bio-One) at 5 � 104 cells/well and incubated overnight. Serum was
heat-inactivated for 60 min at 50°C. Serum dilutions were incubated with separate aliquots of MAV-
1.pIXeGFP for 60 min at 37°C. 3T6 cells were then infected with the preincubated MAV-1.pIXeGFP at a
multiplicity of infection (MOI) of 1 for 60 min at 37°C. Negative-control wells included uninfected cells.
Positive-control wells included cells infected with MAV-1.pIXeGFP that had not been preincubated with
serum. Triplicate wells were included for each condition. Infected cells were incubated for 48 h at 37°C
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in indicator-free Dulbecco modified Eagle medium (Gibco) containing 5% heat-inactivated calf serum
and 1% penicillin and streptomycin (Gibco). Fluorescence was measured at 0, 24, and 48 hpi using a
Synergy HTX Multi-Mode plate reader with Gen5 software (BioTek Instruments, Inc.).

Detection of immunoproteasome subunit proteins by Western blotting. Tissue was homoge-
nized in Cell Lytic MT (Sigma) containing protease inhibitor (P8340; Sigma) and phosphatase inhibitor
(P2850; Sigma) cocktails (using sterile glass beads in a minibeadbeater. Protein concentrations were
determined using a QuickStart Bradford protein assay (Bio-Rad). Equivalent microgram amounts of total
protein extracted from tissues were separated by SDS-polyacrylamide gel electrophoresis and transferred
to an Immun-Blot polyvinylidene difluoride membrane (Bio-Rad). Western blotting was performed using
primary antibodies to �1i (LMP2; A-1, sc-271354), �5i (LMP7; D-2, sc-374089), and �-actin (C4; sc-47778
[all from Santa Cruz Biotechnology]). Mouse IgG kappa binding protein conjugated to horseradish
peroxidase (m-IgG� BP-HRP; sc-516102; Santa Cruz Biotechnology) was used as the secondary reagent to
detect all primary antibodies. Membranes were developed using SuperSignal West Femto maximum
sensitivity substrate (Thermo Fisher Scientific) and imaged using the FluorChem M system (Protein-
Simple).

Intracellular cytokine staining. Cells isolated from lungs were seeded at 105 cells/well in 96-well
plates coated with anti-CD3 antibody (BioLegend, 5 �g/ml) and incubated overnight. Control cells were
incubated overnight with PBS. Monensin (Sigma) was added at 3 �M during the last 4 h of culture. After
overnight stimulation, cells were preincubated with anti-Fc�R monoclonal antibody 2.4G2 to block
nonspecific binding before they were stained with antibodies to detect CD4 (L3T4) and CD8 (53-6.7; BD
Biosciences). For subsequent intracellular cytokine staining, a fixation/permeabilization solution kit (BD
Cytofix/Cytoperm) was used according to the manufacturer’s instructions. Intracellular IFN-� was stained
with phycoerythrin-conjugated rat anti-mouse IFN-� (XMG1.2; BD Biosciences). Events were acquired on
a ZE5 cell analyzer (Bio-Rad), and data were analyzed with FlowJo software (Tree Star).

Histology. Organs were harvested from a subset of mice and fixed in 10% formalin. Prior to fixation,
lungs were inflated with PBS via the trachea to maintain lung architecture. After fixation, organs were
embedded in paraffin, and 5-�m sections were obtained for histopathology. Sections were stained with
hematoxylin and eosin to evaluate cellular infiltration. Separate sections used for immunohistochemistry
were stained with anti-CD3 antibody (Thermo Scientific) to identify CD3� cells. Sectioning and staining
were performed by the University of Michigan Unit for Laboratory Animal Medicine Pathology Cores for
Animal Research. Digital images were obtained with an EC3 digital imaging system (Leica Microsystems)
using Leica acquisition software (Leica Microsystems). Any adjustments to brightness and contrast in
digital images were applied equally to all experimental and control images.

Statistics. Statistical analysis was performed using Prism 7 (GraphPad Software, Inc.). Viral loads were
log transformed for statistical analysis. Differences between two groups at a single time point were
analyzed using the Mann-Whitney rank sum test. Differences between groups at multiple time points
were analyzed using two-way analysis of variance (ANOVA) followed by Bonferroni’s multiple-
comparison tests. P values of �0.05 were considered statistically significant.
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