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The relationship between immunosenescence and the host response to virus infection is poorly understood
at the molecular level. Two different patterns of pulmonary host responses to virus were observed when gene
expression profiles from severe acute respiratory syndrome coronavirus (SARS-CoV)-infected young mice that
show minimal disease were compared to those from SARS-CoV-infected aged mice that develop pneumonitis.
In young mice, genes related to cellular development, cell growth, and cell cycle were downregulated during
peak viral replication, and these transcripts returned to basal levels as virus was cleared. In contrast, aged
mice had a greater number of upregulated immune response and cell-to-cell signaling genes, and the expres-
sion of many genes was sustained even after viral clearance, suggesting an exacerbated host response to virus.
Interestingly, in SARS-CoV-infected aged mice, a subset of genes, including Tnfa, 116, Ccl2, Ccl3, Cxcl10, and
Ifng, was induced in a biphasic pattern that correlated with peak viral replication and a subsequent influx of
lymphocytes and severe histopathologic changes in the lungs. We provide insight into gene expression profiles
and molecular signatures underlying immunosenescence in the context of the host response to viral infection.

The fastest-growing group in the U.S. population comprises
individuals over the age of 65 years (42), with the maximum life
span of an individual currently estimated at 120 years (7).
While the elderly population steadily increases, this group also
experiences enhanced severity of bacterial and viral infections,
including pneumococcal, respiratory syncytial virus, and influ-
enza virus infections. Influenza virus alone causes significant
morbidity in persons =65 years of age, accounting for ca. 90%
of the estimated 36,000 deaths yearly (38). More recently,
severe acute respiratory syndrome coronavirus (SARS-CoV)
emerged in the human population, disproportionately affecting
the elderly, with up to 50% of all deaths occurring in persons
>065 years of age (10). The immune response of the aging host
could play a role in the enhanced susceptibility of the elderly to
development of severe respiratory tract disease after infection
with these pathogens. This aging or “remodeling” of the im-
mune response is designated “immunosenescence” and is
found in both long- and short-lived species as a function of
their age relative to life expectancy rather than as chronologic
time. For example, although the immune system of a 12-
month-old child is literally in its infancy and becomes more
competent with each passing day, the immune system of a
12-month-old mouse shows signs of immunosenescence and
could be used to investigate an aged, yet naive, host response
to a new pathogen.

Mice have been used to investigate SARS-CoV infection
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(12, 35, 41). The virus replicates in the upper and lower respi-
ratory tract of young mice and is cleared rapidly with transient
mild pneumonitis (29). Although an adaptive immune re-
sponse that can protect from reinfection occurs in mice, the
innate immune response appears to be sufficient for viral clear-
ance. Selected strains of mice with targeted genetic defects
have been used to probe pathways in the innate and adaptive
immune response during SARS-CoV infection. CD1™/~ mice
and Ragl™'~ mice (12) cleared the virus like wild-type mice,
indicating that young mice do not require adaptive immunity
or natural killer (NK) cell function for viral clearance. Statl ™/~
mice (14) showed high levels of viral replication in the lungs,
severe pulmonary disease with inflammation of small airways
and alveoli, and systemic spread to the liver and spleen, indi-
cating the importance of the effects of interferon, and the
innate immune response. Based on the heightened susceptibil-
ity of elderly humans to severe SARS, it was hypothesized that
aged mice might be more susceptible to disease than young
mice. The study demonstrated that SARS-CoV replication in
12-month-old BALB/c mice was associated with clinical illness
and pneumonia, demonstrating an age-related susceptibility to
SARS disease in mice that parallels the human experience
(30).

In the present study, we investigated the response to SARS-
CoV infection by comparing gene expression profiles in pul-
monary samples from young and old SARS-CoV-infected
mice. Young mice cleared the virus, showed mild lung pathol-
ogy, and demonstrated a limited number of differentially ex-
pressed genes. Older mice demonstrated delayed clearance of
virus and developed histopathological lesions similar to those
observed in human cases of SARS (11, 21, 26, 27, 39). The
aged mice also demonstrated many strongly differentially ex-
pressed genes that remained throughout the infection and may
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be indicative of an exacerbated host response to the virus. The
present study represents an endeavor to define molecular sig-
natures underlying senescence and the effects of the remodel-
ing of the immune system, driven by aging, by the course of
viral infection, viral clearance, and pathology associated with
viral infection.

MATERIALS AND METHODS

Animal studies. Animal experiments were previously conducted for initial
characterization studies in aged and young BALB/c mice. Briefly, 10° 50% tissue
culture infective doses of SARS-CoV (Urbani isolate) were administered intra-
nasally to either 8-week-old (young) or 12- to 14-month-old (aged) BALB/c mice
as previously described (12, 30, 41). Four mice in each age group were eutha-
nized on days 1, 2, 5, and 7 postinfection. Five mock-infected mice in each age
group were inoculated with phosphate-buffered saline and euthanized on day 7,
serving as a negative control group. At necropsy, lungs were removed and stored
at —70°C until the end of the study.

RNA isolation and genomic precharacterization. One lung from each mouse
was transferred to Solution D (6) to be homogenized, and RNA was extracted
and purified according to our standard protocol (17). One aged mock-infected
reference and one young mock-infected reference were created by pooling equal
mass quantities of total RNA extracted from five aged and five young mock-
infected mice, respectively. Equal mass quantities of total RNA extracted from
four virus-infected mice at each time point were pooled to generate four virus-
infected samples (days 1, 2, 5, and 7) for each age group (i.e., each virus-infected
sample was composed of lungs from four individual mice). To assure that pooling
was an appropriate strategy for generating experimental samples for microarray
analysis, individual infected aged BALB/c mouse samples obtained at day 2 were
checked for similarity of viral and cellular transcripts by using a panel of TagMan
primer/probes (e.g., Irfl, Irf7, Ifnbl, Ccl4, Statl, Gapdh, SARS-CoV M, and
SARS-CoV NP). This “proof of concept” characterization showed that samples
from these inbred infected BALB/c mice were similar in viral and cellular
transcripts (see Fig. S1 in the supplemental material), so each four-mouse set was
pooled to create an experimental microarray sample. To confirm that the ex-
tracted total RNA was pure and intact, the pooled samples were checked by
using an Agilent 2100 bioanalyzer (Agilent Technologies, Inc., Palo Alto, CA);
all samples were judged pristine.

Oligonucleotide microarray analysis. Each pooled sample was used to pro-
duce a cRNA probe using an Agilent low RNA input fluorescent linear ampli-
fication kit. Each experimental sample from the pooled infected aged or the
pooled infected young mice was then cohybridized with a reference sample from
the pooled mock-infected young mice, designated “young” so that these aged-
young SARS-CoV-infected mouse samples could be directly compared to data
from earlier experiments in our historical microarray database that includes data
from experiments that were performed in young BALB/c mice. In addition, one
microarray experiment was performed comparing the pooled young mock-in-
fected reference to the pooled mock-infected aged reference so that differences
in basal levels that might indicate immunosenescence could be determined. This
young-aged mock reference comparison would also allow us to re-ratio (31) the
microarray experiments to obtain an in silico version of each experimental aged
mice versus a mock-infected aged reference. The experimental design is shown in
Fig. S2 in the supplemental material. All microarray slide hybridization was
performed with mouse oligonucleotide arrays (G4121B; Agilent Technologies).
Slides were scanned with an Agilent DNA microarray scanner, and image anal-
ysis was performed by using Agilent feature extractor software. Each microarray
experiment was done with four technical replicates by reversing dye hybridization
for experimental and reference samples (19).

All data were entered into a custom-designed database, Expression Array
Manager, and then uploaded into Resolver 4.0 (Rosetta Biosoftware, Seattle,
WA) for gene expression analysis. For functional gene expression mining,
DecisionSite for Functional Genomics (Spotfire, Inc., Somerville, MA), and
Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City, CA) were used
to generate heat maps and group genes according to biological processes and
canonical pathways. Finally, biological gene sets (referred to as biosets) were
compiled for key cellular processes by selecting genes of interest that were
represented on the microarray and also had Gene Ontology (GO) annotation
(13). In accordance with proposed standards (1), all of the data described
here, including sample information, intensity measurements, gene lists, error
analysis, microarray content, and slide hybridization conditions, are available
in the public domain through Expression Array Manager at http://expression
.viromics.washington.edu.

J. VIROL.

Quantitative and absolute quantification real-time RT-PCR. Relative quanti-
tative real-time RT-PCR (qRT-PCR) was performed to detect SARS-CoV in
lung tissue samples from infected mice and to validate a number of gene expres-
sion changes of cellular genes (e.g., Cdc2a, Pcna, Top2a, Cxcl10, Ddx58, Irf7,
Isgf3g, Statl, Stat2, and TNF) as detected on the microarrays. Total RNA
samples were treated with DNase using a DNA-free DNase kit (Ambion, Inc.,
Austin, TX). cDNA was generated by using reverse transcription reagents and
random hexamers (Applied Biosystems, Foster City, CA). qRT-PCR was run on
the ABI 7500 PCR system, using TagMan chemistry (Applied Biosystems, Foster
City, CA). Primers and probe specific for the nucleoprotein gene of SARS-CoV
have been described earlier (22), and primers and probes specific for murine
cellular genes were purchased from Applied Biosystems as “gene expression
assays.” Targets were run in quadruplicate following protocols supplied by Ap-
plied Biosystems. Absolute qRT-PCR was used to obtain viral copy numbers per
nanogram of total RNA. These data were generated by using absolute qRT-PCR
techniques, combined with the creation of a standard curve using known quan-
tities of SARS armored RNA (developed jointly by Ambion, Inc., and Cenetron
Diagnostics, LLC [catalog no. 42091]). SARS armored RNA can be used as a
viral mRNA positive control and is stable upon storage because the control has
a defined viral SARS-CoV sequence that is packaged in bacteriophage coat
proteins to protect and stabilize the RNA. Armored RNA controls are highly
uniform, precisely calibrated, and entirely noninfectious.

BD cytometric bead array and enzyme-linked immunosorbent assay. Super-
natants of 10% (wt/vol) lung homogenates (J. Chen et al., unpublished data)
were used for detection of cytokine and chemokine protein expression using BD
CBA mouse inflammation and Th1/Th2 kits (BD Biosciences, San Diego, CA)
and murine Quantikine immunoassay kits (R&D, Minneapolis, MN) according
to the manufacturer’s protocols. The data are expressed as nanograms of protein
per gram of tissue.

RESULTS

Comparison of aged and young BALB/c mouse models for
SARS. Previous studies have demonstrated that young BALB/c
mice infected with SARS-CoV showed pulmonary viral repli-
cation with no clinical illness (35, 41), while aged BALB/c mice
infected with SARS-CoV showed pulmonary viral replication
associated with clinical illness and significant pathological
changes in the lungs (30). Clinical illness was characterized by
significant weight loss, hunching, ruffled fur, and slight dehy-
dration. Pulmonary pathology was characterized by pneumo-
nitis, alveolar damage, hyaline membrane formation, edema,
and persistence of fibrotic foci. We compared aged and young
mice infected with SARS-CoV (Urbani) and detected high
titers of virus at days 1 and 2 in young mice and at days 2 and
5 in old mice (Fig. 1A), with titers in aged mice being 10-fold
higher than in young mice on day 2.

We next investigated differential host cellular gene tran-
scripts in response to virus infection. First, we examined each
gene expression experiment separately to see whether a gen-
eral host response to virus infection could be identified; genes
were included if they showed an absolute fold change of =2
and a P value of =0.01. With the exception of day 1 postin-
fection, young SARS-CoV-infected mice had fewer differen-
tially expressed genes than older mice, but the number of genes
stayed the same over the course of the infection in young mice
(Fig. 1B). In contrast, from day 2 postinfection onward, along
with viral replication, the number of differentially expressed
genes in the lungs of SARS-CoV-infected aged mice approxi-
mately tripled, demonstrating a more robust host response in
aged mice. In order to examine how timing after virus admin-
istration influenced gene expression, global expression profil-
ing was performed. Hierarchical clustering methods were used
to order rows (genes) and columns (samples) and identify
groups of genes or samples with similar expression patterns
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FIG. 1. Aged mice show a delay in viral clearance and a greater number of differentially regulated host cellular genes than young mice after
SARS-CoV infection. (A) Characterization of SARS-CoV infection in young and old mice as reported previously by Subbarao et al. (35) and
Roberts et al. (30). Plus signs indicate the presence of a finding, and minus signs indicate the absence of a finding. na, not applicable; nd, not done.
The mean virus titer is expressed as the log,, 50% tissue culture infective dose per gram of tissue. In aged mice, day 1 titers are typically 1-log lower
than day 2 titers and day 7 titers are near or below the limit of detection. (B) The number of cellular genes differentially expressed in lung tissues
is the result of comparing gene expression in lungs of experimentally infected mice (pooled, n = 4) with gene expression in lungs of mock-infected
mice (pooled, n = 5); genes were included (y axis) if they met the criteria of an absolute fold change of =2 and P = 0.01 for young (open) and
old (gray) SARS-CoV-infected mice on the indicated days (x axis). (C) Global gene expression profiles are the results of comparing gene expression
in lungs of experimentally infected mice (pooled, n = 4) with gene expression in lungs of mock-infected mice (pooled, n = 5); genes were included
if they met the criteria of an absolute fold change of =2 and P = 0.01 in at least one experiment. The data are presented for young (Y) and aged
(A) mice on indicated days (D) 1, 2, 5, and 7 postinfection. These data were plotted as a heat map, where each matrix entry represents a gene
expression value. Red corresponds to higher gene expression than that of the reference; green corresponds to lower gene expression. Dendrograms
(trees) of the heat map represent the degree of relatedness between the samples, with short branches denoting a high degree of similarity and long
branches denoting a low degree of similarity. Heat maps from young (541 sequences) and aged (1,735 sequences) mice were created individually

because each set was compared to its age-matched mock-infected reference.

(Fig. 1C) (5, 32). These analyses yielded 541 gene sequences
for the young SARS-CoV-infected mice and 1,735 gene se-
quences for the aged SARS-CoV-infected mice. These cluster
diagrams suggest that aged mice show a more zealous response
to virus infection, as indicated by the greater number of matrix
entries (genes), as well as the brighter intensities of the matrix
entries (fold changes in transcripts) included in the heat map
for aged mice. The results did not cluster by time from virus
administration or by number of differentially expressed cellular
genes, as indicated by the dendrogram at the top of each heat
map. Dendrograms (trees) of the heat map represent the de-
gree of relatedness between the samples, with short branches
denoting a high degree of similarity and long branches denot-
ing a low degree of similarity. In addition, the predominant
pattern of gene expression in aged mice was of upregulated
genes, which is suggestive of an active host response to viral
infection, while the predominant pattern in young mice was of

downregulated genes, a finding suggestive of a reduction of
transcription.

Prominent host gene expression profiles. Because more
than 1,000 genes were differentially expressed in SARS-CoV-
infected aged mice, we stratified the results into early, inter-
mediate, and late phases over the course of infection to dissect
and more fully understand expression profiles of host cellular
genes. Early genes were defined as showing an absolute fold
change of =2 and a P value of =0.01 on both days 1 and 2
postinfection. Intermediate genes were defined by the same
criteria on both days 2 and 5 postinfection. Late genes were
defined by the same criteria on both days 5 and 7 postinfection.
The terms “early,” “intermediate,” and “late” are not based on
physiologic criteria; they only refer to gene expression within
the context of the time points included in our experiments. The
requirement that each gene be regulated at more than one
time point increases the likelihood that the genes are consis-
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Trend 1 number of genes
in function
cell death 37 (50%)
cellular growth and proliferation 36 (49%)
hematological system development and function 34 (46%)
immune and lymphatic system development and function 34 (46%)
cell cycle 32 (43%)
Canonical Pathway: T cell receptor signaling (CD28, CD3D, CD3G, CD8a, CD8b, ITK,
LAT, LCK)

FIG. 2. Young SARS-CoV-infected mice showed a prominent response at early time points and throughout the course of infection. Early,
intermediate, and late genes were defined in the text. Briefly, genes shown in the Venn diagram and subsequent heat map met the criteria of an
absolute fold change of =2 and P = 0.01 in at least two time points. Early genes met the criteria on both days 1 and 2, intermediate genes met
the criteria on both days 2 and 5, and late genes met the criteria on both days 5 and 7 postinfection. Therefore, this representation is a subset of
the global gene expression seen in Fig. 1C. Gene expression profiles are the result of comparing gene expression in the lungs of experimentally
infected mice (pooled, n = 4) with gene expression in the lungs of mock-infected mice (pooled, n = 5) The Venn diagram uses three circles,
representing each time definition, to show the degree of overlap of gene expression. A total of 196 genes is shown in the Venn diagram of the young
SARS-CoV-infected mice, with the most prominent gene responses seen at early time points (52 sequences, no overlap) and throughout the course
of infection (55 sequences, overlap of early, intermediate, and late). The data for these most-prominent responses (colored gray in the Venn
diagram) are next presented as a heat map for young (Y) mice on indicated days (D) 1, 2, 5, and 7 postinfection. The same genes for aged (A) mice
are also included in the heat map for comparison. These genes in the heat map are primarily downregulated (trend 1) in young mice and are
inversely correlated in aged mice. Predominant functional annotations, as well as the top canonical pathways, are shown in the trend 1 table.
Functional annotation was generated by using Ingenuity Pathway Analysis as described in the text. The percentage was calculated by using the total
number of genes in each functionality group and the total number of genes that could be functionally annotated. Heat maps of all of the areas in

the Venn diagram are given in Fig. S3 in the supplemental material.

tently affected in the course of SARS-CoV infection, and
therefore these sets of genes will constitute a smaller subset of
the global gene expression present in Fig. 1C. Using this strat-
egy, 196 total genes were differentially expressed in young
SARS-CoV-infected mice (Fig. 2), while 237 total genes were
differentially expressed in aged SARS-CoV-infected mice (Fig.
3). We generated Venn diagrams to determine the extent of
overlap (i.e., similar response) at early, intermediate, and late
time points (heat maps of all Venn diagram permutations are
supplied (see Fig. S3 and S4 in the supplemental material).
Notably, in young SARS-CoV-infected mice, the greatest
number of genes was differentially expressed (gray area in the
Venn diagram) at early time points (52 genes) or throughout
the course of the infection (early/intermediate/late, 55 genes)
(Fig. 2). Surprisingly, a majority of these genes were down-
regulated, and their function corresponded to cellular devel-
opment, cell growth, and cell cycle. In contrast, in aged SARS-
CoV-infected mice the greatest number of genes was
differentially expressed (gray area in the Venn diagram) at late
(71 genes), late/intermediate (80 genes), and throughout the
course of infection (early/intermediate/late, 42 genes) (Fig. 3).
Two trends were observed. One set of genes that comprised

cell cycle, DNA repair, and cell death functions was inversely
correlated in the two groups of mice, with downregulation
prevalent in young mice and upregulation in aged mice. The
second trend was seen with genes that were upregulated in
both sets of mice. In the aged mice, these genes were upregu-
lated at day 1, became more strongly upregulated on day 2
corresponding to peak viral replication, and were expressed at
high levels to day 7. In contrast, the young mice showed very
little upregulation on day 1 but had a prominent response on
day 2, also corresponding to peak viral replication, followed by
a regression toward basal levels. This set comprised strong
immune response and cell-to-cell signaling functions. In addi-
tion, the 196 genes differentially expressed in the young SARS-
CoV-infected mice (Fig. 2) and the 237 genes differentially
expressed in the aged SARS-CoV-infected mice (Fig. 3) were
manipulated to find the overlap between the two groups. These
groups had 71 genes in common (Fig. 4), again showing a
strong presence of genes involved in cell cycle and immune
response.

We also wanted to highlight the differentially expressed
genes within the context of the immune response of aged mice.
Protein levels of Tnfa (534.00, 92.00, and 659.00 ng/g), 116,
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number of genes
Trond 1 in function
cell cycle 21 (70%)
DNA replication, recombination, and repair 19 (63%)
cellular assembly and organization 17 (57%)
cell death 14 (47%)
cellular growth and proliferation 10 (33%)

Canonical Pathway: Cell Cycle-G2M Damage Checkpoint (Ccnb1, Cenb2, Top2a)

Trend 2 nur_nber of genes
in function
immune response 38 (58%)
cellular growth and proliferation 33 (51%)
hematological system development and function 31 (48%)
cell-to-cell signaling and interaction 31 (48%)
immune and lymphatic system development and function 30 (46%)

Canonical Pathway: chemokine signaling (Ccl2, Ccl4, Ccl5, Ccl7, Ccl13, Myl2)

FIG. 3. Aged SARS-CoV-infected mice showed a prominent response at late time points and throughout the course of infection. Early,
intermediate, and late genes were defined in the text. Briefly, genes shown in the Venn diagram and subsequent heat map each met the criteria
of an absolute fold change of =2 and P = 0.01 in at least two time points. Early genes met the criteria on both days 1 and 2, intermediate genes
met the criteria on both days 2 and 5, and late genes met the criteria on both days 5 and 7 postinfection. Therefore, this representation is a subset
of the global gene expression present in Fig. 1C. Gene expression profiles are the result of comparing gene expression in RNA pooled from the
lungs of four experimentally infected mice at each time point with gene expression in the lungs of mock-infected mice (pooled, n = 5). The Venn
diagram uses three circles, representing each time definition, to show the degree of overlap of gene expression. A total of 237 genes are shown
in the Venn diagram of the SARS-CoV-infected aged mice, with the most prominent gene responses seen at late time points (80 gene sequences,
overlap of intermediate and late; and 71 sequences, no overlap) and throughout the course of infection (42 sequences, overlap of early,
intermediate, and late). The data for these most prominent responses (colored gray in the Venn diagram) are next presented as a heat map for
aged (A) mice on indicated days (D) 1, 2, 5, and 7 postinfection. The same genes for young (Y) mice are also included in the heat map for
comparison. Trend 1 shows an inverse correlation between the responses of aged and young mice to SARS-CoV infection, and the predominant
functional annotations and top canonical pathways are shown in the trend 1 table. Trend 2 shows a correlation between the responses of aged and
young mice to SARS-CoV infection, and the predominant functional annotations and top canonical pathways are shown in the trend 2 table.
Functional annotation was generated by using Ingenuity Pathway Analysis as described in the text. The percentage was calculated by using the total
number of genes in each functionality group and the total number of genes that could be functionally annotated. Heat maps of all of the areas in
the Venn diagram are found in Fig. S4 in the supplemental material.

(2.23, 0.10, and 2.09 ng/g), Ccl2 (Mcpl) (7.50, 1.90, and 7.10 change,, 5 ratio of =2. Interestingly, 33 genes were identified

ng/g), Ccl3 (Mipla) (1.97, 0.42, and 2.24 ng/g), and Cxcl10
(Ip10) (50.60, 1.90, and 37.20 ng/g), but not Ifng (0.04, 0.02,
and 0.32 ng/g), were elevated in a biphasic pattern in aged
SARS-CoV-infected mice (Chen et al., unpublished). mRNA
levels of these genes, as well as Ifng, showed a biphasic pattern
(Fig. 5A). To identify other genes regulated in this manner, we
evaluated the 196 genes of young SARS-CoV-infected mice
(Fig. 2) and 237 genes of aged SARS-CoV-infected mice (Fig.
3) for genes that showed a fold change of =2 at day 2, a
decrease in fold change at day 5, and a fold change,,, ,/fold

in aged SARS-CoV-infected mice (Fig. 5B) that showed this
biphasic pattern. These criteria were not met by gene expres-
sion in young mice. The first phase of the biphasic response
correlates well with peak virus titer and migration and activa-
tion of NK cells, macrophages, and plasmacytoid dendritic
cells (pDCs) into the lungs (Chen et al., unpublished). The
second phase of the biphasic response occurs with viral clear-
ance; an influx and activation of T lymphocytes, particularly
CD8™" T cells; and severe histopathologic changes in the lungs
(Chen et al., unpublished).
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Qasif 2.5 obigoadenylate synthetase 1F

Igtp Interferon inducible GTPase 2

Cd2 Chemakine (C-C mofif) ligand 2

Cdi2 Chemokine (C-C mofif) igand 12

Zbpt Z-DNA binding protein 1

Hz3 Histocompatibiity 28

12020 Interferon activated gene 2028

Gip2 Interfaron, alpha-inducible protein

Cocld Chemokine (C-X-C motif) ligand 9

ligp1 Interferon inducible GTPase 1

Mx2 Myxovirus (influenza virus) resistance 2
Irf? Interferon regulatory factor 7

Cod Chemokine (C-C motif) ligand 4

144 Interferon-induced protein 44

Ifit1 Interferon-induced protein with tetratricopeptide repeats 1
Myhd Myosin heavy chain IIB (MYHC-IIB gene)
Cxcl10 Chemokine (C-X-C motif) ligand 10

YD1 YD2 YDS5 YD7 AD1 AD2 ADS AD7

FIG. 4. A small set of genes are affected in both aged and young mice during SARS-CoV infection The heat map shows genes that met the
criteria of an absolute fold change of =2 and P = 0.01 criteria in both the aged 237 gene set and the young 196 gene set. Gene expression profiles
are the result of comparing gene expression in RNA pooled from lungs of four experimentally infected mice at each time point with gene expression
in the lungs of mock-infected mice (pooled, n = 5). The data are presented for young (Y) and aged (A) mice on indicated days (D) 1, 2, 5, and
7 postinfection. Genes that are predominantly related to cell cycle functions were inversely correlated between aged and young mice in trend 1.
Trend 2 shows the correlation between aged and young, with the predominant function being immune response.
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A [Protein (nglg) [AD2 AD5 AD7

|ifng 0.04 0.02 0.32

|Tnfa 534.00 92.00 659.00

116 2.23 0.10 2.09

Ccl2 7.50 1.90 7.10

Ccl3 1.97 0.42 2.24

Cxcl10 50.60 1.90 37.20

|Gene (fold-change) [AD1 AD2 [AD5 |AD7

|ifng 1.2 5.1 18] 38

|Tnfa 1.3 5.0 1.5 2.7

116 24| 3538 2.8 9.0

Ccl2 20| 11.9 4.1 7.3

Ccl3 1.3 113 2.0 4.5

Cxcl10 26.9| 367.7 14.2| 76.7

B [Gene  [Seq Description AD1_|AD2 |AD5 |AD7

Aif1 Allograft infl y factor 1 18] 55| 34| 7.0
Apol6 [Apolipoprotein L 2.2 6.7 1.7 3.4
Ccl12 Chemokine (C-C motif) ligand 12 22| 11.2 4.2 8.9
Ccl3 Chemokine (C-C motif) ligand 3 1.3] 11.3] 20| 45
Ccl4 IChemokine (C-C motif) ligand 4 24| 36.8 4.1 9.3
Ccl7 Chemokine (C-C motif) ligand 7 1.8] 31.0 24 8.4
Ch25h Cholesterol 25-hydroxylase -1.0] 147 25 6.8
Clca3 Chloride ch | calci ivated 3 29| 5.1 37| 8.0
Cxcl1 Chemokine (C-X-C motif) ligand 1 1.7] 83| 40 8.5
Cxcl10 _|Chemokine (C-X-C motif) ligand 10 26.9]367.7| 14.2] 76.7
Cxcl13 _|Chemokine (C-X-C motif) ligand 13 3.0 36| 22 .8
Cxcl9 Chemokine (C-X-C motif) ligand 9 3.2 184 70| 242
Gbp4 Guanylate nucleotide binding protein 4 21| 136 26 6.1
Gzmb Granzyme B 1.0 69 24 6.7
Ifi202b Interferon activated gene 2028 26| 216 3. 8.4

Interferon gamma inducible protein 47

Interferon-induced protein with tetratricopeptide repeats 1 6.

Insulin-like growth factor | receptor (Igf1r)

Interferon inducible GTPase 2

Interferon inducible GTPase 1

Interferon inducible GTPase 2

Irg1 ll_mmune-fes_ponsive gene 1

Irgm Immunity-related GTPase family, M 26| 89 28 5.5
Lair1 Leukocyte-associated immunoglobulin-like receptor -1.1 3.0 24 4.7
Mpa2 Macrophage activation 2 1.9 8.0 21 6.2
Ms4a6b |Membrane-spanning 4-domains, subfamily A, ber 6B 1.6 5.7 23 5.4
Ms4aéd _|Membrane-spanning 4-domains, subfamily A, member 6D 21| 16.2 4.7 11.2
Nppa Natriuretic peptide precursor type A (Nppa; 20| 215| -15 4.1

Plac8 C15 protein X

Rgs1 Regulator of G-protein signaling 1 -1.2 3.9 26 5.7
Saa3 Serum amyloid A 3 34| 316| 16.4| 321
|Serpinb2 |Serine peptidase inhibitor, clade B, member 2 (Serpinb2) 28] 22| -10] 25
|Socs1  [Suppressor of cytokine signalling-1 (Socs1) 20| 64| 16| 36

FIG. 5. Biphasic induction of mRNA in aged SARS-CoV-infected mice. (A) Protein and mRNA levels of indicated cytokines and chemokines
in aged SARS-CoV-infected mice on the indicated days postinfection. The data are presented for aged (A) mice on indicated days (D) 1, 2, 5, and
7 postinfection. Gene transcripts (fold change) showed biphasic responses similar to those observed with protein levels (ng of cytokine per g of
lung tissue). Although Ifng did not show a biphasic protein response, the gene showed biphasic transcript. Fold changes of transcripts are the result
of comparing the gene expression in the lungs of experimentally infected mice (pooled, n = 4) with the gene expression in the lungs of
mock-infected mice (pooled, n = 5). Concentration of cytokines are the results of cytokine bead assays. (B) Graph showing the fold change in genes
exhibiting a biphasic response on the indicated days postinfection. Each line represents an individual gene. Using the criteria of a fold change of
=2 at day 2, a decrease in fold change at day 5, and a fold change,, ;/fold changeg, 5 ratio of =2, 33 genes were defined as showing a biphasic

response.

Because the same innate immune response genes are oper-
ative in young and aged SARS-CoV-infected mice, we sought
to understand these responses in the context of senescence.
We directly compared lung samples from mock-infected aged
mice to lung samples from mock-infected young mice in order
to identify basal gene expression and to put the host response
to viral infection within the context of aging (see Fig. S5 in
the supplemental material). Immunoglobulin-related genes
showed a general trend of upregulation in aged mice, and
genes involved in immunoglobulin recombination were sup-
pressed. These trends might reflect a more mature host im-
mune system that has encountered several antigens. Genes
involved in T-cell receptor signaling were also suppressed in

the aged mice. This observation parallels what was reported
previously using peripheral blood mononuclear cells from aged
mice and aged humans (16). The suppression of these genes
may represent a more limited population of naive T cells found
in aged mice. In addition, a number of cell cycle and cyclin
transcripts that may be markers of a general cellular senes-
cence were downregulated. Future studies in aging mice will be
important to further define this cellular senescence that is
postulated to be a unique state of arrest that is distinct from
apoptosis or necrosis (20).

Detected networks and gene interactions. In order to assess
the interplay between genes during the host response to virus
infection, we used a functional analysis approach to construct
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A Network 1 Network 1

Metwork 2 Network 2

B Network 1 Network 1

Network 2 MNetwork 2

FIG. 6. (A) At the time of peak viral replication, aged and young mice present different “top” networks. A network is a group of biologically
related genes that is derived from known relationships present in the Ingenuity Pathways Knowledge Base. These diagrams, which comprise the
two top networks, represent the interactions, both direct (solid lines) and indirect (dashed lines), between genes and gene products identified
during peak viral replication. Network 1 was the most prominent network detected at day 2 in young SARS-CoV-infected mice and was composed
of cell cycle, cellular development, and hematological system development functions. Network 2 was the most prominent network detected at day
2 in aged SARS-CoV-infected mice and was composed of immune response, inflammatory response, and cell-to-cell signaling functions. Young
mice show network 1 to be downregulated, and although aged mice show a very strong induction of network 2, young mice also induce this network.
Dark red indicates a fold change of =5, pink indicates a fold change of =2, and gray indicates a fold change of <2. Dark green indicates a fold
change of =5, light green indicates a fold change of =2, and gray indicates an absolute fold change of <2. Gene expression profiles are the result
of comparing gene expression in the lungs of experimentally infected mice (pooled, n = 4) with gene expression in the lungs of mock-infected mice
(pooled, n = 5). (B) Network interactions at day 7 postinfection when SARS-CoV is cleared from the lungs. This is the same merged network
shown in Fig. 6A. Again, young mice showed a prominent downregulation at day 7 but also seem to show a trend of returning to levels seen in
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a graphical network of biologically related genes derived from
known relationships present in the Ingenuity Pathways Knowl-
edge Base. Many networks can be constructed, but we limited
our investigation to the networks that were most prevalent at
the time of peak viral replication (i.e., day 2 for both sets of
mice) and to networks that showed a significant over-repre-
sentation of focus genes. Because responses of young and old
SARS-CoV-infected mice differed more than they resembled
one another, the top functional network identified in young
mice was not the same as the top functional network identified
in aged mice. In young SARS-CoV-infected mice, genes par-
ticipating in cell cycle, cellular development, and hematologi-
cal system development and function were computationally
postulated to show regulatory interactions. In aged mice, genes
participating in immune response, inflammatory disease, and
cell-to-cell signaling and interaction were computationally pos-
tulated to show regulatory interactions. Although each of these
networks was identified and represents the most prevalent
interaction occurring in young or aged mice, the networks are
not exclusive to either group.

To get a more complete comparison using both groups of
mice, we combined the top young network (dark blue outline)
and the top aged network (light blue outline) to construct a
merged network, shown in Fig. 6. The network analyses reveal
that differential gene regulation does not happen in isolation,
but genes within pathways show interactions that constitute a
network. The network diagram shows these interactions: both
direct (solid lines) and indirect (dashed lines) interactions
among these genes. The left panel in Fig. 6A illustrates that
during peak viral replication in young SARS-CoV-infected
mice, there is a general downregulation of “cell cycle”-type
interactions but some upregulation of “immune response”-
type interactions that we originally identified using data from
aged mice. The aged SARS-CoV-infected mice show a much
more robust upregulation of the “immune response” network
(many showing =5-fold upregulation) without any downregu-
lation in the “cell cycle” network during peak viral replication
(Fig. 6A). The presence of so many highly upregulated im-
mune genes in the aged SARS-CoV-infected mice suggests an
uncontrolled response to virus infection. Interestingly, al-
though the young SARS-CoV-infected mice seem to show a
greater number of differentially expressed “cell cycle”-type
genes than aged SARS-CoV-infected mice, when basal levels
of these genes are evaluated in mock-infected aged mice, they
are already downregulated >2-fold compared to levels in
young mice, with the exclusion of Egrl and Nr4al (unchanged)
and Igj (upregulated) (see Fig. S6 in the supplemental mate-
rial). Possibly, these genes cannot be further downregulated in
aged mice, even though in other systems, coronaviruses are
capable of inhibiting cell cycle, leading to an accumulation of
infected cells in the G,/G, phase (4, 36, 37).

The same merged network is presented in Fig. 6B to show

IMMUNE RESPONSES TO SARS CORONAVIRUS 9473

how interactions are affected as the virus is cleared. In the left
panel, young mice show a resolution of downregulated “cell
cycle”-type genes (~30% less) and resolution of upregulated
“immune response”-type genes as virus infection resolves. No-
tably in this phase, Hla-f, Hla-c, and B2m are now upregulated,
while Cd8a and Cd8b still show a strong absence of transcripts,
a finding perhaps indicative of a controlled T-cell receptor
signaling progression (this trend is also seen at day 5). The
right panel shows how the immune response affects cell cycle
genes. The immune response is still induced robustly in aged
mice and now at 7 days postinfection, genes involved in cell
cycle, cellular development, and hematological system devel-
opment and function are also beginning to be induced; this
profile mimics the histologic evidence of lung repair on days 5
and 7 (30). Cxcll0 (Ip-10), Ccl2 (Mip-1), Irf7, and Isgl5
(G1p2) are still highly upregulated, even as virus is cleared,
and are indicators that this heightened immune response is not
required for viral clearance and may be responsible for immu-
nopathology.

DISCUSSION

The present study was motivated by our poor understanding
of the relationship between ageing and the host response to
virus infection. It has been long known that young and old mice
respond quite differently to infection with different viruses (15,
25, 43). We therefore compared gene expression profiles from
the lungs of young and old mice infected with SARS-CoV to
define the extent to which the host response determined the
outcome of infection and identified differences in the pattern,
magnitude, and duration of the host response to SARS-CoV
infection in the two groups of mice. A comparison of gene
expression profiles in mock-infected young and old mice pro-
vided additional insights into the effect of age on gene expres-
sion, and the comparison of SARS-CoV-infected mice from
the two age groups allowed us a glimpse of the immune re-
sponse to a respiratory pathogen within the framework of
senescence.

The aged BALB/c mouse is a valuable model for SARS
because it allows the analysis of four outcome measures: quan-
titative virology, clinical symptoms, histopathological changes,
and immunohistochemistry in the lungs (30, 40). Of these out-
comes, only quantitative virology can be studied in young
SARS-CoV-infected BALB/c mice. Our study provides host
gene expression as an additional outcome measure in the con-
text of a head-to-head comparison of aged and young BALB/c
mouse models of SARS. Gene expression analysis revealed a
transcriptional profile in aged mice that indicates a more ro-
bust response to virus infection than in young mice: a greater
number of genes are transcribed, and transcripts have a greater
magnitude of change. The peak immune response in young
mice corresponds to the peak in viral replication, and the

mock-infected animals. Aged SARS-CoV-infected mice show an increase of transcripts in network 1 and a continued strong induction of network
2 at day 7. Dark red indicates a fold change of =5, pink indicates a fold change of =2, and gray indicates a fold change of <2. Dark green indicates
a fold change of =5, light green indicates a fold change of = 2, and gray indicates an absolute fold change of <2. Gene expression profiles are
the result of comparing gene expression in the lungs of experimentally infected mice (pooled, n = 4) with gene expression in the lungs of

mock-infected mice (pooled, n = 5).
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transcripts regress to basal levels as the virus is cleared. Aged
mice also exhibit a peak host immune response corresponding
to the peak in viral replication, and the delay in viral clearance
in aged mice is accompanied by a delay in the return of gene
expression to basal levels. In addition, a subset of genes is
induced in a second wave of a biphasic response, correspond-
ing to the influx and activation of T lymphocytes and severe
histopathologic changes in the lungs (Chen et al., unpub-
lished).

The changes associated with senescence that have been de-
scribed in the literature mainly pertain to adaptive immune
responses; the components of the innate response have not
been studied as well. Innate immunity may hold clues to ex-
plain the increased morbidity in the elderly since this arm of
the immune system may become progressively more important
in aging individuals as a means to fill the “immunologic gap”
that appears as adaptive immunity wanes. In addition to wan-
ing immune responses with advancing age, changes in lung
structure and function, such as loss of elastin fibers, decreases
in the number of capillaries per alveolus, decreases in the
efficiency of mucociliary clearance, or decreased respiratory
capacity, likely play a role in host response to respiratory in-
fection (24). Our findings in aged and young SARS-CoV-in-
fected mice are consistent with what has been seen in previous
studies of primary viral infection in aged mice, with influenza
virus, lymphocytic choriomeningitis virus, Friend virus, E55+
murine leukemia virus, and respiratory syncytial virus, where
clearance of virus in aged mice was delayed compared to young
mice. These studies have led investigators to conclude that the
aging immune system is not abated but is simply functioning at
a level different than that of young mice (15, 25, 43). In young
mice, type I interferon was detected within hours of primary
viral infection with influenza virus, lymphocytic choriomenin-
gitis virus, and ES5+ murine leukemia virus (15, 25). In aged
mice, the detection of type I interferon was not as straightfor-
ward, and the interferon response that was detected may or
may not have been functional (15, 25). Type I interferon has
previously been identified as an enhancer of NK cell cytotox-
icity in other studies of primary infection in aged animals and
may play a role in depletion of nonspecific T cells to initiate
expansion of antigen-specific T cells (16). NK cells are critical
to the removal of intracellular pathogens, and nonspecific T-
cell depletion may be necessary to provide “space” for the
proliferation and expansion of T cells specific to newly intro-
duced pathogen (16, 25, 28). Both in mice and in humans, the
ability of type I interferon to enhance cytotoxicity of NK cells,
deplete nonspecific T cells, and expand antigen-specific T cells
decreases with age (16, 25, 28, 34). The remodeled immune
system of the aged could play a role in delaying clearance of
virus.

In our gene expression study of SARS-CoV-infected mice,
beta-interferon transcription was more prevalent in aged mice
than young. Although we did not measure beta-interferon ac-
tivity levels in the present study, the upregulated transcription
of interferon-stimulated genes suggests that the beta interferon
produced by aged mice is functionally active (see Fig. S7 in the
supplemental material). High levels of beta interferon may be
necessary to clear virus in the aged mice infected with SARS-
CoV. In aged mice, Ifnb mRNA showed the greatest upregu-
lation at day 2, which corresponded with an approximate dou-

J. VIROL.

bling of the number of pDCs detected in the lungs (22.2 X
10*lung, ~11% of total CD3~ CD11b~ CD19~ lung leuko-
cytes) (Chen et al., unpublished). pDCs are considered first-
line sentinels in immune surveillance and are capable of pro-
ducing large amounts of type I interferon (2, 8, 9, 23, 33) and
have been found to produce type I interferon during corona-
virus infection (3).

We speculate that the immune dysregulation observed in
aged mice may contribute to the damage detected in the lungs
by an immunopathological mechanism. The aged mice, expe-
riencing infection with SARS-CoV, show an upregulation of an
abundance of host cellular genes in response to the virus but
fail to bring this response under control even as the virus is
cleared, whereas young mice are able to clear SARS-CoV
rapidly and show a controlled host response. Because RNA
from the infected lungs was used for gene expression analyses,
it is certainly possible that some of the changes occurred in
cells that were productively infected and other changes were in
activated bystander cells or in cells that phagocytosed viral
antigen but were not productively infected. Even if these dif-
ferent types of cells could be sorted and these experiments
were not constrained by SARS biosafety containment proto-
cols, it is unlikely differences could be distinguished among
these cellular subgroupings. Even with this caveat, the virus
leaves behind a unique functional genomics “fingerprint” in
the aged host compared to the young host that may be a
signature of imminent or ongoing morbidity. A similar associ-
ation of immune dysregulation with lung damage was seen in
BALB/c mice infected with the highly virulent reconstructed
1918 influenza virus. Using our laboratory’s historical microar-
ray database, we compared the data from SARS-CoV-infected
mice in this experiment to a set of data from young BALB/c
mice that were infected with a human influenza A virus (A/
Texas/36/91) isolated during a seasonal epidemic of influenza
or reconstructed highly virulent human influenza A virus
(r1918) (18). Although the mechanism by which these viruses
elicit host responses may differ because SARS-CoV-infected
mice have a prominent infiltration of NK cells, macrophages,
and pDCs, while influenza-infected mice have a prominent
infiltration of neutrophils, trends in host response to different
respiratory viruses may be informative. Aged SARS-CoV mice
show a more similar host response to young mice infected with
the highly virulent reconstructed 1918 influenza virus that rep-
licated to high titer and was associated with prominent pulmo-
nary pathology and death by day 5 postinfection (see Fig. S8 in
the supplemental material) than to mice infected with a non-
lethal epidemic influenza virus. The similarity of the genomic
profiles of mice infected with a nonlethal SARS coronavirus to
those of mice infected with a highly virulent and lethal influ-
enza virus suggests that the sustained response to infection
seen in aged SARS-CoV-infected mice may play a role in the
pathogenesis of pulmonary disease.

Translating this molecular signature into a common denom-
inator within the context of other respiratory virus infection
and morbidity in an aged host is an important question to
answer with future studies. The continued use of older ani-
mals to examine the host response to different respiratory
pathogens will provide an important framework within
which the impact of senescence (e.g., immune, cellular,
structural (24) on disease progression and the mechanisms
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of increased severity of respiratory tract infections in the
elderly can be better understood.
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