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Abstract

Background: Many respiratory viruses disproportionately impact the elderly. Likewise, advanced age correlated
with more adverse disease outcomes following severe acute respiratory syndrome coronavirus (SARS-CoV) infection
in humans. We used an aged African green monkey SARS-CoV infection model to better understand age-related
mechanisms of increased susceptibility to viral respiratory infections. Nonhuman primates are critical translational
models for such research given their similarities to humans in immune-ageing as well as lung structure.

Results: Significant age- and infection-dependent differences were observed in both systemic and mucosal
immune compartments. Peripheral lymphocytes, specifically CD8 T and B cells were significantly lower in aged
monkeys pre- and post- SARS-CoV infection, while neutrophil and monocyte numbers were not impacted by age
or infection status. Serum proinflammatory cytokines were similar in both age groups, whereas significantly lower
levels of IL-1beta, IL-18, IL-6, IL-12 and IL-15 were detected in the lungs of SARS-CoV-infected aged monkeys at
either 5 or 10 days post infection. Total lung leukocyte numbers and relative frequency of CD8 T cells, B cells,
macrophages and dendritic cells were greatly reduced in the aged host during SARS-CoV infection, despite high
levels of chemoattractants for many of these cells in the aged lung. Dendritic cells and monocytes/macrophages
showed age-dependent differences in activation and chemokine receptor profiles, while the CD8 T cell and B cell
responses were significantly reduced in the aged host. In examination of viral titers, significantly higher levels of
SARS-CoV were detected in the nasal swabs early, at day 1 post infection, in aged as compared to juvenile monkeys,
but virus levels were only slightly higher in aged animals by day 3. Although there was a trend of higher titers in
respiratory tissues at day 5 post infection, this did not reach statistical significance and virus was cleared from all
animals by day 10, regardless of age.

Conclusions: This study provides unique insight into how several parameters of the systemic and mucosal immune
response to SARS-CoV infection are significantly modulated by age. These immune differences may contribute to
deficient immune function and the observed trend of higher SARS-CoV replication in aged nonhuman primates.
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Introduction
Viral respiratory infections remain a predominant cause
of morbidity and mortality in aged adults. The elderly
have heightened susceptibility to infection, an increased
risk of developing severe viral-induced pulmonary dis-
ease and have slower recovery rates [1]. Several physio-
logical parameters are thought to contribute to the poor
outcomes of infectious disease in the elderly population,
including the aging immune as well as respiratory sys-
tem. Almost all components of the immune system have
been shown to undergo age-associated restructuring that
greatly impacts immune function [2-5]. The decline in
immune function with age also results in reduced vac-
cine efficacy, further enhancing susceptibility to infec-
tion in the elderly [6-8].
Age-associated alterations in the mucosal immune sys-

tem are thought to occur at distinct times and in a dis-
tinct manner relative to systemic immunity [9]. Data
suggests that immunosenescence may occur earlier in
the mucosa than the systemic immune system with a
dramatic shift, with age, in the proportion of distinct T
cell subsets and a decrease in total B lymphocytes [3,10].
Advanced age has also been associated with a reduction
in antigen-specific IgA, an important protective antibody
predominantly localized to the mucosa [9]. In addition
to the immunological remodeling as a function of age,
there are also major alterations in respiratory physiology.
The aging lung has been shown to undergo structural
changes which include a loss in static recoil forces, a
stiffening of the chest cavity and diminished alveolar sur-
face area, ultimately resulting in reduced vital capacity
[11-13]. In addition, respiratory muscle strength consist-
ently declines with age making it more difficult for an
elderly person to breath even when not suffering from a
respiratory infection.
The limitations of the aged immune and respiratory

systems likely contributed to the increased mortality ob-
served in elderly patients (>60 years old) with severe
acute respiratory syndrome coronavirus (SARS-CoV).
The SARS-CoV epidemic in 2002–2003 resulted in over
8000 human infections with an estimated 10% mortality
rate [14]. Advanced age and comorbidities were signifi-
cantly associated with increased risk of SARS-CoV re-
lated death, due to acute respiratory distress syndrome
[15-18].
It is well appreciated that pulmonary damage in

SARS-CoV infection is caused by direct viral effects as
well as immunopathological factors [15], however the
pathogenic mechanisms in the vulnerable aged popula-
tions remain poorly defined. Several aged animal models
of SARS-CoV infection have been established to evaluate
the response and elucidate mechanisms for increased
SARS-CoV pathogenicity in the aged host. Recombinant
infectious clones and mouse passaged isolates of SARS-
CoV show increased severity of disease and lethality in
aged as compared to young mice [19-21]. Interestingly,
the aged and young hosts show similar levels of SARS-
CoV replication in most experimental infections [22].
Thus the increased acute lung injury in SARS-CoV-
infected aged animals is thought to be related to the
over exuberant immune responses and not heightened
viral-mediated damage. However, many aspects of the
elderly immune response and how it may differ from the
young adult are still unclear. Furthermore, our study
represents one of only two SARS-CoV infection studies
in aged nonhuman primates as almost all aged SARS-
CoV experiments to date have been conducted in mouse
models with mouse-adapted viral strains. Although mur-
ine models are often advantageous and informative, non-
human primates may be better suited for studying the
aging immune and respiratory systems. Unlike mice,
nonhuman primates show a high level of genetic hom-
ology to humans, are not inbred, have longer life spans
and their lungs are more structurally similar to humans
than other laboratory animals [23]. Importantly, studies
have shown that nonhuman primates undergo immune
senescence similar to what has been described for
humans [24,25]. The aim of this study was to determine
how the peripheral and mucosal immune responses to
SARS-CoV infection compare in the aged and juvenile
nonhuman primate host and to determine how this may
impact viral replication levels. We report that SARS-
CoV virus titers were significantly higher in the nasal
cavity of aged monkeys at day 1 post infection but, by
day 3, the difference in titers between age groups was
negligible. Although SARS-CoV virus levels were similar
in aged and juvenile monkeys at later time points post
infection there were significant age-dependent differ-
ences in systemic and mucosal immune responses to
SARS-CoV.

Results
SARS-CoV infection and clinical features in juvenile and
aged monkeys
To evaluate the impact of advanced age on severity of
SARS-CoV infection, aged and juvenile African green
monkeys were inoculated intranasally with 107 plaque-
forming units (PFU) SARS-CoV HKU-39849 strain or
mock-infected with sacrifice at 5 or 10 days post infection
(d.p.i.). Aged animals were roughly equivalent to 50 year
old humans (n = 5 each time point post infection, n = 2 for
mock-infected) [26,27] while juvenile animals represented
6–12 year olds (n = 6 for all juvenile groups). Some of the
virology, pathology and immunology data for the juvenile
animals have been previously reported [28] but are included
here for age-related comparisons. In examination of clinical
features, all animals showed a slight initial decrease in body
weight with SARS-CoV inoculation that rebounded by 3
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d.p.i. (Figure 1A; 2-way ANOVA for age and d.p.i.). Time
post infection but not age was a significant source of vari-
ation for the fold change in body weight. Body temperature
however, fluctuated throughout the infection time course
and was significantly affected by age but not infection
(Figure 1B; 2-way ANOVA for age and d.p.i.). SARS-CoV
titers were measured in nasal swabs and in several respira-
tory tissues by plaque assays. Replicating virus was recov-
ered from nasal swabs in 7 of the 10 aged animals at 1 d.p.i.,
in contrast to only one juvenile animal with detectable
virus at this early time point (Figure 1C; 2-way ANOVA
for age and d.p.i.). Day 1 was the only time point in
which SARS-CoV replication was significantly different;
by 3 d.p.i., virus levels were only slightly higher in aged
animals and titers remained similar in both age groups
out to day 5. No significant age-dependent differences
in SARS-CoV levels were observed in standardized col-
lected respiratory tissues at 5 d.p.i. (Figure 1D; 1-way
ANOVA for age). However, the levels of virus tended to
be higher in all tissues from the aged as compared to
Figure 1 Comparison of clinical features and replication levels follow
were weighed throughout the infection time course and mean values (+/−
body weight. (B) Body temperature was measured with an implanted subc
(+/− SE) are plotted in degrees Fahrenheit for aged and juvenile monkeys
longitudinally over the infection time course in nasal swabs by plaque-form
swab (+/−SE) are graphed on a log scale. Day 0–5 post infection for aged
animals, day 10 n = 6. (D) SARS-CoV replication was also evaluated at 5 day
cranial trachea sample (TrCr), caudal trachea sample (TrCd), and proximal (C
lung lobe. All tissues were collected in a standardized manner. Bar graphs
are plotted on a log scale. Aged n = 5, juvenile n = 6 for each tissue. *p < 0
infection (d.p.i) as indicated in each graph.
the juvenile animals, except in the proximal portion of
the right caudal lung lobe. No virus was detected in any
sample collected from either age group at 10 d.p.i.

Comparison of lung lesions in the aged and juvenile host
following SARS-CoV infection
To determine if advanced age correlated with increased
severity of lung pathology, a comprehensive histological
analysis of the respiratory tract following SARS-CoV in-
fection was conducted in aged and juvenile animals. At
5 d.p.i. the SARS-CoV-induced histologic changes in the
lung were higher in incidence in aged compared to ju-
venile monkeys (Table 1). These changes included peri-
vascular cuffing with inflammatory cells, alveolitis and
interstitial pneumonia. However, venous thrombosis was
observed in 17-18% of the juvenile animals at both 5 and
10 d.p.i. whereas no venous thrombosis was detected in
any aged animal at either time point. The severity of
lung pathology was only slightly higher in aged as com-
pared to juvenile animals at 5 d.p.i., and by 10 d.p.i.,
ing SARS-CoV-infection of aged and juvenile monkeys. (A) Animals
standard error (SE)) are graphed as the fold change over pre-infection
utaneous temperature microchip transponder. Average daily values
throughout SARS-CoV infection. (C) Viral titers were assessed
ing assays. The average plaque-forming units (PFU) per ml per nasal
animals n = 10, day 10 n = 5. Day 0–5 post infection n = 12, for juvenile
s post infection in several respiratory tract tissues including the nose,
dProx), middle (CdMid) and distal (CdDist) portions of the right caudal
of the mean (+/−SE) values of plaque-forming units per gram tissue
.05, **p < 0.01, ***p < 0.0005 by 2-way ANOVA for age or time post



Table 1 Comparison of SARS-CoV induced histologic changes in the lungs of aged and juvenile monkeys

Value

Group No. of animals Gradea Venous thrombosis Perivascular cuffing Alveolitis Interstitial pneumonia

Aged 5 d.p.i. 5 Severity 0 1.8 1.2 0.4

Incidence 0% 100% 80% 40%

Juvenile 5 d.p.i. 11 Severity 0.27 1.2 1 0.45

Incidence 18% 82% 73% 27%

Aged 10 d.p.i. 5 Severity 0 1.6 1.4 0.2

Incidence 0% 100% 80% 20%

Juvenile 10 d.p.i. 6 Severity 0.33 1.7 1.3 1.5

Incidence 17% 100% 100% 83%

Aged mock 3 Severity 0 0.33 0 0

Incidence 0% 33% 0% 0%

Juvenile mock 2 Severity 0 0 0 0

Incidence 0% 0% 0% 0%
aSeverity is the average grade for the group (0 = normal, 1 = minimal, 2 = mild, 3 =moderate, 4 = marked); incidence is the percentage of the group affected.
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juvenile animals exhibited higher incidence and severity
for most of the histologic changes. A marked increase
in the incidence of interstitial pneumonia was observed
in juvenile but not aged monkeys at 10 d.p.i. (83% in
juvenile versus only 20% in aged). Taken together, the
histologic changes associated with SARS-CoV-induced
interstitial pneumonia were slightly lower in incidence
and severity in the aged compared to juvenile host.

Systemic and mucosal SARS-CoV-induced inflammatory
responses differ in aged compared to juvenile monkeys
To determine if there were age-specific differences in
immune activation following SARS-CoV infection, sys-
temic inflammatory responses were compared in aged
and juvenile animals. Peripheral blood draws prior to
and at days 1, 5 and 10 were used to monitor circulating
immune cell and cytokine profiles. The total white blood
cell counts for aged monkeys were lower than their ju-
venile counterparts at pre- and post SARS-CoV infec-
tion time points (Figure 2A; 2-way ANOVA for age and
d.p.i.). In examination of specific leukocyte populations,
neutrophil and monocyte numbers significantly varied
with SARS-CoV infection but were unaffected by age
(Figure 2B-C; 2-way ANOVA for age and d.p.i.). In
contrast, age was a significant source of variation for
lymphocyte numbers with reduced CD8 T cells and
B cells in the peripheral blood of aged compared to
juvenile animals (Figure 2D-F; 2-way ANOVA for
age and d.p.i.).
The serum cytokine profile during SARS-CoV infec-

tion in aged and juvenile monkeys was defined using
bead-based protein arrays focusing on inflammatory cy-
tokines and chemokines associated with antiviral re-
sponses (Table 2). In comparing the aged and juvenile
animals, the levels of IL-12 and IFN-gamma were similar
but had a trend of being higher in the aged monkeys
whereas CCL2 was higher in juveniles, although not
reaching statistical significance (2-way ANOVA for age
and d.p.i.). IL-1 receptor agonist at baseline and CCL3
levels at day 10 were significantly elevated in the serum
of aged animals over their juvenile counterparts (2-way
ANOVA for age and d.p.i. with Bonferroni post-tests).
As expected with an experiment using non-inbred ani-
mals the variation for serum cytokines was relatively
high, particularly for the aged animals which is consist-
ent with other previously published aged nonhuman pri-
mate studies [5,25].
To determine how mucosal cytokines in SARS-CoV

infection compared to systemic responses and how age
may impact mucosal cytokine expression; the inflamma-
tory protein profile was evaluated by bead-based arrays
in standardized-collected lung tissue from the proximal
portion of the right caudal lobe. The focus was on in-
flammatory cytokines thought to play a role in antiviral
immunity. In contrast to the higher cytokine trend in
the serum of aged animals, cytokines in the lung were
often lower in aged as compared to the juvenile mon-
keys. Proinflammatory cytokines IL-1beta and IL-6 were
significantly lower in aged as compared to juvenile
animals at 5 and 10 d.p.i. respectively (Figure 3A-B;
unpaired student T-test). Aged monkeys showed signifi-
cantly lower levels of IL-12 at day 5 and lower IL-15 and
IL-18 at 10 d.p.i. as compared to juveniles (Figures 3C-E;
unpaired student T-test). There was also a trend of de-
creased IL-21 levels in the lungs of aged versus juvenile
monkeys although not reaching statistical significance
(Figures 3F). Unlike the juvenile animals, interferon-
gamma was below the level of detection in aged lung
samples (data not shown). In general, cytokines tended
to increase with SARS-CoV infection in juvenile



Figure 2 Differences in peripheral blood cell populations in the aged and juvenile host following SARS-CoV infection. Peripheral blood
was collected prior to and at 5 or 10 days post SARS-CoV infection while animals were under sedation. Complete white blood cell counts and cell
differentials were assessed by the Lovelace Clinical Laboratory Staff. The number of cells × 10^3 per microliter (μl) blood are graphed for (A)
white blood cells (WBC), (B) neutrophils, (C) monocytes, and (D) lymphocytes. (E-F) The number of CD8 T cells and B cells per microliter blood
was calculated based on flow cytometric frequencies and total lymphocyte numbers. The gating strategy is depicted in Additional file 1: Figure S1.
Graphs represent average values (+/−SE). *p < 0.05, ***p < 0.0005, ****p < 0.0001 in 2-way ANOVA comparing age and time post infection
(d.p.i.) as indicated in the graphs.
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monkeys whereas levels in the aged group showed no
infection-induced increase.

Age-specific differences in lung chemokine profiles
during SARS-CoV infection
Chemokines play a critical role in coordinating the mi-
gration of leukocytes into and out of the lung to trigger
effective immune responses against viral pathogens
[29,30]. The chemokine milieu in the lungs following
SARS-CoV infection was evaluated in aged and juvenile
animals by targeted protein arrays. Unlike data for
Table 2 Cytokines and chemokines in serum of SARS-CoV infe

Concen

Cytokine or chemokine Day 1

Juvenile Aged Juvenile

IL-1 ra 1.7 ± 1.3 12.0 + 3.1 59 ± 3.6

IL-8 156.0 ± 66.6 198.5 ± 81.4 200.2 ± 180

IL-12 34.1 ± 6.8 66.4 ± 15.0 37.5 ± 14.

IL-15 2.2 ± 0.3 1.4 ± 0.3 3.9 ± 0.7

IL-23 34.1 ± 6.8 58.1 ± 15.4 37.5 ± 14.

IFN-y 0.7 ± 0.3 1.1 ± 0.3 1.6 ± 0.9

CCL2 1657.5 ± 129.5 1631.0 ± 463.9 3279.1 ± 61

CCL3 2.6 ± 0.7 9.4 ± 2.3 2.1 ± 1.2

Values represent picograms +/- standard error. Results of a 2-way ANOVA for age a
degree of significance p < 0.05. Significantly higher levels of cytokine at specific tim
proinflammatory cytokines in the lung, several of the
chemokines showed increased expression with SARS-
CoV infection and were detected at higher levels in the
aged compared to the juvenile host. The T cell chemo-
attractant, CXCL11 was elevated in both age groups with
SARS-CoV infection (Figure 4A). However, CXCL11
levels in the aged lung did not reach the same magni-
tude as the juveniles and were significantly lower in
comparison at 10 d.p.i. (unpaired student T-test). In con-
trast, CCL5, another activated T cell chemoattractant
was significantly higher in aged compared to juvenile
cted aged and juvenile monkeys

tration pg/ml cytokine +/− SE

Day 5 Day 10 Statistics

Aged Juvenile Aged

16.9 + 3.7 7.1 ± 3.9 6.7 ± 2.1 age p = 0.06

.8 204.6 ± 98.5 151.1 ± 130.2 105.1 ± 73.7

6 45.0 ± 21.2 24.4 ± 8.8 75.9 ± 42.1

3.8 ± 1.2 4.0 ± 1.3 3.2 ± 0.4 d.p.i.*

6 45.0 ± 21.2 24.4 ± 8.8 75.9 ± 42.1

2.7 ± 0.8 2.5 ± 1.1 3.8 ± 2.6

9.9 1920.4 ± 535.5 1826.0 ± 5972 1160.0 ± 415.0 d.p.i.*

4.9 ± 2.9 0.5 ± 0.2 6.6 ± 2.1* age*, d.p.i.*

nd days post infection (d.p.i.) are indicated at the right with asterisks denoting
e points as determined by Bonferonni post tests are in bold.



Figure 3 SARS-CoV induced proinflammatory and antiviral cytokine expression differs in the lungs of aged compared to juvenile
monkeys. Cytokines were measured in standardized-collected lung tissue homogenates from the right caudal lung lobe of both age groups by
bead-based arrays in mock and SARS-CoV infected animals at 5 and 10 days post infection (d.p.i.). Levels of proinflammatory cytokines IL-1Beta
(A) and IL-6 (B) as well as antiviral cytokines IL-12 (C), IL-15 (D), IL-18 (E), and IL-21 (F) were compared in aged and juvenile monkeys. Graphs
represent average values (+/−SE) of cytokine in picograms per milliliter. *p < 0.05 in unpaired student T-test comparing juvenile and aged animals
at the time points indicated by the horizontal bar.

Clay et al. Immunity & Ageing 2014, 11:4 Page 6 of 16
http://www.immunityageing.com/content/11/1/4
animals throughout the SARS-CoV infection period
(Figure 4B; unpaired student T-test). The B cell chemo-
attractant, CXCL13 was dramatically lower in aged as
compared to juvenile animals, regardless of infection sta-
tus whereas CXCL12 and CCL20, known dendritic cell
(DC) chemoattractants, were much higher in mock and
SARS-CoV infected aged animals (Figure 4D-F; unpaired
student T-test).

Inflammatory lung infiltrates in SARS-CoV infection differ
in aged compared to juvenile monkeys
To determine if age impacted the kinetics and magni-
tude of mucosal inflammation in response to SARS-
CoV, immune cell populations were quantified and char-
acterized by flow cytometry in standardized collected
lung tissue (proximal portion of the right caudal lobe)
and lung draining lymph nodes. The number of total
lung leukocytes per gram lung tissue was similar at 5 d.
p.i. but was significantly lower in the aged as compared
to juvenile animals at 10 d.p.i. (Figure 5A; unpaired stu-
dent T-test). The frequency of distinct lung leukocyte
populations, including macrophages (CD68 + HLADR+),
dendritic cells (DCs; CD68-HLADR + CD11c+), CD8 T
lymphocytes (CD3 + CD8+), and B cells (CD3-CD20+)
differed in the two age groups during SARS-CoV infec-
tion (Figure 5B-E). Gating strategies are shown in
Additional file 1: Figures S1 and Additional file 2:
Figure S2 and average values are summarized in
Additional file 3: Table S1. The frequency of lung mac-
rophages was lower in aged as compared to juvenile ani-
mals in mock and SARS-CoV infection, reaching
significance at 10 d.p.i. (Figure 5B; unpaired student
T-test). The proportion of lung DCs was also signifi-
cantly lower in aged animals at all infection time points



Figure 4 Aged and juvenile monkeys show distinct lung chemokine profiles during SARS-CoV infection. Chemokines CXCL11 (A), CCL5
(B), IL-8 (C), CXCL13 (D), CXCL12 (E), CCL20 (F) were measured in standardized collected lung tissue homogenates of the right caudal lung lobe
by bead-based arrays as in Figure 3. Graphs represent average values of chemokine in picograms per milliliter (+/−SE). *p < 0.05 for comparison of
age and + p < 0.05 for comparion of time post infection in unpaired student T-test.
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examined (Figure 5C; unpaired student T-test). Although
lung B cell frequencies were increased with infection in
juvenile animals, no increase was observed in aged mon-
keys and, at most infection time points, significantly
lower CD8 T cell and B cell frequencies were detected in
aged monkeys (Figure 5D-E; unpaired student T-test). In
contrast to the lung, no age-dependent differences in the
leukocyte numbers or frequency of T and B cells
were noted in the tracheobronchial lymph nodes
(Figure 5F-H; unpaired student T-test).
To further assess the age-specific differences in im-

munity to SARS-CoV infection, the activation status and
chemokine receptor profile was assessed on monocytes/
macrophages, DCs and CD8 T cells. Peripheral mono-
cytes were defined by flow cytometry using CD14 and
HLADR expression and DCs as CD14-HLADR+CD11c +
(see peripheral blood monocyte and DC gating strategy
in Additional file 4: Figure S3). Expression of the activa-
tion marker CD86 showed significant age-dependent dif-
ferences in the monocytes, lung macrophages and DC
populations with significantly less expression in aged
SARS-CoV-infected animals (Table 3; 2-way ANOVA;
Additional file 2: Figures S2 and Additional file 4: Figure
S3). We also examined peripheral monocytes, DCs and
CD8 T cells for CCL5 and CCL20 receptor expression as
these chemokines were found at highest concentrations in
the aged lung. For CCL5 receptors, aged monocytes
showed reduced CCR3 but similar levels of CCR1 com-
pared to their juvenile counterparts (Table 3, 2-way
ANOVA for age and d.p.i.). The frequency of CD8 T
cells expressing CCR5 (another CCL5 receptor) was not
significantly impacted by age. The receptor for CCL20,
CCR6 was significantly down regulated with age and
SARS-CoV infection on peripheral blood DCs (Table 3,
2-way ANOVA for age and d.p.i.).

Impact of age on SARS-CoV specific T and B cell
responses
CD8 T cell responses to SARS-CoV infection were eval-
uated in peripheral blood, lung and tracheobronchial



Figure 5 Age-specific differences in leukocyte populations in the lung but not lymph node following SARS-CoV infection. (A) The
number of total lung leukocytes was calculated per gram of tissue in standardized collected samples from mock- and SARS-CoV infected animals
at 5 and 10 days post infection (d.p.i.). Samples were taken from the proximal portion of the right caudal lobe adjacent to the region used for
cytokine analysis (Figures 3–4). Flow cytometry was used to further characterize the major leukocyte populations in the lung mucosa. The percent
frequency of total lung leukocytes are indicated for (B) macrophages (CD68 + HLADR+), (C) dendritic cells (DCs; CD68-HLADR + CD11c+), (D) CD8
T lymphocytes (CD3 + CD8+) and (E) B cells (CD3-CD20+). (F) The number of total cells collected from the tracheobronchial lymph node (LN)
tissue was quantitated for mock- and SARS-CoV infected animals at 5 and 10 d.p.i.. The percent frequency of total lymph node cells were
determined for (G) CD8+ T cells and (H) B cells. Graphs represent average values (+/−SE). The gating strategies for flow cytometric analysis are
shown in Additional file 1: Figures S1 and Additional file 2: Figure S2 and percent frequencies summarized in Additional file 3: Table S1. *p < 0.05,
**p < 0.01 in unpaired student T-test comparing age groups. +p < 0.05 for comparing infection time points.
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lymph node by flow cytometric analysis (See gating strat-
egy in Additional file 1: Figures S1 and Additional file 2:
Figure S2). Although no age-dependent differences were
observed in the frequency of naïve (CD45RA + CCR7+)
CD8 T cells in peripheral blood, there were significantly
lower levels of these cells in the lung and lymph node of
aged animals during SARS-CoV infection (Figure 6A-C;
unpaired student T-tests). A similar trend was observed
with proliferating and cytotoxic granzyme B + CD8 T
cells which were lower in the lungs and lymph nodes of
aged compared to their juvenile counterparts at most in-
fection time points (Figure 6D-I; unpaired student T-
test). However, granzyme B + T cell levels tended to be
higher in the peripheral blood of aged compared
to juvenile animals, reaching significance at 1 d.p.i.
(Figure 6G; unpaired student T-test). To determine how
the B cell response to SARS-CoV was impacted by age,
anti-SARS-CoV antibodies were evaluated in the serum
and lung. Serum neutralization assays revealed increased
antibodies in all juvenile animals with SARS-CoV infec-
tion as early as 5 d.p.i. (Figure 7A; 2-way ANOVA for
age and d.p.i.). In contrast, SARS-CoV neutralizing anti-
bodies were not detected until 10 d.p.i. in aged monkeys,
with antibody titers that were significantly lower as com-
pared to juveniles. Anti-SARS-CoV IgG and IgA anti-
bodies in lung tissue homogenates were determined by
ELISA. Lung anti-SARS-CoV IgG was detected in 1 aged
and 2 juvenile animals at 5 d.p.i. and although titers



Table 3 Percent frequency of chemokine receptor and activation marker positive leukocytes in SARS-CoV infected aged
and juvenile monkeys

Frequency of cellsa

Peripheral blood Day 1 Day 5 Day 10

Juvenile Aged Juvenile Aged Juvenile Aged Statistics

Monocytes

CCR1 5.0 ± 0.9 1.8 ± 0.4 1.0 ± 0.1 2.2 ± 1.7 2.5 ± 0.3 2.4 ± 0.6 d.p.i*

CCR3 1.6 ± 0.4 1.9 ± 04 1.1 ± 01 2.2 ± 12 1.1 ± 01 2.4 ± 0.6 age*

CD86 8.9 ± 13 3.8 ± 0.4 6.3 ± 2.0 3.9 ± 1.9 4.7 ± 0.3 5.2 ± 1.6 age*

DCs

CCR6 0.6 ± 0.3 0.3 ± 0.2 0.6 ± 0.2 0.0 ± 0.0 0.3 ± 01 0.2 ± 0.0 age**, d.p.i*

CD86 1.4 ± 0.5 0.2 ± 0.0 2.9 ± 0.9 0.3 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 age****

CD8 + T cells

CCR5 6.9 ± 1.2 2.5 ± 0.4 1.8 ± 0.3 2.0 ± 0.5 3.7 ± 0.3 9.9 ± 3.4 d.p.i**

Lung Mock Day 5 Day 10

Juvenile Aged Juvenile Aged Juvenile Aged Statistics

Macrophages

CD86 20.5 ± 1.7 2.3 ± 0.1 36.4 ± 4.8 3.1 ± 1.1 34.2 ± 2.1 3.3 ± 1.7 age****

DCs

CD86 1.1 ± 0.3 0.3 ± 0.1 3.7 ± 0.5 0.4 ± 0.1 2.0 ± 0.5 0.3 ± 0.1 age****

aAverage frequency of chemokine receptor or activation marker positive cells of total perhipheral blood or lung leukocytes. Monocytes (CD14 + HLADR+),
peripheral blood dendritic cells (DCs: CD14-HLADR + CD11c+), CD8 T cells (CD3 + CD8+). Lung macrophages are defined as CD68 + HLADR + and lung DCs as
CD68-HLADR + CD11c+. Gating strategies are show in Additional file 1: Figure S1, Additional file 2: Figure S2 and Additional file 4: Figure S3. Statistical results of
2-way ANOVas for age and days post infection (d.p.i.) are indicated at the right with asterisks denoting degree of sigrificance: *p < 0.05, **p < 0.005 ****p < 0.0001.
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increased in the juvenile lungs by day 10, no increase in
anti-SARS CoV IgG titers was observed in aged animals
(Figure 7B, no significance by unpaired student T test).
Anti-SARS-CoV IgA titers were significantly lower in
aged as compared to juvenile animals at 10 d.p.i., with
average titers that were up to 18-fold lower in the aged
host (Figure 7C, unpaired student T test).

Discussion
The elderly (those over 65), are considered the fastest-
growing demographic in the United States and are ex-
pected to make up 19% of the population by 2030 [31].
It is well recognized that elderly individuals incur en-
hanced severity of respiratory infections and according
to the Center for Disease Control and Prevention, an es-
timated 9 out of 10 flu-related deaths in the United
States occur in people 65 and older. When SARS-CoV
emerged in the human population in 2002, the elderly
were also disproportionately affected, with individuals
over 65 making up 50% of the total fatal cases [32,33].
We have a poor understanding of the relationship be-
tween aging and the host response to respiratory virus
infection. Most of our understanding of the biological
changes that occur with aging in humans has been lim-
ited to studies of peripheral blood, which may not reflect
the immune dynamics of the respiratory tract. Our study
aimed at gaining insight into the kinetics and magnitude
of the systemic and mucosal immune response to SARS-
CoV infection in aged nonhuman primates, an import-
ant translational model for immune-aging research.
The significantly higher levels of viral replication in

the nasal secretions of aged monkeys as compared to the
juvenile animals at 1 d.p.i. was unexpected as most aged
SARS-CoV studies have detected no age-dependent dif-
ferences in infection levels. Higher SARS-CoV titers may
have been missed in the previous aged nonhuman pri-
mate experiment as 2 d.p.i. was their earliest sampling
time point, [22] and by day 3 in our study, aged and ju-
venile infection levels were similar. Although we cannot
be certain that we were measuring replicating virus and
not virus delivered from the inoculum, the dramatic dif-
ference in the amount recovered suggests that the aged
nasal epithelium may support higher levels of SARS-
CoV, or that the nasal cavity drainage mechanisms are
impaired in the aged host. Despite the early age-
associated differences in viral shedding at mucosal sites,
by 5 d.p.i., levels of SARS-CoV in respiratory tract tis-
sues were only slightly higher in the aged monkeys.
Similar to previous reports, virus was not recovered
from any animal at 10 d.p.i., suggesting that the kinetics
of viral clearance may have been similar in both age
groups. However, additional sampling between days 5
and 10 post infection would be necessary to confirm this
observation.



Figure 6 Comparison of T lymphocyte responses to SARS-CoV infection in the aged and juvenile monkey. CD8 T cells were evaluated by
flow cytometric analysis for coexpression of naïve cell markers CD45RA and CCR7 (A-C); proliferation marker, Ki67 (D-F); and cytotoxic enzyme,
granzyme B (G-I) in the peripheral blood, lung and tracheobronchial lymph nodes. Graphs represent average values (+/−SE). The gating strategy
for flow cytometric analysis is shown in Additional file 1: Figures S1 and Additional file 2: Figure S2. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001 in unpaired student T-tests comparing age groups.
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The aged monkeys in our study exhibited significantly
decreased total white blood cell counts which is consist-
ent with the inverse correlation of WBCs with age that
has been observed at steady state in several rhesus and
human studies [25,34]. Of the leukocyte populations in
the blood, lymphocyte numbers were most dramatically
affected by age, with flow cytometric results showing
significantly reduced CD8 T cells and B cells in aged
compared to juvenile monkeys. In contrast, peripheral
cytokine responses showed only minimal age-related dif-
ferences to SARS-CoV infection which may be related to
the high variability, particularly in the aged group, which
is consistent with previous reports in elderly rhesus
monkeys [5,25]. In regards to the mucosal inflammatory
reactions, proinflammatory cytokines IL-1beta, IL-6, IL-
15, IL-12 and IL-18 were all significantly lower in the
lungs of SARS-CoV-infected aged animals at either day
5 or 10 post infection. In particular, the reduced levels of
IL-1beta and IL-18 are in line with recent reports of im-
paired NLRP3 inflammasome function in elderly mice
during influenza infection [35]. The low cytokine re-
sponse in aged monkeys may also be a reflection of the
reduced total inflammatory cell numbers found in the
lungs of aged as compared to juvenile animals as cells
and cytokines were evaluated in adjacent lung regions.
Our data is not consistent with the exacerbated acute in-
flammatory responses shown to promote disease patho-
genesis in aged SARS-CoV-infected mouse models
[19,21]. As we did not sample earlier than day 5 post in-
fection in the lung, the increased inflammation in our
aged monkeys may have been missed. Our sampling
schedule may have also precluded collections at optimal
inflammatory response time points, as a biphasic pattern
occurring in waves, at day 2 and 7 post infection with
mouse-adapted SARS-CoV strains has been described in
aged rodents [20,36].



Figure 7 Limited systemic and mucosal B cell responses in
aged monkeys infected with SARS-CoV. (A) SARS-CoV neutralizing
antibodies were measured in sera of aged and juvenile animals over
the infection time course. Graphs represent average values (+/−SE).
For day 0, aged n = 10, juvenile n = 12. For day 5 and 10 post
infection n = 5 for aged and n = 6 for juvenile. ****p < 0.0001 for
age and time post infection (d.p.i.) as indicated in the graph by
2-way ANOVA with a Bonferroni post-test, p < 0.05. (B-C) Anti-SARS-
CoV spike protein specific IgG (B) and IgA (C) were measured in
lung tissue homogenates by ELISA. Graphs represent average values,
n = 5 for aged and n = 6 for juvenile (+/−SE). *p < 0.05 in unpaired
student T-test comparing juvenile and aged animals at the time
points indicated by the horizontal bar.

Clay et al. Immunity & Ageing 2014, 11:4 Page 11 of 16
http://www.immunityageing.com/content/11/1/4
In addition to the differences between our findings
and those from aged mice, most of our results are also
dissimilar to the previously reported aged nonhuman
primate SARS-CoV study by Smits et al., [22] as we did
not observe stronger innate immune responses or more
severe pathology in our aged monkeys. In comparing
our results, there are several experimental design aspects
to take into consideration, beyond differences in dose
and route of SARS-CoV infection. First, cynomolgous
macaques were used in the previous study whereas our
SARS-CoV infection model utilizes African green mon-
keys. In addition, timing of lung sample collection dif-
fered between the two studies, days 2 and 4 were
assessed in the cynomolgous macaques while days 5,
and 10 post infection were evaluated in our study. Fur-
thermore, a standardized lung collection scheme was
used in our immunology and pathology analysis, to give
a more comprehensive perspective whereas their study
assessed gene changes in specific regions of high SARS-
CoV replication. Despite the major differences in study
design, there were several results that were comparable,
including the similarity of SARS-CoV viral titers in the
aged and juvenile lung at later infection time points
(days 4 and 5). In addition, several chemokines, includ-
ing CCL5, CXCL12 and CCL20 were significantly
increased in the lungs of SARS-CoV-infected aged mon-
keys here, which is consistent with the finding of ele-
vated chemokine signaling genes in the aged lungs of
cynomolgous macaques during SARS-CoV infection by
microarray [22].
Immune senescence has been shown to impact innate as

well as adaptive branches of the immune system, both con-
tributing to the diminished immunity observed in the eld-
erly [24,37]. In examination of the kinetics of lung and
lymph node cell expansion and/or trafficking following
SARS-CoV infection, we found significantly reduced lung
macrophages, DCs, CD8 T cells and B cells in the aged ani-
mals relative to their juvenile counterparts. Not only were
there fewer lung macrophages and DCs in the aged ani-
mals, but the frequency of costimulatory CD86+ cells were
also significantly reduced. In contrast, the lymph node reac-
tion showed no age-specific differences. Interestingly, al-
though lung leukocyte numbers were reduced in aged
monkeys there were disproportionately high levels of the
chemokines capable of recruiting these cells into the lung,
CCL5, CXCL11, CXCL12 and CCL20. This prompted our
examination of the expression of the corresponding ligand-
binding receptors on peripheral blood leukocytes to deter-
mine if there were age-related differences in the migratory
capacity of these cells into the lung. For CCL5 receptors,
we found significantly reduced frequencies of CCR3 but
not CCR1+ monocytes in aged animals and similar fre-
quencies of CCR5+ CD8 T cells in both age groups. The
frequency of aged DCs expressing the CCL20 receptor,
CCR6 showed the most dramatic age-specific reduction
which is reasonable, given that CCR6 is predominantly
expressed by immature DCs and may reflect a reduction of
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these cells in our aged animals. The observed differences in
lung chemokine and ligand receptor expression may reflect
age-specific modulation of leukocyte trafficking into the
lung. Although we did not confirm these observations with
mechanistic in vitro experiments, previous studies have
shown that DCs acquired from older individuals display sig-
nificantly impaired ability to migrate in response to chemo-
kines [38].
We also examined age-specific differences in both T

and B cell responses to SARS-CoV infection systemic-
ally and at mucosal sites. Not surprisingly, the pro-
portion of naïve CD8 T cells in the lung and lymph
node was significantly reduced in aged compared to
juvenile animals in SARS-CoV infection. This corre-
sponded to significantly lower levels of CD8 T cell
proliferation at these sites in aged animals as well.
Interestingly, the frequency of cytotoxic enzyme posi-
tive (granzyme B) T cells was higher at 1 d.p.i. in the
periphery of aged compared to juvenile animals.
However, aged peripheral granzyme + T cell frequen-
cies remained unchanged by SARS-CoV infection
whereas juvenile cytotoxic T cells showed infection-
induced fluctuation. In contrast to peripheral blood,
the lung and lymph node of aged animals had lower
frequencies of granzyme + T cells compared to juven-
ile animals at 5 and 10 d.p.i.. The humoral response
was also greatly reduced in aged SARS-CoV-infected
monkeys with significantly reduced serum neutralizing
antibodies and mucosal anti-SARS-CoV IgA in the
aged host. This limited antibody response may be re-
lated to the dramatically reduced lung and peripheral
B lymphocyte populations observed in the aged mon-
keys which is consistent with reports in elderly
humans [39]. Despite the deficiencies observed in the
aged adaptive responses, viral titers were only signifi-
cantly higher in aged monkeys at day 1 post infection.
This suggests that innate or other compensatory im-
mune responses are sufficient for viral control in aged
monkeys and serves to further support the minimal
involvement of cytotoxic T cells and neutralizing anti-
bodies in SARS-CoV clearance as demonstrated in
mouse depletion models [36].
Taken together, our data indicate that systemic and

mucosal immunity to SARS-CoV infection differs in
the aged as compared to the juvenile host. This know-
ledge will be important to consider in the design of
effective intervention strategies for SARS-CoV and po-
tentially other respiratory infections. Our experimental
results support future mechanistic studies to identify
adjunctive strategies capable of overcoming the im-
mune deficits of the aged airway mucosa, which may
ultimately translate into novel approaches to enhance
efficacy of vaccines against respiratory pathogens for
the elderly population.
Conclusions
In this study we found that viral titers in aged, as com-
pared to juvenile monkeys were significantly higher early
after infection, but levels became comparable in both
age groups at later infection time points. We observed
significant age and infection-dependent differences in
both the systemic and mucosal immune compartments
with more dramatic changes in cytokine levels and
leukocyte frequencies in lung as compared to peripheral
blood and tracheobronchial lymph nodes. In regards to
the exacerbated SARS-CoV responses previously re-
ported in aged nonhuman primates, we did not observe
enhanced host immunity or pathology in our aged mon-
keys. Instead, we detected less inflammatory cytokines
and total lung leukocytes, as well as reduced adaptive re-
sponses with increased age. Although our results are dis-
crepant, both studies indicate that pulmonary immunity
is intrinsically different in the aged as compared to the
juvenile host, warranting further exploration given the
important implications this has for vaccine and thera-
peutic design for the elderly.

Methods
Ethics statement
All procedures were conducted under protocols approved
by the Institutional Animal Care and Use Committee
(IACUC) at Lovelace Respiratory Research Institute (LRRI),
all facilities were accredited by the Association for Assess-
ment and Accreditation of Laboratory Animal Care Inter-
national (AAALAC), and guidelines for nonhuman
primates described in the Guide for the Care and Use of
Laboratory Animals, National Research Council, were
strictly adhered to.

Nonhuman primates
The animals used in this study were adult African green
monkeys obtained from the Barbados Primate Research
Centre, Barbados, West Indies through Global Research
Supply, LLC (Reno, NV), a Class B USDA licensed animal
dealer. A permit to import the animals into New Mexico
was acquired through the Fish and Wildlife Service by
LRRI. The aged African green monkeys were determined to
be ~10-20 yrs old while the remaining subjects were young
adults (~2-6 years old). Additionally, two female African
green monkeys of 17 yrs and 18 yrs were acquired from the
Wake Forest University Primate Center (Medical Center
Boulevard, Winston-Salem). As there is an estimated 3.2-
fold difference for relating age between humans and rhesus
macaques [26,27], the aged African green monkeys in our
study are expected to represent approximately, 50 year old
humans while the juvenile African green monkeys corres-
pond to 6–12 year olds. The rhesus-to-human age conver-
sion was used given that the estimated age conversion is
not as well established for African green monkeys and there
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is 95% genetic similarity [40] between the two Old World
monkey species belonging to the Super Family Cercopithe-
coidea. Randomization and group assignments for the aged
monkey studies were performed with Provantis Integrated
Preclinical Software (Instem Life Science Systems Ltd.). All
monkeys were quarantined for 6 weeks prior to the study,
during which they were tested for tuberculosis. Animals
were given a subcutaneous microchip for identification
and temperature measurements (IPTT-300 implantable
temperature transponder and a WRS-6007 Handheld
Wireless Reader System (Bio Medic Data Systems, Inc, Sea-
ford, Delaware)). During the infectious portion of the study,
animals were individually housed indoors in stainless steel
cages with wire mesh bottoms. Temperature and humidity
ranges were controlled along with 12 h light and dark cy-
cles. Animals were also given environmental enrichment in-
cluding toys twice per day. Tap water from the institutional
watering system was available ad libitum and animals were
fed twice a day Harlan Teklad Certified 20% Monkey Diet
(4 to 6 biscuits/kg body weight) with bananas or apples for
enrichment 3 times per week.

SARS-CoV infection of African green monkeys
The SARS-CoV strain HKU-39849 was provided by Dr.
Leo Poon (Department of Microbiology, University of
Hong Kong, Hong Kong, China) and viral stocks were
generated in Vero E6 cells. Experimental infection with
107 plaque-forming units (PFU) of SARS-CoV instilled
intranasally was conducted as previously reported [28].
Monkeys were examined by trained Laboratory Animal
Technicians twice per day (at least 6 h apart) on each
day of the study for parameters including appetite, ap-
pearance, activity, stool, posture, neurological signs, res-
piration, ocular discharge and nasal discharge. Onset of
any abnormal clinical sign was documented and a score
sheet completed each day beginning from the date the
animal fell ill. Euthanasia to alleviate suffering was con-
ducted based on the clinical observation score sheet and
consultation with the Staff Veterinarian. Animals were
sacrificed at 5 and 10 d.p.i. (n = 6 for juvenile and n = 5
for aged animals at each time point) by intravenous
overdose of Euthasol® (Virbac AH, Inc., Fort Worth,
TX). Virus-free cell culture medium was used to inocu-
late mock-infected controls (n = 6 for juveniles and n = 2
for aged). Some of the immunology, virology and path-
ology data for the juvenile animals were previously re-
ported [28] but are included in this manuscript for
comparison with aged monkeys.

Plaque and neutralization assays
Virus titers were measured in plaque assays by applying
serial dilutions of homogenized tissue supernatants onto
Vero E6 cell monolayers as previously described [28]. To
measure SARS-CoV neutralizing antibodies in serum,
samples were serially diluted and incubated with 2,000
PFU/ml SARS-CoV overnight before inoculation onto
Vero E6 cells. Titers are expressed as the reciprocal of
the highest dilution at which the cytopathic effect was
completely inhibited.

Flow cytometry
Standardized collected lung tissue from the proximal
portion of the right caudal lobe was processed into
single-cell suspensions for flow cytometry. Of note, the
samples for flow cytometric analysis and cytokine pro-
tein evaluation were acquired from adjacent tissue re-
gions. Single cell suspensions were prepared as detailed
in [28]. Briefly, mechanical and enzymatic digestion with
Liberase (Roche, Pleasanton, CA) and DNAse (Sigma,
St. Louis, MO) solution was performed prior to overlay-
ing samples on a Percoll (Sigma) gradient for 20 min at
500 × g with no brake. Tracheobronchial lymph nodes
were collected in a standardized manner in which the
same region and size of tissue was collected from each
animal. Single-cell suspensions were made by mechan-
ical disruption. Peripheral blood mononuclear cells
(PBMC) were isolated from heparinized blood with a
Ficol-Hypaque (Sigma) gradient as previously reported
[41]. All flow cytometric analysis was conducted on pre-
viously frozen PBMC, lung or lymph node leukocytes.
The following antibodies were used in 4- or 6- color
staining panels: CD3 (clone SDP34-2); CD8 (clone SK1);
CD11c (clone SHCL-3); CD14 (clone M5E2); CD20
(clone L27); CD68 (clone KP1, Santa Cruz Biotechnolo-
gies, Dallas, TX); CD86 (clone 2331Fun1); Granzyme B
(clone GB11, Invitrogen, Carlsbad CA); HLA-DR (clone
L243); Ki67 (clone B56); CCR1 (clone 53504); CCR3
(clone 61828); CCR5 (clone 3A9); CCR6 (clone 11A9)
and CCR7 (clone 150503, R&D Systems, Minneapolis,
MN) all conjugated to fluorochromes FITC, PE, PerCP,
PerCpCy5.5, APC, PECy7, Alexa647 or APCCy7 (BD
Biosciences, San Jose, CA unless specified). For intracel-
lular antigens, BD FACS lyse and permeabilization solu-
tions were used according to the manufacturer’s
instructions. CD4 was not assessed given the downregu-
lation of this marker on African green monkey T lym-
phocytes [42-44]. Antibody-stained samples were fixed
for 16 hr in 1% paraformaldehyde and 3% FBS in phos-
phate buffered saline. Sample data were acquired on a
FACS-Calibur or FACS-Canto flow cytometer instru-
ment (BD Biosciences) and data files analyzed utilizing
FlowJo software 7.6.1 (TreeStar, Medford, OR). For all
flow cytometric analysis, within one experiment, the
gates applied to each sample were identical (See gating
strategies in Additional file 1: Figure S1, Additional
file 2: Figure S2 and Additional file 4: Figure S3). When
appropriate and possible, similar gates were used across
the two different experiments (juvenile and aged
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samples). However, based on changes to flow cytometer
settings and fluorescence minus one controls, some
gates were adjusted between the two experiments.
Markers were chosen for characterization of specific
leukocyte subsets in PBMC, lymph node, and lung based
on previously published studies in humans or nonhuman
primates [45-53].
ELISAS and cytokine bead-based assays
Lung tissue was acquired in a standardized collection
scheme in which a section of the proximal right caudal lobe
was divided into two portions, one for homogenization to
assess cytokines and antibodies and virus while lung leuko-
cytes were isolated from the other portion for flow cytome-
try (see previous section). For homogenization, a volume of
RPMI media (Gibco, Life Techologies, Grand Island, NY)
equal to 10% of the lung tissue weight was added. SARS-
CoV IgG and IgA antibodies were measured by ELISA
detailed in [28]. Briefly, ELISA plates were coated with
purified recombinant SARS-CoV S protein in carbonate-
coating buffer (S protein NR-686 obtained through NIH
Biodefense and Emerging Infections Research Resources
Repository) and nonspecific binding blocked with Power-
Block (Biogenex, San Ramon CA). Starting at a 1:25 dilu-
tion, serially diluted lung tissue homogenate supernatants
(clarified by centrifugation) were incubated on S-protein
coated plates overnight at 37°C. An anti-monkey IgG or
IgA HRP-conjugated antibody (KPL Inc., Gaithersburg,
MD) was applied followed by substrate development with
ABTS Microwell peroxidase substrate system (KPL) and
absorbance reading at 405 nm using a Thermo Electron
Corporation plate reader (Thermo Electron Corporation,
Houston, TX). Data was acquired with Ascent software
(Ascent Software, London, UK) and the ELISA antibody
titer recorded for each sample was the reciprocal of the
highest dilution in which the optical density (O.D.) reading
for S-protein bound wells was at least two-fold higher than
that of the nonfat milk control. The O.D. of the highest titer
chosen also had to fall within the linear range of the serial
dilutions.
Cytokine and chemokine protein was measured in

lung tissue homogenates and serum using both human
and nonhuman primate multiplex bead-based array kits
(Millipore, Billerica, MA). The assays were performed
according to the manufacturer’s instructions with an
overnight incubation of the samples in antibody-
immobilized beads. Data was collected on the Bio-Plex
System (BioRad, Hercules, CA) and a weighted 5-
parameter logistic curve-fitting method used to calculate
the concentration of individual analytes. All measure-
ments were performed in duplicate and data reported as
pg/ml. CD40L was undetectable in serum of either age
group and IL-5, TNF-alpha, IL-17, IL-2, CCL24 and
CCL26 were below the level of detection in lung tissue
homogenates.

Histopathology
Sampling of tissues for histopathology was performed as
previously reported [28] in a standardized manner with
random assessment. All organs were fixed in 4% parafor-
maldehyde solution prior to embedding in paraffin.
5 μm thick tissue sections were stained with hematoxylin
and eosin for examination microscopically by a board
certified veterinary pathologist. Histologic lesions were
graded for severity (0 = normal, 1 =minimal, 2 =mild,
3 =moderate, 4 =marked) and distribution, (focal, multi-
focal, diffuse).

Statistical analysis
Infection and age differences were evaluated using a 2-
way ANOVA with Bonferroni post-tests or two-tailed
student T-tests, where appropriate. All data for statistical
evaluation was log transformed and analyzed with
GraphPad Prism 5.0 software (GraphPad, La Jolla, CA).
A p value of 0.05 or less was considered statistically
significant.

Additional files

Additional file 1: Figure S1. Gating strategy for analysis of extracellular
markers on B and T cells. The representative gating strategy for flow
cytometric analysis of lung, lymph node and PBMC is illustrated based on
PBMC from an aged monkey. First a lymphocyte gate based on forward
and side scatter is applied with the percent frequency of total cells
indicated in the plot (FSC/SSC). CD8 T cells were subsequently gated
based on CD3 and CD8 expression (CD3 + CD8+). CD8 T cells were
further evaluated for coexpression of naïve cell markers CCR7 and
CD45RA (CCR7 + CD45RA+) or CCR5 expression. B lymphocytes were
gated based on CD20 expression and absence of CD3 (CD3-CD20+). The
percent frequencies of total gated lymphocytes based on the FSC/SSC
gate are indicated in each plot.

Additional file 2: Figure S2. Gating strategy for analysis of intracellular
markers. The gating strategy for flow cytometric analysis of macrophages,
dendritic cells and CD8 T cells in which intracellular markers were used is
shown using a representative lung sample from an aged animal.
Leukocytes were first gated on forward and side scatter with the percent
frequency of total cells indicated in the plot (FSC/SSC). Cells were
subsequently gated on CD68 and HLADR for macrophages and dendritic
cells (DCs) (CD68/HLADR). Macrophages were defined as CD68 + HLADR +
and were evaluated for expression of CD86. CD68 negative HLADR + cells
were further gated on CD11c positive to define DCs (CD68-HLADR + CD11c+)
which were also evaluated for CD86 expression. CD8 T cells were defined as
CD3 + CD8+ and were assessed for expression of intracellular antigens, Ki67
and granzyme B. The percent frequencies of total gated leukocytes based on
FSC/SSC are indicated in each plot.

Additional file 3: Table S1. Relative frequency of leukocyte populations
in the lung and lymph node during SARS-CoV infection.

Additional file 4: Figure S3. Gating strategy for peripheral monocytes
and dendritic cells. The gating strategy for monocytes and DCs in the
peripheral blood is depicted using a representative aged PBMC sample.
Cells are first gated based on forward and side scatter with the percent
frequency of total cells indicated in the plot. The subsequent gate is for
CD14 and HLADR expression in which monocytes are defined as CD14 +
HLADR+. Monocytes are subsequently evaluated for CD86, CCR1 and

http://www.biomedcentral.com/content/supplementary/1742-4933-11-4-S1.tiff
http://www.biomedcentral.com/content/supplementary/1742-4933-11-4-S2.tiff
http://www.biomedcentral.com/content/supplementary/1742-4933-11-4-S3.docx
http://www.biomedcentral.com/content/supplementary/1742-4933-11-4-S4.tiff
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CCR3 expression. CD14negative HLADR + cells are further gated on
CD11c expression to define DCs (CD14-HLADR + CD11c+). CD86 and
CCR6 expression was then evaluated on DCs. The percent frequencies of
total gated leukocytes based on FSC/SSC are indicated in each plot.

Abbreviations
SARS-CoV: Severe acute respiratory corona virus; d.p.i.: Days post infection;
PFU: Plaque-forming units; DC: Dendritic cell.

Competing interests
The authors declare no financial or non-financial competing interests in the
work presented in this study.

Authors’ contributions
CCC data collection, analysis and interpretation of data, figure preparation,
manuscript writing; ND data collection, analysis, manuscript editing; NF
conception and design, analysis and interpretation of data; JBK data
collection, analysis, manuscript editing; KO conception and design, study
director, manuscript editing; JT data collection, data analysis, manuscript
editing; JVW data collection, analysis, manuscript editing; FH board-certified
pathologist, histopathology analysis, manuscript editing, KSH conception and
design, interpretation of data, final approval of the manuscript. All authors
read and approve the final manuscript.

Acknowledgements
We thank the ABSL3 animal care and pathology for assistance with these
studies. We thank Dr. Fred Cassels, NIAID for helpful comments and
suggestions regarding the experimental design.

Author details
1Work performed at Lovelace Respiratory Research Institute (LRRI), Infectious
Disease Program, Albuquerque, NM, Mexico. 2California National Primate
Research Center, University of California, Davis, CA, USA.

Received: 29 August 2013 Accepted: 6 March 2014
Published: 19 March 2014

References
1. Salvioli S, Capri M, Valensin S, Tieri P, Monti D, Ottaviani E, Franceschi C:

Inflamm-aging, cytokines and aging: state of the art, new hypotheses on
the role of mitochondria and new perspectives from systems biology.
Curr Pharm Des 2006, 12:3161–3171.

2. Pawelec G: Immunosenescence comes of age. Symposium on aging
research in immunology: the impact of genomics. EMBO Rep 2007,
8:220–223.

3. Globerson A, Effros RB: Ageing of lymphocytes and lymphocytes in the
aged. Immunol Today 2000, 21:515–521.

4. Panda A, Arjona A, Sapey E, Bai F, Fikrig E, Montgomery RR, Lord JM, Shaw
AC: Human innate immunosenescence: causes and consequences for
immunity in old age. Trends Immunol 2009, 30:325–333.

5. Asquith M, Haberthur K, Brown M, Engelmann F, Murphy A, Al-Mahdi Z,
Messaoudi I: Age-dependent changes in innate immune phenotype and
function in rhesus macaques (Macaca mulatta). Pathobiol Aging Age Relat
Dis 2012, 2:1–21.

6. Aw D, Silva AB, Palmer DB: Immunosenescence: emerging challenges for
an ageing population. Immunology 2007, 120:435–446.

7. Aspinall R, Del Giudice G, Effros RB, Grubeck-Loebenstein B, Sambhara S:
Challenges for vaccination in the elderly. Immun Ageing 2007, 4:9.

8. Coe CL, Lubach GR, Kinnard J: Immune senescence in old and very old
rhesus monkeys: reduced antibody response to influenza vaccination.
Age (Dordr) 2012, 34:1169–1177.

9. Fujihashi K, Kiyono H: Mucosal immunosenescence: new developments
and vaccines to control infectious diseases. Trends Immunol 2009,
30:334–343.

10. Koga T, McGhee JR, Kato H, Kato R, Kiyono H, Fujihashi K: Evidence for
early aging in the mucosal immune system. J Immunol 2000,
165:5352–5359.

11. Sprung J, Gajic O, Warner DO: Review article: age related alterations in
respiratory function - anesthetic considerations. Can J Anaesth 2006,
53:1244–1257.
12. Rossi A, Ganassini A, Tantucci C, Grassi V: Aging and the respiratory
system. Aging (Milano) 1996, 8:143–161.

13. Herring MJ, Avdalovic MV, Quesenberry CL, Putney LF, Tyler NK, Ventimiglia
FF, St George JA, Hyde DM: Accelerated structural decrements in the
aging female rhesus macaque lung compared with males. Am J Physiol
Lung Cell Mol Physiol 2013, 304:L125–L134.

14. Chan-Yeung M, Xu RH: SARS: epidemiology. Respirology 2003,
8(Suppl):S9–S14.

15. Gu J, Korteweg C: Pathology and pathogenesis of severe acute
respiratory syndrome. Am J Pathol 2007, 170:1136–1147.

16. Chen J, Subbarao K: The immunobiology of SARS*. Annu Rev Immunol
2007, 25:443–472.

17. Chan JW, Ng CK, Chan YH, Mok TY, Lee S, Chu SY, Law WL, Lee MP, Li PC:
Short term outcome and risk factors for adverse clinical outcomes in
adults with severe acute respiratory syndrome (SARS). Thorax 2003,
58:686–689.

18. Booth CM, Matukas LM, Tomlinson GA, Rachlis AR, Rose DB, Dwosh HA,
Walmsley SL, Mazzulli T, Avendano M, Derkach P, Ephtimios IE, Kitai I,
Mederski BD, Shadowitz SB, Gold WL, Hawryluck LA, Rea E, Chenkin JS,
Cescon DW, Poutanen SM, Detsky AS: Clinical features and short-term
outcomes of 144 patients with SARS in the greater Toronto area.
JAMA 2003, 289:2801–2809.

19. Rockx B, Baas T, Zornetzer GA, Haagmans B, Sheahan T, Frieman M, Dyer
MD, Teal TH, Proll S, van den Brand J, Baric R, Katze MG: Early upregulation
of acute respiratory distress syndrome-associated cytokines promotes
lethal disease in an aged-mouse model of severe acute respiratory
syndrome coronavirus infection. J Virol 2009, 83:7062–7074.

20. Baas T, Roberts A, Teal TH, Vogel L, Chen J, Tumpey TM, Katze MG,
Subbarao K: Genomic analysis reveals age-dependent innate immune
responses to severe acute respiratory syndrome coronavirus. J Virol 2008,
82:9465–9476.

21. Nagata N, Iwata N, Hasegawa H, Fukushi S, Harashima A, Sato Y, Saijo M,
Taguchi F, Morikawa S, Sata T: Mouse-passaged severe acute respiratory
syndrome-associated coronavirus leads to lethal pulmonary edema and
diffuse alveolar damage in adult but not young mice. Am J Pathol 2008,
172:1625–1637.

22. Smits SL, de Lang A, van den Brand JM, Leijten LM, van IWF, Eijkemans MJ,
van Amerongen G, Kuiken T, Andeweg AC, Osterhaus AD, Haagmans BL:
Exacerbated innate host response to SARS-CoV in aged non-human
primates. PLoS Pathog 2010, 6:e1000756.

23. Plopper CG, Hyde DM: The non-human primate as a model for studying
COPD and asthma. Pulm Pharmacol Ther 2008, 21:755–766.

24. Messaoudi I, Estep R, Robinson B, Wong SW: Nonhuman primate models
of human immunology. Antioxid Redox Signal 2011, 14:261–273.

25. Didier ES, Sugimoto C, Bowers LC, Khan IA, Kuroda MJ: Immune correlates
of aging in outdoor-housed captive rhesus macaques (Macaca mulatta).
Immun Ageing 2012, 9:25.

26. Roth GS, Mattison JA, Ottinger MA, Chachich ME, Lane MA, Ingram DK:
Aging in rhesus monkeys: relevance to human health interventions.
Science 2004, 305:1423–1426.

27. Lane MA: Nonhuman primate models in biogerontology. Exp Gerontol
2000, 35:533–541.

28. Clay C, Donart N, Fomukong N, Knight JB, Lei W, Price L, Hahn F, Van
Westrienen J, Harrod KS: Primary severe acute respiratory syndrome
coronavirus infection limits replication but not lung inflammation upon
homologous rechallenge. J Virol 2012, 86:4234–4244.

29. Olson TS, Ley K: Chemokines and chemokine receptors in leukocyte
trafficking. Am J Physiol Regul Integr Comp Physiol 2002, 283:R7–R28.

30. Campbell DJ, Kim CH, Butcher EC: Chemokines in the systemic
organization of immunity. Immunol Rev 2003, 195:58–71.

31. Bureau. USC: Midyear population, by age and sex. http://www.census.gov/
population/projections/ 2003, Table 094.

32. Peiris JS, Guan Y, Yuen KY: Severe acute respiratory syndrome. Nat Med
2004, 10:S88–S97.

33. Peiris JS, Chu CM, Cheng VC, Chan KS, Hung IF, Poon LL, Law KI, Tang BS,
Hon TY, Chan CS, Chan KH, Ng JS, Zheng BJ, Ng WL, Lai RW, Guan Y, Yuen
KY: Clinical progression and viral load in a community outbreak of
coronavirus-associated SARS pneumonia: a prospective study.
Lancet 2003, 361:1767–1772.

34. Cavalieri TA, Chopra A, Bryman PN: When outside the norm is normal:
interpreting lab data in the aged. Geriatrics 1992, 47:66–70.

http://www.census.gov/population/projections/
http://www.census.gov/population/projections/


Clay et al. Immunity & Ageing 2014, 11:4 Page 16 of 16
http://www.immunityageing.com/content/11/1/4
35. Stout-Delgado HW, Vaughan SE, Shirali AC, Jaramillo RJ, Harrod KS: Impaired
NLRP3 inflammasome function in elderly mice during influenza infection is
rescued by treatment with nigericin. J Immunol 2012, 188:2815–2824.

36. Chen J, Lau YF, Lamirande EW, Paddock CD, Bartlett JH, Zaki SR, Subbarao K:
Cellular immune responses to severe acute respiratory syndrome coronavirus
(SARS-CoV) infection in senescent BALB/c mice: CD4+ T cells are important in
control of SARS-CoV infection. J Virol 2010, 84:1289–1301.

37. Nikolich-Zugich J: T cell aging: naive but not young. J Exp Med 2005,
201:837–840.

38. Agrawal A, Agrawal S, Cao JN, Su H, Osann K, Gupta S: Altered innate immune
functioning of dendritic cells in elderly humans: a role of phosphoinositide
3-kinase-signaling pathway. J Immunol 2007, 178:6912–6922.

39. Franceschi C, Monti D, Sansoni P, Cossarizza A: The immunology of exceptional
individuals: the lesson of centenarians. Immunol Today 1995, 16:12–16.

40. Jacquelin B, Mayau V, Brysbaert G, Regnault B, Diop OM, Arenzana-
Seisdedos F, Rogge L, Coppee JY, Barre-Sinoussi F, Benecke A, Muller-
Trutwin MC: Long oligonucleotide microarrays for African green monkey
gene expression profile analysis. FASEB J 2007, 21:3262–3271.

41. Clay CC, Rodrigues DS, Brignolo LL, Spinner A, Tarara RP, Plopper CG,
Leutenegger CM, Esser U: Chemokine networks and in vivo T-lymphocyte
trafficking in nonhuman primates. J Immunol Methods 2004, 293:23–42.

42. Beaumier CM, Harris LD, Goldstein S, Klatt NR, Whitted S, McGinty J, Apetrei
C, Pandrea I, Hirsch VM, Brenchley JM: CD4 downregulation by memory
CD4+ T cells in vivo renders African green monkeys resistant to
progressive SIVagm infection. Nat Med 2009, 15:879–885.

43. Murayama Y, Mukai R, Inoue-Murayama M, Yoshikawa Y: An African green
monkey lacking peripheral CD4 lymphocytes that retains helper T cell
activity and coexists with SIVagm. Clin Exp Immunol 1999, 117:504–512.

44. Murayama Y, Amano A, Mukai R, Shibata H, Matsunaga S, Takahashi H,
Yoshikawa Y, Hayami M, Noguchi A: CD4 and CD8 expressions in African
green monkey helper T lymphocytes: implication for resistance to SIV
infection. Int Immunol 1997, 9:843–851.

45. McAuliffe J, Vogel L, Roberts A, Fahle G, Fischer S, Shieh WJ, Butler E, Zaki S, St
Claire M, Murphy B, Subbarao K: Replication of SARS coronavirus administered
into the respiratory tract of African Green, rhesus and cynomolgus monkeys.
Virology 2004, 330:8–15.

46. Coates PT, Barratt-Boyes SM, Zhang L, Donnenberg VS, O’Connell PJ, Logar AJ,
Duncan FJ, Murphey-Corb M, Donnenberg AD, Morelli AE, Maliszewski CR,
Thomson AW: Dendritic cell subsets in blood and lymphoid tissue of rhesus
monkeys and their mobilization with Flt3 ligand. Blood 2003, 102:2513–2521.

47. Wykrzykowska JJ, Pauley DR, Lackner AA, Simon MA: Evaluation of
anti-human antibodies for immunohistochemistry on archival nonhuman
primate tissues. J Med Primatol 1996, 25:71–77.

48. Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A: Two subsets of memory T
lymphocytes with distinct homing potentials and effector functions.
Nature 1999, 401:708–712.

49. Koch S, Larbi A, Derhovanessian E, Ozcelik D, Naumova E, Pawelec G:
Multiparameter flow cytometric analysis of CD4 and CD8 T cell subsets
in young and old people. Immun Ageing 2008, 5:6.

50. Kaufmann A, Salentin R, Gemsa D, Sprenger H: Increase of CCR1 and CCR5
expression and enhanced functional response to MIP-1 alpha during
differentiation of human monocytes to macrophages. J Leukoc Biol 2001,
69:248–252.

51. Katschke KJ Jr, Rottman JB, Ruth JH, Qin S, Wu L, LaRosa G, Ponath P, Park CC,
Pope RM, Koch AE: Differential expression of chemokine receptors on
peripheral blood, synovial fluid, and synovial tissue monocytes/macrophages
in rheumatoid arthritis. Arthritis Rheum 2001, 44:1022–1032.

52. Ziegler-Heitbrock L: The CD14+ CD16+ blood monocytes: their role in
infection and inflammation. J Leukoc Biol 2007, 81:584–592.

53. Mortara L, Ploquin MJ, Faye A, Scott-Algara D, Vaslin B, Butor C, Hosmalin A,
Barre-Sinoussi F, Diop OM, Muller-Trutwin MC: Phenotype and function of
myeloid dendritic cells derived from African green monkey blood
monocytes. J Immunol Methods 2006, 308:138–155.

doi:10.1186/1742-4933-11-4
Cite this article as: Clay et al.: Severe acute respiratory syndrome-
coronavirus infection in aged nonhuman primates is associated with
modulated pulmonary and systemic immune responses. Immunity & Ageing
2014 11:4.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Introduction
	Results
	SARS-CoV infection and clinical features in juvenile and aged monkeys
	Comparison of lung lesions in the aged and juvenile host following SARS-CoV infection
	Systemic and mucosal SARS-CoV-induced inflammatory responses differ in aged compared to juvenile monkeys
	Age-specific differences in lung chemokine profiles during SARS-CoV infection
	Inflammatory lung infiltrates in SARS-CoV infection differ in aged compared to juvenile monkeys
	Impact of age on SARS-CoV specific T and B cell responses

	Discussion
	Conclusions
	Methods
	Ethics statement
	Nonhuman primates
	SARS-CoV infection of African green monkeys
	Plaque and neutralization assays
	Flow cytometry
	ELISAS and cytokine bead-based assays
	Histopathology
	Statistical analysis

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

