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Abstract The health of old monkeys usually begins to
deteriorate by 20 years of age, coinciding with the onset
of a slowly progressing immune senescence. Changes in
lymphocyte subsets and responses to several antigens
have been characterized in geriatric primates, but sys-
tematic research has not been conducted on vaccination
against influenza virus, a topic of considerable clinical
concern for elderly humans. Antibody responses were
significantly reduced to primary immunizations in old
monkeys, but by administering a second vaccine at
1 month, it was possible to boost antibody titers up to
the level found in young adults during their primary
phase. The immune competence of unusually long-
lived animals (26–37 years) was also compared to more
typical aged monkeys (19–25 years). Antibody
responses were low overall, although some monkeys in
both age groups did respond to immunization. Among
the oldest animals, the leukocytes of the responders with
higher antibody titers were found to release more
interleukin-2 following in vitro stimulation with an
anti-CD3/anti-CD28 cocktail relative to their cellular
reactions to staphylococcal enterotoxin B. The general
decline in immune vigor, and the marked individual

variation in how old monkeys age, provides a useful
animal model for investigating factors associated with
immunosenescence.
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Introduction

When the life span of old primates is extended in
captive settings, and they are spared the natural mor-
tality associated with predation, traumatic injury, and
undernutrition, they undergo a progressive age-related
decline in immune vigor (Haberthur et al. 2010).
Similar to the process of immune senescence in
humans, thymic size and function decrease, and there
are shifts in lymphocyte populations and less effective
responses to infectious pathogens (Aroeira et al. 1994;
Beckman et al. 1990; Cicin-Sain et al. 2010). This
geriatric decline in immune competence usually com-
mences at the age when they would typically die under
natural conditions. For example, the modal age of
death for rhesus monkeys is between 20 and 25 years,
which is the chronological criterion usually required
for first inclusion in biomedical aging research (Bodkin
et al. 2003; Smith 1982; Tigges et al. 1988). When their
life span is extended, many pathological conditions
associated with human aging are observed, including
arthritis, atherosclerosis, cataracts, and cancer (Uno
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1997), as well as the defining lymphoid features of
immune senescence (Jankovic et al. 2003). The follow-
ing research on responses to influenza vaccination fur-
ther characterized the age-related immune changes in
old rhesus monkeys.

Functional decrements have been demonstrated for
many immune responses in old monkeys. A cross-
sectional survey found decreased lymphocyte respon-
siveness using in vitro proliferation and cytolytic
assays, as compared to 10–15 year-old, middle-aged
monkeys (Ershler et al. 1988a). In addition, the capac-
ity to respond to cholera toxin is diminished in old
monkeys, including lower intestinal sIgA responses
(Taylor et al. 1992), although reactions to other patho-
gens, such as plague, are better preserved (Stacy et al.
2008). It is generally believed that innate immunity
remains more intact, while T cell populations shift
toward senescent and less responsive memory subsets
(Cicin-Sain et al. 2010). Age-related changes in anti-
body responses to influenza vaccination have also
been reported (Ershler et al. 1988a), although the
rhesus monkey has not been a popular animal model
for influenza research. It can be readily infected with
only certain strains of influenza (Kobasa et al. 2007;
Rimmelzwaan et al. 2003), which does include the
A/Sydney/5/97-like virus (H3N2) that was a compo-
nent of the trivalent vaccine used in the current study
(Short et al. 2010).

In addition to comparing antibody responses of old
monkeys to younger animals, we determined if booster
immunizations might compensate for a compromised
primary response. Responsiveness to vaccination is
of considerable public health relevance for humans
(Goodwin et al. 2006). It is known that a substantial
percent of the elderly over 65 years of age do not mount
a protective antibody response, which might be cor-
rected by administering a second immunization (Kohut
et al. 2002; McElhaney et al. 1990; Nichol et al. 2007).
Furthermore, we also examined particularly old
monkeys to investigate if these long-lived survivors
retained a unique capacity to mount antibody responses
and/or maintained normal reactions to in vitro cell stim-
ulation. The leukocytes of these simian Methusalehs
over 25 years of age were cultured with two types of
stimulants, an anti-CD3/CD28 antibody cocktail or
staphylococcal enterotoxin B. Finally, a sufficient peri-
od of time elapsed after these immune assessments to
determine if the monkeys’ responses were associated
with longevity and age at death.

Methods

Subjects

Two experiments were conducted on young and old
adult rhesus monkeys (Macaca mulatta), domestically
raised with known birth dates, and housed under stan-
dardized indoor conditions at either the Harlow Primate
Laboratory or Wisconsin National Primate Research
Center (WNPRC). Thirty-nine animals were assessed
in study 1, including eight old monkeys between 19 and
28 years of age (four male and four female). The anti-
body responses of the old animals were compared to 31
young adults between 4 and 7 years of age (15 male and
16 female). Study 2 contrasted the antibody responses of
eight different old animals (19–25 years of age) to 14
uniquely long-lived survivors (26–37 years of age). To
generate normative adult values for study 2, including
the cytokine comparisons when stimulating cells in vitro,
blood samples were also collected from four young adult
monkeys. Serum from all animals was screened to verify
low levels of influenza antibody prior to immunization,
as well as to ensure they had not been exposed recently to
a viral infection.

Influenza vaccination and assay

All monkeys were administered the same trivalent in-
fluenza vaccine intramuscularly (0.1 mL, 1/5 human
dose given the difference in body weight), and then
small blood samples (1–4 mL) were collected at 2 and
4 weeks after immunization via femoral or saphenous
venipuncture. The vaccine was comprised of 45 μg viral
antigen from three inactivated strains: A/Sydney/5/
97-like (H3N2), A/Beijing/262/95-like (H1N1), and B/
Beijing/184/93-like (Fluzone, Connaught, Wilmington,
DE, USA). It was fresh and the current formulation used
for seasonal immunization in humans at the time of
administration (1999/2000). Then, the ultimate life span
of these monkeys was tracked for another decade prior to
this report. The 39 young adult and old monkeys in study
1 were also administered a second booster immunization
at the 4-week time point, and secondary antibody
responses were assessed 2 weeks later.

Antibody levels in the sera were determined with a
customized enzyme-linked immunosorbent assay
ELISA, using influenza hemagglutinin (Connaught) to
coat the plates, a secondary antibody against human IgG
(Sigma), and then the reacted color intensity quantified
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spectrophotometrically at 450 nM with a plate reader
(Dynatech). The data are presented on a relative scale
as “area under the curve” (AUC) based on the total
amount of antibody quantified in three serial dilutions
of each monkey’s sera. Three dilutions (1:100, 1:250,
and 1:1,000) optimally captured differences in antibody
level and binding affinity for the old monkeys. Antibody
values were also detectable at 1:5,000 for young adult
monkeys. The formula for a trapezoidal area was used to
compute the summative antibody titer or AUC across the
three dilutions for each animal as described previously
(.5[Dil 1]+.5[Dil 1+Dil 2]+.5 [Dil 2+Dil 3]+.5[Dil 3]×
100) (Ershler et al. 1988b). Conclusions from these AUC
results were comparable to findings obtained at the
optimal dilution of 1:250 for old monkeys.

In vitro cell stimulation

For study 2, each monkey’s blood was diluted 1:1 in
RPMI and then stimulated with either 10 μg/mL SEB
(Sigma-Aldrich, St. Louis, MO, USA), a potent poly-
clonal activator of T and B lymphocytes, or with an
anti-CD3/anti-CD28 antibody cocktail to induce a
more restricted but optimal activation of the T cell
receptor (1 μg/mL FN18, mouse anti-monkey CD3,
BD Biosciences, San Diego, CA, USA; 1 μg/mL anti-
CD28, Biosource International, Camarillo, CA, USA).
CD28 is a co-stimulatory protein on the T cell surface
that facilitates activation and proliferation following
stimulation of the CD3 receptor (Effros et al. 1994).
Cytokine levels in the supernatants were determined
by ELISA both after 24 and 48 h incubation using
commercial kits specifically tailored for monkey pro-
teins [interleukin (IL)-2, interferon gamma, IL-4, IL-6,
and IL-10; U-CyTech Biosciences, Utrecht, The
Netherlands]. The cytokine values at the two time
points were averaged, and only the IL-2 results are
presented in the current report because they were
most predictive of antibody responses to influenza
vaccine.

Physical assessments

To evaluate the monkeys’ overall physical condition,
two other indices were examined. The rate of nail
growth was quantified by tracking the upward 2-week
progression of a white dot, which was tattooed at the
base of three fingernails under brief ketamine sedation.
Prior research had demonstrated that nail growth slows

by nearly 50% in old monkeys in a manner that was
predictive of natural killer cell activity and ultimate
longevity (Coe and Ershler 2001; Short et al. 1987). In
addition, since general appearance has been reported to
be associated with the benefits of health-promoting diets
in old monkeys, their hair quality was scored on a 21-
point scale. The hair rating scale (HRS) captures three
domains, which are fur quality, patchiness, and hygiene,
each given a score of 1–7, with the total ranging from a
low of 3 to a maximum of 21 points.

Longevity

It was also possible to consider the ultimate life span for
the old animals in study 2 because the immune assess-
ments were conducted over a decade ago. Birth dates
were known and the older animals eventually suc-
cumbed to terminal diseases or had to be euthanized
for humane reasons.

Statistical analyses

Differences in the response to vaccination were evalu-
ated with analyses of variance, considering age (young
adult, old, or oldest) and gender (male and female) as
between factors and antibody values over time as a
repeated-measure factor (2 and 4 weeks). The old
monkeys in study 2 were also categorized as minimal
responders or responsive to immunization. The criterion
for responsive was an AUC of >100, which was an
antibody level reached during the primary phase by all
31 young adult monkeys in study 1. Associations were
examined with the Pearson’s test, including the correla-
tions between physical variables and antibody levels
and between in vitro cytokine and in vivo antibody
responses. Similarly, the possible linkage between im-
mune or physical variables and age at mortality was
assessed by correlation.

Results

Study 1: primary and secondary antibody
responses in old monkeys

As can be seen in Fig. 1, old monkeys mounted signif-
icantly smaller antibody responses to influenza vaccina-
tion than did the young adult monkeys [F(1,37)06.59,
p<0.015]. This large effect of age was also evident when
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all monkeys were administered a booster vaccine at
1 month and assessed again 2 weeks later. Both the
overall antibody levels and the increments from primary
to secondary were significantly less in the old animals [F
(1,37)08.13, p<0.007]. However, it is noteworthy that
the secondary IgG titers of old monkeys had now
reached a level comparable to the primary response of
young adults. That is, the values for old animals after
being reimmunized were not significantly different from
the antibody levels of young adults at the initial 2- or 4-
week time points.

In keeping with expectations, both the nail growth
rate and hair ratings for the old monkeys were signifi-
cantly below the scores for young adult animals. The
mean daily rate of nail growth for an old animal was
1.62 mm (0.28) as compared to 3.25 mm (0.21) for a
young adult [F(1,37)013.96, p<0.001]. Similarly, the
mean HRS for old monkeys was 9.75 (0.82) as com-
pared to 13.71 (0.65) for young animals, indicative of
the sparser and more matted hair coat with less luster
evinced by an older monkey [F(1,37)011.83, p<0.002].
Nail growth and hair quality appeared to be statistically
associated with antibody levels when both young and
old monkeys were considered together in one correla-
tional analysis. However, neither physical attribute
proved to account for a significant amount of variance
in antibody responses when the data were analyzed
separately for the young and old cohorts. Thus, the
initial suggestion of a causal relationship between these

physical attributes and immunity was really due to the
parallel effects of aging on each domain.

Study 2: immunity in old and very old monkeys

The finding of low antibody responses in old monkeys to
primary immunization was replicated when additional
animals were assessed in the second experiment. Anti-
body levels at 2 and 4 weeks were further reduced in the
very aged monkeys of 26–37 years [F(1,18)012.29, p<
0.003]. However, it was evident that some animals in
both the old and oldest cohorts should be considered in
categorical manner as either minimal responders or re-
sponsive to vaccination (Fig. 2). The criterion for respon-
sive was based on attaining an AUC >100 (a value
exceeded by all young adults in study 1) or showing an
incremental rise in antibody titer from weeks 2 to 4. The
responsive monkeys that generated larger antibody
responses did not differ in age, the two assessed physical
indices (nail growth, HRS) or ultimate longevity
(Table 1). However, it was notable that the cultured
leukocytes of the responsive animals in the very old
group released more IL-2 following T cell receptor stim-
ulation (anti-CD3/CD28) relative to their IL-2 responses
when SEBwas the stimulant [F(1,18)04.9, p<0.04). For
those mounting larger antibody responses to vaccination,
the IL-2 levels were also more comparable to young
adults (Table 1). None of these age-related effects on
cytokine levels were attributable to differences in total

Fig. 1 Primary and secondary antibody responses of 31 young
adult and eight old rhesus monkeys to vaccination. The antibody
responses of old monkeys were significantly reduced, but a
booster immunization raised their secondary titers into the

primary range for young adults. A relative scale is portrayed
using area under the curve (AUC) based on computations of
antibody titer from three serial dilutions of sera. Vertical arrows
indicate when the two trivalent vaccines were administered
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white blood cell counts or the percentages of lympho-
cytes in the specimens.

Longevity and mortality

The mean age at death for monkeys in study 2 was
31.5 years (range, 26.1–41.2), with the survival period
subsequent to the vaccine phase averaging 4.6 years
(range, 1.0–11.2). Neither survival nor terminal age
was associated with the monkeys’ prior antibody
responses. As anticipated, old monkeys in both studies
exhibited slower nail growth rate and poorer hair quality,
but these indices were not predictive of life span or the
age-related decrement in antibody responses (Table 1).

Discussion

These two studies of old rhesus monkeys demonstrated
that antibody responses to influenza vaccination are
markedly reduced below those of young adults. Further
decrements were evident in the oldest animals assessed
in the second study, and many old monkeys should be
categorized as non-responders. The poor vaccine re-
sponse is not due to low antibody production in general,
because overall immunoglobulin in circulation, espe-
cially IgA, tends to rise slightly in older monkeys (Stone
et al. 1994). In part, the inadequate responses were due

to our focus on primary immunizations, and the absence
of prior influenza infections in modern animal facilities
following BSL-2 practices and using protective garb.
Some improvement in vaccine responses could be eli-
cited by inducing secondary responses with a booster
immunization, even in the monkeys older than 20 years
of age. Other researchers have also utilized repeat expo-
sures to influenza virus and/or vaccine to induce more
effective immune responses in monkeys (Bergman et al.
1986; Rimmelzwaan et al. 1997; Saslaw and Carlisle
1965). Given that many elderly humans do not mount
protective responses following influenza vaccination, it
may be worthwhile to consider a dual vaccine regimen
for those likely to have inadequate responses.

Some papers have also highlighted the rapidity with
which vaccine-enhanced immunity against influenza
declines in the elderly, although the more critical issue
seems to be the robustness of the primary response
(Skowronski et al. 2008). In monkeys, the primary
response may be relatively short-lived, as was evident
in those animals that showed a decrement even between
weeks 2 and 4. The half-life of IgG in monkeys once
generated is comparatively short, only 8 days in circu-
lation as compared to the average 21 days for humans
(Challacombe and Russell 1979).

These old monkeys were unique in a number of
ways, including not showing serological evidence of a
recent history of flu infections in the baseline blood

Fig. 2 Primary antibody responses of eight old and 14 very old
rhesus monkeys to influenza vaccination. Antibody levels were
low overall and significantly lower in the oldest animals, al-
though responders were found in both age groups. Note that the
scale for minimal responders is expanded (2x) to illustrate their
low responses. Responder status was based on attaining an AUC

>100, a criterion generated from the young adult monkeys in
study 1. Circles illustrate data for the old monkeys; triangles
connote the older ones. Mean responses for the group are shown
with bold lines and larger symbols; lighter lines indicate indi-
vidual responses. Additional information on these monkeys is
provided in Table 1
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sample, and manymay never have been infected with an
influenza virus. They were also selected on the basis of
appearing to be overtly healthy, except for the unavoid-
able geriatric conditions like osteoarthritis and cataracts,
and were not receiving any chronic medications. All
research on aging, whether with animals or humans,
necessitates taking this type of inclusion/exclusion cri-
teria into consideration. If only the healthiest of old
animals are evaluated, then immune responses tend to
look more like middle-aged animals. In this regard, the
leukocyte IL-2 responses of the old monkeys that were
responsive to vaccine tended to look more like those of
young adult animals. Similar issues regarding the dif-
ference between healthy and pathological aging have
been discussed for studies of human aging, especially
with respect to employing the health criteria of the
SENIEUR protocol (Castle et al. 2001). Because one
of our aims was to evaluate particularly old animals, the
mean life span of 31.5 years was unusually long. The
oldest monkey in this cohort survived until 41.2 years of
age. In contrast, the median survival for old rhesus
monkeys in most colonies, and when ranging under
semi-natural conditions on the food-provisioned island
of Cayo Santiago, is 25 years of age (Bodkin et al. 2003;
Uno 1997). Our capacity to determine age at death was
due to the fact that the initial immunization phase had
been conducted more than a decade before the current
report.

Despite the novel aspects of this research, several
limitations should be acknowledged. Our choice to use
ELISAmethods to assess antibody responses rather than
the traditional but more labor-intensive test of hemag-
glutination inhibition (HI) limits the conclusions. This
quantification of just antibody bound to influenza anti-
gen on the coated plates precluded us from verifying
virus neutralization and protection, but there have been
many publications both in animals and humans showing
that ELISA methods are adequate for documenting se-
roconversion post-vaccination (Fazlani et al. 2010;
Grund et al. 2011; Skibe et al. 2004; Turner et al.
1982; Yoon et al. 2004; Zarkov 2006). In general, the
results are usually consonant with HI assays in terms of
both sensitivity and specificity. Another caveat is that
our assay did not distinguish between responses to each
antigen in the trivalent vaccine, although it is likely that
monkeys responded primarily to the influenza A strains.
Furthermore, one ideallymight follow the immunization
phase with a viral challenge, but that could not be done
with these precious old primates without isolating them

in quarantine conditions. However, from other experi-
ments involving influenza infection in our laboratory,
we know that primary immunizations are not as effec-
tive as dual vaccination regimens for providing protec-
tion, even in younger monkeys.

One physical measure found previously to be diag-
nostic of health status in geriatric animals, nail growth
rate, was clearly affected in these old monkeys, but it did
not accurately predict immune responses or life span as
reported in an earlier study (Coe and Ershler 2001). The
focus on IL-2 release, especially following T cell recep-
tor stimulation, provided some preliminary data in sup-
port of the conclusion that T cell function and IL-2 are
useful metrics of the immune status in old monkeys, as
demonstrated in research on human aging (Andersson
and Sander 1989; Effros et al. 1994; Jankovic et al. 2003;
McElhaney et al. 1990). Decreased responsiveness to IL-
2 with age is also associated with increased shedding of
the soluble IL-2 receptor in circulation (Saadeh et al.
1986; Hallgren et al. 1988). Moreover, enhanced lym-
phocyte responsiveness to IL-2 seems to be one of the
collateral benefits of health-promoting nutriture, includ-
ing calorie-restricted diets in rodent models (Pahlavanni
and Vargas 2001). SEB was employed as a reference
stimulant, and even the oldest monkeys continued to
mount strong cytokine responses to this potent super-
antigen. However, it is known that containment of staph-
ylococcal infection in vivo does decline with age in old
monkeys (Aroeira et al. 1994).

In sum, when rhesus monkeys reach 20 years of age,
which is the end of their life span under natural condi-
tions, they undergo many immune changes similar to the
process of immune senescence in elderly humans
(DeGreef et al. 1992). Some primate researchers have
argued that life-long efforts to contain latent Herpes
viruses, including the macaque version of cytomegalo-
virus (CMV), contribute to this progressive aging of the
immune system (Haberthur et al. 2010). While we did
not determine the CMV status of our animals, it is likely
that most were latently infected, given that it is endemic
in primate colonies. Many monkeys ultimately die of
gastrointestinal or cardiovascular disease (Bodkin et al.
2003), although terminal pneumonia and cancerous con-
ditions also become more common after 25 years of age
(Uno 1997). For the unusually long-lived survivors that
have not yet succumbed by their mid-20s, which com-
prise about 10% of the population, immune vigor may
remain intact, analogous to findings on some centenarian
humans (Argentati et al. 2002; Sansoni et al. 2008). Their
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longevity, and this individual variation in the rate of
aging, makes the monkey a useful model for investigat-
ing immunobiology in the aged host.
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