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M A J O R A R T I C L E

Efficacy of Influenza Vaccination of Elderly
Rhesus Macaques Is Dramatically Improved by
Addition of a Cationic Lipid/DNA Adjuvant

Timothy D. Carroll,1,2 Shannon R. Matzinger,1,2 Peter A. Barry,1,2,3 Michael B. McChesney,2,3 Jeffery Fairman,5 and
Christopher J. Miller1,2,4

1Center for Comparative Medicine, 2California National Primate Research Center, 3Department of Pathology and Laboratory Medicine, School of
Medicine, 4Department of Pathology, Microbiology, and Immunology, School of Veterinary Medicine, University of California, Davis, and 5Colby
Pharmaceutical Company, San Jose, California

(See the editorial commentary by Kent on pages 4–5.)

Background. The decreased immune response among elderly individuals results in reduced influenza vaccine
efficacy. Strategies to improve vaccine efficacy in elderly individuals are needed. The goal of this study was to deter-
mine whether a cationic lipid/DNA complex (CLDC) can improve the efficacy of the trivalent inactivated influenza
vaccine Fluzone in elderly nonhuman primates.

Methods. Elderly (age, >18 years) rhesus macaques were vaccinated with Fluzone, with or without CLDC, and
challenged with a human seasonal influenza virus isolate, A/Memphis/7/2001(H1N1).

Results. We found that elderly macaques have significantly lower levels of circulating naive CD4+ T cells, naive
CD8+ T cells, and B cells as compared to juvenile monkeys. Furthermore, on the day of challenge, recipients of
Fluzone/CLDC had significantly higher plasma anti–influenza virus immunoglobulin G (P < .001) and immunoglobu-
lin A (P < .001) titers than recipients of Fluzone alone. After virus challenge, only the Fluzone/CLDC-vaccinated
animals had a significantly lower level of virus replication (P < .01) relative to the unvaccinated control animals.

Conclusions. These results demonstrate that CLDC can enhance the immunogenicity and efficacy of a licensed
TIV in immunosenescent elderly monkeys.

Keywords. inactivated vaccine; elderly; macaques; immunosenescence; mucosal; antibody titers; CD8+ T cells.

Seasonal influenza A virus infection is a highly conta-
gious, acute respiratory tract disease of humans that
causes substantial morbidity and mortality, particularly
among those who are young, old, and/or immunocom-
promised [1]. Trivalent inactivated influenza vaccines
(TIVs) are a primary tool for reducing morbidity associ-
ated with influenza virus infection, and when TIV is cor-
rectly matched to the circulating epidemic strains, the
vaccine can protect 59% of adults 18–65 years of age
from laboratory-confirmed influenza [2]. However,

evidence for a consistent level of vaccine-induced influ-
enza protection in those aged ≥65 years remains elusive.

Weak immune responses to vaccination and in-
creased susceptibility to infections are characteristic of
immune senescence [3, 4]. Age-related immunological
changes include decreased macrophage and dendritic
cell phagocytosis, reduced natural killer cell cytotoxici-
ty, loss of naive T cells, decreased lymphocyte receptor
repertoire diversity, and dysregulation of cytokine/che-
mokine production [5, 6]. One approach to improve in-
fluenza vaccine efficacy is to use adjuvants to improve
immune responses. CLDC is an adjuvant composed of
1:1 molar ratio of cationic DOTIM/cholesterol lipo-
somes and noncoding plasmid DNA [7]. In mice and
young adult macaques, the addition of CLDC to influ-
enza vaccines enhances influenza virus–specific CD4+

and CD8+ T-cell responses and antibody responses [8–
10]. The goal of this study was to determine whether
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the CLDC adjuvant could improve the efficacy of a licensed
TIV in elderly rhesus macaques.

MATERIALS ANDMETHODS

Animals
Elderly rhesus macaques (Macaca mulatta; age, 18–22 years)
used in the present study were housed at the California Nation-
al Primate Research Center in accordance with the regulations
of the Association for Assessment and Accreditation of Labora-
tory Animal Care International Standards. The Institutional
Animal Use and Care Committee of the University of Califor-
nia, Davis, approved these experiments. Animal vital signs were
regularly monitored. For blood collection, animals were anes-
thetized with 10 mg/kg of ketamine hydrochloride (Parke-
Davis) injected intramuscularly. For virus inoculation and
sample collection, animals were additionally anesthetized with
15–30 µg/kg of medetomadine HCl (Orion Pharma) injected
intramuscularly, and anesthesia was reversed with 0.07–0.15
mg/kg of atipamezole HCl (Pfizer) injected intramuscularly.

Virus Strains and CLDC Adjuvant
A human influenza virus A/Memphis/7/2001(H1N1) 106.5 50%
tissue culture infectious dose (TCID50) stock used for all

animal inoculations in this study has been previously described
[11, 12]. By using Vector NTI Advance 11.0 (Invitrogen), the
amino acid sequences of all 8 genome segments of the A/New
Caledonia/20/99(H1N1)-like component (NCBI taxon identifi-
cation 381 512) of the 2006–2007 pediatric TIV (Fluzone;
Sanofi-Pasteur) used in this study have >98% homology to the
A/Memphis/7/2001 challenge strain (NCBI taxon identification
416 736), with the highest homology between the hemaggluti-
nin (HA) sequences (99.6%). The CLDC adjuvant used in this
study has been previously described [9]. CLDC was reconstitut-
ed in sterile water to 294 µg/mL and diluted in 5% dextrose in
water (D5W) to 200 µg/mL. Each intramuscular vaccination
consisted of 22.5 µg of HA per 0.25 mL of Fluzone added to
either 0.25 mL of D5W (negative control for adjuvant) or 0.25
mL of the 200 µg/mL CLDC mixture.

Animal Vaccination, Inoculation, and Sample Collection
Twenty-seven elderly monkeys were assigned to one of 3 exper-
imental groups (A, B, and C), with 9 animals assigned per
group to achieve an even distribution of age and sex across all
groups (Table 1). At weeks 0 and 2, group A was vaccinated
with Fluzone alone, group B was vaccinated with Fluzone
mixed with CLDC, and group C remained unvaccinated. Blood
samples were collected 1 week before vaccination, on the day of

Table 1. Changes in Peripheral Blood Lymphocyte Populations, by Age and Vaccine Formulation Received, Among Rhesus Macaques

Variable

Age Formulation

Juvenile Macaques (n = 69) P b Elderly Macaques (n = 56)a Fluzone (n = 9)a P b Fluzone/CLDC (n = 9)a

Age, y, mean ± SEM 5.4 ± 0.2 20.2 ± 0.3 19.8 ± 0.5 19.6 ± 0.6
Lymphocytes 3062 ± 157 <.001 1943 ± 147 2261 ± 467 NS 2535 ± 198

CD4+ T cellsc

Overall 1084 ± 59 <.001 714 ± 55 730 ± 70 NS 1051 ± 90
Naive 366 ± 25 <.001 117 ± 13 130 ± 27 NS 202 ± 32

Central memory 466 ± 39 NS 381 ± 26 417 ± 41 NS 485 ± 30

Effector memory 142 ± 14 NS 189 ± 26 139 ± 26 <.05 306 ± 85
Integrin β7+ 546 ± 34 <.01 375 ± 25 330 ± 34 NS 425 ± 47

CD8+ T cellsd

Overall 707 ± 45 NS 605 ± 68 447 ± 67 NS 889 ± 105
Naive 300 ± 23 <.001 80 ± 10 89 ± 14 NS 96 ± 24

Central memory 114 ± 7 NS 111 ± 9 117 ± 14 NS 146 ± 19

Effector memory 78 ± 8 NS 92 ± 15 49 ± 13 NS 133 ± 32
Terminal effector memory 215 ± 21 <.02 336 ± 49 223 ± 39 <.05 513 ± 97

Integrin β7+ 425 ± 28 NS 455 ± 56 250 ± 46 NS 447 ± 59

CD20+ B cellse 850 ± 61 <.001 450 ± 65 388 ± 74 NS 414 ± 68

Data are mean no. of cells/µL ± SEM, unless otherwise indicated.

Abbreviations: CLDC, cationic lipid/DNA complex; NS, not significant; SEM, standard error of the mean.
a Elderly macaques vaccinated with Fluzone (n = 18) represent a subset of the total elderly animals used to assess age-related differences.
b P values were calculated by a 2-tailed t test and compare the 2 absolute lymphocyte populations.
c Naive cells were defined as CD95−CD45RA+, central memory cells were defined as CD95+CD45RA−, and effector memory cells were defined as
CD95+CD45RA+.
d Naive cells were defined as CD28+CD45RA+, central memory cells were defined as CD28+CD45RA−, effector memory cells were defined as CD28−CD45RA−,
and terminal effector memory cells were defined as CD28−CD45RA+.
e CD3−CD20+ B lymphocytes.
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but just before vaccination, and 1, 2, 3, 4, 5, and 6 weeks after
vaccination. At week 6 after vaccination (day 0 after challenge),
animals were challenged with virus (1 mL instilled intratra-
cheally, 1 mL dripped intranasally, and a drop onto each con-
junctiva) [12]. Nasopharyngeal, tracheal secretions, and blood
samples were collected 7 and 4 days before challenge and 1, 2,
3, 7, and 14 days after challenge from all animals by previously
described methods [12]. Blood samples were also collected
from 29 elderly monkeys and 69 juvenile monkeys (3–9 years
old) to assess age-related differences in circulating lymphocyte
populations.

Viral Replication Quantitation
As previously described [12], infectious viral titers in respirato-
ry secretions were determined by a TCID50/mL end point dilu-
tion culture assay, and the log10 concentration of viral RNA
copies in respiratory secretions was quantified by reverse-
transcription polymerase chain reaction.

Influenza Virus Antibody Enzyme-Linked Immunosorbent Assay
Antibody titers to detergent-disrupted A/New Caledonia/20/99
influenza A (Biodesign International) in plasma and respirato-
ry secretions were determined by a 2-step screening and titra-
tion method previously described [12]. Although the assay is
designed to assess immune responses to the H1N1 component
of the TIV used in these studies, it would detect all vaccine-
induced antibodies to H3N2 that bind conserved antigens in
the H1N1 component of the vaccine.

Hemagglutination Inhibition (HAI) Assay
H1 subtype HA-specific antibody titers were estimated using
the revised World Health Organization HAI test as previously
described [12, 13]. The viral antigen used in the HAI assay was
the A/Memphis/7/01 stock grown in 10-day-old embryonated
chicken eggs (Charles River).

Determination of Peripheral Lymphocyte Concentration by Flow
Cytometry
Complete blood counts were determined by use of a HORIBA
Pentra 60+ electronic cell counter (Horiba Diagnostics), and a
100-cell differential white blood cell count was determined
manually using slides stained with Wright-Giemsa. Lympho-
cyte phenotype was determined by modification of a previously
described cell-surface-staining method [14]. Whole blood col-
lected in ethylenediaminetetraacetic acid–containing tubes was
directly labeled per the manufacturer’s instructions (BD Biosci-
ences) with anti-CD8-FITC or -APC (clone SK1), anti-CD4-APC
(clone M-L200), anti-CD3-PerCP (clone SP34), anti-CD20-APC
(clone L27), anti-CD28-PE (clone L293), anti-CD45RA-FITC or
-PE (clone 5H9), anti-HLADR-FITC or -PE (clone G46.6), anti-
CD25-PE (clone 2A3), and anti-β7-PE (clone FIB504). The abso-
lute lymphocyte number in a lymphocyte subset was calculated
by multiplying the percentage of each lymphocyte subset obtained

by flow cytometry with the absolute number of total lymphocytes
obtained from the manual differential count.

H1N1-Specific T-Cell Responses
For intracellular staining to detect influenza virus–specific T
cells in peripheral blood mononuclear cells (PBMCs), previous-
ly reported methods were used [12, 15].

Statistical Analysis
Data are reported as the mean and the standard error of the
mean for each animal group, using Prism 5.0a software (Graph-
Pad). Two groups were compared with a 2-tailed t test, and 3
groups were compared with a 1-way analysis of variance with
the Tukey-Kramer post hoc test. Area under the curve (AUC)
was calculated by Prism, using the trapezoid rule ΔX*
(Y1 + Y2)/2, in which the area of a trapezoid under the curve is
repeatedly calculated for a series of XY points with equally
spaced X values.

RESULTS

Age-Related Reduction in the Naive Lymphocyte Population
To determine whether aged primates have blood lymphocyte
populations that are similar to those of aged humans, we char-
acterized the absolute number and relative frequency of total
circulating lymphocytes, T cells, and B cells in 54 elderly and
69 juvenile macaques (Table 1). The mean total number of lym-
phocytes in elderly monkeys was 1.6-fold lower than that in ju-
veniles (P < .001). Although the mean number of CD8+ T cells
in elderly monkeys was similar to that in juveniles, elderly
monkeys had a 1.5-fold lower mean number of CD4+ T cells
(P < .001) and a 1.9-fold lower mean number of B cells
(P < .001; Table 1).

The elderly and juvenile monkeys had a similar mean
number of CD4+ central memory T cells (CD4+ TCM) and
CD4+ effector memory T cells (CD4+ TEM). However, elderly
monkeys had a 3.1-fold lower mean number of CD4+ naive T
cells (CD4+ TN), compared with juvenile monkeys (P < .001).
The relative frequency of peripheral CD4+ T cells was similar in
both age groups, but compared with juveniles, elderly monkeys
had a 20% decrease (P < .001) in the relative frequency of CD4+

TN and a 16% increase (P < .001) and 10% increase (P < .001)
in the relative frequency of CD4+ TCM and CD4+ TEM, respec-
tively (data not shown). The relative frequency of peripheral
CD8+ T cells was 5% higher in elderly monkeys, compared with
that in juveniles (P < .002). Although the mean numbers of
CD8+ central memory T cells (CD8+ TCM) and CD8+ effector
memory T cells (CD8+ TEM) were similar in elderly and juve-
nile monkeys, elderly monkeys had a 3.8-fold lower mean
number of CD8+ naive T cells (CD8+ TN) and a 1.6-fold higher
mean number of CD8+ late effector T cells (CD8+ TEMRA;
P < .02). Thus, as in aged humans [6, 16], there were significant
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age-related changes in circulating lymphocytes of elderly
monkeys, the most obvious being the reduced number of TN

and CD20+ B cells.
To determine whether the Fluzone and Fluzone/CLDC re-

cipients were immunologically similar, lymphocyte subsets
were compared before vaccination (Table 1). Although the
numbers of effector CD4+ T cells and terminal effector CD8+ T
cells were significantly higher in the blood of Fluzone/CLDC
recipients, compared with those in the blood of Fluzone recipi-
ents, the numbers of total lymphocytes, B cells, and naive and
central memory T cells were similar in the 2 groups (Table 1).

Age-Related Reduction in α4β7+ Lymphocytes
To assess mucosal trafficking capability of T cells in elderly and
juvenile monkeys, expression of β7-integrin on CD4+ and
CD8+ lymphocytes were compared (Table 1). Although lym-
phocyte homing to pulmonary tissues is poorly characterized
[17], high expression of α4β7-integrin on CD4+ and CD8+ TEM

mediates migration into the gastrointestinal tract lamina
propria by binding MADCAM on endothelial cells of the post-
capillary venules [18, 19], and an anti-α4β7 monoclonal anti-
body can block trafficking of α4β7+ cells to the gut of rhesus
macaques [20]. In elderly monkeys, the mean number and rela-
tive frequency of CD4+ TEM cells was larger than that in juve-
niles. However, in elderly animals, the absolute number of
β7+CD4+ T cells was 1.5-fold lower (P < .01) and 13% less fre-
quent (P < .001), compared with juveniles (Table 1). As with
CD4+ TEM cells, the higher mean number and relative frequen-
cy of CD8+ TEM and TEMRA cells in elderly as compared to ju-
venile monkeys did not correlate with the number of β7+ T cells
(Table 1). The reduced frequency and absolute number of β7+

T cells suggests that there is reduced capability for T-cell recir-
culation between immune inductive sites and immune effector
sites in elderly macaques.

CLDC Enhances Anti–Influenza Virus H1N1 Antibody Responses
in Elderly Monkeys After Fluzone Vaccination
To determine the effect of the CLDC adjuvant on Fluzone-
induced A/New Caledonia/20/99(H1N1) antibody levels in
elderly monkeys, we compared mean anti-A/New Caledonia/
20/99(H1N1) IgG and IgA titers and HAI antibody titers in
plasma at weeks 2, 4, and 6 after vaccination, as well as mean
AUC values 0–6 weeks after vaccination for each group
(Figure 1). In addition, mean anti–influenza virus antibody
titers in elderly monkeys were compared to previously pub-
lished anti–influenza virus antibody titers of juvenile monkeys
vaccinated with the same Fluzone vaccine [11]. There were no
local, hematologic, or systemic signs that might indicate an
adverse reaction to vaccination in either the Fluzone or
Fluzone/CLDC monkeys (data not shown). As we have previ-
ously reported for juvenile monkeys [11], all of the elderly
animals in the present studies had plasma IgG antibodies to

Figure 1. Plasma anti–influenza virus antibody responses to Fluzone
vaccination. A and B, Mean plasma whole A/New Caledonia/20/99 influ-
enza virus–specific immunoglobulin G (IgG) antibody (A) and immunoglob-
ulin A (IgA) antibody (B) titers detected by enzyme-linked immunosorbent
assay. C, Mean plasma hemagglutinin inhibition (HAI) antibody titers
against egg-grown A/Memphis/7/01. Arrows below the x-axis indicate
vaccinations at weeks 0 and 2 after vaccination and on the day of chal-
lenge with A/New Caledonia/20/99-like A/Memphis/7/01 at week 6 after
vaccination. P values were generated using an analysis of variance and
Tukey-Kramer post hoc test; *P < .05, **P < .01, ***P < .001. Open circles,
elderly Fluzone-only recipients (n = 9); squares, elderly Fluzone/cationic
lipid/DNA complex (CLDC) recipients (n = 9); asterisks, juvenile Fluzone-
only recipients (n = 6; data were previously published [11] and are inserted
for comparison purposes). Abbreviations: AUC, area under the curve; GMT,
geometric mean titer.
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A/New Caledonia/20/99(H1N1) [11] before vaccination
(Figure 1A).

After 2 vaccinations, anti–influenza virus IgG responses were
detectable in all 9 Fluzone/CLDC recipients but in only 4 of 9
Fluzone-only recipients, and the responses were transient in 2
of the monkeys in the latter group (Figure 1A). In contrast,
anti–influenza virus IgG responses are detected in every juve-
nile macaque after 1 Fluzone vaccination [11]; thus, some
elderly macaques are poor responders to Fluzone, but all
macaques respond with addition of CLDC. The mean anti–
influenza virus IgG plasma antibody AUC in the elderly
animals vaccinated with Fluzone/CLDC was 1.2-log10 higher,
compared with that in the elderly recipients of Fluzone only
(P < .001; Figure 1A). The addition of CLDC to Fluzone immu-
nization increased the mean anti–influenza virus IgG antibody
titer strength in a higher proportion of elderly monkeys at week
4 after vaccination (1.1 log10; 78% vs 33%) and at week 6 after
vaccination (1.2 log10; 100% vs 44%; P < .001). Similarly, the
mean HAI antibody titer AUC was 1.7-log2 higher after
Fluzone/CLDC vaccination, compared with Fluzone-only vac-
cination (P < .002; Figure 1C). Finally, the HAI antibody titers
in Fluzone/CLDC-vaccinated elderly monkeys were similar to
the HAI antibody titers in juvenile monkeys vaccinated with
unadjuvanted Fluzone [11].

While all vaccinated animals had detectable anti–influenza
virus IgA titers 1 week after boost, antibody titers in Fluzone-
only recipients steadily declined until only 2 had detectable
levels on the day of challenge (Figure 1B). As in juvenile
monkeys [11], anti–influenza virus IgA responses in elderly
monkeys vaccinated with Fluzone alone were weak and tran-
sient. In contrast, anti–influenza virus plasma IgA responses
persisted in all 9 Fluzone/CLDC-vaccinated animals. Mean
plasma IgA titers were higher in Fluzone/CLDC-vaccinated
animals than in Fluzone-alone animals at week 4 (1.2 log10;
P < .01) and week 6 after vaccination, the day of challenge (1.3
log10; P < .001). The plasma anti–influenza virus IgA mean
AUC among the Fluzone/CLDC-vaccinated elderly animals
was 1.1-log10 times that among the elderly Fluzone-only recipi-
ents (P < .01; Figure 1B).

Eight of 9 Fluzone CLDC-vaccinated monkeys had detect-
able IgG in tracheal samples, compared with only 3 of
9 Fluzone-only recipients (Figure 2A). In Fluzone/CLDC-
vaccinated monkeys with detectable anti–influenza virus IgG
antibody in tracheal secretions, the mean titer was 1.6-log2
times that for Fluzone-only recipients (P < .01; Figure 2A). Fur-
thermore, a greater proportion of elderly Fluzone/CLDC recipi-
ents had anti–influenza virus IgA antibodies in nasal
secretions, compared with elderly Fluzone recipients (56% vs
11%; Figure 2B). A larger proportion of elderly Fluzone/CLDC
recipients generated higher anti–influenza virus tracheal IgG
and nasal IgA antibody titers than those produced by juveniles
vaccinated with Fluzone only [11].

CLDC Limits Influenza Virus–Specific Interferon γ (IFN-γ)
Secretion by Peripheral Blood CD4+ and CD8+ T cells
The effect of CLDC on H1N1-specific CD4+ and CD8+ T-cell
responses after Fluzone vaccination were determined by intracel-
lular staining of H1N1-stimulated PBMCs. Before vaccination,
preexisting H1N1-specific CD4+ and CD8+ T-cell responses were
detected in a similar proportion of animals in the vaccinated
groups (Figure 3A and 3B). At week 4 after vaccination (2 weeks-
after boost), elderly Fluzone-only recipients had 1.3-log10 more
H1N1-specific CD4+ T cells (P < .01) and 1.0 log10 more
H1N1-specific CD8+ T cells (P < .05) than elderly Fluzone/CLDC
recipients (Figure 3A and 3B). The increased H1N1-specific
CD4+ and CD8+ T cells in the blood at week 4 after immuniza-
tion in the Fluzone-only recipients was due to 1.6-log10 more

Figure 2. Anti–influenza virus antibody responses in mucosal secre-
tions following Fluzone vaccination. Immunoglobulin G (IgG) antibody
titers in tracheal secretions (A) and immunoglobulin A (IgA) antibody titers
in nasal secretions (B) detected by enzyme-linked immunosorbent assay 4
days before A/Memphis/7/01 challenge. P values were generated using a
2-tailed t test. Data for juvenile Fluzone-only recipients were previously
published [11] and are inserted for comparison purposes. Abbreviation:
CLDC, cationic lipid/DNA complex.
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IFN-γ–secreting CD4+ T cells (P < .01) and 1.2-log10 more IFN-
γ–secreting CD8+ T cells (P < .01) in this group than in Fluzone/
CLDC recipients (Figure 3C and 3D). Thus, in elderly monkeys,
the addition of CLDC to Fluzone blunted the influenza virus–
specific T-helper cell type 1 (Th1)–like T-cell responses by limit-
ing the number of IFN-γ–secreting CD4+ and CD8+ T cells. The
effect of CLDC on T-helper cell 2 (Th2)–like responses is
unknown because we did not evaluate the number of T cells that
secrete Th2 cytokines (interleukin 4, interleukin 6, or interleukin
10) in response to H1N1 stimulation.

Fluzone Vaccination does not reduce Influenza Virus
Replication in Elderly Monkeys Without Addition of the CLDC
Adjuvant
To determine the effect of CLDC on Fluzone efficacy, vaccinat-
ed elderly monkeys were challenged with A/Memphis/7/2001
(H1N1), and levels of virus in respiratory secretions were

determined. The mean peak viral RNA, mean viral RNA AUC,
mean peak TCID50/mL, and mean TCID50/mL AUC values in
the tracheal secretions of Fluzone recipients and unvaccinated
groups were not significantly different (Figure 4A and 4B and
Table 2). However, the peak viral RNA level was 1.2-log10 lower
(P < .05) and the mean viral RNA AUC was 2.0-log10 lower
(P < .001) in tracheal secretions of Fluzone/CLDC-vaccinated
animals, compared with either Fluzone-only recipients or naive
control animals (Figure 4A). Similarly, the mean peak TCID50/mL
was 2.1-log10 lower (P < .01) and the mean TCID50/mL AUC
(P < .01) was 1.5-log10 lower in tracheal secretions of Fluzone/
CLDC recipients, compared with unvaccinated monkeys
(Figure 4B and Table 2). Of note, infectious virus was isolated
from the tracheal secretions of all Fluzone-vaccinated and un-
vaccinated animals after challenge, but infectious virus could
only be isolated from tracheal secretions of 4 of 9 Fluzone/
CLDC recipients (Figure 4B and Table 2).

Figure 3. Influenza virus–specific CD4+ and CD8+ T-cell responses after vaccination. The mean absolute number of H1N1-specific CD4+ T-cell responses
(A and C) and CD8+ T cell responses (B and D) are shown. A and B, The mean of the sum of H1N1-specific CD4+ (A) or CD8+ (B) T cells responding to
whole inactivated H1N1 influenza virus (A/New Caledonia/20/99) antigen with expression of one of the 15 possible combinations of 4 immune stimulatory
molecules that were assessed (interferon γ [IFN-γ], CD107a, perforin, and granzyme). C and D, Scatterplots indicate the total number of H1N1-specific
IFN-γ–secreting T cells/mL of blood 0, 2, 4, and 6 weeks after infection. P values were generated using an analysis of variance and Tukey-Kramer post hoc
test. *P < .05, **P < .01, ***P < .001. Open circles, elderly Fluzone-only recipients (n = 9); squares, elderly Fluzone/ cationic lipid/DNA complex (CLDC) re-
cipients (n = 9).
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The viral RNA AUC level in the nasal secretions of Fluzone/
CLDC recipients was at least 1.4-log10 lower than that in either
Fluzone-vaccinated or naive control animals (P < .01; Figure 4C).
Furthermore, in nasal secretions, mean peak TCID50/mL was
2.1-log10 lower (P < .001) and the mean TCID50/mL AUC was
1.8-log10 lower (P < .001) in Fluzone/CLDC recipients, com-
pared with either Fluzone-only recipients or unvaccinated
animals (Figure 4D and Table 2). Thus, Fluzone alone did not
reduce H1N1 virus replication in elderly monkeys. In compari-
son, juveniles vaccinated with Fluzone alone had a 1.3-fold
reduction in mean viral RNA AUC in tracheal secretions
(P < .01), compared with unvaccinated juveniles ([11] and
Carroll et al, unpublished data).

Correlates of Protection in Fluzone-Vaccinated Elderly
Monkeys
Pearson’s correlation analyses were used to determine the rela-
tionship between immune responses present on the day of chal-
lenge and the total viral RNA load and infectious virus peak level
(data not shown) and the AUC in respiratory secretions. Plasma
anti–influenza virus IgG and HAI antibody titers were inversely
correlated with peak TCID50/mL, TCID50/mL AUC, and viral

RNA AUC in both tracheal and nasal secretions (P < .03 at all
time points; Table 3). Plasma anti–influenza virus IgA antibody
titers were inversely correlated with peak TCID50/mL, peak viral
RNA load, and TCID50/mL AUC in both tracheal and nasal se-
cretions (P < .03 at all time points; Table 3). Furthermore, anti–
influenza virus IgG in tracheal secretions were inversely correlated
with peak viral RNA load and viral RNA AUC in tracheal secre-
tions (P < .04; Table 3). In contrast to the negative correlation
between viral RNA levels and influenza virus–specific antibody
titers before challenge, there was a modest positive correlation
between viral RNA AUC in tracheal secretions and the number
of influenza virus–specific CD8+ IFN-γ–secreting T cells in the
blood (P < .05; Table 3).

DISCUSSION

The aged macaques used in this study had clear evidence of
immune senescence. Levels of circulating lymphocyte popula-
tions, especially TN and CD20+ B cells, in the aged monkeys
were reduced, compared with those in juveniles. Similar reduc-
tions in numbers of TN helper cells and B cells in elderly
humans [6] may impair the generation of TIV-induced CD4+

Figure 4. Virus shedding from the respiratory tract after influenza A virus challenge. A, Mean viral RNA copy number in tracheal lavage specimens. The
inset shows the viral RNA area under the curve (AUC). B, Mean 50% tissue culture infectious dose (TCID50)/milliliter in tracheal lavage specimens. The
inset shows the TCID50/milliliter AUC. C, Mean viral RNA copy number in nasal lavage specimens. The inset shows the viral RNA AUC. (D) Mean TCID50/
milliliter in nasal lavage specimens. The inset shows the TCID50/milliliter AUC. The total level of virus shedding was estimated by converting the longitudi-
nal data from each animal into AUCs. P values generated using an analysis of variance and Tukey-Kramer post hoc test. *P < .05, **P < .01, ***P < .001.
Circles, animals vaccinated with Fluzone (n = 9); squares, animals vaccinated with Fluzone/ cationic lipid/DNA complex (CLDC) (n = 9); triangles, nonvacci-
nated control animals (n = 9).
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T-helper cell–dependent antibody responses that correlate with
protection from disease [21]. Healthy young adult humans [2,
22] and juvenile macaques generate moderate antibody re-
sponses to Fluzone and have modest protection [2, 11].
However, we show that, similar to immunosenescent humans
[23], elderly macaques generate poor antibody responses to
Fluzone and are not protected from challenge.

The addition of CLDC to Fluzone markedly enhanced
vaccine immunogenicity and efficacy in elderly macaques. The
CLDC adjuvant increased the strength and duration of all
Fluzone-elicited anti–influenza virus antibody responses in a
higher proportion of elderly monkeys. In fact, this vaccine pro-
duced plasma influenza virus–specific antibody titers in elderly
monkeys that were similar to those in juvenile monkeys vaccinated

Table 2. Effect of Cationic Lipid/DNA Complex (CLDC) on Hemagglutination Inhibition (HAI) Titers and Influenza A Virus Replication in
the Upper and Lower Respiratory Tract

Animal, by Vaccine
Formulation Age, y Sex

HAI Titer After Vaccination Tracheal Titera Nasal Titera

Week 0 Week 2 Week 6b
Fold

Increasec
Peak log10
TCID50/mL Peak Day

Peak Log10
TCID50/mL Peak Day

Fluzoned

23 891 21.90 F 4 4 4 1 3.5 1 4.5 1
24 127 21.20 F 4 4 4 1 3.0 1 3.8 1

24 860 20.20 F 4 4 16 4 3.5 1 4.7 1

25 034 20.00 M 4 4 4 1 4.7 1 4.7 1
25 650 19.10 F 4 4 4 1 6.2 1 4.7 1

25 933 18.30 F 4 4 4 1 5.5 3 3.7 1

26 009 18.20 F 4 4 4 1 5.6 1 4.2 1
26 079 18.20 M 4 4 8 2 4.3 1 4.7 1

34 147 21.20 M 4 4 4 1 4.3 2 5.3 1

Mean 19.81 . . . 4.0 4.0 5.8e 1.4 4.5f 1.3 4.5f 1.0
Fluzone/CLDCd

23 680 22.20 M 4 4 4 1 3.5 2 2.5 3

24 162 21.20 M 4 4 8 2 3.5 1 2.5 2
24 206 21.20 F 4 16 128 32 3.2 2 2.2 3

24 737 20.20 F 4 4 64 16 1.0 1 1.0 1

25 525 19.20 F 4 4 32 8 1.0 1 1.0 1
25 686 19.00 M 4 16 16 4 3.3 1 2.3 1

25 914 18.30 M 4 4 16 4 1.0 1 1.0 1

26 066 18.20 F 4 4 16 4 1.0 1 1.0 1
26 421 18.11 M 4 8 32 8 1.0 1 1.7 7

Mean 19.73 4.0 7.1 35.1e 8.8 2.1f 1.2 1.7f 2.2

Unvaccinated
24 223 21.20 M . . . . . . 4 . . . 5.0 2 3.7 1

24 244 21.10 F . . . . . . 4 . . . 6.0 1 3.5 2

24 375 21.00 F . . . . . . 4 . . . 3.2 1 4.0 2
25 424 19.20 F . . . . . . 4 . . . 6.0 1 3.5 1

25 630 19.10 M . . . . . . 4 . . . 6.5 1 4.0 1

25 696 19.00 F . . . . . . 4 . . . 4.3 1 3.5 7
25 710 19.00 M . . . . . . 4 . . . 3.7 2 3.7 1

26 170 18.10 M . . . . . . 4 . . . 1.0 1 2.5 7

26 244 18.10 M . . . . . . 4 . . . 3.5 2 3.2 3
Mean 19.53 . . . . . . . . . 4 . . . 4.4f 1.3 3.5f 2.8

a Peak 50% tissue culture infectious dose (TCID50)/mL inversely correlate with HAI titers at week 6 after vaccination (P < .006, by Pearson correlation).
b Day of A/Memphis/7/2001(H1N1) challenge.
c Titer at week 6 after vaccination (day of challenge) relative to that at week 0 after vaccination.
d Vaccinated twice with 22.5 µg HA from 2006–2007 pediatric Fluzone with or without 50 µg CLDC.
e Mean values for the Fluzone/CLDC group are 6-fold higher than that for the Fluzone-only group (P < .05, by the 2-tailed t test).
f Mean values for the Fluzone/CLDC group are significantly lower than those for the Fluzone-only and unvaccinated groups (P < .01, by 1-way analysis of variance
with the Tukey post hoc test).
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with Fluzone alone [11]. The Fluzone/CLDC-induced immune
responses protected elderly animals from viral challenge, as in-
fectious virus in tracheal secretions was undetectable in most
elderly animals, and viral RNA levels in tracheal secretions
were very low [12]. As in Fluzone-vaccinated juvenile monkeys
[11], viral RNA load and infectious titers in respiratory secre-
tions of elderly monkeys were inversely correlated with prechal-
lenge anti–influenza virus IgG, IgA, and HAI titers in the
plasma and with anti–influenza virus tracheal IgG titers.

The immunogenicity of influenza vaccines in clinical trials is
judged on the basis of a rise (>4-fold) in either HAI or serum
antibody titers after vaccination [24]. However, very few elderly
humans attain a 4-fold rise in antibody titer [25, 26] without a
substantial increase of the HA dose in the vaccine [27]. Optimal
virus-specific antibody production largely depends on both
functional antigen-presenting cells and CD4+ T-helper cells.
However, human and nonhuman primate antigen-presenting
cells demonstrate age-related dysregulated expression of patho-
gen-sensing receptors (Toll-like receptor and RIG-I), and the

engagement of these receptors results in reduced ability to
secrete cytokines (IFN-α, tumor necrosis factor, interleukin 6,
and interleukin 12) [28, 29]. Increased frequency of CD8+CD28−

TEMRA cells correlate with defective antibody responses to TIV
[26]. These TEMRA cells produce IFN-γ but not interleukin 5 [30]
and induce antigen-presenting cell tolerance to CD4+ T-helper
cells through suppression of antigen-presenting cell costimula-
tory molecules [31]. Furthermore, low-to-no antibody respons-
es following TIV receipt are associated with limited expansion
of antigen-specific B cells because of reduced follicular T-
helper cell activation [32, 33]. The mechanism of CLDC-en-
hanced immunogenicity remains unknown but may be related
to enhanced antigen presentation, a dampened IFN-γ–driven
Th1-type response to Fluzone, and a shifted immune response
toward greater B-cell propagation and antibody production.
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