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Recombinant adenoviral vectors (rAds) are the most potent recombinant vaccines for eliciting CD8+ T cell–mediated immunity in

humans; however, prior exposure from natural adenoviral infection can decrease such responses. In this study we show low

seroreactivity in humans against simian- (sAd11, sAd16) or chimpanzee-derived (chAd3, chAd63) compared with human-derived

(rAd5, rAd28, rAd35) vectors across multiple geographic regions. We then compared the magnitude, quality, phenotype, and

protective capacity of CD8+ T cell responses in mice vaccinated with rAds encoding SIV Gag. Using a dose range (1 3 107–109

particle units), we defined a hierarchy among rAd vectors based on the magnitude and protective capacity of CD8+ T cell

responses, from most to least, as: rAd5 and chAd3, rAd28 and sAd11, chAd63, sAd16, and rAd35. Selection of rAd vector or

dose could modulate the proportion and/or frequency of IFN-g+TNF-a+IL-2+ and KLRG1+CD1272CD8+ T cells, but strikingly

∼30–80% of memory CD8+ T cells coexpressed CD127 and KLRG1. To further optimize CD8+ T cell responses, we assessed rAds

as part of prime-boost regimens. Mice primed with rAds and boosted with NYVAC generated Gag-specific responses that

approached ∼60% of total CD8+ T cells at peak. Alternatively, priming with DNA or rAd28 and boosting with rAd5 or chAd3

induced robust and equivalent CD8+ T cell responses compared with prime or boost alone. Collectively, these data provide the

immunologic basis for using specific rAd vectors alone or as part of prime-boost regimens to induce CD8+ T cells for rapid effector

function or robust long-term memory, respectively. The Journal of Immunology, 2013, 190: 2720–2735.

M
ost approved vaccines against viral and bacterial
infections mediate protection through Ab production.
In contrast, there are no highly effective vaccines for

infections in which Th1 CD4+ T cells, CD8+ T cells, or both play
critical roles in pathogen control or elimination, such as Myco-
bacterium tuberculosis infection (Tb), malaria, or HIV (1–3). The
development of vaccines capable of generating potent and durable
T cell immunity has been limited by the availability of suitable
vectors and adjuvants. Accordingly, replication-deficient recombi-

nant adenoviral vectors (rAds) have held great promise based on
their ability to generate strong T cell immunity in mice, nonhuman

primates (NHPs), and humans (4–8). As a reflection of their

potential importance, rAds have been and are being tested in

a number of clinical vaccine studies against HIV, Tb, and malaria

(6, 7, 9–13).
The vaccine vector based on adenovirus serotype 5 (rAd5) has

been the most comprehensively studied rAd in humans and was the

first to be assessed in clinical efficacy trials against HIV (6, 7).
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However, the clinical utility of rAd5 may be limited in populations
that are key targets for HIV, malaria, and Tb vaccines, such as sub-
Saharan Africa, owing to high prevalence of pre-existing immu-
nity from prior natural infection (4, 14). Prior immunity to rAd5
has been shown to decrease Ag expression presumably by inhib-
iting infection of target cells, leading to suboptimal conditions for
induction of immune responses (6, 13, 15–17), particularly within
the CD8+ T cell compartment (17). Moreover, prior immunity to
rAd5 may transiently increase the relative risk of infection with
HIV through undefined mechanisms (18–20). To circumvent these
potential limitations, a major research goal has been to develop
rAd vectors from lower seroprevalence human-derived adenovi-
ruses (4, 21, 22) or from nonhuman sources, such as monkeys and
apes (23–26). These nonhuman vectors can minimize issues of
seroprevalence but potentially retain mechanisms of adenoviral
immune activation and potency.
There are 65 serologically distinct adenoviruses that have been

isolated from humans (HAd) and they can be organized into at least
seven subgroups, denoted by the letters A–G (27, 28). Sequencing
information of the common hexon gene can also be used to
classify animal-derived adenoviruses into these same subgroups.
The rAd5 vector was derived from an HAd in subgroup C (29), the
rAd35 vector from a subgroup B virus (21), and the rAd26 and
rAd28 vectors from subgroup D viruses (4, 22). HAdB-35 exhibits
much lower seroprevalence than does HAdC-5 globally (4, 14,
21), whereas exposure rates to HAdD-26 and HAdD-28 are low in
the United States but marginally higher in target populations for
Tb, malaria, and HIV vaccines (14, 22). The rAd5 vector has been
evaluated in numerous preclinical studies, as have rAd35, rAd26,
and rAd28 to a lesser extent, and a hierarchy has emerged
according to which rAd5 induces the most robust CD8+ T cell
responses, followed by rAd26/rAd28 and then rAd35 (4, 5, 22).
More recently, a number of simian- and chimpanzee-derived rAds
have also been developed. The simian-derived vectors, sAd11 and
sAd16, were developed from monkey adenovirus strains, but their
phylogenetic classification based on the human subgrouping sys-
tem has not yet been defined and their seroprevalence in human
populations is unknown. Ertl, Wilson, and colleagues (23, 24, 30,
31) were the first to report on the potency of chimpanzee-derived
vectors and, more recently, chAd3 and chAd63 have been devel-
oped and used in clinical studies (25, 26, 32). Hexon sequencing
suggests that chAd3 and chAd63 classify into subgroups C and E,
respectively (26). The chAd3 vector is of particular interest, as it
clusters by phylogeny in the same subgroup as rAd5. It has also
been used in clinical trials and shown to prime robust T cell
responses against hepatitis C virus to levels consistent with pro-
tective immunity (32). Preliminary assessment of both of these
chimpanzee-derived rAds has demonstrated low seroprevalence
in a European human population (26), although seroreactivity to
chimpanzee-derived rAds can be higher in sub-Saharan Africa
where chimpanzees are endemic (33). The in vitro activity or
phylogenetic similarities of novel vectors compared with estab-
lished rAd vectors has been used to make predictions about how
these vectors will behave in vivo (21, 22, 26). However, there has
not been a comprehensive comparative analysis in a single study
using the same Ag insert to characterize the magnitude, quality,
phenotype, and protective capacity of CD8+ T cells using human-,
simian-, and chimpanzee-derived rAd vectors in a prime and/or
boost setting.
In this study, we first evaluate rates of seroreactivity against the

seven vectors, that is, rAd5, rAd28, rAd35, sAd11, sAd16, chAd3,
and chAd63, across different vaccine target populations, demon-
strating that simian- and chimpanzee-derived vectors have very low
seroprevalence. Using a mouse model, we then directly compare

rAds over a broad dose rangewith respect to the magnitude, quality,
phenotype, and protective capacity of CD8+ T cells elicited using
SIV Gag as the target Ag. This approach illustrates that titration of
vectors is critical to correlate results obtained for immunogenicity
and protection in mouse models with response hierarchies ob-
served in NHP and human clinical studies. Importantly, we show
that rAd5 and chAd3 vectors are similarly protective in a CD8+

T cell–dependent listerial infection model, consistent with their
phylogenetic similarities. We also demonstrate qualitative and
phenotypic differences in CD8+ T cells induced across rAd vectors
and doses, and we show that rAd vaccination induces a substantial
population of cells at memory that coexpress CD127 and killer
cell lectin-like receptor subfamily G member 1 (KLRG1). Finally,
we assessed rAds both as prime vaccines with a heterologous pox-
derived vector boost and as boost vaccines after priming with
DNA or a heterologous rAd vector. The data demonstrate the
versatility of rAds, which were effective as primes or boosts, in
comparison with the pox vector, which was an ineffective prime
but a robust boost for CD8+ T cell responses. These insights
should inform a rational approach for using rAd vectors in prime-
boost regimens to optimize robust and durable CD8+ T cell im-
munity, which is critical for the development of preventive and
therapeutic vaccines against a variety of infections.

Materials and Methods
Adenovirus serum neutralization assay

Sera from volunteers were collected in accordance with local Institutional
Review Board approvals and evaluated to determine the relative concen-
tration of Ad-neutralizing Abs using the method described by Sprangers
et al. (34). Briefly, sera were heat inactivated for 60 min at 56˚C and se-
rially diluted (covering a final sample dilution range from 1:12 to 1:8748)
in a final sample volume of 50 ml D10 (DMEM supplemented with 10%
heat-inactivated FBS, penicillin at 100 U/ml, and streptomycin at 100 mg/
ml). An optimized dilution of rAd vector, each encoding a luciferase re-
porter gene, was added to each well in a volume of 50 ml. The rAd and sera
were coincubated for 30 min at room temperature followed by addition of
1 3 104 A549 cells (human lung carcinoma), or 293T/17 cells for chAd63,
per well in 100 ml D10. The samples were incubated at 37˚C in 10% CO2

for 24 h. To evaluate luciferase activity, cells were pelleted and resus-
pended in 100 ml Glo lysis buffer (Promega) after removal of the culture
medium. The cell suspension was transferred to a black-and-white Isoplate
(PerkinElmer) and 100 ml Steady-Glo luciferase assay system reagent
(Promega) was added per well. After incubation for 15 min at room
temperature, luminescence was measured on a luminometer. The 90%
inhibition serum titer was determined to be the serum dilution that could be
interpolated to have 10% of the maximum luciferase activity, as deter-
mined by the assay run without the presence of a serum sample.

Mice

C57BL/6 mice, for use with vectors encoding SIV Gag, or BALB/c mice, for
use with vectors encoding HIV gp140 envelope protein (Env), were obtained
from The Jackson Laboratory (Bar Harbor, ME) and housed at the Vaccine
Research Center Biomedical Research Unit (Bethesda, MD). Mice were 6–
12 wk old at the time of vaccination. All experimental animal protocols were
approved by the Vaccine Research Center Animal Care and Use Committee.

Vectors and vaccinations

The vector stocks were grown and purified with a two-step cesium chloride
purification protocol and stored at 270˚C or lower. Virus stocks were ti-
trated to determine the particle units (PU) per milliliter via HPLC. rAd5,
rAd28, rAd35, sAd11, and sAd16 expressing SIV Gag were obtained from
GenVec (Gaithersburg, MD). sAd11 and sAd16 vectors were derived from
the wild-type viruses simian adenovirus 11 (ATCC VR-196) and simian
adenovirus 16 (ATCC VR-944). Vectors were derived, built, and produced
as described previously for rAd28 and rAd35 (22, 35). chAd3 and chAd63
backbones were obtained from Okairos (Rome, Italy) and SIV Gag was
cloned into these vectors before purification of viral particles as previously
described (25, 26). All rAd vectors were rendered replication deficient
through targeted deletion of the E1 adenoviral gene, although the E3 gene
was additionally deleted in chAd3 and chAd63 and E3 and E4 genes in
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rAd5. The SIV Gag gene was inserted into the E1 locus for all constructs
and is under the control of the CMV promoter. NYVAC expressing SIV
Gag, DNA encoding SIV Gag (provided by Zhi-Yong Yang, Vaccine Re-
search Center, National Institute of Allergy and Infectious Diseases, Na-
tional Institutes of Health, Bethesda, MD), rAd28 encoding SIV Gag, and
modified vaccinia virus Ankara (MVA) encoding HIV Env were used for
prime-boost experiments. All vectors, except DNA, were prepared in PBS
and the indicated doses were administered s.c. in the rear footpads, given
as a 100-ml dose split into 50 ml per footpad. DNA was prepared in PBS
and given i.m. as a 100-ml dose split into 50 ml per gluteal muscle; two
doses were administered 3 wk apart. All vectors contained a codon-
optimized version of Gag/Pol from SIV strain mac239, except for the
rAd vectors and MVA used in Fig. 7E–G and Supplemental Fig. 1C, 1D,
which contain Env from the HIV hybrid strain IIIB/BaL.

Tetramer staining

Peripheral blood was harvested and RBCs were lysed using ACK lysis buffer
(Lonza, Basel, Switzerland). Splenocytes were harvested, homogenized to
single-cell suspensions, and RBCs were lysed using ACK lysis buffer
(Lonza). Cells were washed in PBS and stained with Live/Dead Fixable Red
viability dye (Life Technologies, Grand Island, NY). Subsequently, cells
were stained with PE-labeled H-2Db tetramer loaded with the immuno-
dominant SIV Gag peptide AL11 (AAVKNWMTQTL) (16) or PE-labeled
H-2Dd tetramer loaded with the immunodominant HIV BaL Env peptide
PA9 (IGPGRAFYA) (36). After blocking with anti-FcgRIII Ab (clone
2.4G2; 5 mg/ml; BD Pharmingen, San Diego, CA), cells were surface stained
with anti–CD8-allophycocyanin-Cy7 (clone 53-6.7; BioLegend, San Diego,
CA), anti–CD62L-PE-Cy7 (clone MEL-14; Abcam, Cambridge, MA), anti–
KLRG1-FITC (clone 2F1; SouthernBiotech, Birmingham, AL), and anti–
CD127-AF647 (clone A7R34; eBioscience, San Diego, CA). Cells were then
fixed and permeabilized using the Fix/Perm and Perm/Wash buffer system
(BD Biosciences, San Jose, CA) before intracellular staining with anti–CD3-
PerCP-Cy5.5 5 (clone 145-2C11; BD Pharmingen).

Intracellular cytokine staining

For assessment of Ag-specific cytokine production, spleens were har-
vested at the indicated times, homogenized to single-cell suspensions, and
RBCs were lysed using ACK lysis buffer (Lonza). Splenocytes were then
used for in vitro restimulation, where 1.5 3 106 cells were incubated for
5 h with anti-CD28 (1 mg/ml; BD Pharmingen), brefeldin A (BFA; 10 mg/
ml; Sigma-Aldrich, St. Louis, MO), and the following Ags as indicated: 1)
the immunodominant MHC class I– and II–restricted SIV Gag peptides
AL11 and DD13 (DRFYKSLRAEQTD) (37) (each at 2 mg/ml); 2) full-
length SIV Gag protein (20 mg/ml); or 3) a peptide pool comprising 15 mers
spanning HIV strain IIIB/BaL Env (each at 2 mg/ml) (36). Samples were
also incubated with anti-CD28 and BFA alone to establish background
cytokine production. BFA was withheld from samples undergoing protein
stimulation for 2 h to permit processing of the protein. For staining of
samples after stimulation, cells were washed in PBS and stained with Live/
Dead Fixable Violet viability dye (Life Technologies). Cells were blocked
with anti-FcgRIII Ab (clone 2.4G2; 5 mg/ml; BD Pharmingen) before
surface staining with anti–CD8-allophycocyanin-Cy7 (clone 53-6.7; Bio-
Legend) and anti–CD4-AF700 (clone RM4-5; BD Pharmingen). Cells were
fixed and permeabilized using the Fix/Perm and Perm/Wash buffer system
(BD Biosciences) before intracellular staining with anti–CD3-PerCP-Cy5.5
(clone 145-2C11; BD Pharmingen), anti–IFN-g-allophycocyanin (clone
XMG1.2; BD Pharmingen), anti–IL-2-PE (clone JES6-5H4; BD Pharmin-
gen), anti–TNF-a-allophycocyanin-Cy7 (clone MP6-XT22; BD Pharmin-
gen), and anti–IL-10-AF488 (clone JES5-16E3; eBioscience).

Flow cytometry

Samples were resuspended in 0.5% paraformaldehyde before acquisition
using a modified LSR II flow cytometer (BD Biosciences). Results were
analyzed using FlowJo version 9.3, Pestle version 1.6.2, and SPICE version
5.22 software (Mario Roederer, Vaccine Research Center, National Institute
of Allergy and Infectious Diseases, National Institutes of Health, Bethesda,
MD). Background cytokine staining was subtracted, as defined by staining
in samples incubated without peptide or protein.

Total Gag-specific IgG ELISAs

Nunc-Immuno 96-well plates (Nunc, Roskilde, Denmark) were incubated
overnight at 4˚C with coating buffer (0.1 M sodium carbonate/
bicarbonate) containing 1 mg/ml SIV Gag protein, blocked with 10%
FBS/PBS, and then incubated for 2 h with serum prepared from a 1:10
dilution in a 6-fold dilution series for each individual sample. Wells were
subsequently incubated with a 1:20,000 dilution of AffiniPure goat anti-

mouse IgG (subclasses 1, 2a, 2b, and 3) Fc fragment specific (Jackson
ImmunoResearch, West Grove, PA) followed by a 1:1,000 dilution of
avidin-HRP (BD Pharmingen). Finally, 100 ml tetramethylbenzidine one-
step substrate system (Dako, Carpinteria, CA) was added followed by 100
ml 2 N H2SO4. Absorbance was measured at 450 nm and the endpoint titer
for each dilution series was calculated as 3 SDs above the mean of the
PBS-vaccinated control group.

Infections and Ab-mediated depletions

For infectious challenge, we used either attenuated Listeria monocytogenes
(DactA, DintB) or vaccinia virus (thymidine kinase–deficient Western
Reserve strain), each expressing Gag from SIV strain mac239. Recombi-
nant L. monocytogenes expressing SIV Gag (Listeria:Gag) was provided
by ANZA Therapeutics (Concord, CA) and recombinant vaccinia virus
expressing SIV Gag (rVACV:Gag) was provided by Glennys Reynoso
(National Institute of Allergy and Infectious Diseases, National Institutes
of Health, Bethesda, MD). A 2 3 107 CFU dose of Listeria:Gag was i.v.
administered in a 300-ml volume. Spleens were harvested 42 h later,
mechanically homogenized in 1 ml PBS using a TissueRuptor (Qiagen,
Valencia, CA), and plated in duplicate as a 10-fold dilution series on brain
heart infusion agar (Difco, Detroit, MI). Plates were incubated at 37˚C for
24–32 h before colonies were counted and back-calculated to yield values
for total CFU per spleen. Alternatively, a 6.5 3 106 PFU dose of rVACV:
Gag was intranasally administered to anesthetized mice in a 50-ml volume.
Mice were subsequently followed individually and weighed daily to assess
infection-induced weight loss until 6 d postinfection.

For Ab-mediated depletion of T cells, 1 mg control (clone J1.2; rat
IgG2b, anti-influenza NP), anti-CD4 (clone GK1.1; rat IgG2b), or anti-
CD8 (clone 2.43; rat IgG2b) Ab was administered i.p. 3 d before in-
fection with Listeria:Gag. Mice were bled the day before infection and
stained with noncompeting Abs targeting CD4 (clone RM4-4) and CD8
(clone 53-6.7) to confirm depletion of target T cell populations. De-
pleting Abs were provided by Fred Finkelman (University of Cincinnati,
Cincinnati, OH).

Statistical analysis

Statistical significance was calculated using a two-tailed Student t test for
qualitative and phenotypic data using SPICE software or a two-tailed
Mann–Whitney U test for all other data using Prism software.

Results
Low seroreactivity against simian- and chimpanzee-derived
rAd vectors in vaccine target populations

Previous studies have established that there is high and modest pre-
existing immunity to rAd5 and rAd26, respectively, in geographic
areas where vaccines against HIV, malaria, and Tb are required, such
as sub-Saharan Africa (4, 14). In contrast, although there is limited
prior exposure to rAd35 globally, it is the least immunogenic human-
derived rAd, particularly within the CD8+ T cell compartment (4, 14).
To assess the potential utility of novel simian- and newly described
chimpanzee-derived vectors as vaccine candidates for the induction
of CD8+ T cell immunity, we examined seroreactivity in cohorts of
adults from several geographic regions where such vectors might be
used: the United States, South America, the Caribbean, India,
Southern Africa, Eastern Africa, and Central Africa. This was eval-
uated using a serum neutralization assay with a panel of represen-
tative rAd vectors expressing the luciferase reporter gene, including
rAd5, rAd28, rAd35, sAd11, sAd16, chAd3, and chAd63 (Fig. 1).
Neutralization of the rAd26 vector was also evaluated and was
similar to rAd28 (data not shown). Seroreactivity directed against
rAd5 was common, with titers.1000 (represented by red sections in
the pie graphs) observed in ∼50% of individuals; rAd28 exhibited
somewhat lower titers, and rAd35 was the least seroreactive, con-
sistent with prior studies. Titers were markedly lower across pop-
ulations for all simian- and chimpanzee-derived vectors compared
with rAd5, rAd28, and even rAd35, with sAd11 and chAd63 dis-
playing the lowest titers. Collectively, these data suggest that multiple
simian- or chimpanzee-derived rAds could be useful in human vac-
cine target populations, depending on their potency.
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Development of SIV Gag-specific CD8+ T cell immunity after
rAd vaccination

To determine the relative potency of human-, simian-, and
chimpanzee-derived rAds for induction of CD8+ T cell responses,
mice were vaccinated s.c. with 1 3 109, 1 3 108, or 1 3 107 PU
each vector. The vectors each expressed full-length Gag Ag from
SIV strain mac239, which contains the immunodominant MHC
class I epitope denoted AL11 (16). Gag-specific CD8+ T cell
responses in peripheral blood were followed over time using an
MHC class I tetramer loaded with the AL11 peptide. As shown
in Fig. 2A, rAd5 induced robust and comparable CD8+ T cell
responses at all doses. In contrast, responses fell below the limit
of detection in some individual samples for mice vaccinated either
with rAd35 at the two lower doses or with rAd28 at 1 3 107 PU
(Fig. 2A). The simian- and chimpanzee-derived vectors induced
substantial CD8+ T cell responses at all doses (Fig. 2A), with some
decrease in magnitude for sAd11, sAd16, and chAd63 at the 1 3
107 PU dose. For these vectors, the effect of dose titration man-
ifested primarily as a delay in response kinetics with a lower peak
magnitude. A comparison of CD8+ T cell responses induced by all
vectors at the 1 3 107 PU dose (Fig. 2B) revealed a clear hierarchy

between vectors as follows, from most to least potent: rAd5;
chAd3, sAd11 and chAd63; sAd16; rAd28; and lastly rAd35.

SIV Gag-specific cytokine production by CD8+ T cells

To extend the immunologic analysis, intracellular cytokine staining
and multiparameter flow cytometry were used to assess the

magnitude of Gag-specific CD8+ T cell cytokine responses fol-

lowing rAd vaccination at peak and memory time points. In our

analysis of peripheral blood, peak responses varied from day 14 to

28 for different rAds and different doses (Fig. 2A). Therefore, the

time point used to approximate the “peak” for all vectors and

doses was 23 d after vaccination, but this may antecede or precede

maximal responses, particularly in mice that received the lowest

dose of 1 3 107 PU. Additionally, the “memory” time point used

was 70 d after vaccination, but later time points (.100 days) have

been performed with 1 3 108 PU, and similar results to the fol-

lowing were observed (data not shown).
Analysis of total Gag-specific cytokine (IFN-g, IL-2, or TNF-a)

production by splenocytes after in vitro stimulation with the AL11

peptide revealed a pattern similar to the hierarchy observed in the

peripheral blood with tetramer staining. At 13 109 PU, all vectors

FIGURE 1. Assessment of seroreactivity against human-, simian-, and chimpanzee-derived adenoviruses in human cohorts from diverse geographical

regions. Serum samples from adults in the indicated cohorts were assessed for neutralizing Abs against rAd5, rAd28, rAd35, sAd11, sAd16, chAd3, or

chAd63 vectors encoding luciferase. The titers represent the serum dilution from individuals at which 90% infection inhibition was observed based on

luciferase activity relative to the maximal control, after division into four groups (,12, 12–100, 100–1000, .1000) indicated in the key. Cohort size is

indicated as n value.
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induced high-frequency CD8+ T cell responses at both peak (Fig.
3A, 3B) and memory (Fig. 3C, 3D) that were generally compa-
rable to rAd5. At 1 3 108 PU, all vectors again induced potent
CD8+ T cell responses, with the exception of rAd35; in this case,
responses could not be detected at peak and were significantly
lower at memory. At 1 3 107 PU, rAd5 still induced robust CD8+

T cell responses at peak and memory. In comparison, rAd28 and
sAd16 were significantly lower at peak, chAd63 was significantly
lower at memory, and rAd35 did not exhibit detectable responses
at either peak or memory. Although chimpanzee-derived vectors
induced responses comparable to or even greater than rAd5 at
peak at all doses, these responses contracted substantially by
memory, which mirrors the contraction of Gag-specific CD8+

T cell responses observed in the peripheral blood with tetramer
staining (Fig. 2). We also assessed tetramer staining and cytokine
responses in the lung for all vectors at 1 3 108 PU at peak and
memory time points and a similar hierarchy was observed (data

not shown). Thus, a consistent hierarchy of immunogenicity
across rAd vectors emerges from both Ag-specific cytokine pro-
duction and tetramer staining across various tissues.
Multiple mechanisms could account for differences in the po-

tency and durability of CD8+ T cell responses after rAd vacci-
nation. CD4+ T cells can influence CD8+ T cell maintenance and
expansion (38, 39) and have been shown to augment CD8+ T cell
responses after rAd vaccination (40). CD4+ T cell responses
primed by rAd vectors encoding SIV Gag Ag in C57BL/6 mice
were detectable but low at peak (Supplemental Fig. 1A, 1B) and
undetectable by memory time points (data not shown). Generally,
responses were low and variable for rAd5, rAd28, rAd35, sAd16,
and sAd11, but chimpanzee-derived vectors induced modest
responses that were significantly higher than rAd5 at 1 3 108 or
1 3 107 PU (Supplemental Fig. 1B). Similar results were obtained
with rAds encoding HIV Env as a target Ag in BALB/c mice
(Supplemental Fig. 1C, 1D). We also assessed SIV Gag-specific

FIGURE 2. Tetramer+CD8+ T cell responses in peripheral blood after vaccination with dose titrations of rAd vectors. C57BL/6 mice (n = 4–5) were

vaccinated with 1 3 109, 1 3 108, or 1 3 107 PU of the indicated rAd vector expressing SIV Gag. Peripheral blood samples were analyzed sequentially at

days 14, 21, 28, 35, and 70 using tetramer staining to identify SIV Gag-derived AL11-specific cells. (A) Longitudinal comparison of frequencies of CD8+

T cells that were tetramer+ after vaccination with the indicated dose of each vector. (B) Longitudinal comparison for each vector at the lowest dose (13 107

PU), where rAd5 was compared with rAd28, rAd35, sAd11, and sAd16 (left panel) or compared with chAd3 and chAd63 (right panel) in independent

experiments. Data points and error bars represent mean 6 SEM. Each time course is representative of at least two independent experiments. The p values

for each vector at 1 3 107 PU compared with rAd5 are displayed in the table: *p # 0.05, **p # 0.01.
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Ab responses and observed a hierarchy between rAds similar to
that observed for CD8+ T cells at both peak and memory (Sup-
plemental Fig. 1E–H). Overall, we cannot attribute differences in
the potency of CD8+ T cell responses after vaccination with rAds
to differences in the corresponding CD4+ T cell responses be-
cause, in this model, rAd vaccination strongly biases toward in-
duction of CD8+ as opposed to CD4+ T cell immunity.

Qualitative profiles of SIV Gag-specific memory CD8+ T cells

After evaluating CD8+ T cell responses induced by rAd vectors in
terms of total magnitude, we then evaluated the quality of the
response in terms of IFN-g, TNF-a, and IL-2 coexpression. The
term “quality” refers to functional markers (cytokine expression,
phenotypic or cytolytic markers) possessed by individual T cells
(41–43). T cells with multiple markers are designated “multi-
functional,” can secrete higher amounts of cytokine per cell, and
their presence correlates with protection in vaccine models of
CD4+ T cell immunity and disease nonprogression in HIV infec-
tion (42, 43); thus, responses that induce a higher proportion of
multifunctional T cells are considered to have a better quality. As
shown in Fig. 4A, Gag-specific CD8+ T cells induced by rAd
vaccination were either IFN-g+TNF-a+IL-2+ (red; 23.5%), IFN-g+

TNF-a+IL-22 (dark gray; 65.8%), or IFN-g+TNF-a2IL-22 (light
gray; 10.1%), but very few cells were IFN-g+TNF-a2IL-2+

(black; 0.51%). Additionally, very few (if any) Gag-specific CD8+

T cells produced TNF-a and/or IL-2 without IFN-g (data not
shown). Thus, quality is represented in this study by the propor-
tion of all responding Gag-specific CD8+ T cells producing IFN-g,
TNF-a, and IL-2 (3+, multifunctional cells), IFN-g and TNF-a
(2+), or IFN-g alone (1+).
SIV Gag-specific CD8+ T cells induced by any of the rAd

vectors at the 1 3 109 PU dose were predominantly 2+ cells (Fig.

4B–E). However, there were differences in the relative proportions
of 3+, 2+, and 1+ cells between rAd vectors. The rAd5 vector
displayed a significantly different qualitative profile compared
with rAd35, sAd16, chAd3, and chAd63 (Fig. 4B, 4C). Underly-
ing these differences in proportion, rAd5 generally induced higher
frequencies of 2+ and/or 1+ cells compared with rAd35, sAd16,
chAd3, and chAd63 (Fig. 4D, 4E). This resulted in a less multi-
functional response after rAd5 vaccination owing to the lower
proportion of 3+ cells (Fig. 4D, 4E). At the lower dose of 1 3 107

PU, qualitative profiles between the rAd vectors were similar
(Supplemental Fig. 2A, 2B), although population frequencies
differed significantly between vectors (Supplemental Fig. 2C, 2D)
owing to differences in total response magnitude as previously
described. Thus, despite inducing similar total magnitudes at 1 3
109 PU (Fig. 3), rAds can induce CD8+ T cell responses with
subtly distinct qualitative profiles. Such distinctions may have
implications for the durability of CD8+ T cell immunity primed by
different rAd vectors.
Importantly, we observed that decreasing the dose of rAds can

alter the quality of the CD8+ T cell response. This was most ev-
ident for rAd5, where decreasing the dose resulted in lower fre-
quencies of 2+ and 1+ cells, but the frequency of 3+ cells was
stable (Fig. 4F). Consequently, decreasing the dose of rAd5 led to
a significant increase in the proportion of 3+ cells (Fig. 4G).
Collectively, these data show that vector selection and vector dose
can influence the quality of CD8+ T cell responses. However,
increasing the proportion of multifunctional cells may compro-
mise the overall magnitude of the response.

Phenotypic analysis of SIV Gag-specific CD8+ T cells

Individual CD8+ T cells also possess distinct phenotypic profiles that
may be predictive of cellular fate. A well-established model for

FIGURE 3. Ag-specific cytokine production by CD8+ T cells in the spleen 23 d (at peak) (A, B) or 70 d (memory) (C, D) after rAd vaccination. C57BL/6

mice (n = 4–5) were vaccinated with 1 3 109, 1 3 108, or 1 3 107 PU rAd5, rAd28, rAd35, sAd11, sAd16 (A, C), or rAd5, chAd3 or chAd63 (B, D) in

independent experiments. At day 23 after vaccination, splenocytes were processed for in vitro stimulation with peptides encoding the immunodominant

MHC class I and II epitopes from SIV Gag in C57BL/6 mice. The frequencies of CD8+ T cells that produced cytokine in response to Ag (i.e., stained

positive for IFN-g, TNF-a, or IL-2) were determined. Bars and error bars represent mean 6 SEM. Each group is representative of at least two independent

experiments. Significant differences in frequency were assessed for each vector compared with rAd5 at the equivalent dose; *p # 0.05.
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classification of effector and memory CD8+ T cells in mice is based
on expression of CD127, the IL-7 receptor a-chain, and KLRG1 (44,
45). In the lymphocytic choriomeningitis virus (LCMV) infection
mouse model, CD8+ T cells that expressed KLRG1 without coex-
pression of CD127 were shown to be terminally differentiated ef-
fector cells and designated as short-lived effector cells (SLECs) (45).
Conversely, CD8+ T cells that expressed CD127 without coex-
pression of KLRG1 were longer lived and more likely to contribute
to the subsequent memory population, and so were termed memory
precursor effector cells (MPECs) (44).

By applying these markers to SIV Gag-specific CD8+ T cells, we
observed substantial populations of both CD127-KLRG1+ SLECs
(yellow; 42%) and CD127+KLRG12 MPECs (dark gray; 21.7%)
23 d after rAd5 vaccination (Fig. 5A). Strikingly, we also observed
a substantial population of Gag-specific CD8+ T cells coexpress-
ing CD127 and KLRG1 (intermediate gray; 29%) (Fig. 5A).
Unlike the SLEC and MPEC populations, the potential contribu-
tion of the CD127+KLRG1+ population to either immediate ef-
fector function or memory development after primary vaccination
is not well defined.

FIGURE 4. Qualitative profiles of

CD8+ T cells in the spleen 70 d (at

memory) after rAd vaccination.

C57BL/6 mice (n = 4–5) were vac-

cinated with 1 3 109, 13 108, or 13
107 PU of the indicated rAd vector

expressing SIV Gag. Splenocytes

were processed as in Fig. 3 to deter-

mine Gag-specific production of IFN-

g, TNF-a, and IL-2. Boolean gating

was used to define subsets of CD8+

T cells expressing any possible com-

bination of IFN-g, IL-2, and TNF-a.

(A) Representative flow cytometry

plots after rAd5 vaccination to illus-

trate the populations of CD8+ T cells

used for qualitative analysis. CD3+

lymphocytes were gated on CD8+

events (left plot), then IFN-g+ events

(middle plot) prior to analysis of

TNF-a and IL-2 production (right

plot). IFN-g–producing Gag-specific

CD8+ T cells expressed IFN-g, TNF-

a, and IL-2 (red), IFN-g and TNF-a

(dark gray), or IFN-g alone (light

gray), thereafter simplified as 3+, 2+,

and 1+ cells, respectively. (B and C)

The proportion of Gag-specific CD8+

T cells that are 3+, 2+, or 1+ after

vaccination with 1 3 109 PU rAd5,

rAd28, rAd35, sAd11, or sAd16 (B)

or rAd5, chAd3, or chAd63 (C). (D

and E) The frequency of total CD8+

T cells that are 3+, 2+, or 1+ after

vaccination with 1 3 109 PU rAd5,

rAd28, rAd35, sAd11, or sAd16 (D)

or rAd5, chAd3, or chAd63 (E). (F)

The frequency of total CD8+ T cells

that are 3+, 2+, or 1+ after vaccina-

tion with each dose of rAd5. (G) The

proportion of Gag-specific CD8+

T cells that are 3+, 2+, or 1+ after

vaccination with each dose of rAd5.

For bar graphs, significant differences

in frequency were assessed compared

with rAd5 at 1 3 109 PU; *p # 0.05.

Bars and error bars represent mean 6
SEM. For pie graphs, significant dif-

ferences in distribution were assessed

compared with rAd5 at 1 3 109 PU;
#p # 0.05.
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FIGURE 5. Phenotypic assessment of CD8+ T cells in the spleen 23 d (peak) and 70 d (memory) after rAd vaccination. C57BL/6 mice (n = 4–5) were

vaccinated with 1 3 109, 1 3 108, or 1 3 107 PU of the indicated rAd vector expressing SIV Gag. At days 23 and 70, splenocytes were tetramer stained to

identify SIV Gag-derived AL11-specific cells. Boolean gating was used to define subsets of Gag-specific CD8+ T cells expressing any of the four possible

combinations of CD127 and KLRG1. (A) Representative plots after rAd5 vaccination to illustrate gating of CD8+ T cells for phenotypic analysis. CD3+

lymphocytes were gated on CD8+ events (left plot), then tetramer+ events (middle plot), and finally assessed for KLRG1 and CD127 expression (right plot).

Gag-specific CD8+ T cells expressing KLRG1 but not CD127 are termed SLECs and cells expressing CD127 but not KLRG1 are termed MPECs. (B and C)

The frequency of total CD8+ T cells (B) and proportion of Gag-specific CD8+ T cells (C) that express each combination of CD127/KLRG1 at day 23 after

rAd5 vaccination at each dose. (D and E) The frequency of total CD8+ T cells (D) and proportion of Gag-specific CD8+ T cells (E) that express each

combination of CD127/KLRG1 at day 70 after rAd5 vaccination at each dose. (F and G) The frequency of total CD8+ T cells (Figure legend continues)
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The frequency and relative proportions of these populations at
peak and memory after rAd5 vaccination were then determined. At
peak, SLECs were the predominant population induced at all doses
(Fig. 5B, 5C). By memory, the frequency of total Gag-specific
CD8+ T cells had contracted markedly owing to a striking re-
duction in the frequency of SLECs and a modest reduction in
MPECs (Fig. 5D). This is most clearly seen using the relative
proportions of each cell population, where there is a marked de-
crease in SLECs from peak to memory (Fig. 5C, 5E). In contrast,
the frequency of CD127+KRLG1+CD8+ T cells was well main-
tained (Fig. 5B, 5D), and thus the overall proportion of this
population increased over time (Fig. 5C, 5E). These data show that
rAd vaccination induces a large CD8+ T cell population that
coexpresses CD127 and KLRG1, which is at least as stable as the
MPEC population.
We also observed that the dose of vector could alter the phe-

notypic profile of the induced CD8+ T cell population. This effect
was most evident for rAd5 at memory, which induced a substantial
population of SLECs at the 1 3 109 PU dose (Fig. 5D, 5E). De-
creasing the dose of rAd5 significantly decreased the frequency of
SLECs (Fig. 5D) and therefore reduced the proportion of SLECs
while increasing the proportion of total CD127+ cells (Fig. 5E).
Lastly, we compared phenotypic differences across the rAd

vectors. At the 1 3 109 PU dose, rAd5 vaccination induced sig-
nificantly more SLECs compared with other vectors (Fig. 5F–I).
The simian- and chimpanzee-derived vectors appeared to be
similar, in that they induced low frequencies and proportions of
SLECs with high proportions of MPECs compared with rAd5
(Fig. 5F–I). Although differences in relative proportions between
rAds were most pronounced at 1 3 109 PU, they were still evident
and frequently significant at 1 3 107 PU (Supplemental Fig. 3).
We also analyzed Gag-specific CD8+ T cells in peripheral blood,
and similar patterns of CD127 and KLRG1 coexpression were
observed with regard to time, dose, and specific rAd vector (data
not shown). Overall, these data show that vector selection and
dose reduction can be used to alter the phenotypic profile of CD8+

T cells by minimizing induction of the SLEC phenotype, although
potentially at the expense of total response magnitude. Further-
more, these results show that expression of CD127 with or without
KLRG1 correlates with the stability of CD8+ T cell populations
after rAd vaccination.

SIV Gag-specific immunity mediates protection following
Listeria:Gag or rVACV:Gag challenge

There is no infectious challenge available in mice to directly model
HIV infection in humans. Nonetheless, we wanted to evaluate
whether Gag-specific adaptive responses at memory after rAd
vaccination, and CD8+ T cells in particular, were functional
in vivo. To test this, we used two infectious challenges, L. mon-
ocytogenes and vaccinia virus.
First, mice were administered an attenuated strain of L. mono-

cytogenes that expressed SIV Gag (Listeria:Gag) 70 d after vac-
cination with rAd vectors. Spleen (Fig. 6) and liver (data not
shown) tissue was harvested ∼42 h later to determine bacterial
load. When compared with the control group, rAd5 vaccinated
mice significantly reduced bacterial load (∼2.5 logs) at all doses

(Fig. 6A, 6B). Mice vaccinated with rAd28 or sAd11 also sig-
nificantly reduced bacterial loads at all doses compared with
controls and did not differ significantly from vaccination with rAd5
at the equivalent dose, although some mice vaccinated with
rAd28 or sAd11 at 1 3 107 PU exhibited higher loads, suggesting
a slight loss of protection (Fig. 6A). Mice vaccinated with 1 3 109

PU rAd35 or sAd16 were protected, but protection was diminished
at the 1 3 108 PU dose and bacterial loads were equivalent to
controls at the 1 3 107 PU dose. Mice vaccinated with chAd3
significantly reduced bacterial load at all doses and did not differ
from rAd5 at the equivalent dose (Fig. 6B). Groups vaccinated with
chAd63 were protected compared with controls, but the group that
received 1 3 107 PU trended toward higher bacterial loads, sug-
gesting incomplete protection at the lowest dose (Fig. 6B). Thus,
rAd5 and chAd3 consistently conferred the highest protective ef-
ficacy, followed by rAd28 and sAd11, chAd63, and finally sAd16
and rAd35.
To determine the relative contribution of CD4+ and CD8+

T cells to protection, mice that had been vaccinated previously
with rAd5 were treated with anti-CD4 depleting Ab, anti-CD8
depleting Ab, or both prior to challenge with Listeria:Gag.
rAd5-mediated protection was completely abrogated in mice
treated with anti-CD8 or combined anti-CD4 and CD8 deplet-
ing Abs prior to infection (Fig. 6C), illustrating that an Ag-
specific CD8+ T cell response is essential for rapid vaccine-
mediated control of listerial infection.
rVACV:Gag has also been used as a model to assess the pro-

tective efficacy of vaccines that elicit T cell immunity (46–48).
Mice immunized with rAds were challenged intranasally with
rVACV:Gag and the loss in body weight during the next 6 d was
monitored to indicate disease severity (Supplemental Fig. 4). At
6 d postinfection, mice vaccinated with rAd5 had maintained their
original body weight at all doses. The groups that received 1 3
109 or 1 3 108 PU sAd16, chAd3, or chAd63, or 1 3 108 PU
sAd11, also maintained their weight. For rAd28, the group that
received 1 3 109 PU maintained their original weight but those
that received lower doses began to succumb. The rAd35 vector
provided only partial protection at 1 3 109 PU, with all other
doses succumbing. These data substantiate the potency of rAd5
and illustrate that this potency can extend to simian- and
chimpanzee-derived rAds.

rAd priming followed by NYVAC boost induces potent
CD8+ T cell responses

Heterologous prime-boost regimens can be used to generate high-
magnitude vaccine-induced CD8+ T cell populations (49). Various
regimens combining rAd vectors with other modalities, such as
poxvirus-derived vectors, DNA vaccines, or heterologous rAd
vectors, have been tested in NHPs and humans for the prevention
of HIV and malaria (5, 11, 50–54). We therefore administered the
rAd vectors as primes for a common boost or as boosts following
a common prime to compare their potency in prime-boost vaccine
regimens.
Priming with rAd vectors and boosting with pox vectors can

induce high-magnitude CD8+ T cell responses in mice, NHPs, and
humans (11, 50–54). We therefore used the pox vector, NYVAC

that express each combination of CD127/KLRG1 at day 70 after vaccination with rAd5, rAd28, rAd35, sAd11, and sAd16 (F) or rAd5, chAd3, and chAd63 (G)

at 1 3 109 PU. (H and I) The proportion of Gag-specific CD8+ T cells that express each combination of CD127/KLRG1 at day 70 after vaccination with

rAd5, rAd28, rAd35, sAd11, and sAd16 (H) or rAd5, chAd3, and chAd63 (I) at 1 3 109 PU. For bar graphs, significant differences in frequency were

assessed compared with rAd5 at 1 3 109 PU; *p # 0.05, **p # 0.01. Bars and error bars represent mean 6 SEM. For pie graphs, significant differences in

distribution were assessed compared with rAd5 at 1 3 109 PU; #p # 0.05. Each group is representative of at least two independent experiments.
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expressing SIV Gag, as a common boost for the human- and
chimpanzee-derived rAds. Mice were vaccinated with 1 3 107 PU
each rAd to best model the hierarchy of rAd-primed responses in
NHPs and humans and then boosted with 1 3 107 PFU NYVAC.
Mice primed with rAd5 had a modestly higher frequency of CD8+

T cells at the time of boost compared with the other rAd vectors
(Fig. 7A). NYVAC did not induce detectable responses in
unprimed mice, but it robustly boosted all rAd-primed mice that
had detectable responses at the time of boost, with the frequency
of Gag-specific CD8+ T cells increasing 6- to 12-fold to ∼60% of
total CD8+ T cells at peak for most rAds (Fig. 7B). The frequency
of Gag-specific CD8+ T cells after NYVAC boosting did not differ
significantly between groups primed with rAd5, chAd3, and
chAd63 at peak (Fig. 7B) or memory (Fig. 7C). In contrast, the
rAd28-primed group was boosted by NYVAC but exhibited fre-
quencies that were significantly lower than the rAd5-primed group
at peak (Fig. 7B) and trended lower at memory (Fig. 7C). Lastly,
priming with rAd35 at 1 3 107 PU did not prime detectable
responses at the time of boost (Fig. 7A) and did not enable
boosting in response to NYVAC (Fig. 7B, 7C). However, priming
with higher doses of rAd35 induced responses that were potently
boosted by NYVAC (Fig. 7D). Additionally, we performed
experiments using rAd vectors encoding HIV Env as a target Ag
and another pox vector, MVA, expressing Env as a common boost.
Consistent with the results above, there was robust boosting of
Env-specific CD8+ T cell responses with all vectors (rAd5, chAd3,
chAd63) that primed detectable responses at the time of boost
(Fig. 7E–G). Taken together, these data show that pox vectors
potently boost CD8+ T cell responses after priming with rAds,
even when priming is suboptimal.

rAd5 and chAd3 potently boost DNA or rAd28-primed
responses

rAd vectors are also being evaluated in NHP and clinical trials as
boosts for priming vaccines such as DNA (55–57) or heterologous
rAds (5, 54). Accordingly, we compared rAd vectors as boosts
after DNA or rAd28 priming. Mice were primed with either 100

mg DNA (two doses given 3 wk apart) or 1 3 108 PU rAd28 and
then boosted 7 wk later with 1 3 108 PU rAd35, rAd5, or chAd3.
After DNA priming, both rAd5 and chAd3 boosted to similar
magnitudes (Fig. 8A). In contrast, rAd35-boosted responses were
significantly lower than groups boosted with rAd5 or chAd3, al-
though they were significantly higher than the DNA prime or
rAd35 boost alone (Fig. 8A). As demonstrated above, the 1 3 108

PU dose of rAd35 primes CD8+ T cell responses that are very low
or undetectable by tetramer staining (Figs. 2A, 7D), so this dose
may be suboptimal for boosting with rAd35. Nevertheless, in the
setting of a sufficiently primed CD8+ T cell response, rAd35 is
an effective boost. By day 70 after vaccination, CD8+ T cell re-
sponses contracted for all groups, but mice boosted with rAd5 or
chAd3 contracted to frequencies that did not differ significantly
from groups that received the vectors as boosts alone (Fig. 8B).
In contrast, mice that were primed with DNA and boosted with
rAd35 maintained their responses relative to peak at significantly
higher levels compared with the rAd35 boost alone (Fig. 8B).
A similar pattern was evident for rAd28 priming, where rAd5

and chAd3 strongly boosted CD8+ T cell responses at peak
compared with rAd35 (Fig. 8A). Subsequently, rAd5 and chAd3
boosted responses had contracted significantly by day 70, whereas
rAd35 responses were well maintained (Fig. 8B). Notably, rAd28-
primed responses achieved a higher magnitude at peak and
memory after boosting with any rAd vector compared with DNA-
primed responses. This may reflect the higher frequencies of Gag-
specific CD8+ T cells present at the time of boosting after rAd28
compared with DNA priming. Overall, rAd5 and chAd3 similarly
boosted robust CD8+ T cell responses that then contracted,
whereas rAd35 boosted to lower frequencies but effectively sus-
tained these responses into memory.

Discussion
In this broad comparative analysis of seven different human-,
simian-, and chimpanzee-derived rAds, a dose titration approach
was used to delineate differences between vectors based on the
magnitude, quality, phenotype, and protective capacity of SIVGag-

FIGURE 6. Protection afforded by vac-

cination with rAd vectors against i.v. chal-

lenge with Listeria:Gag. (A) Bacterial load

in the spleen (CFU) after challenge of mice

vaccinated with the indicated doses of rAd5,

rAd28, rAd35, sAd11, or sAd16. (B) Bac-

terial load in the spleen (CFU) after chal-

lenge of mice vaccinated with the indicated

doses of rAd5, chAd3, or chAd63. (C)

Bacterial load in the spleen (CFU) after

challenge of mice vaccinated with 1 3 109

PU rAd5 and either left untreated or treated

with a control Ab (Con. Ab), a CD4-de-

pleting Ab (Anti-CD4 Ab), a CD8-depleting

Ab (Anti-CD8 Ab), or both of the latter.

Each group contained three to six C57BL/6

mice and all challenges used a 2 3 107 CFU

dose of Listeria:Gag administered i.v. Bars

and error bars represent geometric mean 6
GEM. Each group is representative of at

least two independent experiments. Signifi-

cant differences in bacterial load were

assessed for each vector compared with

rAd5 at the equivalent dose (A, B) or com-

pared with the naive control (C); *p # 0.05.
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specific CD8+ T cell responses. For each vector, the magnitude
of CD8+ T cell responses at memory directly correlated with the
protective capacity against L. monocytogenes infection. The rAd5
and chAd3 vectors induced the most robust and comparable CD8+

T cell–mediated protective immunity, followed by sAd11 and
rAd28, chAd63, sAd16, and finally rAd35. Our conclusion that
rAd5 is more potent than rAd28 and rAd35 is consistent with prior
studies in mice and NHPs using rAd26 and rAd35 with SIV Gag
(4, 5) and confirms the relative potency of chAd3 and chAd63
recently described in mice, NHPs, and humans (25, 26, 32). The
dose titration approach also illustrated that, at the highest vector
dose of 1 3 109 PU, there was little ability to discriminate be-
tween the different rAd vectors in the mouse model. This is likely
due to there being sufficient Ag expression at the highest dose to
prime comparable responses. Indeed, the most common dose of
rAd vectors used in humans is 1 3 1010 PU, which is only 10-fold
higher than the highest and most protective dose for all rAds used

in this study. Additionally, viral vectors target specific receptors
that mediate uptake, but receptor distribution may differ from
mice to humans and data generated using mouse models should be
interpreted with this in mind. For example, rAd35 utilizes mem-
brane cofactor protein (CD46) (58), which is broadly expressed
across nucleated cells in humans but is limited in mice to the
testes. This could apply to other vectors, because receptors and
soluble mediators of rAd5 uptake are incompletely characterized
(59) and the primary receptors for rAd28 (22, 60) and for the
simian- and chimpanzee-derived adenoviruses have not been de-
fined. Nevertheless, this study was able to replicate the hierarchy
between rAd5, rAd28, and rAd35 seen in NHPs and humans and
thus illustrates that preclinical mouse studies at lower doses pro-
vide predictive value for CD8+ T cell immunity in humans.
Differences between rAds in terms of the magnitude, quality,

phenotype, and protective capacity of CD8+ T cell responses can
be used to select the optimal vectors for use as stand-alone vac-

FIGURE 7. Assessment of priming by rAd vectors for a common boost. C57BL/6 mice (n = 5) were primed with 1 3 107 PU rAd vectors and boosted 8

wk later with 1 3 107 PFU NYVAC. At the indicated time points, SIV Gag-derived AL11-specific CD8+ T cells were quantified in peripheral blood by

tetramer staining. (A) Frequency of CD8+ T cells that were tetramer+ at the time of boost, 8 wk after priming. (B) Frequency of CD8+ T cells that were

tetramer+ at the peak of the response to the boost, 2 wk after boosting. (C) Frequency of CD8+ T cells that were tetramer+ at memory, 10 wk after boosting.

(D) Mice were primed with 13 109, 1 3 108, or 1 3 107 PU rAd35 and boosted with 1 3 107 PFU NYVAC. Gag-specific CD8+ T cells were quantified by

tetramer staining over time after boosting. Alternatively, BALB/c mice (n = 4–5) were primed with 1 3 107 PU of the indicated vectors and boosted 4 wk

later with 1 3 107 PFU MVA. A group vaccinated with chAd3 expressing SIV Gag was used as a negative control for Env priming. At the indicated time

points, HIV Env-derived PA9-specific CD8+ T cells were quantified in peripheral blood by tetramer staining. (E) Frequency of CD8+ T cells that were

tetramer+ at the time of boost. (F) Frequency of CD8+ T cells that were tetramer+ at the peak of the response to the boost, 2 wk after boosting. (G)

Frequency of CD8+ T cells that were tetramer+ at memory, 10 wk after boosting. Bars or points on the line graph and error bars represent mean 6 SEM.

Each group is representative of at least two independent experiments. Significant differences in frequency were assessed compared with rAd5 primed

animals; *p # 0.05.
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cines or in prime-boost regimens. There is clear evidence that
vaccine-mediated protection against malarial or SIV infection
correlates with the induction of higher magnitude CD8+ T cell
responses (61–63). A stand-alone vaccine must achieve this
magnitude in one vaccination, whereas prime-boost regimens can
attain a similar or much higher magnitude in a stepwise manner
over a prolonged period of time (49). rAd5 has been the most
widely studied and remains the most potent rAd vector for in-
ducing high magnitude CD8+ T cell responses with a single im-
munization. Recent evidence suggests that T cell responses
induced by rAd5 display a more differentiated profile based on
surface markers (64) or qualitative assessments of cytokine pro-
duction compared with other vaccine platforms (5, 43). Addi-
tionally, CD8+ T cells induced by rAd5 vaccination are less
proliferative on a per cell basis compared with CD8+ T cells in-
duced by L. monocytogenes, vaccinia virus, or LCMV infection
and display an “exhausted” gene expression profile compared with
LCMV (S. Sarkar, V. Kalia, and R. Ahmed, personal communi-
cation). Models for the differentiation state of T cells propose that
cells sequentially lose functions, such as the production of IL-2
and TNF-a, after successive or prolonged Ag encounters, be-
coming terminally differentiated cells that produce IFN-g only
(43) or potentially exhausted cells (65, 66). Exhausted Ag-specific
CD8+ T cells are identified through high expression of markers,
such as programmed death-1 (67) and KLRG1 (68, 69), or func-
tional assessments, such as diminished proliferative capacity (65,
66). Our study shows that vaccination with rAd5 at 1 3 109 PU
induced a higher proportion Gag-specific CD8+ T cells that were
IFN-g (1+) or IFN-g/TNF-a (2+) rather than multifunctional IFN-
g/IL-2/TNF-a (3+) cells and a higher proportion of cells that
expressed KLRG1 without CD127 coexpression. Taken together,
these data suggest a more differentiated functional and memory
phenotype, which is likely due to low-level Ag that can persist
after rAd5 vaccination (17, 64, 70, 71). Nevertheless, the high-
magnitude CD8+ T cell response induced by rAd5 in this study
was sufficient to rapidly control pathogen load after infection,
regardless of qualitative or phenotypic profiles of the CD8+ T cell
population. Similarly, vaccination of NHPs with a 1 3 1010 PU

dose of rAd5 but not rAd26 or rAd35 confers protection against
Ebola, a rapidly progressing viral infection, by inducing a high
magnitude CD8+ T cell response (72, 73). Overall, when a stand-
alone vector is required, high doses of rAd vectors such as rAd5
or chAd3 are capable of inducing high-magnitude CD8+ T cell
responses that may mediate rapid control of infections. Alterna-
tively, lower doses of rAd vectors can improve the qualitative and
phenotypic profiles of CD8+ T cell responses, albeit at reduced
magnitudes. Further work is needed to establish whether the fa-
vorable phenotypic and qualitative profiles induced with lower
doses of rAds are beneficial for boosting of primed CD8+ T cells.
However, lowering the dose of rAds for priming purposes runs the
risk of inducing CD8+ T cell responses below a threshold neces-
sary for efficient heterologous boosting, particularly in a diverse
human population.
A striking finding in this study is that rAd vaccination induces

a substantial population of CD8+ T cells expressing both CD127
and KLRG1 at memory. The original study by Joshi et al. (45),
which assessed expression of both CD127 and KLRG1 on CD8+

T cells, defined CD1272KLRG1+ and CD127+KLRG12 CD8+

T cells as SLEC and MPEC populations, respectively, but
there was limited analysis of CD127+KLRG1+CD8+ T cells. This
population has been observed at low levels in various vaccine and
infection models (74, 75). In one study, a high frequency of
CD127+KLRG1+CD8+ T cells was detected after prime-boosting,
and these cells were shown to have a modestly lower proliferative
potential compared with MPECs (76). Consistent with prior
reports, we observed that the frequencies of SLECs were highest
at peak and decreased over time, whereas frequencies of MPECs
and CD127+KLRG1+ cells were relatively stable (Fig. 5B–E).
These data substantiate the paradigm that SLECs are short-lived
whereas MPECs are more stable, but they also suggest that
CD127+KLRG1+ cells represent a relatively stable CD8+ T cell
memory population that can be induced after primary vaccination.
The degree to which different vaccines and infection models in-
duce CD127+KLRG1+CD8+ T cells is likely related to Ag
persistence and/or repetitive antigenic stimulation. Thus, whereas
acute LCMV infection is efficiently cleared (66, 77), prime-

FIGURE 8. Assessment of boosting by rAd vectors after a common prime. C57BL/6 mice (n = 5) were primed with either 2 3 100 mg DNA, 3 wk apart,

or 1 3 108 PU rAd28 and boosted 7 wk after initial priming with 1 3 108 PU of either rAd5, rAd35, or chAd3. At the indicated time points, SIV Gag-

derived AL11-specific CD8+ T cells were quantified in peripheral blood by tetramer staining. (A) Frequency of CD8+ T cells that were tetramer+ at the peak

of the response, 2 wk after boosting. (B) Frequency of CD8+ T cells that were tetramer+ at memory, 10 wk after boosting. Bars and error bars represent

mean 6 SEM. Each group is representative of at least two independent experiments. Significant differences in frequency were assessed in primed/rAd-

boosted animals compared with mice that received the equivalent rAd boost alone; *p , 0.05, **p # 0.01.
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boosting re-exposes the vaccine recipient to Ag, and low-level Ag
can persist after rAd5 vaccination (17, 64, 70, 71). As Ag per-
sistence has been shown to maintain KLRG1 expression (78, 79),
we speculate that CD127+KLRG1+CD8+ T cells are a stable
memory cell population associated with the repeated or protracted
but not overwhelming presence of stimulating Ag.
Heterologous prime-boost immunization can be used to dra-

matically expand Ag-specific CD8+ T cell responses compared
with either vaccine modality alone (49). Because the magnitude
and functionality of CD8+ T cell responses are critical for control
of HIV viral load (63) and elimination of malarial infection during
the liver stage (61, 62), rAd vectors were evaluated as part of
prime-boost regimens with other vaccines. We first compared
priming with human- and chimpanzee-derived rAd vectors fol-
lowed by a common boost. A recombinant pox vector was used as
a boost, because poxviruses and adenoviruses do not share any
homology that could lead to cross-reactive Ab or T cell responses
and are therefore truly heterologous. Additionally, pox vectors
have been shown to act as potent boosts for CD8+ T cell immunity
in NHP and human clinical trials for vaccines against HIV and
malaria (11, 51, 52, 54). The data reported in this study show that,
although pox vectors did not robustly prime Gag-specific CD8+

T cell responses, they potently boosted rAd-primed responses.
This was true for all rAd vectors that primed detectable responses,
as even suboptimal CD8+ T cell priming with rAd35 could be
boosted with pox vectors. Thus, a minimal threshold of priming is
necessary for CD8+ T cells, which underscores the need to choose
an rAd vector and dose that efficiently and consistently primes
responses across vaccinees for clinical application of rAd prime–
pox boost regimens. Additionally, pox vectors have been used as
primes to induce robust Ab-mediated immunity, such as in a re-
cent study that induced protective responses against HIV in
humans (80). Thus, pox vectors are clearly effective primes for
CD4+ T cell and Ab responses combined with another vaccine
modality as a boost. However, our study would suggest that if
CD8+ T cell immunity is critical for protection, pox vectors should
be reserved for use as a boost in prime-boost regimens.
Human- and chimpanzee-derived rAds were also compared

following common primes.We focused on rAd5, chAd3, and rAd35
as boosts, as rAd5 is currently being tested in an HIV vaccine
efficacy trial following DNA priming (HIV Vaccine Trials Net-
work [HVTN] 505), the chAd3 vector is a potential replacement
for rAd5 due to its phylogenetic similarity and potency (26, 32),
and rAd35 is currently the focus of a human clinical trial, com-
paring its efficacy as a boost to rAd5 after DNA priming (HVTN
077). We chose DNA or rAd28 as primes for several reasons. First,
DNA or rAd26, which is closely related to rAd28, have already
been used in NHP and/or human clinical trials as primes prior to
rAd boosting for HIV, SIV, and malaria vaccines (5, 15, 54–56).
Second, a viral vector such as rAd28 could induce CD8+ T cell
responses in humans more efficiently than DNA, as a DNA vac-
cine typically requires multiple immunizations to achieve T cell
response magnitudes comparable to a single immunization with
a viral vector (81). Indeed, priming with a single shot of rAd28
induced higher magnitude CD8+ T cell responses than did two shots
of DNA at the time of boost, at peak after boosting, and at memory,
illustrating that the magnitude of the primed response was critical
to the magnitude of the subsequent boost. Boosting mice primed
with DNA or rAd28 with either rAd5 or chAd3 resulted in robust
and comparable peak CD8+ T cell responses, which provides strong
evidence that chAd3 is an appropriate alternative for rAd5. Inter-
estingly, whereas rAd35 boosting did not achieve frequencies seen
with rAd5 or chAd3 at peak, the response magnitude was relatively
stable out to memory time points. Thus, although not an effective

prime compared with other rAd vectors unless used at high doses
(Fig. 7D), rAd35 may be valuable as a boost (82), especially given
its low rates of seroreactivity in human populations and relative
amenability to large-scale production for clinical use.
As a practical concern, the development of a large array of well-

characterized rAd vectors allows versatility in their clinical ap-
plication. Clinical trials have been performed using rAd vectors for
multiple infections, including malaria, Tb, and HIV (9, 12, 13)
(HVTN 077). Until recently, a limited number of rAd vectors
(rAd5, rAd26, and rAd35) were available for clinical use, which
complicated the application of a restricted pool of vectors to target
multiple infections because prior immunity limits the potency
of subsequent vaccination. The development of simian- and
chimpanzee-derived rAds has provided a broader array of vectors
to choose from, with low seroprevalence and considerable potency
(23, 30). Accordingly, despite the constraint that prior immunity
could place on repeated rAd administration, having a wide range
of vectors will mitigate this issue.
In conclusion, these data can be used to both refine clinical

selection of currently available rAd vectors as well as extend our
understanding of mechanisms that control the potency of rAd
vectors. Our data indicate that low-potency vectors such as rAd35
would not be sufficient as stand-alone vaccines for prophylactic
vaccination against infections requiring CD8+ T cell immunity, but
multiple rAd vectors such as rAd5 and chAd3 can efficiently in-
duce such responses. In contrast, after priming with DNA or a
heterologous rAd, all rAd vectors including rAd35 are capable of
boosting CD8+ T cell immunity. Importantly, pox vectors such as
NYVAC and MVA provide truly heterologous and very robust
boosting to any rAd prime and this may be the optimal combi-
nation for induction of high-magnitude CD8+ T cell responses.
Finally, these data permit us to dissect requirements for induction
of robust CD8+ T cell immunity. We characterized quantitative,
qualitative, and phenotypic differences in CD8+ T cell immunity
induced by rAd vectors, but early mechanisms after rAd vacci-
nation responsible for subsequent induction of potent CD8+ T cell
immunity remain unknown. A number of mechanisms have been
suggested, including increased uptake or targeting of specialized
APC subsets (83), expression of large amounts of Ag for a rela-
tively prolonged time (17, 64, 70, 71), and robust activation of
innate immune mechanisms (21, 22). In ongoing work, we are
examining the mechanistic bases for differences observed in this
study in potency of CD8+ T cell responses between rAd vectors by
exploring differences in innate immunity, the amount and duration
of Ag expression, and Ag presentation (K.M. Quinn and R.A.
Seder, manuscript in preparation). Taken together, our direct
comparison of rAd efficacy and the definition of mechanisms
leading to potent CD8+ T cell responses will facilitate rational
development of rAd-based vaccination strategies that address the
unique requirements of different infections.
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Y. Huang, S. J. Schlesinger, C. G. Park, M. C. Nussenzweig, et al. 2006. In-
tensified and protective CD4+ T cell immunity in mice with anti-dendritic cell
HIV gag fusion antibody vaccine. J. Exp. Med. 203: 607–617.

49. Vezys, V., A. Yates, K. A. Casey, G. Lanier, R. Ahmed, R. Antia, and
D. Masopust. 2009. Memory CD8 T-cell compartment grows in size with im-
munological experience. Nature 457: 196–199.

50. Tatsis, N., S. W. Lin, K. Harris-McCoy, D. A. Garber, M. B. Feinberg, and
H. C. J. Ertl. 2007. Multiple immunizations with adenovirus and MVA vectors
improve CD8+ T cell functionality and mucosal homing. Virology 367: 156–167.

51. Casimiro, D. R., A. J. Bett, T. M. Fu, M. E. Davies, A. Tang, K. A. Wilson,
M. Chen, R. Long, T. McKelvey, M. Chastain, et al. 2004. Heterologous human
immunodeficiency virus type 1 priming-boosting immunization strategies in-
volving replication-defective adenovirus and poxvirus vaccine vectors. J. Virol.
78: 11434–11438.

52. Jiang, G., M. Shi, S. Conteh, N. Richie, G. Banania, H. Geneshan, A. Valencia,
P. Singh, J. Aguiar, K. Limbach, et al. 2009. Sterile protection against Plas-
modium knowlesi in rhesus monkeys from a malaria vaccine: comparison of
heterologous prime boost strategies. PLoS ONE 4: e6559.

53. Reyes-Sandoval, A., T. Berthoud, N. Alder, L. Siani, S. C. Gilbert, A. Nicosia,
S. Colloca, R. Cortese, and A. V. S. Hill. 2010. Prime-boost immunization with
adenoviral and modified vaccinia virus Ankara vectors enhances the durability
and polyfunctionality of protective malaria CD8+ T-cell responses. Infect.
Immun. 78: 145–153.

54. Barouch, D. H., J. Liu, H. Li, L. F. Maxfield, P. Abbink, D. M. Lynch,
M. J. Iampietro, A. SanMiguel, M. S. Seaman, G. Ferrari, et al. 2012. Vaccine
protection against acquisition of neutralization-resistant SIV challenges in rhesus
monkeys. Nature 482: 89–93.

55. Koblin, B. A., M. Casapia, C. Morgan, L. Qin, Z. M. Wang, O. D. Defawe,
L. Baden, P. Goepfert, G. D. Tomaras, D. C. Montefiori, et al; NIAID HIV
Vaccine Trials Network. 2011. Safety and immunogenicity of an HIV adenoviral
vector boost after DNA plasmid vaccine prime by route of administration:
a randomized clinical trial. PLoS ONE 6: e24517.

56. Koup, R. A., M. Roederer, L. Lamoreaux, J. Fischer, L. Novik, M. C. Nason,
B. D. Larkin, M. E. Enama, J. E. Ledgerwood, R. T. Bailer, et al; VRC 009 Study
Team; VRC 010 Study Team. 2010. Priming immunization with DNA augments
immunogenicity of recombinant adenoviral vectors for both HIV-1 specific an-
tibody and T-cell responses. PLoS ONE 5: e9015.

57. Churchyard, G. J., C. Morgan, E. Adams, J. Hural, B. S. Graham, Z. Moodie,
D. Grove, G. Gray, L. G. Bekker, M. J. McElrath, et al; NIAID HIV Vaccine
Trials Network. 2011. A phase IIA randomized clinical trial of a multiclade HIV-
1 DNA prime followed by a multiclade rAd5 HIV-1 vaccine boost in healthy
adults (HVTN204). PLoS ONE 6: e21225.

58. Gaggar, A., D. M. Shayakhmetov, and A. Lieber. 2003. CD46 is a cellular re-
ceptor for group B adenoviruses. Nat. Med. 9: 1408–1412.

59. Zhang, Y., and J. M. Bergelson. 2005. Adenovirus receptors. J. Virol. 79: 12125–
12131.

60. Johnson, M. J., C. Petrovas, T. Yamamoto, R. W. B. Lindsay, K. Loré,
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