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Abstract

An effective vaccine remains the best solution to stop the spread of human immunodeficiency virus (HIV). Cellular immune
responses have been repeatedly associated with control of viral replication and thus may be an important element of the
immune response that must be evoked by an efficacious vaccine. Recombinant viral vectors can induce potent T-cell
responses. Although several viral vectors have been developed to deliver HIV genes, only a few have been advanced for
clinical trials. The live-attenuated yellow fever vaccine virus 17D (YF17D) has many properties that make it an attractive
vector for AIDS vaccine regimens. YF17D is well tolerated in humans and vaccination induces robust T-cell responses that
persist for years. Additionally, methods to manipulate the YF17D genome have been established, enabling the generation
of recombinant (r)YF17D vectors carrying genes from unrelated pathogens. Here, we report the generation of seven new
rYF17D viruses expressing fragments of simian immunodeficiency virus (SIV)mac239 Gag, Nef, and Vif. Studies in Indian
rhesus macaques demonstrated that these live-attenuated vectors replicated in vivo, but only elicited low levels of SIV-
specific cellular responses. Boosting with recombinant Adenovirus type-5 (rAd5) vectors resulted in robust expansion of SIV-
specific CD8+ T-cell responses, particularly those targeting Vif. Priming with rYF17D also increased the frequency of CD4+

cellular responses in rYF17D/rAd5-immunized macaques compared to animals that received rAd5 only. The effect of the
rYF17D prime on the breadth of SIV-specific T-cell responses was limited and we also found evidence that some rYF17D
vectors were more effective than others at priming SIV-specific T-cell responses. Together, our data suggest that YF17D – a
clinically relevant vaccine vector – can be used to prime AIDS virus-specific T-cell responses in heterologous prime boost
regimens. However, it will be important to optimize rYF17D-based vaccine regimens to ensure maximum delivery of all
immunogens in a multivalent vaccine.
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Introduction

The HIV epidemic is one of the worst public health tragedies in

human history. More than 25 million human lives have been lost

due to Acquired Immune Deficiency Syndrome (AIDS)-related

causes since the first description of the disease in 1981 [1,2]. Sadly,

two thirds of the 33 million people currently infected with HIV

infection live in resource-poor regions of the globe where access to

standard healthcare is limited [2]. Despite advances in access to

anti-retroviral treatment (ART) in countries with the heaviest

burden of the disease, less than half of the population in need of

this therapy actually receives it [2]. A safe and effective HIV

vaccine is, therefore, the best long-term solution to ending the

pandemic [3].
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Several lines of evidence implicate CD8+ T-cells in the control

of HIV-1 replication [4–10]. It is also becoming increasingly clear

that lentivirus-specific CD4+ T-cells contribute to an effective

antiviral immune response [11–14]. As a result, a myriad of

vaccination platforms have been developed to induce HIV-specific

cellular responses. Viral vectors are of particular interest since this

strategy exploits the proficiency with which viruses enter cells and

hijack the cellular machinery to promote maximal expression of

viral proteins [15]. Non-replicating adenoviruses and poxviruses,

for instance, have been heavily exploited as potential HIV vector

systems due to their good preclinical immunogenicity and safety

profiles [15–18]. However, the high prevalence worldwide of pre-

existing immunity to Ad5 and the safety concerns raised by the

rAd5-vectored HIV vaccine tested in STEP study have dampened

the enthusiasm toward this vector platform [19–22]. Furthermore,

modified vaccinia virus Ankara (MVA)- and canarypox (ALVAC)

expressing HIV immunogens have elicited low levels of cellular

immunity in most human clinical trials conducted so far [23–25].

Therefore, novel viral vectors capable of safely inducing robust T-

cell responses in humans are needed to advance HIV vaccine

design.

Historically, live-attenuated replicating viral vaccines have

provided the most effective protection against infection and

disease [18]. Notably, these vaccines elicit robust and durable

immune responses in immunized individuals, which is rarely

achieved by inactivated or subunit vaccines [18]. The live-

attenuated yellow fever vaccine virus YF17D, for instance, is one

of the most successful human vaccines ever developed. More than

400 million people have been vaccinated since its development in

the 1930s, with only rare adverse events [19,26–28]. Perhaps

because it can replicate in humans, YF17D triggers several innate

immune pathways, which likely contributes to its high immuno-

genicity [29,30]. Indeed, vaccination results in polyvalent adaptive

immune responses consisting of effector CD8+ T-cells and a mixed

TH1/TH2 CD4+ T-cell profile [28]. Importantly, southern Africa

and Asia – two regions with high incidence of HIV cases – are not

considered endemic regions for yellow fever and thus vaccine

coverage in these areas is low [31,32]. As a result, there is a low

prevalence of pre-existing immunity to the yellow fever virus in

these important target populations. Therefore, vector-specific

immunity is unlikely to affect the immunogenicity of a potential

rYF17D/HIV vaccine in those areas. These properties make

YF17D a promising vector platform for delivering HIV genes.

Several methods for manipulating the YF17D genome have

been developed [33–35], including the generation of rYF17D

viruses bearing insertions between the genes encoding Envelope

(E) and non-structural protein 1 (NS1) [36]. We have recently used

this methodology to create a recombinant YF17D virus expressing

a segment of SIVmac239 Gag. This virus replicated and elicited

CD8+ T-cell responses in rhesus macaques [37]. Here, we

employed this same methodology to generate seven new rYF17D

vectors expressing fragments of the SIVmac239 Gag, Nef, and Vif

proteins. We chose these antigens since vaccine-induced T-cells

targeting these proteins have been associated with control of viral

replication after a pathogenic SIV challenge [38]. The goal of this

study was, therefore, to evaluate the immunogenicity of these

seven rYF17D vectors alone or as a prime in a heterologous

prime/boost regimen.

Materials and Methods

Research Animals and Ethics Statement
The animals in this study were Indian rhesus macaques (Macaca

mulatta) and were part of the breeding colony of the Wisconsin

National Primate Research Center (WNPRC). All animals were

cared for in accordance with the guidelines of the Weatherall

report [39] under a protocol approved by the University of

Wisconsin Graduate School Animal Care and Use Committee

(animal welfare assurance no. A3368-01; protocol no. G00578).

Furthermore, the macaques in this study were managed according

to the animal husbandry program of the WNPRC, which aims at

providing consistent and excellent care to nonhuman primates at

the center. This program is employed by the Colony Management

Unit and is based on the laws, regulations, and guidelines

promulgated by the United States Department of Agriculture

(e.g., the Animal Welfare Act and its regulations, and the Animal

Care Policy Manual), Institute for Laboratory Animal Research

(e.g., Guide for the Care and Use of Laboratory Animals, 8th

edition), Public Health Service, National Research Council,

Centers for Disease Control, and the Association for Assessment

and Accreditation of Laboratory Animal Care (AAALAC)

International. The nutritional plan utilized by the WNPRC is

based on recommendations published by the National Research

Council. Specifically, macaques were fed twice daily with 2050

Teklad Global 20% Protein Primate Diet and food intake was

closely monitored by Animal Research Technicians. This diet was

also supplemented with a variety of fruits, vegetables, and other

edible objects as part of the environmental enrichment program

established by the Behavioral Management Unit. Paired/grouped

animals exhibiting stereotypes and/or incompatible behaviors

were reported to the Behavioral Management staff and managed

accordingly. All primary enclosures (i.e., stationary cages, mobile

racks, and pens) and animal rooms were cleaned daily with water

and sanitized at least once every two weeks. All macaques used in

this study were males, except for three females: r98010, r03105,

and r04149. Their average weight was 8.0 kg (range: 6.5–9.8 kg)

and their average age was 5 years (range: 4–11 years).

Vaccinations were performed under anesthesia (Ketamine admin-

istered at 5–12 mg/kg depending on the animal) and all efforts

were made to minimize suffering. None of the animals were

euthanized as part of this study. The macaques were typed for

common major histocompatibility complex (MHC) class I alleles

by sequence-specific PCR analysis [40,41] and were chosen based

on the expression of Mamu-A*01 and/or Mamu-A*02 (Table 1).

Generation of Recombinant YF17D Viruses Expressing
Fragments of SIVmac239 Proteins

We designed seven codon-optimized minigenes encoding

fragments of the SIVmac239 Gag, Nef, and Vif proteins. Four

of these encoded segments of the Gag precursor protein (amino

acids 44–84, 76–123, 142–186, and 250–415); two encoded the

amino and carboxyl portions of Vif (1–110 and 102–214); and one

encoded the central part of Nef (45–210). We generated viable

recombinant YF17D viruses expressing these protein fragments

using a previously described methodology [36]. Briefly, we

duplicated functional motifs flanking the E and NS1 intergenic

regions in the YF17D backbone and fused them to the exogenous

minigenes, allowing for the correct processing of the viral

polyprotein precursor. The recombinant SIV protein fragments

are released into the lumen of the endoplasmic reticulum via the

action of host peptidases. After cloning the inserts into the junction

of E and NS1, we prepared full-length rYF17D genomic RNA by

in vitro transcription using SP6 RNA polymerase (AmpliScribe

SP6, Epicentre Technologies). These RNA preparations were used

to transfect Vero cells with LipofectAmine (Invitrogen) as

described elsewhere [42]. Viral stocks were prepared by infecting

Vero cell monolayers with the virus present in the supernatant

from the transfections described above.

Immunogenicity of rYF17D/SIV Vaccine Candidates
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To confirm the presence and integrity of SIV inserts, we

extracted viral RNA (vRNA) from culture supernatants (QIAmp

Viral RNA kit, QIAGEN) and performed an amplification of the

viral E-NS1 genomic region encompassing the heterologous insert.

For the cDNA synthesis (SuperScript III Reverse Transcriptase,

Invitrogen), we used viral RNA as a template and a negative

strand YF17D-specific synthetic oligonucleotide (genome position

2772–2795). Subsequently, we performed PCR (Master Mix

Green Go Taq, Promega) in the presence of a positive strand

YF17D-specific primer (genome position 2122–2145). Amplifica-

tion products were further purified from excess primers with silica-

based kits (QIAGEN) and run on an agarose gel.

YF17D Viral Load Assay
We measured the replication of rYF17D viruses by isolating

vRNA from EDTA-anticoagulated plasma by proteinase K

digestion of the nucleocapsid in the presence of guanidine

hydrochloride as described previously [43]. Viral RNA was

reverse transcribed and amplified using the SuperScript III

PlatinumH One-Step Quantitative RT-PCR System (Invitrogen,

Carlsbad, CA) in a Roche LightCyclerH 480. The final reaction

mixtures (100-ml total volume) contained 0.2 mM (each) deox-

ynucleoside triphosphates, 3.5 mM MgS04, 750 ng of random

hexamer primers (Promega, Madison, WI), 4.0 ml of SuperScript

III reverse transcriptase and Platinum Taq DNA polymerase in a

single enzyme mix, 600 nM (each) amplification primers (forward

[YF-17D 10188], 59-GCGGATCACTGATTGGAATGAC-39,

and reverse [YF-17D 10264], 59-CGTTCGGATACGATGGAT-

GACTA-39), and 100 nM probe [6Fam]59-AATAGGGC-

CACCTGGGCCTCCC-39[TamraQ]. The reverse transcription

reaction was performed at 37uC for 15 minutes and then at 50uC

for 30 minutes. Taq polymerase was activated subsequently by

incubation at 95uC for 2 minutes after which 50 amplification

cycles were performed at 95uC for 15 seconds and 57uC for one

minute with ramp times set to 2.2uC/s. Ten-fold serial dilutions of

a YF17D in vitro transcript were used to generate a standard curve

for each run. The transcript was made using a MEGAscriptH
(Ambion, Austin, TX) high yield transcription kit. The plasmid,

pCR-Blunt, containing a PCR amplicon with a sequence identical

to nucleotides 8621–10354 of GenBank accession number

U17066, served as the template for transcription. The limit of

detection under standard assay conditions was approximately 45

vRNA copies/ml of plasma.

Vaccination of Rhesus Macaques with rYF17D and rAd5
Vectors

We immunized animals with rYF17D viruses via the subcuta-

neous route. For recipients of single constructs, we injected 105

plaque-forming units (PFU) diluted with PBS to 500 ml into the

animals’ right forearm. For recipients of all constructs, we injected

either 104 or 105 PFU of each rYF17D virus (using 27-gauge

needles) into seven different sites; right and left thighs; right and

left forearms; right and left shoulders; and left lower leg.

We subsequently boosted the four animals that received all

seven rYF17D viruses (either at 104 or 105 PFU of each) with

recombinant Adenovirus type-5 (rAd5). We used three rAd5

vectors encoding full-length (i) Gag, (ii) Nef, and (iii) a fusion of the

Vif, Tat, Rev, Vpr and Vpx proteins of SIVmac239. The rAd5/

Gag vector encoded a myristoylated Gag protein spanning amino

acids 1 to 508, lacking two C-terminal amino acids. The rAd5/Nef

vector encoded Nef lacking a myristoylation signal. The rAd5

vectors were constructed as described previously [44]. Briefly, they

Table 1. Animal details and vaccination doses.

Animal ID MHC-I rYF17D/SIV vectors Dose rAd5 vectors Dose

r04147 Mamu-A*02 Gag (44–84) 105 PFU N.A. N.A.

r04170 Mamu-A*01 Gag (76–123) 105 PFU N.A. N.A.

r04136 Mamu-A*01 Gag (142–186) 105 PFU N.A. N.A.

r05079 Mamu-A*01 Gag (250–415) 105 PFU N.A. N.A.

r05089 Mamu-A*02 Vif (1–110) 105 PFU N.A. N.A.

r04109 Mamu-A*01 Vif (102–214) 105 PFU N.A. N.A.

r05070 Mamu-A*02 Nef (45–210) 105 PFU N.A. N.A.

r05028 Mamu-A*01, A*02 All constructs 104 PFU each (i) Gag, (ii) Nef, and (iii) a fusion of
Vif, Vpr, Vpx, Tat, and Rev

1011 VP each

rh2138 Mamu-A*02 All constructs 104 PFU each (i) Gag, (ii) Nef, and (iii) a fusion of
Vif, Vpr, Vpx, Tat, and Rev

1011 VP each

r04137 Mamu-A*01, A*02 All constructs 105 PFU each (i) Gag, (ii) Nef, and (iii) a fusion of
Vif, Vpr, Vpx, Tat, and Rev

1011 VP each

r98010 Mamu-A*02 All constructs 105 PFU each (i) Gag, (ii) Nef, and (iii) a fusion of
Vif, Vpr, Vpx, Tat, and Rev

1011 VP each

r03105 Mamu-A*01 N.A. N.A. (i) Gag, (ii) Nef, and (iii) a fusion of
Vif, Vpr, Vpx, Tat, and Rev

1011 VP each

r04149 Mamu-A*01 N.A. N.A. (i) Gag, (ii) Nef, and (iii) a fusion of
Vif, Vpr, Vpx, Tat, and Rev

1011 VP each

r05073 Mamu-A*02 N.A. N.A. (i) Gag, (ii) Nef, and (iii) a fusion of
Vif, Vpr, Vpx, Tat, and Rev

1011 VP each

r05086 Mamu-A*01 N.A. N.A. (i) Gag, (ii) Nef, and (iii) a fusion of
Vif, Vpr, Vpx, Tat, and Rev

1011 VP each

N.A., not applicable.
doi:10.1371/journal.pone.0054434.t001
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Figure 1. Relative sizes of SIV inserts and genome schematic of rYF17D/SIV vectors. A) Relative size and amino acid position of SIVmac239
minigenes. We designed codon-optimized sequences spanning regions of the Gag, Vif, and Nef proteins. The Gag minigenes covered amino acids
44–84 and 76–123 of Matrix (MA), 142–186 of Capsid (CA), and 250–415 of Capsid, p2, and Nucleocapsid (NC). The Vif ORF was split into two
minigenes encoding amino acids 1–110 and 102–214. The Nef sequence spanned the central region of this protein (45–210). B) Genome schematic of
recombinant YF17D vaccine vectors. We inserted the SIVmac239 minigenes in the junction between the YF17D E and NS1 genes using a previously
described methodology [36]. C) Electrophoretic analysis of RT-PCR amplicons from viral RNA extracted from the seven rYF17D/SIV stocks. The YF17D
parental vaccine served as a negative control. We performed these amplifications using YF17D-specific primers flanking the E-NS1 genomic region
encompassing the SIVmac239 inserts.
doi:10.1371/journal.pone.0054434.g001
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were generated in a DE1A, partial DE1B, and DE3 genetic

background using the AdEasy adenoviral vector system (Strate-

gene, La Jolla, CA). The SIVmac239 genes were cloned into the

E1 region of the rAd5 vector under the control of the hCMV

immediate-early promoter-enhancer and the SV40 stop-polyade-

nylation signal. All vectors were rescued in HEK 293 cells and

purified by double cesium chloride centrifugation. Dosing was

based on viral particles (VP), determined by spectrophotometry

[45]. We injected 1011 VP of each vector intramuscularly (using

27-gauge needles) at three different sites; right shoulder, left

forearm and right thigh. Of note, we rotated these sites based on

the previous vaccination scheme used for rYF17D so that each site

did not receive vectors encoding fragments of the same protein in

both vaccinations. We reasoned that this strategy would maximize

the dispersal of antigens among lymph nodes and thereby avoid

immunodominance.

IFN-c ELISPOT Assays
We isolated peripheral blood mononuclear cells (PBMC) from

EDTA-treated blood by Ficoll-Paque PLUS (GE Health Sciences)

density centrifugation. We used PBMC or PBMC depleted of

CD8+ cells using magnetic bead separation (Miltenyi Biotec,

Auburn, CA), directly in precoated ELISpotPLUS kits (MABTECH

Inc., Mariemont, OH) for the detection of monkey IFN-c
according to the manufacturer’s protocols. Briefly, 105 PBMC

were used per well and incubated for 14 to 18 hours at 37uC in 5%

CO2. As a positive control, 5 mg/ml of concanavalin A (Sigma

Chemical, St. Louis, MO) was added to the cells, and a set of

negative control wells of media only was also included on each

plate. Peptide pools of ten 15mers overlapping by 11 amino acids

spanning all SIVmac239 proteins included in the vaccine regimens

were used at a concentration of 1.0 mM, while minimal optimal

peptides corresponding to SIVmac239 or YF17D epitopes were

used at a concentration of 10.0 mM. All SIV peptide pools were

obtained from the AIDS Research and Reference Reagent

Program, Division of AIDS, NIAID, NIH.

Test wells were run with two replicates, while control wells were

run with replicates of 2, 4, or 6, depending on the assay. Assay

results are shown as spot-forming cells (SFC) per 106 PBMC.

Responses comprising ,50 SFC per 106 cells were considered

negative and were not tested statistically. Positive responses were

determined using a one-tailed t test and an alpha level of 0.05,

where the null hypothesis was that the background level would be

greater than or equal to the treatment level. If determined to be

positive statistically, the values were reported as the average of the

test wells minus the average of all negative-control wells.

Intracellular Cytokine Staining (ICS) Assay
We performed multi-parameter ICS by incubating freshly

isolated PBMC from rhesus macaques with 1.0 mM of separate

peptide mixtures spanning the ORFs of Vif, Nef, Tat, and Rev.

Vpr and Vpx peptides were combined in one test. We divided the

Gag peptides in two tests spanning amino acids 1–291 and 281–

510; reactivity to this protein is reported as the sum of these two

tests. We used staphylococcal enterotoxin B (SEB) stimulation for

our positive control and tissue culture medium devoid of

stimulatory peptides for our negative control. We also added

anti-CD28 (clone L293; BD Biosciences), anti-CD49d (clone 9g;

Pharmigen), and anti-CD107a PE (clone H4A3; BD Biosciences)

antibodies and 5.0 mg of Brefeldin A and Golgi Stop (BD

Biosciences) to each test. We then placed the samples in a 5.0%

CO2 incubator at 37uC. After overnight incubation, we stained the

cells at room temperature with antibodies directed against the

surface molecules CD4 (PerCP Cy5.5; clone L200; BD Bioscienc-

es), CD8 (Pacific Blue; clone RPA-T8; BD Biosciences), CD14

(ECD; clone RMO52; Beckman Coulter), and CD19 (ECD; clone

JA.119; Beckman Coulter). After 20 minutes, we washed the cells

with FACS buffer (10% of fetal bovine serum in PBS 1X) and fixed

them with a 2.0% paraformaldehyde solution. After 30 minutes,

we washed off the paraformaldehyde and permeabilized the cells

with 0.1% Saponin buffer (FACS buffer containing saponin) and

stained them with antibodies directed against the intracellular

molecules IFN-c (PE-Cy7; clone 4S.B3; BD Biosciences), TNF-a
(Alexa700; clone MAb11; BD Biosciences), IL-2 (APC; clone

MQ1-17H12; BD Biosciences), and MIP-1b (FITC; clone 24006;

R&D Systems). After a 45-minute incubation, we washed the cells

twice with Saponin buffer and fixed them with 2.0% paraformal-

dehyde. Samples were acquired using FACS DIVA version 6 on a

Special Order Research Product (SORP) BD LSR II equipped

with a 50 mW 405 nm violet, a 100 mW 488 nm blue, and a

50 mW 640 nm red laser and were analyzed by FlowJo 9.2

(TreeStar, Inc.). Analysis and presentation of distributions were

performed using Pestle and SPICE version 5.22023, downloaded

from http://exon.niaid.nih.gov/spice [46].

For data analysis, we first gated on forward scatter height (FSC-

H) versus forward scatter area (FSC-A) to remove doublets (Fig.

S1). Subsequently, we gated on the lymphocyte population and

then created a dump channel by excluding CD14+CD19+ events.

At this stage, we separated lymphocyte subsets based on their

expression of either CD4 or CD8 (excluding those expressing both

markers) and conducted our functional analyses within these two

compartments. After making gates for each function (IFN-c,

CD107a, TNF-a, MIP-1b, and IL-2), we used the Boolean gate

platform to generate a full array of possible combinations,

equating to 32 response patterns when testing five functions

(25 = 32). We used three criteria to determine positivity of

responses; i) background-subtracted responses had to be at least

2-fold higher than the background itself; ii) Boolean gates for each

response pattern had to contain $10 events; and iii) response

patterns had to be greater than matched values obtained in ICS

assays using PBMC from three SIV naı̈ve Indian rhesus macaques

under the same stimulation conditions.

Table 2. Replication of rYF17D/SIV vectors in vivo1.

Days post vaccination

Animal ID
Insert (aa
position) Dose (PFU) 3 5 7 14

r04147 Gag (44–84) 105 381 0 216 0

r04170 Gag (76–123) 105 85 131 738 0

r04136 Gag (142–186) 105 0 887 666 0

r05079 Gag (250–415) 105 192 537 2,049 0

r05089 Vif (1–110) 105 0 0 984 0

r04109 Vif (102–214) 105 57 90 119 0

r05070 Nef (45–210) 105 283 433 1,815 0

r05028 All constructs 104 each 0 0 0 0

rh2138 All constructs 104 each 0 0 828 0

r04137 All constructs 105 each 0 0 0 0

r98010 All constructs 105 each 224 0 0 0

1We measured replication of the rYF17D/SIV viruses using a qRT-PCR assay.
Values represent vRNA copies/ml of plasma. The limit of quantitation under
standard assay conditions was 45 vRNA copies/ml of plasma.
doi:10.1371/journal.pone.0054434.t002

Immunogenicity of rYF17D/SIV Vaccine Candidates

PLOS ONE | www.plosone.org 5 January 2013 | Volume 8 | Issue 1 | e54434



Figure 2. Magnitude of SIV-specific T-cell responses in animals vaccinated with single rYF17D/SIV constructs. We carried out IFN-c
ELISPOT at days 14 (white bars) and 17 (black bars) after the rYF17D vaccination using peptide pools (ten 15mers overlapping by 11 amino acids in
each pool) spanning the regions of SIVmac239 Gag, Vif, and Nef encoded in each rYF17D vector. We adjusted these pools for each macaque
depending on the region and SIV protein expressed by the rYF17D viruses. Bar graphs indicate the magnitude of IFN-c-producing cells in PBMC (SFC/

Immunogenicity of rYF17D/SIV Vaccine Candidates
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Statistical Analysis
To compare SIV-specific T-cell responses induced by the

rYF17D/rAd5 and rAd5 regimens, we performed parametric t-

tests and nonparametric Wilcoxon-Mann Whitney tests. We

performed these tests on raw and log10-transformed data. In

addition, because some of the cells contained ‘zero values’, a

constant equal to 0.5 was added to every count prior to log-

transforming the data. The results did not vary significantly across

the different statistical tests. The only exception was the

comparison of the magnitude of Vif-specific responses between

rYF17D/rAd5 and rAd5 vaccinees at week 1 post rAd5. The

analysis with the parametric t-test yielded a p-value of 0.021,

compared to a p-value of 0.06 obtained with the nonparametric

Wilcoxon-Mann Whitney test. However, since the data at this time

point was highly skewed, we conducted a permutation t-test

(20,000 samples) on the log-transformed values to serve as an

additional sensitivity analysis and obtained a p-value of 0.096.

Thus, results from the non-parametric and long-transformed

parametric t-tests are likely more reliable.

Results

Generation of rYF17D Viruses Encoding Fragments of
SIVmac239 Gag, Vif, and Nef

We chose to generate rYF17D vectors expressing fragments of

the SIVmac239 Gag, Nef, and Vif proteins – instead of whole

ORFs – since large inserts might make rYF17D viruses unstable.

Additionally, delivering vaccine antigens as fragments rather than

full-length proteins might overcome immunodominance and

thereby broaden the repertoire of vaccine-induced T-cell respons-

es [47,48]. Thus, we split the SIVmac239 Gag precursor protein

into four minigenes spanning parts of Matrix (MA), Capsid (CA),

p2, and Nucleocapsid (NC); two minigenes encoded the amino

and carboxyl termini of the Vif ORF; and one construct covered

the central part of Nef (Fig. 1A). We then engineered the backbone

of seven different YF17D viruses to express each of these SIV

sequences between the E and NS1 genes as described elsewhere

(Fig. 1B) [36]. To check the presence of all SIV inserts in their

corresponding rYF17D viruses, we extracted vRNA from all

rYF17D/SIV stocks and carried out RT-PCR using primers

flanking the E/NS1 intergenic region. We obtained amplicons

matching the sizes of the SIVmac239 inserts in all rYF17D viruses

(Fig. 1C). In the case of rYF17D/Nef(45–210), we noticed a dim

PCR fragment of approximately 700 kilobases (Fig. 1C). Since this

might be a sign of mixed viral quasi-species, we also sequenced the

E/NS1 intergenic region of the rYF17D/Nef(45–210) stock – and

the other rYF17D/SIV stocks as well – and confirmed that all SIV

inserts were intact (data not shown).

In vivo Replicative Capacity of rYF17D Vectors Encoding
SIV Inserts

To determine whether the rYF17D/SIV vectors can replicate

in vivo, we administered 105 PFU of each virus to seven macaques

via the subcutaneous route (Table 1). In parallel, we immunized

four animals with all seven rYF17D/SIV viruses given at two

different doses; r05028 and rh2138 received 104 PFU while

r04137 and r98010 received 105 PFU of each vaccine virus

(Table 1). We administered the viruses individually at seven

different anatomical sites to maximize their dispersal among

lymph nodes and thereby avoid immunodominance [48,49]. We

then collected plasma from all animals at several time points post

vaccination (p.v.) and measured viral replication by qRT-PCR. Of

note, none of the rYF17D/SIV-vaccinated macaques in this study

experienced any adverse events. Despite considerable animal to

animal variability in the number of vRNA copies/ml of plasma, all

animals that received single rYF17D/SIV vectors had at least one

positive viral load, which peaked at around day 7 p.v. (Table 2). In

contrast, however, we detected viral replication in only two of the

four macaques vaccinated with all of the constructs: rh2138 (852

vRNA copies/ml plasma) at day 7 p.v. and r98010 (175 vRNA

copies/ml plasma) at day 3 p.v. Given that only four macaques

were immunized with all rYF17D/SIV constructs, it was difficult

to assess whether these low levels of viral replication were due to

the concomitant administration of multiple rYF17D/SIV viruses

or simply to variability among animals. In summary, all seven

rYF17D/SIV vaccine viruses replicated in rhesus macaques

without causing any observable adverse events.

Immunogenicity of rYF17D Vectors Encoding SIV Inserts
To measure the immunogenicity of rYF17D/SIV viruses, we

obtained PBMC from all vaccinated animals and performed IFN-

c ELISPOT at days 14 and 17 p.v. We used pools of peptides (ten

15mers overlapping by 11 amino acids in each pool) spanning the

Gag, Vif, and Nef ORFs of SIVmac239. We adjusted these pools

for each macaque depending on the region and SIV protein

expressed by the rYF17D viruses. For animals that received all

constructs, we included all peptide pools in the IFN-c ELISPOT

assays. To measure CD4+ T-cell responses to each of these

antigens, we employed the same strategy described above using

PBMC depleted of CD8+ lymphocytes.

Depending on each animal’s MHC haplotype, we also

measured CD8+ T-cell responses to the Mamu-A*02-restricted

Gag71–79GY9, Vif97–104WY8, and Nef159–167YY9 epitopes using

individual minimal optimal peptides [50,51]. To monitor vector-

specific cellular responses, we used four YF17D-derived peptides

predicted to bind to Mamu-A*01 according to the MHC pathway

algorithm, LTPVTMAEV (LV91285–1293), VSPGNGWMI

(VI93250–3258), MSPKGISRM (MM92179–2187), and

TTPFGQQRVF (TF102853–2862) [52]. We have recently reported

that Mamu-A*01+ macaques vaccinated with YF17D and a

106 PBMC) in macaques immunized with rYF17D/Gag constructs (A), rYF17D/Vif constructs (B), and the rYF17D/Nef construct (C). Responses
measured at days 14 and 17 following vaccination with the rYF17D/SIV vectors are shown by white and black bars, respectively. Of note, the vaccine
candidates rYF17D/Gag(44–84), rYF17D/Vif(1–110), and rYF17D/Nef(45–210) encode three Mamu-A*02-restricted, CD8+ T-cell epitopes: Gag71–79GY9,
Vif97–104WY8, and Nef159–167YY9, respectively [50,51]. Since the recipients of these vectors were Mamu-A*02+ (r04147, r05089, and r05070; Table 1), we
used minimal optimal peptides in their IFN-c ELISPOT assays to determine the frequency of CD8+ T-cells recognizing the Gag71–79GY9, Vif97–104WY8,
and Nef159–167YY9 epitopes. We also assessed vector-specific cellular responses by using synthetic peptides corresponding to four Mamu-A*01-
restricted CD8+ T-cell epitopes in the backbone of YF17D identified in a previous study [37]. The amino acid sequence of these peptides and their
corresponding position in the YF17D polyprotein are as follows: LTPVTMAEV (LV91285–1293), VSPGNGWMI (VI93250–3258), MSPKGISRM (MM92179–2187),
and TTPFGQQRVF (TF102853–2862). We measured responses to these four epitopes in the Mamu-A*01+ macaques r04170, r04136, r05079, and r04109.
An asterisk (*) on top of a bar indicates a positive response detected in CD8-depleted PBMC, which likely represents SIV-specific CD4+ T-cells. The
number of IFN-c-producing cells in positive control wells stimulated with Concanavalin A at days 14 and 17 were 13,321 and 6,194 SFC/106 PBMC,
respectively.
doi:10.1371/journal.pone.0054434.g002
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Figure 3. Magnitude of SIV-specific T-cell responses in animals vaccinated with all seven rYF17D/SIV constructs. We used the same
approach described in the legend of Figure 2 to measure SIV-specific T-cell responses in animals that were vaccinated with all seven rYF17D/SIV
viruses. The only difference was that the IFN-c ELISPOT assays for these animals contained all peptide pools spanning the regions encoded in the Gag,
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rYF17D virus expressing a fragment of SIVmac239 Gag

recognized these four peptides in vivo [37].

Overall, the rYF17D viruses were poorly immunogenic

following a single vaccination (Figs. 2 and 3). We could not

detect Gag-specific T-cell responses in any of the animals that

received single constructs encoding fragments of this protein

(Fig. 2A). In contrast, macaques immunized with rYF17D/

Vif(1–110), rYF17D/Vif(102–214), and rYF17D/Nef(45–210)

developed low frequency T-cell responses to their corresponding

SIV inserts (Fig. 2B and C). Among recipients of all seven

rYF17D/SIV constructs, the frequency of SIV-specific cellular

responses was also low and ranged from undetectable to 178

SFC/106 PBMC in r04137 and rh2138, respectively (Fig. 3A

and B). We also noticed that rYF17D/SIV replication in vivo did

not correlate with their immunogenicity, as evidenced by

undetectable Gag-specific T-cells in animals that received

constructs encoding fragments of this protein despite measurable

replication of these attenuated viruses on at least two time

points (Table 2 and Fig. 2A).

Vif, and Nef inserts. We performed these analyses at days 14 (white bars) and 17 (black bars) after vaccination with rYF17D/SIV. Vaccinees r05028 and
rh2138 received 104 PFU of each vaccine vector (A) while r04137 and r98010 received 105 PFU of each construct (B). Similar to the description in the
legend of Figure 2, we measured the frequency of SIV-specific CD8+ T-cells in Mamu-A*02+ macaques by using minimal optimal peptides
corresponding to the three Mamu-A*02-restricted epitopes Gag71–79GY9, Vif97–104WY8, and Nef159–167YY9. We also determined the magnitude of
vector-specific CD8+ T-cells in the Mamu-A*01+ macaques r05028 and r04137 by using synthetic peptides corresponding to the YF17D epitopes
LV91285–1293, VI93250–3258, MM92179–2187, and TF102853–2862. An asterisk (*) on top of a bar indicates a positive response detected in CD8-depleted
PBMC, which likely represents SIV-specific CD4+ T-cells. The average number of IFN-c-producing cells in positive control wells stimulated with
Concanavalin A at days 14 and 17 were 10,980 and 9,269 SFC/106 PBMC, respectively.
doi:10.1371/journal.pone.0054434.g003

Figure 4. Priming with rYF17D/SIV increased the frequency of SIV-specific T-cell responses after rAd5 boosting. A) Vaccination
scheme. Sixteen weeks after vaccination with all seven rYF17D constructs, we boosted r05028, rh2138, r04137, and r98010 with three rAd5 vectors
(1011 VP each) encoding full-length (i) Gag, (i) Nef, and (iii) Vif fused to Vpr, Vpx, Tat, and Rev. To control for primary SIV-specific T-cell responses
induced by these rAd5 vectors, we immunized four SIV naı̈ve macaques (r03105, r04149, r05073, and r05086) with rAd5 alone. We subsequently
measured SIV-specific cellular responses in the PBMC of all animals in the weeks following the rAd5 vaccination using IFN-c ELISPOT and ICS. B and C)
Magnitude of SIV-specific T-cell responses (SFC/106 PBMC) to Gag (black bars), Nef (gray bars), Vif (plaid bars), and the combination of Tat, Rev, Vpr,
and Vpx (white bars) measured at one week after the rAd5 vaccination of (B) rYF17D/rAd5- and (C) rAd5-immunized macaques. We determined the
magnitude of responses to each protein by adding SFC/106 PBMC values obtained in test wells containing peptide pools spanning the SIV inserts
described in Figure 1A. The average number of IFN-c-producing cells in positive control wells stimulated with Concanavalin A at week 1 post rAd5
was 14,259 SFC/106 PBMC.
doi:10.1371/journal.pone.0054434.g004
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Our analysis of vector-specific cellular responses among Mamu-

A*01+ vaccinees revealed that three macaques recognized the

YF17D-derived peptides described above: r04170, who was

immunized with rYF17D/Gag(76–123), recognized VI93250–3258,

MM92179–2187, and TF102853–2862 (Fig. 2A); r04109 was immu-

nized with rYF17D/Vif(102–214) and recognized VI93250–3258

only (Fig. 2B); and r05028– one of the recipients of 104 PFU of

each of the seven rYF17D/SIV constructs – recognized VI93250–

3258 and TF102853–2862 (Fig. 3A). These YF17D-specific CD8+ T-

cell responses were within the same range as those directed against

SIV proteins.

It is noteworthy that PBMC from several animals produced

significant levels of IFN-c in vitro in the absence of peptide

stimulation at the times we carried out the IFN-c ELISPOT assays

(group mean = 94 SFC/106 PBMC; range = 0 to 320 SFC/106

PBMC at day 14 p.v.). As a result, we may have missed low-

frequency T-cell responses induced by rYF17D/SIV vaccination

since this ‘‘spontaneous’’ production of IFN-c increased the

background of our IFN-c ELISPOT assays. We have recently

described this phenomenon in Indian rhesus macaques immunized

with YF17D and found that it is mediated, at least in part, by

activated CD8+cd+ and CD4+ T-cells [53].

In sum, a single immunization with attenuated rYF17D viruses

encoding fragments of Gag, Nef, and Vif induced low levels of

SIV-specific T-cell responses in approximately 50% of vaccinated

macaques.

Priming with rYF17D/SIV Vectors Increased the
Frequency of Vif- and Nef-specific Cellular Responses
after a rAd5 Boost

Previous experiments in mice aimed at testing the immunoge-

nicity of rYF17D in mixed-modality vaccine regimens have shown

that rYF17D elicited the highest levels of cellular immune

responses when it was given as a prime, but not as a boost (R.

Andino, personal communication). We therefore set out to test

whether the low-frequency SIV-specific T-cell responses induced

by rYF17D vaccination could be boosted by the administration of

a heterologous viral vector. To do that, we boosted r05028,

rh2138, r04137, and r98010– the four animals that received all

seven rYF17D/SIV constructs (Table 1) – with three rAd5 vectors

encoding full-length SIVmac239 (i) Gag, (ii) Nef, and (iii) a fusion

of the Vif, Vpr, Vpx, Tat, and Rev proteins (Fig. 4A). We

performed these vaccinations sixteen weeks after the rYF17D/SIV

prime, when the non-specific IFN-c production in the ELISPOT

assay had disappeared and none of the animals had detectable

SIV-specific T-cell responses in PBMC (data not shown). To

control for primary SIV-specific responses induced by the rAd5

vectors, we immunized four SIV naı̈ve macaques - r03105,

r04149, r05073, and r05086– with the same rAd5 constructs

described above. We then measured cellular immune responses to

all vaccine-encoded SIV antigens in the ensuing weeks using IFN-

c ELISPOT and ICS (Fig. 4A). For sake of simplicity, we reported

immune responses directed against Tat, Rev, Vpr, and Vpx as a

single group since these antigens were not included in the

rYF17D/SIV prime.

Figure 5. Magnitude of SIV-specific CD4+ and CD8+ cellular responses in rYF17D/rAd5 and rAd5 vaccinees. At one week after the rAd5
vaccination, we obtained PBMC from all animals and performed ICS to determine the frequency of IFN-c-producing CD8+ (A and B) and CD4+ (C and
D) lymphocytes specific to Gag (black bars), Nef (gray bars), Vif (plaid bars), and the combination of Tat, Rev, Vpr, and Vpx (white bars). The antigen
stimuli in this assay consisted of peptide mixtures spanning (i) amino acids 1–291 of Gag, (ii) amino acids 281–510 of Gag, (iii) the Vif ORF, (iv) the Nef
ORF, (v) the Tat ORF, (vi) the Rev ORF, and (vii) the Vpr and Vpx ORFs. Reactivity to the Gag protein is reported as the sum of tests (i) and (ii); reactivity
to Tat, Rev, Vpr, and Vpx is reported as the sum of tests (v), (vi), and (vii). A and C show the results for the rYF17D/rAd5 group while B and D show
results for the rAd5 group.
doi:10.1371/journal.pone.0054434.g005
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We detected robust expansion of SIV-specific cellular responses

in three out of four rYF17D/rAd5 vaccinees (r04137, r05028, and

r98010) as early as one week after the rAd5 immunization (Fig. 4B).

However, there was considerable variability in the antigens

targeted by these animals. For instance, r04137 developed high

frequency Vif- and Nef-specific T-cells that exceeded 4,400 SFC/

106 PBMC whereas r05028 and r98010 focused their T-cell

responses mostly on Vif (Fig. 4B). rh2138 targeted Gag, Nef, and

Vif similarly but with less abundant responses (Fig. 4B). We also

noted that Gag-specific T-cells were a minority among all animals

in this group (range: 140 to 1,150 SFC/106 PBMC) (Fig. 4B). By

comparison, macaques that received rAd5 alone had detectable

responses to Gag, Nef, and Vif at this early time point, but the

magnitude of these SIV-specific T-cells did not exceed 1,100

SFC/106 PBMC (Fig. 4C).

Since the IFN-c ELISPOT data collected after the rAd5

vaccination did not discriminate between CD4+ and CD8+ cellular

responses, we carried out ICS at week 1 after the rAd5 boost to

better characterize these vaccine-induced T-cell responses. We

found that the high frequency Vif- and Nef-specific T-cells

observed in r04137, r05028, and r98010 consisted mainly of CD8+

cellular responses (Fig. 5A). In contrast, rAd5-immunized

macaques mounted low frequency CD8+ cellular responses to all

SIV antigens at this early time point (Fig. 5B). Furthermore,

rYF17D/rAd5 vaccinees developed considerable levels of CD4+

responses, which focused mainly on Gag and Vif and were greater

than the CD4+ responses measured in animals vaccinated only

with rAd5 (Fig. 5C and D).

Next, we monitored the kinetics of vaccine-induced T-cell

responses to each SIV antigen in the weeks following the rAd5

immunization. In line with the pattern described above, the

rYF17D prime increased the magnitude of Vif-specific T-cells in

rYF17D/rAd5-immunized animals compared to rAd5 vaccinees,

but these differences were not statistically significant (Fig. 6A). The

only exception was the peak expansion of Vif-specific T-cells in the

rYF17D/rAd5 group at week 1 post rAd5 vaccination, which

yielded a borderline difference compared to recipients of the rAd5

regimen (Fig. 6A; p = 0.06). Nef-specific responses also trended

higher in rYF17D/rAd5-immunized animals compared to rAd5

vaccinees, but these differences were not statistically significant

(Fig. 6B). Gag-specific responses, on the other hand, were similar

between the two groups at all time points assessed (Fig. 6C).

Strikingly, rAd5 vaccinees developed high frequency T-cell

responses against Tat, Rev, Vpr, and Vpx that were significantly

higher than those detected in the rYF17D/rAd5 group (Fig. 6D).

A breakdown of these responses revealed that they were mostly

focused on Tat, more specifically on the immunodominant Mamu-

A*01-restricted Tat28–35SL8 CD8+ T-cell epitope in the case of

r03105, r04149, and r05086 (Table 1, data not shown) [54,55].

Although rYF17D/rAd5 vaccinees r05028 and r04137 are also

Mamu-A*01+, their Tat28–35SL8-specific CD8+ T-cell responses

were not as abundant as those detected in the rAd5 group (Table 1,

data not shown). The reason(s) underlying the immunodominance

of Tat28–35SL8-specific CD8+ T-cells in rAd5 vaccinees but not in

rYF17D/rAd5 vaccinees is not entirely clear, but it might be

Figure 6. Kinetics of vaccine-induced, SIV-specific T-cell responses in rYF17D/rAd5 and rAd5 vaccinees. We used IFN-c ELISPOT to
determine the magnitude of vaccine-induced T-cell responses at weeks 1, 2, 3, and 6 following the rAd5 immunization. The median frequencies of T-
cell responses to Vif (A), Nef (B), Gag (C), and the combination of Tat, Rev, Vpr, and Vpx (D) are shown for rYF17D/rAd5 (black circles) and rAd5 (white
circles) vaccinees. We determined the magnitude of responses to each protein by adding SFC/106 PBMC values obtained in test wells containing
peptide pools spanning the SIV inserts described in Figure 1A. Error bars represent the interquartile range. Statistical comparisons were made using
the Mann-Whitney test. The # symbol in the Vif graph indicates a p-value of 0.06 while asterisks (*) denote p,0.05. The average number of IFN-c-
producing cells in positive control wells stimulated with Concanavalin A at these time points ranged between 4,394 and 14,701 SFC/106 PBMC.
doi:10.1371/journal.pone.0054434.g006
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Figure 7. Functional profile of CD8+ cellular responses in rYF17D/rAd5 and rAd5 vaccinees. We carried out multi-parameter ICS at week 3
after the rAd5 immunization to determine the ability of SIV-specific CD8+ T-cells to degranulate (CD107a) and secrete IFN-c, TNF-a, MIP-1b, and IL-2.
The antigen stimuli in this assay consisted of peptide mixtures spanning (i) amino acids 1–291 of Gag, (ii) amino acids 281–510 of Gag, (iii) the Vif ORF,
and (iv) the Nef ORF. Bar graphs indicate the mean total frequency of CD8+ lymphocytes specific to Gag, Nef, and Vif capable of producing each
combination of functions tested. Pie graphs for each animal indicate the percentage of their CD8+ lymphocytes that are specific to Gag, Nef, and Vif
and that were positive for one (yellow), two (green), three (orange), four (red), and five (black) immune parameters. A) Functional profile of CD8+

cellular responses in rYF17D/rAd5 vaccinees. B) Functional profile of CD8+ cellular responses in rAd5 vaccinees. Error bars represent the standard error
of the mean.
doi:10.1371/journal.pone.0054434.g007
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related to a shift in the immunodominance hierarchy toward Vif

and Nef epitopes caused by the rYF17D prime.

Together, these results suggest that the rYF17D prime increased

the frequency of SIV-specific CD4+ and CD8+ T-cell responses

after rAd5 boosting. However, given the high animal to animal

variability observed in this study, a larger adequately powered trial

of rYF17D/SIV vaccine candidates may be required to confirm

these findings. The brisk expansion of CD8+ T-cells targeting Vif,

and to a lower extent Nef, seen early after the rAd5 boost might

also indicate that rYF17D vectors encoding fragments of these

proteins were more effective than the ones encoding segments of

Gag at priming SIV-specific T-cell responses.

Functional Profile of Vaccine-induced T-cell Responses
The ability of HIV-specific CD8+ T-cells to degranulate and

simultaneously produce multiple cytokines and chemokines has

been associated with delayed disease progression in HIV-1-

infected individuals [56]. We, therefore, used multi-parameter

ICS to determine the functional profile of vaccine-induced CD8+

T-cell responses in all animals. Since qualitative features of CD8+

T-cells targeting Gag, Nef, and Vif did not vary within each group

(data not shown), we decided to compare the total sum of CD8+ T-

cell responses specific to these three antigens between rYF17D/

rAd5 and rAd5 vaccinees at week 3 after the rAd5 vaccination. In

agreement with the immunogenicity data presented above, the

total frequency of CD8+ T-cells recognizing Gag, Nef, and Vif was

higher among macaques that were immunized with rYF17D/

rAd5 compared to those that received rAd5 only (Fig. 7A and B).

We also noticed that the majority of SIV-specific CD8+ T-cells in

both groups produced IFN-c either in combination with the

degranulation marker CD107a or with MIP-1b (Fig. 7A and B).

However, compared to rAd5-immunized animals, rYF17D/rAd5

vaccinees developed SIV-specific CD8+ T-cells with a slightly

increased functional quality, as seen by higher frequencies of

CD8+ T-cells staining positive for three and four immune

parameters (Fig. 7A and B). We also assessed qualitative features

of vaccine-induced CD4+ T-cell responses in rYF17D/rAd5 and

rAd5 vaccinees. We carried out this analysis at week 1 after the

rAd5 boost – the peak expansion of CD4+ T-cell responses in both

groups (Fig. 5C and D). In addition to secreting IFN-c, SIV-

specific CD4+ T-cells in rYF17D/rAd5 vaccinees were also

capable of producing IL-2, TNF-a, and MIP-1b in multiple

combinations (Fig. S2A). In contrast, rAd5-immunized macaques

mounted SIV-specific CD4+ T-cell responses with a more limited

functional profile (Fig. S2B). Together, these results suggest that

priming with rYF17D improved the functionality of SIV-specific

CD8+ and CD4+ T-cells that expanded after the rAd5 boost.

Breadth of Vaccine-induced T-cell Responses
Our final goal was to determine whether priming with rYF17D

vectors encoding fragments of SIVmac239 Gag, Nef, and Vif

increased the breadth of cellular responses that expanded after the

rAd5 boost. We defined breadth as the number of peptide pools

spanning the Gag, Nef, and Vif inserts encoded in the rYF17D/

SIV vectors for which at least one positive IFN-c ELISPOT assay

response was observed after the rAd5 vaccination. Overall,

rYF17D/rAd5-vaccinated animals recognized more peptide pools

than did the rAd5 vaccinees (median of total number of pools

recognized: 10 versus 7.5, respectively) (Fig. 8A and B). However,

the breadth of vaccine-induced T-cell responses in rYF17D/rAd5

vaccinees was not statistically different than that detected in the

rAd5 group (p = 0.25; Fig. 8C). Priming with rYF17D/SIV,

therefore, did not significantly broaden the repertoire of SIV-

specific T-cell responses after a rAd5 boost.

Discussion

The distinguished safety record of YF17D, coupled to its ability

to induce robust and highly functional cellular immune responses

in humans make this live-attenuated virus an attractive vector

candidate for HIV vaccines. In support of this notion, recombi-

nant live YF17D-based vaccines against other flaviviruses and

unrelated pathogens have shown promise in pre-clinical and

clinical studies [34,36,37,57–66]. We have recently engineered the

backbone of YF17D to express amino acids 45–269 of SIVmac239

Gag [37]. This recombinant virus replicated and induced CD8+

T-cell responses in Indian rhesus macaques. Franco et al. have also

Figure 8. Breadth of vaccine-induced, SIV-specific T-cell
responses in rYF17D/rAd5 and rAd5 vaccinees. We determined
the breadth of T-cell responses in each animal by adding the number of
positive IFN-c ELISPOT assay responses to peptide pools (15mers
overlapping by 11 amino acids) spanning the regions of Gag, Nef, and
Vif covered in the SIVmac239 inserts. Panels A and B show the median
breadth of T-cell responses to Gag, Nef, Vif, and all three proteins
combined in the rYF17D/rAd5 (A) and rAd5 (B) groups. C) Comparison
of the total number of peptide pools recognized in rYF17D/rAd5- and
rAd5-vaccinated animals. Lines represent the median total number of
responses in each group. We used the Mann-Whitney test to determine
the p value.
doi:10.1371/journal.pone.0054434.g008
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demonstrated that a rYF17D encoding HIV Gag p24 induced

balanced CD4+ and CD8+ T-cell responses in BALB/c mice [67].

We, therefore, attempted to expand upon these studies by creating

seven new rYF17D viruses expressing fragments of the SIV-

mac239 Gag, Nef, and Vif proteins. We chose these antigens since

vaccine-induced T-cell responses to these proteins have been

associated with control of viral replication in a recent SIV efficacy

trial [38]. Additionally, a number of studies have linked Gag-

specific T-cell responses to lower chronic phase viral loads in HIV-

1-infected patients [68–70].

We vaccinated a total of eleven Indian rhesus macaques with

the rYF17D vectors encoding fragments of SIVmac239 Gag, Nef,

and Vif; seven animals received individual constructs while four

macaques received all seven rYF17D/SIV vectors. We detected

transient viremia in all animals that received single constructs, but

only two macaques that were immunized with the seven rYF17D/

SIV vectors had positive viral loads. An evaluation of cellular

immunity induced by a single vaccination with these vectors

revealed low frequency T-cell responses directed against Vif and

Nef, while Gag-specific responses were nearly absent. A potential

caveat in this analysis relates to the sensitivity of our IFN-c
ELISPOT assay, which might have been reduced since PBMC

from these animals produced high background levels of IFN-c at

days 14 and 17 post vaccination. We have recently described this

phenomenon, which occurs after YF17D vaccination of rhesus

macaques and appears to be caused by the activation of CD8+cd+

and CD4+ T-cells [53]. Since this ‘‘spontaneous’’ production of

IFN-c increased the background of our ELISPOT assays during

the first few weeks after vaccination, we likely missed low-

frequency SIV-specific T-cell responses induced by the rYF17D/

SIV vectors.

It is also possible that the insertion of SIV sequences in the E/

NS1 intergenic region attenuated the rYF17D/SIV constructs

even further and thus decreased their immunogenicity compared

to the parental YF17D vaccine. Along these lines, a rYF17D

virus expressing enhanced green fluorescent protein in this same

genomic region demonstrated delayed replication kinetics in vitro

and induced significantly lower titers of neutralizing antibodies

in mice compared to the parental YF17D virus [36]. Further-

more, we have recently evaluated the replication of YF17D and

a rYF17D expressing a fragment of SIVmac239 Gag encoding

amino acids 45–269 in Indian rhesus macaques using the same

qRT-PCR assay employed in this study [37]. We found that

positive viral loads came up earlier and at greater magnitudes in

animals that received the parental vaccine compared to

recipients of the recombinant construct. If lower replication

fitness is indeed limiting the magnitude of SIV-specific cellular

responses generated by the rYF17D/SIV candidates, additional

booster doses might improve the immunogenicity of these

vaccine viruses.

It is important to address genetic stability during the develop-

ment of live-attenuated RNA virus vaccines. In this regard, we

have tested the genetic integrity of the rYF17D/SIV viruses by

serially passaging them in Vero cells (Bonaldo et al., unpublished

data). Electrophoretic analysis of RT-PCR amplicons from viral

RNA extracted at the 15th passage revealed that four of the seven

rYF17D/SIV viruses were stable at this time point. The rYF17D/

Nef(45–210) construct yielded a unique gel pattern, containing the

amplicon corresponding to the SIV insert and two smaller, less

intense fragments. We are currently investigating whether these

extra bands are the result of a mixed viral population. We also

found that two constructs – rYF17D/Gag(76–123) and rYF17D/

Vif(1–110) – lost their inserts at the 10th passage. Although this

may explain why we could not detect Gag-specific responses in

r04170– the rYF17D/Gag(76–123)-vaccinated macaque, it does

not account for the low frequency of SIV-specific T-cell responses

induced by the other stable rYF17D constructs. Additionally,

rYF17D/Vif(1–110) – one of the genetically unstable viruses –

induced detectable Vif-specific cellular responses in r05089 (200

SFC/106 PBMC). Therefore, the rYF17D/SIV vectors were

poorly immunogenic even though the majority of these viruses

were stable in vitro.

Our next step was to test whether the low frequency T-cell

responses to Gag, Nef, and Vif induced by vaccination with the

rYF17D/SIV constructs could be boosted by a heterologous virus

boost. To do that, we immunized eight animals with rAd5 vectors

encoding full-length Gag, Nef, and a fusion of the Vif, Tat, Rev,

Vpr, and Vpx proteins. Four of the animals had been primed with

all seven rYF17D/SIV vectors, while the other four macaques

were SIV naı̈ve and served as controls for primary responses

induced by the rAd5 (Table 1, Fig. 4A). We found evidence that

the rAd5 vaccination boosted SIV-specific cellular responses in

animals that had received the mixture of seven rYF17D/SIV

vectors, as seen by the robust expansion of Vif-specific T-cells in

r05028 and r98010, as well as the high magnitude of Nef-specific

T-cells in r04137. On one hand, this is an encouraging finding

since it suggests that YF17D – a clinically relevant vector platform

for inducing HIV-specific T-cell responses – effectively primed

SIV-specific cellular responses and thus is compatible with

heterologous prime boost vaccine regimens. On the other hand,

the heterogeneity in the magnitude and specificity of the responses

that expanded after the rAd5 boost suggests that some rYF17D/

SIV constructs were more effective than others at priming SIV-

specific T-cells. Furthermore, the immunogenicity of the rYF17D/

SIV prime did not predict the expansion of anamnestic responses

after the rAd5 boost. Macaque r04137, for instance, had no

detectable cellular responses to the SIV antigens following the

rYF17D/SIV prime and yet this animal mounted the highest

frequency of Vif- and Nef-specific T-cells in the rYF17D/rAd5

group (Figs. 3B and 4B). Conversely, rYF17D/SIV vaccination

elicited positive IFN-c ELISPOT responses to Nef and Vif in

rh2138 but this animal did not develop high levels of T-cell

responses to these two SIV antigens at week 1 following the rAd5

boost (Figs. 3A and 4B). The reasons for this high animal to animal

variability are not entirely clear, but these results suggest that a

more thorough investigation of the immunogenicity and in vivo

replicative capacity of these rYF17D/SIV viruses is warranted,

especially when rYF17D/SIV vectors are administered simulta-

neously.

We also noticed a trend toward broader T-cell responses among

rYF17D/rAd5 vaccineees compared to the rAd5 group (median of

total number of pools recognized: 10 versus 7.5, respectively).

However, this difference did not achieve statistical difference

(p = 0.25). The low immunogenicity achieved by the rYF17D/SIV

vectors during the priming stage and the small sample size of our

experimental groups (n = 4) likely contributed to the comparable

T-cell breadth observed in rYF17D/rAd5 and rAd5 vaccinees.

Additionally, the fact that rYF17D/rAd5 vaccinees were primed

with rYF17D/SIV vectors encoding fragments of Gag, Nef, and

Vif and subsequently boosted with rAd5 expressing full-length (i)

Gag, (ii) Nef, and (iii) Vif fused to Tat, Rev, Vpr, and Vpx might

have restricted the repertoire of vaccine-induced T-cell responses

by favoring the expansion of T-cells targeting dominant epitopes,

as suggested by previous studies [47–49,71]. Thus, a rYF17D/SIV

prime followed by a heterologous virus boost regimen encoding

the same SIV minigenes might result in broader SIV-specific T-

cell responses.
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In summary, the goal of the present study was to evaluate the

immunogenicity of live-attenuated rYF17D/SIV viruses express-

ing fragments of SIV Gag, Nef, and Vif in rhesus macaques. We

found evidence that these vaccine viruses replicated in vivo, but

they engendered low levels of SIV-specific cellular responses.

Boosting with rAd5 vectors resulted in robust expansion of SIV-

specific T-cells, particularly those targeting Vif and, to a lesser

extent, Nef. These anamnestic responses comprised CD4+ and

CD8+ T-cells capable of performing up to four functions after

stimulation with synthetic peptides. However, priming with

rYF17D/SIV had a limited effect on the breadth of SIV-specific

T-cell responses that expanded after the rAd5 boost. It is

important to note that these rYF17D/SIV vectors are in their

first generation and thus there is still room for improvement. For

example, a vaccination regimen comprised of two or three doses of

rYF17D/SIV might increase the immunogenicity of these vaccine

vectors. In support of this, Santos et al. reported that revaccination

of YF17D-immune human subjects with the parental YF17D

strain resulted in a 3-fold increase in the percentage of activated

CD8+ T-cells in peripheral blood [72]. Additionally, modification

of the SIV inserts increased the genetic integrity of rYF17D/

Gag(76–123) and rYF17D/Vif(1–110) – the two recombinant

viruses that became unstable after 10 passages in vitro (Bonaldo

et al. unpublished data). We are also testing whether macaques

immunized with an improved rYF17D/rAd5 regimen encoding

matched SIV minigenes can control viral replication after a

pathogenic SIV challenge (Martins et al., unpublished data).

Optimized rYF17D/HIV vectors may, therefore, be useful for

inducing cellular immune responses against the AIDS virus.

Supporting Information

Figure S1 Gating strategy for analysis of multi-func-
tional ICS. A representative example of negative (medium only)

and positive (SEB-stimulated) CD8+ cellular responses in one

rYF17D/rAd5 vaccinee (r05028). These data were obtained at

week 3 after the rAd5 boost.

(EPS)

Figure S2 Functional profile of CD4+ cellular responses
in rYF17D/rAd5 and rAd5 vaccinees. We carried out multi-

parameter ICS at week 1 after the rAd5 immunization to

determine the ability of SIV-specific CD4+ T-cells to degranulate

(CD107a) and secrete IFN-c, TNF-a, MIP-1b, and IL-2. The

antigen stimuli in this assay consisted of peptide mixtures spanning

(i) amino acids 1–291 of Gag, (ii) amino acids 281–510 of Gag, (iii)

the Vif ORF, and (iv) the Nef ORF. Bar graphs indicate the mean

total frequency of CD4+ lymphocytes specific to Gag, Nef, and Vif

capable of producing each combination of functions tested. Pie

graphs for each animal indicate the percentage of their CD4+

lymphocytes that are specific to Gag, Nef, and Vif and that were

positive for one (yellow), two (green), three (orange), four (red), and

five (black) immune parameters. A) Functional profile of CD4+

cellular responses in rYF17D/rAd5 vaccinees. B) Functional

profile of CD4+ cellular responses in rAd5 vaccinees. Error bars

represent the standard error of the mean.

(EPS)
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