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Abstract

Flagellin has been tested as a protein-based vaccine adjuvant, with the majority of studies
focused on antibody responses. Here, we evaluated the adjuvant activity of flagellin for both
cellular and humoral immune responses in BALB/c mice in the setting of gene-based immu-
nization, and have made several novel observations. DNA vaccines and adenovirus (Ad)
vectors were engineered to encode mycobacterial protein Ag85B, with or without flagellin of
Salmonella typhimurium (FIiC). DNA-encoded flagellin given IM enhanced splenic CD4+
and CD8+ T cell responses to co-expressed vaccine antigen, including memory responses.
Boosting either IM or intranasally with Ad vectors expressing Ag85B without flagellin led to
durable enhancement of Ag85B-specific antibody and CD4+ and CD8+ T cell responses

in both spleen and pulmonary tissues, correlating with significantly improved protection
against challenge with pathogenic aerosolized M. tuberculosis. However, inclusion of fla-
gellin in both DNA prime and Ad booster vaccines induced localized pulmonary inflamma-
tion and transient weight loss, with route-dependent effects on vaccine-induced T cell
immunity. The latter included marked reductions in levels of mucosal CD4+ and CD8+ T
cell responses following IM DNA/IN Ad mucosal prime-boosting, although antibody
responses were not diminished. These findings indicate that flagellin has differential and
route-dependent adjuvant activity when included as a component of systemic or mucosally-
delivered gene-based prime-boost immunization. Clear adjuvant activity for both T and B
cell responses was observed when flagellin was included in the DNA priming vaccine, but
side effects occurred when given in an Ad boosting vector, particularly via the pulmonary
route.
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Introduction

Toll-like receptors (TLRs) are pattern recognition receptors (PRRs) expressed by a variety of
cell types, particularly immune cells such as monocytes, macrophages, dendritic cells (DCs),
and lymphocytes. TLRs detect pathogen-associated molecular patterns (PAMPs) and their liga-
tion on innate immune cells leads to maturation and activation of these cells, resulting in the
initiation of innate immunity. Activation of antigen presenting cells is also required to initiate
strong adaptive immune responses [1, 2]. Flagellin, the toll-like receptor 5 ligand (TLR5L), is a
highly conserved bacterial protein and the major component of bacterial flagella. Flagellin
mediates TLR-5-dependent signal transduction and elicits inflammatory responses in mamma-
lian cells [3, 4], including their production of pro-inflammatory cytokines and upregulation of
co-stimulatory molecules on antigen-presenting cells (APCs) [5, 6]. Flagellin is effective at very
low concentrations and does not promote potentially deleterious IgE responses. In addition,
prior exposure does not appear to impair its adjuvant activity, while antigen sequences can be
inserted at the amino or C terminus, or within its hypervariable region, without any loss of
activity. Flagellin can also easily be made in large amounts under GMP conditions [7-9].

For these reasons, flagellin is considered to have potential as an adjuvant for vaccines and
immunotherapy.

Several studies in animal models have described the adjuvant effects of flagellin, including
Salmonella FliC, on the induction of host immune responses following parenteral or mucosal
immunization, with the majority of these studies focused on antibody responses [3-5, 10-19].
In these studies, flagellin was either mixed with or genetically fused to recombinant protein or
peptide vaccines. Its adjuvanticity has also been tested in the setting of a live attenuated bacte-
rial vaccine based on Salmonella dublin, in which target antigen was fused to the hypervariable
region of flagellin and expressed as chimeric molecules in flagella [12, 20, 21].

There are, however, limited reports of the efficacy of flagellin as an adjuvant in the setting of
gene-based vaccines, including strategies designed to induce high-level or sustained immune
responses, particularly when administered via different routes. Heterologous prime-boost
immunization has been shown to enhance both the magnitude and quality of vaccine-induced
immune responses and their protective efficacy in a variety of disease models [22-29]. A com-
mon experimental approach has been to prime with DNA vaccines and boost with attenuated
viral vectors, each encoding the same vaccine antigens. Despite their capacity to prime immune
responses for subsequent boosting, DNA vaccines are often poorly immunogenic when used
alone, compared to traditional protein-based immunogens [13, 30, 31].

This model therefore provided the opportunity to test the capacity of flagellin to augment
the immunogenicity of DNA vaccine priming for a subsequent viral vector boost. We were
also interested in testing the adjuvanticity of flagellin when included in boosting vectors given
either by parenteral or mucosal routes. To this end, we have engineered recombinant DNA
vaccines and adenovirus vaccine vectors encoding modified Salmonella typhimurium flagellin
(FliC) along with an immunogenic vaccine antigen, in this case mycobacterial antigen 85B
(Ag85B). Ag85B, a fibronectin-binding protein and a major secretory protein in actively repli-
cating Mycobacterium tuberculosis (Mtb), is a member of the antigen 85 complex family
which possess the mycoyltransferase activity required for mycobacterial cell wall formation
[32, 33]. In evaluating the adjuvant activity of flagellin in the setting of gene-based prime-
boost immunization, we have made several interesting observations. It was clear that vector-
driven S. typhimurium FliC has the capacity to enhance both specific humoral immunity, and
also CD4+ and CD8+ T cell responses, when included in the DNA vaccine priming phase of
heterologous prime-boost vaccination. Flagellin encoded in DNA vaccines also primed for
enhanced vaccine specific immunity following subsequent boosting with viral vectors
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encoding Ag85B but not flagellin and given either parenterally or mucosally via the intranasal
route, in which case both circulating and pulmonary immune responses were enhanced.
However, when flagellin was included in both DNA priming and Ad booster vaccines, route-
dependent adjuvant effects were apparent, with localized pulmonary inflammation and tran-
sient loss of body mass.

Materials and Methods
Vaccine vectors

The nucleotide sequence of flagellin (FliC) of Salmonella typhimirium (GenBank Acc.No.
EF057754.1) was modified by removal of eukaryotic N-linked glycosylation sites and addition
of the murine IL-2 secretion signal to the 5" prime end. The nucleotide sequence of antigen 85B
(Ag85B) of M. tuberculosis Erdman strain (GenBank Acc.No. X62398) was codon-optimized
using the Java codon Optimization tool (http://www.jcat.de). These sequences were manufac-
tured by GenScript (Piscataway, NJ) as synthetic genes and cloned into the pBudCE4.1 plasmid
(Invitrogen, Carlsbad, CA), a dual expressing vector, under control of the EF-1a promoter
(FliC) using NotI and XholI restriction enzymes or the CMV promoter (Ag85B) using BamHI
and Hind III restriction enzymes. The integrity of resultant pBudCE4.1 constructs were con-
firmed by restriction digestion and sequencing. Stocks of these constructs were generated using
endotoxin-free Megaprep kits (QIAgen, Gaithersburg, MD) and tested for endotoxins by Lim-
ulus amebocyte lysate test (Charles River, Wilmington, MA). Recombinant adenovirus vectors
encoding flagellin were constructed by cloning the FIiC nucleotide sequence into Gateway™
pENTR2B entry pAd/CMV/V5-DEST destination vectors (Invitrogen), and recombinant ade-
novirus type 5 vectors were purified from transfected 293A cells (Life Technologies, Grand
Island, NY) by anion exchange chromatography and CsCl density gradient centrifugation. Vec-
tors were tested for presence of flagellin by PCR of viral DNA using flagellin-specific primers.
Adenovirus vectors encoding Ag85B, also constructed using Gateway™ technology, were previ-
ously prepared in this laboratory.

Expression of inserts was tested by Western blotting and biological assay. 293A cells were
grown in 6-well plates in DMEM medium (Gibco, Grand Island, NY) containing 2% heat inac-
tivated fetal calf serum (FCS). Cells were transfected with DNA vectors using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s specifications, or transduced with recombi-
nant adenovirus vectors at MOI = 10. Supernatants from DNA-transfected or adenovirus-
transduced cells were used to test for expression of flagellin by Western blot using rabbit anti-
FliA anti-sera (generously provided by Dr. Eduardo Davila, LSUHSC) at 1:1000 dilution or
anti-FliC monoclonal antibody (BioLegend, San Diego, CA, catalog # 629701) at 1:1000 dilu-
tion, and for Ag85B using rabbit anti-mouse anti-Ag85 complex polyclonal antibody (BEI
Resources, NIAD, NIH: NR-13800) at 1: 5000 dilution. The biological activity of vector-
encoded flagellin was tested using THP1-Blue-CD14 cells (InvivoGen, San Diego, CA), human
monocyte TLR reporter cells, according to the manufacturer’s specifications. These cells
express CD14 and various TLRs including TLR-5, and are stably transfected by a reporter plas-
mid expressing a secreted embryonic alkaline phosphatase (SEAP) under the control of the
NEFkB promoter. Cells were grown in 12-well plates in RPMI 1640 medium (Gibco) containing
10% heat inactivated FCS (CM10) and supplemented with 100 pg/mL of zeocin. For assay, cells
were incubated with 100 pL of supernatants from DNA-transfected or adenovirus-transduced
293A cells at 37°C 37°C in 5% CO2 for 24 hours. 50 puL of the mixtures were then added to
QUANTI-Blue substrate (InvivoGen) in 96-well flat bottom plates in triplicate, incubated at
37°C for 30 minutes, and then read by spectrophotometer at 620 nm.
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Mice and immunizations

Six to eight week old specific pathogen-free female BALB/c mice were purchased from Charles
River (Raleigh, NC) and housed in the Animal Care Facility at Louisiana State University
Health Sciences Center (LSUHSC). All procedures were approved by the LSUHSC Institutional
Animal Care and Use Committee (IACUC). Mice challenged with M. tuberculosis were housed
in a biocontainment level 3 Laboratory (BSL3) operated in accordance with appropriate safety
precautions as recommended by the Centers for Disease Control and Prevention and moni-
tored by the LSUHSC Institutional Biosafety Committee. All invasive procedures were per-
formed under anesthesia with a mixture of ketamine HCI (100 mg/kg) and xylazine (10 mg/kg)
diluted in PBS.

Vaccine groups for this study are shown in Table 1. For DNA vaccination, mice were immu-
nized twice (3 weeks apart) with 30 ug of plasmid DNA intramuscularly into each tibialis mus-
cle (60 pg total) followed immediately by electropration (IM/EP) with 2 pulses at 150mV using
a BTX ECM 830 Electroporator apparatus with caliper electrodes (BTX—Harvard Biosciences,
Holliston, Massachusetts). For prime-boosting, mice primed with DNA vaccines were given a
booster comprising a cocktail of Ad vaccines. These were suspended in 100 pL PBS and given
intramuscularly (5 x 10® PFU total consisting of 2.5 x 10* PFU Ad-85B and 2.5 x 10° PFU Ad-
FliC or control Ad-C), or in 20 uL PBS and given intranasally (1x10® PFU total consisting of 5
x 10" PFU Ad-85B and 5 x 10" PFU Ad-FliC or Ad-C). In challenge experiments, mice immu-
nized with BCG (1 x 10° CFU in 100 uL PBS) subcutaneously via footpad at the time of Ad
boosting (14 weeks before challenge) served as controls.

Ethics Statement

All procedures involving mice were approved by the Louisiana State University Health Sciences
Center Institutional Animal Care and Use Committee (IACUC), Approval Number 3010. All
invasive procedures were performed under anesthesia with a mixture of KetaThesia (ketamine
HCI) and xylazine diluted eight-fold in phosphate-buffered saline. Mice were euthanized by
cervical dislocation under anesthesia at the termination of each experiment. Mice were moni-
tored daily throughout these studies for signs of distress, including hunched posture,

Table 1. DNA and Prime-Boost Immunizations.

Group Name Week 0 Week 3 Week 6
IM/EP IM/EP IM or IN

DNA immunization
DNA-85B-FIiC pBud-85B-FIiC pBud-85B-FIiC -
DNA-85B pBud-85B pBud-85B -
DNA-FIiC pBud-FliC pBud-FliC -
DNA-Ctrl pBud-Cirl pBud-Cirl -
DNA prime—Ad boost immunization
85B-FliC/85B-FliC pBud-85B-FliC pBud-85B-FIliC Ad-85B+Ad-FliC
85B-FliC/85B pBud-85B-FIiC pBud-85B-FIiC Ad-85B+Ad-Ctrl
85B/85B pBud-85B pBud-85B Ad-85B+Ad-Citrl
FIiC/FliC pBud-FliC pBud-FliC Ad-Ctrl+Ad-FliC
Ctrl/Ctrl pBud-Ctrl pBud-Citrl Ad-Ctrl

DNA vaccines were given intramuscularly followed by electroporation (IM/EP) as described in Materials
and Methods, such that each animal received a total of 60 ug of DNA vaccines at weeks 0 and 3. For
prime-boost immunization, a total of 5x108 (IM) or 1x108 (IN) PFU of Ad vaccines were given at week 6.

doi:10.1371/journal.pone.0148701.1001
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respiratory distress, or loss of greater than 15% of initial body mass. The experimental plan
included early euthanasia of mice displaying any of these characteristics.

M. tuberculosis aerosol challenge

Mice were challenged with 50-100 CFU of virulent M. tuberculosis H37Rv strain (ATCC No.
27294, Rockville, MD) in a certified BSL-3 facility using a GlasCol aerosol infection system
(Terre Haute, IN). At week 6 post-challenge, mice were euthanized and lungs and spleens were
removed, homogenized, and bacterial loads in these organs enumerated using serial dilutions
of homogenate plated on Middlebrook 7H10 agar plates (BD, Sparks, MD), supplemented with
OADC (Sigma-Aldrich, St. Louis, MO). The plates were then incubated at 37°C for 2-3 weeks
before colonies were counted.

Peptides

Synthetic H-2%-restricted peptide oligomers representing H-29 -restricted CD4+ T cell epitopes
in Ag85B, (TFLTSELPQWLSANRAVKPT, HSWEYWGAQLNAMKGDLQ) [34], or a CD8

+ T cell epitope, (MPVGGQSSF) [35], were used to stimulate antigen-specific responses in
IFN-y ELISpot assay. All peptides were synthesized by Genscript.

Isolation of mononuclear cells

Animals were euthanized and spleens were removed, minced with a 3 mL syringe plunger, and
passed through a 100 um nylon mesh cell strainer (BD Falcon, Franklin Lakes, NJ) using RPMI
1640 medium (Gibco) supplemented with 5% heat-inactivated FCS (CM5). RBC’s were lysed
using RBC lysis buffer (Sigma-Aldrich) and cells were washed twice with CM5 medium, passed
through a 70 um nylon mesh cell strainer (BD Falcon), and then resuspended in RPMI 1640
medium containing 10% FCS (CM10). Lungs were cut into pieces of less than 0.5 cm in any
dimension and incubated for 90 minutes in CM10 supplemented with DNase I at 30 ug/mL
and collagenase I at 2 mg/mL (Worthington Biochemical Corp, Lakewood, NJ). Single-cell sus-
pensions were prepared as above.

IFN-y ELISpot assay

IFN-y ELISpot assays for CD4+ and CD8+ T cell responses to peptides were performed and
read as described elsewhere [36]. Data are presented as spot-forming cells (SFCs) per million
cells + SEM.

Intracellular cytokine staining (ICS) assay and tetramer staining

Single cell suspensions at 1-2 x 10° cells per well were stimulated in 96-well round bottom
plates (Corning Inc, Corning, NY) with 5 pug/ml of CD4+ and CD8+ T cell peptides at 37°C 5%
CO2 for 2 hours, treated with 0.1 pL/well BD GolgiPlug Protein Transport Inhibitor (BD Phar-
mingen, San Diego, CA), and incubated for an additional 4 hours. Wells containing CM10
medium and PMA/Ionomycin (0.1 mg/mL PMA, 1pg/mL Ionomycin) were used as negative
and positive controls respectively. Cells were washed once with FACS buffer (PBS containing
1% FBS), and stained with the fluorescent antibodies CD3e-Pacific Blue, CD4-FITC,CDS8-
PE-Cy5, and CD44- PE-Cy7 (BD Pharmingen) in FACS buffer for 30 minutes at 4°C. The cells
were then washed once with FACS buffer, permeabilized using CytoFix/Cytoperm™ Fixation/
Permeabilization Kit (BD Biosciences, San Jose, CA) for 20 minutes at 4°C, and then washed
once with 1X Premwash buffer and stained for intracellular cytokines with the fluorescent anti-
bodies IFNy-APC and IL-2-PE (BD Pharmingen). Cells were subsequently washed twice with
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PBS, fixed in 1% formaldehyde in PBS, and a total of 200,000 events were acquired using a
FACS Canto II flow cytometer (Beckman Coulter, Fullerton, California).

For tetramer staining, single cell suspensions of 1-2 x 10° cells per well were stained with
the fluorescent antibodies CD3e-Pacific Blue and CD8-FITC (BD Pharmingen) and the PE-
labeled Ag85B-specific tetramer, MVPGGQSSF/H-2¢ (MHC Tetramer Production Facility,
Baylor College of Medicine, Houston, Texas) for 45 minutes at room temperature. Cells were
then washed twice with PBS, fixed, and 200,000 events were acquired on the FACS Canto II
(Beckman Coulter).

ICS and tetramer data were analyzed using FlowJo Software version 8.8.6 (Tree Star, Ash-
land, Oregon). For ICS analysis, lymphocyte populations were initially identified by forward-
scatter and side-scatter profiles. Lymphocytes positive for CD3 were subsequently sorted into
CD3+ CD4+ and CD3+ CD8+ T cell populations. These populations were further sorted into
CD4+CD44+ and CD8+CD44+ T cell subsets. Cytokine-secretion was measured in these T
cell subsets by ICS. Data are presented as numbers of cytokine-producing cells per million
CD4+ or CD8+ T cells + SEM. For tetramer analysis, lymphocytes positive for CD3 were sorted
into CD3+ CD8+ T cell populations and were further sorted into tetramer positive cells.

Data are shown as percentages of tetramer positive cells within the parent CD3+CD8+ T cell
population.

Antibody-secreting cell (ASC) ELISpot assay

96-well MultiScreen IP plates were coated with 2 pg/mL recombinant Ag85B protein (BEI
Resources: NR-14870) in 100 pL PBS overnight at 4°C. Wells coated with 100 uL CM10 served
as background controls. Plates were then washed 5 times with PBS and blocked with 200 uL
5% “Blotting Grade Blocker” nonfat dry milk (NFDM, Bio-Rad, Hercules, CA) for 1 hour at
room temperature. A total of 2 x 10° cells were seeded per well and incubated at 37°C in 5%
CO, for 4-6 hours. Cells were then discarded, and plates were washed 5 times with PBS and
incubated with biotinylated goat anti-mouse IgA antibody (IgA-BIOT; Southern Biotech, Bir-
mingham, AL) diluted in PBS containing 1% BSA for 3 hours at room temperature. Plates were
subsequently developed by incubation with 100 pL streptavidin-alkaline phosphatase (GE
Healthcare, UK Limited, Little Chalfont Buckinghamshire, United Kingdom) diluted in PBS
for 1 hour at room temperature and then washed 5 times with PBS,100 uL of BCIP/NBT sub-
strate (Moss Inc, Pasadena, MD) was added and spots were allowed to develop for 20-30 min-
utes at room temperature. Numbers of antibody-secreting cells (ASCs) were counted using an
AID-ELISPOT counter (AID, Strasburg, Germany). Data are presented as spot-forming cells
(SFCs) per million cells + SEM.

Antibody ELISA

96-well MaxiSorp polystyrene plates NUNC, Thermo Fisher Scientific, Rochester, NY) were
coated with 2 pg/mL recombinant Ag85B (BEI Resources) in 100 uL PBS and incubated at 4°C
overnight. Plates were washed 4 times with PBS containing 0.05% Tween 20 (Sigma-Aldrich,
wash buffer) and blocked with 200 puL 5% NFDM at 37°C for 2 hours, washed 4 times with
wash buffer and serum samples serially-diluted in PBS/1% FCS (ELISA diluent), were added to
wells and incubated at 37°C for 1 hour. Wells incubated with ELISA diluent or naive mouse
serum were used as negative controls. Plates were then washed 6 times and biotinylated goat
anti-mouse IgG antibody (Southern Biotech, Birmingham, AL) diluted in ELISA diluent was
added, and plates were incubated at room temperature and left for 45 minutes. Plates were
washed again 6 times and 100 pL streptavidin-alkaline phosphatase (GE Healthcare UK Lim-
ited) diluted in ELISA diluent was added at room temperature for 30 minutes. Plates were
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subsequently washed 8 times and developed with 100 pL pNPP AP substrate (BioFx Laborato-
ries, Owing Mills, MD) at room temperature for 15-25 minutes. Color development was
stopped with 50 pL Stopping Solution (BioFx Laboratories) and plates were read at 405 nm on
a Synergy HT Multi-Mode Microplate Reader (BioTek). Data are expressed as mean endpoint
antibody titers + SEM.

Histopathological analysis

Lungs from mice in different immunization groups were collected at days 1 and 10 post-boost,
fixed in Z-fix (Anatech Ltd., Battle Creek, Michigan), and embedded in paraffin. Tissue sec-
tions were prepared and stained with hematoxylin and eosin (H&E) and were evaluated in the
LSUHSC Morphology and Imaging Core in blinded fashion for evidence of bronchitis, peri-
bronchiolitis, perivasculitis, and alveolitis.

Multiplex assay for cytokines and chemokines

Mouse sera and bronchoalveolar lavage fluid (BALF) collected from mice at day 1 post-boost-
ing with Ad were evaluated for the presence of cytokines and chemokines using a 23-plex assay
kit (Bio-Rad, Hercules, California) used according to the manufacturer’s specifications. Analy-
ses were performed on a Luminex 200 machine (Bio-Rad), and data are presented as mean
picogram/mL + SEM.

Statistical analysis

One-way analysis of variance (ANOVA) followed by Bonferroni’s post-test and two-tailed
unpaired student T-test were used to determine statistical significance. A P value < 0.05 was
considered significant.

Results

Expression of Ag85B and flagellin by recombinant DNA and Ad vaccine
vectors

Recombinant dual-expression (pBudCE4.1) plasmid vaccine vectors encoding Salmonella
typhimirium flagellin (FliC) and/or mycobacterial protein Ag85B, and recombinant adenovirus
type 5 vaccine vector encoding FliC or Ag85B, were designed and constructed as described
above. The expression of flagellin in DNA-FliC, DNA-85B-FIiC, and Ad-FliC vaccines (Fig
1A), and of mycobacterial Ag85B in DNA-85B, DNA-85B-FIiC, and Ad-85B vaccines (Fig 1B)
was confirmed by Western blotting using supernatants from 293A cells transfected with DNA
or infected with adenovirus vectors. The biological activity of vector-encoded flagellin was
tested using THP1-Blue-CD14 cells, human monocyte TLR reporters stably transfected by a
reporter plasmid expressing a secreted embryonic alkaline phosphatase (SEAP) under control
of the NFkB promoter. Increases in SEAP expression over empty parent DNA vector (DNA-
ctrl) or mock-infected controls were seen respectively, in DNA and Ad vaccine vectors encod-
ing flagellin as read by spectrophotometry (Fig 1C). Preliminary experiments were also con-
ducted using abovementioned supernatants in culture with splenocytes isolated from TLR5
gene knockout mice (B6.129S1-Tlr5"™ 1 /1. Jackson Labs) or from the recommended control
strain (C57Bl6/], Jackson Labs). It was clear that secretion of the inflammatory factors IL-6,
G-CSF, and RANTES, as measured in factor-specific ELISAs, were greatly reduced in 24 hour
cultures of DNA-FIiC, DNA-85B-FIiC, or Ad-FliC supernatant-stimulated cells from the
knockout mice compared to control C57Bl6/] splenocytes (data not shown).
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Fig 1. DNA and adenovirus vaccine vectors encoding Ag85B and expression of biologically-active
flagellin. (A) Supernatants from DNA-transfected or Ad-infected 293A cells were tested for expression of
flagellin by Western blot, lane 1 DNA-FIIC, lane 2 DNA-85B-FIiC, lane 3 DNA-control, lane 4 Ad-FIiC, lane 5
mock. (B) Expression of Ag85B by DNA and Ad vectors was also confirmed by Western blot, lane 1 DNA-
85B, 2 DNA-85B-FIiC, 3 DNA-FIiC, 4 Ad-85B, 5 mock. (C) Biological activity of flagellin was tested by
bioassay using THP1-Blue-CD14 cells. SEAP levels were read at 620 nm. Data shown are mean of fold-
increase in SEAP + SEM over respective controls (dotted line), which are supernatants of cells transfected
with empty DNA vector (for DNA vaccines), or of mock infected cells (for Ad vaccine) (*p < 0.05; **p < 0.01
vs control). Representative data from one of two independent experiments are shown (n = 3).

doi:10.1371/journal.pone.0148701.g001

Co-immunization with flagellin encoded in DNA vaccines enhanced
antigen-specific CD4+ and CD8+ T cell responses

Initial immunization experiments were designed to evaluate the effects of flagellin encoded in
DNA vaccine vectors on CD4+ and CD8+ T cell responses to co-expressed vaccine antigen. As
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described in Table 1, mice were given two inocula of either DNA-85B-FliC, DNA-85B, or
DNA-FHIC at an interval of 3 weeks, and both splenic and pulmonary mucosal CD4+ and
CD8+ T cell responses were evaluated at 3 weeks after the second immunization.

Mice co-immunized with Ag85B and flagellin had significant increases in Ag85B-specific
CD4+ T cell numbers in both the spleen and the pulmonary mucosa, as evaluated by IFN-y
ELISpot (Fig 2A and 2B). Flagellin co-expression also mediated increased levels of Ag85B-spe-
cific splenic and pulmonary mucosal CD8+ T cells measured by tetramer staining (Fig 2C).
Further assessment of Ag85B-specific T cell memory responses in the circulation by ICS assay
showed that co-priming with flagellin also markedly elevated numbers of vaccine-specific poly-
functional CD44+ memory CD4+ (Fig 2D) and CD8+ (Fig 2E) T cells secreting both IFN-y
and IL-2. These data suggest that co-immunization with DNA-encoded flagellin has the capac-
ity to improve Ag85B-specific CD4+ and CD8+ T cell responses, including the generation of
mMemory responses.

Co-priming with flagellin enhanced antigen-specific CD4+ and CD8+ T
cell responses following heterologous prime-boost immunization

Next, we evaluated the effects of flagellin on antigen-specific CD4+ and CD8+ T cell responses
when included in the prime and/or boost component of a heterologous prime-boost immuniza-
tion. As shown in Table 1, mice were primed twice via the intramuscular (IM) route with DNA
vaccines encoding Ag85B and/or flagellin at an interval of three weeks followed by boosting with
a cocktail of recombinant Ad vaccine vectors encoding Ag85B and/or flagellin three weeks later.

Splenic and mucosal T cell responses were assessed by IFN-y ELISpot at week 3 post-boost-
ing. Co-immunization with flagellin enhanced numbers of splenic and mucosal Ag85B-specific
IFN-y producing CD4+ T cells, particularly when it was included only in the priming vaccine
(Fig 3A and 3C). Significant increases in Ag85B-specific IFN-y producing CD8+ T cell num-
bers were also seen in both spleens (Fig 3B) and in lungs (Fig 3D) when flagellin was included
only in the priming vaccine. A similar pattern was seen in spleens and in lungs at 20 weeks
post-immunization, i.e. 14 weeks post-boosting (data not shown). These results indicate that
flagellin has the capacity to durably enhance antigen-specific CD4+ and CD8+ T cell responses
in both spleen and pulmonary mucosa, particularly when included in the DNA vaccine prime
component of a heterologous systemic prime-boost immunization regime.

Co-priming with flagellin potentiated the effects of mucosal boosting in
enhancing both pulmonary mucosal and splenic CD4+ and CD8+ T cell
responses

The capacity of flagellin to prime for enhanced antigen-specific CD4+ and CD8+ T cell
responses following boosting via the intranasal (IN) route was also examined. As detailed in
Table 1, DNA vaccine-primed mice were boosted IN with a cocktail of recombinant Ad vaccine
vectors encoding Ag85B and/or flagellin. Pulmonary mucosal and splenic antigen-specific T
cell responses were measured by IFN-y ELISpot assay at week 3 post-boosting. Initial studies
show both pulmonary and splenic CD4+ and CD8+ T cell responses following DNA/Ad
prime-boosting via the IM or IN routes respectively, including a direct comparison between
DNA-85B-FliC/Ad-85B prime-boost mice and DNA-85B-Flic-primed mice without Ad boost-
ing (S1 Fig). These data confirm significantly elevated CD4+ and CD8+ T cell responses in the
DNA/Ad prime-boost groups.

When included only in the priming vaccine, flagellin significantly enhanced numbers of
Ag85B-specific IFN-y-producing CD4+ and CD8+ T cells in spleen (Fig 4A and 4D), pulmonary
lymph nodes (Fig 4B and 4E), and in lung tissues (Fig 4C and 4F), compared to mice immunized
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Fig 2. Co-priming with flagellin enhanced Ag85B-specific CD4+ and CD8+ T cell responses following
DNA immunization. Mice were immunized twice via the IM route with DNA vaccine encoding Ag85B and/or
flagellin as shown in Table 1. At week 3 post-immunization, CD4+ T cell responses in spleen (A) and lung (B)
were assayed by IFN-y ELISpot. Data shown are mean of SFCs + SEM per group, (* p <0.05; **p <0.01 vs
DNA-85B group). CD8+ T cell responses were assayed in spleen and lungs by tetramer analysis and
frequencies of Ag85B-specific tetramer positive cells within the total CD3+CD8+ parent cell population are
shown (C). Intracellular cytokine staining for memory CD4+ (D) and CD8+ (E), T cells from spleen was also
performed. Data shown are mean counts of Ag85B-specific cytokine-producing CD44+ memory cells per
million CD3+CD4+ or CD3+CD8+ parent cells + SEM (*p < 0.05 vs 85B/85B group). Representative data
from one of two independent experiments are shown (n = 5).

doi:10.1371/journal.pone.0148701.g002
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Fig 3. Co-expression of flagellin at the priming phase of immunization increased numbers of splenic
and mucosal Ag85B-specific CD4+ and CD8+ T cells. Mice were primed twice via the IM route with DNA
vaccines encoding either Ag85B or flagellin, or both, and boosted IM with Ad vaccine vectors encoding
Ag85B or flagellin, or with a cocktail of both, three weeks later as shown in Table 1. At week 3 post-boosting,
CD4+ T and CD8+ T cell responses in spleen (A&C respectively) and lung (B&D respectively) were assayed
by IFN-y ELISpot. Data shown are mean counts of SFCs + SEM, (*p < 0.05; **p < 0.01 vs 85B/85B group).
Representative data from one of three independent experiments are shown (n =5).

doi:10.1371/journal.pone.0148701.g003

with vectors encoding Ag85B alone. These responses persisted for at least 14 week post-boosting
(data not shown). Flagellin co-expression in both priming and boosting vectors did not signifi-
cantly impact Ag85B-specific CD4+ and CD8+ T cell responses measured in the spleen (Fig 4A
and 4D), but significantly decreased Ag85B-specific CD4+ and CD8+ T cell responses measured
in the lung lymph nodes (Fig 4B and 4E) and in peripheral lung tissues (Fig 4C and 4F) com-
pared to Ag85B-immunized mice. Mucosal CD4+ and CD8+ responses persisted at lower num-
bers in these mice at week 14 post-boosting (data not shown). It was therefore concluded that
co-priming with flagellin enhanced both pulmonary mucosal and splenic Ag85B-specific

CD4+ and CD8+ T cell responses induced by heterologous mucosal boosting. Unlike systemic
prime-boosting, the inclusion of flagellin in both priming and boosting phases had a negative
effect on mucosal T cell responses.
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Fig 4. Enhancement of pulmonary mucosal and circulating Ag85B-specific CD4+ and CD8+ T cell responses when flagellin was co-expressed in
the priming phase of mucosal prime-boost immunization. Mice were primed twice with DNA vaccine via the IM route and boosted IN with Ad vaccine
encoding Ag85B and/or flagellin 3 weeks later as shown in Table 1. At week 3 post-boosting, CD4+ and CD8+ T cell responses in spleen (A&D respectively),
lung-associated lymph nodes (B&E respectively), and peripheral lung tissues (C&F respectively),were assayed by IFN-y ELISpot. Data shown are mean of
SFCs £ SEM, (*p < 0.05; **p <0.01 vs 85B/85B group). Representative data from one of three independent experiments are shown (n = 5).

doi:10.1371/journal.pone.0148701.9g004

Flagellin enhanced both circulating and pulmonary mucosal antibody
responses following systemic or mucosal prime-boost immunization

Having found differential effects of flagellin on antigen-specific T cell responses when
expressed in different phases of prime-boosting, or when given by different routes, it was of
interest to study its effects on antigen-specific antibody responses in this system. DNA-primed
mice were boosted by Ad vaccine via either the IM or IN route as described above. Sera were
collected and anti-Ag85B IgG responses were estimated by ELISA. Numbers of IgA-secreting B
cells in the lungs were measured by ELISpot. At week 3 post-boosting, Ag85B-specific IgG
serum antibody levels were significantly increased when flagellin was included in the priming
vaccine, or in both priming and boosting phases, following systemic or mucosal prime-boost-
ing (Fig 5A and 5B). These differences persisted at 14 weeks post-boosting (data not shown).
Flagellin expression also increased numbers of Ag85B-specific pulmonary IgA-secreting B cells
assessed at week 14 post-boosting via the IN route (Fig 5C). These data indicate that flagellin
enhanced vaccine-specific circulating and mucosal antibody responses when included in the
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Fig 5. Flagellin enhanced anti-Ag85B antibody responses following either systemic or mucosal prime-boost immunization. Mice were primed twice
with DNA vaccine via the IM route and boosted either IM or IN with Ad vaccine three weeks later as shown in Table 1. Sera were collected and tested by
ELISA for anti-Ag85B IgG antibodies at week 3 post systemic (A) or mucosal (B) boosting. Data shown are means of endpoint antibody titers + SEM per
group. (C) Lungs were harvested from IN-boosted mice at week 14 post-boosting and tested for mucosal IgA-secreting B cells by ELISpot. Data shown are
mean of SFCs + SEM per group. (*p < 0.05; **p < 0.01 vs 85B/85B group). Representative data from one of two independent experiments are shown (n = 5).

doi:10.1371/journal.pone.0148701.9g005

priming vaccine and, unlike its effects on T cell responses, also increased antibody levels when
expressed in both priming and boosting vectors, regardless of the route of boosting.

Flagellin co-expression in the priming phase improved the protective
efficacy of systemic or mucosal prime-boost immunization against M.
tuberculosis infection

We also used these constructs to examine whether flagellin co-expression improved the protec-
tive efficacy of prime-boosting in a murine model of pulmonary TB infection. As detailed in
Table 1, DNA-primed mice were boosted with Ad vaccine via IM or IN routes. Sham-immu-
nized (PBS-treated) and BCG-immunized animals were included as negative and positive con-
trols respectively. At week 14 post-boosting, mice were challenged with virulent aerosolized
Mtb H37Rv strain, and euthanized 6 weeks later for assessment of bacterial loads in the lungs.
Inclusion of flagellin in both priming and boosting phases showed only marginal reduction in
bacterial growth compared to sham immunized mice, similar to prime-boosting with Ag85B
alone (Fig 6A and 6B). However, inclusion of flagellin only in the DNA vaccine prime followed
by systemic or mucosal boosting with Ad-encoded Ag85B mediated a highly significant reduc-
tion in pulmonary bacterial load (Fig 6A and 6B), particularly following mucosal boosting
(7-fold reduction in lungs compared to sham immunized mice). These data indicate that co-
delivery of flagellin only in the DNA priming vaccine markedly enhanced protective efficacy in
the setting of gene-based heterologous prime-boosting, but that this effect diminished when
flagellin was also expressed in the boosting phase. These outcomes correlated with the differen-
tial enhancement of Ag85B-specific T cell immunity in this system.

Morbidity associated with flagellin co-expression in adenovirus boosting
vectors

We evaluated the safety of constructs encoding flagellin, particularly in the light of our findings
showing diminished mucosal T cell immunity and reduced protective efficacy in mice boosted
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Fig 6. Co-delivery of flagellin improved protective efficacy of vaccination against aerosol challenge with M. tuberculosis. Mice were primed IM twice
with DNA vaccine and boosted either IM or IN with Ad vaccine 3 weeks later or were sham immunized with PBS at these time points as shown in Table 1.
Mice given 1x10° CFU of BCG via footpad at 14 weeks prior to challenge, the time point corresponding to Ad boosting, served as controls. At week 14 post-
boosting, mice were aerosol challenged with 50-100 CFU of virulent Mtb H37Ruv strain. At week 6 post-challenge, mice were euthanized and lungs were
removed and homogenized for enumeration of bacterial loads in systemic (A) and mucosal (B) prime-boosted mice. Data shown are mean of CFU + SEM per

group for 5 individual mice within each group. (*p < 0.05; **p < 0.01; ***p < 0.001). Representative data from one of two independent experiments are
shown (n =5).

doi:10.1371/journal.pone.0148701.9g006

with Ad vectors encoding this molecule. Several features, including body mass, were evaluated
daily following either DNA priming or DNA/Ad prime-boosting. As shown in Fig 7, either sys-
temic (Fig 7A) or mucosal (Fig 7B) boosting of DNA-primed mice with Ad expressing flagellin
led to transient but significant loss of body mass, most noticeably on days 1-3, and this was
accompanied by ruffled fur and reduced activity. None of these effects were seen in mice given
flagellin only in the priming vaccine, similar to mice given vectors encoding Ag85B but not fla-
gellin, or in mice given ‘empty’ control DNA and Ad vaccines (Fig 7A and 7B) or in control
mice that were not immunized (data not shown). Mice given only DNA vaccines encoding
Ag85B with or without flagellin, or ‘empty’ control DNA vaccine, had no loss of body mass
(Fig 7C) or other apparent morbidity. Histopathological analyses of lung tissues at days 1 and
10 following IN boosting with Ad vaccine were also performed. Representative lung sections
stained with H&E showed that mice given flagellin in both DNA prime and Ad booster vac-
cines demonstrated characteristic features of lung damage, including peribronchial, perialveo-
lar, and perivascular infiltration of inflammatory cells and edema at day 1 post-boosting (Fig
8). Peribronchial and perivascular inflammation persisted at day 10 post-boosting, with dis-
crete patches of fibrosis (Fig 8). In contrast, mice given flagellin in the DNA priming but not in
the Ad booster vaccine, or those given DNA and Ad vector-encoded Ag85B without flagellin,
had minimal evidence of inflammation at day 1 post-boosting, with relatively mild peribron-
chial and perivascular inflammation seen at day 10 (Fig 8). Thus, while co-priming with DNA
vaccine-encoded flagellin had little or no apparent side-effects, there was significant loss of

body mass, albeit transient, following boosting with Ad vectors encoding this factor, along with
pulmonary inflammation.
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Fig 7. Boosting with Ad-encoded flagellin via intramuscular or intranasal routes caused transient
morbidity in mice. Mice were primed twice with DNA vaccine via the IM route, and some groups were
boosted either IM or IN with Ad vaccine 3 weeks later as shown in Table 1, Body mass was monitored post-
systemic (A) or mucosal (B) boosting with Ad vaccines, or post-DNA priming (C) Data shown represent
percentage of average change in body mass + SEM per group for 5 individual mice within each group
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(*p < 0.05 vs 85B/85B group). Representative data from one of two independent experiments are shown
(n=5).

doi:10.1371/journal.pone.0148701.g007

Boosting with Ad-encoded flagellin increased inflammatory responses

Finally, given these findings, we evaluated flagellin-induced inflammatory responses in the vac-
cinated animals. Mice were immunized as detailed in Table 1 and levels of pro-inflammatory
cytokines and chemokines in sera and in BALF collected at day 1 post-boosting with Ad vac-
cine were measured by multiplex assay. Mice given flagellin in both priming and boosting vac-
cines had significantly elevated levels of KC, IL-6, and G-CSF in sera at 24h post-systemic or
mucosal boosting compared to those immunized with Ag85B alone (Fig 9A and 9B). These
inflammatory responses had diminished by day 3 and were no longer apparent at day 10 (data
not shown). No upregulation in the levels of these or other inflammatory factors was seen

at any of these time points when flagellin was given only in the DNA prime vaccine. Similar
findings were recorded in BALF, with levels of IL-1a and MIP-1o also elevated following IN
boosting with Ad-encoded flagellin (Fig 9C). These data indicate that acute elevation of inflam-
matory factors in serum and lung lavage fluids preceded the transient loss of body mass, pul-
monary inflammation and reduced T cell responses that were observed only when flagellin was
encoded in Ad vaccine boosting vectors.

Discussion

In this study, several novel observations were made concerning the adjuvant activity of flagellin
in the setting of gene-based prime-boost immunization. It was clear that vector-driven Salmo-
nella typhimurium FliC has the capacity to durably enhance both specific humoral immunity
and CD4+ and CD8+ T cell responses when included in the DNA priming phase of heterolo-
gous prime-boost immunization. Thus, flagellin encoded in DNA vaccines primed for
enhanced vaccine-specific immunity following subsequent boosting with recombinant adeno-
virus vectors given either parenterally or mucosally via the intranasal route, in which case both
circulating and pulmonary immune responses were enhanced. However, there were clear indi-
cations of a route-dependent mode of action when flagellin was included in both DNA priming
and Ad boosting phases of vaccination, with marked reductions in mucosal T cell responses.

The capacity of DNA vector-encoded flagellin to enhance antigen-specific CD4+ T cell
responses is in accord with previous protein-based studies where flagellin was physically linked
or admixed to the vaccine antigen [10, 37, 38]. The ability of flagellin to enhance CD8+ T cells
responses is more controversial. Previous studies have shown no significant improvement of
CD8+ T cell responses due to flagellin [5, 39], while others reported a positive effect of flagellin
on CD8+ T cell immunity [4, 10-12]. In the present study, co-priming with flagellin clearly
enhanced vaccine-specific CD8+ T cell numbers, particularly when included in the priming
phase of systemic prime-boost immunization. In preliminary studies, increases in percentages
of cytotoxic CD8+ T cells expressing the CD107a degranulation marker were also found when
flagellin was included in the priming vector (our unpublished data). We also observed that co-
priming with flagellin significantly influenced the generation of polyfunctional CD4+ and
CD8+ T cells capable of the concomitant production of multiple Th-1 cytokines including IFN-
v, TNF-o. and IL-2. These cell populations appear, in some studies, to correlate with improved
protective efficacy in a variety of disease models of intracellular infection [24, 40, 41].

In systemic prime-boosting, inclusion of flagellin in both priming and boosting vaccines led
to enhancement of the magnitude of vaccine-induced CD4+ T cell responses, although these
increases were not as strong as when flagellin was included only in the priming vaccine.
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@‘PLOS | ONE

Vector-Directed Flagellin Is a Route-Dependent Vaccine Adjuvant

85B/85B 85B-FliC/85B 85B-FliC/85B-FliC
R PR i) ! o
J (o4 A R AT ]
a7 i }J,s-h‘-,‘-; <
gz , 2
=3
Q
o
A
o
2
(=Y
o
T
o
r
=3
o
o
4

Fig 8. Intranasal delivery of Ad-encoded flagellin caused lung pathology. Mice were primed twice with
DNA vaccine via the IM route and boosted IN with Ad vaccine 3 weeks later as shown in Table 1. Atdays 1
and 10 post-boosting, mice were euthanized, lungs were harvested from different vaccine groups and lung
sections were prepared for H&E staining and histopathological evaluation. Representative lung sections from
mice in different vaccine groups are shown at 100x and 200x magnification. Representative data from one of
two independent experiments are shown (n = 3).

doi:10.1371/journal.pone.0148701.g008
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Fig 9. Ad-encoded flagellin increased levels of inflammatory factors in the circulation and pulmonary tissues. Mice were primed twice with DNA
vaccine via the IM route and boosted either IM or IN with Ad vaccine 3 weeks later as shown in Table 1. Levels of inflammatory cytokines and chemokines in
serum samples following systemic (A) or mucosal (B) boosting, and in BALF (C)post-mucosal boosting were assayed by multiplex as described in Materials
and Methods. Samples were collected from mice at 24 hours post-boosting. Cytokine concentrations are depicted as means + SEM in each group (*p < 0.05;
**p < 0.01 vs 85B/85B group). Representative data from one of two independent experiments are shown (n = 4).

doi:10.1371/journal.pone.0148701.g009

However, inclusion of flagellin in both priming and boosting phases of mucosal prime-boost
immunization did not appear to enhance CD4+ and CD8+ T cell responses in the circulation
and, unexpectedly, led to significant reductions in the magnitude of these responses in the pul-
monary mucosa. These novel findings highlight differential and route-dependent adjuvant
effects of flagellin when included in vaccine vectors delivered by different routes. The reason
for the unexpected inhibitory effects of flagellin on antigen-specific T cell responses following
intranasal delivery of Ad vectors is not immediately clear. A possible explanation could be the
generation of strong pro-inflammatory responses in the lungs that could negatively affect the
expression of T cell responses against the vaccine antigen. Studies are underway to clarify this
issue.
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The capacity of flagellin to induce antibody responses has been extensively studied. This fac-
tor was shown to induce protective antibodies, including secretory IgA, following parenteral or
intranasal immunization that were not dependent on tandem expression with the vaccine anti-
gen [3, 10-12, 14-17, 19]. Here, in contrast to its differential and route-dependent adjuvant
effects on vaccine-induced T cell responses, flagellin enhanced the induction of antibody
responses regardless of the phase of vaccine expression or the route of boosting. In particular,
mucosal boosting with Ad-encoded flagellin, which had shown inhibitory effects on CD4+ and
CD8+ T cell responses, clearly enhanced IgG and IgA antibody responses to vaccine antigen,
extending evidence for the adjuvant activity of flagellin to include its delivery in gene-based
vaccines.

Mycobacterial Ag85B, and other members of the Ag85 complex, are highly immunogenic
proteins that are currently being tested in several pre-clinical and clinical trials of novel candi-
date TB vaccines [42, 43]. In this study, the inclusion of the gene encoding Ag85B in our
recombinant vaccines allowed us to evaluate of the efficacy of vaccine-induced immunity in
protecting against aerosol challenge with Mtb in a murine model of acute pulmonary TB infec-
tion. Co-priming with Ag85B and flagellin in DNA vaccines followed by boosting with Ad-85B
without encoded flagellin significantly reduced bacterial burdens in lungs and in spleens post-
challenge, particularly after mucosal prime-boost immunization. This was associated with ele-
vated immune responses against this protein, particularly Ag85B-specific CD4+ T cell
responses, including polyfunctional subsets expressing IFN-y and other Th-1 cytokines that
may be important for protection against TB [44, 45].

Flagellin mediated increases in the magnitude of vaccine-induced CD4+ and CD8+ T cell
responses in the circulation and in lung tissues, and also increased memory CD4+ and CD8+ T
cell populations in the circulation, when given only in the priming DNA vaccine. Generation
of immune memory is a hallmark of successful immunization [46, 47], and these responses
were further enhanced by boosting with Ad vectors encoding the same vaccine antigen. Flagel-
lin has been shown to promote marked increases in T and B lymphocyte recruitment to drain-
ing lymph nodes, increasing the likelihood of these cells encountering their cognate antigen
[48], and can also directly stimulate CD4+ and CD8+ T cells [49].

Flagellin given in protein form has been reported in both pre-clinical and clinical trials to be
a safe and non-toxic adjuvant [8, 9, 50, 51]. However, high doses were found to cause systemic
inflammation and transient liver injury [52]. Here, inclusion of flagellin in an Ad boosting vac-
cine given via either systemic or intranasal routes caused a transient loss of body mass. Intrana-
sal delivery of Ad-encoded flagellin also caused peribronchitis, perivasculitis, and alveolitis by
24h post-delivery, persisting at day 10. These side effects were accompanied by acute induction
of high levels of KC, IL-6, and G-CSF in sera and lung fluids, while MIP-1c and IL- 10 were
also upregulated in lung fluids from mice intranasally boosted with Ad vectors encoding flagel-
lin. Each of these factors exerts multiple pro-inflammatory effects [53]. In particular, IL-6,
G-CSF and MIP-1a stimulate granulocyte production in bone marrow and the recruitment
and activation of these cells [53, 54]. KC induces chemotaxis in inflammatory granulocytes and
is believed to play a role in the pathogenesis of bronchiolitis [53, 55], while IL- 1o has been
shown to increase vascular permeability [53, 56]. Our findings are in agreement with previous
studies showing that flagellin increases inflammatory responses in mouse lung and human tra-
cheal epithelium [57-59]. This might be attributed to overstimulation of innate immunity via
TLR5 signaling [60, 61]. However, inclusion of flagellin in the DNA priming vaccine either
alone, or when followed by boosting with Ad encoding only vaccine antigen, did not cause
weight loss or any other apparent morbidity. Differences in the kinetics and magnitude of
inflammatory responses that are induced following immunization with DNA or Ad vaccines
may be attributed to the initial immunization dose, to vector efficiency in terms of their
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capacity to transfect or transduce cells, or to the amount or duration of vaccine antigen that is
expressed [62, 63].

In conclusion, flagellin has differential and route-dependent adjuvant activity when included
as a component of systemic or mucosal gene-based prime-boost immunization strategies. Adju-
vant activity for both T and B cell responses, with no apparent toxic side effects, was seen when
it was delivered in DNA vaccines, in which case it could clearly prime for enhanced protective
immune responses upon boosting with heterologous vectors encoding the same vaccine antigen.
Studies are underway to further clarify mechanisms underlying its route-dependent effects
when delivered in recombinant adenovirus vectors, particularly via mucosal routes.

Supporting Information

S1 Fig. Adenovirus boosting enhanced antigen-specific CD4+ and CD8+ T cell responses
primed by DNA immunization. Mice were primed twice via the IM route with DNA vaccines
encoding Ag85B or co-expressing Ag85B and flagellin, or with ‘empty’ control DNA vaccine.
At 3 wk after the second DNA priming dose, groups of these mice were boosted either IM or
IN with Ad vaccine vectors encoding Ag85B (Ag85B-FliC/85B and Ag85B/Ag85B groups),
with control Ad vaccine (Ctrl/Ctrl groups), or were not boosted with Ad vaccines (DNA-
85B-FliC, DNA-85B, and DNA-Ctrl groups). At week 3 after either Ad boosting, or the second
IM DNA priming dose in the groups that were not Ad-boosted, CD4+ T and CD8+ T cell
responses in spleen (A and B) and lung tissues (C and D) were assayed by IFN-y ELISpot. Data
shown are mean counts of SFCs + SEM, (*p < 0.05; **p < 0.01). Representative data from one
of two independent experiments are shown (n = 5).
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