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Original article

DNA immunization of
Mycobacterium tuberculosis
resuscitation-promoting factor B
elicits polyfunctional CD8* T cell
responses

Purpose: T cell-mediated immune responses, and particularly activation of polyfunctional T
cells that simultaneously produce multiple cytokines, are necessary for the control of Myco-
bacterium tuberculosis. In the present study, we examined if DNA immunization of Mycobacte-
rium tuberculosis resuscitation-promoting factor B (RpfB) elicits polyfunctional T cell respons-
es in mice.

Materials and Methods: C57BL/6 mice were immunized intramuscularly three times, at 3-week
intervals, with RpfB-expressing plasmid DNA. For comparison, protein immunization was per-
formed with recombinant RpfB in control mice. After immunization, RpfB-specific T cell re-
sponses were assessed by interferon-y (IFN-y) enzyme-linked immunosorbent spot assay and
intracellular cytokine staining (ICS), and T cell polyfunctionality was assessed from the ICS data.
Results: RpfB DNA immunization induced not only humoral immune responses, but also CD8*
and CD4* T cell responses. Immunodominant T-cell epitopes were identified within RpfB by
assays with overlapping peptides. RpfB DNA immunization elicited a polyfunctional CD8* T cell
response that was dominated by a functional phenotype of IFN-y*/TNF-o"/IL-2/CD107a*.
Conclusion: RpfB DNA immunization elicits polyfunctional CD8* T cell responses, suggesting
that RpfB DNA immunization might induce protective immunity against tuberculosis.

Keywords: Tuberculosis, Resuscitation-promoting factor B, Polyfunctional T cells, DNA vac-
cines

Tuberculosis (TB) is a chronic infectious disease caused by Mycobacterium tuberculo-
sis. It is estimated that about one-third of the world’s population is latently infected
with M. tuberculosis and that TB causes the death of 1.5 million people per year [1,2].
Unfortunately, the efficacy of the current TB vaccine is limited, thus development of
an effective vaccine against TB is urgently required.

The M. bovis bacillus Calmette-Guérin (BCG) strain is used in the current TB vac-
cine, which has been used since 1921 [3,4]. Whereas BCG is effective for the preven-
tion of severe forms of TB in children, such as miliary TB and TB meningitis [5,6], re-
ports of its efficacy for the prevention of adult pulmonary TB are inconsistent [7,8]. In
fact, the efficacy varies from 0% to 80% between studies, and it is the lowest in develop-
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ing countries where protection against TB is the most needed
[7,8].

For effective control of M. tuberculosis infection, T cell-me-
diated immune responses are essential [9,10] and thus, T cell
activation following vaccination is considered to be a key re-
quirement for generating protective immunity against TB. In
particular, CD4" T helper 1 (Th1) cells play a major role in im-
mune responses against TB by secreting cytokines such as
interferon-y (IFN-y) and tumor necrosis factor-o. (TNF-a) [11-
14], which activate macrophages. In addition, CD8" T cells al-
so make important contributions to the protective immune
responses against TB, as they not only secrete IFN-y and TNF-o,
but also lyse infected macrophages and epithelial cells [15-17].

Recently, the importance of activating polyfunctional T
cells, which simultaneously produce multiple cytokines, has
been emphasized in vaccine development. Initially, the sig-
nificance of polyfunctional T cells was proven by a study that
showed that the degree of vaccine protection against Leish-
mania major was predicted by the frequency of polyfunc-
tional Th1 cells simultaneously secreting IFN-y, TNF-0, and
interleukin-2 (IL-2) [18]. In TB, the presence of polyfunction-
al CD4" Th1 cells correlates with protection against M. tuber-
culosis challenge in mice [19,20]. In addition, the presence of
polyfunctional CD8* T cells simultaneously secreting IFN-y
and IL-2 was found to be associated with natural protection
against TB and protection following anti-mycobacterial ther-
apy in TB patients [21,22]. In view of these facts, it is expected
that effective TB vaccines will also elicit polyfunctional T cell
responses.

In the development of new TB vaccines, resuscitation-pro-
moting factor (Rpf) is considered a promising target antigen
[23,24]. Rpfs, first identified in Micrococcus luteus, are bacte-
rial proteins that promote the recovery of bacteria from laten-
cy to a replicating phase [25]. M. tuberculosis expresses five
different Rpf proteins, RpfA, B, C, D, and E [26], and they have
resuscitation activity [27,28]. Indeed, deletion of rpfgenes re-
sults in delayed reactivation of M. tuberculosis in a murine
dormancy model [29]. Given that Rpf proteins are expressed
during growth of M. fuberculosis, Rpfs-specific T cell immu-
nity was expected to be effective in the control of M. tubercu-
losis growth [23,24]. Moreover, Rpfs were shown to be immu-
nogenic in protein [23] or DNA [24] vaccination of mice.

In the present study, we examined if polyfunctional T cell
responses are elicited by DNA immunization of M. tuberculo-
sis RpfB. Specifically, we immunized mice with RpfB-encod-
ing plasmid DNA and analyzed the polyfunctionality of T cells.
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RpfB DNA plasmid

The rpfB gene of M. tuberculosis H37Rv (NCBI Gene ID: 886048)
was codon-optimized for mammalian expression and syn-
thesized by GenScript (Piscataway, NJ, USA). The synthesized
rpfB gene was cloned into the pcDNA3.1(+) mammalian ex-
pression vector (Invitrogen, Carlsbad, CA, USA), where the
cloned gene is expressed under the control of the cytomega-
lovirus IE-1 promoter. The sequence of the cloned rpfB gene
was confirmed by sequencing. Large-scale production of plas-
mid DNA was performed using the Plasmid Giga Kit (Qiagen,
Valencia, CA, USA).

Recombinant RpfB protein

The rpfB gene was amplified by polymerase chain reaction
from genomic DNA of M. tuberculosis H37Rv and cloned into
the pET-28a bacterial expression vector (Novagen, Darmstadt,
Germany), which carries an N-terminal His-tag for protein
purification. The sequence of the cloned rpfB gene was con-
firmed by sequencing. The RpfB protein was overexpressed
in BL21 (DE3) Escherichia coli and purified using nickel-nitri-
lotriacetic acid agarose resin. Protein size and purity were con-
firmed by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis. The purity was >90%.

Mouse immunization

Female C57BL/6 mice were housed in a specific pathogen-
free facility in accordance with our institutional guidelines
and used for immunization at the age of 5-6 weeks. For RpfB
DNA vaccination, mice were immunized three separate times,
at 3-week intervals, intramuscularly in both quadriceps mus-
cles with 100 pg of RpfB plasmid DNA. For RpfB protein vac-
cination, mice were immunized three separate times, at 3-week
intervals, subcutaneously with 50 pg of recombinant RpfB
(rRpfB) protein. In protein immunization, incomplete Freund’s
adjuvant (Sigma, St. Louis, MO, USA) was used. For compari-
son, control mice were vaccinated subcutaneously with 2x10°
colony-forming unit of BCG (Pasteur 1173).

Synthetic peptides

Seventy one pentadecamer peptides (Mimotopes, Clayton,
Australia), overlapping by 10 amino acids each and spanning
the complete M. tuberculosis (H37Rv) RpfB protein sequence
(NCBI Gene ID: 886048) were used. The overlapping peptides
(OLPs) were resuspended at 20 mg/mL in dimethyl sulfoxide
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and further diluted to 1 mg/mL with phosphate-buffered sa-
line (PBS). RpfB OLPs were mixed into two separate aliquots.
The first aliquot included peptides from OLP-1 to OLP-35
and was designated as OLP mix 1. The other aliquot included
peptides from OLP-36 to OLP-71 and was designated as OLP
mix 2. In T-cell assays, either each single OLP or OLP mixes
were used for T-cell stimulation.

Indirect enzyme-linked immunosorbent assay

Serum was collected 4 weeks after the final immunization,
and anti-RpfB antibody was assessed by indirect enzyme-
linked immunosorbent assay (ELISA). A Maxisorp microtiter
plate (Nunc, Roskilde, Denmark) was coated with 10 pg/mL
of rRpfB protein and blocked with 5% fetal bovine serum (FBS)-
0.05% Tween-phosphate buffered saline (PBST). Sera of the
immunized mice were serially diluted and dispensed into
each well. After 2 hours of incubation, horseradish peroxi-
dase-conjugated goat anti-mouse IgG (Millipore, Bedford,
MA, USA) was added. One hour later, color reaction was per-
formed with 3,3", 5,5 -tetramethylbenzidine (Sigma) for 15
minutes. The reaction was stopped by 2 M H.SO,, and optical
density was read at 450 nm.

IFN-y enzyme-linked immunosorbent spot assay

A 96 well MultiScreen enzyme-linked immunosorbent spot
(ELISpot) plate (Millipore) was coated with anti-mouse IFN-y
antibody (clone AN-18, eBioscience, San Diego, CA, USA).
The antibody-coated plate was blocked with 1% bovine se-
rum albumin (Bovogen Biologicals, Essendon, Australia).
Freshly-isolated splenocytes were dispensed into each well
(500,000 cells/well), and 10 pg/mL of each single OLP was
added. After 20 hours of incubation, the plate was washed
with PBS and 0.05% PBST. Biotin-conjugated anti-mouse
IFN-y antibody (clone RA-6A2, eBioscience) and alkaline
phosphatase-streptavidin (BD Pharmingen, San Diego, CA,
USA) were sequentially added. A color reaction was then per-
formed using AP color reagent (Bio-Rad, Hercules, CA, USA).
The number of IFN-y spot forming units was counted using
an ELISpot reader (Cellular Technology Ltd., Cleveland, OH,
USA). To evaluate CD8" and CD4" T cell responses separately,
T cells were isolated from splenocytes using CD8 or CD4 mi-
crobeads (Miltenyi Biotec, Auburn, CA, USA), and IFN-y ELIS-
pot assays were performed with isolated T cells and T cell-
depleted splenocytes [30].

http://dx.doi.org/10.7774/cevr.2014.3.2.235

Intracellular cytokine staining and polyfunctional T cell assay
Freshly-isolated splenocytes were resuspended in RPMI 1640
containing 10% FBS and 2 mM L-glutamine and stimulated
with a single immunodominant OLP (10 pg/mL), OLP mix (1
pg/mL for each OLP) or rRpfB protein (5 pg/mL). To evaluate
cytotoxic degranulation activity of T cells, anti-CD107a-PE-
Cy7 (BD Biosciences, San Jose, CA, USA) was added into the
culture medium. Brefeldin A (GolgiPlug, BD Biosciences) and
monensin (GolgiStop, BD Biosciences) were added 2 hours
later. After another 10 hours of incubation, splenocytes were
first stained with ethidium monoazide (Sigma) and then stained
with anti-CD3-V500, anti-CD4-V450 and anti-CD8-APC-H7
(all from BD Biosciences). The stained cells were permeabi-
lized using Cytofix/Cytoperm kit (BD Biosciences) and then
stained with anti-IFN-y-APC, anti-TNF-o-PE and anti-IL-2-
FITC (all from BD Biosciences). Fluorescence-activated cell
sorting (FACS) analysis was performed using an LSRII flow
cytometer (BD Biosciences) and the data were analyzed us-
ing Flow]Jo software (Treestar, San Carlos, CA, USA). T cells
positive for the various combinations of cytokines and de-
granulation were analyzed and quantified using a Boolean
gating function in Flow]Jo software [31].

Humoral immune responses induced by RpfB immunization
First, we assessed the RpfB-specific humoral immune respon-
ses after RpfB immunization. RpfB-specific immunoglobulin
(Ig) was quantified in serially-diluted sera by indirect ELISA,
and both DNA and protein immunization of RpfB were found
to significantly increase the anti-RpfB Ig titer, though protein
immunization was more potent (Fig. 1). In contrast, anti-RpfB
Ig was not induced by BCG immunization (Fig. 1). These data
show that both RpfB DNA and protein are immunogenic and
capable of eliciting humoral immune responses.

Identification of the immunodominant T-cell epitopes in RpfB

Next, we identified the immunodominant T-cell epitopes in
RpfB. Splenocytes were isolated from RpfB DNA-immunized
mice and stimulated with each of 71 OLPs spanning RpfB fol-
lowed by assessment using an IFN-y ELISpot assay. IFN-y
production was observed by direct ex vivo stimulation fol-
lowing stimulation with OLPs including OLP-14, OLP-30, and
OLP-51 (Fig. 2A). To identify which T cell subset is responsi-
ble for IFN-y production following stimulation with each epi-
tope, CD8" or CD4" T cells were isolated from splenocytes,
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Fig. 1. Resuscitation-promoting factor B (RpfB)-specific antibody
response induced by RpfB immunization. Mice were immunized as
described in Materials and Methods, and serum collected. The sera
were serially diluted (1:5,000), and RpfB-specific Iy was measured by
indirect enzyme-linked immunosorbent assay. BCG, bacillus Calmette-
Guérin. The graph represents mean+SEM (n=6). Mann-Whitney U
test was performed (**p<0.01).

and isolated T cells and T cell-depleted splenocytes were sub-
jected to IFN-y ELISpot assays. OLP-14-stimulated IFN-y pro-
duction was observed in isolated CD8" T cells (Fig. 2B), while
OLP-30- and OLP-51-stimulated IFN-y production was ob-
served in CD4" T cells (Fig. 2C). Taken together, OLP-14 (AGV-
QVHDADTIVLRR) is a dominant epitope for CD8* T cells,
and OLP-30 (GGLVRTVHLPAPNVA) and OLP-51 (LPVANV-
VVTPAHEAV) are dominant epitopes for CD4* T cells; how-
ever, it should be noted that the minimal epitope within each
peptide was not determined. Thus, we used these OLPs for T
cell stimulation in further analyses.

T cell immune responses elicited by RpfB DNA immunization

We evaluated T cell responses after RpfB immunization by
intracellular cytokine staining (ICS). In ICS, splenocytes were
stimulated with OLP mixes or dominant-epitope OLPs, and
CD4" and CD8" T cell responses were separately analyzed by
gating each subset during FACS analysis. CD4" T cell respons-
es to OLP mix 1 and OLP mix 2 were potently induced by RpfB
DNA immunization as shown by IEN-y ICS whereas they were
scarcely induced by BCG or RpfB protein immunization (Fig.
3A). Similar results were observed when cells were stimulat-
ed with the CD4* T-cell epitopes, OLP-30 and OLP-51 (Fig.
3A). RpfB DNA immunization also strongly induced RpfB-
specific TNF-o production by CD4" T cells (Fig. 3B). More-
over, cytotoxic degranulation activity (represented by CD107a)
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Fig. 2. Identification of immunodominant epitope overlapping peptides
(OLPs) recognized by T cells. Mice were immunized with resuscita-
tion-promoting factor B (RpfB) plasmid DNA as described in Materi-
als and Methods. Splenocytes were obtained from immunized mice,
and CD8* and CD4" T cells were further isolated. Interferon-y (IFN-y)
enzyme-linked immunosorbent spot (ELISpot) assays were performed
with 500,000 total splenocytes per well (n=6) (A), 50,000 CD8' T cells
per well (n=3) (B), and 50,000 CD4* T cells per well (n=3) (C). In IFN-y
ELISpot assays, cells were stimulated with each of 71 OLPs. SFU, spot
forming units. Each bar graph represents mean + SEM.

of CD4" T cells was increased following RpfB DNA immuni-
zation (Fig. 3C). However, an IL-2 response was not elicited
(Fig. 3D).

In CD8" T cells, IFN-y was potently induced in response to
OLP mix 1 and the CD8" T-cell epitope OLP-14 following RpfB
DNA immunization, but not after BCG or RpfB protein im-
munization (Fig. 3E). RpfB DNA immunization also strongly
induced TNF-a production (Fig. 3F) and cytotoxic degranula-
tion activity (Fig. 3G) of CD8" T cells whereas an IL-2 response
was not elicited (Fig. 3H). Cytokine production in response to
OLP mix 2 was not detected in CD8" T cells and thus, it is not
presented.

Taken together, RpfB DNA immunization induced vigor-
ous responses in both CD4"' and CD8" T cells, in particular
IFN-y and TNF-a production and cytotoxic degranulation ac-
tivity.
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Fig. 3. Resuscitation-promoting factor B (RpfB)-specific T cell responses induced by RpfB immunization. Mice were immunized as described in
Materials and Methods, and splenocytes were obtained from immunized mice. Intracellular cytokine staining was performed for interferon-y
(IFN-y) (A, B), tumor necrosis factor-o. (TNF-a) (C, D), CD107a (E, F), and interleukin-2 (IL-2) (G, H) after stimulation with the indicated overlap-
ping peptide (OLP) mix or epitope OLP. CD4* (A, C, E, G) and CD8* (B, D, F, H) T cell subsets were separately analyzed by gating on each subset
during luorescence-activated cell sorting analysis. BCG, bacillus Calmette-Guérin. Each bar graph represents mean +SEM (n=6). Mann-Whitney
U test was performed (*p<0.05, **p<0.01, ***p<0.001).

Polyfunctionality of RpfB-specific T cells Fig. 3. To assess the polyfunctionality of T cells, we analyzed
Finally, we assessed the polyfunctionality of RpfB-specific T  four different functions: production of IFN-y, TNF-q, IL-2 and

cells by Boolean gating analysis of the ICS data presented in  expression of a marker of cytotoxic degranulation activity,
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Fig. 4. Analysis of the polyfunctionality of resuscitation-promoting factor B (RpfB)-specific T cells induced by RpfB DNA immunization. Rep-
resentative examples of the analysis of polyfunctionality of CD8" T cells (A, B) and CD4* T cells (C, D) from an RpfB DNA-immunized mouse
are presented. Cells were stimulated with overlapping peptide (OLP) mix 1 for the analysis of CD8" T cells (A, B), and with OLP mix 2 for the
analysis of CD4" T cells (C, D). Polyfunctionality for interferon-y (IFN-y), tumor necrosis factor-o (TNF-a), interleukin-2 (IL-2), and CD107a was
assessed. The data are represented by the pie graphs showing the fraction of T cells positive for a given number of functions (A, C). Detailed
analysis of polyfunctionality is presented with every possible combination of functions (B, D).

CD107a. First, the OLP mix 1-stimulated CD8" T cell response
was analyzed after RpfB DNA vaccination, and these CD8* T
cells were determined to be polyfunctional as more than half
of the cells exerted three functions simultaneously (represen-
tative data from a single mouse are presented in Fig. 4A and
B). The most predominant functional phenotype was that of
IFN-y*/TNF-a'/IL-2"/CD107a* (Fig. 4B), and this polyfunc-
tional T cell response was observed only following RpfB DNA
immunization, and not following BCG or RpfB protein im-
munization (data not shown). A similar pattern of polyfunc-
tionality was observed against the CD8" T cell epitope, OLP-
14 (data not shown).

In CD4" T cells, the response to the OLP mix 2 was assessed
for polyfunctionality. Compared to CD8" T cells, CD4" T cells
were less polyfunctional (Fig. 4C). In fact, the most predomi-
nant functional phenotype was that of IFN-y*/TNF-o*/IL-2/
CD107a (Fig. 4D), and more than half of OLP mix 2-specific
CD4' T cells were monofunctional (Fig. 4C). However, RpfB
DNA immunization induced more triple-positive and dou-
ble-positive CD4" T cells than did BCG or RpfB protein im-

240

munization (data not shown). A similar pattern of polyfunc-
tionality was observed against OLP mix 1 and the CD4" T cell
epitopes, OLP-30 and OLP-51 (data not shown).

Thus, all mice immunized with Rpf DNA showed similar
patterns of T cell polyfunctionality: a highly polyfunctional
CD8' T cell response and a less polyfunctional CD4" T cell re-
sponse.

In the present study, we investigated the immunological re-
sponse to M. tuberculosis RpfB DNA immunization. RpfB DNA
immunization induced not only an RpfB-specific antibody
response, but also CD8* and CD4" T cell responses in mice.
Further, the induced CD8' T cell response was determined to
be polyfunctional as the major population of RpfB-specific
CD8' T cells were triple-positive (IFN-y*/TNF-a'/CD107a").
Previously, T cell immunogenicity of Rpf DNA immunization
was reported [24]; however, T cell polyfunctionality has never
been studied after Rpf DNA immunization.

http://dx.doi.org/10.7774/cevr.2014.3.2.235
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Polyfunctional T cells simultaneously exert multiple func-
tions such as cytokine secretion and cytotoxic activity. Recent-
ly, T cell polyfunctionality has been investigated in several in-
fectious diseases of human and mice. It was reported that
polyfunctional human immunodeficiency virus (HIV)-spe-
cific CD8" T cells were maintained in HIV long-term nonpro-
gressors [32]. Furthermore, the degree of Th1 cell polyfunc-
tionality correlated with vaccine efficacy in a Leishmania
vaccination study [18]. In addition, the efficacy of the small-
pox vaccine has been attributed to polyfunctionality of virus-
specific CD8" T cells [33]. Further, in a recent primate study,
polyfunctional hepatitis C virus (HCV)-specific T cells were
associated with vaccine-induced control of HCV [34]. Taken
together, the generation of polyfunctional T cells has been
emphasized in vaccine development.

Polyfunctional T cells have been also studied in TB. The
presence of polyfunctional CD8" T cells was associated with
natural protection against TB and protection following anti-
mycobacterial therapy in TB patients [21,22]. Furthermore,
vaccine-induced polyfunctional CD4" Th1 cells correlated
with protection against TB in mice challenged by M. tubercu-
losis [19,20]. Induction of polyfunctional T cells was also prov-
en by experimental TB vaccines in human studies [35-37]. Al-
together, polyfunctional T cells are considered to provide vac-
cine-induced immunity and mediate protection against TB.

In the present study, RpfB DNA immunization elicited a
polyfunctional CD8" T cell response; however, the CD4* T cell
response was somewhat less polyfunctional with more than
half of RpfB-specific CD4" T cells being monofunctional (Fig.
4D) in RpfB DNA-immunized mice. Although RpfB DNA im-
munization induced more triple-positive or double-positive
CD4" T cells than did BCG or RpfB protein immunization
(Fig. 4F), this level of polyfunctionality of CD4" T cells might
not be sufficient for protection against TB considering the
importance of the CD4* Th1 response during TB protection
[11-14]. Thus in future studies, increasing the polyfunctional-
ity of CD4"* T cells will need to be addressed in order to im-
prove RpfB DNA vaccination. This might be achieved by in
vivo electroporation during RpfB DNA vaccination as it is
known that electroporation enhances DNA vaccine-induced
immune responses [38-40].

In summary, RpfB DNA immunization elicits polyfunction-
al T cell response, especially in the CD8* T cell subset, and
this polyfunctional CD8" T cell response was dominated by
the IFN-y*/TNF-a*/IL-2"/CD107a* phenotype. These results
suggest that RpfB DNA immunization might induce protec-

http://dx.doi.org/10.7774/cevr.2014.3.2.235

tive immunity against TB, and M. tuberculosis-challenging
studies are warranted in the future.

Jino Lee hittp://orcid.org/0000-0003-2132-4963

Jihye Kim http://orcid.org/0000-0001-6297-4562
Jeewon Lee http://orcid.org/0000-0001-7457-2464
Sung Jae Shin http://orcid.org/0000-0003-0854-4582
Eui-Cheol Shin http://orcid.org/0000-0002-6308-9503

1. Ottenhoff TH. Overcoming the global crisis: “yes, we can’,
but also for TB ... 2 Eur ] Immunol 2009;39:2014-20.

2. Andrews JR, Noubary E Walensky RP, Cerda R, Losina E,
Horsburgh CR. Risk of progression to active tuberculosis
following reinfection with Mycobacterium tuberculosis.
Clin Infect Dis 2012;54:784-91.

3. Behr MA, Wilson MA, Gill WP, et al. Comparative genom-
ics of BCG vaccines by whole-genome DNA microarray.
Science 1999;284:1520-3.

4. Calmette A. Preventive vaccination against tuberculosis
with BCG. Proc R Soc Med 1931;24:1481-90.

5. Trunz BB, Fine P, Dye C. Effect of BCG vaccination on child-
hood tuberculous meningitis and miliary tuberculosis
worldwide: a meta-analysis and assessment of cost-effec-
tiveness. Lancet 2006;367:1173-80.

6. Colditz GA, Berkey CS, Mosteller E, et al. The efficacy of
bacillus Calmette-Guerin vaccination of newborns and
infants in the prevention of tuberculosis: meta-analyses
of the published literature. Pediatrics 1995;96(1 Pt 1):29-
35.

7. Colditz GA, Brewer TE Berkey CS, et al. Efficacy of BCG
vaccine in the prevention of tuberculosis. Meta-analysis
of the published literature. JAMA 1994;271:698-702.

8. Fine PE. Variation in protection by BCG: implications of
and for heterologous immunity. Lancet 1995;346:1339-45.

9. Leveton C, Barnass S, Champion B, et al. T-cell-mediated
protection of mice against virulent Mycobacterium tuber-
culosis. Infect Immun 1989;57:390-5.

10. Muller I, Cobbold SP, Waldmann H, Kaufmann SH. Im-
paired resistance to Mycobacterium tuberculosis infec-
tion after selective in vivo depletion of L3T4+ and Lyt-2+ T
cells. Infect Immun 1987;55:2037-41.

11. Flynn JL, Chan J, Triebold K]J, Dalton DK, Stewart TA, Bloom

241



Jino Lee et al  Vaccination with RpfB DNA induces polyfunctional T cells

12.

13.

14.

15.

16.

17.

18

19.

20.

21.

22.

23.

242

VACCINE

BR. An essential role for interferon gamma in resistance
to Mycobacterium tuberculosis infection. ] Exp Med 1993;
178:2249-54.

Cooper AM, Dalton DK, Stewart TA, Griffin JP, Russell DG,
Orme IM. Disseminated tuberculosis in interferon gam-
ma gene-disrupted mice. ] Exp Med 1993;178:2243-7.
Chackerian AA, Perera TV, Behar SM. Gamma interferon-
producing CD4+ T lymphocytes in the lung correlate with
resistance to infection with Mycobacterium tuberculosis.
Infect Immun 2001;69:2666-74.

Flynn JL, Goldstein MM, Chan J, et al. Tumor necrosis fac-
tor-alpha is required in the protective immune response
against Mycobacterium tuberculosis in mice. Immunity
1995;2:561-72.

Lazarevic V, Flynn J. CD8+ T cells in tuberculosis. Am J Res-
pir Crit Care Med 2002;166:1116-21.

Woodworth JS, Behar SM. Mycobacterium tuberculosis-
specific CD8+ T cells and their role in immunity. Crit Rev
Immunol 2006;26:317-52.

Winau E Weber S, Sad S, et al. Apoptotic vesicles crossprime
CD8 T cells and protect against tuberculosis. Immunity
2006;24:105-17.

. Darrah PA, Patel DT, De Luca PM, et al. Multifunctional

THI cells define a correlate of vaccine-mediated protec-
tion against Leishmania major. Nat Med 2007;13:843-50.
Forbes EK, Sander C, Ronan EO, et al. Multifunctional,
high-level cytokine-producing Th1 cells in the lung, but
not spleen, correlate with protection against Mycobacte-
rium tuberculosis aerosol challenge in mice. ] Immunol
2008;181:4955-64.

Derrick SC, Yabe IM, Yang A, Morris SL. Vaccine-induced
anti-tuberculosis protective immunity in mice correlates
with the magnitude and quality of multifunctional CD4 T
cells. Vaccine 2011;29:2902-9.

Caccamo N, Meraviglia S, La Mendola C, Guggino G, Dieli
E Salerno A. Phenotypical and functional analysis of mem-
ory and effector human CD8 T cells specific for mycobac-
terial antigens. ] Immunol 2006;177:1780-5.

Caccamo N, Guggino G, Meraviglia S, et al. Analysis of
Mycobacterium tuberculosis-specific CD8 T-cells in pa-
tients with active tuberculosis and in individuals with la-
tent infection. PLoS One 2009;4:e5528.

Yeremeev VV, Kondratieva TK, Rubakova EJ, et al. Proteins
of the Rpf family: immune cell reactivity and vaccination
efficacy against tuberculosis in mice. Infect Immun 2003;
71:4789-94.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Romano M, Aryan E, Korf H, et al. Potential of Mycobac-
terium tuberculosis resuscitation-promoting factors as
antigens in novel tuberculosis sub-unit vaccines. Microbes
Infect 2012;14:86-95.

Mukamolova GV, Kaprelyants AS, Young DI, Young M, Kell
DB. A bacterial cytokine. Proc Natl Acad Sci U S A 1998;95:
8916-21.

Zhu W, Plikaytis BB, Shinnick TM. Resuscitation factors
from mycobacteria: homologs of Micrococcus luteus pro-
teins. Tuberculosis (Edinb) 2003;83:261-9.

Downing KJ, Mischenko VV, Shleeva MO, et al. Mutants of
Mycobacterium tuberculosis lacking three of the five rpf-
like genes are defective for growth in vivo and for resusci-
tation in vitro. Infect Immun 2005;73:3038-43.

Kana BD, Gordhan BG, Downing K], et al. The resuscita-
tion-promoting factors of Mycobacterium tuberculosis
are required for virulence and resuscitation from dorman-
cy but are collectively dispensable for growth in vitro. Mol
Microbiol 2008;67:672-84.

Tufariello JM, Mi K, Xu J, et al. Deletion of the Mycobacte-
rium tuberculosis resuscitation-promoting factor Rv1009
gene results in delayed reactivation from chronic tuber-
culosis. Infect Immun 2006;74:2985-95.

Lee DH, Kim SH, Kang W, et al. Adjuvant effect of bacteri-
al outer membrane vesicles with penta-acylated lipopoly-
saccharide on antigen-specific T cell priming. Vaccine
2011;29:8293-301.

Choi YS, Lee JE, Nam S], et al. Two distinct functional pat-
terns of hepatitis C virus (HCV)-specific T cell responses in
seronegative, aviremic patients. PLoS One 2013;8:e62319.
Betts MR, Nason MC, West SM, et al. HIV nonprogressors
preferentially maintain highly functional HIV-specific CD8+
T cells. Blood 2006;107:4781-9.

Precopio ML, Betts MR, Parrino J, et al. Imnmunization with
vaccinia virus induces polyfunctional and phenotypically
distinctive CD8(+) T cell responses. ] Exp Med 2007;204:
1405-16.

Park SH, Shin EC, Capone §, et al. Successful vaccination
induces multifunctional memory T-cell precursors asso-
ciated with early control of hepatitis C virus. Gastroenter-
ology 2012;143:1048-60.e4.

Smaill F Jeyanathan M, Smieja M, et al. A human type 5
adenovirus-based tuberculosis vaccine induces robust T
cell responses in humans despite preexisting anti-adeno-
virus immunity. Sci Transl Med 2013;5:205ra134.

Abel B, Tameris M, Mansoor N, et al. The novel tubercu-

http://dx.doi.org/10.7774/cevr.2014.3.2.235



VACCINE

Jino Lee et al « Vaccination with RpfB DNA induces polyfunctional T cells

losis vaccine, AERAS-402, induces robust and polyfunc- potency in pigs and rhesus macaques. Vaccine 2008;26:

tional CD4+ and CD8+ T cells in adults. Am ] Respir Crit 440-8.

Care Med 2010;181:1407-17. 39. Low L, Mander A, McCann K, et al. DNA vaccination with
37. Scriba TJ, Tameris M, Mansoor N, et al. Modified vaccinia electroporation induces increased antibody responses in

Ankara-expressing Ag85A, a novel tuberculosis vaccine, is patients with prostate cancer. Hum Gene Ther 2009;20:

safe in adolescents and children, and induces polyfunc- 1269-78.

tional CD4+ T cells. Eur ] Immunol 2010;40:279-90. 40. Luckay A, Sidhu MK, Kjeken R, et al. Effect of plasmid DNA
38. Hirao LA, Wu L, Khan AS, Satishchandran A, Draghia-Akli vaccine design and in vivo electroporation on the resulting

R, Weiner DB. Intradermal/subcutaneous immunization vaccine-specific immune responses in rhesus macaques.

by electroporation improves plasmid vaccine delivery and J Virol 2007;81:5257-69.

http://dx.doi.org/10.7774/cevr.2014.3.2.235 243



