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Research of the long-term immune response in humans
has provided several interesting parallels to the data. It was
reported that complete cross-protective immunity from
heterologous challenge was induced in individuals
1-2 months after a primary DENV infection, with partial
immunity present up to 9 months, resulting in a milder
disease of shorter duration on reinfection, and that com-
plete serotype-specific immunity against symptomatic
dengue was observed up to 18 months postinfection [30].
Guzman and Sierra have previously recorded the long-term
presence of both DENV-specific antibodies and T cells up
to 20 years after natural infections [10, 31]. Of note,
increased T cell activation is reportedly associated with
severe dengue disease [7, 8]. Thus, the balance between
humoral and cellular immunity may be important in the
control of dengue diseases.

However, the details regarding the implication of
humoral and cellular immunity in controlling DENV
infection remain to be elucidated. Previously, passive
transfer of either monoclonal or polyclonal antibodies was
shown to protect against homologous DENV challenge [13,
15, 16]. It was also reported that neutralizing antibodies
played a greater role than cytotoxic T lymphocyte (CTL)
responses in heterologous protection against secondary
DENV infection in vivo in IFN-o/BR™~ and IFNyR™/~
mouse models [18]. Moreover, CD4™ T cell depletion did
not affect the DENV-specific IgG or IgM Ab titers or their
neutralizing activity in the IFNYR ™~ mouse model [36].
On the other hand, there are several reports showing that
cellular immunity rather than humoral immunity plays an
important role in the clearance of DENV. For example, in
adoptive transfer experiments, although cross-reactive
DENV-1-specific CD8* T cells did not mediate protection
against a lethal DENV-2 infection, adoptive transfer of
CD4" T cells alone mediated protection and delayed
mortality in IFN-o/BR ™~ and IFNYR ™~ mouse models
[39]. It has also been demonstrated that CD8* T lympho-
cytes have a direct role in protection against DENV chal-
lenge in the IFN-o/BR ™'~ mouse model of DENV infection
by depleting CD8* T cells [35]. In addition, previous data
from adoptive-transfer experiments in BALB/c mice
showed that cross-reactive memory CD8' T cells were
preferentially activated by the secondary DENV infection,
resulting in augmented IFN-y and tumor necrosis factor-o
(TNF-o) responses, and this effect was serotype-dependent
[2, 3]. Although it has previously been suggested that
inducing neutralizing antibodies against DENV may play
an important role in controlling DENV infection, CTLs are
also proposed to contribute to clearance during primary
DENV infection and to pathogenesis during secondary
heterologous infection in the BALB/c mouse model [4].

Why did the mouse models of DENV infection show
inconsistent results in vivo? One of the reasons could be
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that these results were obtained mainly from genetically
manipulated mice such as IFN-o/BR™~ and IFNyR™/~
mice. Moreover, these mice were inoculated with 10°-10'°
genome equivalents (GE) of DENV [27, 35, 36], which
were likely in large excess compared with the 10*-10° GE
of DENV injected into humans by a mosquito [19]. In
addition, the efficiency of DENV replication in wild mice
in vivo is very low compared to that in humans [35].

Recently, novel non-human primate models of DENV
infection using rhesus macaques as well as marmosets and
tamarins have been developed [24-26, 38]. An intravenous
challenge of rhesus macaques with a high dose of virus
inoculum (I x 107 GE) of DENV-2 resulted in readily
visible hemorrhaging, which is one of the cardinal symp-
toms of human DHF [26]. It was also shown that the cel-
lular immune response was activated due to expression of
IFN-y, TNF-o, and macrophage inflammatory protein-1
in CD4" and CD8* T cells during primary DENV infec-
tion in rhesus macaques [20]. On the other hand, in the
marmoset model of DENV infection, we observed high
levels of viremia (10°-10° GE/ml) after subcutaneous
inoculation with 10*-10° plaque-forming units (PFU) of
DENV-2. Moreover, we demonstrated that DENV-specific
IgM and IgG were consistently detected and that the
DENV-2 genome was not detected in any of these mar-
mosets inoculated with the same DENV-2 strain used in the
primary infection [24]. It is notable that while neutralizing
antibody titers were at levels of 1:20-1:80 before the re-
challenge inoculation, the titers increased up to 1:160-
1:640 after the re-challenge inoculation [24]. These results
suggested that the secondary infection with DENV-2
induced a protective humoral immunity to DENV-2 and
that DENV-infected marmoset models may be useful in
order to analyze the relationship between DENV replica-
tion and the dynamics of adaptive immune responses
in vivo.

Taking these findings into consideration, we investi-
gated the dynamics of cellular immunity in response to
primary and secondary DENV infection in the marmoset
model.

Materials and methods
Animals

All animal studies were conducted in accordance with
protocols of experimental procedures that were approved
by the Animal Welfare and Animal Care Committee of the
National Institute of Infectious Diseases, Japan, and the
National Institute of Biomedical Innovation, Japan. A total
of six male marmosets, weighing 258-512 g, were used.
Common marmosets were purchased from Clea Japan Inc.
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(Tokyo, Japan) and caged singly at 27 £2°C in
50 + 10 % humidity with a 12-h light-dark cycle (lighting
from 7:00 to 19:00) at Tsukuba Primate Research Center,
National Institute of Biomedical Innovation, Tsukuba,
Japan. Animals were fed twice a day with a standard
marmoset diet (CMS-1M, CLEA Japan) supplemented
with fruit, eggs and milk. Water was given ad libitum. The
animals were in healthy condition and confirmed to be
negative for anti-dengue-virus antibodies before inocula-
tion with dengue virus [24].

Cells
Cell culture was performed as described previously [24].

Vero cells were cultured in minimum essential medium
(MEM, Sigma) with 10 % heat-inactivated fetal bovine

serum (FBS, GIBCO) and 1 % non-essential amino acid
(NEAA, Sigma) at 37 °C in 5 % CO,. C6/36 cells were
cultured in MEM with 10 % FBS and 1 % NEAA at 28 °C
in 5 % CO,.

Virus

DENV type 2 (DENV-2) strain DHF0663 (accession no.
AB189122) and strain D2/Hu/Maldives/77/2008NIID
(Mal/77/08) were used for inoculation studies. The DENV-
2, DHF0663 strain was isolated from a DHF case in
Indonesia. The DENV-2 Mal/77/08 strain was isolated
from imported DF cases from the Maldives. For all DENV
strains, isolated clinical samples were propagated in C6/36
cells and were used within four passages on C6/36 cells.
Culture supernatant from infected C6/36 cells was
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Fig. 1 Flow cytometric analysis of naive, central/effector memory
T cells and NK/NKT cells in marmosets. (a) Gating strategy to
indentify CD4 and CD8 T, NK and NKT cells. The G1 population
was selected and analyzed for CD4 and CD8 T, NK and NKT cells.

CD85

(a) Profiling of naive, central memory, and effector memory CD4 and
CD8 T cells in total CD4 and CD8 T cells. (b) Profiling of NK and
NKT cells in total lymphocytes. Results shown are representative of
three healthy marmosets used in this study
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centrifuged at 3,000 rpm for 5 min to remove cell debris
and then stored at —80 °C until use.

Infection of the marmosets with DENV

In the challenge experiments, profiling of the key adaptive
and innate immune cells in the marmosets after infection
with DENV-2 was done. For primary DENV infection, four
marmosets were inoculated subcutaneously in the back
with either 1.9 x 10° PFU of the DENV-2 Mal/77/08
strain (Cj08-007, Cj07-011) or 1.8 x 10* PFU of the
DHF0663 strain (Cj07-006, Cj07-008) [24]. In the case of
the DENV re-challenge experiment, two marmosets ini-
tially inoculated with 1.8 x 10° PFU of the DHF0663
strain were re-inoculated 33 weeks after the primary
challenge with 1.8 x 10° PFU of the same strain (Cj07-
007, Cj07-014) [24]. Blood samples were collected on days
0, 1, 3, 7, 14, and 21 after inoculation and were used for
virus titration and flow cytometric analysis. Inoculation
with DENV and blood drawing were performed under
anesthesia with 5 mg/kg of ketamine hydrochloride. Day 0
was defined as the day of virus inoculation. The viral loads
in marmosets obtained in a previous study are shown in
Supplementary Figure 1 [24].

Flow cytometry

Flow cytometry was performed as described previously
[37]. Fifty microliters of whole blood from marmosets was
stained with combinations of fluorescence-conjugated
monoclonal antibodies; anti-CD3 (SP34-2; Becton Dick-
inson), anti-CD4 (L200; BD Pharmingen), anti-CD8 (CLB-
T8/4HS8; Sanquin), anti-CD16 (3G8; BD Pharmingen),
anti-CD95 (DX2; BD Pharmingen), and anti-CD62L (145/
15; Miltenyi Biotec). Then, erythrocytes were lysed with

Table 1 Subpopulation ratios of lymphocytes in marmosets

Subpopulation ratios
(Mean + SD: %)

Subpopulation name

CD3* 75.7 + 6.4
CD31CD4* 65.4 + 6.8
CD37CD47CD62LTCD95™ (CD4 Ty) 65.9 + 3.7
CD37CD41CD62LTCD95H(CD4 Tewm) 16.4 £+ 29
CD3*CD4+CD62LCDY5* (CD4 Tenm) 195+ 25
CD3*CD8* 29.0 £+ 8.0
CD3*CD8CD62LTCDY5™ (CDS Ty) 66.7 £+ 10.2
CD3*CD8+CD62LYCD951(CD8 Tewm) 47 + 3.6
CD3"CD8+CD62LCDY5% (CD8 Tew) 28.8 + 14.8
CD3CD16 + (NK) 42426
CD3*CD16% (NKT) 51434

SD: Standard deviation
Results shown are mean + SD from 3 healthy marmosets
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FACS lysing solution (Becton Dickinson). After washing
with a sample buffer containing phosphate-buffered saline
(PBS) and 1 % FBS, the labeled cells were resuspended
in a fix buffer containing PBS and 1 % formaldehyde.
The expression of these markers on the lymphocytes
was analyzed using a FACSCanto II flow cytometer
(Becton Dickinson). The data analysis was conducted using
FlowJo software (Treestar, Inc.). Results are shown as
mean = standard deviation (SD) for the marmosets used in
this study.

Results

Naive central/effector memory T cells and NK/NKT
cells in marmosets

Basic information regarding CD4/CDS8 naive and central/
effector memory T cells and NK/NKT cells in common
marmosets was unavailable. Thus, we examined the im-
munophenotypes of lymphocyte subsets in the marmosets
(Fig. 1). The gating strategy for profiling the CD4 and CD8 T
cells in the marmosets by FACS is shown inFig. 1a. Human T
cells are classically divided into three functional subsets based
on their cell-surface expression of CD62L and CD95, i.e.,
CDG62LTCDY95™ naive T cells (Ty), CD62LTCDY5™ central
memory T cells (Tcyy), and CD62L~CD95* effector memory
T cells (Tga) [9, 21, 28]. In this study, CD4" and CD8" Ty,
Tcm, and  Tgy  subpopulations  were defined as
CD62LTCD95™, CD62LTCDY5*, and CD62L~CD95¥,
respectively (Fig. 1aand Table 1). The average ratio of CD3*
T lymphocytes in the total lymphocytes of three marmosets
was found to be 75.7 & 6.4 %. The average ratio of CD4T T
cells in the CD3" subset was 65.4 & 6.8 %. The average
ratios of CD4" Ty, Tom, and Teyy cells were 65.9 + 3.7 %,
164 + 2.9 %, 19.5 £ 2.5 %, respectively. The average ratio
of CD8™ T cells in the CD3™" subset was 29.0 & 8.0 %. The
average ratios of CD8" Ty, Towm, and Tgy cells were
66.7 = 10.2 %, 4.7 & 3.6 %, 28.8 £ 14.8 %, respectively.
We recently characterized a CD16" major NK cell
subset in tamarins and compared NK activity in tamarins
with or without DENV infection [37, 38]. In terms of NKT
cells, NK1.1 (CD161) and CD1d are generally used as
markers of NKT cells [32]. However, these anti-human
NK1.1 and CD1d antibodies are unlikely to cross-react
with the NKT cells of the marmosets. Thus, we defined
NKT cells as a population expressing both CD3 and
CD16 as reported previously [14, 17]. The NK and NKT
cell subsets were determined to be CD3 CDI16% and
CD3%CD16" lymphocytes in the marmosets. The average
ratios of NK and NKT cell subsets in the lymphocytes were
4.2 4 2.6 % and 5.1 & 3.4 %, respectively (Table 1). We
observed that the proportions of the major lymphocyte
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Fig. 2 Profiling of CD4 and CD8 T, NK and NKT cells in
marmosets with primary infection with the DENV-2 Mal/77/08
strain. For primary DENV infection, two marmosets were inoculated
subcutaneously in the back with 1.9 x 10° PFU of the DENV-2 Mal/

subsets in the marmosets were similar to those in cyno-
molgus monkeys and tamarins [37, 38].

Profiling of CD4 and CD8 T, NK and NKT cells
in marmosets after primary infection with DENV-2
(Mal/77/08 strain)

We investigated the cellular immune responses against
DENV-2 DF strain (Mal/77/08) in marmosets. Dengue
vRINA was detected in plasma samples from two marmo-
sets on day 2 postinfection (Supplementary Fig. la). For
the two marmosets (Cj08-007, Cj07-011), the plasma levels
of VRNA reached their peaks at 9.6 x 10° and 7.0 x 10°
GE/ml, respectively, on day 4 postinfection. Plasma vRNA
was detected in both marmosets on days 2, 4, and 7. We
then examined the profiles and frequencies of the CD4 and
CD8 T, NK and NKT cells in the infected marmosets
(Figs. 2-3 and Table 2). CD4" Tcy cells drastically
increased to 88.7 + 2.8 % from 13 4+ 0.4 % between day
0 and day 2 post-inoculation (Table 2). Reciprocally,

77/08 strain. (a) Profiling of naive, central memory, and effector
memory CD4 and CD8 T cells in total CD4 and CD8 T cells.
(b) Profiling of NK and NKT cells in total lymphocytes. (a-b) Cj08-
007

CD4" Ty cells decreased to 1.6%£33 % from
74.1 £ 0.9 % at the same time. CD4" Tgy, cells main-
tained the initial levels throughout the observation period.
CD8%Y Tcwm cells increased to 91.9 £55% from
2.1 £ 0.8 % between day O day 2 post-inoculation, and
reciprocally, CD8" Ty cells decreased to 2.5 + 4.7 %
from 89.9 £ 2.5 % at the same time. In addition, NK cells
maintained their initial levels throughout the observation
period. However, NKT cells drastically increased to
52.6 + 17 % from 0.2 £ 0.0 % between day 0 and day 2
post-inoculation. These results suggest that CD4/CD8 T
and NKT cells may efficiently respond to the Mal/77/08
strain of DENV.

Profiling of CD4 and CD8 T, NK and NKT cells
in the marmosets after primary infection with DENV-2

(DHF0663 strain)

Next, we investigated cellular immune responses against
another DENV-2 DHF strain (DHF0663) in marmosets.
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Fig. 3 Frequency of CD4 and CD8 T, NK and NKT cells in
marmosets with primary infection with the DENV-2 Mal/77/08
strain. For primary DENV infection, two marmosets were inoculated
subcutaneously in the back with 1.9 x 10° PFU of the DENV-2 Mal/
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Table 2 Subpopulation ratios of lymphocytes in marmosets during primary DENV infection (Mal/77/08)

2 4 7 14 2
Days post inoculation

memory CD4 T cells in total CD4 T cells. (b) Ratios of naive, central
memory, and effector memory CD8 T cells in total CD8 T cells.
(¢) Ratios of NK and NKT cells in total lymphocytes. (a-c) Cj08-007,
Cj07-011

Subpopulation name Subpopulation ratio (Mean & SD: %)

Days after inoculation

Day 0 Day 2 Day 4 Day 7 Day 14 Day 21
CD31CD4*CD62LTCDY95" (CD4 Ty) 74.1 + 0.9 1.6 £33 02403 705 £ 55 64.8 +£9.7 60.8 + 5.9
CD3*tCD4tCD62LTCDY95t (CD4 Tewm) 13 £ 0.4 88.7 £ 2.8 87.4 £ 0.2 16.8 £5.0 216 £ 65 20 + 6.4
CD3+CD47CD62L.CD95* (CD4 Ten) 128 £ 0.9 95+ 1.0 123 + 04 123+ 05 134 +32 189 + 14
CD37CD8TCD62L.TCD95~ (CD8 Ty) 89.9 & 2.5 25+47 03403 87.5 4+ 3.3 68.7 £ 79 69.8 &+ 3.1
CD3TCD8*tCD62LTCD95* (CD8 Tepm) 21+08 919455 90.6 + 4.2 28+05 3.5+ 08 38412
CD3*CD8*CD62LCDY5* (CD8 Tgn) 7.8 4+ 1.6 56+ 0.8 9.0 + 4.1 9.5+ 3.1 27.6 £ 72 263 + 423
CD3~CDI16+ (NK) 29402 1.8+ 06 22409 42+ 09 2.8 + 04 32417
CD3*CD16" (NKT) 02+ 00 52.6 + 17 46.1 + 8.5 11405 1.7+ 05 12402

SD: Standard deviation
Results shown are mean + SD from two marmosets as shown in Figure 3
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Dengue VRNA was detected in plasma samples from the
marmosets on day 2 post-infection ([24], Supplementary
Fig. 1b). For the two marmosets (Cj07-006, Cj07-008),
the plasma vRNA levels were found to be 3.4 x 10° and
3.8 x 10° GE/ml on day 2 and 2.0 x 10° and 9.4 x 10°
GE/ml, respectively, at the peak on day 4 post-infection
and became undetectable by day 14. Thus, we examined
the profiles and frequencies of the CD4" and CD8% T,
NK and NKT cells in these DENV-infected marmosets
(Fig. 4-5 and Table 3). It was found that on day 7 post-
inoculation, CD4% and CD8" Ty cells decreased, and in
contrast, the Tcy populations increased in both marmo-
sets; however, the changes in proportion were much less
pronounced than in the case of the marmosets infected
with the DF strain. We observed no consistent tendency
in the kinetics of CD4" and CD8™ Tgy cells nor in NK
and NKT cells. These results suggest that the strength of
T cell responses may be dependent on the strain of
DENV.

Cj07-006

Profiling of CD4 and CDS8 T, NK and NKT cells
in marmosets re-challenged with a DENV-2 strain

In order to examine the cellular immune responses against
re-challenge with a DENV-2 DHF strain in the marmoset
model, marmosets were infected twice with the same
DENV-2 strain (DHF0663) with an interval of 33 weeks
after the primary infection. The results showed that vVRNA
and NS1 antigens were not detected in plasma and that the
neutralizing antibody titer was obviously increased after
the secondary infection. The data indicated that the primary
infection induced protective immunity, including a neu-
tralizing antibody response to re-challenge with the same
DENV strain ([24]; Supplementary Fig. Ic). We also
investigated the profiles of the CD4 and CD8 T, NK and
NKT cells in the marmosets (Cj07-007, Cj07-014) that
were re-challenged with the same DENV-2 strain
(DHF0663) (Figs. 6-7). CD4* Tcy cells drastically
increased on day 14 post-inoculation. On the other hand,

Days post inoculation

Day 4

Fig. 4 Profiling of CD4 and CD8 T, NK and NKT cells in
marmosets with primary infection with the DENV-2 DHF0663
strain. For primary DENV infection, two marmosets were inoculated
subcutaneously in the back with 1.8 x 10* PFU of the DENV-2

CcD3

DHF0663 strain. (a) Profiling of naive, central memory, and effector
memory CD4 and CD8 T cells in total CD4 and CD8 T cells. (b) Profiling
of NK and NKT cells in total lymphocytes. (a-b) Cj07-006
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Fig. 5 Frequency of CD4 and CD8 T, NK and NKT cells in
marmosets with primary infection with the DENV-2 DHF0663
strain. For primary DENV infection, two marmosets were inoculated
subcutaneously in the back with 1.8 x 10* PFU of the DENV-2
DHFO0663 strain. (a) Ratios of naive, central memory, and effector

Days post inoculation

memory CD4 T cells in total CD4 T cells. (b) Ratios of naive, central
memory, and effector memory CD8 T cells in total CD8 T cells.
(c) Ratios of NK and NKT cells in total lymphocytes. (a-¢) Cj07-006,
Cj07-008

Table 3 Subpopulation ratios of lymphocytes in marmosets during primary DENV infection (DHF0663)

Subpopulation name

Subpopulation ratios (Mean + SD: %)

Days after inoculation

Day 0 Day 2 Day 4 Day 7 Dayl 4 Day 21
CD3*CD4*CD62LYCD95™ (CD4 Ty) 673 +3.6 570 £ 4.0 619 £+ 09 344 + 3.6 552+ 14 56.7 £ 13
CD3*CD4*CD62L+*CD95 (CD4Tcm) 139+ 1.3 17.5 £ 4.1 152 £25 40.0 = 13 33.8 £ 10 213+ 12
CD3*CD8*CD62L-CD95* (CD4 Tem) 188 £2.2 253+ 0.9 228 +£29 25.6 + 13 203 + 4.0 218+ 15
CD3*CD8*CD62LYCDI5™ (CDS Tn) 67.8 £ 14 68.4 + 3.7 777 £ 4.6 22+74 52755 535+£938
CD3*CD8*CD62L*CD95~ (CDS Tem) 39+ 06 74 £28 55+16 28 £ 17 8.1+ 4.6 8.6 + 89
CD3*CD8 CD62L~CDY5* (CDS Tgw) 28 + 14 235 + 6.7 164 £ 6.5 283 + 18 382+ 1.9 37.0 £ 11
CD37CD16" (NK) 47+10 42+19 20+ 1.1 63+23 51+£22 73+12
CD3*CD16" (NKT) 78 +£10 93445 59 +26 226+ 84 20.6 + 10 17.3 +£ 10

SD: Standard deviation
Results shown are mean + SD from 2 marmosets as shown in Figure 3
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Fig. 6 Profiling of CD4 and CD8 T, NK and NKT cells in
marmosets after re-challenge with the DENV-2 DHF0663 strain.
Two marmosets that were initially inoculated with 1.8 x 10° PFU of
the DHF0663 strain were re-inoculated 33 weeks after the primary

CD4* Ty cells decreased strongly at the same time. CD4™"
Tgnm cells maintained their initial levels through the
observation period. Similarly, CD8" Ty and NKT cells
clearly increased on day 14 post-inoculation. Importantly,
these T cell responses were induced one week after the
obvious induction of the neutralizing antibody in the
marmosets [24]. These results suggest that the neutralizing
antibody may play a critical role in the complete inhibition
of the secondary DENV infection.

Discussion

In this study, we demonstrated the dynamics of the central/
effector memory T cells and NK/NKT subsets against
DENV infection in our marmoset model. First, we char-
acterized the central/effector memory T and NK/NKT
subsets in marmosets (Fig. 1). Second, we found that CD4/
CDS8 central memory T cells and NKT cells had significant

CcD3

challenge with 1.8 x 10° PFU of the same strain. (a) Profiling of
naive, central memory, and effector memory CD4 and CD8 T cells in
total CD4 and CD8 T cells. (b) Profiling of NK and NKT cells in total
lymphocytes. (a-b) Cj07-007

responses in the primary DENYV infection, and the levels
appeared to be dependent on the strain of the virus
employed for challenge experiments (Figs. 2-5). Finally,
we found delayed responses of CD4/CD8 central memory
T cells in the monkeys re-challenged with the same DENV
DHF strain, despite the complete inhibition of DENV
replication (Figs. 6-7).

The present study shed light on the dynamics of cellular
and humoral immune responses against DENV in vivo in
the marmoset model. Our results showed that cellular
immune responses were induced earlier than antibody
responses in the primary infection. Thus, our results sug-
gest the possibility that cellular immunity may contribute,
at least in part, to the control of primary DENV infection.
On the other hand, in the presence of neutralizing anti-
bodies in the re-challenged monkeys [24], delayed (on day
14 after the re-challenge) responses of CD4/CD8 central
memory T cells were observed despite the complete inhi-
bition of DENV replication. These results indicate that
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Fig. 7 Frequency of CD4 and CD8 T, NK and NKT cells in
marmosets after re-challenge with the DENV-2 DHF0663 strain.
Two marmosets initially inoculated with 1.8 x 10° PFU of the
DHF0663 strain were re-inoculated 33 weeks after the primary
challenge with 1.8 x 10° PFU of the same strain. (a) Ratios of naive,

cellular immunity is unlikely to play a major role in the
control of DENV re-infection. Alternatively, it is still
possible that components of cellular immunity, such as
memory T cells, could partially play a helper role for the
enhanced induction of neutralizing antibodies even without
an apparent increase in the proportion of Tcy, resulting in
efficient prevention of DENV replication.

It is possible that the DENV strains used in this study
influence the strength of cellular immune responses. The
differences in cellular immune responses between the
monkeys infected with the DF and DHF strains are prob-
ably not caused by individual differences in the marmosets,
because the FACS results were consistent with each pair of
marmosets. It was shown previously that there was a
reduction in CD3, CD4, and CD8 cells in DHF and that
lower levels of CD3, CD4, and CD8 cells discriminated
DHF from DF patients during the febrile stage of illness
[5]. There was a significant increase in an early activation
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central memory, and effector memory CD4 T cells in total CD4 T
cells. (b) Ratios of naive, central memory, and effector memory CD8
T cells in total CD8 T cells. (¢) Ratios of NK and NKT cells in total
lymphocytes. (a-c) Cj07-007, Cj07-014

marker on CD8* T cells in children with DHF compared
with DF during the febrile period of illness [8]. Another
group reported that levels of peripheral blood mononuclear
cell apoptosis were higher in children developing DHF
[23]. Moreover, cDNA array and ELISA screening dem-
onstrated that IFN-inducible genes, IFN-induced genes and
IFN production were strongly up-regulated in DF patients
when compared to DHF patients, suggesting a significant
role of the IFN system during infection with DF strains
when compared to DHF strains [34]. Thus, it is reasonable
to assume that DHF strains might have the ability to neg-
atively regulate T cell responses. A recent report demon-
strating that the sequence of a DHF strain differed from
that of a DF strain at six unique amino acid residues located
in the membrane, envelope and non-structural genes [33],
which supports our notion.

Alternatively, another possibility is that the strength of T
cell responses might depend on the viral load. In fact, in
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our results, the stronger T cell responses in monkeys
infected with the DF strain were paralleled by higher viral
loads, which was in contrast to the result obtained with
DHF-strain-infected animals with lower viral loads. Of
note, the tenfold higher challenge dose of the DF strain
used in this study (1.9 x 10° PFU) compared to the DHF
strain (1.8 x 10* PFU) could have simply led to tenfold
higher peak viral RNA levels in monkeys infected with the
DF strain. In either case, the relationship between the
strength of the antiviral immune response and the viral
strain remains to be elucidated. Further in vivo character-
ization of the antiviral immunity and the viral replication
kinetics induced by infection with various DENV strains
isolated from DF and DHF patients will help to understand
the mechanism of differential disease progression in the
course of DENV infection.

We observed that dengue VRNA was not detected in
plasma samples from marmosets re-infected with the same
DENV-2 DHF strain 33 weeks after the primary infection.
This result suggests that memory B cells induced in the
primary DENV infection were predominantly activated to
produce neutralizing antibodies against the same DHF
strain in the secondary infection in the absence of apparent
cellular immune responses. A previous report showed that
DENV infection induces a high-titered neutralizing anti-
body that can provide long-term immunity to the homol-
ogous DENV serotype [22], which is consistent with our
results. By contrast, the role of cellular immune responses
in the control of DENV infection remains to be elucidated.
Our results in this study may suggest that cellular immune
responses and neutralizing antibodies acted cooperatively
to control primary DENV infection. In DENV-infected
patients, it may be difficult to distinguish whether each
case is primary or secondary DENV infection and also to
serially collect blood samples for immunological study in
the course of the infection, which is likely to be the reason
for the discrepancy regarding the importance of cellular
immunity in DENV infection. From this point of view, our
marmoset model of DENV infection will further provide
important information regarding the role of cellular
immune responses in DENV infection.
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Abstract: The immune responses of T-helper (Th) and T-regulatory cells are thought to
play a crucial role in the pathogenesis of allergic airway inflammation observed in asthma.
The correction of immune response by these cells should be considered in the prevention and
treatment of asthma. Native antigen 85B (Ag85B) of mycobacteria, which cross-reacts among
mycobacteria species, may play an important biological role in host-pathogen interaction since
it elicits various immune responses by activation of Th cells. The current study investigated
the antiallergic inflammatory effects of DNA administration of Ag85B from Mycobacterium
kansasii in a mouse model of asthma. Immunization of BALB/c mice with alum-adsorbed
ovalbumin followed by aspiration with acrosolized ovalbumin resulted in the development of
allergic airway inflammation. Administration of Ag85B DNA before the aerosolized ovalbumin
challenge protected the mice from subsequent induction of allergic airway inflammation. Serum
and bronchoalveolar favage immunoglobulin E levels, extent of eosinophil infiltration, and levels
of Th2-type cytokines in Ag85B DNA-administered mice were significantly lower than those
in control plasmid-inumunized mice, and levels of Thi- and T-regulatory-type cytokines were
enhanced by Ag85B administration. The results of this study provide evidence for the potential
utility of Ag85B DNA inoculation as a novel approach for the treatment of asthma.
Keywords: immunotherapy, asthma. Ag85B, mycobacteria, allergy

Introduction

Asthma is characterized by airway hyperresponsiveness to a variety of specific and
nonspecific stimuli, chronic pulmonary inflammation with eosinophilia, excessive
mucus production, and high serum immunoglobulin E (IgE) levels. T-helper-2 (Th2)
cells are thought to play a crucial role in the initiation, progression, and persistence of
asthma in association with the production of interleukin-4 (IL-4), IL-5, and IL-13.1
Bronchoalveolar lavage (BAL) T-cells from human asthmatics have been reported
to express elevated levels of IL-4 and IL-5 messenger ribonucleic acid (mRNA).4S
Although the correction of this deviation to Th2-type immune responses is considered to
be necessary to achieve therapeutic and preventive effects on asthma, itis not sufficient
to obtain therapeutic effects in many cases. Another subset of T-cells, T-regulatory
(Treg) cells, has been reported to be important in the development of allergic diseases
such as asthma.® Many studies have suggested that effective immunotherapy for allergic
diseases is associated with immune deviation from a disease-promoting Th2 response
towards a Thl response, with Treg cells having appropriate functions.” However, the
induction of both subsets of cells — Thl and Treg cells — for the treatment of asthma
using immunological strategic tools is very difficult.
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Administration of mycobacteria, including the bacillus
Calmette—~Guerin, has been thought to be effective for pre-
venting the development of asthma by induction of Th1-type
immune responses and inhibition of IgE by the production of
IL-21 from natural killer T-celis.®1® However, the relation-
ship between bacillus Calmette—Guerin infection or myco-
bacteria immunization and asthma in humans is controversial
because of the many causative factors affecting the induction
of immune responses by mycobacteria, eg, human genetic
background, mycobacteria strains, and environmental fac-
tors (reviewed in Arnoldussen et al).!" From these findings,
bacterial products from mycobacteria for immunotherapy
against allergic disease should eliminate the harmful effects
of host genetic factors, environmental factors, and strain
specificity of mycobacteria. '

Antigen 85B (Ag85B) is one of the most dominant protein
antigens secreted from all mycobacterial species and has
been shown to induce substantial Th cell proliferation and
vigorous Th1 cytokine production.'? Moreover, the induction
of Thl-type immune responses by immunization of Ag85B
was enhanced by presensitization with bacillus Calmette—
Guerin."" From these findings, the effectiveness of Ag85B
DNA as immunotherapy for tumor disease and as a vaccine
adjuvant for infectious disease, by its ability to induce Thl-
type immune responses, was also reported.'>!* The current
study investigated whether Ag85B DNA from Mycobacte-
rium kansasii can inhibit the development of allergic airway
inflammation as a novel immunotherapy.

Material and methods

Induction of allergic inflammation in mice
BALB/c female mice used in this study were handled accord-
ing to ethical guidelines approved by the Institutional Animal
Care and Use Commiittee of National Institute of Biomedical
Innovation, Japan. The mice were sensitized to ovalbumin
(OVA; Sigma-Aldrich, St Louis, MO) and challenged with
aerosolized OVA according to a modification of the method
of Nishikubo et al.!* Briefly, mice were subcutaneously
immunized with 10 pg OVA complexed with alum on days
zero and 14. On days 21-25 after the first immunization, mice
were challenged with an aerosol of 5% OVA in phosphate-
buffered saline in a chamber for 20 minutes.

Administration of DNA

Mice were intraperitoneally administered 50 g plasmid

An empty plasmid vector (pcDNA™ 3.1; Life Technologies,
Carlsbad, CA) was used as a control (Figure 1A).

BAL fluid collection

BAL fluid was obtained by injecting and recovering two 0.5 mL
aliquots of phosphate-buffered saline via a tracheal cannula.
BAL fluid and sera were collected 25 days after the first OVA
immunization. Cells in the BAL fluid were counted using a
hematocytometer, and the differentials were determined by
utilizing light microscopy to count 300 cells on Cytospin®
preparations (Thermo Fisher Scientific, Waltham, MA). The
concentration of inflammatory protein was measured by Protein
Assay Reagent (Bio-Rad Laboratories, Hercules, CA).

Quantitation of IgE

IgE levels in sera were measured using enzyme-linked
immunosorbent assay (ELISA) kits according to the proce-
dure recommended by the manufacturer (Shibayagi Co, Ltd,
Shibukawa, Japan).

Determination of cytokine production
Lymphocytes obtained from thoracic lymph nodes of immu-
nized mice (5 x 10%) were cultured with 10 ug/mi. OVA in
24-well culture plates at a volume of 2 mL. After incubation
at 37°C in a humidified incubator (5% carbon dioxide) for
48 hours, culture supernatants were collected and analyzed
for production of interferon-y (IFN-y; Life Technologies) or
IL-4 (Quantikine®; R&D Systems, Minneapolis, MN) by an
ELISA assay according to the manufacturer’s protocol (Life
Technologies). The amounts of IL-5 and IL-13 in BAL fluid
were also measured by an ELISA kit (R&D Systems) 25 days
after the first OVA immunization.

Detection of cytokine mRNA from
lymphocytes using real-time polymerase
chain reaction

Total RNA was purified from OVA-stimulated or fetal calf
serum (control)-stimulated spleen cells using Isogen (Nippon
Gene Co, Ltd, Tokyo, Japan) following the manufacturer’s
instructions. For the real-time reaction, a reverse transcrip-
tion system (Promega Corporation, Fitchburg, WI) was
used. Polymerase chain reaction was performed in a total
volume of 50 uL of 1 x polymerase chain reaction buffer
(Takara Shuzo, Kyoto, Japan) containing 0.5-1.0 pg of
complementary DNA, 0.25 mM of each deoxyribonucleotide
triphosphate, 2 UM of each prirer, and 2.5 U of Tag DNA
polymerase (Takara Shuzo). The specific primer pairs used
were described previously."” The samples were amplified for
30-35 cycles under the following conditions: annealing for
30 seconds at 56°C, extension for 1 minute at 73°C, and dena-
turation for 30 seconds at 93°C. The reaction products were
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Figure | Inhibition of the development of allergic inflammation in lungs by administration of Ag858 DNA vaccine. (A) Experimental design used to investigate the effects of
Ag85B DNA vaccine on OVA-induced asthma. Mice were subjected to an OVA sensitization scheme,'® and 50 pig of AgB58 DNA vaccine was intraperitoneally injected once
on days ~7, 0, 14, or 21. A control plasmid was also administered on the same day. (B) Results of histopathological examination of fungs of mice that had been administered
Ag85B DNA or control DNA. All tissues were obtained 25 days after the first OVA immunization. The tissues were fixed in 10% formalin, embedded in paraffin, sectioned,

and stained with hematoxylin and eosin.
Abbreviations: Ag85B, antigen 85B; OVA, ovalbumin.

analyzed on 2% agarose, Tris-buffered ethylenediaminetet-
raacetic acid gel. Photographs of the gels were scanned,
and band intensities were measured using a densitometer
(CS Analyzer 3.0; ATTO Corporation, Tokyo, Japan). The
quantity of cytokine mRNA was determined by the ratio of
cytokine and beta actin band intensities. The profiles shown
are representative of three independent experiments.

Histopathological examinations
Histopathological examinations of the lungs of the mice
that had been administered Ag85B DNA or control DNA
were performed. All tissues were obtained 25 days after
the first OVA immunization. The tissues were fixed in 10%
formalin, embedded in paraffin, sectioned, and stained with
hematoxylin and eosin. Results for healthy naive mice and
control plasmid DNA-immunized mice are also shown.

Statistical analysis

Statistical analyses were performed using the Mann—Whitney
U test and the Kruskal-Wallis test. Values are expressed
as mean * standard deviation. A 95% confidence limit was
considered to be significant (P < 0.05).

Results

Inhibition of the development of allergic
inflammation in the lung by administration
of Ag85B DNA

Mice were sensitized to OVA and challenged with aero-
solized OVA as described previously.!! These mice were
intraperitoneally administered 50 pig plasmid DNA encoding
Ag85B once on day —7, zero, 14, or 21. An empty plasmid
vector (pcDNA 3.1) was used as a control (Figure 1A).
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Histopathological examinations of the lungs of mice injected
with Ag85B DNA or control DNA and the fungs of healthy
naive mice were performed 25 days after the first inoculation
of the plasmid. The lungs of mice that were administered
Ag85B DNA on days ~7, zero, and 14 did not show any
pathological abnormalities compared with those of healthy
naive mice, but the lungs of mice that were administered
Ag85B DNA on day 21 showed mild inflammation due to
infiltration of eosinophils (Figure 1B). Mice administered
the control plasmid did not show any inhibitory effects on
the development of allergic inflammations. These results
indicated that Ag85B DNA administration was effective
for inhibiting the development of allergic inflammation,
especially in the early phase of antigen sensitization.

Marked inhibition of allergic immune
responses by administration of Ag85B
DNA

The levels of protein, total cells, eosinophils, lymphocytes,
and neutrophils in BAL fluid from mice immunized with
Ag85B DNA vaccine were significantly lower than those
in BAL fluid from mice vaccinated with control DNA
(Figure 2A—F). Administration of Ag85B DNA also resulted
in a significant reduction in the level of OVA-specific IgE
(Figure 2G). The concentrations of Th2-type cytokines (1L-5
and I1.-13) in BAL fluid from mice immunized with Ag85B
DNA vaccine were significantly lower than those in BAL
fluid from control mice (Figure 3A and B). These inhibitory
effects on the development of allergic inflammation were
correlated with day of Ag85B DNA injection. Injection on an
early day was more effective for inhibiting the development
of allergic inflammation. These results were also confirmed
by histopathological observation.

Effects of Ag85B DNA administration
on the production of IL-4 and IFN-y

in response to OVA

The production of OVA-specific cytokines in lymph node
cells after in vitro stimulation with OVA were assessed.
The lymphocytes obtained from thoracic lymph nodes were
stimulated in vitro with OVA for 48 hours. IL-4 and TFN-y
levels were measured in culture supernatants by ELISA. The
level of IL-4 in culture supernatants from cells of Ag85B
DNA-immunized mice was much lower than in culture
supernatants from cells of control mice (Figure 4A). On the
other hand, the production level of IFN~y in Ag85B DNA-
immunized mice was significantly higher than in control
DNA-immunized mice (Figure 4B).

Expression of cytokine mRNA

in pulmonary lymph node cells

after stimulation with OVA

The production of OVA-specific cytokines was also con-
firmed by mRNA levels of Thi-type cytokines (IFN-y, IL-2,
and IL-12) and Th2-type cytokines (IL-4, IL-3, and 1L-13)
(Figure 5A~C). Lymph node cells from Ag85B DNA
vaccine-immunized mice showed strong IFN-y, IL-2, and
IL-12 expression and weak 1L-4, IL-5, and IL-13 expres-
sion of mRNA, whereas control DNA-immunized mice
showed the completely opposite results. The cells from
control mice showed strong mRNA expression of Th2-type
cytokines and weak mRNA expression of Thi-type cytokines
(Figure 5A—C). It has been reported that therapeutic effects
against asthma by administration of the culture supernatant
of M. vaccae were derived from Treg cells by the induction
of IL-10 and transforming growth factor-p.'® In the current
study, mRNA expression levels of IL-10 and transforming
growth factor-B in lymph node cells obtained from mice
immunized with Ag85B DNA were much higher than those
in lymph node cells obtained from control mice after in vitro
stimulation with OVA (Figure 5A and D). Another Thi7
cell lineage, which is associated with allergen-induced air-
way allergic inflammation, was also assessed by the mRNA
expression of cytokines. In the current experiment, mRNA
expression of 1L-17 was seen in both control DNA-immu-
nized and Ag85B-DNA immunized mice after stimulation
with OVA, with no difference in the mRNA expression
levels of IL-17 between these groups (Figure 5A and E). The
mRNA expression of IL-23 was also assessed since IL-23 is
associated with the maturation of Th17 cells.!” Expression of
1L-23 mRNA was observed at the same level in all samples
(Figure 5A and E). Inhibitory effects on the development
of allergic inflammation are readily obtained in a mouse
model of asthma through the administration of Ag85B DNA.
These effects of immunotherapy by Ag85B DNA are due to
activation of the immune responses of Thl and Treg cells
and inhibition of the responses of Th2 cells as a result of the
enhancement of responses of Th1 and Treg cells.

Discussion

Current treatments of nonspecific immunosuppressive ther-
apy for asthma, such as administration of glucocorticoids, are
not satisfactory. Although these treatments are highly effec-
tive for controlling disease, most patients nmst continue to
take these drugs throughout their lives. Moreover, these drugs
have side effects, and asthma cannot be controlled by these
drugs in up to 30% of patients. Given the high prevalence
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Figure 2 Marked inhibition of the development of allergic inflammation by administration of Ag85B DNA. BAL fluid was obtained by injecting and recovering two 0.5 mL
aliquots of phosphate-buffered saline via a tracheal cannula. Cells in the lavage fluid were counted using a hematocytometer, and the differentials were determined by utlizing light
microscopy to count 300 cells on Cytospin® preparations (Thermo Fisher Scientific, Waltham, MA). The concentration of inflammatory protein was measured by Protein Assay
Reagent {Bic-Rad Laboratories, Hercules, CA). Results for healthy naive mice and control plasmid DNA-immunized mice are also shown. (&) Total protein, (B) number of cells,
{C) eosinophils, (D) lymphocytes, (E} neutrophils, and (F) monocytes in BAL fluid from experimental animals were investigated. (G) The degrees of ovalbumin-specific immunaglobulin
£ responses in sera collected from experimental mice were also analyzed. Immunoglobulin £ levels in sera were measured using enzyme-linked immunosorbent assay kits according
to the procedure recommended by the manufacturer (Shibayagi Co, Ltd, Shibukawa, japan). BAL fluid and sera were collected 25 days after the first ovalbumin immunization.
Notes: Data are representative of at least three independent experiments; values shown are the means and standard deviations of five mice per group; statistical analysis
was performed using the Mann—Whitney U test and the Kruskal-Wallis test.

Abbreviations: Ag858B, antigen 85B; BAL, bronchoalveolar lavage.
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Figure 3 IL-5 and IL-13 production in BAL fluid. Amounts of {(A) IL-5 and (B) IL-13 in BAL fluid were measured using an enzyme-linked immunosorbent assay kit

(R&D Systems, Minneapolis, MN) 25 days after the first ovalbumin immunization.

Notes: Data are representative of at least three independent experiments; values shown are means and standard deviations of five mice per group; statistical analysis was

performed using the Mann-Whitney U test and the Kruskal-Wallis test.
Abbreviations: Ag85B, antigen 85B; BAL, bronchoalveolar lavage; IL, interleukin.

of this disease, improved and more effective therapeutic
strategies are needed. The results of many studies have sug-
gested that effective immunotherapy for allergic disease is
associated with immune deviation from a disease-promoting
Th2 response towards a Thl response, with Treg cells hav-
ing appropriate functions (reviewed in Takeda et al).’* In
the current study, the applicability of plasmid encoding
complementary DNA of Ag85B from mycobacteria DNA
to gene therapy of asthma was assessed. Although the intro-
duced DNA is expressed predominantly by somatic cells, it
is known that a relatively small but biologically significant
number of dendritic cells are transfected with the inoculated
DNA. 21 Moreover, it was recently reported that systemic
inoculation of a plasmid DNA may cause dendritic cell
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activation through direct transfection into dendritic cells.”
It was demonstrated that inhibitory effects on the develop-
ment of allergic inflammation are readily obtained in a mouse
model of asthma through the administration of Ag85B DNA,
even with only a single administration before or after antigen
sensitization.

The mechanism of immune responses induced by Ag85B
remains unclear. Various products having adjuvant activities,
eg, lipopolysaccharide, cytosine-phosphodiester-guanine
motif, and polyinosinic:polycytidylic acid, involve toll-
like receptors (TLRs) and show augmentation of Thl-type
immune responses.'® It was previously reported that plasmid
DNA encoding Ag85B stimulated the expression of TLR2,
TLR3, and TLR4 mRNA. One possibility is that the induction
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Figure 4 IFN-y and 1L-4 production in culture supernatant. Amounts of (A} IFN-y and (B) IL-4 in culture supernatant were measured by enzyme-linked immunosorbent
assay 25 days after the first OVA immunization. Spleen cells from immunized mice (5 x 10%) were cuitured with 10 pig/mbL OVA in 24-well culture plates at a volume of 2 mL.
After incubation at 37°C in a humidified incubator (5% carbon dioxide) for 96 hours, culture supernatants were quantified by using a standard enzyme-linked immunosorbent
assay kit (Life Technologies, Carlsbad, CA).

Notes: Data are representative of at least three independent experiments; values represent mean and standard deviation of ten mice per group; statistical analysis was
performed using the Mann-Whitney U test and the Kruskal-Wallis test.

Abbreviations: AgB5B, antigen 85B; IFN.y, interferon-y, IL-4, interleukin-4; OVA, ovalbumin.
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Figure 5 Detection of cytokine messenger ribonucleic acid from lymphocytes using real-time polymerase chain reaction. Spleen cells were stimulated in vitro with OVA for
| day in culture. Spleen cells stimulated with fetal calf serum were used as controls. Total ribonucleic acid was purified from the OVA-stimulated or fetal calf serum (control)-
stimulated spleen cells using Isogen (Nippon Gene Co, Ltd, Tokyo, Japan) following the manufacturer’s instructions. For the real-time reaction, a reverse transcription system
{Promega Corporation, Fitchburg, W1} was used. Polymerase chain reaction was performed in a total volume of 50 il of | X polymerase chain reaction buffer (Takara Shuzo,
Kyoto, Japan) containing 0.5-1.0 jig of complementary DNA, 0.25 mM of each deoxyribonucleotide triphosphate, 2 uM of each primer, and 2.5 U of Tag DNA polymerase
(Takara Shuzo). The specific primer pairs used were previously described.' The samples were amplified for 30-35 cycles under the following conditions: annealing for
30 seconds at 56°C, extension for | minute at 73°C, and denaturation for 30 seconds at 93°C. (A) The reaction products were analyzed on 2% agarose, Tris-buffered
ethylenediaminetetraacetic acid gels. (B—E) Photographs of the gels were scanned, and band intensities were measured using a densitometer (CS Analyzer 3.0; ATTO
Corporation, Tokyo, Japan). The quantity of cytokine messenger ribonucleic acid was determined by the ratic of cytokine and beta actin band intensities.

Notes: *P < 0.005: the profiles are representative of three independent experiments; statistical analysis was performed using the Mann-Whitney U test and the
Kruskal-Wallis test.

Abbreviations: Ag85B, antigen 85B; IFN-y, interferon-y; IL, interleukin; OVA, ovalbumin; TGF-f, transforming growth factor-B.

of Thl-type immune responses by Ag85B is involved in  from pathogens promote Thl responses through stimulation
innate immune responses. From this result, the activation of  of TLRs and subsequently through secretion of cytokines.!
Thl and Treg cells by Ag85B administration was thought Ithas also been reported that TLR signaling induces not only
to be involved in responses through stimulation of TLR2, Thl-type immune responses but also secretion of various
TLR3, and TLR4, but not TLR9.! Various proteins derived  cytokines from Treg cells.”**” Moreover, recent studies have
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indicated that Thl cells produce IL-10 as well as Thl-type
cytokines by Notch regulation-dependent signal transducer
and activator of transcription-4 signaling.”® From these find-
ings, effective immunotherapy by induction of both Thi cell
and Treg cell responses is thought to be possible by using
appropriate materials. In fact, an astlima model of mice immu-
nized with culture supernatant of mycobacteria, M. vaccae,
showed Th1 and Treg responses.'® The results of the current
study suggest that the administration of Ag85B DNA has
several potential advantages due to the activation of Thl and
Treg cells for the prevention and treatment of asthma.

Immunization with mycobacteria or mycobacteria
products has been reported to inhibit the development of
allergic disease.’®** However, various causative factors
affect immune responses by mycobacteria. It was reported
as a notable point that the efficacy of mycobacteria in
preventing allergic inflammation of asthma was strongly
affected by Nrampl alleles.’® Several host genetic factors,
including natural resistance-associated macrophage protein 1
(NRAMP1),* vitamin D receptor (VDR),*?¢ and Mendelian
susceptibility to mycobacterial disease,’” have been reported
to be involved in responses to mycobacteria (reviewed in
Casanova and Abel).®® Differences in immune responses
induced by different mycobacteria strains have also been
reported. The differential immune responses were mediated
by lipid-exiracted molecules of mycobacteria.’® Moreover,
environmental factors are important for immune responses
induced by mycobacteria in therapy for atopic diseases. "
Presensitization of mycobacteria in the natural environment
affects the induction of Thl-type immune responses by myco-
bacteria vaccination.”*>* However, the specific components
of mycobacteria that inhibit the development of allergic
responses have not been reported. Ag85B is a single compo-
nent of mycobacteria, and this product might not be affected
by various other mycobacteria factors involved in immune
responses. In fact, Thl-type immune responses induced by
Ag85B are not affected by Nramp in mice.“*

Wu et al demonstrated the effects of intranasal admin-
istration of Ag85B in a mouse model of asthma.*® It was
previously reported that Ag85B has strong adjuvant activities
involving Thl immune responses.'* Intranasal administration
of aplasmid DNA (DNA vaccine) with adjuvant activities has
been considered to be inappropriate for human use. Intranasal
inactivated influenza vaccine, with adjuvant, induced Bell’s
palsy in humans. Therefore, intranasal inactivated influenza
vaccine with adjuvant is no longer in clinical use.¥ Systemic
administration of a plasmid DNA (DNA vaccine) is better than
intranasal administration if the same effects of the plasmid

DNA can be induced. The current study demonstrated the
usefulness of Ag85B DNA vaccine and provided evidence of
the potential utility of Ag85B DNA vaccine for the prevention
and treatment of asthma, even with only a single systemic
administration before or after antigen sensitization.

Conclusion

The correction of immune response should be considered in
the prevention and treatment of asthma. Ag85B has potential
utility for the prevention and treatment of asthma even with
only a single administration.
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