A cD8De CD8DC

TLR3 and MDAS are main sensors for dsRNA and
differentially distributed in myeloid cells.**** TLR3 is
limitedly expressed in myeloid, epithelial and neuronal
cells,”® whereas MDAS is ubiquitously expressed including
non-myeloid stromal cells.” Several reports suggested that
iv. injection of polyl:C predominanty stimulate the
stromal cells which express IFNAR* thereby robust
type I IFN are liberated from these cells to be a systemic
response  including cytokinemia and endotoxin-like
shock.*>* Both TLR3 and MDAS link to the IRF-3/7-
activating kinases leading to the production of IFNa/3.77
Once IFN/8 are released, IFNAR senses it to amplify the
Type I IFN production,” and reportedly this amplification
pathway involves cross-priming of CD8 T cells in viral
infection.'”® Tumor progression or metastasis can be
suppressed through the IFNAR pathway.” These scenarios
may be right depending on the conditions employed. Our
message is related to what signal pathway is fundamentally
required for induction of antitumor CTL in DC. The CTL
response is almost completely abrogated in TICAM-17""
and IRF-3/77"" mice, but largely remains in IPS-17"" and
IFNAR™" mice when Ag and polyl:C are extrinsically
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administered. The results are reproducible in some other
tumor-implant models (data not shown), and even in
IFNAR™ mice, TICAM-1-specific genes are upregulated
to confer tumor cytotoxicity (Fig. S6, Azuma et al,
unpublished dara). In addition, the upregulation of these
genes is independent of IPS-1 knockout in DC. Our results
infer that the primary sensing of dsRNA in CD8a" DC is
competent to induce cross-presentation, which minimally
involves the IPS-1 or IFNAR amplification pathway, at
least at a low dose of polyl:C. Yet. subsequent induction of
Type I IFN via the IFNAR may further amplify the cross-
priming.'** Further studies are needed as to which of the
TICAM-1-inducible genes link to the cross-presentation in
CD8ar DC.

The main focus of this study was to identify the pathway
for transversion of immarure DC to the CTL-driving

phenotype by co-administration of polyl:C with soluble

Then cells were stained with Alexa647-antiTLR3 and subjected to confocal
microscopic analysis (A). Alternatively, splenic DC isolated by MACS were
incubated with FITC-polyl:C for the time shown in figure and analyzed

of three independent experiments.

Figure 6. Poly:C encounters TLR3 in CD8x«” DC. CD8a* and CD8x DC were
isolated by FACSAriall and stimulated with-20 pg/ml TexasRed-polyl:C for 2 h.

the degrees of polyl:C uptake by FACS (B). Data shown are the representative

Ag. The IPS-1 pathway, although barely participates in
antitumor CTL driving, can upregulate CD40/CD86 co-
stimulators on the membranes of splenic CD8a" and
CD8a DC in response to polyl:C, suggesting that MDDAS3
does function in the cytoplasm of splenic CD8a" and
CD8x DC to sense polyl:C. However, effective CTL

as soluble Ags, the TICAM-1 pathway in CD8o* DC would be
crucial for driving of tumor-specific CTL around the tumor
microenvironment. In any route of polyl:C injection, this is true
as shown first in this study. Although TICAM-1 is an adaptor
of other cyroplasmic sensors, DDX1, DDX21 and DHX36,*
the antitumor CTL responses are merely relied on TLR3 of
CD8u'DC in this system. Taken together with previous
reports,’”'? TICAM-1 signaling triggers not only NK activation
but also CTL induction.
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induction happens only in CD8a" DC when stimulated
with polyl:C. CD8a DC express TLR3 but CD8o DC
do not, and CD8a' DC with no TLR3 fail to induce CTL,
suggesting that integral co-stimulation by MDAS/IPS-1 s
insufficient for DC o induce cross-priming of CID8 T cells:
antitumor CTL are not induced until the TICAM-1 signal is
provided in DC. At least, sole effect of the IPS-1 pathway and
upregulation of co-stimulators on CD8a* DC is limited for cross-
priming and induction of antitumor CTL, which result party
reflects those in a previous report where IPS-1 and TICAM-1
harbor a similar potendal for CD8 T cell proliferation when
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polyl:C (Alum-containing) is employed as an adjuvant for CD8ot*
DC 1o test proliferation of ant-OVA CTL.*

A question is why TICAM-1 is dominant to IPS-1 for response
o exogenously-added polyl:C in CD8«* DC. The answer is
rooted in the difference of functional behavior berween BMDC
and CD8a* DC. TLR3 levels are variable depending upon subsets
of DC,?* which affects DC subset-specific induction of cellular
immune response. The high TLR3 expression (partly surface-
expressed) is situated in CD8a" DC before polyl:C stimulation,
which is distinct from the properties of F4/80* Mf and
presumably BMDC of low TLR3 expression. The polyl:C-uptake
machinery'® appears to efficiently work in concert with the
TLR3/TICAM-1 pathway in CD8u DC and this tendency
is diminished when CD8u' DC are pretreated with Alum +
polyl:C.*'  Furthermore, there are functional discrepancies
between CD8o splenic DC and GM-CSF-induced BMDC,
which appears to reflect the difference of their TLR3 levels.”
These results on CD8a* DC encourage us to develop dsRNA
adjuvant immunotherapy supporting TAA soluble vaccines for
cancer applicable to humans, which possess the counterpart of
CD8a DC.

There are two modes of dsRNA-mediated DC maturation,
intrinsic and extrinsic modes that are governed by the IPS-1 and
TICAM-1 pathways, respectively.”** It is important to elucidate
the in vivo qualitative difference in the two pathways in tumor-
loading mice. TLR3" DC/MF are respensible for CTL driving via
an extrinsic route in viral infection.>® Previous dara suggested that
dsRNA in infectious cell debris, rather than viral dsRNA
produced in the cytoplasm of Ag-presenting cells or autophago-
some formation, contribute to fine tuning of DC maturation
through extrinsic dsRNA recognition.’® It is reported that
dsRNA-conining debris are generated secondary to infection-
mediated cell death,”’ and DC phagocytose by-stander dead cells.
Likewise, soluble tumor Ags released from tumor cells usually are
extrinsically taken up by APC in patients with cancer.** If CTL
are successfully induced in therapeutic biotherapy targeted against
cancer cells, this extrinsic TICAM-1 pathway must be involved in
the therapeutic process.

Cross-presentation occurs in a TAP-dependent® and -inde-
pendent fashions.***" The peprides are transported by TAP into
the endoplasmic reticulum (ER) and loaded onto MHC Class I
for presentation at the cell surface. ER and phagosome might fuse
each other for accelerating cross-presentation.*® Another possibi-
lity is that cross-presentation occurs in early endosomes where
TLR3 resides. This early endosome cross-presentation does not
always depend on TAP** but requires TLR stimulation.*®
TLR4/MylI>88 pathway is involved in the TAP-dependent early
endosome model,® where recruitment of TAP o the eary
endosomes is an essential step for the cross-presentation of soluble
Ag. These models together with our genechip analysis of polyl:C-
stimulated BMDC suggested that some ER-associated proteins are
upregulated in BMDC by polyl:C-TICAM-1 pathway. The
results infer that the TLR3/TICAM-1 rather than the TLR4/
MyD88 pathway more crucially participates in cross-presentation
in response to dsRNA or viral stimuli and facilitates raising CTL
antitumor immunity in APC.

www.landesbioscience.com

Although multiple RNA sensors couple with TICAM-1 and
signal to activate the Type I [FN-inducing pathway,” at least
TLR3 in the CD8a’ DC are critical in CTL driving. CD8a DC
are a high TLR3 expresser, while BMDC express TLR3 with only
iow levels.” CD8a DC do not express it.”> The Ag presentation
and TLR3 levels in CD8a' DC appear reciprocally correlated
with the phagocytosing ability of DC. Although the TLR3
mRNA level is downregulated secondary to polyl:C response after
maturation, this may not be related to the CD8a" DC funcdons.
Yet, polyl:C might interact with other cytoplasmic sensors for DC
maturation,***’

The route of administration and delivery methods may be
important for culminate the polyl:C adjuvant function. The toxic
problem has not overcome in the adjuvant therapy using polyl:
C*% and this is a critical marter for clinical introduction of
dsRNA reagents o immunotherapy. The most problematic is the
life-threatening shock induced by polyl:C. Recent advance of
polyl:C study suggests that PEl-jet helps efficient uprake of polyl:
C into peritoneal macrophages.”® LC (poly-i-lysine and methyl-
cellulose) has been used as a preservative to reduce the toxic effect
of polyl:C.* Nanotechnological delivery of polyl:C results in
efficient tumor regression.” There are many subsets of DC that
can be defined by surface markers, and selecting an appropriate
administration route can target a specific DC subset. The route
for s.c. administration usually macure dermal/epidermal DC or
Langerhans cells.*"** Some DC subsets with unique properties
specialized to CTL induction would work in association with the
route of polyl:C administration. Attempting to develop more
harmless and efficient dsRNA derivatives will benefit for
establishing human adjuvant immunotherapy for cancer.

Materials and Methods

Mice. TICAM-1""" and IPS-1""" mice were made in our
laboratory and backcrossed more than eight times to adapt
C57BL/6 background.”” IRF-3/77" and IFNAR™" mice were
kindly provided by T. Taniguchi (University of Tokyo, Tokyo,
Japan). TLR3""" mice were kindly provided by S. Akira (Osaka
University, Osaka, Japan). Rag2™"" and OT-1 mice were kindly
provided from Drs N. Ishii (Tohoku University, Sendai, Japan).
Rag2™""/OT-1 mice were bred in our laboratory. All mice
were maintained under specific pathogen-free conditions in the
animal f(acility of the Hokkaido University Graduate School
of Medicine. Animal experiments were performed according
to the guidelines set by the animal safety center, Hokkaido
University, Japan.

Cells. EG7 and C1498 cells were purchased from ATCC and
cultured in RPMI1640/10% FCS/55 uM 2-ME/1 mM sodium
pyruvate and RPMI1640/10% FCS/25 ng/ml 2-ME, respectively.
Mouse splenocytes, OT-1 T cell, CD8x DC and CD8x DC
were harvested from the spleen and cultured in RPMI11640/10%
FCS/55 uM 2-ME/10 mM HEPES.*' B16D8 cells were cultured
in RPMI/10% FCS as described previously.'?

Reagents and antibodies. Ovalbumin (OVA) and polyl:C
(polyl:C) were purchased from SIGMA and Amersham
Biosciences, respectively. OVAgs7_a64 peptide (SIINFEKL: SL8)
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and OVA (H2K"-SL8) Tetramer were from MBL. Following Abs
were purchased: and-CD3e (145-2C11), anti-CD8B (53-6.7),
anti-CD11c (N418), anti-CID16/32 (93), anti-CD69 (H1.2F3)
and and-IFNY(XMG1.2) Abs from BioLegend, anti-B220 (RA3-
6B2), anti-CD4 (L3T4), anti-CD40 (1C10), antd-CD86 (GL1),
and anti-MHC I-SL8 (25-D1.16) Abs from eBiosciences, anti-
TCR-V35.1/5.2 Ab and ViaProbe from BD Biosciences. The Rat
anti-mouse TLR3 mADb (11F8) was kindly provided by David M.
Segal (National Institute of Health, Bethesda, MD). To rule out
LPS contamination, we treated OVA or other reagents with
200 pg/ml of Polymixin B for 30 min at 37°C before use. Texas
Red- or FITC-labeled poly(1:C) was prepared using the 5'
EndTag'™ Nucleic Acid Labeling System (Vector Laboratories)
according to the manufacturers instructions.

Tumor challenge and poly I.C therapy. Mice were shaved at
the back and s.c. injected with 200 pl of 2 X 10° syngenic EG7
cells in PBS. Tumor volumes were measured at regular intervals
by using a caliper. Tumor volume was calculated by using the
formula: Tumor volume (cm?) = (long diameter) X (short
diameter)* X 0.4. A volume of 50 pl of a mixture consisting of the
lysate of 2 x 10° EG7 cells with or without 50 pg of poly I:C
(polyl:C) was s.c. injected around the tumor. We added no other
emulsified reagent for immunization since we want to role out the
conditional effect of the Ag/polyl:C. The treatments were started
when the average of tumor volumes reached at 0.4-0.8 cm® and
performed twice per week. EG7 lysate were prepared by three
times freeze/thaw cycles (-140°C/37°C) in PBS, with removal of
cell debris by centrifugation at 6,000 g for 10 min.>* To deplete
CD8 T cells, mice were i.p. injected with hybridoma ascites of
anti-CD83 mAb. The dose of antibody and the treatment
regimens were determined in preliminary studies by using the
same lots of antibody used for the experiments. Depletion of the
desired cell populations by this treatment was confirmed by FACS
for the entire duration of the study.

Evaluation of T cell activity in tumor-bearing mice. Draining
inguinal LN cells were harvested from tumor-bearing mice after
24 h from the last polyl:C treatment. The activity of T cells was
evaluated by CDG9 expression and IL-2/IFNYy production. These
cells were stained with FITC-CD8a, PE-CIDG9, PerCP/Cy5.5-
7AAD and APC-CD3s. To check cytokine production, LN cells
were cultured for 3 d in vitro in the presence or absence of EG7
lysates and IL-2 and IFNYy productions were determined by
Cytokine Beads Array (CBA) assay (BD). To assess the cytotoxic
activity of CTL, standard *'Cr release assay was performed.
For CTL expansion, 2.5 X 10° LN cells were co-cultured with
1.25 x 10° mitomycin C-treated EG7 cells in the presence of
10 U/ml 11-2 for 5d. Then, LN cells were incubated with
S'Cr-labeled EG7 or C1498 cells for 4 h and determined cytotoxic
activity. The cell-specific cytotoxicity was calculated with
subtracting the cytotoxity for C1498 from for EG7 cells.

Antigen-specific T cell expansion in vivo. Mice were ip.
immunized with 1 mg of OVA and 150 pg of poly I:C. After 7 d,
spleens were homogenized and stained with FITC-CD8o and
PE-OVA Tetramer for detecting OVA-specific CD8 T cell
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populations. For intracellular cytokine detection, splenocytes
were cultured with or without 100 aM OVA peptide (SIINFEKL;
SL8) for 8h and 10pg/ml of Brefeldin A (Sigma-Aldrich)
was added to the culture in the last 4 h. Then cells were
stained with PE-ant-CD8a and fixed/permeabilized with
Cyrofix/Cytoperm (BD Biosciences) according to manufacturer’s
instruction.  Then, fixed/permeabilized cells  were  further
stained with APC-and-IFNy. Stained cells were analyzed
with FACSCalibur (BD Biosciences) and FlowJo software (Tree
Star).

In vivo CTL assay. The in vivo CTL assay was performed
as described.”® In brief, WT, TICAM-17"", MAVS™" and
IRF-3/7""" mice were i.v. administered with PBS, 10 pg of OVA
or OVA with 50 pg of polyl:C. After 5d, 2 X 107 target cells (see
below) were i.v. injected to other irrelevant mice and 8 h later, the
OVA-specific cytotoxicity was measured by FACSCalibur. Target
cells were 1:1 mixture of 2 pM SL8-pulsed, 5 uM CFSE-labeled
splenocytes and SL8-unpulesed, 0.5 uM CFSE-labeled spleno-
cytes. OVA-specific cytotoxicity was calculated with a formula:
{1-(Primed [CFSE"¢"(%)/CFSE""(%0)}/Unprimed [CFSE""(%)/
CESE™(%)]} x 100.

DC preparation. DCs were prepared from spleens of mice, as
described previously.” In brief, collagenase-digested spleen cells
were treated with ACK buffer and then washed with PBS twice.
Then splenocytes were positively isolated with anti-CD11c
MicroBeads. CD11c' cells were acquired routinely abour =
809% purity. Further, to highly purify CD80" and CD8a DCs,
spleen DC were stained with FITC-CD8a, PE-B220, PE/Cy7-
CD1lc and PerCP5.5-7AAD. CD8u or CD8o CD11c¢'B220
DCs were purified on FACSAriall (BD). The purity of the cells
was = 98%.

OT-1 proliferation assay. Ten micrograms of OVA with or
without 50 pg of polyl:C were i.v. injected to WT, TICAM-1"",
IPS-17"" and DKO mice. After 4 h, CD8a' or CD8a DC were
purified from the spleen. 2.5 X 10* CD8a' or CD8o DC were
co-cultured with 5 X 10* 1 pM CFSE-labeled Rag2™""/OT-1
T cells for 3 d in 96-well round bottom plate. These cells were
stained with PE-ant-TCR-V85.1,5.2 and APC-an0t-CD3e and
T cell proliferation was analyzed by CESE dilution using
FACSCalibur. Additionally, IFNy in the culture supernatant
was measured by CBA assay.

Statistical analysis. P-values were calculated with one-way
analysis of variance (ANOVA) with Bonferroni’s test. Error bars
represent the SD or SEM between samples.
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Abstract In this study, we examined the dynamics of
cellular immune responses in the acute phase of dengue
virus (DENV) infection in a marmoset model. Here, we
found that DENV infection in marmosets greatly induced
responses of CD4/CD8 central memory T and NKT cells.
Interestingly, the strength of the immune response was
greater in animals infected with a dengue fever strain than
in those infected with a dengue hemorrhagic fever strain of
DENV. In contrast, when animals were re-challenged with
the same DENYV strain used for primary infection, the
neutralizing antibody induced appeared to play a critical
role in sterilizing inhibition against viral replication,
resulting in strong but delayed responses of CD4/CD8
central memory T and NKT cells. The results in this study
may help to better understand the dynamics of cellular and
humoral immune responses in the control of DENV
infection.
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Introduction

Dengue virus (DENV) causes the most prevalent arthro-
pod-borne viral infections in the world [29]. Infection with
one of the four serotypes of DENV can lead to dengue
fever (DF) and sometimes to fatal dengue hemorrhagic
fever (DHF) or dengue shock syndrome (DSS) [12]. The
serious diseases are more likely to develop after secondary
infection with a serotype of DENV that is different from
that of the primary infection. Infection with DENV induces
a high-titered neutralizing antibody response that can pro-
vide long-term immunity to the homologous DENV sero-
type, while the effect of the antibody on the heterologous
serotypes is transient [22]. On the other hand, enhanced
pathogenicity after secondary DENV infection appears to
be explained by antibody-dependent enhancement (ADE).
Mouse and monkey experiments have shown that sub-
neutralizing levels of DENV-specific antibodies actually
enhance infection [1, 6, 11]. Thus, the development of an
effective tetravalent dengue vaccine is considered to be an
important public-health priority. Recently, several DENV
vaccine candidates have undergone clinical trials, and most
of them target the induction of neutralizing antibodies [20].
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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 TFN-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

@ Springer

that these results were obtained mainly from genetically
manipulated mice such as IFN-a/BR™" and IENyR ™/~
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 (1 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-vy, TNF-a, 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°-107 GE/ml) after subcutaneous
inoculation with 10*-10° plaque-forming units (PFU) of
DENV-2. Moreover, we demonstrated that DENV-gpecific
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.
from

Culture supernatant infected C6/36 cells was

88C
cD3

& WK R R

FsC

CD62L

CcD16

cD3

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.
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CD9s

(a) Profiling of naive, central memory, and effector memory CD4 and
CD8 T cells in total CD4 and CD8 T celis. (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
DHFO0663 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 (1.200; BD Pharmingen), anti-CD8 (CLB-
T8/4H8; 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 name Subpopulation ratios

(Mean + SD: %)

CcD3t 757 + 6.4
CD3*CD4* 65.4 + 6.8
CD37CD4TCD62LTCD95™ (CD4 Ty) 65.9 + 3.7
CD3TCD4TCD62LTCD95H(CD4 Tem) 164 £ 29
CD3"CD4TCD62LCDY5E (CD4 Tey) 195+ 25
CD3*CD8* 29.0 + 8.0
CD3+CD8*tCD62LTCD95™ (CD8 Ty) 66.7 + 10.2
CD3*CD8*CD62LYCD95 (CD8 Tem) 47 +36
CD3*CD8*CD62LCD95* (CD8 Tep) 28.8 + 14.8
CD3CD16 + (NK) 42426
CD37CD16™ (NKT) 51+34

SD: Standard deviation
Resuits shown are mean =+ SD from 3 healthy marmosets

a Springer

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/CD8 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 CDS T
cells in the marmosets by FACS is showninFig. 1a. Human T
cells are classically divided into three functional subsets based
on their cell-surface expression of CD62L and CD95, i.e.,
CD62LTCDY5 naive T cells (Ty), CD62LTCD95™ central
memory T cells (Tcpn), and CD62L~CD95% effector memory
T cells (Tgp) [9, 21, 28]. In this study, CD4* and CD8™ Ty,
Tems and  Tgy  subpopulations were defined as
CD62LTCD95~, CD62LTCD95", 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 CD4™ T
cells in the CD3* subset was 65.4 & 6.8 %. The average
ratios of CD4™ Ty, Tem, and Tey 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, Tcym, 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
NKI1.1 and CDI1d 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”CD16% and
CD3%CD16" lymphocytes in the marmosets. The average
ratios of NK and NKT cell subsets in the lymphocytes were
4.2 £ 2.6 % and 5.1 & 3.4 %, respectively (Table 1). We
observed that the proportions of the major lymphocyte
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a Cjo8s-007

Day 0 Day 2

Days post inoculation

Day 4

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
vRNA was detected in plasma samples from two marmo-
sets on day 2 postinfection (Supplementary Fig. 1a). 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 vVRNA
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% Tey cells drastically
increased to 88.7 £ 2.8 % from 13 + 0.4 % between day
0 and day 2 post-inoculation (Table 2). Reciprocally,

—265-

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%t Ty cells decreased to 1.64+33% from
74.1 + 0.9 % at the same time. CD4™ Tgy; cells main-
tained the initial levels throughout the observation period.
CD8" Tewm 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, NX 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 O 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
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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-¢) Cj08-007,

Subpopulation name

Subpopulation ratio (Mean =+ SD: %)

Days after inoculation

Day 0 Day 2 Day 4 Day 7 Day 14 Day 21
CD3*CD4+CD62LTCD95” (CD4 Ty) 74.1 £ 0.9 1.6 £33 0203 705+ 5.5 64.8 +9.7 60.8 + 5.9
CD3*CD4+CD62LTCDYS T (CD4 Tepm) 134+04 88.7 £ 28 874 £ 0.2 168 £5.0 21.6 £ 65 20 + 64
CD37CD4+CD62L.CD95* (CD4 Tgy) 12.8 + 0.9 95+ 1.0 123 £ 04 123+ 05 134 + 3.2 189 + 1.4
CD3*CD8+CD62L*CD95™~ (CDS8 Ty) 809 + 2.5 25 +£4.7 03403 875+ 323 68.7 79 69.8 & 3.1
CD3*CD8tCD62LTCD95* (CD8 Tewm) 2.1+08 919 + 55 90.6 + 4.2 28405 3.5 + 08 38+12
CD3+CD8*CD62L.CDY5* (CD8 Tgn) 7.8+ 1.6 5.6+ 0.8 90+ 4.1 9.5+ 3.1 27.6 +72 263 + 43
CD37CD16+ (NK) 29402 1.8 4+ 0.6 22409 42 + 09 2.8 + 04 32417
CD3*CD16™ (NKT) 0200 52.6 &+ 17 46.1 + 8.5 1.1+ 05 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 Ty 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

CD3+
CD4+

cDé2L.

CD3+
CD8 +

Profiling of CD4 and CD8 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 VRNA
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. 1c). 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* Tem cells drastically
increased on day 14 post-inoculation. On the other hand,

Days post inoculation

Day 4

cD16

Fig. 4 Profiling of CD4 and CD8 T, NK and NKT celis 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

- 267-

DHFO0663 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
marmeosets 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
DHF0663 strain. (a) Ratios of naive, 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-¢) 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
CD37CD4TCD62LTCD95™ (CD4 Ty) 67.3 + 3.6 57.0 + 4.0 61.9 £ 0.9 344 4 3.6 552 + 14 56.7 + 13
CD3*CD4TCD62LTCD95* (CDAT ) 139+ 13 175 £ 4.1 152 +£25 40.0 £ 13 33.8 £ 10 213 + 12
CD3+CD8*CD62L~CD95* (CD4 Tgw) 18.8 + 22 253409 228 +29 25.6 + 13 203 + 4.0 218+ 1.5
CD3+*CD8 CD62L+TCDY5™ (CDS Ty) 678 + 14 68.4 + 3.7 7717 +46  4224+74  527+55 53.5+98
CD3*CD8*CD62LTCD95™~ (CDS Tem) 39+ 06 74 +28 55+ 1.6 28 + 17 8.1+46 8.6 + 89
CD3"CD8*CD62L " CDY95* (CDS Tgnm) 28 + 14 235+ 6.7 164 + 6.5 283+ 18 382419 37.0 £ 11
CD3~CD16™ (NK) 47+ 1.0 42419 204 1.1 63 +23 51422 73412
CD3*CD16 (NKT) 78+ 1.0 93 +45 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 5
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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™"
Tenm 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
DENYV 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/
CD8 central memory T cells and NKT cells had significant

— 269 —

¢p3

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 DENV 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/CDS 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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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 Ty, resulting in
efficient prevention of DENYV 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 CDS8 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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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-¢) 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
DENYV-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
DENYV 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 aerosolized 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 lavage 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-immunized mice, and levels of Thl- 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, asthima, 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-13.13
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).43
Although the correction of this deviation to Th2-type immune responses is considered to
be necessary to achieve therapeutic and preventive effects on asthma, it is 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 — Th1 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 Thl-type
immune responses and inhibition of IgE by the production of
IL-21 from natural killer T-cells.®'® 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 imnunization 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 Committee 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 ng 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 pg plasmid
DNA encoding Ag85B DNA once on day -7, zero, 14, or 21.
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 pg/mL 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 jg 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 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
Ag858 DNA vaccine on OVA-induced asthma. Mice were subjected to an QOVA sensitization scheme,' and 50 pg of Ag85B 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 lungs of mice that had been administered
Ag85B DNA or control DNA. Al 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 cosin.
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 ug plasmid DNA encoding
Ag835B 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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