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incubation, which was relatively slow compared with cM362-99

(Supplementary Fig. 4). These results suggested that the length of
dsRNA together with the presence of cM362 influences the
internalization speed and retention time in the TLR3-situated
early endosome. 3

The abilities of cM362-dsRNAs to induce cytokine production
* were then examined using splenic DCs from wild-type and TLR3-
deficient mice. cM362-79 and -139 induced a sli §ht increase
in TNF-a and IL-6 production by splenic CD1lc™ DCs in a
TLR3-dependent manner (Supplementary Fig. 5a). Again,
cM362-dsRNAs did not activate cytoplasmic- RNA- sensors in
mouse splenic CD11c™ DCs (Supplementary Fig. 5b). Thus, the
chimeric compound cM362-139 appears to possess novel features
that enable it to be quickly delivered to TLR3-positive endosomes,
retained for a long period in the endosomes, and activate TLR3
but not RIG-like receptor:(RLR).

As a TLR3-specific agonist with high activity, we selected
cM362-139 for further in vivo studies with tumour-loaded mice.

Chemical synthesis of cM362-140,% As chemical synthesis of
sODN-dsRNA is indispensable for complying with good manu-

facturing practice (GMP) criteria, ‘we started trials for chemical

synthesw of cM362-140 (Fig. 1a), and its activity was analysed in
comparison with in vitro transcribed ¢M362-139 (Fig. 1a,b). A
synthesized 165 mer sense cM362-RNA hybrid and a 140mer
antisense RNA, both of which consisted of single bands on 8%
polyacrylamide gel electrophoresis: (PAGE) and high-perfor-
mance liquid chromatography/mass spectrometry analysis were
annealed to make cM362-140 (Fig. la, lower panel). First, the
degradability of ¢cM362-139(IVT) and chemically synthesized
cM362-140 were tested under different conditions. Both com-
pounds were stable during incubation in PBS with or without
10% FBS, mouse serum or human serum at 37°C for 60 min.

cM362-139(IVT) was slightly degraded in PBS containing FBS or
mouse serum but not human serum during incubation at 42°C

(Fig. 1c). Notably, cM362-139(IVT) was susceptible to degrada-
tion by nucleases during incubation in RNase-free water con-
taining 10% FBS or mouse serum, but relatively resistant to
~ human serum (Supplementary Fig. 6). In contrast, cM362-140
was quite stable under all these conditions. Thus, synthetic
cM362-140 consisting of the cM362-capped RNA strand and
antisense RNA strand was found to be more resistant to serum
nucleases than cM362-139(IVT) con51st1ng of three nucleotide
strands. .

cM362-140 activates TLR3 but not cytoplasmic RNA sensors.
cM362-140 efficiently induced TLR3-dependent IFN-B promoter
activation similar to cM362-139(IVT), when it was used to
stimulate HEK293 cells expressing human TLR3 by simple
addition or endosomal delivery (Fig. 2a, left and centre panels).

Activation of cytoplasmic RNA/DNA sensors by cM362-140 was:

hardly observed in HEK293 cells similar to.cM362-139(IVT)
(Fig. 2a, right panel). To address-the potential of cM362-140
for cytokine induction, splenic DCs from wild-type, Tlr3~ /=
or Mavs™'T mice were stimulated with - poly(I:C), <M362-
139(IVT), control syntheticc dsSRNA140 -or .cM362-140, either
alone or complexed with N-(1-(2,3-Dioleoyloxy)propyl)-N, N, N-
trimethylammonium methyl-sulfate) (DOTAP) to-deliver them to
endosomes, or complexed with Lipofectamine to deliver them to
cytoplasm. Extracellular addition of cM362-139(IVT) and
cM362-140 to splenic DCs induced a subtle increase in TNF-o,
IL-6 and IFN-B production compared with poly(I:C) treatment,

whereas synthetic dsSRNA140 (with no GpC) did not induce any

cytokine over the detection limits (Flg 2b, left panels). Endoso-
mal delivery of cM362- 139(IVT) or cM362- 140 with DOTAP also

induced minimal levels of TNF-o, IL-6 and IFN-B dependent
upon TLR3 (Fig. 2b, centre panels). When the compounds were
transfected into cytoplasm with Lipofectamine, MAVS-dependent
cytokine production was barely observed with cM362-140,
whereas: only low levels of IL-6 and IFN-f were induced with
¢M362-139 in TLR3 KO DC (Fig. 2b, right panel). This MAVS
activity may reflect the exposure of a few 5'-triphosphated species

~of cM362 139(IVT) due to minor RNA degradation. These results
f;mdlcate that cM362-140 targets endosomal TLR3 and activate the
“TICAM-1 pathway in both human and mouse cells.

In vivo cytokine induction by cM362-140. Injection of poly(I:C)
into mouse peritoneal cavity strongly induced proinflammatory
cytokine production in a TLR3-independent manner and high
level of TNF-o and IL-6 were detected in sera at 3 h after injection
(Fig. 3a). In contrast, both ¢cM362-140 and cM362-139(IVT)
hardly induced cytokine production and serum TNF-o, IL-6 and
IL-10 levels were very low, which is mediated by TLR3 (Fig. 3a).
Unlike poly(I:C), cM362-140 or -139(IVT) induced undetectable
levels of IFN-B in wild-type mouse sera (Supplementary

,Flg 7). }
A subcutaneous (s.c.) m]ectlon of ¢cM362-140 induced the ~

mRNAs of IFN-B and IL-6, but not TNF-q, in the mgumal and
axillary lymph nodes (LNs) and spleen; the expression level was
lower than that induced by poly(I:C) (Fig. 3b). These results
suggest that TLR3-specific activation with cM362-140 results in

low levels of cytokine production in vivo either by intraperitoneal

(i.p.) or s.c. administration.

EG7 tumour regression by CTL induced by cM362-139/140.

The next question was® whether cM362-139(IVT) causes
tumour growth retardation as observed with poly(I:C). EG7 cells
{a lymphoma cell line containing ovalbumin, OVA). were
‘inoculated into the back of wild-type (WT) C57BL/6 mice, and

the indicated materials were injected s.c. around the EG7 tumour
that developed (Fig. 4). Tumour growth was mildly retarded by
treatment with poly(I:C) or ¢cM362-139(IVT) alone (Fig. 4a).
Combination therapy of OVA and poly(I:C) or cM362-139(IVT)
resulted in complete remission of EG7 tumour > 12 days after the
treatment (Fig. 4a). The results infer that the combination of
RNA adjuvant 4 tumour Ag exerts antitumour immune effect in
spite of the low induction of proinflammatory cytokines.

We next tested whether s.c. injection of cM362-139(IVT) plus
OVA induced CTL proliferation. The OVA tetramer assay and

IFN-y production were employed to evaluate OVA-specific
CD8%'  T-cell activation. Combination therapy of cM362-

139(IVT) with OVA exhibited an increase in the frequency of
Ag-specific CD8+ T cells comparable to poly(I:C) with OVA
(Fig. 4b). Ag-specific CD8 7 T cells clonally proliferated against -
EG?7 as in vitro cytotoxicity was directed exclusively to EG7 in

‘mice stimulated with cM362:139(IVT) with OVA (Fig. 4¢) as'well

as. poly(I:C) with OVA®. EG7 growth retardation by cM362-
139(IVT) with OVA was. largely abrogated in: TLR3 KO mice
(Supplementary Fig. 8), suggesting that cM362-139(IVT) acts on

host TLR3 in vivo: However, mild tumour growth retardation was

still observed with cM362-139(IVT) with OVA in TLR3 KO mice
(Supplementary Fig. 8), implying minor involvement of EG7 cell
TLR3 or other host RNA sensors, such as RLR?® and DEAD-box
helicases?’, in in vivo tumour regression. Yet, tumor cell's TLR3

_signaling and chemokine mductlon might affect tumor remission

(refs 28-30).

We finally tested whether chemlcally synthesized cM362-140
harbours the ability to retard EG7 growth in the same model. The
synthetxc cM362-140 showed ~80% activity for IEN-B reporter
activation compared with cM362-139(IVT) and a  single
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" Figure 2. | TLR3-activating ability of cM362-140 in human and mouse cells. (a) TLR3-dependent IFN-B promoter activation by cM362-140. HEK293
cells:were:transiently transfected with IFN-B reporter and phRL-TK together with (left'and' middle panels). or without:the expression plasmid:for hTLR3
(right panel). Twenty-four hours. after. transfection, culture medium-was removed and 10 pg mi~ " poly(I:C), cM362-139(IVT), dsRNA140:or cM362-140
in fresh medium.(left panel), or the same.compounds complexed with-DOTAP liposomal reagent-(middle-panel); or with'Lipofectamine 2000 (right-panel)

-were-added to: cells. Luciferase activity was measured 6'h (left.and: middle panel)-or 24 h (right panel)-after.stimulation, and expressed as fold induction
relative to. the activity of non-stimulated cells.: Representative: data from-three independent-experiments, each performed-in triplicate, are shown
(mean+s.d))i(b) Splenic CDVic* DCs (1.0 % 10% per ml) isolated from TIr37/~, Mavs™/~ or WT mice were stimulated with 10 pg m! ™! untreated
(left panels); DOTAP.liposomal reagent-conjugated (middle panels) or Lipofectamine 2000-conjugated (right panel) nucleic acids as indicated.
Twenty-four hours after.stimulation,|IFN-f- in the culture supernatants was quantified using ELISA. TNF-o and-1L-6 levels were measured uéing CBA.
Representative: data. from three to five independent experiments are shown (mean +s.d.).

treatment with cM362-140 caused barely any regression of EG7
tumours ‘in this model (Fig. 5a). Nevertheless, combination
therapy with OVA + cM362-140 still induced tumour growth
retardation (Fig. 5a). OVA-specific CD8™ T cells proliferated

and activated in the mice stimulated with OVA + cM362-140,
as assessed by tetramer assay (Fig. 5b) and IFN-y production
(Fig. 5¢). We confirmed -that the induction of OVA-specific
CD8™* T-cell activation by cM362-140 4 OVA largely depends
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Figure 3 | cM362-139(IVT) and.cM362-140 do not induce inflammatory cytokines. (a) Wild-type or T3~/ female mice (9 week) were injected
i.p. with 50 pg poly(I:C), cM362-139(IVT) or-cM362-140 in RNase-free water. At timed intervals, blood was collected from the tail vein and TNF-g, IL-6
and IL-10 levels in each sample were measured using a CBA. Data are shown as the mean* s.e.; n= 3 mice per group. (b) Wild-type or Ticam ~ /=
female mice were injected s.c. with distilled water (DW); poly(1:C) or cM362- 140 in RNase-free water. After 6h, spleen, inguinal and axillary LNs
-were harvested and IFN-B and /-6 mRNA expressions were quantified by gPCR. Data are expressed as the fold induction relative to the expression

in-DW-injected mice and shown as the mean £'s.e;; n=3 mice per group.

on TLR3/TICAM-1 using KO mice (Supplementary Fig. 9).
Although polyIC induces RIP1/3-mediated necroptosis via
TICAM-1 in some tumour lines, cM362-140 was not the case
in EG7 tumour (Supplementary Fig. 10). Hence, TLR3 has
an important role in inducing cM362-140-mediated immune
response and tumour growth retardatlon in-the s.c. setting we
employed in this study.

Antigen-specific CD8 T T-cell priming by cM362-139/140. The
Ag-specific CD8 T-cell priming ability of cM362-139/140 in
tumour-free settings was next examined using spleen and ingu-
inal LN cells. Wild-type mice were injected s.c. with OVA with or
without RNA ad)uvants twice per week. Since OVA-specific
CD8F T cells most proliferated in spleen or inguinal LN 4 days
after the last 1n)ect10n of OVA+ poly(I C) (Fig. 6a), spleen and
LN cells were harvested. from mice 4 days after the last adjuvant

injection. - cM362-139/140 significantly induced OVA-specific
CD8 ™1 T-cell proliferation in the inguinal LN and spleen com-
pared with poly(I:C) (Fig. 6b). OV A-specific IFN-y production in
spleen cells was also efficiently induced by cM362-139(IVT) and
cM362-140 (Fig. 6c). The TICAM-1 pathway was mainly
involved in Ag-specific CD8%1 T-cell activation induced by
cM362-140 (Fig. 6d).

NK cell-mediated B16 tumour regression by cM362-139/ 140.

Usmg a C57BL/6-B16 syngeneic. NK-sensitive tumour-implant
model®, we evaluated NK-dependent antitumour activity of
cM362- 139(IVT) injected s.c. around the pre-formed tumour
(Fig. 7a). Suppressmn of - tumour . growth, determined ‘as
reported previously’, was observed in the group that received
cM362-139(IVT) compared with the water-treated group.. The
retardation of B16 tumour growth appeared to depend on TLR3
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Figure 4 | cM362-139(IVT)- induces CTL-mediated tumour regression.
(@) Antitumour effect of cM362-139(IVT). WT mice were challenged with
EG7 cells, and 7 and 14 days later they were s.c. injected-with control PBS
(@), OVA (A), polyl:C ([) and: OVA + polyl:C (<) or cM362-139(IVT)
(H) or OVA 4+ cM362-139 (4). Tumour. size was evaluated in each group.
All error bars used in this figure show +s.e.m. Data are representative of
two independent experiments. Each group consisted of five mice. *P<0.05
(ANOVA with Bonferroni's test). (b) OVA-specific CTL induction by
cM362-139(IVTY: Left panel: spleen cells7were harvested at day 21 (7 days
after 2nd therapy) and the proportion of tetramer-positive cells/CD8 *
T cells was evaluated. *P<0.05, **P<0.01. Right panel: spleen cells were
harvested at day 21 as for the left panel. The cells were stimulated with
OVA peptide for 3-days and the level of IFN-y in the culture supernatant
was.measured. (¢) Ag-specific cytotoxicity: induced by cM362-139(1VT).
Splenocytes. collected from tumour-bearing mice-at day 21 were cultured in
the presence of immorbilized EG7 for 5 days. Then, the cytotoxicity against
-EG7 (left panel) or C1498 (control, right panel) was measured by 5'Cr
‘release assay. '

and TICAM-1 (Fig. 7a,b). NK1.1" cells were involved in this
tumour growth retardation (Fig. 7c), consistent with the
NK-sensitive pro 3pert1es' of B16 cells. No direct tumour cytolysis
by macrophages®! was associated with B16 growth retardation
in  the  cM362:139(IVT) therapy. Splenocytes from the
cM362-139(1VT)-treated group exerted higher cytotoxmty than
“those from the control group in vitro (Fig. 7d).

_The chemically synthesized TLR3 ligand cM362-140 expressed
a similar tumour-suppressing activity "against B16 implant
‘melanoma in the 'same ‘model (Fig. 7e). This cM362-140-
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Figure 5 |-cM362-140 induces EG7 tumour growth retardation.

(a) Antitumour effect of cM362-140: As in Fig. 4, tumour-bearing mice
were s.c. injected with PBS, OVA, cM362-140 and OVA + cM362-140 at
timed intervals (days 8 and 15). Tumour size was evaluated in each group.
(b) OVA-specific CTL induction by cM362-140. The proportion of tetramer-
positive cells/CD8 T Tcells in spleen was evaluated at day 22 (7 days after
2nd therapy). (¢) Ag-specific IFN-y production induced by cM362-140.
Splenocytes were harvested at day 22 and incubated with OVA peptides for
3 days. The level of IEN- -y in the supernatant was measured by ELISA.
*P<0.05, **P<0.01 (ANOVA with Bonferroni's test).

mediated NK-tumoricidal activity on B16 tumours was abrogated
in Ticaml™'~ mice (Fig. 7e). Thus, ¢cM362-140 suppresses
NK-sensitive tumours in vivo via TLR3 by acting as an NK-
inducing adjuvant.

Discussion

Cancer immunotherapy relies on sultable adjuvants. Many TAA
peptides have been synthes1zed but the lack of an appropriate
adjuvant to induce an immune response against the peptides has
hampered progress in peptide vaccine therapy. Although many

“candidates, most of which were retrospectively recognized as TLR
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Figure 6 | cM362-139/140-induced antigen-specific CD8 T-cell
activation in tumour-free settings. (a) Time-course experiments of
poly(I:C)-induced antigen-specific CD8 T-cell activation in spleen and .
inguinal LN. WT mice were injected s.c. with 100 pl PBS or50pg
poly(1:C) +100 ng OVA twice per week. Spleenfand inguinal LN cells were
harvested at 2,74 or 7 days after the last adjuvant injection and an increase
of OVA-specific CD8 T-cell proliferation was evaluated with tetramer assay.
(b,c) WT mice were injected s.c. with PBS, OVA; OVA'+ 50 pg poly(l:C),
OVA+50pg cM362-139UVT) or OVA+70 ug &M362-140 twice per
week. Spleen:and inguinal LN cel!s were harvested 4 days after the last

adjuvant injection and an mcrease of OVA-specn‘lc CD8 T-cell proliferation

(b) and IFN-y production (€) were then’ eva!uated (b) Proportion of'
tetramer-positive cells/CD8 Tcells in spleen and inguinal LN.: (c) Spleen
cells - were stimulated with OVA (SL8) or WT1 (Db126).peptide for-3 days
and the level of IFN-y in the culture supernatant was measured using a
CBA. NS, no significant' (> 0:05), *P <0.05, **P<0.01, compared with PBS
control (ANOVA with Dunnett's test). (d) cM362-140 4 OVA induced
Ag-specific CTL activation via the TICAM-1 pathway. Wild-type or
Ticam1=/ =~ mice were injected s.c. with PBS, OVA or OVA 4 cM362-140 as
described above. Spleen cells” were harvested 4 days after the last adjuvant
Jinjection and OVA-specific IFN-y productlons were assessed. PBS .or OVA
injection did not induce 1FN-y product:on from spleen cells. The data from
OVA 4+ cM362-140 injection are shown. *P<0.05 (Student's t-test).’

agonists, have been tested in humans , they have not yet been
clinically approved because of their undesxred effects.

In this study, we designed many nucleotide adjuvants and
tested their functional ‘properties. Our approach is timely since
most dsRNA receptors have been identified in the mouse and
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‘Figure 7 | Therapeutic effects of SODN-dsRNA in B16 tumour-implant

model. (a,b) B16 tumour growth in mice after cM362-139(IVT) treatment.
B16 melanoma cells were s.c. implanted’into B6'WT mice(a and b);’
TIr3=/ = rice (a), or Ticam1 ™/~ mice (b). ctM362-139(IVT) or distilled
water was.injected s.c. around the tumour on the day indicated b’y arrow

:and then tumour volume was measured. Data are shown as tumour average

volume # s.e;; n=3 mice per group. *P<0.05. (¢) Effect of NK cell
depletion on cM362-139¢IVT) treatment. Tumour-bearing mice were

“injected with anti-NK1.1 antibody to deplete NK'cells. After 24 h, cM362-

139(IVT) ‘or distilled water was injected into the mice as described in a.
(d) Cytotoxic activity of DX5* NK cells isolated from cM362-139(IVT)-
treated mice. DX5 cells were isolated from B16 tumotir-bearing mice
treated with cM362-139(1VT) or distilled waterfor 18 h; Cytotoxic
activity of DX51 cells against B16 target cells was measured by 5'Cr

‘release assay. (e) B16 tumout growth'in mice after cM362-140

treatment. Tumour-bearing mice were tréated with cM362- 140 as
described in‘a. .
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human'~%, and their structures and properties have been known

for a decade’*~*%, Based on our current understanding of the
dsRNA response, go]y(I;C) activates both TICAM-1 (ref. 35) and
MAVS pathways?® resulting in systemic cytokinemia in mice?%7.
Viral replication. intermediates, double-stranded RNA and
5'-triphosphate- RNA cause activation of the RLR pathway and
robust cytokine production®®, Here we chemically synthesized
and- tested a synthetic compound, cM362-140, an SODN-dsRNA
that entered the endosomes and activated the TLR3/TICAM-1
pathway in vivo. Specifically, ¢M362-140 activated TLR3 in
myeloid cells, including DCs in draining LNs, and induced
activation of NK cells and proliferation of CTL: There was no
systemically significant production of cytokines, including IFNs,
after treatment with cM362-140. Our study establishes the proof-
of-concept ‘that modified or complexed RNA can regulate the
immune response through TLR3 (refs 37,40), and that cM362-
140 performs this function in vivo.

In this study, a systemic increase in the cytokine levels was not
required for the induction of an antitumour immune response.
Instead, a basal cytokine level effectively primed DCs to activate
tumoricidal NK cells and CTL response. Subcutaneous or i.p.
injection of ¢M362-140 barely activated the: RLR pathway,
whereas poly(I:C) activated this. pathway to induce systemic
cytokinemia. cM362-140 activated TICAM-1 for DC maturation,
but. barely induced chemokine production or necroptosis in
tumour cells (Supplementary Fig. 10), which were reported as a
direct action of poly(I:C)zg’ 0. Therefore, cM362-140 eliminates
major inflammatory responses caused by poly(I:C).

The 5'-sODN sequence of cM362-140 targeted the dsRNA to
the endosome and evaded recognition by RIG-I/MDAS. A 140-bp

" stretch of dsRNA was required for TLR3 multimerization and
TICAM-1 activation, but unsatisfactory for endosome target-
ing?®*!, The 5'-sODN sequence of cM362 does not contain a
CpG motif, which stimulates cytokine production via TLRY in
plasmacytoid DC. To prevent Dicer-mediated RNA interference,
RNA sequences specific to human mRNAs were not employed. In
addition, the antisense 5'-end of ¢M362-140 was OH, neither
phosphorylated nor capped, unlike viral or host RNA products.
Although cM362-140 was an artificial compound to circumvent
host innate sensors, its constituents are native and modifiable to
maximize antitumour response. Although the nucleic acid-

. sensing system differs somewhat between mouse and human®*:
generally, human BDCA3 ™" DCs express a high level of TLR3 but
no TLRY (ref. 20), whereas mouse CD8x* DCs express TLR3
and TLR9 (refs 2,18,41), extrapolating results from the mouse and
applying them to the human will be crucial for establishing
human immunotherapy in the future. ’

Type I IFNs have remarkable antiviral and antitumour
properties,. but: sometimes -elicit- severe -side effects during
treatment in patients. For example,.s.c. injection of poly(I:C)
induces. inflammation, erythema and fever’ 2. In clinical trials,
cancer patients. cannot tolerate high doses of poly(L:C), even if
administered via s.c. injection!»#2-44, Poly(I:C) consists of polyl

.and polyC chains of variable lengths that differ in function from

one batch: to: the next, and, for unknown reasons, exogenous
poly(I:C)  activates cytoplasmic RNA sensors®®. By contrast,
cM362-140 is: uniform: It binds TLR3 and fails to activate
cytoplasmic RNA sensors, indicating that immune modulation
by RNA .occurs only. in the draining LNs and tumour
microenvironment®.  Thus, cM362-140 enables us with a
‘defined’ immunotherapy to patients without systemic cytokine
response or. inflammation.

“Several compounds that activate the TICAM-1 pathway. are
clinically available. Monophosphoryl lipid A is a TLR4 adjuvant
that activates the TICAM-2/TICAM-1 cascade via TLR4/MD-2
(ref. 46). However, monophosphoryl lipid A still retains the

TLR4-mediated MyD88 activation, which conceptually different
from sODN-dsRNA that activates a single cascade of PRR.
Although poly(A;U) mildly activates the TLR3 pathway and
induces tZ e I IFN in humans?’, it has far less adjuvancy than
poly(I:.C)* 848 In a short-term clinical trial, poly(I:C,,U), also
known as ampligen, has been shown to be less toxic than other
immunotherapies?”0. Unfortunately, data on its uniformity
and TLR3-specificity as- an-adjuvant are scant. Poly(.C)LC,
another antitumour adjuvant, has shown clinical promise, but
it causes cytokine toxicity, thereby precluding its further
development™®42-4451 Type T IFN induction and the output of
IFNAR activation appear to be predominant in low-dose -
poly(I:C) administration in human volunteers®2. In another
clinical study, a low dose (1.4mg per body) of poly(I:C)LC in
combination with NY-Eso-1, which contains TAA epitopes, has
been shown to mount a tumour-specific T-cell response!l,
Although low doses of poly(I:C)LC induce type I IFN, it only
insufficiently stimulates T-cell proliferation in vivoll. cM362-140
is advantageous over poly(I:C)LC in that a high dose can be used
to specifically activate TICAM-1, but not MAVS in vivo. This is
the first report of the successful chemical creation of a long,
sequence-defined and bioactive TLR3-specific ligand.

The targeting of programmed cell death-1 and cytotoxic
T-lymphocyte-associated protein-4 with monoclonal antibodies
in patients with progressive-staged cancer may provide another
immunotherapy breakthrough®?, Except for an alum adjuvant
that can induce a Th2 response®3?, there is no suitable adjuvant-
TAA combination for immunotherapy. Immune enhancing by
adjuvant would be required since tumour cells can undergo
mutations and survive to circumvent immune attack. A main
problem is that current adjuvant candidates are all inflammatory,
facilitating formation of tumour-supporting microenvironment,
that accelerates genome instability, tumour growth and
progression®®. Here, sODN-dsRNA is a non-inflammatory
adjuvant sustaining DC-mediated NK/CTL activation, its
combining with TAAs will bring a therapeutic benefit to a
number- of patients-with intractable tumours: ,

Methods :
Cell culture, reagents and plasmid. HEK293 cells were maintained in Dulbecco’s
Modified Eagle’s medium (Invitrogen) supplemented with 10% heat-inactivated
FCS (Invitrogen) and-antibiotics. HeLa cells were kindly provided by Dr T. Fujita
(Kyoto University) and maintained in Eagle’s minimal essential medium (Njssui,)
supplemented with 1% L-glutamine and 5% FCS. B16D8 melanoma cells were
cultured at 37 °C under 5% CO, in RPMI containing 10% FCS, penicillin and
streptomycin. EG7 and C1498 cells were purchased from ATCC and cultured in
RPMI-1640 supplemented with 10% FCS, 55 uM 2-mercaptoethanol (2-ME) and
1 mM sodium pyruvate, and RPMI-1640 supplemented with 10% FCS and
25ngml ™! 2-ME, respectively. Poly(:C) was purchased from Amersham
Biosciences. Endotoxin-free ovalbumin was purchased from Hyglos. OVAgsy.564
peptide (SL8), control WT1 peptide (Db126) and OVA (HZK"-SLB) tetramer were
from MBL. Human serum type AB-was from Lonza. ODNs were synthesized

by GeneDesign. Following antibodies were used in this study: Alexa Fluor-568-
conjugated secondary antibody (Invitrogen), FITC-CD8o. (53-6.7) and APC-CD3e
(145-2C11) (BioLegend), and PerCP/Cy5.5-7AAD (BD Biosciences). The human

TLR3 expression plasmid was 'con#tructed in our laboratory®3.”

Preparation of in vitro transcribed sODN-dsRNAs. The leader-trailer sequence

-of a MV laboratory-adapted strain of Edmonston was used as the dsRNA

template?. DNA fragments covering this region of the MV genome and the

T7 promoter sequence were amplified using PCR with specific primers and the
plasmid pCR-T7 MV as a-template. Sense and antisense- MV RNAs from the PCR
products were in vitro transcribed using an AmpliScribe T7 transcription kit
(Epicentre Technologies) according to the manufacturer’s protocol. The
transcribed products were purified by 8% PAGE containing 7 M urea. After

visualization by ultraviolet illumination, the appropriate bands were excised and

eluted with 0.3 M sodium acetate. The eluted RNAs were ethanol precipitated
and resuspended in RNase-free watér: For large-scale preparation of RNAs,
electro-elutions were. performed using. D-Tube Dialyzer Maxi (Novagen) and
eluted RNAs were dialyzed; concentrated and. precipitated with ethanol, The
concentration of RNA was determined by measuring the absorbance at 260 nm in a
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spectrophotometer. To generate sSODN-dsRNA, sODN -+ linker DNA, sense
and antisense RNA were mixed and ‘annealed. SODNs; MV RNA sequences
in SODN-dsRNA"and PCR primers used in this study are described in
Supplementary Tables 1-3.

Preparation of cM362-140. The chemically synthesized Jong RNAs as an-alter-
native to in vitro transcribed RNAs were completed by a ligation reaction mediated
by splint DNA with slight modification. The outline of chemical synthesis was
described below.

To prepare the sense strand of cM362-140, the hgatlon reactions wete )
performed in two steps. First, $2 RNA (40 nmol), S3 RNA (40 nmol) and specific
splint DNA (40-48 nmol) were mixed, heated at 90 °C for 5min and slowly cooled
to 4°C (Supplementary Table 4A,B). Following hybridization, T4 DNA ligase
(Takara) was added and incubated at room temperature for 16-22h. The ligation
reaction mixtures comprised 15.4 iM annealed complex, 66 mM Tris-HCl (pH
7.6), 66 mM MgCl,, 10mM DTT, 0.1 mM ATP and ~31 Upl_I T4 DNA ligase.

As the second ligation, S1 cM362-RNA (40 nmol) and the specific splint DNA
(40-48 nmol) for the second ligation site were added into the first ligation reaction
mixture, hybridized and T4 DNA ligase was added: The mixture was incubated at
room temperature for 16-22 h. The derived ‘full-length 165'mer sense ‘strand was
isolated by 8% PAGE containing 7'M urea and electro-elution. The subsequent
procedure was the same as described in the section describing purlﬁcatlon of
in vitro transcribed RNAs. Overall yield was 8-10%.

To'prepare the antisense RNA: of cM362-140; three fragment RNAs, AS1, AS2
and AS3 (33 nmol each) and the related splint DNAs (33 nmol each) were mixed,
hybridized and then T4 DNA ligase was added. The mixture was incubated at room
temperature for 16-22 h. The following procedure was the same as‘described above.
Overall yield was 15-22%. To generate-cM362-140, sense- and antisense-RNAs
were annealed.

Analysis with microchip electrophoresis. To analyse the cM362-139 complex,
we used a microchip electrophoresis instrument (model’ SV1210; Hitachi
Electronics Engineering Co. Ltd.). The standard procedure for electrophoresis
using 2-mercaptoethanol (ME) has been previously described®>%6. sODN or RNAs
were adjusted to 0.2 pM with water. The sODN/ RNA1/RNA2 complex (designated
cM362-139) and dsRNA (RNA1-+RNA2) were prepared by mixing DNA or RNAs
and hybridizing in water (final concentration 0.4 iM). The sample solution (10 Y
was applied to the sample well of the microchip device and the programme was run
at 600V for 120's (m)ecnon time); then at 1,100V for 180 s (separation time) under
350V of return voltage at 20°C. During the electric separation, DNA or RNA
peaks were detected by laser induced fluorescence and analysed. )

Agarose gel electrophoresis. cM362-139(1VT) and cM362-140 were incubated
in PBS or in RNase-free water with or without serum, for 60-min at 37 °C or 42 °C.
Aliquots containing 0.1-0.2 pg of incubated SODN-dsRNAs were then mixed with
10 x loading dye (Takara Bio Inc.) and loaded onto 3 or 4% agarose gel (Nusieve
3:1 Agarose, Lonza) containing ethidium bromide. After electric separanon, nucleic
complexes were visualized using ultraviolet transilluminator (FAS-III, Toyobo).

Reporter gene assay. HEK293 cells (8 x 10° cells per well) were cultured in
six-well ‘plates and transfected with the: TLR3 expression vector o empty vector
(400 ng per well) ‘together with the reporter plasmid: (400 ng per well)‘and an
internal control vector, phRL-TK (Promega; 20 ng per -well) using Lipofectamine
2000 (Invitrogen). The p-125 luc reporter containing the human IFN-§ promoter
region ( — 125 to '+19). was provided by Dr T..Taniguchi (University of Tokyo).
Twenty-four hours after transfection, cells were collected and resusupended-in
medium with or without -FCS. Then, cells were seeded into 96-well: plates.and
stimulated with the indicated RNAs for 6 h.- The Firefly and Renillg luciferase
activities were determined using a dual-luciferase reporter assay kit (Promega). The
Firefly luciferase activity was normalized to the Renilla luciferase activity and was
expressed as the fold induction relative to the activity in unstimulated vector-
transfected cells. All assays were performed in triplicate.

Cytokine assay. Splenic CD11c* DCs from wild- “type, T3/~ or Mavs™/~
mice were prepared as described previously®3!. Cells 'were suspended in RPMI-
1640 (Invitrogen) supplemented with 10% heat-inactivated FCS and antibiotics and
stimulated with the indicated RNAs. Twenty-four hours after stimulation, culture
supernatants were collected and analysed for cytokine levels by ELISA ‘or-
Cytometric Bead Array (CBA). ELISA kits for mouse IFN-o. and IFN-B were
purchased from PBL Biomedical Laboratories: CBA flex sets for mouse IL-6 and
TNF-a were purchased from BD Bioscience. Experiments were-performed
according to the manufacturer’s instructions and samples were analysed using the
Facs Aria (BD Bioscience).

Confocal microscopy. Hela cells (1. 0 x 105 cells pef Weil) were cultured on
microcover glasses (Matsunaml Glass Ind,, Ltd) ina 12-well plate. Three hours
after seeding, cells were transfected with GFP-fused Rab5a or Lamp1 usmg

BacMam systems (Cell Light Early Endosomes-GFP BacMam 2.0 or Cell Light
Lysosomes-GFP BacMam 2.0, Life technologies) or left untreated. Sixteen hours
after transfection, cells were incubated with 15ugml~! Cy3 -labelled cM362,
cM362-dsRNAs or dsRNAs for 30 min at 4 °C. Cells were washed twice and further
incubated at 37 °C. And then, cells were fixed with 4% pataformaldehyde at the
time points-indicated. The coverslips were mounted onto slide glass with Prolong
Gold with DAPI for nuclei staining. Cells were visualized at a x 63 magnification
using a Zeiss LSM520 META microscope (Carl Zeiss Microscopy GmbH).

Quantitative PCR (gPCR). Total RNA was extracted using the Trizol reagent
(Qiagen) and reverse-transcribed using a high-capacity cDNA Reverse
Transcripition kit (Applied Biosystems) and random primers according to the
manufacturer’s instructions. QPCR was performed using specific primers for
mouse GAPDH, IFN-p; IL-6 and TNF-o. (Supplementary Table 5) and the Step One
Real-time PCR system (Apphed Blosystems)

Mice. Tzcaml ~/= and Mavs ™/~ mice were made in our laboratory and-back-
crossed more than eight times to adapt C57BL/6 background®!0, Inbred C57BL/6
WT mice were purchased from CLEA Japan. T/r3 ™/~ mice were kindly provided
by Dr S..Akira (Osaka University). Mice were maintained-under specific pathogen-
free conditions in the-animal facility of the Hokkaido University Graduate School
of Medicine. Female mice 6-12 weeks of age were used in all experiments, all of
which were performed according to the guidelines issued by the Hokkaido
Unijversity Animal Care and Use‘Committee.

In vivo- mouse cytokine assay. Wild- ty'pe and T3/~ mice (9 weeks) were .
injected ip. with 50 ul (50 pg) poly(l C), ¢M362-139 (IVT) or cM362-140, and
blood was collected from the tail vein at timed intervals. Cytokine levels in sera
were measured using a CBA. In some cases, wild-type and Ticam1 =/ ‘mice were
s.c. injected with 75 ul (75 pg) poly(L:C) or cM362-140; After 6 hi, mice were killed
and drainiing inguinal LN, axillary LN and spleen were harvested'®, IEN-B, IL-6 or
TNF-0. mRNA expression in these lymphoid organs was measured by GPCR.

Tumour challenge: and sODN-dsRNA treatment.: Mice 6-10 weeks of age were
used in all experiments. Mice were shaved -at the back and injected *. .
s.c. with 200 pl of 6 x 10° B16D8 cells in PBS (— ). Tumour: volumes were.
measured at regular intervals using a caliper’. Tumour volume was calculated
using the following formula: tumour volume. (cma) = (Iong dxameter) x (short
diameter)? x 0.4. 75 pl (75 ng) sODN-dsRNAs or distilled water withno detectable

- LPS was mixed with in vivo- “JetPEI (Polyplus) a polymer-based transfecnon

reagent, according to the manual and then injected :s.c. around the tumour.
Treatment was started when the average tumour volume of 0.4-0.6 cm® was
reached. To deplete NK cells, we injected titrated anti-NK1.1 ascites (PK136) ip.
in tumour-bearing mice the day before sODN- dsRNA treatment. Depletion of
NK1:1+ cells was verified by flow cytometory.

In the case of EG7 cell challenge, mice were injected s.c. with 200 pl of 2 x 108
syngemc EG7 cells in'PBS ( —). When'the average tumour volumes reached
~0.6 cm?, 50 ul of 100 pg endotoxin-free ovalbumin in PBS ( ~) ‘with or without
50 ul of 50 g poly(1:C) or sSODN-dsRNA ‘was injected s.c. around the tumour. PBS
(=) (100 i) was used'as a control Treéatments were performed tw1ce per week

CTL activity in tumour-bearing mice after adjuvant ~therapy, Female mice
6-10 -weeks of age were used for this study. Splenocytes-were harvested from
tumour-bearing mice at.7 days after the last adjuvant treatment. In the case of
tumour-free settmgs, spleen and inguinal LN- cells were: harvested. from wild- type
or Ticaml ™'~ mice 4 days after the last adjuvant injection. The cells were stained
with FITC-CD8u (1:200), PerCP/CyS 5-7AAD (1:200), APC-CD3g (1:200) and
PE-OVA-tetramer (1:50) to detect Ag-specific CD8 * T cells. To evaluate cytokine
production, splenacytes (2 x 108 per 2001l per. well) were cultured for 3 days in the
presence of 100 nM OVA peptide (SL8: SIINFEKL) or control WT1 pepnde
(Db126: RMFPNAPYL) and IFN-y production was analysed with CBA or ELISA. .
To assess the cytotoxic activity of CTLs, splenocytes 1x 10° per ml) were co-
cultured with mitomycin C-treated EG7 cells (5 X 10° 'per ml) in the presénce of
10 Uml~ 1 1L-2 for 5 days. Then, the cells were incubated with >!Cr-labelled EG7
or C1498 cells for 4h and determined Cytotoxxc actmtyw The cytotoxxcxty was
calculated by this formula: Cytotoxmty (%) = {(experimental release — spontaneous
release)/(total release——spontaneous release)] % 100.

Cytotoxic activity assay of NK cells. Mice bearing B16 tumour were injected s.c.
with ¢M362-139(IVT) ‘mixed with in vivo-JetPEL-After 18'h, mice were killed and
DX5 T NK cells were isolated from spleen using DX5-positive selection microbeads
(Miltenyi) according to the manual®. B16 cells were labelled with >1Cr for .1 h and
then washed three times. with. medmm DXS * cells and *Cr-labelled B16-cells
were co-cultured at the indicated ratio®. After 4h; supernatants were harvested
and 5ICr release was measured in each sample. Speaﬁc lysis was calculated by the
following formula: cytotoxicity (%) = [(experimental release — spontaneous
release)/(total release — spontaneous release)] x 100,
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“Statistical analysis. The significance of differences between groups was
“determined by the Student’s {-test. In tumour-implant or -free mouse experiments,
one- way analysis of variance with Bonferroni’s multiple-comparison test or
‘Dunriett” s test was performed to analyse statistical significance,
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introduction

Vaccination is a beneficial and universal tool to prevent
infectious disease [1]. Because most vaccines are derived from
inactivated virus, bacteria or toxoids, contamination by incom-
plete inactivation can cause serious adverse events.. Thus,
historically, the safety of vaccines is strictly regulated by law and
each batch of vaccine must be tested by the National Control
Laboratories according to the guidelines published in each
country, e.g. the European Pharmacopeia, United States Pharma-
copeia and World Health Organization guidelines [2]. After the
diphtheria toxoid (DT) immunization incident-in Japan in 1950
that caused the death of 68 children and illness in over 600 infants
owing to contamination by incomplete inactivation of DT [3], the
abnormal toxicity test (ATT) (also known as general safety test) was
introduced to the Japanese guidelines. This stated that the
minimum requirement of biological products (MRBP) and all

PLOS ONE | www.plosone.org

inactivated vaccines and toxoids was mandatory safety evaluation
by ATT and other specific toxicity tests.

Influenza vaccine is one of the most widely used commercially
available vaccines worldwide for preventing seasonal influenza and
its complications. Influenza virus vaccine is mainly produced using
embryonated fertilized chicken eggs and inactivated with formal-
dehyde. Whole particle influenza virus vaccine [WPv] was first
licensed as an influenza vaccine in the US in 1945 [4] and is still

used in some countries. Although WPv contains all the compo-

nents of the influenza virus and induces strong immunity in the

‘vaccinated individual, a high incidence of adverse events,

including local reactions at the site of injection and febrile illness,
particularly among children have been reported {5,6]. Thus, most
recent vaccines manufactured since the 1970s have been subvirion
vaccines. The subvirion influenza HA vaccine [HAv] showed a

‘marked reduction of pyrogenicity compared with WPv [7]. The

trivalent influenza vaccine [TIV] is a recently developed subvirion

July 2014 | Volume 9 | Issue 7 | 101835
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influenza vaccine with components selected and updated each
year to protect against one of the three main groups of circulating
influenza virus strains in humans. TIV may be administered every
year. Vaccine adjuvant, e.g. alum, MF59 and AS03, was also used
to enhance immunity in preparation for the HSN1 pandemic [8].
To improve immunogenicity and reduce toxicity in addition to
batch-to-batch quality assurance of influenza vaccine, seed ‘lot
systems, recombinant DNA technology, as ‘well “as animal and
insect cell culture inactivated vaccine: producuon systems were
introduced. Despxte the increase in many. vaccine production
platforms, adjuvants, additives and vaccine types, safety evaluation
tests in the preclinical phase and batch release have “been
unchanged in-most countries, including mjapan

We previously reported that improved ATT could evaluate and
assure the batch-to-batch consistency of vaccines more strictly
compared with conventional methods [9]. In addition, we recently
introduced a system biological approach to vaccine safety
evaluation and demonstrated that specific biomarkers could be
used to evaluate batch-to-batch consistency and safety of vaccines
to diphtheria-pertussis-tetanus  (DPT) [10,11] and Japanese
encephalitis virus (JEV) [12]. Most recently, we showed that a
system biological approach could evaluate the safety of pandemic
H5NI influenza vaccine [13]. We found 20 biomarkers for the
evaluation of batch-to-batch consistency and the safety of H5NI
vaccine compared with HAv. :

In this study, we tested whether these biomarkers could evaluate
batch-to-batch consxstency nd the, safety of seasonal HAv, as well
as adjuvanted whole virion-derive
multiplex gene’ detectlon
evaluation of batch-to- batch con51stency of HAv and reduce the
time requlred for batch release compared with conventional ATT.

These biomarkers will help the future development of new i vitro

Table 1. Biomarkers to evaluate influenza vaccine safety.

influenza vaccine, using a
sterm. Thls method might facilitate the.

System Vaccinology for Evaluating the Safety of Influenza Vaccine

methods to evaluate vaccine safety as an alternative to animal
testing.

Materials and Methods

1. Animals and Ethics statement

Eight-week-old male Fischer (F334/N) rats weighing 160200 g
were obtained from SLG (Tokyo; Japan). Al animals were housed
in rooms maintained at 23+ 1°C, with 50+ 10% relative humidity,
and 12-h light/dark cycles for at least 1:week prior to the test use.
All animal experiments were = performed according to the
guidelines of the Institutional Animal Care and Use Committee
of the National Institute of Infectious Diseases (NIID), Tokyo,
Japan. The study was approved by the Institutional Animal Care
and Use Committee of NIID,

2. Vaccines

The following vaccines were used in this study: (1) PDv:
inactivated monovalent A/H5N1 whole-virion influenza vaccine
(derived from NIBRG-14: A/Vietnam/1194/2004) adjuvanted
with aluminum hydroxide, containing 30 pg HA/ml; (2) WPv:
inactivated whole trivalent influenza vaccine (A/Newealedonia/
.20/99 (HIN1); A/Hiroshima/52/2005 (H3N2), and B/Malaysia/
2506/2004); HAV: trivalent HA influenza vaccine (A/Solomon
Island/372006 (HIN1), A/Hiroshima/52/2005 (H3N2), and B/
Malaysia/25067 2004) containing 30 ug HA/ml each strain. For
evaluation of commermally dlStI‘lbuth HAV in Japan, we used
: sland/3/2006

(HINL), Al H'rosh]ma/ 52/ 2005 (H3N2) and B/ Malaysxa/ 2506/

2004), containing 30 g HA/ml per strain. ‘PDv ‘and WPy were
produced, and manufactured by the Chemo-Sero-Therapeutic
Research Institute, Kaketsuken (Kumamoto, Japan). Licensed and
authorized HAvs were purchased from four different manufactur-

Official ~Symboly Official Full Name

Cxelll

ifia7 : Interferon gamma inducible protein 47

Gene ID

305236

1266732

246208

doi:10.1371/journal.pone.0101835.t001
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“Figure 1. Optlmuiatlon of QGP in influenza vaccine safety evaluation. A) Gene expreséion of Actb, Gapdh' B2m and C2 and B) biomarkers, in
0.2, 2 and 20"'ng RNA-containing samples from SA- and WPv-treated rat lungs. Relative expresston levels of the Gapdh gene are indicated. SA: saline,

WPv: Whole:particle virion influenza vaccine.
doi:10.1371/journal.pone.0101835.9001

ers [HAV (Lot LOBA) from " Kaketsuken (Kumamoto), HAV (Lot v

309) from Kitasato Institute (Saitama), HAv (Lot 343-A) from

“Denka Seiken Co; Ltd: (Tokyo); HAv: (Lot HA082D) from Biken

(Kagawa)] in Japan. All vaccines complied with the MRBP in

Japan: HAv used in this study was tested and authorized by NCL ’

(National Contml Laboratory) for distribution in Japan.
3. Abnormal toxncnty test

ATT was performed according to the MRBP [http://www.nih.
go.jp/niid/en/mrbp-e.html] using rats with a slight modification.

PLOS ONE | www.plosone.org

Each 5 ml of vaccine was intra-peritoneally (z.5.) injected into rats.
Five milliliters of saline ‘(SA) (Otsuka normal saline; Otsuka

- Pharmaceutical Factory Inc., Naruto, Tokushima, Japan) was up.
injected as a control. One day after the injection, rat body weight
was measured and-peripheral blood was collected. The number of
white blood cells was counted with a hemocytometer (Nihon
Kohden, Japan).
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Figure 2. Validation of QGP with real-time PCR methods. A) GQP result was validated with real-time PCR methods:. Bar graph indicates the
real-time PCR results and dot blot indicates QGP results. B) Biomarkers were classified into three grades according to the relative expression level

compared with WPv-treated rats.
doi:10.1371/journal.pone.0101835.g002

4. RNA preparation .

One day -after injection, rats were sacrificed to obtain whole
lung tissues. Organs were immediately frozen in liquid nitrogen for
storage. Thawed tissue was homogenized and mixed with an
Isogen reagent (Nippon Gene, Tokyo, Japan). Total RNA was
prepared from the lysate in accordance with the manufacturer’s
instructions. Poly (A)+ RNA was prepared from total RNA with a
Poly (A) Purist Kit (Ambion, Austin, TX), according to the
manufacturer’s instructions.

PLOS ONE | www.plosone.org

5. Quantitative RT-PCR analysis

Poly (A)+ RNA was used to synthesize first-strand cDNA using a
First-strand cDNA Synthesis Kit (Life Science Inc., St. Petersburg,
FL), -according . to ' the manufacturer’s -instructions. Expression
levels of biomarkers (Table 1) were analyzed by real-time .
polymerase chain reaction (PCR) using a 7500 Fast Real-Time
PCR System (Applied Biosystems, Foster City, CA) with.7500 Fast
System SDS Software Version 1.3. cDNA was amplified for real-
time PCR using SYBR Green I (Molecular Probes Inc:) to detect
the PCR products. One microliter of 6-fold -diluted ¢cDNA was

July 2014 | Volume 9 | Issue 7 | €101835"
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tissues collected at day 1 after injection. B) Body weight change at day 1

after injection. NT: nontreated rat, SA: saline, PDv: pandemic H5N1 whole

virion—denved vaccme wnh alum adjuvant, WPv: whole partlcle virion influenza vaccine, HAv: influenza HA vaccine, Man: manufacturer.

usedﬁ‘in a 20-ul final volume reaction containing 10 I SYBR
Green PCR Master Mix (Applied Biosystems), and forward and
reverse prirhers’were as déscribéd,previously [13). The 7500 Fast

or 15 s) and extension;: (60"0 for | min). Product synthesis
was monitored at the end of the extension step of each cycle. Gene
. expresswn values were normahzcd against rat GAPDH.

6. Quanthene Plex assays

QuantiGene Plex (QGP) assays.were performed ‘according to
the QuantiGene Plex Reagent System instructions (Panomics Inc.,
Fremont; -CA), as- described previously: [I'1]. Briefly, 10 ul of
starting poly (AH+RNA (50 ng) was incubated for 10 min at 65°C,
then mixed with 33.3 ul of lysis mixture, 40 pl of capture buffer,
2 pl of capture beads, and 2 pl of the target gene-specific probe
set. Probe sets were heated for 5 min prior to use. Each sample
mixture was then dispensed into-an individual well of a capture
plate; sealed -with foil tape and incubated at 54°C for 16-20 h.
The hybridization mixture was transferred to-a filter plate, and the
‘wells were washed three times with 200 pl of wash buffer. Signals
for -the bound target mRNA were developed by sequential
hybridization with- branched DNA (bDNA) amplifier, and biotin-
conjugated label probe, at 48°C for 1 h each. Two washes with
wash buffer: were used to remove unbound material after each
hybridization step. Streptavidin-conjugated- phycoerythrin was
added to the “wells ‘and incubated at room temperature for
30 min. The luminescence of each well was measured using a

PLOS ONE | www.plosone.org

Luminex 100 microtiter plate luminometer (Luminex). Two
replicate assays measuring RNA directly (independent: sampling
n=6 for mRNA, n=3-5 for lysate) were performed for all
described experiments. The 20 target genes and GAPDH mRNA
were quantified, and the ratio of the target genes to GAPDH
mRNA was calculated. ‘

7. Statistical analysis

Multiple comparisons were performed for SA, PDv, WPv and
HA. To determine differences between manufacturers, multiple
comparisons were performed for SA and HA from manufacturers
A, B, C and D. Statistical analysis was performed in GraphPad
Prism 6 (GraphPad Software, La Jolla, CA) using an ordinary one-
way “analysis of variance test followed by a Tukey multiple
comparison test.

Resulits

Optimization of multiple gene detection system,
QuantiGene Plex, for safety evaluation-of the influenza
vaccine

We previously reported that 20 selected genes (Table 1), from
76 differentially expressed genes in” adsorbed PDv-treated rats,
could be used as biomarkers to evaluate H5N1 influenza vaccine
safety compared with other types of influenza vaccine using
conventional real-time PCR [13]. To establish faster and more
convenient methods to detect these biomarkers in one-step as a
new vaccine safety test, we used QuantiGene Plex (QGP)

July 2014 | Volume 9 | Issue 7 | €101835
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doi:10.1371/journal.pone.0101835.g004

identified biomarkers. The Panomics QGP 2.0 assays providéd
quantitative measurements of 3 to 80 target RNAs per well by

technology (Panomics Inc., Fremont, CA). We designed a custom
QGP 2.0 assay to enable the measurement of expression levels of

PLOS ONE | www.plosone.org 6 July 2014 | Volume 9 | Issue 7 | e101835
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using: bDNA ‘fécﬁnology in conjunction with multi-analyte
magnetic ‘beads to. provide the -detection and. quantitation of
multiple’ mRNA targets simultaneously. bDNA' technology is a

hybridization-based inethodology that uses labeled DNA probes to -

amplify the sighal rather than the target mRNA. Here, we
produced probes for 20 genes and two control genes. (4cth.and
" Gapdh) for the one-step. detection and quantification of these
biomarkers. To check the sensitivity of probes and dynamic range
of our biomarkers, we prepared 0.02,'0.2, 2 and 20 ng total RNA
samples from WPv and SA-treated rat lungs and performed QGP
analysis. Two control-genes and two biomarkers (f2m- and C2)
reacted; in - a dose-dependent manner  (Figure 1A). We re-

PLOS ONE | www.plosone.org

‘the bar graph. B) Hierarchical[cluthering ‘analysis with biomarkers could predict differences in HAv manufacturers as B is located

[

evaluated: all probes with the same: sample. Each biomarker
reacted in a dose-dependent manner (Figure 1B) except Ngfr and

" Npel. Therefore, 20 ng of RNA sample was used for multiplex

gene detection. All biomarkers except $2m reacted in a dose-
dependent manner. f2m was saturated when using 20 ng RNA
sample; thus f2m could.not. be used for QGP analysis.

Validation of QGP with real-time PCR

To validate QGP, we performed real-time PCR analysis using
the same samples. As a result, most biomarker gene expression
data from the QGP correlated with the real-time PCR result
except for f2m, Npcl (Figure 2) and Ngfr (data not shown). Finally,
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Tap Independent
Pathway-

T Induced by H5N1Influenza vaccine/ WPv

System Vaccinology for Evaluating the Safety of Influenza Vaccine

' Chemotactic

: T - effect

Timpl

Figure 6. Summary of biomarker studies. Biomarkers used in this study were strongly correlated with immune responses after influenza

infection.
doi:10.1371/journal.pone.0101835.g006

17 genes were selected as the multiplex detection biomarker set.
We next determined the relative biomarker expression levels in
HAv-treated rat lungs compared with WPv used as.a reference
toxicity vaccine in the leukopenic toxicity test (LTT) in Japan. We
classified Cxcll1, Cxel9, Zbp1, Mx2, Irf7 and Lgals9 as a “Grade 17
gene set where relative expression levels in HAv compared with
WPv were less than 10%. Likewise, we classified Ifi47, Tapbp, Csf1,
Timpl, Trafdl, Lgals3bp and Psmb9 as a “Grade-2” gene set where

" relative expression levels were less than 20% and C2, Tap2, Ifrd!
and Psmel as a “Grade 3” gene set where relative expression levels
were less than 40% in HAv compared with WPy. In Japan, it is
acceptable for leukopenic toxicity levels of HAv to be not more
than 20% of WPv by LTT. We applied LTT criteria for selecting
and subdividing these biomarkers into three grades with expres-
sion levels below 20% of WPv and others.

Evaluation of HAv safety in Japan using ATT and QGP
To evaluate the toxicity of seasonal HAv using biomarkers, we
purchased market authorized seasonal influenza vaccines distrib-
. uted in Japan from four different manufacturers (Kaketsuken,
Denka Seiken, Kitasato, and Biken). Although the vaccines have
been evaluated and passed ATT by the NCL according -to the
Japanese guidelines for MRBP; the reactogenicity:of the vaccine to
animals (rats, mice and guinea pigs) was varied. To evaluate these
differences, we performed ATT and checked the body weight
changes of rats after i.p. injection of each HAv (Figure 3A).
Although treatment with PDv or WPv (toxic reference whole
virion-derived vaccines) significantly decreased the body weight of

PLOS ONE | www.plosone.org

rats, HAvs from three different manufacturers had no’effect on
body weight. HAv from manufacture B reduced the body weight
of rats at day 1. (Figure 3B). However, there was no significant
difference in rat body weight change for the other HAvs; thus HAv -
from manufacturer B might be slightly different, when comparing
the mean body weight at day 1. In addition, there was no
significant differenice in leukocyte numbers following administra-
tion of HAv from the four manufacturers (data not shown). To
evaluate the differences of each HAv, we next performed multiplex
biomarker detection by QGP. No biomarkers were significantly
up-regulated in HAv-treated rats compared with controls (Figure 4)
except for Psmb9. Furthermore, Psmb9 expression was significantly
up-regulated following administration of HAv from manufacturer
B compared with the control SA-treated and HAvs from the other
manufacturers. The expression levels of C2 and Trafdl were also .
significantly “up-regulated “in the HAv from  manufacturer B
compared with the HAv from manufacturer C.

Biomarkers to evaluate safety of adjuvanted influenza
vaccine ,

 Both PDv and WPv contain the whole virion influenza vaccine
and’ alum adjuvant is only added to PDv to enhance its
immunogenicity. There was no difference in body weight change
between WPv- and PDv-treated rats (Figure 3B). However, among
the 17 biomarkers, the expression level of three genes, Cxcl9, Timpl
and Trgfdl in PDv-treated - rats were significantly decreased
compared with WPv-treated rats (Figure 4). Thus, these biomark-
ers could potentially evaluate the aluminum adjuvant effect.

July 2014 | Volume 9 | Issue 7 | 101835
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Figure 7. Application of the system biological approach for influenza vaccine development. Proposed model of future influenza vaccine
development and establishment of preclinical studies and batch release testing. Acquisition of transcriptome data at the preclln!cal and clinical phase
is useful for future batch release testing and the prediction of vaccine efficacy and toxicity.
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Cluster analysis of QGP data predicts influenza vaccine
safety
Conventional animal tests such as ATT and LTT have been

performed in Japan for the evaluation of influenza vaccine safety
and tox.u:lty Despite applying, these  tests that evaluate whole
virion- derlved influenza vaccine from HAv, it is difficult to
. dlstmgulsh statlstlcally between different HAvs if they do.not have
~comparable toxicity greater than 20-50% to- WPv. Accor dmg to
the body weight change observed with ATT, we speculated that
HAv from manufacturer B was slightly different than the others
tested (Figure 3B), although this was not statistically significant.
However, when biomarkers were used with QGP to evaluate
- HAvs, we could distinguish the HAv from manufacturer B
compared with those from other manufacturers. When we focused
on biomarker expression among the HAv-treated rat lungs, the
expression levels.of Zbpl, MX2, Timp1, Lgals3bp, Tapbp, Lgals9, Irf7
and C2 were significantly up-regulated in rat lungs treated with
HAvs from manufacturer B (Figure 5A). In addition, cluster
© analysis with the biomarkers predicted differences in HAvs as the
‘vaccineé from manufacturer B was located in a separate cluster
from the other HAvs. Thus, these biomarkers can evaluate batch-
~to-batch and manufacturer~to—manufacturer differences in HAvs
~ (Figure 5B). ' '
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Discussion

Vaccine safety-is critical in the process of vaccine development
and universal vaccination. Several vaccines were stopped owing to
safety concerns, including severe side effects, after they had
received marketing authorization-and licensing, even when they
were effective [14]. To ensure the safety of vaccines, the preclinical
phase in the development of vaccines and the batch release system
after marketing ‘authorization is critical. However, the guidelines
for nonclinical assessment of vaccines and batch release tests only
focus on the evaluation of vaccine efficacy and immunogenicity in
animal models, quality control testing programs and toxicology
testing in relevant animal models [15]. These guidelines do not
iriclude scientific research for 1dent1fymg the potential toxicities of
the vaccines, adjuvants.and additives: :

We have demonstrated the advantage of a system biological
approach using several vaccines authorized in Japan, eg. DPT,
JEV and Influenza vaccine including H5N1 pandemic influenza
vaccine [10-13]. We successfully identified several biomarkers to
evaluate DPT, JEV -and influenza vaccine toxicity. In this study,
we: demonstrate that the biomarkers used to evaluate H5NI
pandemic influenza vaccine could also be used to evaluate the
batch-to-batch .consistency and the safety of HAvs. In addition,
they can be used to evaluate -manufacturer-to-manufacturer
differences. using the “multiplex . gene detection . system. The
biomarker analysis correlated to- findings from conventional
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animal use tests, such as ATT. In addition, sensitivity of toxicity
detection and differences in HAvs was higher and more accurate
than with conventional methods. Despite all the HAuvs evaluated in
this study meeting MRBP criteria and passing NCL, our results
suggest that HAV from manufacturer B is slightly different than the
HAvs according to Lgals3bp, Tapbp, Lgals9, Ff7 and C2 gene
expression. Among the official vaccine adverse event information
provided by the Japanese authorities, there is no reported evidence
that the adverse event rate was.increased or that severe adverse
events were observed caused by HAv from manufacturer B. It is
still unknown what factors (additives, formalin content, protein
content) induce these biomarkers in the HAv from manufacturer
B. Further studies are needed to determine whether our
biomarkers could predict the toxicity of influenza vaccine by

using different formulations of HAv. Using biomarkers from any '

grade characterized in‘this study, we could also predict the safety
of influenza vaccines within 2 days whereas the' conventional
animal use safety test, ATT requires 7 days for evaluating batch-
to-batch consistency and vaccine safety. Further studies are needed
to determine how these biomarkers can be used to evaludte the
safety of HAv. To set the percent limit of' up-regulation of each
biomarker, it might be helpful to compare another conventional
test such as LTT [[http://www.nih.go.jp/niid/en/mrbp-e.html]]
as well'as a comparison of failed batches of HAv. LTT evaluates
the peripheral leukocyte number reduction rate compared with
WPyv. In general, WPv induces a strong loss of peripheral leukocyte
numbers 16 hours after WPv administration in mice [9 and 28].
The test criteria of LTT is that the loss of leukocyte numbers in
test samples must be no greater than 20% compared with a
reference toxic vaccine such as WPy or less than 50% of SA-
treated mice. These criteria may be applicable to set our
biomarker expression limit. Further validation is required to set
the limit the gene expression level.

Influenza is a socially important infectious disease that causes
seasonal flu outbreaks worldwide and has a pandemic status [16].
Correspondingly, many types of influenza vaccine (cell derived,
recombinant derived, live attenuated and inactivated influenza
vaccine), have been developed to ensure efficacy and reduce

toxicity [17]. While some adjuvants have been developed and used -

to amplify vaccine efficacy [8], the safety of adjuvants is still of
concern. Recently, several adjuvants (squalene-based MF59 and
AS03) developed and licensed for use only in pandemic influenza
.vaccines were under investigation for the occurrence of narcolepsy
in vaccinated children in European countries [18]. Conventional
safety tests could be used to evaluate the safety of these vaccines
[19], but it is still difficult to predict the safety and toxicity of
influenza vaccines, adjuvants and additives [20]. We demonstrated
that usage of system biological approaches to evaluate safety might
revolutionize vaccine testing methods [21]. Most of the previously
identified biomarkers: were up-regulated and correlated with
influenza infection, interferon responses, antigen presentation
and antibody production (Figure 6). In addition, we found that
several biomarkers, Cxcl9, Trafdl, and C2 were candidates for
evaluating differences between alum-adjuvanted influenza vac-
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acquisition of whole transcriptional data from vaccinated individ-
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vaccineés to yellow fever, measles, tularemia and tuberculosis [22].
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Taken together, system biological approaches to identify
vaccine toxicity using whole genome transcriptome methods will
improve vaccine development in preclinical and clinical phases if
more data are generated from successfully vaccinated individuals
and those with side effects. It is still unclear whether and how these
factors determine immunogenicity and toxicity. Further studies are
required to identify and reveal the mechanisms underlying
vaccination in humans and in animal models, including nonhu-
man primates.
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