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with a combination adjuvant composed
of alpha-p-glucan nanoparticles and a STING
agonist elicits cross-protective immunity in pigs
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Abstract

Background: Swine influenza A viruses (SwlAVs) pose an economic and pandemic threat, and development of novel
effective vaccines is of critical significance. We evaluated the performance of split swine influenza A virus (SwlAV)
H1N2 antigens with a plant-derived nanoparticle adjuvant alone (Nano-11) [Nano11-SwlAV] or in combination with
the synthetic stimulator of interferon genes (STING) agonist ADU-5100 (NanoS100-SwlAV). Specific pathogen free
(SPF) pigs were vaccinated twice via intramuscular (IM) or intradermal (ID) routes and challenged with a virulent het-
erologous SwIAV HIN1-OH7 virus.

Results: Animals vaccinated IM or ID with NanoS100-SwlIAV had significantly increased cross-reactive IgG and

IgA titers in serum, nasal secretion and bronchoalveolar lavage fluid at day post challenge 6 (DPC6). Furthermore,
NanoS100-SwlIAV ID vaccinates, even at half the vaccine dose compared to their IM vaccinated counterparts, had
significantly increased frequencies of CXCL10™ myeloid cells in the tracheobronchial lymph nodes (TBLN), and IFNy*
effector memory T-helper/memory cells, IL-17A" total T-helper/memory cells, central and effector memory T-helper/
memory cells, IL-17A% total cytotoxic T-lymphocytes (CTLs), and early effector CTLs in blood compared with the
Nano11-SwlAV group demonstrating a potential dose-sparing effect and induction of a strong IL-17A% T-helper/
memory (Th17) response in the periphery. However, the frequencies of IFNy™ late effector CTLs and effector memory
T-helper/memory cells, IL-17AY total CTLs, late effector CTLs, and CXCL10™ myeloid cells in blood, as well as lung
CXCL10" plasmacytoid dendritic cells were increased in NanoS100-SwIAV IM vaccinated pigs. Increased expression of
IL.-4 and IL-6 mMRNA was observed in TBLN of Nano-11 based IM vaccinates following challenge. Furthermore, the chal-
lenge virus load in the lungs and nasal passage was undetectable in NanoS100-SwlIAV IM vaccinates by DPC6 along
with reduced macroscopic lung lesions and significantly higher virus neutralization titers in lungs at DPC6. However,
NanoS100-SwlIAV ID vaccinates exhibited significant reduction of challenge virus titers in nasal passages and a remark-
able reduction of challenge virus in lungs.
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Conclusions: Despite vast genetic difference (77% HA gene identity) between the HIN2 and HINT SwlAV, the
NanoS100 adjuvanted vaccine elicited cross protective cell mediated immune responses, suggesting the potential
role of this combination adjuvant in inducing cross-protective immunity in pigs.
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Swine influenza A virus (SWIAV) is the causative agent
of acute respiratory infection in pigs leading to sub-
stantial economic losses globally. There are three cir-
culating subtypes of SwIAV, HIN1, HIN2, and H3N2,
with significant heterogeneity in their genesis, genetic
background, and antigenic characteristics. Pigs play a
unique role either by being an intermediate host to both
avian and mammalian influenza A viruses (IAVs) and as
a ‘mixing vessel’ facilitating genetic reassortment and
interspecies dissemination. Therefore, effective control
and mitigation of SWIAV infection in swine herds is of
great public health significance [1]. Hence, the develop-
ment and characterization of novel effective vaccines
conferring cross-protection and long-lasting immunity
against evolving strains and subtypes is crucial.
Antigen-specific cell-mediated immune responses
play a significant role in host defense against viral
respiratory diseases. The crucial role played by anti-
gen-specific T-cells in alleviating the severity and
attenuation of virus shedding in humans has been dem-
onstrated during the 2009 influenza pandemic [2, 3].
Even in the absence of neutralizing antibodies, influ-
enza virus-specific T-cell responses are protective in
mice [4]. Similarly in pigs, in the absence of neutralizing
antibodies, vaccination with a signal minus Flu (S-FLU)
universal influenza vaccine resulted in amelioration of

passage and lungs after the homologous and moder-
ately matched virus challenge [5]. Furthermore, in pigs,
intranasal delivery of SwIAV HIN1-OH7 viral pep-
tides entrapped poly b,L-lactic-co-glycolic acid (PLGA)
nanoparticles alleviated lung pathology following a
heterologous challenge by stimulating strong antigen-
specific T-cell responses but not neutralizing antibody
responses [6]. The SWIAV H1N2-specific activated and
cytokines secreting polyfunctional T-cell kinetics were
characterized in pigs at various time points 4—44 days
post infection in the lung draining tracheobronchial
lymph nodes mononuclear cells (TBLN MNCs), in
peripheral blood mononuclear cells (PBMCs) and bron-
choalveolar lavage fluid (BAL) cells [7]. In that study, a
SwIAV infection induced cell-mediated immune (CMI)
responses were revealed in detail, and does not sug-
gest a protective role of such a specific CMI response
in vaccinated pigs. Therefore, in the present study, we
determined the SwIAV-specific cell-mediated immune
responses in detail in vaccinated pigs.

There is an urgent unmet demand for advanced vaccine
technologies. Furthermore, diseases caused by existing
and emerging viruses such as porcine epidemic diar-
rhea virus, influenza, and African swine fever, impose a
significant economic burden on the global swine indus-
try posing threat to food security and public health.
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Traditional approaches such as intramuscular admin-
istration of inactivated and modified live virus vaccines
provide inadequate protection under field conditions and
are associated with safety concerns. Alternative meth-
ods of vaccine delivery and new vaccine formulations
are needed to augment protection against evolving virus
strains and subtypes. Nanoparticle-based vaccine for-
mulations offer significant advantages by virtue of their
unique physicochemical properties. Their size facilitates
uptake by dendritic cells (DCs) and allows administration
via alternative routes such as intranasal, oral, or intra-
dermal routes which can augment the immune response
by targeting tissues rich in antigen-presenting cells and
avoids the use of needles. Although the use of NPs in
vaccines has tremendous potential, the adoption of syn-
thetic NPs has been slowed by difficulties in scaling-up
production, lack of stability and high cost. Plant-derived
NPs may be able to overcome these challenges, for ani-
mal vaccines.

Alpha-p-glucans are polysaccharide polymers in
plants, animals, and microbes. Plant-derived phyto-
glycogen (PG) is a densely branched dendrimer-like
a-D-glucan that forms nanoparticle structures. Two sim-
ple chemical modifications of corn-derived PG create
positively charged, amphiphilic nanoparticles, known as
Nano-11, that stimulate immune responses when used as
vaccine adjuvant in a variety of species [8, 9]. Nano-11 is
a versatile adjuvant that can be used for alternative routes
of vaccination and in combination with other immu-
nostimulatory molecules. Interestingly, our methodol-
ogy of two-step chemical modification confers intrinsic
immunostimulatory activity to Nano-11 which appears
to be unique to this preparation. Cationic alpha-p-glucan
nanoparticles generated via different chemical modifica-
tions had no immunostimulatory activity by themselves
[10, 11].

Nanoparticles (NPs)-based vaccines are effective in
inducing cross-protective immune responses compared
to their conventional inactivated whole virus multivalent
vaccine counterparts [12, 13]. Such vaccines offer safe
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and efficacious alternative options against infectious dis-
eases [14, 15]. Earlier research from our group character-
ized corn-based cationic alpha-p-glucan nanoparticles
(Nano-11) and validated the performance as a depend-
able delivery platform in mice and pigs [9, 16—18]. Nano-
11 has intrinsic adjuvanticity [9, 16], and the overall
adjuvant effect can be further enhanced by incorporating
additional immunostimulatory molecules. For example,
the antigenicity of SWIAV killed antigen was augmented
using a Nano-11 with Toll-like receptor-3 (TLR3) ago-
nist poly(I:C) combination adjuvant [12, 17]. Cyclic
dinucleotides are ligands of the intracellular STING mol-
ecule. Binding of STING activates the interferon regula-
tory transcription factor 3 (IRF3) and nuclear factor-«B
(NF-xB) signaling pathways resulting in activation and
maturation of antigen-presenting cells [19]. We showed
previously that cyclic-di-adenosine monophosphate
(AMP) readily adsorbs to Nano-11 and that the combi-
nation adjuvant enhances the immune response follow-
ing intradermal immunization of mice and pigs with
ovalbumin as a model antigen [20]. Inactivated IAV split
antigens vaccines can offer better cross-protection than
inactivated whole virus vaccines [21, 22]. The present
study was initiated to characterize a novel SWIAV vaccine
composed of inactivated split virus SwWIAV HIN2-OH10
antigens with STING agonist ADU-S100, a synthetic
analogue of cyclic-di-AMP, co-adsorbed onto Nano-
11 (NanoS100-SwIAV) for use in pigs. Furthermore, we
compared the effect of intramuscular (IM) injection with
needle-free intradermal (ID) vaccine delivery.

Results

Characterization of the vaccine formulations

The adsorption of ADU-S100 to Nano-11 was 80-90%
and was stable over 3 days (Table 1). Adsorption did
not change the size of Nano-11, but slightly decreased
the zeta potential and increased the overall particle size
(Table 1). The adsorption of split viral antigens to Nano-
11 and NanoS100 ranged from 53 to 64% between two
different batches.

Table 1 Characterization of Nano-11-based vaccine formulations used in the study

*ok kK

= o Formulation Particle size (hm) PDI Zeta Potential (mV)
1 Nano-11 81.8+5.8 38+.08 30.9+3.4

g A NanoS100 87.3+5.4 45+.29 187+1.2

g zg o H1N2 Ag 339.2+121.3 65+.09 -152+28

8 . Nano-11+H1N2 Ag 289.2+112.3 83+.18 204+47

S 1 NanoS100+H1IN2Ag  243.9+29.3 80+.21 32377
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The table depicts the particle size (nm), PDI and Zeta potential (mV) of all the vaccine formulations used in the study
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Fig. 1 Infectious challenge virus load in nostrils and lungs of vaccinated pigs. Five-week-old SPF pigs were administered twice ID/IM with
NanoS100-SwlAV, Nano11-SwlAV or control NanoS100 and challenged at post-prime vaccination day 35 with SwIAV HIN1-OH7. The challenge
viral load in the respiratory tract was determined by cell culture technique in nasal swab (NS) at A, E DPC2, B, F DPC4, C, G DPC6,and D, Hin
lung lysate at DPC6 for ID and IM vaccinates, respectively. Data represent the mean value of 7-8 pigs £ SEM. Statistical analysis was performed by
one-way ANOVA followed by Tukey's post-test. Asterisk represents significant difference between indicated groups (*/# p <0.05, **/## p<0.01, and

The candidate SwIAV vaccines reduced the challenge virus
load in the respiratory tract

The protective efficacy of the Nanoll-SwIAV and
NanoS100-SwIAV vaccines administered IM or ID was
assessed in pigs by measuring the titers of the SwIAV
HIN1-OH7 challenge virus in the nasal swabs and lung
lysates. At DPC2 (Fig. 1A and E) and DPC4 (Fig. 1B and
F), there was no difference between the control group
and vaccinated pigs. However, there was a significant
reduction of virus titers in the nasal swabs of the vacci-
nated pigs on DPC6 (Fig. 1C and G). Nanol1-SwIAV-ID
vaccinates exhibited significant reduction in the chal-
lenge virus titers in nasal passages (p<0.001) compared
to NanoS100 mock group at DPC6 (Fig. 1C). Likewise,

in case of NanoS100-SwIAV-ID vaccinates, a significant
reduction of the challenge virus titers (p <0.05) compared
to the mock group animals was observed in the nasal
passages at DPC6 (Fig. 1C). However, there was a signifi-
cant reduction of challenge virus titers in nasal swabs in
both Nanoll-SwIAV-IM, NanoS100-SwIAV-IM vacci-
nates compared to their counterparts from the NanoS100
group (p<0.01 to p<0.001) at DPC6 (Fig. 1G). It should
be noted that the ID vaccinated groups received half the
dose of the IM vaccinated groups.

There was a trend towards a reduction of virus load
in the lung lysates of vaccinated pigs on DPC6, but
this did not reach statistical significance (Fig. 1D and
H). In the lung lysates, the challenge virus titers in

(See figure on next page.)

Fig. 2 Representative gating strategy for the analysis of lymphocytes and myeloid cells in TBLN MNCs. Five-week-old SPF pigs were administered
twice ID/IM with NanoS100-SwlAV, Nano11-SwlAV or control Nano115100 and challenged at post-prime vaccination day 35 with SwIAV HIN1-OH7.
PBMCs, TBLN MNCs, and BAL cells were isolated at DPC6 and were restimulated with SwIAV HIN1-OH7 in vitro. The cells were labeled and analyzed
by flow cytometry for the frequencies of different types of myeloid and lymphocyte subsets. A CXCL10™ myeloid cells; B IFNy* early/late effector
CTLs and central/effector memory T-helper/memory T-helper cells; C IL-17A" early/late effector CTLs and central/effector memory T-helper/

memory T-helper cells
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NanoS100-SwIAV-ID vaccinates, though statistically not
significant, 6 out of 8 animals were able to effectively
reduce the virus titers at DPC6 (Fig. 1D), while the virus
was undetectable in NanoS100-SwIAV-IM vaccinates
(Fig. 1H). Hence, the ID vaccinated groups significantly
cleared the challenge SWIAV virus in nasal passages and
substantially in lungs although they received half the
dose of the IM vaccinated groups, indicating a potential
dose-sparing effect. While Nanoll-SwIAV vaccinates
were able to significantly clear the challenge virus titers
in nasal passages at DPC6, the addition of the STING
agonist ADU-S100 resulted in more effective reduction
of the challenge virus in NanoS100-SwIAV vaccinates.
Overall, these findings confirm that the NanoS100-
SwIAV vaccine offered protection in terms of reduced
virus load at DPC6.
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Nano11-SwlAV and NanoS100-SwlAV increased

the frequencies of innate CXCL10* myeloid cells in mucosal
and peripheral compartments of vaccinated pigs

To decipher the underlying mechanisms of protection,
innate immune responses in TBLN MNCs, BAL cells,
and PBMCs were investigated, and a representative gat-
ing pattern to delineate the different myeloid immune
cells is shown in Fig. 2A. Chemokines mediate the
recruitment of a variety of cells expressing cognate trans-
membrane G protein chemokine receptors. CXCL10 also
referred to as IFNy-inducible protein 10 is a chemokine
expressed by different cells including myeloid cells.
Cells of the adaptive immune system such as activated
T-helper type 1 (Th1) lymphocytes express CXCR3, the
receptor for CXCL10, and they are recruited to the sites
of infection/inflammation at least in part by CXCL10-
secreting myeloid cells [23]. Hence, we determined
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Fig. 3 NanoS100-SwIAV modulated activated myeloid immune cell frequencies in vaccinated pigs. Five-week-old SPF pigs were administered
twice ID/IM with NanoS100-SwlAV, Nano11-SwlAV or control NanoS100 and challenged at post-prime vaccination day 35 with SwIAV HIN1-OH7.
TBLN MNCs, BAL cells, and PBMCs were isolated at DPC6 and were restimulated with SWIAV HIN1-OH?7 in vitro. The cells were labeled and analyzed
by flow cytometry for the frequencies of activated myeloid cell subsets: A Myeloid cells-ID [CD3~CD172+tCXCL10™]; B Plasmacytoid dendritic
cells-ID [CD3~CD172+tCXCL10TCD4TCD80/86]; € Myeloid cells-ID [CD3~CD172FCXCL10TCD4~CD80/86™] in TBLN MNCs; D Plasmacytoid
dendritic cells-ID [CD3~CD172TCXCL10TCD4TCD80/86]; E Myeloid cells-IM [CD3~CD172FCXCL10TCD4~CD80/86™]; F Plasmacytoid dendritic
cells-IM [CD3CD172FCXCL10TCD41CD80/86 ] in BAL cells; G Myeloid cells-ID [CD3~CD172+FCXCL10%]; H Plasmacytoid dendritic cells-ID
[CD37CD172TCXCL10MCD4TCD80/867]; and | Myeloid cells-IM [CD3~CD172FCXCL10%] in PBMCs. Data represent the mean value of 7-8
pigs &= SEM. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post-test. For head-to-head comparison between two
groups, Unpaired t-test was used. Asterisk/Pound represents significant difference between indicated groups (*/# p < 0.05, **/## p<0.01, and
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the frequencies of CXCL10" myeloid cells in different
immune compartments.

The frequencies of CXCL10" myeloid cells in TBLN
MNCs were significantly increased in NanoS100-
SWIAV-ID vaccinates compared to their counterparts
from Nanoll-SwIAV-ID and NanoS100 control groups
(p<0.05 to p<0.01) (Fig. 3A). However, the frequencies of
CD3CD172*CXCL10*CD4"CD80/86™ plasmacytoid den-
dritic cells, and CD3~CD172"CXCL10tCD4 CD80/86%
myeloid cells were significantly reduced in NanoS100-
SwIAV-ID vaccinates compared to Nanoll-SwIAV-ID and
the NanoS100 group (p<0.01) (Fig. 3B and C) in TBLN. In
case of BAL cells, NanoS100-SwIAV ID vaccinates exhib-
ited a significant decrease of the frequencies of plasmacy-
toid dendritic cells compared to their counterparts from
Nanol1l-SwIAV-ID group (p<0.01) (Fig. 3D). However,
Nanoll-SwIAV vaccinates significantly upregulated the
frequencies of plasmacytoid dendritic cells compared to
the NanoS100 group (p<0.0001) (Fig. 3D). Furthermore,
the frequencies of activated plasmacytoid dendritic cells
were significantly enhanced in both Nanoll-SwIAV-IM
and NanoS100-SwIAV-IM groups compared to NanoS100
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vaccinates (p<0.05 to p<0.001) (Fig. 3F). The frequencies
of activated myeloid cells was significantly increased in the
Nanoll-SwIAV-IM vaccinates compared to NanoS100
group (p<0.05) (Fig. 3E) in BAL cells. Whereas in the
peripheral compartment among PBMCs, the frequencies
of CXCL10" myeloid cells were significantly increased in
Nanol1-SwIAV-ID vaccinates compared to their counter-
parts from NanoS100-SwIAV-ID and NanoS100 groups
(p<0.01) (Fig. 3G). The frequencies of CXCL10"CD80/86~
plasmacytoid dendritic cells were significantly enhanced
in the NanoS100-SwIAV-ID group animals compared to
their NanoS100 counterparts (p<0.001) (Fig. 3H). The vac-
cinates from both Nanoll-SwIAV-IM, and NanoS100-
SwIAV-IM groups significantly upregulated the frequencies
of CXCL10" myeloid cells compared to the NanoS100 group
(p<0.01) (Fig. 3I). Taken together, these results suggested
that both Nanoll-SwIAV and NanoS100-SwIAV vaccines
elicited robust innate immune responses (CXCL10™ myeloid
cells) in the lung draining TBLN, lungs and systemically in
pigs at DPC6.
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Fig. 4 NanoS100-SwlAV altered the frequencies of T-lymphocytes in TBLN MNCs and BAL cells of vaccinated pigs. Five-week-old SPF pigs were
administered twice ID/IM with NanoS100-SwIAV, Nano11-SwlIAV or control NanoS100 and challenged at post-prime vaccination day 35 with SwIAV
HINT-OH7.TBLN MNCs and BAL cells were isolated at DPC6 and were restimulated with SwIAV H1N1-OH?7 in vitro. The cells were labeled and
analyzed by flow cytometry for the frequencies of T-lymphocyte subsets: A Total IL-17A% CTLs-IM [CD3TCD4~CD8atCD8RHIL-17AT]; B IL-17AT
Late effector CTLs-IM [CD3TCD4~CD8aCD8BTCD2771L-17A™]; C Total IFNy™ CTLs-IM [CD37CD4~CD8aCD8BTIFNY]; D IFNy™ Early effector
CTLs-IM [CD3+CD4~CD8atCD8RCD27 IFNY™; E IFNy™ Late effector CTLs-IM [CD3TCD4~CD8atCD8RTCD27~IFNy*] in TBLN MNCs; F Total
CTLs-ID [CD3*CD4~CD8atCD8R™]; G Early effector CTLs-ID [CD31CD4~CD8aCD8RTCD27"]; H Central memory T-helper/memory cells-IM
[CD3TCD4TCD8a CD8B~CD27%] in BAL cells. Data represent the mean value of 7-8 pigs & SEM. Statistical analysis was performed by one-way
ANOVA followed by Tukey’s post-test. For head-to-head comparison between two groups, Unpaired t-test was used. Asterisk/Pound represents
significant difference between indicated groups (*/# p < 0.05, **/## p< 0.01, and ***/### p < 0.001)
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Phenotypes of virus-specific adaptive immune cell types

in the draining TBLN and lungs of vaccinated pigs at DPC6
We further characterized the adaptive immune responses
in TBLN (Fig. 4A-E) and lungs (Fig. 4F-H). A represent-
ative gating strategy to delineate the different activated
lymphoid immune cells is shown in Fig. 2B and C. The
tumor necrosis factor receptor (TNFR) family member
CD27 is a critical co-stimulatory molecule. CD27/CD70
interactions during T-cell-dendritic cell and T-cell-T-cell
communications govern T-cell responses both at prim-
ing and effector sites esulting in the expansion of effector
cells, coupled with improved survivability and differen-
tiation of memory T-cells [24]. Based on the expression
of CD27, T-helper/memory cells can be categorized
into central memory (CD27") and effector memory
(CD277) cells [24]. Central memory T-helper/memory
cells display high proliferation ability and intermedi-
ate cytokine secretion property. However, their effector
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memory counterparts exhibit lowest proliferation capac-
ity and highest tendency to generate IFNy and TNFa
[24]. Furthermore, by virtue of age-related changes, and
CD27 expression, CTLs can be classified as early effector
(CD27%) and late effector (CD277) CTLs [7]. We deter-
mined the functional ability of antigen-specific T-helper/
memory cells and CTLs to generate IFNy and IL-17A.
Administration of NanoS100-SwIAV-IM vaccine
resulted in significantly lower SwIAV HIN1-OH7-
specific frequencies of total IL-17A" and IFNy" CTLs
compared to Nanoll-SwIAV and NanoS100 groups
(p<0.01) (Fig. 4A and C). Furthermore, in case of
NanoS100-SWIAV-IM vaccinates, there was a significant
downregulation of challenge virus-specific IL-17A" and
IFNY" late effector CTL cell frequencies compared to
their non-adjuvanted counterparts and the NanoS100
group animals (p<0.05 to p<0.01) (Fig. 4B and E). Simi-
larly, the frequencies of IFNY" early effector CTLs were
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Fig. 5 NanoS100-SwIAV induced virus-specific IFNy* T-helper/memory cells and CTLs in PBMCs of vaccinated pigs. Five-week-old SPF pigs

were administered twice ID/IM with NanoS100-SwlAV, Nano11-SwlAV or control NanoS100 and challenged at post-prime vaccination day 35

with SWIAV HIN1-OH7. PBMCs isolated at DPC6 were restimulated with SwIAV H1IN1-OH7 in vitro. The cells were labeled and analyzed by flow
cytometry for the frequencies of IFNy™ CTLs and T-helper/memory cells: A IFNy™ Total T-helper/memory cells-ID [CD3TCD4TCD8aCD8R~IFNy™];
B IFNy™ Central memory T-helper/memory cells-ID [CD3TCD4TCD8atCD8R~CD271IFNy™]; C IFNy™ Effector memory T-helper/memory cells

-ID [CD3TCD4TCD8atCD8R~CD277IFNy™]; D IFNy™ Effector memory T-helper/memory cells-IM [CD31CD4TCD8a+CD8R~CD27~ IFNy™T; E

Total IFNy™ CTLs-ID [CD3TCD4~CD8atCD8RTIFNy™]; F Total IFNy* CTLs-IM [CD3TCD4~CD8atCD8BHIFNy™]; G IFNy*Late Effector CTLs-ID
[CD3TCD4~CD8a " CD8RTCD27 7 IFNy*]; and H IFNy™ Late effector CTLs-IM [CD3TCD4~CD8a™CD8BCD27IFNy*]. Data represent the mean value
of 7-8 pigs &= SEM. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post-test. For head-to-head comparison between
two groups, Unpaired t-test was used. Asterisk/Pound represents significant difference between indicated groups (*/# p < 0.05, **/## p<0.01, and
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significantly decreased compared to Nanoll-SwIAV-IM
group animals (p<0.05) (Fig. 4D). However, in case of
BAL cells, there was a significant enhancement of the fre-
quencies of challenge virus-specific total CTLs in both
NanoS100-SwIAV-ID and Nanoll-SwIAV-ID vaccinates
compared to NanoS100 [p<0.001] (Fig. 4F). Likewise,
both Nanoll-SwIAV-ID and NanoS100-SwIAV-ID vac-
cinates displayed a significant increase in the frequencies
of SWIAV H1N1-OH?7-specific early effector CTLs com-
pared to NanoS100 group animals (p<0.05 to p<0.001)
(Fig. 4G). In contrast, NanoS100-SwIAV IM vaccinates
significantly downregulated the frequencies of central
memory T-helper/memory cells compared to NanoS100
group animals(p <0.05) in BAL cells (Fig. 4H).
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In summary, these data suggested that NanoS100-
SwIAV vaccinates exhibited the mobilization and modu-
lation of challenge virus-specific cytokines secreting CTL
responses in the lung draining TBLN and lungs of vac-
cinated pigs at DPC6.

NanoS100-SwlAV elicited significantly enhanced
frequencies of SWIAV-H1N1-OH7-specific IFNy™ effector
memory T-helper/memory T-cells, total and late effector
CTLs in blood of vaccinated pigs

We characterized the challenge virus-specific recall cell-
mediated immune responses in PBMCs at DPC6. There
was a significant enhancement of the frequencies of
IFNY™ total T-helper/memory cells and central memory

PBMCs
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Fig. 6 NanoS100-SwIAV elicited virus-specific IL.-17A™ T-helper/memory cells and CTLs in PBMCs of vaccinated pigs. Five-week-old SPF pigs

were administered twice ID/IM with NanoS100-SwlIAV, Nano11-SwlAV or control NanoS100 and challenged at post-prime vaccination day

35 with SWIAV H1N1-OH7. PBMCs were isolated at DPC6 and were restimulated with SwIAV HIN1-OH?7 in vitro. The cells were labeled and

analyzed by flow cytometry for the frequencies of IL-17A expressing CTLs, T-helper/memory cells: A Total IL-17A" T-helper/memory cells-ID
[CD31TCD4TCD8atCD8BIL-17AM]; B IL-17AT Central memory T-helper/memory cells-ID [CD3TCD4TCD8aTCD8R~CD27TIL-17A™]; CIL-17AT
Effector memory T-helper/memory cells-ID [CD31CD4TCD8atCD8R~CD277IL-17A]; D Total IL-17A* CTLs-ID [CD3TCD4~CD8a " CD8BFIL-17A™], E
IL-17AT Early Effector CTLs-ID [CD3TCD4~CD8a™CD8RTCD271IL-17A™]; F Total IL-17A" CTLs-IM [CD3TCD4~CD8a*CD8BIL-17A™]; and G IL-17AT
Late effector CTLs-IM [CD3TCD4~CD8atCD8BTCD277IL-17A™]. Data represent the mean value of 7-8 pigs 4 SEM. Statistical analysis was performed
by one-way ANOVA followed by Tukey’s post-test. For head-to-head comparison between two groups, Unpaired t-test was used. Asterisk/Pound
represents significant difference between indicated groups (*/# p <0.05, **/## p< 0.01, and ***/##i# p <0.001)
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T-helper/memory cells in Nanoll-SwIAV-ID vacci-
nates compared to their counterparts from NanoS100
(p<0.05) (Fig. 5A) and NanoS100-SwIAV-ID groups
(p<0.01) (Fig. 5B). However, NanoS100-SwIAV-ID vac-
cinates exhibited a significant upregulation of IFNy*t
effector memory T-helper/memory cell frequencies
compared to their counterparts from Nanoll-SwIAV-
ID and NanoS100 groups (p <0.05 to p<0.001) (Fig. 5C).
In contrast, both NanoS100-SwIAV-IM and Nanoll-
SwIAV-IM vaccinates displayed significantly augmented
frequencies of IFNy* effector memory T-helper/mem-
ory cells compared to NanoS100 group animals (p <0.05
to p<0.001) (Fig. 5D). In case of CTLs, there was a sig-
nificant enhancement of the frequencies of IFNy™ total
CTLs in NanoS100-SwIAV-ID vaccinates compared
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to NanoS100 group (p<0.05) (Fig. 5E). While both
NanoS100-SWIAV-IM and Nanoll-SwIAV-IM vacci-
nates exhibited significantly upregulated frequencies of
challenge virus-specific IFNy" total CTLs compared to
NanoS100 group (p<0.05) (Fig. 5F). Likewise, there was
a significant enhancement of IFNy" late effector CTLs
in case of NanoS100-SwIAV-ID vaccinates compared
to NanoS100 group animals (p<0.01) (Fig. 5G). How-
ever, both Nanoll-SwIAV-IM and NanoS100-SwIAV-
IM vaccinates significantly upregulated the frequencies
of IFNy™ late effector CTLs compared to NanoS100
group counterparts (p<0.05 to p<0.01) (Fig. 5H). Taken
together, NanoS100-SwIAV vaccine elicited strong chal-
lenge virus-specific recall IFNy' T-helper/memory and
CTL responses in the peripheral compartment at DPC6.
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Fig. 7 NanoS100-SwIAV enhanced the antigen-specific IgG responses in the lungs of vaccinated pigs. Five-week-old SPF pigs were administered
twice ID/IM with NanoS100-SwlAV, Nano11-SwIAV or control NanoS100 and challenged at post-prime vaccination day 35 with SwIAV HIN1-OH?7.
BAL fluid samples collected at DPC6 were analyzed by ELISA for detecting specific IgG antibody responses against: A, BHIN1-OH7; C, D
H1N2-OH10; E, F H3N2-OH4; and in lung lysate samples against G, H HIN1-OH7; I, J H3N2-OH4 SwlAV. Data represent the mean value of 7-8
pigs = SEM. Statistical analysis was performed by two-way ANOVA followed by Bonferroni post-test. Letters a, b and c refer to significance between
Nano11-SwlAV + Challenge vs NanoS100 4 Challenge, NanoS100-SwIAV 4 Challenge vs NanoS100 4 Challenge, and Nano11-SwlAV 4 Challenge vs
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NanoS100-SwlAV significantly elicited

the SwIAV-H1N1-OH7-specific systemic Th17 response

in vaccinated pig

We further investigated the challenge virus-specific IL-
17A* T-helper/memory and CTL responses in PBMCs
at DPC6 (Fig. 6A—G). The NanoS100-SwIAV-ID vacci-
nates displayed significantly upregulated frequencies of
IL-17A* total T-helper/memory cells (Fig. 6A), central
memory T-helper/memory (Fig. 6B) and effector mem-
ory T-helper/memory cells (Fig. 6C) compared to their
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non-adjuvanted counterparts (p<0.01) and NanoS100
group animals ((p <0.01).

There was a significant increase of IL-17A" total CTL
frequencies in both NanoS100-SwIAV IM and ID vac-
cinates compared to their non-adjuvanted counter-
parts (p<0.05 to p<0.001) (Fig. 6D and F). Whereas
NanoS100-SWIAV-ID vaccinates exhibited significant
augmentation of IL-17A" early effector CTL frequen-
cies compared to Nanoll-SwIAV-ID group animals
(p<0.05) (Fig. 6E), there was a significant upregulation of
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Fig. 8 NanoS100-SwIAV elicited antigen-specific IgG responses in the serum of vaccinated pigs. Five-week-old SPF pigs were administered twice
ID/IM with NanoS100-SwlAV, Nano11-SwlAV or control NanoS100 and challenged at post-prime vaccination day 35 with SwIAV HIN1-OH7. Serum
samples collected at DPC6 were analyzed by ELISA for detecting specific IgG antibody response against: A, BH1N1-OH7; C, D HIN2-OH10; and
E, F H3N2-OH4 SwlAV. Data represent the mean value of 7-8 pigs = SEM. Statistical analysis was performed by two-way ANOVA followed by
Bonferroni post-test. Letters a, b and c refer to significance between NanoS100+ Challenge vs Nano11-SwlAV + Challenge, NanoS100 4 Challenge
vs NanoS100+ Challenge, and Nano11-SwlAV + Challenge vs NanoS100-SwIAV + Challenge respectively, at the indicated dilution
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IL-17A™ late effector CTLs in case of NanoS100-SwIAV
IM vaccinates compared to Nanoll-SwIAV-IM group
(p<0.001) and NanoS100 group (p<0.05) (Fig. 6G). To
summarize, the NanoS100-SwIAV vaccine elicited robust
SwIAV H1N1-OH7-specific systemic adaptive IL-17A%
responses in ID vaccinated pigs at DPC6.

NanoS100-SwIAV vaccine elicited strong virus-specific IgG
responses in the lungs of vaccinated pigs

Both NanoS100-SwIAV and Nanoll-SwIAV vac-
cinates had significantly increased SwIAV HINI-
OH7-, HIN2-OH10-, and H3N2-OH4-specific IgG
antibody levels in BAL fluid compared with nonvac-
cinated animals regardless of the route of immu-
nization (Fig. 7A-F). Furthermore, analysis of the
lung lysate samples revealed a similar trend in case
of SWIAV HINI1-OH7 (Fig. 7G and H), and SwIAV
H3N2-OH4 (Fig. 71 and J]) specific IgG antibodies.
These results suggested that both Nanol1-SwIAV and
NanoS100-SwIAV stimulated significant SwIAV-spe-
cific homologous, heterologous and heterosubtypic
IgG titers in the lungs of vaccinated animals at DPC6.
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NanoS100-SwIAV tended to induce higher levels of
IgG antibodies compared with the Nanoll-SwIAV
group, but these differences did not reach statistical
significance (Fig. 7A-]).

NanoS100-SwlAV vaccine induced cross protective
systemic virus-specific IgG responses in vaccinated pigs
We further characterized the antigen-specific IgG
titers in serum of vaccinates. Both Nano11-SwIAV and
NanoS100-SWIAV  vaccines stimulated significantly
higher virus-specific IgG responses against SwIAV
HIN1-OH7, HIN2-OH10 and H3N2-OH4 systemi-
cally compared to mock vaccinated virus challenged
animals (Fig. 8A—F). Furthermore, in NanoS100-SwIAV-
ID vaccinates, there was a significant augmentation of
SwIAV-H3N2-OH4-specific cross reactive IgG titers
in serum compared to their non-adjuvanted vaccinate
counterparts (Fig. 8E). Indicating that addition of ADU-
$100 led to significant induction of SWIAV-HIN1-OH?7,
HIN2-OH10 and H3N2-OH4 specific systemic IgG
titers in ID vaccinates at DPC6 (Fig. 8A, C and D). Over-
all, these data suggested that both Nanol1l-SwIAV and

Fig. 9 NanoS100-SwIAV elicited antigen-specific localized SIgA responses in respiratory tract and lungs of vaccinated pigs. Five-week-old SPF
pigs were administered twice ID/IM with NanoS100-SwlAV, Nano11-SwlAV or control NanoS100 and challenged at post-prime vaccination day 35
with SWIAV HIN1-OH7. Nasal swab samples collected at DPC6 were analyzed by ELISA for detecting specific SIgA antibody responses against: A,
B HIN1-OH7; C, D HIN2-OH10; E, F H3N2-OH4; in BAL fluid against G, H HIN1-OH7; I, J HIN2-OH10; K, L H3N2-OH4; and in lung lysate against
M, N H1N1-OH7; and O, P H3N2-OH4 SwlAV. Data represent the mean value of 7-8 pigs £ SEM. Statistical analysis was performed by two-way
ANOVA followed by Bonferroni post-test. Letters a, b and ¢ refer to significance between NanoS100+ Challenge vs Nano11-SwlAV 4 Challenge,
NanoS100 + Challenge vs NanoS100-SwlIAV + Challenge, and Nano11-SwlAV + Challenge vs NanoS100-SwlAV + Challenge, respectively, at the
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NanoS100-SwIAV vaccines elicited significant homolo-
gous, heterologous and heterosubtypic SwIAV-specific
IgG responses in the periphery, while the NanoS100-
SWIAV-ID elicited significant levels of cross protective
serum heterosubtypic SwIAV-specific IgG titers in SPF
pigs at DPC6.

NanoS100-SwlAV vaccine induced significant localized
cross protective virus-specific secretory IgA (SIgA)
responses in the nasal passage, and lungs of vaccinated
pigs

We determined antigen specific SIgA responses in
the vaccinated pigs at DPC6. Consistent with the aug-
mented systemic IgG responses in Nanoll-SwIAV and
NanoS100-SwIAV vaccinates, significantly higher SWIAV
HIN1-OH7-, HIN2-OH10-, and H3N2-OH4-specific
SIgA titers were observed in nasal swabs compared to
their counterparts from NanoS100 group (Fig. 9A-F).
Similar trend was evident in BAL fluid samples (Fig. 9G—
K) and lung lysates (Fig. 9M-P). Furthermore, NanoS100-
SwIAV-ID vaccinates exhibited significantly higher cross
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Fig. 10 NanoS100-SwIAV induced virus neutralizing antibody
responses in both local and peripheral compartments of vaccinated
pigs. Five-week-old SPF pigs were administered twice ID/IM with
NanoS100-SwlAV, Nano-SwlIAV or control NanoS100 and challenged
at post-prime vaccination day 35 with SwIAV HIN1-OH7. BAL fluid
and serum samples collected at DPC6 were analyzed for estimating
challenge virus specific neutralizing antibody titers in: A, B serum and
C, D BAL fluid by cell culture technique. Data represent the mean
value of 7-8 pigs £+ SEM
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protective antigen-specific SIgA titers in nasal passage
compared to Nanol1l-SwIAV-ID (Fig. 9A, C and E). Sur-
prisingly, NanoS100-SwIAV-IM and ID vaccinates dis-
played significantly higher SWIAV H1N2-OH10-specific
SIgA titers in the BAL fluid and nasal swab samples,
respectively (Fig. 91 and C). Hence overall, NanoS100-
SWIAV was able to stimulate strong localized homolo-
gous, heterologous and heterosubtypic SwIAV-specific
SIgA titers in the nasal passage and lungs of vaccinated
pigs at DPC6.

NanoS100-SwlAV was effective in eliciting virus
neutralizing antibody response in both local

and peripheral compartments of vaccinated pigs

We further probed the antibody responses at the func-
tional level by determining the virus neutralizing anti-
body titers in the serum and BAL fluid of vaccinated
pigs at DPC6. Irrespective of the route of administra-
tion, both Nanol1l-SwIAV and NanoS100-SwIAV vac-
cines stimulated the challenge SWIAV HIN1-OH7 virus
neutralizing antibody secretion in both the BAL fluid and
serum of pigs (Fig. 10A-D). Furthermore, NanoS100-
SwIAV-IM vaccine elicited significant upregulation of the
virus neutralization antibody titers in lungs compared to
NanoS100 mock group (p <0.05) (Fig. 10D). Similar trend
was observed in case of Nanoll-SwIAV-IM vaccinates
in blood compared to mock group animals (p<0.05)
(Fig. 10B). These results suggested that NanoS100-SwIAV
stimulated virus-specific neutralizing antibody responses
in vaccinated pigs at DPC6.

NanoS100-SwlAV induced significantly increased IL-4

and IL-6 cytokine gene expression in TBLN of vaccinated
pigs

We characterized the gene expression of different
cytokines in TBLN of vaccinates at DPC6. In TBLN
MNCs, there was a significant enhancement of IL-6
and IL-4 gene expression in Nanoll-SwIAV-IM and
NanoS100-SwIAV-IM vaccinates compared to NanoS100
group animals (p <0.05 to p<0.01) (Additional file 1: Fig.
S1A and B). Taken together, these data suggest that both
Nano-11 and NanoS100 are efficacious in the induction
of cytokine responses in the local draining TBLN of vac-
cinated pigs at DPC6.

Discussion

Vaccines save lives, and they are one of the greatest
public health achievements of the twentieth century
[25, 26]. The route of administration, the quality of the
adjuvant employed, and nature of the vaccine deliv-
ery platform are the critical parameters that govern
the efficacy of a vaccine. Our previous studies estab-
lished the utility and efficacy of plant derived Nano-11,
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Table 2 Summary of significantly upregulated immune cells phenotypes

Immune cell phenotypes

ID Vaccination IM Vaccination

Activated myeloid cells in TBLN MNCs [CD3~CD172+CXCL107]

IFNy* Effector memory T-helper/Memory cells in PBMCs [CD3TCD4TCD8atCD8R~CD27~ IFNy*]
Total IL-17AT T-helper/Memory cells in PBMCs [CD3TCD4TCD8a " CD8R™IL-17A™]

IL-17AT Central memory T-helper/Memory Cells in PBMCs [CD31CD4+CD8a*CD8R~CD271IL-17A%]
IL-17AT Effector memory T-helper/Memory cells in PBMCs [CD3+CD4+CD8a*CD8R~CD277IL-17A%]

Total IL-17A* CTLs in PBMCs [CD3*CD4~CD8a CD8RIL-17A7]

IL-17A™ Early effector CTLs in PBMCs [CD31CD4~CD8atCD8RTCD27 IL-17A™]

Total IL-17A* CTLs in TBLN MNCs [CD37CD4~CD8aCD8BHIL-17AT]

IL-17A™ Late effector CTLs in PBMCs [CD3TCD4~CD8atCD8RCD277IL-17A™]

*p <001

*p<0.05

*p <001

*p <001

*p <001

#p<0.05

#p<0.05
##***p <001
**%) < 0,001

Only significantly enhanced immune cell subsets in NanoS100-SwlAV vaccinates compared to their non-adjuvanted counterparts in either ID or IM vaccinated SPF

pigs at DPC6 were presented

Asterisk represents significant difference between indicated groups (*/# p <0.05, **/# p<0.01, and ***/#ii# p <0.001)

a nanoparticle adjuvant-based vaccine delivering inacti-
vated whole SWIAV by intranasal route in pigs [12, 16].
In the present study, we investigated the performance of
split SWIAV HIN2-OH10 antigens adsorbed Nano-11
(Nanol1-SwIAV) and adsorbed with ADU-S100 adjuvant
(NanoS100-SwIAV) delivered by IM or ID route in pigs.

Intramuscular injection of NanoS100-SwIAV induced
complete clearance of challenge virus load from the
entire respiratory tract by DPC6. While the intradermal
injection of Nano11-SwIAV and NanoS100-SwIAV using
a needle-free device significantly cleared (but not com-
plete) the virus from the nasal passage; note that ID vac-
cinates received half the vaccine dose compared to their
IM cohorts. This suggests a potential dose-sparing effect
similar to what we previously reported in mice [20]. This
is also consistent with a reported randomized open-label
trial in young adults, wherein ID vaccination at one-fifth
of the standard IM dose of an influenza vaccine induced
an immunogenicity profile that was either similar to or
better than the IM vaccination [27]. To further deline-
ate the mechanisms underlying the vaccine-induced pro-
tection, we dissected the innate and adaptive immune
responses in detail.

Chemokine CXCL10 upon induction by interferon-y
functions as a recruiter of target cells expressing CXCR3
transmembrane G protein chemokine receptor. CXCR3
is upregulated in case of Th1 cells. Furthermore, CXCL10
also modulates T-cell development and function [23],
and it is a known T cell and monocyte chemoattract-
ant [28]. It is highly induced by stimulation from pro-
inflammatory cytokines (IFNy and TNFa) [29]. Hence,
we investigated the expression of CXCL10 in case of the
innate myeloid cells. In the innate immune compartment,
NanoS100-SwIAV-ID vaccinates exhibited augmentation
of activated myeloid cells in the draining TBLN com-
pared to their non-adjuvanted counterpart ID vaccinates

and IM vaccinates (Table 2). While both adjuvanted and
non-adjuvanted Nano-11-based IM vaccines elicited sig-
nificantly higher activated plasmacytoid dendritic cells in
lungs and activated myeloid cells in the periphery (Fig. 3).
These findings underline the need of investigations to
elucidate the role/s of the route of vaccine administration
on innate immune mechanisms governing the critical
early events leading to the induction of adaptive immune
responses induced by ADU-S100 and Nano-11 adjuvants
in pigs.

Our detailed analysis of the challenge virus-specific
adaptive cell-mediated memory immune responses in
the PBMCs revealed that in NanoS100-SwIAV-ID vac-
cinates, IFNy™ effector memory T-helper/memory cells,
IL-17A" total T-helper/memory cells, IL-17A" cen-
tral memory and effector memory T-helper/memory
cells, total IL-17A" CTLs, and IL-17A" early effector
CTLs were significantly enhanced in their frequencies
compared to their non-adjuvanted ID vaccinated coun-
terparts; suggesting a robust induction of Th17 and IL-
17A* CTL responses in NanoS100-SwIAV-ID vaccinates
in the periphery at DPC6. While the frequencies of IL-
17A™ total CTLs, and late effector CTLs in PBMCs were
increased compared to their non-adjuvanted IM vacci-
nated counterparts (Table 2). These data suggested that
ADU-S100 and Nano-11 SWIAV vaccines could upregu-
late efficient antigen cross-presentation [30] leading to
the elicitation of robust antigen-specific CTL responses
in pigs. Our data are corroborating the published data
reported by other researchers in terms of induction of
cell mediated immune responses to influenza virus infec-
tion. The SWIAV-specific activated and polyfunctional T
cells kinetics were demonstrated in pigs at various days
post infection (dpi) [7]. At 4 dpi cycling CD4" T-cells
were observed in the TBLN MNCs, at 9 and 12 dpi in
PBMCs and TBLN MNCs the enhanced frequencies of
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polyfunctional IFNy'IL-2"TNFatCD4" T-cells were
documented. At 44 dpi IFNy"&TNFat, IFNy &IL-2t,
and TNFa&IL-2t CD4% T-cells were detected in the
lungs, TBLN and blood of SwIAV infected pigs. The
major frequencies of SwIAV-specific CD4" T-cells,
CD41tCD8" T-cells were documented in BAL cells [7].
Furthermore, at dpi 6, we demonstrated the migration of
CD8" T-cells to lungs in SWIAV H1N1 infected pigs [31].

Furthermore, both Nanoll-SwIAV and NanoS100-
SwIAV IM vaccinates exhibited significant expression
of IL-4 and IL-6 cytokines in the draining TBLN, and
only NanoS100-SwIAV-IM vaccinates exhibited signifi-
cantly enhanced lymphocyte proliferative response in
TBLN MNCs at DPC6. These data indicated vast differ-
ences in the expression of different phenotypes of chal-
lenge virus-specific CTLs and T-helper/memory cells by
Nanol1l-SwIAV and NanoS100-SwIAV vaccines in the
draining TBLN and lungs of vaccinates. IL-6 is a pleio-
tropic cytokine and there are conflicting reports regard-
ing its role in the context of antiviral immune responses
and this aspect needs further investigation [32, 33].

NanoS100-SwIAV stimulated antigen-specific homolo-
gous, heterologous, and heterosubtypic SIgA and IgG
cross-protective antibody responses within lungs, nasal
secretions, and systemically at DPC6. Interestingly,
ADU-S100 was able to significantly enhance the SIgA
titers within lungs of IM vaccinated pigs at DPC6, and
understanding the mechanisms involved in this obser-
vation needs further study. Furthermore, irrespective of
the route of administration, NanoS100-SwIAV elicited a
slightly increased virus neutralizing antibody responses
in both local and peripheral compartments in vaccinated
pigs, suggesting the important role played by induced cell
mediated immune responses.

Our results are consistent with other studies on the
split influenza virus vaccines in humans. The split influ-
enza virus vaccine activates monocytes and NK cells
through FcyRs leading to the generation of IFNy but
not Type I IFNs. Hence immune complex formation
and FcyR activation are most critical in persons with
pre-existing IgG against influenza proteins. Detergent-
induced splitting will more likely expose additional viral
protein epitopes such as matrix proteins. Furthermore,
RNA in the split influenza virus vaccine was not able to
activate Toll-like receptors suggesting a poor induction
of innate immunity [34]. Hence, the addition of powerful
adjuvants to split influenza virus vaccines is essential to
elicit robust antigen-specific cross-protective responses.
In our study, both nanoparticle adjuvant Nano-11 [16,
20] and ADU-S100 are potent adjuvants that acted syn-
ergistically with SWIAV HIN2-OH10 split virus antigens
leading to the elicitation of cross-protective antigen-spe-
cific immune responses. The synthetic STING agonist

Page 15 of 20

ADU-S100, by virtue of the higher receptor affinity, upon
recognition by the cognate endoplasmic reticulum resi-
dent STING receptor, elicits robust type I interferon
response [35, 36]. Furthermore, in our study, there was
a significant elicitation of IFNy"T CTL response by the
Nano-11 and ADU-S100 combination adjuvant suggest-
ing that this combination adjuvant augmented the cross-
presentation of SWIAV antigens [30].

In a Phase I randomized controlled trial, a research
group investigated the safety, immunogenicity, gene
expression, and cytokine responses among AS03-adju-
vanted and unadjuvanted inactivated split-virus H5N1
influenza IM vaccines. Employing cell-based systems
approach, they characterized the immune responses.
Augmentation of serum IL-6 and IP-10 levels were
observed within 24 h of AS03-adjuvanted vaccination.
Induction of interferon signaling 