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Abstract

Current influenza vaccines only confer protection against homologous viruses. We synthesized
pulmonary surfactant (PS)-biomimetic liposomes encapsulating 2”,3”-cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP), an agonist of the interferon gene inducer
STING (stimulator of interferon genes). The adjuvant (PS-GAMP) vigorously augmented
influenza vaccine-induced humoral and CD8" T cell immune responses in mice by simulating the
early phase of viral infection without concomitant excess inflammation. Two days after intranasal
immunization with PS-GAMP-adjuvanted H1N1 vaccine, strong cross-protection was elicited
against distant HIN1 and heterosubtypic H3N2, H5N1, and H7N9 viruses for at least 6 months
while maintaining lung-resident memory CD8* T cells. Adjuvanticity was then validated in
ferrets. When alveolar epithelial cells (AECs) lacked Sting or gap junctions were blocked, PS-
GAMP-mediated adjuvanticity was substantially abrogated in vivo. Thus, AECs play a pivotal role
in configuring heterosubtypic immunity.
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PS-GAMP-mediated adjuvanticity. In alveoli, PS-GAMP associates with SP-A or SP-D before
entering AMs by means of SP-A- or SP-D-mediated endocytosis. cCGAMP is subsequently
released into the cytosol and fluxes into AECs by way of gap junctions. It then activates STING in
these cells, resulting in the vigorous production of type 1 immune mediators. These mediators
facilitate the recruitment and differentiation of CD11b* DCs, which in turn direct robust antiviral
CD8* T cell and humoral immune responses.

INTRODUCTION: Current influenza vaccines must be refreshed annually to address constant
mutations of viral hemagglutinin (HA) and neuraminidase (NA) genes because the vaccines induce
primarily neutralizing antibodies against these surface antigens. Even with annual updates, there
have been years in which influenza vaccines were ineffective because of mismatched HA and/or
NA antigenicity between the vaccine viral strains and strains in circulation. Thus, resources have
been poured into developing “universal” influenza vaccines that can protect the population from
divergent influenza viruses. However, none of these have passed human clinical trials thus far.
Broad immunity can be evoked by natural viral infections or live vector-engineered and attenuated
influenza vaccines, which all induce lung resident memory T cells (Trp cells) apart from humoral
immunity. However, a delicate balance must be struck between safety and immunogenicity of
these “replicating” vaccines. Moreover, these vaccines are suitable for only some populations.
Thus, safe and potent mucosal adjuvants are urgently needed as part of nonreplicating vaccines in
order to stimulate lung Try cells and engender strong heterosubtypic immunity.

RATIONALE: Type I interferons (IFN-Is) are the chief immune mediators for protective
immunity against viral infections and can be vigorously induced by influenza viral infection of
alveolar epithelial cells (AECs) as well as immune cells. Thus, the activation of stimulator of
interferon genes (STING) in these two cell types may recapitulate the immune responses provoked
by viral infection or replicating vaccines. However, delivery of STING agonists into the cytosol of
AECs without breaching the integrity of the pulmonary surfactant (PS) layer remains a substantial
challenge because the PS layer forms a strong barrier to prevent nanoparticles and hydrophilic
molecules from accessing them. To address this challenge, we encapsulated 2,3’ -
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cyclicguanosinemonophosphate-adenosine monophosphate (cGAMP), a natural and potent STING
agonist, with PS-biomimetic liposomes (PS-GAMP) in an attempt to increase the breadth of
nonreplicating influenza vaccines toward universality.

RESULTS: In mice, PS-GAMP entered alveolar macrophages (AMs) in concert with lung-
specific surfactant protein-A (SP-A) and SP-D because of its resemblance to PS. Its cargo was
released into the cytosol followed by a flux from AMs into AECs through gap junctions.
Disguised as “self,” PS-GAMP escaped immune surveillance after intranasal immunization,
activating the STING pathway in both AMs and AECs without breaching PS and alveolar
epithelial barriers. Through this mechanism, PS-GAMP averted viral infection-provoked
immunopathology while robustly augmenting the recruitment and differentiation of CD11b*
dendritic cells (DCs) and CD8™* T cell and humoral responses of influenza vaccines such as those
induced by viral infection in terms of both timing and magnitude. The adjuvant in conjunction
with inactivated HIN1 vaccine generated wide-spectrum cross-protection against distant HIN1
and heterosubtypic H3N2, H5N1, and H7N9 viruses as early as 2 days after a single
immunization. This cross-protection lasted for at least 6 months, concurrent with durable lung
CD8* Trwm cells in mice. The effectiveness of this vaccine approach was also demonstrated in a
U.S. Food and Drug Administration-approved ferret model. PS-GAMP-mediated adjuvanticity
was abrogated in vivo when AECs were deficient in Sting or when mice were administered gap
junction inhibitors.

CONCLUSION: Nonreplicating influenza vaccines or conventional adjuvants primarily activate
immune cells, but this approach appears to be inadequate to induce lung Try cells, a key element
of heterosubtypic immunity. By contrast, PS-GAMP activated immune cells as well as AECs
without breaching PS and AEC barriers, effectively averting exaggerated inflammation in the lung.
STING activation in both immune cells and AECs resulted in a broad spectrum of immune
protection against heterosubtypic influenza viruses. The study sheds light on the pivotal role AECs
play in generating broad cross-protection against various influenza viruses. Thus, PS-GAMP is a
promising mucosal adjuvant for “universal” influenza vaccines.

Current influenza vaccines protect against viral infections primarily by inducing neutralizing
antibodies specific for viral surface hemagglutinin (HA) and neuraminidase (NA). However,
these surface proteins undergo constant antigenic drift or shift, greatly limiting the efficacy
of these vaccines (1). Studies demonstrating the essential role of lung CD8* resident
memory T cells (Trm cells) in heterosubtypic immunity may provide an explanation to this
limitation (2, 3). Induced sufficiently by natural viral infections, these cells not only
recognize highly conserved internal proteins that are shared among heterosubtypic influenza
viruses but are also capable of clearing viruses at the site of viral entrance when their
numbers are low (4-6). Similarly, live vector-engineered and attenuated influenza vaccines
can induce lung CD8* Ty cells (7, 8), but a delicate balance must be struck between their
safety and immunogenicity. Moreover, these replicating vaccines are often compromised by
preexisting immunity and consequently are suitable in only some populations (9). By
contrast, nonreplicating influenza vaccines induce poor T cell immunity in the respiratory
tract and require potent mucosal adjuvants to overcome the immunoregulatory mechanisms
of the respiratory mucosa. However, there continues to be a dearth of effective mucosal
adjuvants despite decades of investigation.
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2’,3”-cyclic guanosine monophosphate-adenosine monophosphate (CGAMP), a natural
agonist of the stimulator of interferon genes (STING), is a secondary messenger generated
in response to DNA viral infections or tissue damage (10, 11). It stimulates the production of
type | interferons (IFN-Is), which help determine the magnitude of type 1 immune
responses, particularly those of CD8* T cells (12, 13). STING agonists are potent adjuvants
capable of eliciting robust antitumor immunity after intratumoral administration and
augmenting intradermal influenza vaccines (13, 14). Using these small, water-soluble
agonists as mucosal adjuvants, however, is a challenge. They must be delivered into the
cytosol of antigen (Ag)-presenting cells (APCs) and/or alveolar epithelial cells (AECs)
without breaching the integrity of the pulmonary surfactant (PS) layer, a mixture of lipids
and proteins secreted by type Il AECs. This PS layer forms a strong barrier, which separates
exterior air from internal alveolar epithelium in alveoli and prevents nanoparticles and
hydrophilic molecules from accessing AECs (15, 16).

cGAMP-containing liposomes are fabricated with PS constituents

We synthesized a series of liposomes, based on PS constituents (17), to encapsulate cGAMP
(fig. S1A). The negatively charged nano4 was closest to PS in terms of lipid composition
and charge. It was the only liposome that, when intranasally administered with whole
inactivated A/Vietnam/1203/2004(VVN04) H5N1 vaccine, vigorously stimulated the
production of serum immunoglobulin G (IgG) and broncho-alveolar lavage fluid (BALF)
IgA, concomitant with no body weight loss over vaccine-alone controls (fig. S1, B to E). By
contrast, liposomes that were neutral (such as nanol), replaced anionic phosphatidylglycerol
(DPPG) with cationic 1,2-dipalmitoyl-3-trimethylammonium-propane (DPTAP) (such as
nano3 or naonb), or lacked polyethylene glycol, molecular weight 2000 (PEG-2000) (such
as nano2 and nano3) showed substantially less adjuvanticity while causing significant loss in
body weight (fig. S1, A to E). This was despite the similar size and encapsulation rate of
these preparations to nano4 (fig. S1, F to G). Thus, negative charge and PEG-2000 appear to
play an important role in the function and safety of the liposomes. Unexpectedly, bone
marrow (BM)-derived dendritic cells (BMDCs) stimulated in vitro with cGAMP
encapsulated in positively charged liposomes (nano3 or nano5) expressed higher levels of
/fnb1 than when stimulated with negatively charged liposomes (nano2 and nano4) (fig.
S1H). An analogous pattern emerged for BM-derived macrophages (BMMSs) when similarly
stimulated (fig. S1I). We next added trehalose to the liposome suspension before
lyophilization to increase nano4 stability (fig. S1A). The resultant nano6 liposome, which
we termed PS-GAMP, was stable at —20°C for at least 6 months and exhibited similar C
potential, size, function, and safety as those of freshly prepared nano4 (fig. S1, A, Bto E, F,
and J). Moreover, high Ag-specific 1gG titers induced by PS-GAMP-adjuvanted influenza
vaccine in wild-type (WT) but not in Sting-deficient mice confirmed that cGAMP, rather
than any other constituents, was responsible for PS-GAMP adjuvanticity (fig. S1K).
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PS-GAMP uptake by alveolar macrophages requires surfactant proteins A

and D

We next studied cellular targets of nano4 and its cargo by labeling nano4 and nano5
membranes with DiD, a fluorescent lipophilic carbocyanine, and packaging another
fluorescent dye with a molecular mass and net negative charge comparable with that of
cGAMP [sulforhodamine B (SRB)] within the liposomes (Fig. 1A). The nasal tissue, brains,
mediastinal lymph nodes (MLNSs), and lungs of mice were analyzed by means of flow
cytometry at various time points after intranasal administration of these liposomes. The lung
was the only tissue in which SRB* signals were higher than that in controls (Fig. 1B and fig.
S2A). There, alveolar macrophages (AMs), recognized as CD11b~CD11c*CD24~, were
SRB*DiD™, whereas CD11b~CD11c"EpCAM*MHC II* AECs were SRB* but DiD~(Fig. 1,
B to D, and fig. S4A) (18). This suggests that only the former took up nano4 directly (Fig.
1E). SRB*AMs represented >95% of CD11c*SRB™ cells (fig. S4A, middle) or 44% of total
AMs in the lung (fig. S4B, left). The proportions of SRB* AMs and SRB* AECs peaked in
the lung at 12 hours and 18 hours, respectively, returning to basal levels within 36 hours (fig.
S2B). In marked contrast, very few pulmonary CD103* dendritic cells (DCs) (<2%) and
CD11b* DCs (<2%) were DiD* and SRB™*, which ruled out the direct uptake of the
liposomes by these cells (fig. S4B). The ability of PS-GAMP to deliver cGAMP into AMs
was functionally verified through CD40 up-regulation in DiD* AMs after intranasal
inoculation with DiD-labeled and cGAMP-encapsulated nano4 (DiD-PS-GAMP). The same
nanoparticle lacking cGAMP (DiD-PS) had no effect on CD40 expression (fig. S5, A and B)
(19). In contrast with nano4, nano5 did not significantly associate with either AMs or AECs
when compared with free SRB (Fig. 1, B to D, and fig. S2C). Thus, AM activation appears
to result directly from PS-GAMP uptake rather than through a bystander effect (fig. S5C).

Surprisingly, AMs isolated from lung lavage did not efficiently ingest nano4 ex vivo. AMs
took up more nano5 than nano4, as evidenced by higher DiD fluorescence (Fig. 1, F and G),
which complemented our earlier observation that nano5 induced higher /fnb1 expression in
BMDCs and BMMs (fig. S1, H and I). Differences between in vivo and ex vivo uptake of
these liposomes may have been due to the lack of PS in ex vivo cultures. We therefore
purified PS from BALF and incubated the PS with nanoparticles for 30 min before adding
them to AMs. Nano4 uptake increased substantially, whereas nano5 uptake was diminished
(Fig. 1, F and G). Positively charged nano5 aggregated on the negatively charged PS,
explaining its poor entry into AMs (fig. S6). No such aggregates were formed when PS was
incubated with nano4 under similar conditions (fig. S6). Similar results were obtained when
AMs and PS were isolated from nonhuman primates (fig. S7). Thus, PS may play an
evolutionarily conserved role in PS-GAMP endocytosis.

Consistent with these ex vivo observations, DiD-nano4 localized within individual cells
positive for Siglec F, a biomarker for AMs, after intranasal administration (Fig. 1H and fig.
S8). By contrast, positively charged nano5 electrostatically interacted and fused with
negatively charged PS, exhibiting diffuse staining along the alveolar surface (Fig. 1H).
Distinct localizations of nano4 and nano5 were corroborated by means of transmission
electron microscopy (TEM) using nanogold-labeled nano5 and nano4 (fig. S9). In vitro
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validation of effective uptake of nano4 only in the presence of PS hinted that surfactant
protein A (SP-A) and SP-D (termed “collectins™) played a role in this uptake. In support, PS
isolated from Sftpal™'~ Sfipa™'~ mice failed to enhance nano4 uptake by WT AMs in vitro
over controls, in marked contrast to PS isolated from WT mice (Fig. 11). Moreover, nano4
uptake was severely impeded in Sftpal~'~Sftpa™'~ mice (Fig. 1J), which was not due to any
defect of Sfipal™~Sfipd™'~ AMs because Sftpal™'~Sfind™'~ AMs took up comparable
amounts of nano4 as did WT AMs after preincubation in vitro with WT PS (fig. S10).

PS-GAMP transiently activates innate immunity in the lung

Reliance on SP-A and SP-D in nano4 uptake suggested that a natural and molecule-specific
mechanism of particle clearance in the lung was involved, which would be the best approach
to sustain the integrity of PS and alveolar epithelial barriers (20). Two days after PS-GAMP,
whole inactivated VNO4H5N1 vaccine, or a combination of both was intranasally
administered, mouse lungs, nasal tissue, and brains were indistinguishable, by means of
histology, from phosphate-buffered saline (PBS) controls (fig. S11, A and B). There was no
cell death, damage to the epithelial barrier, or overt infiltration of inflammatory cells in these
tissues (fig. S11). Only modest and transient infiltration of monocytes was found in the lung
on day 3, which was markedly less severe than the monocyte response to viral infection (fig.
S12E). We also did not observe any significant cytokine production in the brain over
controls (fig. S11C). By contrast, administration of a VN04 H5N1 vaccine formulated with
cholera toxin (CT) resulted in substantial inflammatory cell infiltration of the lung and
measurable cytokine mMRNA expression in the brains of some mice (fig. S11).

Although there was a lack of overt lung inflammation over time observed with histology
(fig. S13A), PS-GAMP rapidly and robustly, but only transiently, activated innate immunity.
Ifnb1, Gmcst, and Tnfas well as Cc/l2, Ccl3, Ccl5, and Cxcl10expression peaked 12 hours
after stimulation and resolved within 48 hours (fig. S14). By contrast, a low-dose infection
with CA09 H1N1 influenza virus induced substantially higher levels of these mediators (fig.
S14), giving rise to overt lung inflammation that worsened over the course of viral infection,
despite robust //Z0expression (figs. S13, B and C, and S14). Transient IFN-p protein was
also found in BALF, but tumor necrosis factor-a (TNF-a) and interleukin-10 (IL-10) levels
were below the limit of detection (fig. S15). Substantially higher levels of these cytokines
were produced on days 2 to 6 as infection proceeded (fig. S15). The transient activation of
innate immunity was confined to the lung; serum IFN-B, IFN-vy, IL-6, IL-10, and TNF-a
levels did not differ from those of controls (fig. S16, C to G). This accorded with the lack of
adjuvant side effects on mouse body weight and temperature (fig. S16, A and B).

PS-GAMP is a potent adjuvant for both humoral and cellular immune

responses

Although PS-GAMP only transiently activated innate immunity, it was sufficient to augment
both humoral and cellular immune responses, which is consistent with our previous findings
that prolonged activation of innate immunity was not necessary for strong adaptive
immunity (13, 21, 22). PS-GAMP elevated serum hemagglutination inhibitory (HAI)
antibody and BALF IgA titers in a dose-dependent manner (Fig. 2, A and B). The adjuvant
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had potent effects on both primary and booster immune responses, raising Ag-specific 1gG1
10-fold, 1gG more than 100-fold, and IgG2c ~1000-fold over VNO4 H5N1 vaccine alone in
the serum (Fig. 2, C to E). In addition to the whole inactivated VNO4 H5N1 vaccine, PS-
GAMP also exhibited strong adjuvanticity when combined with split virion (SV) vaccines
such as the A/California/7/2009 (CA09) HIN1 vaccine. The adjuvant augmented HAI titers
10-fold, BALF IgA 60-fold, and 1gG 10,000-fold over the SV vaccine alone (Fig. 2, F to H).
Under similar conditions, polyinosinic: polycytidylic acid [poly(1:C)] showed substantially
less efficacy in augmenting HAI titers, BALF IgA, and serum IgG production (Fig. 2, F to
H). PS-GAMP not only augmented humoral immune responses but also profoundly
enhanced cellular immune responses. PS-GAMP-adjuvanted CA09 H1N1 vaccine increased
IFN-y*CD8* T cells 24-fold compared with vaccine alone or eightfold over the vaccine
formulated with poly(1:C) (Fig. 21 and fig. S20A). This combination also induced the highest
proportion of IFN-y*CD4* T cells among all vaccination groups (Fig. 2J and fig. S20A).
These robust immune responses translated into full protection against 10x the median lethal
dose (LDsg) CA09 HIN1 viral challenge, concurrent with only mild to no body weight loss
(Fig. 2, K and L). By contrast, poly(l:C)-adjuvanted CA0O9H1N1 vaccine conferred only
partial (33%) protection against the viral challenge, with severe body weight loss.

PS-GAMP elicits robust CD8* T cell responses

After intranasal administration of PS-GAMP, CD11b* DCs but not CD11b~ DCs were
elevated 14-fold and 36-fold on day 3 relative to day 0 in the lung (Fig. 3A, top) and MLN
(Fig. 3A, bottom), respectively. Among CD11b* DCs, monocyte-derived CD11b* DCs
(Mono-DCs), and tissue-resident CD11b* DCs (tDCs) were distinguished through major
histocompatibility complex I (MHC I1) and Ly6C expression (fig. S3B) (23, 24). MHC
11NICD11b* tDCs are the main lung DC population that cross-presents to CD8* T cells
during influenza viral infection (23). After PS-GAMP administration, tDCs expanded to
levels matching those seen during the first 3 days of viral infection. By contrast, pro-
inflammatory mono-DCs increased only slightly during the same experimental period (Fig.
3B). CD11b™ tDCs declined thereafter in the lung and MLN, in marked contrast to the
continued increase of these cells in both the lung and MLN during the 6 days of infection
(Fig. 3B). Various other immune cell populations were characterized in the lungs, MLNs,
nasal tissue, and brains after immunization or infection (fig. S12). In addition to DCs, only
natural killer (NK) cell and CD4* T cell numbers were briefly elevated for 1 or 2 days in the
lung (Fig. 3A).

These CD11b* DCs appeared to efficiently cross-prime CD8 T cells and induce robust
proliferation. When fluorescently labeled ovalbumin (OVA) was intranasally administered,
very few lung CD11b* DCs (0.3%) showed OVA uptake. The proportion of these DCs
ingesting OVA, however, rose substantially from 3% at 12 hours to 26% at 36 hours after
immunization in the presence of PS-GAMP (fig. S17A). This translated into a 10-fold
increase in MLN OVA* (mostly CD11b*) DCs compared with that in mice receiving OVA
alone (Fig. 3C and fig. S17B). These DCs had matured and were activated, as suggested by
CDA40 and CD86 up-regulation (Fig. 3, D and E). This effect was presumably secondary to
AEC and AM activation because most MLN DCs were PS-GAMP-negative (fig. S17, C and
D). The increase in Ag-specific CD11b* DCs did not result from altered Ag processing or
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uptake because OVA uptake or its proteolytic cleavage was unaffected by PS-GAMP (fig.
S18, D and E). Thus, the enhanced proliferation of transferred OVA-specific OT-I cells in the
presence of PS-GAMP was likely due to the augmented differentiation and maturation of
CD11b* DCs. These cells, in turn, gave rise to a greater than sixfold increase in highly
proliferating OT-I cells in both the lungs and MLNs (fig. S19, A to D).

A large number of nucleoprotein (NP)3gg_374-specific CD8" T cells were observed in the
lung and, to a lesser extent, in the MLN, as early as 4 days after immunization with PS-
GAMP-adjuvanted influenza vaccine (Fig. 3, F and G, and fig. S20B). NP3gg_374 Was the
dominant CD8* T cell epitope, and CD8* T cells specific for other epitopes, such as

PA224 233 Or PBl793_711, Were undetectable in these animals, probably because of a low
copy number of these proteins in inactivated influenza vaccine (fig. S20C) (25). These virus-
specific CD8* T cells expressed the early activation biomarker, granzyme B (GZMB), upon
viral challenge (fig. S21A) (26). The proportion of GZMB*CD8* T cells rose significantly 4
days in BALF and 6 days in the lung after receiving PS-GAMP-adjuvanted CA09 H1N1
vaccine (Fig. 3H). More than 65% of these GZMB*CD8* T cells were also positive for
NP3g6_374, Whereas only ~3% of the cells were positive for PAyo4_»33 or PBl7g3_711 (fig.
S21B). Under similar conditions, vaccine alone failed to expand GZMB*CD8" T cells
significantly (Fig. 3H). The CD8"* T cell response evoked by PS-GAMP was superior to
poly(1:C) or Toll-like receptor 2 (TLR2) agonist Pam2CSK4 (Fig. 31) (27, 28). Although T
cell immune responses were induced soon after immunization, Ag-specific BALF IgA and
IgM were undetectable on day 6 after immunization (fig. S21C). Thus, PS-GAMP mimics
crucial events of viral infection such as CD8* T cell induction without provoking excessive
lung inflammation or immunopathology (figs. S11 to S16).

PS-GAMP offers robust protection as early as 2 days after immunization

The rapid induction of CD8* T cells prompted us to determine how quickly protection could
be achieved with PS-GAMP. To this end, mice were challenged on day 0, 2, 4, 6, 8, or 14
after immunization (fig. S22A). Inclusion of PS-GAMP in the vaccination fully protected
mice from homologous viral challenges as early as 2 days after immunization (Fig. 4A). At
all early challenge time points (days -2, —4, and —6), mice experienced only minor
reductions in body weight (<10%) (fig. S22B), and all mice survived (Fig. 4A). When
challenged 8 days after immunization, mice showed no body weight loss, with 100%
survival (Fig. 4A and fig. S22B). This early protection did not result directly from innate
immunity because PS-GAMP alone given on day 0 or 2 prior did not confer any protection
(Fig. 4B and fig. S22C). To determine whether CD8" T cells were responsible for the early
protection, CD8* T cells were depleted by intraperitoneal injections of antibodies to CD8
every other day starting 2 days before and ending 4 days after immunization. Depletion of
CDS8™ T cells abolished the early protection, as evidenced by a precipitous body weight loss
and 100% mortality similar to those of mice receiving vaccine alone (Fig. 4C and fig.
S22D). To ensure that this early protection was not specific to the CA09 H1N1 vaccine, we
administered the H5N1 vaccine, which is an immunogenically weak vaccine by comparison.
PS-GAMP conferred 75 to 100% protection against rgVVN04 H5N1 viral challenge for mice
immunized 2 to 8 days prior in an adaptive-immune-dependent manner (Fig. 4D and fig.
S22E) because no protection was attained with PS-GAMP alone (Fig. 4E and fig. S22F).
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Under similar conditions, the vaccine combined with CT provided no early protection (Fig.
4E and fig. S22F), arguing persuasively that the heightened inflammation is not necessarily
required for strong adaptive immune responses (fig. S11). Mice were also significantly or
fully protected from a lethal challenge of a clinical isolate of pre-pandemic A/Shanghai/
4664T/2013 (SH13) H7N9 virus 2 or 14 days after immunization with PS-GAMP-
adjuvanted inactivated H7N9 vaccine (H7-Rel) (Fig. 4F and fig. S22, G to ). Vaccine
adjuvanted by poly(l:C) provided no benefit over vaccine alone under similar conditions
(Fig. 4F and fig. S221I).

The ability of PS-GAMP to quickly establish protection was then validated in a U.S. Food
and Drug Administration-approved ferret model. Ferrets receiving PS-GAMP-adjuvanted
CAO09 H1N1 vaccine 2 days prior experienced <5% body weight loss when infected with
homologous CAO9H1NL1 virus, which is concomitant with mild to no clinical symptoms and
only a brief and limited spike in body temperature on day 2 after viral challenges (Fig. 4, G
to 1). Viral shedding was significantly blunted from day 4 onward (Fig. 4J). By contrast,
CAO09H1N1 vaccine alone failed to prevent substantial weight loss after a similar viral
challenge and did not improve clinical symptoms or reduce viral shedding over controls,
despite showing milder increases in body temperature compared with that of controls (Fig.
4,Gtol).

AECs are indispensable for PS-GAMP-mediated adjuvanticity

cGAMP can be readily transferred by way of gap junctions presented between AMs and
AECs (29, 30). A dynamic flux from AMs to AECs was marked by the gradual loss of SRB
in AMs, concurrent with the continuous gain of SRB in AECs from 12 to 18 hours after
intranasal administration of SRB-nano4 (fig. S23A). The loss of SRB in AMs could not be
ascribed to a loss of the liposomes because the number of DiD* cells was unaltered up to 18
hours later (fig. S23B). The entry of SRB into AECs was blocked by carbenoxolone (CBX)
(Fig. 5, A and C), a gap-junction blocker (29), which did not affect SRB uptake by AMs
(Fig. 5, A and B). In AMs and AECs sorted from lungs receiving PS-GAMP, CBX greatly
diminished the transcription of /fnb1 and Gmesfin AECs while increasing /fnb1
transcription in AMs (fig. S24, B and C). This was most likely a consequence of elevated
cGAMP levels in the cells. Thus, there is a gap junction-mediated flux of cGAMP to AECs
from AMs. By contrast, poly(l:C) remained primarily within AMs (>97%) after intranasal
immunization (fig. S25A). Only 0.4% of total AECs and 4% of total DCs took up poly(l:C)
in the lung (fig. S25, B and C). MLN and nasal tissue DCs as well as nasal epithelial cells
rarely internalized poly(l:C) (fig. S25, D and E).

PS-GAMP induced 100-fold-higher IgG2c titers than did poly(l:C) (Fig. 5D). However, the
adjuvanticity was blunted substantially when mice were treated with CBX or two other gap
junction inhibitors, tonabersat and meclofenamate, before and during immunization (Fig.
5D) (31, 32). By contrast, these inhibitors had few effects on poly(l:C)-mediated
adjuvanticity (Fig. 5D), which is consistent with the inability of poly(l:C), a large molecule,
to enter the neighbor cells by way of gap junctions (fig. S25A). The blockade on the entry of
cGAMP into AECs reduced recruitment of CD11b*™ DCs by 50% (Fig. 5E) and exhibited
more profound effects on the early CD8* T cell responses in both the BALF and lung (Fig.
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5, F and G). Moreover, chimeric mice (ST—WT) comprising Sting-deficient (Sting™'~ or
ST) BM cells and WT AECs had similar BALF and lung CD8" T cell numbers as those of
WT—WT mice (Fig. 5, H to J, and fig. S26) (33). By contrast, significantly lower numbers
of Ag-specific CD8* T cells were recovered from the BALF and lungs of chimeras with
Sting-deficient AECs and a WT hematopoietic compartment (WT—ST mice) (Fig. 5, | and
J). WT—ST mice showed poor protection by PS-GAMP-adjuvanted CA09 H1N1 vaccine,
as suggested by body weight loss and high lung viral titers, in contrast to the similarly
observed protection between ST>WT and WT—WT mice (Fig. 5, K and L). There was an
inverse correlation between viral titers and the number of GZMB*CD8* T cells in the BALF
and lung, supporting the notion that GZMB*CD8" T cells play a pivotal role in the control
of viral infections (Fig. 5, M and N). Thus, AECs rather than AMs appear to be essential for
determining the potency of PS-GAMP, which is consistent with their critical role in
orchestrating innate and adaptive immune responses in the respiratory system during viral
infection (24, 34-36).

PS-GAMP broadens protection against heterosubtypic influenza viruses

Mice that received CAO9H1N1 vaccine (Fig. 6, A to F) or A/Shanghai/37T/2009 (SH09)
H1N1 vaccine (Fig. 6, G and H), together with PS-GAMP, were highly protected from lethal
challenges with distinct PR8 H1N1 virus and heterosubtypic A/Aichi/2/1968 (Aichi) H3N2,
rgVNO4 H5N1, or the highly pathogenic SH13 H7N9 virus, irrespective of whether the
animals were infected at either 2 days (Fig. 6, A, C, E, and G) or 14 days (Fig. 6, B, D, F,
and H) after immunization (fig. S27, A to H). This vaccination strategy also protected mice
from an oseltamivir-resistant A/North Carolina/39/2009 H1N1 virus with an H275Y
mutation (NC09) [in which histidine (H) at position 275 was replaced with tyrosine (Y)]
(Fig. 61 and fig. S271), which emerged during 2009 H1IN1 pandemic and H7N9 epidemic
(37, 38). The resistance of this virus to oseltamivir was verified by the ability of oseltamivir
to effectively control CAO9H1N1, but not NCQ9, viral infection (Fig. 61). Under similar
conditions, HIN1 vaccines alone provided little to no protection against challenges with
these heterosubtypic variants (Fig. 6, A to I, and fig. S27, A to I). In contrast to PS-GAMP,
poly(l:C)-adjuvanted SHO9 H1N1 vaccine failed to generate significant heterosubtypic
protection against H7N9 virus (Fig. 6, G and H, and fig. S27, G and H). In addition to
monovalent vaccines, PS-GAMP enhanced the breadth of immune responses induced by
trivalent 2018-2019 seasonal influenza vaccines (SIV18-19) against mismatched reassortant
AJ/Guizhou/54/1989 H3N2 (rgGZ89) virus (Fig. 6J and fig. S27J) or Florida/4/2006
influenza B virus from Yamagata-lineage (fig. S28). Thus, PS-GAMP appears to be
similarly effective for both influenza A and B viral vaccines.

Long-lived Ag-specific memory CD8" T cells capable of rapid recall upon viral infection are
critical for the control of viral replication in the lung (2, 3). In mice that received OT-I cells,
the number of lung CD8*CD103*CD49a*CD69" Ty cells rose 20-fold after immunization
with OVA combined with PS-GAMP relative to OVA alone (fig. S29, A to C). Moreover,
PS-GAMP-adjuvanted CA09 H1N1 vaccine fully protected mice from heterosubtypic
rgVNO4 H5N1 viral challenge 6 months after a single immunization (Fig. 6K and fig.
S27K). This long-term cross-protection concurred with durable influenza-specific CD8*
Trm cells in the lung, which could also be readily detected 6 months after immunization
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(fig. S29, D and E). These CD8* Trw cells, rather than circulating memory CD8* T cells,
contributed to the long-term protection observed because their function was not
compromised by T cell egress inhibitor FTY720 (fig. S30) (3).

Heterosubtypic immunity was further corroborated in ferrets by means of immunization with
PS-GAMP alongside inactivated rgPerthH3N2 vaccine. The body weight and temperature of
these animals did not differ from those receiving PBS or the vaccine alone, demonstrating a
good safety profile for PS-GAMP in ferrets (fig. S31, A and B). The immunization induced
40-fold higher serum IgG titers and fivefold higher HAI titers against homologous Perth
H3NZ2 virus than vaccine alone did 28 days after immunization (fig. S31, C and D), but no
HAI antibody was detected against heterosubtypic A/Michigan/45/2015 H1IN1 (Michigan
H1NZ1) virus, as anticipated (fig. S31E). Ferrets receiving the vaccine and PS-GAMP, when
challenged with Michigan HIN1 virus, showed significantly less body weight loss and
milder clinical symptoms, especially in the late phase (>7 days) of the infection, and
normalized their temperature more quickly compared with animals that received PBS or
vaccine alone (Fig. 6, L to N). PS-GAMP-treated ferrets also shed significantly lower
amounts of virus 2 days after infection (Fig. 60). Thus, the ability to induce heterosubtyptic
immunity in ferrets by PS-GAMP-adjuvanted inactivated influenza vaccines suggests the
potential for PS-GAMP use in humans.

Discussion

The development of a universal influenza vaccine that confers protection against not only
intrasubtypic variants but other subtypes of influenza viruses as well would be highly
desirable. However, despite decades of extensive investigation, whether such universal
influenza vaccines are achievable remains unclear. It has been long recognized in both
humans and animal models that viral infection can stimulate heterosubtypic immunity
primarily mediated by CD8* T cells (2, 3, 6). In this work, a single immunization with
inactivated H1IN1 vaccine adjuvanted with PS-GAMP confers protection against lethal
challenges with HINZ1, H3N2, H5N1, or H7N9 viruses as early as 2 days after
immunization. This cross-protection was sustained for at least 6 months, concurrent with
durable virus-specific CD8* Trp cells in the lung. This was largely due to the fact that PS-
GAMP-adjuvant influenza vaccine simulated viral infection-induced immunity,
characterized by AEC activation, rapid CD11b* DC recruitment and differentiation, and
robust CD8" T cell responses in the respiratory system. PS-GAMP is a standalone adjuvant,
compatible with not only inactivated influenza viral vaccines but also vaccines comprising
cocktails of multiple B and T cell epitopes or influenza vaccine subunits. The ability of PS-
GAMP to potentiate nonreplicating influenza vaccines for strong heterosubtypic immunity
makes it a promising adjuvant for “universal” influenza vaccines if its efficacy can be shown
in humans. As such, it would offer a substantial advantage over “replicating” vaccines.

Distinct from conventional vaccine adjuvants that target primarily APCs, PS-GAMP
activated both AMs and AECs, with activation of the latter appearing to be crucial for its
adjuvanticity. Pharmacological inhibition of gap junctions and Sting deficiency in AECs
both diminished the adjuvanticity of this preparation considerably. By contrast, Sting
deficiency in myeloid cells did not. The pivotal role played by AECs over AMs in
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orchestrating innate and adaptive immune responses is in agreement with what has been
described during the early phase of influenza viral infection (24). The ability of cGAMP to
enter AECs without breaching the PS layer was ascribed to SP-A/D-receptor-mediated
endocytosis after incorporation of SP-A and SP-D into PS-biomimetic liposomes, which is
not feasible in any non-PS-biomimetic liposomes (39-41). Additionally, this adjuvant could
induce robust protection within just 2 days after immunization, which is in sharp contrast to
current influenza vaccines, which require at least 10 to 14 days to be effective. Early cross-
protection is extremely important to protect first responders and high-risk individuals,
especially when antiviral drug-resistant viruses or highly pathogenic viruses such as HSN1
and H7N9 viruses emerge to become pandemics. Because viral spreading can accelerate
exponentially after a transition from an epidemic to pandemic, early protection would be the
most effective means to confine viral spreading during an epidemic phase and prevent
pandemics, potentially saving millions of lives (42).

Materials and methods

PS-GAMP synthesis

Animals

All lipids were purchased from Avanti Polar Lipids, including 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DPPG),
1,2-dipalmitoyl-3-trimethylammonium-propane (DPTAP), and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DPPE-
PEG2000). Cholesterol was obtained from Sigma Aldrich. The mass ratio of nano4 and
nano6 was DPPC/DPPG/DPPE-PEG/Chol at 10:1:1:1. The lipids were dissolved in 3 ml of
chloroform and mixed with 1 ml cGAMP solution (200ug cGAMP, 13.7 mM NacCl, 0.27
mM KCI, 0.43 mM NayHPO4, and 0.147 mM KH,PO4). Alternatively, cGAMP was
replaced with SRB (Sigma Aldrich) and/or 0.5 umol DiD dye (Life Technologies) was added
to the lipid mixture to label cargo or liposome membrane, respectively. The liposomes were
synthesized by reverse-phase evaporation (43). In brief, the mixture of lipids and cGAMP
was sonicated to achieve a water-in-oil emulsion under N, for 30 min at 50°C, followed by
gentle removal of the solvent via rotary evaporation at a speed of 220 rpm. An excess
amount of buffer was added to the mixture and continuously rotated for another 5 min at
50°C. Resultant liposomes were extruded through 400- and 200-nm membranes (Avanti
Polar Lipids) at 50°C. The size and zeta potential of liposomes were measured by Zetasizer
(Malvern). Encapsulation efficiency was determined by UV absorption of cGAMP at 260
nm in Nanodrop (Life Technologies) and confirmed by liquid chromatography-mass
spectrometry (LC-MS) (Agilent). Free cGAMP was removed by a size-exclusion column
G-50 (GE Healthcare). To stabilize the liposomes, trehalose was added to the liposome
suspension at a final concentration of 2.5%. The resultant suspension was frozen in dry ice/
ethanol bath and then lyophilized at —45°C under vacuum by Freezone 4.5 (Labconco). The
lyophilized liposome (PS-GAMP) was stored at —20°C until use and used in all in vivo
studies unless otherwise specified.

C57BL/6J and BALB/c mice were purchased from Jackson Laboratories or Shanghai SLAC
Laboratory Animal Co. Sting-deficient mice (C57BL/6J-Tmem173 gt/d), Sfinal™'~Sfipd '~
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mice (B6.Cg-Sftpaltm2Haw Sftpdtm2Haw/J), C57BL/6 CD45.1 mice (B6.SJL-Ptprca
Pepcb/BoyJ), and Swiss Webster mice were attained from Jackson Laboratories or Charles
River Laboratories. MHC 11-EGFP mice expressing MHC class 1l molecule infused into
enhanced green fluorescent protein (EGFP) was a kind gift of H. Ploegh, Massachusetts
Institute of Technology. Influenza-free 4-month-old female ferrets were purchased from
Marshall Bio-Resources. Healthy naive 6-year-old male rhesus macaques were obtained
from Beijing Institute of Xieerxin Biology Resource, China. The animals were housed in the
pathogen-free animal facilities of Massachusetts General Hospital (MGH) or Fudan
University in compliance with institutional, hospital, and NIH guidelines. The studies were
reviewed and approved by the MGH or Fudan University Institutional Animal Care and Use
Committee.

Influenza viruses and vaccines

SH13 H7N9 virus (A/Shanghai/4664T/2013), SHO9 H1N1 virus (A/Shanghai/37T/2009),
and reverse-genetically (rg) modified GZ89 H3N2 (rgGZ89 H3N2) virus consisting of H3
and N2 of A/Guizhou/54/1989 H3N2 virus and A/Puerto Rico/8/1934 (PR8) viral backbone
were obtained from Fudan University. Pandemic CA09 H1N1 virus was requested from the
American Type Culture Collection (ATCC, #FR-201). PR8 (NR-348), A/Aichi/2/68 H3N2
(Aichi, NR-3177), rgPerth H3N2 (NR-41803), and B/Florida/4/2006 (Florida06, NR-9696)
viral strains were obtained from BEI Resources, NIAID. rgVVN04 H5N1 virus was a kind gift
of R. Webby, St. Jude Children’s Research Hospital, which comprised H5 and N1 genes
from A/Vietnam/1203/2004 H5N1 virus and a PR8 viral backbone. A/Michigan/45/2015
H1N1 (Michiganl5, FR-1483) and antiviral drug-resistant A/North Carolina/39/2009 H1IN1
viruses (NC09, FR-488) were acquired from International Reagent Resources, CDC. Viruses
were expanded in 10-day-old embryonated chicken eggs (Charles River Laboratories) at
35°C for 3 d, harvested, purified by sucrose gradient ultracentrifugation, and frozen at
—-80°C. To challenge mice, the virus was adapted in mice for three cycles of intranasal
instillation-lung homogenate preparation, and their infectivity in mice was assayed by the
LDsgq following a standard protocol.

Monovalent CA09 H1N1 vaccine (NR-20347, Sanofi Pasteur) and whole inactivated HSN1
vaccine (NR-12148, Baxter AG) were obtained from BEI Resources, NIAID. H7-Rel H7N9
whole inactivated vaccine was a kind gift from Harbin Veterinary Research Institute,
Chinese Academy of Agricultural Sciences. Trivalent seasonal influenza vaccine 2018-2019
(SIV 18-19) was attained from Hualan Biological Bacterin Co., China. SH09 H1N1 and
Perth H3N2 inactivated vaccines were made by inactivation of the viruses with 0.02%
formalin for 24 hours at 37°C and purified as above. Ag concentration was quantified by the
BCA protein assay and SDS-polyacrylamide gel electrophoresis based on HA content.

Mouse immunizations and challenges

Mice were sedated with ketamine/xylazine and intranasally inoculated with 30 pl (15 ul per
nostril) of an indicated influenza vaccine or a mixture of the vaccine and an adjuvant. VNO4
H5N1, SIV 18-19, and CA09 HIN1 SV vaccines were employed at a corresponding dose of
1 ug (HA content), 1 ug, or 0.5 g per mouse, respectively, whereas H7-Rel and SH09
H1N1 vaccines each were administered at 0.25 g or 3 ug per dose, respectively. Poly(l:C)

Science. Author manuscript; available in PMC 2020 October 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 14

(Invivogen), Pam2CSK4 (Invivogen), and cholera toxin (Sigma) each were administered at
20, 20, or 10 pug per mouse, respectively. To block gap junctions, CBX, tonabersat, and
meclofenamate were obtained from Sigma Aldrich and intraperitoneally injected into
individual mice for 4 consecutive days (from 2 days prior to 1 day after immunization) at
corresponding dosages of 25, 10, or 20 mg/kg/day, respectively (31, 32). To deplete CD8* T
cells during vaccination and challenge, mice were administered anti-CD8a. (53-6.7,
BioLegend) antibody 2 days prior and in 0, 2, and 4 days after immunization at a dose of
200 pg/day. C57BL/6 mice were used for the challenge studies, except for Aichi H3N2,
Florida06 influenza B, and GZ89 viruses which challenged Swiss Webster mice or BALB/c
mice instead unless otherwise indicated, because C57BL/6 mice were relatively less
susceptible to these viruses. To verify antiviral drug resistance of the NC09 virus,
unimmunized mice were treated with oseltamivir (20 mg/kg/day) at 6 hours before the
challenge and then daily until the end of the study. Immunized and control mice were
challenged with intranasal instillation of 10 x LDgy mouse-adapted homologous virus at an
indicated day after immunization, except for H7N9 virus at 40 x LDsgg. However,
heterologous viruses each at 5 x LDsgq were utilized for challenges except for Florida06
influenza B virus at a dose of 4 x10° median tissue culture infectious dose (TCIDsp) as this
virus is not lethal to mice. Body weight and survival were monitored daily for 12 days after
the challenge.

Ferret immunizations and challenges

Four-month-old female ferrets negative to antiinfluenza virus antibody were anesthetized by
ketamine/xylazine/atropine and intranasally immunized with a vehicle, an influenza vaccine,
or a mixture of the vaccine and PS-GAMP. To assay early protection, each ferret receiving 9
pg of CA09 H1N1 vaccine alone or alongside 200 pg of PS-GAMP was challenged with 108
TCID5o CA09 H1N1 viruses 2 days post-immunization. To evaluate cross-protection, each
ferret was intranasally immunized with 15 pg of PerthH3N2 vaccine in the presence or
absence of 200 pg of PS-GAMP and challenged with 108 TCIDs heterosubtypic
Michigan15 H1N1 viruses 30 days after immunization. Body temperature was monitored by
two microchips implanted in each animal (BioMedic Data Systems) and clinical symptoms
were scored according to a published protocol (table S1) (44). Animals were euthanized
humanely 2 weeks after viral challenge by sedation and injection of 0.5 ml of Euthanasia-1II
into the heart.

Tissue processing and flow cytometry

Lungs, nasal tissues, MLNSs, and spleens were dissected from indicated mice and processed
into single-cell suspensions for analysis by flow cytometry. Specifically, the lung and nasal
tissues were minced into 1-mm? pieces, digested with 1 ml of collagenase D (2 mg/ml)/
DNase I (5 mg/ml), both from Roche, at 37°C for 60 min, and then passed through 40-um
cell strainers (18). To collect BALF, mice were first perfused thoroughly with ice-cold PBS
followed by intratracheal lavage with 0.5% BSA in PBS. Single-cell suspensions of the
spleen and MLN were prepared by passing the tissues through 40-um cell strainers directly.
After removal of red blood cells in ACK buffer, the remaining cells were washed, blocked
by anti-CD16/CD32 antibody (clone 93,10 ug/ml, BioLegend) for 20 min, and stained with
fluorescently conjugated antibodies for 30 min on ice or NP3gg_374, PA224-233, PBl703-711
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MHC I tetramers for 1 hour on ice. Activated T cells were fixed and permeabilized after
surface staining, followed by intracellular staining with anti-granzyme B antibody at 4°C
overnight. Stained cells were acquired on a FACSAria 1l (BD) and analyzed using FlowJo
software (Tree Star). Cell populations and subsets in the mouse respiratory system were
gated and analyzed as described (18). The information of various antibodies is provided in
table S2.

Cytokine and chemokine measurements

Histology

C57BL/6 mice were intranasally administered 20 pg of PS-GAMP or infected with 1 x LDsgq
CAO09 H1NL1 virus. Lungs were harvested at indicated times and prepared for total RNA
extraction with an RNA purification kit (Roche). To measure cytokines in brains, mice were
intranasally administered VN04 H5N1 vaccine (1 pg HA) alone or together with PS-GAMP
(20 pg) or CT (10 ug) and sacrificed 48 hours later to collect the brain tissue for RNA
extraction as above. The RNA was reverse-transcribed (Life technologies) and amplified by
real-time PCR using an SYBR Green PCR kit (Roche). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) served as an internal control. All primers used are listed in table
S3. Mouse GM-CSF (eBioscience), IFN-B (Invivogen), TNF-a (BioLegend), IFN-y
(eBioscience), IL-6 (eBioscience), and IL-10 (BioLegend) levels in BALF and serum were
measured by specific ELISA Kits.

Swiss Webster mice were intranasally administered PBS, PS-GAMP (20 pg), H5N1 vaccine
(1 pg HA), or the vaccine plus PS-GAMP or CT (5 pg). Some mice were infected by CA09
H1N1 virus (250 PFU) as positive controls. Lungs, nasal tissue, and brains were dissected at
indicated days after immunization or infection, fixed, and stained using a standard H&E
procedure. The slides were scanned and analyzed using a NanoZoomer (Hamamatsu).

Confocal microscopy

To track DiD-labeled liposomes in the lung, C57BL/6 mice were intranasally administered
an equal amount of DiD-nano4 or DiD-nano5. Lungs were excised after 12 hours, embedded
in an optimal cutting temperature (OCT) compound (Sakura Finetek), and cut into 5-ym
frozen sections. The slides were mounted with a ProLong Antifade Mountant containing
DAPI (Life Technologies) and imaged by confocal microscopy (Olympus FV1000,
UPLSAPO 60XW). To visualize AM uptake of nanoparticles ex vivo, mouse lungs were
lavaged six times with 1 ml of PBS containing 0.5% BSA and 5 mM EDTA. The lung lavage
was pooled and centrifuged at 220 x g. The cells were collected, washed thoroughly by PBS,
and cultured in RPMI 1640 medium for 45 min, followed by removal of nonadherent cells.
The adherent cells were collected as AMs, suspended at 2 x 10° cells/ml in medium, and
added to 96-well-plates at 200 pl/well. To purify PS, lung lavage was prepared by washing
the lung for six times with 1 ml of PBS and centrifuged at 220 x g for 10 min to remove cell
debris and then at 100,000 x gfor 1 hour to pellet PS. The supernatant (6 ml) was
concentrated to 200 pl by 3-kDa Amicon Ultra Centrifugal Filter Units (Merk Millipore) and
mixed with PS pellet prepared above. The resultant PS (100 ug total protein) was then mixed
with DiD-nano4 or DiD-nano5 (12 ug lipid content in nanoparticles) for 30 min before
added to AM cell culture with 4 x 104 cells in 200 pl of medium. After 4 hours incubation
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under 5% CO, at 37°C, cells were stained with a vital dye Calcein-AM (Life Technologies).
Uptake of liposomes was quantified by confocal microscopy (Olympus FV1000, UPLSAPO
60XW) followed by ImageJ software analysis.

Statistical analysis

A two-tailed Student’s #test was used to analyze differences between two groups. analysis of
variance (ANOVA) or Kruskal-Wallis test was used to analyze differences among multiple
groups by PRISM software (GraphPad). A Pvalue of <0.05 was considered statistically
significant. Sample sizes were determined on the basis of preliminary experiments to give a
statistical power of 0.8. Most experiments were repeated at least twice with similar results.
The investigators were not blinded to the experiments which were carried out under highly
standardized and predefined conditions, except for microscopy images and H&E slide
examinations, which were evaluated in an investigator-blind manner.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PSGAMP uptake by AMsrequires SP-A and SP-D.
(A) A schematic diagram of PS-liposomes labeled with SRB and DiD. (B to E) Free SRB

(20 pg) or SRB-DiD-nano4 or SRB-DiD-nano5 (20 ug SRB) was intranasally administered
to mice, followed 12 hours later by flow cytometry analysis of SRB* and/or DiD*
pulmonary cells. The percentages of SRB* cells that were also CD11c* AMs (red) or CD11c
~ AECs (blue) were analyzed (B) and quantitated [(C) and (D)] (=4 mice). (E) A
representative overlay flow cytometry plot of AM and AEC staining for DiD and SRB. (F)
AMs were isolated from MHC 11-GFP mice and incubated with DiD-nano4 or DiD-nano5
for 4 hours after preincubation with (bottom) or without (top) PS for 30 min. Scale bar, 10
um. (1) Alternatively, AMs were isolated from wild-type (WT) mice and incubated for 4
hours with DiD-nano4 that was pretreated with WT or Sftpal~/~Sftpa™'~ PS for 30 min. (G
and I) The cells were imaged by means of fluorescent microscopy and quantified for DiD
fluorescence intensity in individual cells with Image J; 7= 18 to 36 cells. (H) Lungs were
visualized by means of fluorescent microscopy 12 hours after receiving DiD-nano4 or DiD-
nano5. Scale bar, 50 um. (J) DiD-nano4 was intranasally administered to WT or
Sftpal™=Sfipa™'~ mice. CD11c*CD11b~CD24~ AMs were analyzed 12 hours later for DiD
*: n= 6 mice. Each symbol represents individual mice in (C), (D), and (J) or cells in (G) and
(). The results were presented as means + SEM. Statistical analysis, one-way ANOVA for
(C), (D), (G), and (I) and Student’s ttest for (J). **P < 0.01 and ***P < 0.001 between
indicated groups. All experiments were repeated three times with similar results.

Science. Author manuscript; available in PMC 2020 October 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wang et al.

Page 20

Prime Boost

Prime Boost
I E—

Serum IgG titer (logyq) €

BALF IgA titer (log;) 9
Serum IgG2c titer (logqo) ©

*kk ool ki
= Prime Boost ~ 67 — 3 kK 3204 T =1 15
6 5 ek 2 “? dkk
S S = S ok - ) [
24 ° 2 g L L —I— o 8 %
Poge R el i
6 3 ° . G o : 2 o° S 8
) T 22 o 24 T 20 = £g s °
: 3 | e = < :
3 n 2 5l o0— 0 L
© &8 R S O
& & oF &N F S o F
RY ¥ R Q&j ¥R & SR &

2 *rx 100 10
w 3
2 — - PS-GAMP 2 o
o8 o S - Poly I:C « g 0 *
3r ° 3 -+ Vaccine H
’E 31 414 % 501 - Un-immu § -10
™ 2 ° F £
S 3 2 20
& $
< $ s
] 0 T —8— T T T T T -30+ T T T T T J
S EL 0 2 4 6 8 10 12 14 270 2 4 6 8 10 12
oo\;é’oqo\* o Days post challenge Days post challenge
of
Q

Fig. 2. Adjuvanticity of PSS GAMP.

(A and B) Swiss Webster mice were intranasally immunized with VNO4 H5N1 vaccine plus
20 ug of free cGAMP or PS-GAMP containing an indicated amount of cGAMP. Ag-specific
serum HAI (A) and BALF IgA (B) titers were measured 2 weeks later; 7= 8 mice. (C to E)
C57BL/6 mice were intranasally immunized with VNO4 H5N1 vaccine in presence or
absence of PS-GAMP (20 ug cGAMP) on day 0 and boosted on day 14. Sera were collected
on day 14 (Prime) or 21 (Boost) and measured for Ag-specific 1gG (C), IgG2c (D), and 1gG1
(E) titers; n= 4 mice. (F to L) C57BL/6 mice were intranasally immunized with CA09
H1N1 vaccine with or without 20 pg of PS-GAMP or poly(I:C). Serum IgG (F), BALF IgA
(G), and serum HAI (H) titers were measured 2 weeks later. [(I) to (J)] Splenocytes were
isolated 7 days after immunization and stimulated with the CA09 H1N1 vaccine. CD8* (1)
and CD4* (J) T cells producing IFN-y after viral Ag stimulation were determined by means
of flow cytometry. [(K) and (L)] Survival curves (K) and changes in body weight (L) of
unimmunized mice (black) or mice receiving a single immunization of vaccine alone
(green), the vaccine combined with poly(l:C) (blue), or PS-GAMP (red), which were
challenged 28 days later with 10 x LDgy CA09 HINL1 virus; 7= 6 mice. The results are
presented as means £ SEM. Each symbol represents individual mice in (A) to (J). Statistical
analysis, one-way ANOVA for (A) to (J), two-way ANOVA for (L), and log-rank test for
(K). *P<0.05, **P<0.01, and ***P < 0.001 in the presence or absence of PS-GAMP. ns,
no significance. All experiments were repeated twice with similar results.
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Fig. 3. CD8* T cell responses are induced by PS-GAMP.
(A) Numbers of CD4* and CD8* T cells, NK cells, and CD11b* and CD11b™ DCs in the

lung (top) and MLN (bottom) were analyzed by means of flow cytometry at an indicated day
after mice were intranasally administered with PS-GAMP; 7= 4 mice. (B) CD11b* mono-
DCs and CD11b* tDC were quantified by means of flow cytometry in the lung and MLN at
an indicated day after mice were intranasally immunized with PS-GAMP or infected with 1
x LD5g CA09 H1N1 virus; n=4 mice. (C to E) Mice were intranasally vaccinated with
OVA-AF647 with or without PS-GAMP. (C) DCs capturing OVA were enumerated in the
MLN 36 hours after immunization; 7= 6 mice. The mean fluorescence intensity (MFI) of
CDA40 (D) or CD86 (E) on these DCs was quantified by means of flow cytometry; n=4
mice. (F and G) Mice were intranasally immunized with CA09 H1N1 vaccine with or
without PS-GAMP or PBS alone as unimmunized controls. CD8* T cells in the lung and
MLN were analyzed on the indicated day after immunization for their Ag-specificity by
staining with NP3gg_374 tetramer; /7= 4 to 8 mice. Representative flow cytometry plots are
shown in fig. S20A. (H) Mice were immunized as described in (F) and (G) and challenged 2
days later with 10 x LDgg CA09 HIN1 virus. BALF and lung cells were enumerated for
GZMB*CD8* T cells at indicated days after immunization; 7= 4 mice. () Mice were
similarly immunized and challenged as in (H), except that 20 pg of poly(l:C) or Pam2CSK4
was used in place of PS-GAMP for immunization. GZMB*CD8™ T cells were counted 4
days after challenge as in (H); 7= 4 mice. Each symbol represents individual mice in (A),
(C) to (E), and (). The results were presented as means + SEM. Statistical analysis, one-way
ANOVA for (A), (B), and (1); two-way ANOVA for (F) to (H); and Student’s ¢test for (C) to
(E). *P<0.05; **P< 0.01, and ***P < 0.001 compared with day 0 [(A) and (B)], influenza
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vaccine alone [(F) to (H)], or between indicated groups. All experiments were repeated twice
with similar results.
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Fig. 4. PSS GAMP mediates early protection.
(A and B) Survival rates of immunized C57BL/6 mice after 10 x LDsg CA09 HIN1 viral

challenge. (A) The mice were intranasally immunized with CA09 H1N1 vaccine (0.5 pg
HA) and PS-GAMP (20 ug cGAMP) on day 2, 4, 6, 8, or 14 before viral challenging (fig.
S22A); n= 610 11 mice. (B) Mice were immunized and challenged either on the same day
(0) or 2 days (—2) after immunization; 7= 6 mice. (C) Mice were immunized and challenged
2 days later as in (A). CD8* T cells were depleted in some mice through injections of
antibody to CD8 2 days before and 0, 2, and 4 days after vaccination; 7= 4 mice. (D)
Survival rates of mice immunized with VN04 H5N1 vaccine plus PS-GAMP at indicated
day before challenge on day 0 with 10 x LDgg rgVNO4 H5N1 virus (fig. S22A); n=41t0 8
mice. (E) Survival rates of mice immunized with VN04 H5N1 vaccine, PS-GAMP, or the
vaccine plus free cGAMP, CT, or PS-GAMP, followed with rgvVN04 H5N1 viral challenge 2
days later; n=4 to 8 mice. (F) Mice were intranasally immunized with H7-Re1l H7N9
vaccine and 20 pg of PS-GAMP or poly(l:C) and challenged 2 days later with a clinically
isolated SH13 H7N9 virus at 40 x LDsg; 7= 8 to 12 mice. (G to J) Ferrets were intranasally
immunized with CA09 H1N1 vaccine (9 ug) with or without 200 ug of PS-GAMP and
challenged with 108 TCID5y CA09 H1N1 virus 2 days later. Body weight (G), disease score
(H), temperature (1), and nasal wash viral titers (J) were monitored for 12 days; n = 4 ferrets.
The results were presented as means + SEM. *P< 0.05, **P< 0.01, and ***P< 0.001
compared with day 0 [(A) and (D)], vaccine alone [(B), (E), and (F)], or in the presence or
absence of antibody to CD8 (C). Mouse experiments were repeated twice with similar

Science. Author manuscript; available in PMC 2020 October 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wang et al.

Page 24

results. For ferrets, asterisks indicate significance between PBS and vaccine+PS-GAMP, and
pound signs (#) indicate significance between vaccine and vaccine+PS-GAMP. * #P < 0.05;
** ##P < 0.01; and *** ###P < 0.001. Statistical analysis, two-way ANOVA for (C), (G), (1),
and (J); Kruskal-Wallis test for (H); and the log-rank test for (A), (B), and (D) to (F).
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Fig. 5. AECs make an indispensable contribution to PS-GAM P adjuvanticity.
(A) Mice were intraperitoneally administered CBX once a day for 3 consecutive days, after

which SRB-nano4 was intranasally administered to the mice. (B and C) Percentages of SRB
* AMs (red) and AECs (blue) that were analyzed 12 hours after (A); 7= 6 mice. (D) Mice
were intraperitoneally administered CBX, tonabersat, or meclofenamate and intranasally
immunized with CA09 H1N1 vaccine with or without 20 g of poly(I:C) or PS-GAMP. Sera
were collected 14 days later and analyzed for 1gG2c; n= 6 mice. (E) Mice were immunized
with CA09 H1N1 vaccine and PS-GAMP in the presence or absence of CBX as in (D). Lung
CD11b* DCs were counted 24 hours later; 7= 4 mice. (F and G) Mice receiving an
indicated gap junction inhibitor were immunized as in (D) and challenged with 10 x LDgq
CA09 H1N1 virus 2 days later. GZMB*CD8* T cells in BALF (F) and the lung (G) were
analyzed by means of flow cytometry; 7= 4 mice. (H) A schematic diagram of generating
chimeric mice. Mice were administered lethal irradiation before BM cell transfer. Chimeras
were confirmed after 3 months (fig. S26), immunized, and challenged as in (F). (I and J)
Four days after challenge, GZMB*CD8* T cells were enumerated by means of flow
cytometry in BALF (1) and lung (J). (K and L) Changes in body weight relative to day 0 (K)
and lung viral titers (L) were also measured; 7= 4 to 7 mice. (M and N) A correlation
between the number of GZMB*CD8™ T cells and viral titers was determined by means of
regression analysis. The results were presented as means + SEM. Each symbol represents
individual mice. Statistical analysis, one-way ANOVA for (D), (F), (G), and (I) to (L);
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Student’s ttest for (B), (C), and (E). *P< 0.05, **P< 0.01, and ***P < 0.001. All
experiments were repeated twice with similar results.
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Fig. 6. PSSGAMP broadens cross-protection against heterosubtypic influenza A viruses.
(A to H) Mice were intranasally immunized with CA09 H1N1 vaccine except for SH09

H1N1 vaccine in (G) and (H) or the vaccine plus PS-GAMP and challenged 2 days (top row)
or 2 weeks (bottom row) later with 5 x LDsg distant PR8 H1N1 virus [(A) and (B)] and
heterosubtypic Aichi H3N2 [(C) and (D)], rgVNO04 H5NL1 [(E) and (F)], or SH13 H7N9
virus [(G) and (H)]; 7= 6 to 7 mice for (A) to (F) and 7= 8 to 13 mice for (G) and (H). ()
Mice were immunized as in (A) and challenged 2 days later with 10 x LDsg oseltamivir-
resistant NC0O9 H1N1 virus. Unimmunized mice were treated with oseltamivir (20 mg/kg/
day) 6 hours before challenge and then daily after viral challenge until the end of the study.
The treated mice were challenged with either 10 x LDy CA09 HIN1 or NC09 H1N1 virus;
n=6 mice. (J) Mice were immunized with 2018-2019 trivalent seasonal influenza vaccine
(SIVV18-19) alone or alongside PS-GAMP and challenged 1 month later with 5 x LDgq
mismatched GZ89 H3N2 virus; 7= 6 to 12 mice. (K) Mice were immunized with CAQ09
H1N1 vaccine alone or together with PS-GAMP and challenged 6 months later with 5 x
LDsq heterosubtypic rgVN04 H5N1 virus. Alternatively, mice were infected with 1 x LDg
PR8 H1NZ1 virus, and the mice that survived the infection were challenged again 6 months
later with 5 x LD5q rgVVNO04 H5N1 virus for comparison (preinfection); 7= 6 to 7 mice. (L
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to O) Ferrets were intranasally immunized with inactivated Perth H3N2 vaccine (15 pg) with
or without PS-GAMP (200 ug). Thirty days after immunization, ferrets were challenged
with 108 TCIDs heterosubtypic Michigan15 HIN1 virus. Body weight (L), disease score
(M), temperature (N), and nasal wash viral titers (O) were monitored for 12 days; n=4
ferrets. The results were presented as means + SEM. Mice, *P< 0.05, **P< 0.01, and ***P
< 0.001 compared with unimmunized mice. Experiments with mice were repeated twice
with similar results. For ferrets, asterisks indicate significance between PBS and Vaccine
+PS-GAMP, and pound signs (#) indicate significance between Vaccine and Vaccine+PS-
GAMP. * #P < 0.05; ** ##P < 0.01, and *** ###P < 0.001. Statistical analysis, two-way
ANOVA for (L), (N), and (O); Kruskal-Wallis test for (M); and the log-rank test for (A) to

(K).
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