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Intranasal powder live attenuated influenza vaccine is
thermostable, immunogenic, and protective against
homologous challenge in ferrets
Jasmina M. Luczo 1,2, Tatiana Bousse3, Scott K. Johnson1, Cheryl A. Jones1, Nicholas Pearce3, Carlie A. Neiswanger1, Min-Xuan Wang4,
Erin A. Miller4, Nikolai Petrovsky 5,6, David E. Wentworth 3, Victor Bronshtein4, Mark Papania7 and Stephen M. Tompkins 1,2,8✉

Influenza viruses cause annual seasonal epidemics and sporadic pandemics; vaccination is the most effective countermeasure.
Intranasal live attenuated influenza vaccines (LAIVs) are needle-free, mimic the natural route of infection, and elicit robust
immunity. However, some LAIVs require reconstitution and cold-chain requirements restrict storage and distribution of all influenza
vaccines. We generated a dry-powder, thermostable LAIV (T-LAIV) using Preservation by Vaporization technology and assessed the
stability, immunogenicity, and efficacy of T-LAIV alone or combined with delta inulin adjuvant (Advax™) in ferrets. Stability assays
demonstrated minimal loss of T-LAIV titer when stored at 25 °C for 1 year. Vaccination of ferrets with T-LAIV alone or with delta
inulin adjuvant elicited mucosal antibody and robust serum HI responses in ferrets, and was protective against homologous
challenge. These results suggest that the Preservation by Vaporization-generated dry-powder vaccines could be distributed without
refrigeration and administered without reconstitution or injection. Given these significant advantages for vaccine distribution and
delivery, further research is warranted.
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INTRODUCTION
Influenza viruses pose a dual threat to global human health—
annual seasonal epidemics and sporadic global pandemics.
Influenza vaccination is the best measure to counter both seasonal
and pandemic influenza threats. Seasonal influenza epidemics,
caused by antigenic drift, result in 3–5 million cases of severe
illness and 290,000–650,000 deaths annually1. Annual vaccination
is the most effective strategy for prevention and control of
seasonal influenza viruses2. However, current influenza vaccines
have characteristics that limit rapid, widespread delivery. Influenza
vaccination strategies include parenteral injection of inactivated
influenza vaccines (IIVs) and intranasal spray delivery of live
attenuated influenza vaccines (LAIVs)3. LAIVs are based on
genetically stable master donor viruses (MDVs), which express
the surface glycoproteins of currently circulating viruses, and the
internal proteins of the MDV4,5. Two influenza A MDVs have been
generated: A/Ann Arbor/6/1960 (H2N2)6 and A/Leningrad/134/17/
1957 (H2N2)7. Mutations in the internal protein coding gene
segments confer attenuated (att), cold-adapted (ca), and
temperature-sensitive (ts) phenotypes to these MDVs4,5, leading
to replication that is limited to the upper respiratory tract. LAIV
was first licensed for use in the United States in 20038 and was
initially released as a frozen formulation, although storage
difficulties drove the development of a refrigerator-stable
formulation9. LAIV4 is an intranasally administered, quadrivalent
liquid LAIV containing the surface glycoproteins of two influenza A
(H1N1 and H3N2) and two influenza B strains10. Intranasal
vaccination with LAIV advantageously mimics the natural route
of infection, eliciting robust mucosal immunoglobulin11 and

cellular immune responses12. Although some LAIVs require
healthcare workers (HCWs) to mix the dry vaccine with a diluent,
intranasal delivery generally overcomes the challenges associated
with parenteral injection with needle and syringe, such as the
need for skilled HCW, which are in short supply in many settings,
patient needle phobia, and biohazardous sharps waste.
Although LAIV provides some benefits over IIV, all current

influenza vaccines require refrigeration from the time of
manufacture to the time of delivery. Vaccine potency can be
negatively affected if not maintained at adequately cold
temperatures or if it is improperly exposed to freezing tempera-
tures during storage. Indeed, exposure of LAIV to elevated
temperatures during shipment coupled with reduced thermal
stability of the H1 component was associated with reduced
efficacy of liquid LAIV13,14. The requirement to maintain a reliable
cold chain is a major logistical hurdle to vaccine distribution and
delivery, and contributes to increased manufacturing, transporta-
tion, and storage costs. Improper vaccine storage leads to
substantial product wastage15. Moreover, improper storage of
vaccines results in the need to revaccinate, which may lead to loss
of patient confidence15. Thermostable vaccines would ameliorate
the loss of vaccine potency that results when the cold chain is
interrupted, facilitate distribution in pandemic responses and
mass vaccination campaigns, and ease the standard annual
vaccination logistics. Building global capacity to respond to
annual influenza epidemics, including developing vaccines that
can be distributed without refrigeration and administered without
injection, is one of the best ways to prepare for the next influenza
pandemic.
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The continued threat of the emergence of a novel pandemic
strain of influenza A virus remains a major public health concern. A
severe influenza pandemic could be similar in scale to the current
coronavirus disease 2019 (COVID-19) pandemic, a devastating
global health event with far reaching consequences. Recently,
2018 marked the centennial of the 1918 Spanish influenza (H1N1)
pandemic, which claimed an estimated 50 million lives world-
wide16. Subsequent influenza pandemics included the 1957 Asian
(H2N2), 1968 Hong Kong (H3N2), and 2009 swine flu (H1N1)
pandemics17,18. To mitigate this threat, pandemic preparedness
frameworks have been developed by government and non-
government entities, including the World Health Organization and
the US government19–21. Key priorities of these pandemic
preparedness plans include the capacity for rapid deployment of
vaccines and to develop new vaccines as needed to respond to
disease threats. Pandemic-ready vaccines should have character-
istics such as single-dose regimens, reduced manufacturing cost,
and increased thermostability—as storage requirements of
temperature-sensitive vaccines limits capacity for rapid distribu-
tion in the event of a pandemic22,23. Furthermore, the National
Institute of Allergy and Infectious Diseases has prioritized
development of a universal influenza vaccine, highlighting key
research objectives, including evaluation of alternate modes of
delivery for currently available vaccines24.
To circumvent the need for the cold chain, dry-powdered

vaccines that are stable at ambient temperature have been
formulated against many bacterial and viral pathogens of human
concern25, although none are currently commercially available.
Dry-powder vaccine formulations are commonly generated by
freeze-drying (lyophilization) or spray drying26; however, these
processes can be detrimental to biologics such as vaccines26,27.
Changes in buffer composition, pH, or the formation of ice crystals
may lead to altered protein conformation or mechanical damage
to the immunizing antigen, potentially reducing the potency of
the vaccine26,27. To mitigate the adverse effects of freeze or spray
drying, Preservation by Vaporization (PBV) technology preserves
vaccines and other biologics in a glassy state by primary drying of
the vaccine, followed by a stability drying stage. Primary drying
involves intensive vaporization of water from biological products
(sublimation, boiling, and vaporization), leading to mechanical
stability of the vaccine formulation at ambient temperature, while
under high vacuum. Stability drying increases the glass transition
temperature of the vaccine to sustain the mechanical stability at
ambient temperatures outside of vacuum28. Immobilization of
vaccines in glassy matrices significantly reduces diffusion and
molecular mobility, minimizing vaccine degradation and impart-
ing thermostable properties26,29. PBV-generated vaccines can be
reconstituted with water in the vial for delivery by injection or
liquid intranasal spray or can be micronized into a powder for
direct mucosal delivery in needle-free formats. PBV is efficient,
economical, and is suitable for commercial production lines to
generate mass quantities of dry-powder, thermostable influenza
vaccines for intranasal delivery.
Immunogenicity and effectiveness of LAIV vaccines remains an

issue in some populations, particularly in older individuals, which
is generally ascribed to pre-existing antibody immunity that
reduces infectivity and thereby efficacy of the LAIV in this
population30–32. Although adjuvants have traditionally been used
to increase the immunogenicity of inactivated vaccines, there is a
paucity of data on use of adjuvants to enhance effectiveness of
live attenuated vaccines33–35. Advax™ is a novel polysaccharide
adjuvant derived from the plant sugar, delta inulin, which was
developed through the National Institutes of Health’s Adjuvant
Development Program36,37. Its dry-powder format and rapid
reconstitution makes it well-suited for mucosal administration.
Advax™ has been shown to enhance vaccine immunogenicity and
protection across a broad range of vaccines including parenterally
administered inactivated and recombinant seasonal and

pandemic influenza vaccines38–44, with confirmation of its efficacy
and safety in multiple human clinical trials45–47. We studied
whether the addition of Advax™ enhanced thermostable LAIV (T-
LAIV) effectiveness.
In this study, LAIV (T-LAIV) created with the A/Leningrad/134/

17/1957 MDV was thermostabilized at ambient temperatures
using PBV (US Patent No. 9,469,83528). Subsequently, ball milling
[Laarmann Lab Wizz ball mill] was used to micronize the dry-
powder formulation for intranasal delivery and the stability the T-
LAIV stored at ambient temperature (25 °C) for up to 1 year was
determined using infectivity assays. Immunogenicity of T-LAIV
with and without Advax™ adjuvant was examined using the ferret
influenza model and protective efficacy against homologous
challenge was assessed. The results showed that PBV-generated
thermostable T-LAIV retained infectivity when stored at ambient
temperature (25 °C) for at least 1 year, was compatible with
Advax™ adjuvant, and induced mucosal IgG and robust serum
hemagglutination inhibition (HI) responses to protect ferrets
challenged with an antigenically matched influenza strain. This
work demonstrates that PBV is a potential platform process for
manufacturing thermostable dry-powder influenza vaccine candi-
dates for intranasal delivery.

RESULTS
PBV-thermostabilized LAIV maintains infectivity during high-
temperature storage
To assess the stability of PBV-stabilized T-LAIV, aliquots containing
1 × 109 EID50/ml T-LAIV were incubated at 25 °C or 37 °C for up to 1
year and infectious virus titer was determined by titration in
embryonated chicken eggs (ECEs). T-LAIV stability at each time
point was compared to liquid LAIV stored at −80 °C. T-LAIV was
highly stable when stored at an ambient temperature; there was
no significant loss in titer of T-LAIV stored at 25 °C for 52 weeks
(108.8 EID50/ml) when compared to liquid LAIV controls stored at
−80 °C for 52 weeks (109.2 EID50/ml) (Fig. 1). T-LAIV stored at an
elevated temperature resulted in a modest loss of infectivity over
time. T-LAIV stored at 37 °C lost one log10 of infectious titer by
week 18 (108.0 EID50/ml) and a 1.5 log10 reduction at week 52
(107.6 EID50/ml).

Dry-powder T-LAIV efficiently replicates in the upper
respiratory tract of ferrets
Following verification of the stability and in ovo infectivity of PBV-
stabilized T-LAIV, we assessed the replication ability of dry-powder
T-LAIV in the upper respiratory tract of ferrets. Naive ferrets were

Fig. 1 Infectivity of PBV-stabilized live attenuated influenza
vaccine. Thermostable LAIV was stored at 25 °C and 37 °C, and
liquid LAIV was stored at −80 °C for up to 52 weeks. T-LAIV was
reconstituted with 1 ml PBS and infectious titer was determined by
titration in embryonated chicken eggs. T-LAIV stability at each time
point was compared to liquid LAIV stored at −80 °C (black circles).
Two-way ANOVA: *p < 0.05, **p < 0.01, ****p= 0.0001; ns, not
significant. Error bars indicate mean ± 95% CI. n= 3.
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intranasally vaccinated with 1 × 107.0 EID50 liquid LAIV, T-LAIV,
T-LAIV+ Advax™ adjuvant (T-LAIV+ Adj), or sham vaccinated with
phosphate-buffered saline (PBS), and nasal washes were collected
1, 3, and 5 days post-vaccination (dpv). T-LAIV was delivered as a
dry powder blown into the nares of anesthetized ferrets using an
inhaler device, whereas liquid LAIV or PBS was delivered by
droplet into the nares of anesthetized ferrets. Liquid LAIV
efficiently replicated in the upper respiratory tract 1 dpv (mean:
103.6 EID50/ml), with similar titers of virus detected in nasal washes
3 and 5 dpv (mean: 103.2 and 103.8 EID50/ml, respectively) (Fig. 2a).

Compared to liquid LAIV, reduced vaccine virus titers were
detected at 1 dpv in ferrets administered T-LAIV and, to a lesser
extent, T-LAIV+ Adj (mean: 102.0 and 102.7 EID50/ml, respectively).
However, this apparent lag in virus replication disappeared by 3
dpv and the highest vaccine virus titers at days 3 and 5 were
observed in the T-LAIV+ Adj group. T-LAIV+ Adj and T-LAIV mean
virus titers detected at days 3 (104.7 and 103.5 EID50/ml,
respectively) and 5 post-vaccination (104.8 and 103.7 EID50/ml,
respectively) were higher or equivalent to virus titers in nasal
washes of liquid LAIV-inoculated ferrets. Detection of high virus
titers when using T-LAIV demonstrates feasibility of dry-powder
LAIV delivery and suggests that the dry-powder T-LAIV, when
formulated with or without Advax™ adjuvant, is likely to induce a
robust immunogenic response comparable to or exceeding that of
liquid LAIV.

Vaccination with T-LAIV elicits robust mucosal and serum
antibody responses
To assess the immunogenicity of T-LAIV, mucosal antibody
secretion and serum HI antibody titers were determined.
Vaccination of ferrets with T-LAIV (A/17/Texas/2012/30 (H3N2))
with and without Advax™ adjuvant induced significant mucosal
IgG responses compared to PBS vehicle, with nasal wash IgG
levels comparable to those induced by liquid LAIV (Fig. 2b).
Similarly, vaccination resulted in robust induction of protective
levels of serum HI antibodies in all vaccination groups (HI titer
geometric means: liquid LAIV, 912; T-LAIV, 574; T-LAIV+ Adj,
1149) (Fig. 2c). One ferret failed to seroconvert in the T-LAIV
vaccination group; however, no infectious T-LAIV virus was
detected in the nasal washes of this ferret, suggesting a technical
vaccine delivery failure, which is understandable given the
difficulty in blowing powder into the small nares of ferrets. These
results demonstrate that T-LAIV was immunogenic when
formulated with or without Advax™ and elicited robust mucosal
IgG and serum HI responses.

T-LAIV vaccination is efficacious against influenza A virus
challenge
To determine the protective efficacy of thermostabilized LAIV
against influenza A virus, ferrets were challenged by intranasal
inoculation with 1 × 107 EID50 of antigenically matched wild-type
strain A/Texas/50/2012 (H3N2). Weight loss was monitored daily
for 7 days and nasal wash virus titers were determined 1, 3, and
5 days post-inoculation (dpi) (Fig. 3a). Following challenge with A/
Texas/50/2012 (H3N2), all vaccine groups maintained percent
starting weight; however, compared to the PBS group, lower
weights were detected for T-LAIV at 4–7 dpi (Fig. 3b). Post-
challenge serum HI titers of all immunization groups further
increased over pre-challenge levels (Fig. 2c), most notably in the
PBS immunized group, which developed the highest HI titers post-
challenge, consistent with a lack of protection in this group
resulting in higher levels of influenza infection and, thereby,
greatest immunologic stimulus.
To assess vaccine efficacy, virus titers in nasal washes were

determined 1, 3, and 5 dpi. Virus shedding from the upper
respiratory tract was detected in all ferrets in the unvaccinated
(PBS) group, with an average of 104.1, 103.9, and 104.9 EID50/ml of
virus detected in nasal washes at days 1, 3, and 5 post-inoculation,
respectively (Fig. 3c). With the exception of one ferret in the T-LAIV
group that did not seroconvert (Fig. 2c), all vaccinated ferrets were
protected following homologous challenge with the antigenically
matched influenza strain (Fig. 3c). Interestingly, virus replication in
the upper respiratory tract of the ferret that failed to seroconvert
was reduced by 3 dpi and was not detected at 5 dpi, suggesting
that mucosal immunity may have contributed to the control of
viral infection in this animal, in the absence of detectable serum HI
titer. In the seropositive vaccinated ferrets, viral shedding from the

Fig. 2 Infectivity and immunogenicity of T-LAIV in ferrets.
a Vaccine virus detected in ferret nasal washes post-vaccination. Virus
titer was determined by titration in embryonated chicken eggs.
Kruskal–Wallis test with a post hoc Dunn’s multiple comparisons test.
Error bars indicate mean ± 95% CI. n= 4–6. b Mucosal antibody
response detected in ferret nasal washes post-vaccination. Nasal
mucosa immunoglobulin response detected in ferret nasal washes by
ELISA (32 dpv). Kruskal–Wallis test with post hoc Dunn’s multiple
comparisons test. Error bars indicate geometric mean ± 95% CI.
n= 4–6. c Seroconversion of ferrets following vaccination with LAIV,
thermostable LAIV (T-LAIV), T-LAIV+ adjuvant, or PBS. Serum
hemagglutinin antibody titers pre-vaccination, post-vaccination, and
post-challenge were determined by hemagglutinin-inhibition assay.
Error bars indicate geometric mean ± 95% CI. n= 4–6.
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upper respiratory tract was significantly reduced to levels at or
below the limit of detection, resulting in up to a 16 log2-fold
reduction in virus shedding for LAIV, T-LAIV, and T-LAIV+ Advax
(1 dpi, 4–14 log2-fold reduction; 3 dpi, 9–12 log2-fold reduction;
5 dpi, 16 log2-fold reduction, respectively, vs. the PBS group).
There was no significant difference in virus shedding between
liquid LAIV, T-LAIV, or T-LAIV+ Advax, demonstrating that PBV
thermostabilization of LAIV was not detrimental to vaccine
immunogenicity or protective efficacy in ferrets.

DISCUSSION
In this study, we assessed the immunogenicity and efficacy of a
PBV-generated, dry-powder thermostable delta inulin (Advax™)-
adjuvanted LAIV in the ferret model. Collectively, we demon-
strated that PBV-generated, dry-powder T-LAIV was thermostable
when stored at an ambient temperature (25 °C), induced robust
immunological responses in ferrets, in particular when formulated
with Advax™ adjuvant, and was efficacious against homologous
challenge with an antigenically matched strain. T-LAIV infectivity
was not adversely affected by the PBV stabilization process,
in vitro or in vivo, nor by formulation with Advax™ adjuvant.
Moreover, T-LAIV efficiently replicated in the upper respiratory
tract of ferrets following dry-powder intranasal delivery, which
resulted in protective immunity from (homologous) challenge
with A/Texas/50/2012 (H3N2).
The World Health Organization categorizes vaccines from A to E,

according to their relative heat sensitivity48. Influenza vaccines are
highly sensitive to heat (group B classification), and any
interruption to the vaccine supply cold chain is likely to
compromise the potency and efficacy of the vaccine. Further,
cold-chain requirements of the leading COVID-19 pandemic
vaccine candidates (Moderna −20 °C; Biontech/Pfizer −80 °C)
and their short shelf life at ambient temperature have been
identified as challenges for their distribution and storage49.
Thermostable dry-powder formulations could alleviate the need
for maintenance of vaccines in a continuous cold chain through-
out the delivery process. Enabling vaccine to remain safe and
effective without refrigeration at delivery points can make the
vaccine supply chain more efficient and effective at reaching
everyone who needs immunization50.
Vaccines are commonly stabilized by spray or freeze-drying in

the presence of stabilizing protectors, such as carbohydrates26,51.
Recently, stabilization of herpes simplex virus 2 and influenza A
virus vaccines was achieved by simple evaporative drying (also
known as desorption) in the presence of carbohydrates52.
Unfortunately, desorption is a diffusion-limited process that is
difficult to scale up for industrial purposes. Thus, there is a need
for alternative scalable drying technologies, such as PBV
technology, which allow high-volume production of thermostable
vaccines and other fragile biopharmaceuticals.
Several PBV-generated dry-powder, thermostable live attenu-

ated vaccines have been developed, including measles, rubella,
yellow fever (unpublished), and rabies53,54. Dry-powder vaccines
developed by PBV have been demonstrated to be stable at
ambient temperature for at least 23 months53. In this study, the
PBV-generated T-LAIV was highly stable when stored at an
ambient temperature (25 °C) for at least 1 year, exhibiting minimal
loss of titer. When stored at an elevated temperature (37 °C) for
up to 1 year, T-LAIV lost ~1.5 logs of viral infectivity. The
demonstrated thermostability of PBV-generated T-LAIV could
allow vaccine shipping without refrigeration and storage at the
point of delivery for months under controlled temperature chain
conditions. As controlled temperature chain conditions do not
require refrigeration, PBV-generated vaccines could be distributed,
stored, and delivered in areas without reliable refrigeration50. For
pandemic preparedness, LAIV vaccines with the level of thermo-
stability demonstrated in this study could potentially be kept long
term in a pandemic stockpile under refrigerated conditions and
released for shipping, local storage, and delivery over several
months without refrigeration.
Naturally acquired influenza infection of humans occurs

predominately by infection of the mucosal surface of the upper
respiratory tract. As LAIV mimics the natural route of influenza
infection, it exhibits several advantages compared to injected IIVs,
including localized immune responses at the site of infection
resulting in robust mucosal antibody response11 and cell-
mediated immune response even in the absence of detectable

Fig. 3 Efficacy of T-LAIV following challenge with A/Texas/50/
2012 (H3N2). a Study design. Four to six 12-month-old ferrets
were intranasally vaccinated with 1 × 107 EID50 liquid LAIV, T-LAIV,
T-LAIV+ Advax adjuvant, or PBS. Ferrets were challenged with
antigenically matched influenza virus (A/Texas/50/2012 (H3N2))
4 weeks post-vaccination. Nasal washes were collected post-
vaccination and post-challenge (blue arrows). Whole blood was
collected pre-vaccination, post-vaccination/pre-challenge, and post-
challenge (red arrows). b Weight change (percent) post-challenge
with A/Texas/50/2012 (H3N2). Immunized ferrets were challenged
intranasally with 1 × 107 PFU A/Texas/50/2012 (H3N2) and weights
were recorded daily for 7 days post-inoculation. Percent weight
change was compared to PBS challenge group. Two-way ANOVA
with Dunnett’s multiple comparisons test. Error bars represent
mean ± 95% CI. *p < 0.05. n= 4–6. c Viral loads detected in ferret
nasal washes post-challenge with A/Texas/50/2012 (H3N2). Virus
titer was determined by titration in embryonated chicken eggs.
Kruskal–Wallis test with a post hoc Dunn’s multiple comparisons
test. *p < 0.05, **p < 0.01. Error bars indicate mean ± 95% CI. n= 4–6.
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serum antibodies12. Choice of LAIV MDV backbone may influence
immunological outcomes following vaccination. Multiple studies
have directly compared the US and Russian LAIV backbones;
comparisons of the replication ability of ca A/Ann Arbor/6/60, wt
A/Leningrad/134/57, ca A/Leningrad/134/17/57, and ca A/Lenin-
grad/134/47/57 in human bronchial epithelial cells revealed that
the Russian MDVs replicated to significantly higher titers than A/
Ann Arbor/6/6055. Reduced replication ability of A/Ann Arbor/6/60
in human nasal epithelial cells has been attributed to the presence
of an A86S mutation in the matrix protein (M2)56. High vaccine
virus titers are beneficial to inducing robust immunity—particu-
larly in the elderly and in pre-immune populations that likely
harbor cross-reactive antibodies. In addition, immunogenicity
studies in mice revealed that A/Leningrad/134/17/57 elicits a
superior immunological response as compared to A/Leningrad/
134/47/57 and A/Ann Arbor/6/6057, further supporting that the
Russian Leningrad MDV backbone used herein may be favorable
over A/Ann Arbor/6/60. Finally, reversion of an Ann Arbor-
backbone LAIV (FluMist™) to a phenotype capable of inducing
disease in mice following serial passage of the vaccine virus at
increasing temperatures58 highlights the need to consider
alternative LAIV backbones for future LAIV formulations. Indeed,
a Leningrad-based LAIV developed by the Institute of Experi-
mental Medicine (Russia) and subsequently sublicensed via a
World Health Organization influenza technology transfer initia-
tive59 has been demonstrated to be safe and well tolerated in
human clinical trials59,60.
Traditionally, a correlate of protection against antigenically

related influenza strains is an HI titer > 40 or a fourfold increase in
serum HI antibody response following vaccination with inacti-
vated trivalent/quadrivalent influenza vaccine formulations61.
However, LAIV has been shown to be protective in the absence
of serum HI antibody response. Herein, vaccination of ferrets with
a Leningrad-backbone liquid LAIV or PBV-generated T-LAIV (stored
at room temperature for ~3 months) was shown to induce
detectable mucosal IgG and serum HI antibody responses.
Intranasal vaccination of humans with influenza vaccines has
been shown to induce both IgA- and IgG-neutralizing antibodies
in nasal washes62. Vaccination of ferrets with T-LAIV elicited
mucosal IgG antibody response at levels similar to liquid LAIV,
suggesting that PBV thermostabilization of LAIV does not impair
mucosal immunity induced in the host. Moreover, vaccination of
ferrets with T-LAIV induced protective serum HI antibody
response, similar to that induced by liquid LAIV. One ferret in
the T-LAIV group did not seroconvert, potentially due to a reduced
dose related to the difficulty of administering nasal dry powder to
ferrets. A mucosal antibody response was detected in this ferret,
albeit at a low level, and virus shedding on 3 and 5 dpi was
markedly curtailed. Mucosal immunity may have played a role in
effectively reducing the viral burden and duration of infection in
the upper respiratory tract of this ferret. Although it is anticipated
that the immunogenicity of T-LAIV stored at room temperature for
1 year would be similar to that stored for 3 months, as used in this
study, this warrants further investigation. Also assessing the
durability of the immune response following vaccination with T-
LAIV would be of interest.
The inclusion of adjuvants with vaccines is a means to increase

breadth of vaccine effectiveness and increase efficacy in at-risk
populations (e.g., elderly populations), as well as to enable dose
sparing63. Mucosal adjuvants have added benefits of improving
mucosal antibody responses, which are important in preventing
viral respiratory infection and have been shown to improve the
breadth of protective immunity64. Here we assessed the impact of
co-formulation of Advax™, a polysaccharide adjuvant derived from
delta inulin, with T-LAIV on immune responses and vaccine
efficacy in ferrets. Advax™ has been shown to increase influenza-
specific immune responses and protection, as well as enable dose
sparing in murine studies42,65. A recent Phase I trial of trivalent IIV

formulated with Advax™ demonstrated both safety and potential
dose sparing47. When co-formulated with T-LAIV as a mucosal dry-
powder vaccine, Advax™ appeared to enhance nasal T-LAIV titers
over T-LAIV alone, an effect that warrants further investigation.
Although the ability of Advax™ to provide T-LAIV dose sparing was
not studied here, this could also be the subject of future studies,
given the trends observed. Advax™ in other studies has been
shown to induce a strong T-cell response39,66 and to enhance
heterologous virus protection67,68, so it would be interesting to
assess whether Advax™ can similarly enhance the ability of T-LAIV
to provide protection against a heterologous influenza virus
challenge in future studies.
Vaccination by liquid nasal spray can result in suboptimal

vaccine deposition. The large droplets administered by nasal spray
devices tend to accumulate in the nares and much of the dose is
often wasted by dripping out of the nose69. Also, liquid nasal
sprays may require an experienced vaccinator, as differences in
the force and speed of plunger depression results in variable
droplet size70, and angular placement of the spray tip can
significantly affect vaccine deposition71. Studies in anatomic
models of nasal airways have shown dry-powder nasal delivery
markedly improves vaccine deposition compared to liquid nasal
spray delivery72. Although there are not currently any commercial
dry-powder intranasal vaccines, the ease of administration,
transport, and storage of PBV-generated dry-powdered vaccines
could make these formulations an attractive alternative to liquid
formats. Moreover, the ability of the patient to self-administer T-
LAIV powder via the inhaler device tested in this study increases
convenience and eliminates parenteral injection, which may lead
to an increased vaccine uptake.
Collectively, PBV-generated, dry-powder T-LAIV was immuno-

genic and was efficacious against homologous influenza virus
challenge with an antigenically matched strain. These studies
provide a proof-of-concept for the development of thermostable
dry-powder vaccine countermeasures against influenza virus. The
addition of Advax™ enhanced the effectiveness of T-LAIV;
potential benefits that could be explored in the future are dose
sparing and/or heterologous challenge studies. Hence, T-LAIV
formulated with delta inulin adjuvant represents a promising
human influenza vaccine candidate for further development.
Finally, although animal studies relied on controlled delivery of
the dry-powder vaccine, the blister-pack and dry-powder delivery
device used for these studies are designed for self-delivery,
presenting the opportunity for self-administration of stockpiled
PBV-stabilized LAIV in the case of an influenza pandemic.

METHODS
Ethics statement
All animal experiments were reviewed and approved by the University of
Georgia Institutional Animal Care and Use Committee and complied with
the National Institutes of Health guide for the care and use of Laboratory
animals.

Viruses and cells
Seasonal influenza A virus, A/Texas/50/2012 (H3N2), and an antigenically
matched LAIV virus A/17/Texas/2012/30 (H3N2) were used in this study.
The LAIV virus contained the hemagglutination (HA) and neuraminidase
from A/Texas/50/2012 on the A/Leningrad/134/17/57 (H2N2) backbone.
Virus stocks were generated in E9-11 ECEs, allantoic fluid collected, clarified
by centrifugation, and stored at −80 °C. Virus titers were determined by
titration in 9–11-day-old ECEs or Madin–Darby canine kidney cells
(ATCC CCL-34) in MEM (Corning, Cellgro, New York, USA) supplemented
with 10% fetal bovine serum (Atlanta Biologicals; Georgia, USA), 1×
antibiotic–antimycotic (ThermoFisher Scientific, Gibco, Massachusetts,
USA) and 2 µg/ml TPCK-treated trypsin (Worthington Biochemicals, New
Jersey, USA).
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Thermostabilization of LAIV using PBV
Liquid LAIV was stabilized by PBV, a foam-drying process that simulta-
neously sublimes, boils, and evaporates liquid samples at ≥−10 °C and
≤3 Torr28,53, to efficiently remove liquid and create a thermostable biologic.
Liquid LAIV was combined 1 : 1 with a protective carbohydrate solution
(30% sucrose and 10% mannitol) and underwent primary drying by boiling
under vacuum at near-subzero temperatures, prior to secondary stability
drying at elevated temperatures. The secondary stability drying phase of
LAIV included 24 h at 45 °C to achieve glass transition phase; the glass state
was achieved by rapidly cooling the dried LAIV formulation below 37 °C. In
the glass state, molecular mobility is essentially arrested29, preventing
degradation of immobilized LAIV during storage and conferring long-term
stability. The dry-powder T-LAIV was micronized, then sieved to 20–60 µM
mesh size, and portions were aliquoted for stability testing. Finally, dry-
powder T-LAIV was mixed with sieved (>60 µM) Lactohale lactose carrier
(DFE Pharma, Goch, Germany) at a dose of 1 × 107 EID50 and aliquoted into
blister packs with or without dried Advax™ adjuvant73.

T-LAIV infectivity assay
T-LAIV was incubated at 25 °C or 37 °C and liquid LAIV was stored at −80 °C
for up to 52 weeks (n= 3). T-LAIV was reconstituted with 1 ml PBS and
titrated tenfold in E9-11 ECEs. Briefly, ECEs were inoculated with 200 µl of
reconstituted virus (five eggs per dilution). Eggs were incubated at 32 °C
with humidity for 3 days. ECEs were chilled overnight at 4 °C and HA
assay performed on allantoic fluid. EID50 was calculated according to
Reed–Muench method.

Animals and study design
Groups of four to six 12-month-old male ferrets (Triple F Farms,
Pennsylvania, USA) were vaccinated by intranasal administration of
1 × 107 EID50 liquid LAIV (LAIV) (n= 5) (1 ml), T-LAIV powder (n= 6), or
T-LAIV+ Adj powder (n= 6). The T-LAIV lots used were stored for 3 months
at room temperature prior to vaccination. One group of ferrets remained
unvaccinated (PBS) (n= 4) (1 ml). T-LAIV and T-LAIV+ Adj was delivered as
a dry powder blown into the nares of anesthetized ferrets using an inhaler
device fitted with a rubber bulb (Creare LLC, New Hampshire, USA) (inhaler
device described in detail in US Patent No. 10,099,02474) The inhaler device
enables administration of dry-powder T-LAIV to the respiratory tract
without the need for reconstitution. Liquid LAIV or PBS was delivered by
droplet into the nares of anesthetized ferrets.
Nasal washes were collected at 1, 3, and 5 dpv and stored at −80 °C.

Four weeks later, ferrets were challenged intranasally with 1 × 107 PFU of
antigenically matched A/Texas/50/2012 (H3N2). Nasal washes were
collected at 1, 3, and 5 dpi and stored at −80 °C. Whole blood was
collected pre-vaccination, pre-challenge, and post-challenge, and serum
separated for serological analysis.

Immunoglobulin ELISA
Post-vaccination nasal mucosal IgG response (32 dpv/1 dpi) to antigeni-
cally homologous virus strain was assessed by enzyme-linked immuno-
sorbent assay (ELISA). ELISA plates were coated with 1 : 100 A/Texas/50/
2012 and incubated overnight at 4 °C, washed three times with PBS, and
blocked with 1% bovine serum albumin in PBS. Nasal wash samples were
diluted fourfold (in duplicate) and incubated overnight at 4 °C. Plates were
washed three times with PBST and incubated with 0.2 µg/ml biotinylated
goat anti-ferret IgG (γ-chain specific) (Sigma Aldrich, Missouri, USA),
followed by 0.4 µg/ml Streptavidin-HRP (Vector Laboratories, California,
USA). Nasal mucosal anti-A/Texas/50/2012 immunoglobulin was detected
using TMB substrate (Vector Laboratories). Results were read on an Epoch
microplate spectrophotometer at 450 nm.

Serology
Ferret sera were heat inactivated, treated with receptor-destroying enzyme
(Denka Seiken, Osaka, Japan), and absorbed with 10% turkey erythrocytes.
HI assay was performed according to OIE guidelines75 using turkey
erythrocytes. The reciprocal of the highest serum dilution resulting in
complete inhibition of agglutination was considered the HI titer.

Virology
Nasal washes were titrated tenfold in E9-11 ECEs. Briefly, ECEs were
inoculated in quadruplicate with 100 µl of titrated nasal wash fluid. Eggs

were incubated at 32 °C (LAIV virus) or 37 °C (A/Texas/50/2012 (H3N2)) with
humidity for 3 days. ECEs were chilled overnight at 4 °C and HA assay
performed on allantoic fluid.

STATISTICAL ANALYSES
Statistical analyses were performed using GraphPad Prism, version
9.0.0 (GraphPad Software, Inc., USA). Data from T-LAIV infectivity
assay and percent weight were analyzed using a two-way analysis
of variance. Viral titers, serum HI titers, and mucosal IgG responses
were analyzed using a Kruskal–Wallis test with a post hoc Dunn’s
multiple comparisons test.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Received: 3 November 2020; Accepted: 10 March 2021;

REFERENCES
1. World Health Organization. Influenza (Seasonal), http://www.who.int/mediacentre/

factsheets/fs211/en/ (2018).
2. Cox, N. J. & Subbarao, K. Influenza. Lancet 354, 1277–1282 (1999).
3. Virk, R. K., Gunalan, V. & Tambyah, P. A. Influenza infection in human host:

challenges in making a better influenza vaccine. Expert Rev. Anti Infect. Ther. 14,
365–375 (2016).

4. Greenberg, H. & Kemble, G. Live in Influenza Vaccines for the Future Birkhӓuser
Advances in Infectious Diseases (eds. Rappuoli, R. & Del Giudice, G.) 273–291
(Springer, 2011).

5. Chen, G. L. & Subbarao, K. Live attenuated vaccines for pandemic influenza. Curr.
Top. Microbiol. Immunol. 333, 109–132 (2009).

6. Maassab, H. F. Adaptation and growth characteristics of influenza virus at 25
degrees c. Nature 213, 612–614 (1967).

7. Alexandrova, G. I. & Smorodintsev, A. A. Obtaining of an additionally attenuated
vaccinating cryophilic influenza strain. Rev. Roum. Dinframicrobiol. 2, 179–186
(1965).

8. Harper, S. A., Keiji, F., Cox, N. J. & Bridges, C. B. Using live, attenuated influenza
vaccine for prevention and control of influenza: supplemental recommendations
of the Advisory Committee on Immunization Practices (ACIP). Morb. Mortal. Wkly
Rep. 52, 1–8 (2003).

9. Block, S. L., Reisinger, K. S., Hultquist, M., Walker, R. E. & CAIV-T Study Group.
Comparative immunogenicities of frozen and refrigerated formulations of live
attenuated influenza vaccine in healthy subjects. Antimicrob. Agents Chemother.
51, 4001–4008, https://doi.org/10.1128/aac.00517-07 (2007).

10. AstraZeneca. FluMist® Quadrivalent (Influenza Vaccine Live, Intranasal), https://
www.azpicentral.com/flumistquadrivalent/flumistquadrivalent.pdf#page=1
(2018–2019).

11. Boyce, T. G. et al. Mucosal immune response to trivalent live attenuated intra-
nasal influenza vaccine in children. Vaccine 18, 82–88 (1999).

12. Forrest, B. D. et al. Correlation of cellular immune responses with protection
against culture-confirmed influenza virus in young children. Clin. Vaccin. Immu-
nol. 15, 1042–1053 (2008).

13. Caspard, H., Coelingh, K. L., Mallory, R. M. & Ambrose, C. S. Association of
vaccine handling conditions with effectiveness of live attenuated influenza
vaccine against H1N1pdm09 viruses in the United States. Vaccine 34,
5066–5072 (2016).

14. Cotter, C. R., Jin, H. & Chen, Z. A single amino acid in the stalk region of the
H1N1pdm influenza virus HA protein affects viral fusion, stability and infectivity.
PLoS Path. 10, e1003831 (2014).

15. Centers for Disease Control and Prevention. in Epidemiology and Prevention of
Vaccine-Preventable Diseases (eds. Hamborsky, J., Kroger, A. & Wolfe, C.) (Public
Health Foundation, 2015).

16. Taubenberger, J. K. & Morens, D. M. 1918 Influenza: the mother of all pandemics.
Emerg. Infect. Dis. 12, 15–22 (2006).

J.M. Luczo et al.

6

npj Vaccines (2021)    59 Published in partnership with the Sealy Institute for Vaccine Sciences

http://www.who.int/mediacentre/factsheets/fs211/en/
http://www.who.int/mediacentre/factsheets/fs211/en/
https://doi.org/10.1128/aac.00517-07
https://www.azpicentral.com/flumistquadrivalent/flumistquadrivalent.pdf#page=1
https://www.azpicentral.com/flumistquadrivalent/flumistquadrivalent.pdf#page=1


17. Kilbourne, E. D. Influenza pandemics of the 20th century. Emerg. Infect. Dis. 12,
9–14 (2006).

18. World Health Organization. Reducing Risk: Reducing the Risk of Emergence of
Pandemic Influenza, http://www.who.int/influenza/resources/research/research_a
genda_influenza_stream_1_reducing_risk.pdf (2010).

19. U.S. Government. National Strategy for Pandemic Influenza, https://www.cdc.gov/
flu/pandemic-resources/pdf/pandemic-influenza-strategy-2005.pdf (2005).

20. World Health Organization. Pandemic Influenza Preparedness Framework for the
Sharing of Influenza Viruses and Access to Vaccines and Other Benefits, https://apps.
who.int/iris/bitstream/handle/10665/44796/9789241503082_eng.pdf;
jsessionid=C8A0674C5EA6125FC948A1C147C1688C?sequence=1 (2011).

21. World Health Organization. Global Pandemic Influenza Action Plan to Increase
Vaccine Supply, http://apps.who.int/iris/bitstream/handle/10665/69388/WHO_IV
B_06.13_eng.pdf?sequence=1 (2006).

22. Hessel, L. & The European Vaccine Manufacturers (EVM) Influenza Working Group.
Pandemic influenza vaccines: meeting the supply, distribution and deployment
challenges. Influenza Other Respir. Viruses 3, 165–170 (2009).

23. Yen, C. et al. The development of global vaccine stockpiles. Lancet Infect. Dis. 15,
340–347 (2015).

24. Erbelding, E. J. et al. A universal influenza vaccine: the strategic plan for the
National Institute of Allergy and Infectious Diseases. J. Infect. Dis. 218, 347–354
(2018).

25. Bahamondez-Canas, T. F. & Cui, Z. Intranasal immunization with dry powder
vaccines. Eur. J. Pharm. Biopharm. 122, 167–175 (2018).

26. Amorij, J.-P., Huckriede, A., Wilschut, J., Frijlink, H. W. & Hinrichs, W. L. J. Devel-
opment of stable influenza vaccine powder formulations: challenges and possi-
bilities. Pharm. Res. 25, 1256–1273 (2008).

27. Hansen, L. J. J., Daoussi, R., Vervaet, C., Remon, J. P. & De Beer, T. R. M. Freeze-
drying of live virus vaccines: a review. Vaccine 33, 5507–5519 (2015).

28. Bronshtein, V. Preservation by vaporization. United States patent 9,469,835. http://
patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=
%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=9469835.PN.&OS=PN/
9469835&RS=PN/9469835 (2016).

29. Hill, A. J. & Tant, M. R. in Structure and Properties of Glassy Polymers (eds. Hill, A. J. &
Tant, M. R.) Ch. 1, 1–20 (American Chemical Society, 1999).

30. Powers, D. C., Murphy, B. R., Fries, L. F., Adler, W. H. & Clements, M. L. Reduced
infectivity of cold-adapted influenza A H1N1 viruses in the elderly: correlation
with serum and local antibodies. J. Am. Geriatr. Soc. 40, 163–167 (1992).

31. Powers, D. C., Sears, S. D., Murphy, B. R., Thumar, B. & Clements, M. L. Systemic
and local antibody responses in elderly subjects given live or inactivated influ-
enza A virus vaccines. J. Clin. Microbiol. 27, 2666–2671 (1989).

32. Henry, C. et al. Influenza virus vaccination elicits poorly adapted B cell responses
in elderly individuals. Cell Host Microbe 25, 357–366 (2019) .

33. Kopecky-Bromberg, S. A. et al. Alpha-C-galactosylceramide as an adjuvant for a
live attenuated influenza virus vaccine. Vaccine 27, 3766–3774 (2009).

34. Ferko, B. et al. Live attenuated influenza virus expressing human interleukin-2
reveals increased immunogenic potential in young and aged hosts. J. Virol. 80,
11621–11627 (2006).

35. Wang, X. et al. Intranasal immunization with live attenuated influenza vaccine
plus chitosan as an adjuvant protects mice against homologous and hetero-
logous virus challenge. Arch. Virol. 157, 1451–1461 (2012).

36. Petrovsky, N. Comparative safety of vaccine adjuvants: a summary of current
evidence and future needs. Drug Saf. 38, 1059–1074 (2015).

37. Cooper, P. D. & Petrovsky, N. Delta inulin: a novel, immunologically active, stable
packing structure comprising β-d-[2 → 1] poly(fructo-furanosyl) α-d-glucose
polymers. Glycobiology 21, 595–606 (2010).

38. Tomar, J. et al. Passive inhalation of dry powder influenza vaccine formulations
completely protects chickens against H5N1 lethal viral challenge. Eur. J. Pharm.
Biopharm. 133, 85–95 (2018).

39. Tomar, J. et al. Advax augments B and T cell responses upon influenza vacci-
nation via the respiratory tract and enables complete protection of mice against
lethal influenza virus challenge. J. Controlled Release 288, 199–211 (2018).

40. Feinen, B., Petrovsky, N., Verma, A. & Merkel, T. J. Advax-adjuvanted recombinant
protective antigen provides protection against inhalational anthrax that is further
enhanced by addition of murabutide adjuvant. Clin. Vaccin. Immunol. 21,
580–586 (2014).

41. Larena, M., Prow, N. A., Hall, R. A., Petrovsky, N. & Lobigs, M. JE-ADVAX vaccine
protection against Japanese encephalitis virus mediated by memory B cells in the
absence of CD8+ T cells and pre-exposure neutralizing antibody. J. Virol. 87,
4395–4402 (2013).

42. Honda-Okubo, Y., Ong, C. H. & Petrovsky, N. Advax delta inulin adjuvant over-
comes immune immaturity in neonatal mice thereby allowing single–dose
influenza vaccine protection. Vaccine 33, 4892–4900 (2015).

43. Li, L., Honda-Okubo, Y., Li, C., Sajkov, D. & Petrovsky, N. Delta inulin adjuvant
enhances plasmablast generation, expression of activation-induced cytidine

deaminase and B-cell affinity maturation in human subjects receiving seasonal
influenza vaccine. PLoS ONE 10, e0132003 (2015).

44. Honda-Okubo, Y., Kolpe, A., Li, L. & Petrovsky, N. A single immunization with
inactivated H1N1 influenza vaccine formulated with delta inulin adjuvant
(Advax™) overcomes pregnancy-associated immune suppression and enhances
passive neonatal protection. Vaccine 32, 4651–4659 (2014).

45. Gordon, D. L. et al. Randomized clinical trial of immunogenicity and safety of a
recombinant H1N1/2009 pandemic influenza vaccine containing Advax™ poly-
saccharide adjuvant. Vaccine 30, 5407–5416 (2012).

46. Gordon, D., Kelley, P., Heinzel, S., Cooper, P. & Petrovsky, N. Immunogenicity and
safety of Advax™, a novel polysaccharide adjuvant based on delta inulin, when
formulated with hepatitis B surface antigen: a randomized controlled Phase
1 study. Vaccine 32, 6469–6477 (2014).

47. Gordon, D. L. et al. Human Phase 1 trial of low-dose inactivated seasonal influ-
enza vaccine formulated with Advax™ delta inulin adjuvant. Vaccine 34,
3780–3786 (2016).

48. World Health Organization. in Immunization in Practice: A Practical Guide for
Health Staff - 2015 Update (WHO, 2015).

49. ACIP COVID-19 Vaccines Working Group. COVID-19 Vaccine Prioritization: Work
Group Considerations, https://www.cdc.gov/vaccines/acip/meetings/downloads/
slides-2020-08/COVID-08-Dooling.pdf (2020).

50. Kahn, A.-L., Kristensen, D. & Rao, R. Extending supply chains and improving
immunization coverage and equity through controlled temperature chain use of
vaccines. Vaccine 35, 2214–2216 (2017).

51. Kanojia, G. et al. Developments in the formulation and delivery of spray dried
vaccines. Hum. Vaccin. Immunother. 13, 2364–2378 (2017).

52. Leung, V. et al. Thermal stabilization of viral vaccines in low-cost sugar films. Sci.
Rep. 9, 7631 (2019).

53. Smith, T. G., Siirin, M., Wu, X., Hanlon, C. A. & Bronshtein, V. Rabies vaccine
preserved by vaporization is thermostable and immunogenic. Vaccine 33,
2203–2206 (2015).

54. Smith, T. G. et al. Assessment of the immunogenicity of rabies vaccine preserved
by vaporization and delivered to the duodenal mucosa of gray foxes (Urocyon
cinereoargenteus). Am. J. Vet. Res. 78, 752–756 (2017).

55. Ilyushina, N. A. et al. Comparative study of influenza virus replication in MDCK
cells and in primary cells derived from adenoids and airway epithelium. J. Virol.
86, 11725–11734 (2012).

56. Wohlgemuth, N. et al. The M2 protein of live, attenuated influenza vaccine
encodes a mutation that reduces replication in human nasal epithelial cells.
Vaccine 35, 6691–6699 (2017).

57. Wareing, M. D., Watson, J. M., Brooks, M. J. & Tannock, G. A. Immunogenic and
isotype-specific responses to Russian and US cold-adapted influenza a vaccine
donor strains A/Leningrad/134/17/57, A/Leningrad/134/47/57, and A/Ann Arbor/
6/60 (H2N2) in mice. J. Med. Virol. 65, 171–177 (2001).

58. Zhou, B. et al. Reversion of cold-adapted live attenuated influenza vaccine into a
pathogenic virus. J. Virol. 90, 8454–8463 (2016).

59. Rudenko, L. et al. Live attenuated pandemic influenza vaccine: clinical studies on
A/17/California/2009/38 (H1N1) and licensing of the Russian-developed tech-
nology to WHO for pandemic influenza preparedness in developing countries.
Vaccine 29, A40–A44 (2011).

60. Nigwekar, P. V. et al. Safety of Russian-backbone trivalent, live attenuated sea-
sonal influenza vaccine in healthy subjects: open-label, non-randomized phase
4 study. Drug Saf. 29, A16–A21 (2017).

61. Food and Drug Administration. Guidance for Industry: Clinical Data Needed to Sup-
port the Licensure of Seasonal Inactivated Influenza Vaccines, https://www.fda.gov/
downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/
Guidances/Vaccines/ucm091990.pdf (2007).

62. Suzuki, T. et al. Relationship of the quaternary structure of human secretory IgA
to neutralization of influenza virus. Proc. Natl Acad. Sci. USA 112, 7809–7814
(2015).

63. Tregoning, J. S., Russell, R. F. & Kinnear, E. Adjuvanted influenza vaccines. Hum.
Vaccin. Immunother. 14, 550–564 (2018).

64. Hasegawa, H., van Reit, E. & Kida, H. Mucosal immunization and adjuvants. Curr.
Top. Microbiol. Immunol. 386, 371–380 (2015).

65. Honda-Okubo, Y., Saade, F. & Petrovsky, N. Advax™, a polysaccharide adjuvant
derived from delta inulin, provides improved influenza vaccine protection
through broad-based enhancement of adaptive immune responses. Vaccine 30,
5373–5381 (2012).

66. Counoupas, C. et al. Delta inulin-based adjuvants promote the generation of
polyfunctional CD4+ T cell responses and protection against Mycobacterium
tuberculosis infection. Sci. Rep. 7, 8582 (2017).

67. Lobigs, M. et al. An inactivated Vero cell-grown Japanese encephalitis vaccine
formulated with Advax, a novel inulin-based adjuvant, induces protective neu-
tralizing antibody against homologous and heterologous flaviviruses. J. Gen. Virol.
91, 1407–1417 (2010).

J.M. Luczo et al.

7

Published in partnership with the Sealy Institute for Vaccine Sciences npj Vaccines (2021)    59 

http://www.who.int/influenza/resources/research/research_agenda_influenza_stream_1_reducing_risk.pdf
http://www.who.int/influenza/resources/research/research_agenda_influenza_stream_1_reducing_risk.pdf
https://www.cdc.gov/flu/pandemic-resources/pdf/pandemic-influenza-strategy-2005.pdf
https://www.cdc.gov/flu/pandemic-resources/pdf/pandemic-influenza-strategy-2005.pdf
https://apps.who.int/iris/bitstream/handle/10665/44796/9789241503082_eng.pdf;jsessionid=C8A0674C5EA6125FC948A1C147C1688C?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/44796/9789241503082_eng.pdf;jsessionid=C8A0674C5EA6125FC948A1C147C1688C?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/44796/9789241503082_eng.pdf;jsessionid=C8A0674C5EA6125FC948A1C147C1688C?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/44796/9789241503082_eng.pdf;jsessionid=C8A0674C5EA6125FC948A1C147C1688C?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/44796/9789241503082_eng.pdf;jsessionid=C8A0674C5EA6125FC948A1C147C1688C?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/69388/WHO_IVB_06.13_eng.pdf?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/69388/WHO_IVB_06.13_eng.pdf?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/69388/WHO_IVB_06.13_eng.pdf?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/69388/WHO_IVB_06.13_eng.pdf?sequence=1
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=9469835.PN.&OS=PN/9469835&RS=PN/9469835
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=9469835.PN.&OS=PN/9469835&RS=PN/9469835
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=9469835.PN.&OS=PN/9469835&RS=PN/9469835
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=9469835.PN.&OS=PN/9469835&RS=PN/9469835
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=9469835.PN.&OS=PN/9469835&RS=PN/9469835
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=9469835.PN.&OS=PN/9469835&RS=PN/9469835
https://www.cdc.gov/vaccines/acip/meetings/downloads/slides-2020-08/COVID-08-Dooling.pdf
https://www.cdc.gov/vaccines/acip/meetings/downloads/slides-2020-08/COVID-08-Dooling.pdf
https://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Vaccines/ucm091990.pdf
https://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Vaccines/ucm091990.pdf
https://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Vaccines/ucm091990.pdf


68. Petrovsky, N. et al. An inactivated cell culture Japanese encephalitis vaccine (JE-
ADVAX) formulated with delta inulin adjuvant provides robust heterologous
protection against West Nile encephalitis via cross-protective memory B cells and
neutralizing antibody. J. Virol. 87, 10324–10333 (2013).

69. Djupesland, P. G. Nasal drug delivery devices: characteristics amd performance in
a clinical perspective - a review. Drug Deliv. Transl. Res. 3, 42–62 (2013).

70. Inthavong, K., Fung, M. C., Yang, W. & Tu, J. Measurements of droplet size dis-
tribution and analysis of nasal spray atomization from different actuation pres-
sure. J. Aerosol Med. Pulm. Drug Deliv. 28, 59–67 (2015).

71. Foo, M. Y., Cheng, Y.-S., Su, W.-C. & Donovan, M. D. The influence of spray
properties on intranasal deposition. J. Aerosol Med. 20, 495–508 (2007).

72. Djupesland, P. G. & Skretting, A. Nasal deposition and clearance in man: Com-
parison of a bidirectional powder device and a traditional liquid spray pump. J.
Aerosol Med. Pulm. Drug Deliv. 25, 280–289 (2012).

73. Hayashi, M. et al. Advax, a delta inulin microparticle, potentiates in-built adjuvant
property of co-administered vaccines. EBioMedicine 15, 127–136 (2017).

74. CDC & Creare, Inc. Nasal dry powder delivery system for vaccines and other
treatment agents. US patent 10,099,024, http://patft.uspto.gov/netacgi/nph-
Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%
2Fsrchnum.htm&r=1&f=G&l=50&s1=10,099,024.PN.&OS=PN/10,099,024&RS=PN/
10,099,024 (2018).

75. World Organisation for Animal Health (OIE). in Manual of Diagnostic Tests and
Vaccines for Terrestrial Animals Vol. 1 Ch. 2.1, 1–23 (World Organisation for Animal
Health (OIE), 2015).

ACKNOWLEDGEMENTS
The inhaler device for dry-powder vaccine delivery was designed by Creare LLC in
collaboration with the CDC. We thank Dr. Ted Ross (University of Georgia) for the A/
Texas/50/2012 (H3N2) influenza virus isolate and Larisa Rudenko (BioDiem) for the
Leningrad-backbone LAIV virus. Vaxine Pty Ltd supplied the Advax™ adjuvant. We
thank Hy-Line North America (Mansfield, GA, USA) for the provision of embryonated
chicken eggs. This study was supported by a seed award from the University of
Georgia and the Centers for Disease Control and Prevention (SMT and MP),
and Centers of Excellence for Influenza Research and Surveillance (CEIRS)
contract HHSN272201400004C (J.M.L. and S.M.T.) and CEIRS Training Program
HHSN272201400008C (J.M.L.). Development of Advax™ adjuvant was supported by
NIAID contracts AI061142, HHSN272200800039C, and HHSN272201400053C. C.A.N.
was supported by NIGMS grant GM109435, Post-Baccalaureate Training in Infectious
Diseases Research. The findings and conclusions are those of the authors and do not
necessarily reflect the views of the Centers for Disease Control and Prevention.

AUTHOR CONTRIBUTIONS
D.E.W., V.B., M.P., N.P. (Flinders University/Vaxine), and S.M.T. conceived and designed
the study. V.B., M.-X.W., and E.A.M. generated, packaged, and conducted initial

stability testing of T-LAIV. T.B. and N.P. (CDC) performed long-term stability testing.
J.M.L. and S.K.J. performed animal experiments. J.M.L., C.A.N., and C.A.J. performed
endpoint analyses of in vivo samples. J.M.L. and T.B. performed data analysis. J.M.L.
drafted the manuscript. J.M.L., S.M.T., V.B., N.P. (Flinders University/Vaxine), D.E.W.,
N.P. (CDC), M.-X.W., M.P., and E.A.M. edited the manuscript. All authors have read and
approved the manuscript for publication.

COMPETING INTERESTS
V.B. is a principal of Universal Stabilization Technologies, Inc., which holds interests in
the Preservation by Vaporization technology, and N.P. is associated with Vaxine Pty
Ltd, which holds interests in Advax™ adjuvant. M.P. is an inventor of the dry-powder
inhaler, which is patented by CDC and Creare, Inc., and serves on the Scientific
Advisory Board of VitriVac, Inc., which holds interests in the Preservation by
Vaporization technology.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41541-021-00320-9.

Correspondence and requests for materials should be addressed to S.M.T.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

J.M. Luczo et al.

8

npj Vaccines (2021)    59 Published in partnership with the Sealy Institute for Vaccine Sciences

http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=10,099,024.PN.&OS=PN/10,099,024&RS=PN/10,099,024
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=10,099,024.PN.&OS=PN/10,099,024&RS=PN/10,099,024
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=10,099,024.PN.&OS=PN/10,099,024&RS=PN/10,099,024
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=10,099,024.PN.&OS=PN/10,099,024&RS=PN/10,099,024
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=10,099,024.PN.&OS=PN/10,099,024&RS=PN/10,099,024
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=10,099,024.PN.&OS=PN/10,099,024&RS=PN/10,099,024
https://doi.org/10.1038/s41541-021-00320-9
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Intranasal powder live attenuated influenza vaccine is thermostable, immunogenic, and protective against homologous challenge in ferrets
	Introduction
	Results
	PBV-thermostabilized LAIV maintains infectivity during high-temperature storage
	Dry-powder T-LAIV efficiently replicates in the upper respiratory tract of ferrets
	Vaccination with T-LAIV elicits robust mucosal and serum antibody responses
	T-LAIV vaccination is efficacious against influenza A virus challenge

	Discussion
	Methods
	Ethics statement
	Viruses and cells
	Thermostabilization of LAIV using PBV
	T-LAIV infectivity assay
	Animals and study design
	Immunoglobulin ELISA
	Serology
	Virology

	Statistical analyses
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




