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Complete Protection Against Yersinia
pestis in BALB/c Mouse Model
Elicited by Immunization With
Inhalable Formulations of rF1-V10
Fusion Protein via Aerosolized
Intratracheal Inoculation

Wei Zhang T, Xiaolin Song T, Lina Zhai, Jianshu Guo, Xinying Zheng, Lili Zhang, Meng Lv,
Lingfei Hu, Dongsheng Zhou, Xiaolu Xiong* and Wenhui Yang*

State Key Laboratory of Pathogen and Biosecurity, Bejjing Institute of Microbiology and Epidemiology, Beijjing, China

Pneumonic plague, caused by Yersinia pestis, is an infectious disease with high mortality
rates unless treated early with antibiotics. Currently, no FDA-approved vaccine against
plague is available for human use. The capsular antigen F1, the low-calcium-response V
antigen (LcrV), and the recombinant fusion protein (rF1-LcrV) of Y. pestis are leading
subunit vaccine candidates under intense investigation; however, the inability of
recombinant antigens to provide complete protection against pneumonic plague in
animal models remains a significant concern. In this study, we compared
immunoprotection against pneumonic plague provided by rF1, rV10 (a truncation of
LerV), and rF1-V10, and vaccinations delivered via aerosolized intratracheal (i.t.)
inoculation or subcutaneous (s.c.) injection. We further considered three vaccine
formulations: conventional liquid, dry powder produced by spray freeze drying, or dry
powder reconstituted in PBS. The main findings are: (i) rF1-V10 immunization with any
formulation via i.t. or s.c. routes conferred 100% protection against Y. pestis i.t. infection;
(i) rF1 or rV10 immunization using i.t. delivery provided significantly stronger protection
than rF1 or rV10 immunization via s.c. delivery; and (ii) powder formulations of subunit
vaccines induced immune responses and provided protection equivalent to those elicited
by unprocessed liquid formulations of vaccines. Our data indicate that immunization with a
powder formulation of rF1-V10 vaccines via an i.t. route may be a promising vaccination
strategy for providing protective immunity against pneumonic plague.

Keywords: Yersinia pestis, pneumonic plague, subunit vaccine, rF1-V10, dry powder formulation, aerosolized
intratracheal inoculation, mucosal immune response
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1 INTRODUCTION

Yersinia pestis, a non-motile, facultative intracellular, gram-negative
bacterium, is the causative agent of plague (1-3). Plague, a
devastating zoonotic disease prevalent in many parts of the world,
is transmitted through infected fleas from rodent reservoirs to
humans (4, 5). It is estimated to have claimed over 200 million
human lives during the course of three major human pandemics
(6). The most recent outbreak in Madagascar (2017-2018) resulted
in ~2400 cases and ~200 deaths, raising global concerns (4).The
control of human plague outbreaks relies mainly on the rapid
confirmation of the diagnosis, isolation and treatment of confirmed
and suspected cases (5). For confirmed patients, effective antibiotics
(such as tetracycline, streptomycin, chloramphenicol) and
preventive therapies must be administered within 24 hours of the
onset of symptoms (7). Especially, pneumonic plague transmitting
through aerosol droplets is the most dangerous among the three
primary clinical forms due to its rapid onset and progression (6, 8).
Without the rapid response with appropriate antibiotics, the fatality
rate of pneumonic plague approaches 100% (9). Moreover, Y. pestis
remains listed as a Tier 1 Select Agent because of its potential use as
a biological weapon in an aerosolized form, making it an urgent
public health and safety priority (10, 11). Therefore, development of
a protective vaccine that provides both rapid and long-lasting
immunity in the event of mass exposure to aerosolized Y. pestis is
of great interest.

Historically, killed whole-cell vaccines (KWCVs) and live
whole-cell vaccines (LWCVs) have been successfully used to
protect humans against plague in parts of the world (12). To
prepare KWCVs, Y. pestis were inactivated by heating or with
chemicals. These vaccines evoked immunity against bubonic
plague but were inefficient against pneumonic plague in animal
models (13, 14). KWCVs are no longer used due to questionable
efficacy and considerable reactogenicity. LWCVs were prepared
from fully virulent strains of Y. pestis after multiple passages. The
former Soviet Union and other nations still use LWCVs for
human vaccination, e.g., the NIIEG line of the pgm-negative
strain EV76. LWCV:s are able to protect humans against bubonic
and pneumonic plague (15-17), however, these vaccines are
associated with several adverse effects, and fail to provide long-
term immunity (1, 18). In addition, safety concerns have limited
enthusiasm for the development of LWCVs and they are only
recommended in endemic areas (19).

The subunit vaccine provides the most promise as a plague
vaccine. Development efforts for an effective subunit vaccine to
pneumonic plague have focused on two primary antigens of Y.
pestis, namely the capsular protein (F1) and the low calcium
response protein (LcrV). Baker et al. (20) first purified F1 protein
and demonstrated that a vaccine with F1 protected mice and rats
from bubonic plague. However, the F1 vaccine candidate provided
only 65-84% protection against pneumonic plague (21); vaccines
based exclusively on F1 were ineffective against F1-negative Y.
pestis, which may be as virulent as wild-type (WT) CO92 Y. pestis
(22). Burrows (23) discovered that LcrV was an important
virulence protein and subsequent studies confirmed it was a
critical protective antigen against Y. pestis infection (19, 24, 25).
Unfortunately, part of the LcrV protein, acid residues 271-300,

partially suppresses host immune response by stimulating
interleukin-10 (IL-10), which suppresses Thl cells (26, 27); this
limits its usefulness in vaccines. The combination of recombinant
Fl and LcrV antigens (rF1-LerV) has a good safety profile in
various animal models (28, 29), elicits greater protection than
either F1 or LerV alone (30, 31), but rF1-LerV does not confer
complete protection for mice challenged with more than 255x
LDs, Y. pestis administered via inhalation (32-34). Most recently,
plague vaccines based on the expression of protective antigens of
Y. pestis in live vectors (bacterial or viral platform) were developed
(35) but had obvious limitations. There is thus a need to continue
research on subunit vaccine candidates, which require further
modification to minimize shortcomings and elicit more robust
immune protection against pneumonic plague.

Over the past few decades, pulmonary delivery of vaccines has
received increasing attention due to its ability to recruit local
immune responses of the bronchopulmonary mucosa in addition
to the broader systemic immune response (36-38). In addition,
administration of vaccines via the lungs shows better bioavailability
and more rapid effectiveness than injection routes because of the
lung’s large surface area, abundant blood flow, and highly
permeable epithelium (39, 40). Currently, there are two
formulations of inhalable vaccines: (i) liquid formulations that
require a cold chain transport system to maintain vaccine
potency; and (ii) powder formulations that have long-term
stability at room temperature for storage and shipping (41, 42).
Given its obvious advantages, the latter is attracting more attention
for use in aerosolized intratracheal (i.t.) delivery of vaccines. For
more than 70 years, the Y. pestis EV NIIEG strain has been used as a
human plague vaccine in the former Soviet Union and confers
protection against bubonic and pneumonic plague after
administration via inhalation (16, 43, 44). However, the
protection appears to be short-lived and the vaccine is highly
reactogenic, limiting licensing of this vaccine for use in many
parts of the world (1, 12, 45). The preparation of live Y. pestis dry
powder is rarely reported in the literature, possibly because of
bacterial viability being lost during preparation. Subunit vaccine
candidates may thus prove a better option for inhalable powder. In
this study, we improve the immunoprotection of subunit vaccines
against pneumonic plague by preparing the rF1, rV10 (a truncation
of LerV), or rF1-V10 fusion protein using spray freeze drying (SFD)
to generate dry powder with the adjuvant CpG for i.t. inoculation.
We then explore the immunogenicity and protective efficacy of
these three subunit vaccines in different formulations (liquid,
powder and reconstituted powder) via i.t. and subcutaneous (s.c.)
administration routes in a mouse model of Y. pestis it. infection.
Our results demonstrate preclinical feasibility of using a powder
formulation of rF1-V10 and the potential use of an alternative
pulmonary delivery method.

2 MATERIALS AND METHODS

2.1 Expression and Purification of rF1,
rvV10, and rF1-V10

Recombinant plasmids were built as shown in Figure 1. The primers
used for DNA synthesis are listed in Supplementary Table 1.
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The DNA sequence encoding rF1 (F1,; 170, Accession No.:
NC_003134) without signal peptide (46) was amplified by
PCR. Previous studies have reported that rV10, lacking amino
acid residues 271 to 300 (LcrV,z1.300), lost the ability to induce
IL-10, significantly reducing its immunosuppressive properties
on mice compared to the intact LerV (27, 47). Therefore, in our
study, the sequence encoding the immunosuppressive fragment
of LerV (LerVayy 300, Accession No.: NC_003131) was removed
and the DNA sequences encoding LcrVy 570, the linker Gly-Thr
dipeptide, and LcrVsg;.356 were fused in sequential order to
obtain rV10 by overlap extension PCR. In brief, the DNA
fragments of LcrVi 70 and LcrVigg 356 were generated using
primer pairs (rV10-F0, rV10-R0) and (rV10-F, rV10-R; these
contain the DNA sequence of the linker) in the first PCR; these
two DNA fragments were subsequently used as templates in the
second PCR with rV10-FO and rV10-R0O primers to generate
rV10. To obtain the rF1-V10 sequence, DNA sequences
encoding rF1, the linker Glu-Phe dipeptide, and rV10 were
fused in sequential order by overlap extension PCR, and the
two PCR products (rF1 and rV10) generated using primer pairs
(rF1-FO and rV10-R0) and (rF1-V10-F and rF1-V10-R; these
contain the DNA sequence of the linker) in the first PCR.

The rF1-V10 were generated by a second PCR using primer
pairs rF1-F0 and rV10-RO0. Finally, the DNA fragment rF1, rV10,
or rF1-V10 was inserted into the BamHI/Xhol digested
PSMART-I (Ming Chen Zhi Yuan Biotechnology Co. LTD., Beijing,
China) plasmid by In-Fusion cloning to generate pSMART-rF1,
PSMART-rV10, or pPSMART-rF1-V10 vectors, respectively.

These three recombinant proteins were purified by affinity
chromatography from lysates of E. coli BL21 cells (Novagen,
Madison, WI, USA) following a previously published protocol
(27). The His-Sumo tags at the N terminus of the purified
proteins were excised by Sumo Protease (ULP403) and the
resulting proteins were analyzed by SDS-PAGE and Western
blot. Protein concentration was analyzed using the bicinchoninic
acid (BCA) method (Pierce Biotechnology; Rockford; IL).
Endotoxin level was assayed using Limulus amebocyte lysate
(QCL-1000; Cambrex, NJ) and found to be 10 Endotoxin Units
(EU) per 1 mg purified protein (48).

2.2 Preparation of Powder Formulations of
the rF1, rV10, and rF1-V10 Vaccines

The subunit vaccine powders were prepared by SFD as described
in published literature (49, 50). Specifically, each subunit vaccine

rF1-V10-F-Linker

rF1-FO
= rF1 gene A\ V10 gene Linker 1
[ ] L | | 1
[ 1 [ | I | ]
% |
f rvV10-RO
rF1-V10-R-Linker
PCR-I ﬂ PCR-II ﬂ
rF1-FO
| o |
LI 1 [T [ T 1
I 1 I | | 11
o
rV10-RO

ﬂ PCR-IIl (SOE-PCR)

Linker 2

Linker 1

rF1-rv10 gene

|
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FIGURE 1 | Schematic representation of PCR amplification, splicing and cloning of chimeric rF1-V10 gene in pSMART-I vector.
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was dissolved in spray drying solution containing D-mannitol,
myo-inositol, L-leucine, and poloxamer 188 as excipients and
CpG as a mucosal adjuvant (51). This solution was kept in an ice
bath and then sprayed into a vessel of liquid nitrogen with a two-
fluid pneumatic spray nozzle (2 mm diameter; TSE Systems
GmbH, Berlin, Germany) using a fixed back pressure of 1.5 bar
and a liquid feed rate of 5 ml/min. The sprayed atomized
droplets were quickly frozen into ice crystals under liquid
nitrogen. After liquid nitrogen was evaporated, the ice crystals
were transferred to a stainless-steel vessel followed by
lyophilization in a vacuum freeze-drying system for 48 h at a
manifold temperature of -55°C and a vacuum pressure of 10 Pa.
The obtained powders were stored at 4°C until further use.

To evaluate the quality and stability of the dry powder
formulation, these subunit vaccines were reconstituted in
deionized water, then analyzed by SDS-PAGE and Western blot
(using sera collected from immunized mice). The volume median
diameter (VMD) of dry powder vaccines was measured using a laser
particle size analyzer (RODOS & HELOS, Sympatec, Clausthal-
Zellerfeld, Germany) and the mass median aerodynamic diameter
(MMAD) of the vaccine aerosol particles was measured with the
aerodynamic particle sizer (APS) spectrometer 3321 (52) (TSI Inc.,
St. Paul, MN). The moisture content of vaccine dry powders was
determined using thermogravimetric analysis (TGA), as described
previously (50). Particle morphology was examined with a Hitachi
S-3400N scanning electron microscope.

2.3 Animals

Female BALB/c mice (SPF) at 6-weeks of age were obtained from
Charles River Laboratories (Beijing, China). This study was
approved by the Institute of Animal Care and Use Committee
(IACUC) at the Academy of Military Medical Sciences (AMMS),
ethical approval number IACUC-DWZX-2021-057.

2.4 Bacteria Strain and Growth Media

Y. pestis strain 201, which is avirulent to humans (53), is
maintained in our laboratory. It was cultivated in Brain Heart
Infusion broth (BHI; BD, Voigt Global Distribution Inc.,
Lawrence, KS). Cultures were inoculated overnight with BHI
(dilution 1:20) and cultured at 26°C in a shaking incubator at 220
rpm to an optical density at 600 nm (OD600) of ~1.0. Cultures

15t immunization

! ! |

were then inoculated with BHI (dilution 1:100) and maintained
at 26°C, again to OD600 ~1.0. After that, cultures were
transferred to a 37°C shaking incubator for another 3 h. For
growth on a solid surface, Y. pestis was grown on 5% sheep blood
agar (SBA) plates (Lugiao, Beijing, China) at 26°C for 3 days.

2.5 Immunization and Challenge

Mice (41 per group) were immunized three times at 3-week
intervals (days 0, 21, and 42) through i.t. or s.c. routes (Figure 2).
The it. immunization was performed using a Dry Powder
Insufflator for powder inoculation and a MicroSprayer
Aerosolizer for reconstituted powder or liquid inoculation
following previously described methods (54). Group details are
shown in Table 1 (five experimental groups per protein, five
negative controls, and two blank controls). For rFl1, the five
experimental groups included three groups of mice i.t. inoculated
with 1) 0.5 mg of rF1 dry powder (i.t.-rF1, powder), 2) 0.5 mg of
rF1 dry powder reconstituted in PBS (it.-rF1, reconstituted
powder) to create a reconstituted solution, designed as a
quality control to assess the influence of the SFD process on
vaccine efficacy, and 3) 20 ug of rF1 liquid without SFD (i.t.-rF1,
liquid) in PBS. Since the powder vaccine is not suitable for use in
s.c. injection, the next two groups of mice were inoculated via s.c.
with 4) 0.5 mg rF1 dry powder reconstituted in PBS (s.c.-rF1,
reconstituted powder), or 5) 20 ug of rF1 liquid without SFD
(s.c.-rF1, liquid). The same five experimental group treatments
were used for rV10 and rF1-V10 vaccines. Mice in negative
controls were immunized with CpG and those in blank controls
were immunized with PBS.

At 63 days post-primary immunization (dppi), immunized
mice were anesthetized by intraperitoneal injection of
pentobarbital sodium and then challenged with 50x LDs,
(1,000 CFU) or 1,000x LDs, (20,000 CFU) of Y. pestis strain
201 through an i.t. route using a MicroSprayer Aerosolizer. The
direct inhalation of aerosolized Y. pestis was used to better mimic
the natural aerosol infection of pneumonic plague. Animals were
checked daily for morbidity and mortality over the course of 2
weeks. At days 2, 7, and 14 post-challenge, bacterial load analysis
was done for the low-dose challenge groups, three mice per
group were sacrificed. The lungs, spleens, and livers of these mice
were harvested individually and approximately 100 mg of each

Y. pestis strain 201 challenge

|

post-challenge

0dppi 21dppi 42dppi 63dppi  postchallenge  post-challenge
L 1 1 1 1 1 ]

FIGURE 2 | Schema of the immunization protocol. BAL, bronchoalveolar lavage; dppi, days post-primary immunization.
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TABLE 1 | Summary of immunization groups used in the experiment.

Number Group Immunization route Formulation type
1 rF1 it powder

2 powder reconstituted
3 liquid

4 s.C. powder reconstituted
5 liquid

6 V10 it powder

7 powder reconstituted
8 liquid

9 s.C powder reconstituted
10 liquid

1 rF1-V10 it powder

12 powder reconstituted
13 liquid

14 s.C. powder reconstituted
15 liquid

16 CpG it powder

17 powder reconstituted
18 liquid

19 s.C. powder reconstituted
20 liquid

21 PBS it liquid

22 s.C. liquid

Antigen dose (ug/mouse) CpG dose (ug/mouse) Volume (ul/mouse)

20 20 50
20 20 50
20 20 50
20 20 100
20 20 100
20 20 50
20 20 50
20 20 50
20 20 100
20 20 100
20 20 50
20 20 50
20 20 50
20 20 100
20 20 100
/ 20 50
/ 20 50
/ 20 50
/ 20 100
/ 20 100
/ / 50
/ / 100

i.t., aerosolized intratracheal inoculation; s.c., subcutaneous injection.

organ homogenized in 800 ul PBS. Samples of 50 pl of
homogenate were diluted serially in PBS, and 10 pl dilutions
were plated onto blood agar plates for bacterial counting as
previously described (54).

2.6 ELISA Assay of Specific Antibody

Sera and bronchoalveolar lavage (BAL) from four mice per group
were collected after each immunization (at 21, 42 and 63 dppi).
The titers of IgG (sera and BAL) and IgA (BAL) antibodies
against the cognate recombinant proteins were evaluated by
enzyme-linked immunosorbent assay (ELISA) as described in
previous studies (55). Briefly, individual wells in 96-well plates
were coated with rF1, rV10, or rF1-V10, plates were blocked with
bovine serum albumin (BSA) and incubated with serially diluted
sera collected from cognate antigen immunized mice. After
washing, the plates were incubated with HRP-conjugated goat
anti-mouse IgG or IgA (Abcam, Cambridge, MA). 3,3,5,5-
tetramethylbenzedine (TMB) was used as substrate, and optical
density (OD) was measured at 450 nm with a reference filter
(630 nm).

2.7 ELISPOT Assay

At 63 dppi, total mononuclear cells were isolated from spleens of
three mice per group and suspended (1x10”-ml™") in DMEM basic
medium (Gibco, Shanghai, China) containing 10% (v/v) fetal
bovine serum (Gibco, Australia) and 1% (v/v) penicillin-
streptomycin (Gibco, Grand Island, USA). The cells were then
plated into a 96-well ELISPOT plate (Mabtech, Nacka Strand,
Sweden) with 1x10° cells per well, as previously described. The
cells in each well were stimulated with 5 pg of each cognate protein
(rF1, rV10, or rF1-V10), Concanavalin A (ConA, positive control,
Sigma-Aldrich, Germany), or cell culture medium (negative
control) and then incubated for 20 h at 37°C under 5% CO.,.

The levels of IFN-y or IL-4 were measured by ELISPOT assays as
previously described (56).

2.8 Histopathology

Animal tissues from three mice per group were collected at 63
dppi and day 2 post-challenge, fixed in 4% paraformaldehyde
and embedded in paraffin. Blocks were cut into 5-um sections,
which were stained with hematoxylin and eosin (HE).
Pathological alterations in tissue slices were observed by light
microscopy. Tissue sections were evaluated blind by a trained
pathologist according to the following scores: 0, no pathological
lesions; 1, minimal; 2, mild; 3, moderate; 4, severe.

2.9 Statistical Analysis

Data are expressed as mean + SEM. All statistical analyses were
performed using SAS statistical software (version 9.1, SAS
Institute Inc., Cary, NC) or GraphPad Prism 8.0. Differences in
the levels of antibodies and bacterial load among all groups of
mice were tested using a two-way ANOVA, followed by LSD
analysis or Tukey’s test. IFN-y and IL-4 levels were compared by
one-way ANOVA, followed by LSD analysis. Mouse survival rate
was analyzed using Kaplan-Meier survival estimates. P < 0.05
was considered significantly different for all statistical analyses.

3 RESULTS

3.1 Preparation and Characterization of
Pulmonary Delivery Vaccines

Following preparation, dry powder vaccines were characterized for
structural integrity, immunogenicity, morphology, uniformity of
distribution, residual moisture content, and aerodynamic
parameters. Molecular weights of reconstituted rF1, V10, and

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 13 | Article 793382


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhang et al.

Subunit Vaccine Against Pneumonic Plague

rF1-V10 powders were identical to those of the liquid formulation
(~16, ~34, and ~50 kDa, respectively; Figure 3A). Both
reconstituted powder and the liquid formulations reacted to sera
from cognate antigen immunized mice, and titers did not differ
significantly (Figures 3A, B). The results demonstrate that
biochemical integrity and immunogenicity of the three vaccines
were unaffected by the SFD process.

Scanning electron micrographs (SEM) of the three vaccine dry
powders (rF1-V10, rV10, and rF1) are shown in Figure 3C. As
expected, the particles were spherical and porous. Three random
areas in an SEM graph of the dry powder were chosen for analysis.
The VMD of the three vaccine powders, as determined by a laser
particle size analyzer, were 7.85 + 0.68 pum (rF1), 9.75 + 0.33 um
(rV10),and 13.16 + 0.27 um (rF1-V10) (Figure 3D). Moreover, the
MMAD of aerosol particles, as measured by APS spectrometer
3321, were 2.45 + 0.05 um (rF1), 2.45 + 0.09 um (rV10),and 2.17 +
0.06 um (rF1-V10) (Figure 3E). The residual moisture content of
the vaccine dry powders was determined by TGA to be
approximately 0.971% (rF1), 0.678% (rV10), and 0.653% (rF1-
V10) (w/w) (Figure 3F). The results indicate that all three vaccine
dry powders prepared were suitable for aerosol inhalation.

3.2 Systemic Humoral and Lung Mucosal
Immune Responses Induced by rF1, rV10
and rF1-V10 Vaccines via i.t.

Antigen-specific IgG in sera and antigen-specific IgG and
secretory immunoglobulin A (SIgA) in BAL were evaluated
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after delivery of the three subunit vaccines (rF1, rV10 and rF1-
V10) with different formulations (liquid, powder, and
reconstituted powder) and via different routes (i.t. and s.c.).
The antibodies against native F1 or LcrV were not tested in this
study, because extractions of these proteins require a laborious
and time-consuming processes and result in low efficiency
and purity.

3.2.1 Systemic Humoral Immune Responses Induced
by Vaccines via i.t.

A substantial and progressive induction of antigen-specific
antibody was observed in all groups (Figure 4). Booster
vaccinations with the same formulation used in the primary
vaccine resulted in significant increases in antibody levels at 42
dppi and 63 dppi. At 63 dppi, in rF1-V10-immunized groups,
levels of specific IgG in the serum of mice immunized via i.t.-rF1-
V10 were similar to those for mice immunized via s.c.-tF1-V10
(Figure 4A). In rF1- and rV10-immunized groups, the levels of
IgG in serum of mice immunized via i.t.-rF1 or it.-rV10 were
significantly higher than those in mice immunized via s.c.-rF1 or
s.c-rV10 (P < 0.05, Figures 4D, G). Moreover, no significant
differences in levels of specific IgG were observed among
different formulations (dry powder, reconstituted powder,
liquid) of each subunit vaccine (P > 0.05). These results
suggest that immunization with rF1-V10 can induce a strong
humoral immune response regardless of the delivery route and
formulation used.
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FIGURE 3 | Characterization of rF1, V10 and rF1-V10 dry powders. (A) Dry powders and liquids of three vaccines were analyzed by Western blot using sera collected
from cognate antigen immunized mice (upper panel). A protein gel stained with Coomassie briliant blue was used as a loading control (lower panel). (B) The immunogenicity
of dry powder and liquid vaccines measured by ELISA, using sera collected from cognate antigen immunized mice. (C) Scanning electron microscopy pictures of the three
vaccine dry powders. (D) VMD of the aerosolized vaccine dry powders, as determined using a laser particle size analyzer. (E) MMAD of the aerosolized vaccine dry powders, as
measured using a TSI APS 3321. (F) TGA of the three vaccine dry powders. ns, no statistical significance.
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FIGURE 4 | Humoral and mucosal antibody responses (mean + SD) in mice at 21-, 42- and 63-days post-immunization elicited by rF1-V10, rF1, and rV10 vaccines
via i.t. (powder, powder reconstituted and liquid formulations) or s.c. (powder reconstituted and liquid formulations). (A, D, G) Reciprocal serum titters of IgG to (A)
rF1-V10, (D) rF1, and (G) rvV10. (B, E, H) Reciprocal BAL fiters of IgG to (B) rF1-V10, (E) rF1, and (H) rV10. (C, F, I) Reciprocal BAL titers of IgA to (C) rF1-V10, (F)
rF1, and (1) rV10. Serum and BAL were collected from four mice per group at 21, 42, and 63 dppi and titers were measured by ELISA. Statistical differences were
calculated by two-way ANOVA, followed by least significant difference (LSD) analysis or Tukey'’s test. *P < 0.05; **P < 0.01; **P < 0.001.

3.2.2 Lung Mucosal Immune Responses Induced by
Vaccines via i.t

Since IgG and SIgA both exist in mucosal surfaces (57), the levels
of IgG and SIgA in the BAL were tested to evaluate mucosal
immune response. The IgG levels in BAL from the i.t.-rF1-V10
and it.-rF1 immunized group were comparable to the levels
induced in the s.c.-rF1-V10 and s.c.-rF1 immunized group
(P >0.05), while it.-rV10-immunization elicited a significantly
higher antibody response than that generated by s.c.-rV10-
immunization (P <0.05, Figures 4B, E, H). The specific SIgA in
BAL was not detected in BAL of mice immunized with s.c.-rF1,
s.c.-rV10, or s.c.-rF1-V10 (Figures 4C, F, I). Antigen-specific SIgA
was detected in BAL after immunization with any of the three
formulations in i.t.-immunized mice as early as 21 dppi, and levels
increased gradually with immunization dose (P <0.05, Figures 4C,
F, I). No significant difference in specific IgA levels in BAL
were observed among different vaccine formulations (P >0.05).
These results indicate that vaccine immunization via i.t. effectively
induces lung mucosal SIgA production.

3.3 Elevated Cellular Inmune Response Elicited
by rF1, V10 and rF1-V10 Vaccines via i.t

To investigate the specific T cell-mediated immune response,
IFN-y and interleukin (IL)-4 secretion levels were measured. As
shown in Supplementary Figure 1, the secretion levels of [FN-y
and IL-4 in mice vaccinated via i.t. delivery were significantly
higher than those in mice vaccinated via s.c. delivery (P <0.05).
No significant difference was observed among different vaccine
formulations in i.t.- or s.c.-immunized mice (P > 0.05). Vaccine-
immunized groups had significantly higher levels of IFN-vy and
IL-4 compared to control groups (P <0.05).

3.4 Enhanced Protection Provided by
Immunization With rF1-V10 via i.t.

or s.c. Following Aerosol Challenge

With Y. pestis Strain 201

In all immunized groups, the protection conferred by
reconstituted powder formulations of vaccines was essentially
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equal to that conferred by powder or liquid formulations (P >
0.05); thus, for clarity, only powder and liquid formulations are
shown in the figures.

3.4.1 Protection Efficacy After Aerosol Challenge
With 50x LDsg of Y. pestis Strain 201

All mice in PBS (data not shown) and CpG (Figures 5A, C, E)
control groups died within 6 days. For rF1-V10 immunized groups,
immunization, regardless of the formulation and route of
administration, conferred 100% protection against lethal
challenge doses of Y. pestis i.t. (Figure 5A). For rF1 immunized
groups, the survival rate of mice immunized with powder or liquid
(70% or 80% survival, respectively) formulations via i.t. was
significantly higher than that of mice immunized with liquid
(40% survival) formulation via s.c. (P < 0.05, Figure 5C). For
rV10 immunized groups, mice immunized with powder or liquid
formulation via i.t. delivery had significantly higher survival rates
(90% and 100% survival, respectively) compared to those

immunized with liquid formulation via s.c. (40% survival, P <
0.05, Figure 5E). In addition, the survival of mice receiving s.c.-rF1-
V10 immunization (100% survival) was significantly higher than
that of mice receiving s.c.-rF1 or s.c.-rV10 immunization (both 40%
survival, P <0.05, Figures 5A, C, E), while the survival rates of mice
receiving i.t.-rF1-V10 immunization and those receiving i.t.-rF1 or
i.t.-rV10 immunization were not significantly different (P > 0.05).

3.4.2 Protection Efficacy After Aerosol Challenge
With 1,000x LDs, of Y. pestis Strain 201

When mice were challenged with a higher dose of 1,000x LDs5, Y.
pestis strain 201 i.t. at 63 dppi, all PBS-immunized mice (data not
shown) and CpG-immunized mice (Figures 5B, D, F) died
within 4 days. For rFl-immunized groups, the survival
percentage of s.c.-rFl-immunized mice (0% survival) was
significantly lower than that of i.t.- rF1-immunized mice (40%
survival in powder group; 50% survival in liquid group; P <
0.001, Figure 5D), and, for each of these groups, survival was
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FIGURE 5 | Survival curves for mice challenged with aerosolized Y. pestis strain 201. Mice were immunized three times with rF1, V10, or rF1-V10 in one of three
formulations (powder; liquid; or powder reconstituted, not shown) via i.t. or s.c. (A, C, E) Mice (n = 10) immunized three times with (A) rF1-V10, (C) rF1, or (E) rV10
and then challenged with 50x LDsg i.t. at 63 dppi. (B, D, F) Mice (n = 10) immunized three times with (B) rF1-V10, (D) rF1, or (F) rV10 and then challenged with
1,000x LDsg i.t. For vaccines, inoculations are shown for powder and liquid formulations (powder reconstituted vaccine data are not shown) administered via i.t. or
s.C. routes. Mortality data were analyzed using Kaplan-Meier survival analysis. *P < 0.05; **P < 0.01; ***P < 0.001.
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lower than when challenged with 50x LDsy Y. pestis i.t. (40%
survival in s.c. groups; 70% survival in i.t.-powder group;
80% survival in i.t.-liquid group). For rV10-immunized groups,
survival of s.c.-rV10-immunized mice was further reduced to less
than 10%, considerably lower than that of i.t.-rV10-immunized
(>70% survival) mice (P < 0.01, Figure 5F). However, i.t.-rV10
immunization with liquid formulation and rF1-V10
immunization (all formulations and routes) still conferred
complete protection against 1,000x LDsq i.t. Y. pestis challenge.
Overall, these results indicate that rF1-V10 is an excellent
subunit vaccine and that the i.t. immunization route is
superior to the s.c. immunization route for protection against
Y. pestis i.t. infection.

3.5 Bacterial Enumeration From Mouse
Organs Following i.t. Challenge

Bacterial loads in different tissues of vaccine-immunized mice
following i.t challenge at 50x LDs, Y. pestis were examined to
further evaluate the protection provided by subunit vaccine
immunization. At day 2 post-challenge, bacterial loads were

below the lowest detectable limit of the assay for lungs, livers,
and spleens from i.t.-rF1, s.c.-rF1 and s.c.-rV10-immunized
groups; at day 7 post-challenge, bacterial loads ranged from
10° CFU/g to 107 CFU/g, indicating a mild proliferation of Y.
pestis in these groups. But by day 14 post-challenge, bacteria had
been cleared from tissues (Figures 6D-I). No bacteria were
detected at the lowest dilution of organs from rF1-V10-
immunized mice at days 2, 7 or 14 post-challenges
(Figures 6A-C), indicating that immunization with rF1-V10,
regardless of route or formulation, had an appreciable protective
effect against Y. pestis. For control groups, extensive bacteria
were found in lungs, spleens, and livers of naive mice at day 2
post-challenge, and all naive mice succumbed to the Y. pestis
challenge by day 6 post-challenge.

3.6 Histopathological Analysis of Mouse
Tissues After Immunization and Challenge
The safety of i.t. vaccine immunization was evaluated by
examining pathological changes in mouse tissues after
vaccination. No obvious pathological lesions were observed in

representative experiment. *P <0.05; ***P <0.001.
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FIGURE 6 | Bacterial load in the organs of mice euthanized at days 2, 7, and 14 post 50x LD of Y. pestis strain 201 i.t. challenge. (A-C) Bacterial load in (A)
lungs, (B) liver, and (C) spleen of mice immunized with rF1-V10 dry power and liquid formulations. (D-F) Bacterial loads in (D) lungs, (E) liver and (F) spleen of mice
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lungs, livers, or spleens of mice immunized with any formulation
of vaccines, with CpG, or with PBS via it. or s.c. routes,
confirming the safety of i.t. immunization (Supplementary
Figures 2A-C).

The efficacy of different vaccines was further assessed by
comparing the pathological changes in mouse tissues after 50x
LDsy i.t. challenge. In unvaccinated infected mice, perivascular
edema, neutrophil infiltration, and hemorrhage were found in
the lungs, and inflammatory cells were recruited to the liver and
the white pulp of the spleen (Supplementary Figures 2D-F). No
obvious lesions were observed in vaccine-immunized groups,
except for the rFl-immunized groups, which had mild
inflammation in the lungs. Furthermore, the pathological
scores in the lungs, livers, and spleens of the unvaccinated
infected control group were significantly higher than those of
the vaccine-immunized groups (P <0.05, Figure 7).

4 DISCUSSION

Due to the sporadic outbreak of pneumonic plague and the
threat should it be weaponized, developing effective vaccines
against pneumonic plague is important. Compared with F1 or
LerV alone, a subunit vaccine based on a fusion of F1-LerV
proteins is a promising subunit vaccine (30, 31). Previous studies
reported that immunization with the rF1-LerV fusion protein
through the s.c. route could fully protect mice only at 10x LD5,
virulent Y. pestis CO92 via intranasal (in.) challenge (34) and
only partially protect mice at 70x LDs5 via inhalational challenge
(58). The injectable vaccine also failed to adequately protect
African green monkeys against aerosolized Y. pestis (19). Other
reports have shown that rF1-LerV immunization through the
non-invasive i.n. route conferred 80-90% protection against 70 to
100x LDs, of Y. pestis via inhalational challenge (58, 59). Finally,
Jones et al. (32) demonstrated that immunization with Protollin-
F1-V through an in. route elicits 80% protection against an
aerosol challenge at 255x LDs of Y. pestis and 100% protection
against 170x LDs, of Y. pestis. Overall, these studies indicate that
the route of inoculation affects vaccine effectiveness against

pneumonic plague. Modifying the antigen, we created the rF1-
V10 fusion protein and established a mouse model of i.t. delivery
to investigate protective immunity against pneumonic plague.
Our results demonstrate that i.t.-rF1-V10 immunization induces
strong immune responses that lead to 100% protection against an
aerosol challenge of high-dose Y. pestis strain 201. Moreover, i.t.
inoculation is an improved non-invasive method for pulmonary
delivery of vaccines in mice compared to conventional in.
inoculation that has several disadvantages: a low residence
time; mucociliary clearance of vaccines in the nose, throat and
upper airways leads to an inefficient uptake of soluble antigens;
the route is unsuitable for powder pulmonary delivery; and it is
not possible to quantify the given dose (60-62). We propose that
the i.t. immunization with inhalable rF1-V10 vaccine may
provide an alternative, possibly better, vaccination strategy
against pneumonic plague.

Compared to pulmonary delivery (i.n., it. etc.) of liquid
vaccine, powder formulation delivered by it. route is more
advantageous (63). The F1-V SFD powders reconstituted in
water delivered by i.n. route provided at most 80% protection
against bubonic plague, however, the immunization of powder
formulation was not included in this previous study (64). We
recently demonstrated the liquid formulation of EV76-B-
SHUApla delivered by i.t. route represents an excellent live-
attenuated vaccine candidate against pneumonic plague (54), but
it is likely unsuitable for preparation of powder by SED, which
will affect survivability and overall fitness of the live bacteria. In
the current study, we evaluated the protection efficacy of three
subunit vaccines administrated with three different formulations
via i.t. route. Our results demonstrate that protection against an
aerosolized Y. pestis challenge conferred by i.t. delivery of
vaccines in dry powder formulations is at least equivalent to
that conferred by i.t. delivery of liquid formulations of the same
vaccine. Potential advantages of dry powder over liquid vaccines
include: (i) the powder formulations could eliminate the cold-
chain requirement, thus considerably reducing the costs of
storage and shipping (60); (ii) the improved antigen stability
may enhance the immunity induced after vaccination (65); (iii)
using excipients as bulking agent could increase the total amount
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of inhaled powders, which makes given dose more accurate (66).
These advantages suggest that powder formulation
immunization via it. can provide a promising improvement
over the existing vaccine.

At the mucosal surfaces, the predominant immunoglobulin is
secretory IgA (SIgA). SIgA-based protective mucosal immunity
can prevent an infectious agent from entering the body and block
microbial toxins from binding to, or affecting, epithelial and
other target cells (67). Some studies suggest that specific SIgA
plays a key role in neutralizing pathogens or toxins (68, 69). One
limitation of this study is that we didn’t explain why s.c.-rF1-V10
vaccination conferred complete protection against a high dose Y.
pestis challenge without inducing SIgA production. This result
indicated that the role of specific SIgA in protecting against
respiratory infection of Y. pestis needs to be further investigated,
such as evaluating the survival rate of mice challenged with Y.
pestis that had been preincubated with SIgA (70), or evaluating
the efficacy of subunit vaccines via i.t. delivery in wild-type (WT)
and IgA-deficient (IgA (-/-)) mice (71). Another limitation is
that we didn’t evaluate the innate immune response in the early
stage of i.t. immunization, which is supposed to be more efficient
than that of s.c. immunization (72, 73).

Taken together, we have demonstrated that the rF1-V10
fusion protein vaccine can confer complete protection against a
high dose aerosolized Y. pestis challenge and that i.t. delivery of
vaccines can induce higher protection efficacy in mice compared
to that of s.c. immunization. However, i.t. route might be only
suitable for animal use. For human pulmonary delivery of dry
powder vaccine, the widely accepted inhaled devices named dry
powder inhalers (DPIs) are recommended, which are easy to
administrate without the assistant of trained medical personnel
(65, 74). The use of this alternative method of pulmonary
delivery and powder vaccine formulations may directly benefit
biodefense vaccination programs and, ultimately, facilitate
mass vaccination.
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