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Infectious diseases of the respiratory tract are one of the top causes of global morbidity
and mortality with lower respiratory tract infections being the fourth leading cause of
death. The respiratory mucosal (RM) route of vaccine delivery represents a promising
strategy against respiratory infections. Although both intranasal and inhaled aerosol
methods have been established for human application, there is a considerable
knowledge gap in the relationship of vaccine biodistribution to immune efficacy in the
lung. Here, by using a murine model and an adenovirus-vectored model vaccine, we have
compared the intranasal and endotracheal delivery methods in their biodistribution,
immunogenicity and protective efficacy. We find that compared to intranasal delivery,
the deepened and widened biodistribution in the lung following endotracheal delivery is
associated with much improved vaccine-mediated immunogenicity and protection
against the target pathogen. Our findings thus support further development of inhaled
aerosol delivery of vaccines over intranasal delivery for human application.

Keywords: respiratory mucosal immunization, intranasal, endotracheal, biodistribution, Adenovirus-vectored
vaccine, Tuberculosis, mucosal immunity, T cells
INTRODUCTION

Infectious diseases of the respiratory tract are one of the top causes of global morbidity and
mortality, with lower respiratory tract infections being the fourth leading cause of death worldwide
in 2019 (1). In fact, the COVID-19 pandemic is a sobering example of the extent of a threat that a
respiratory mucosal infection can cause to humankind (2). Vaccination is the most cost-effective
public health measure to prevent or control respiratory infectious diseases. However, the vast
majority of current vaccines including anti-tuberculosis (TB) BCG in human immunization
program are administered via a parenteral route and thus, induce only limited respiratory
mucosal immunity against respiratory pathogens such as Mycobacterium tuberculosis (M.tb) and
org June 2022 | Volume 13 | Article 8603991
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influenza (3–5). This reality calls for continuing effectors to
develop respiratory mucosal vaccine strategies (3, 6). In this
regard, on top of injectable flu shots, an intranasally
administered live-attenuated influenza vaccine has been
introduced to human immunization program as the first
respiratory mucosal-deliverable vaccine in humans.
Unfortunately, while this nasal flu vaccine shows high efficacy
in young children, it is much less effective in adults than
injectable flu shots (5, 7). This explains the reason why the
injectable flu vaccine remains the top choice for seasonal flu
vaccination in general populations. These facts question the
suitability of intranasal vaccine delivery as a general respiratory
mucosal vaccine strategy for human application. Recently, as an
alternative respiratory mucosal vaccine strategy, inhaled aerosol
delivery method has been developed and explored to deliver
measles vaccine (8), viral-vectored TB vaccines (9, 10) and a
viral-vectored COVID-19 vaccine (11) in human trials. Of
importance, when parenteral intradermal or intramuscular
route of vaccination was compared side-by-side with inhaled
aerosol vaccination, it was found that only inhaled aerosol, but
not parenteral, vaccination induced significant respiratory
mucosal immunity (9, 10). Since inhaled aerosol technology
bypasses the nasal passage and delivers the vaccine droplets of
2-5 µm deep into human respiratory tract (airways) (10), these
clinical observations together appear to suggest that the
biodistribution or the depth of respiratory vaccine delivery
plays a critical role in induction of respiratory mucosal
immunity. However, to firmly prove this proposition requires
experimental investigation in preclinical animal models since it is
very difficult to directly test it in humans.

Unfortunately, to date there has been a paucity in experimental studies
to compare intranasal delivery with intratracheal/endotracheal deep-
airway delivery in vaccine biodistribution, vaccine-specific mucosal
immune responses, and protective efficacy. Although there are
experimental studies that suggest intratracheal delivery of non-vaccine
biologic agents including LPS and microbes to lead to deeper/wider
biodistribution and/or manifestation of tissue inflammation, over the
intranasal delivery method (12–14), other studies report the opposite
observations (15, 16). To our knowledge, there are only two experimental
studies where intranasal and intratracheal vaccine delivery methods were
compared but these studies did not assess vaccine biodistribution and/or
both mucosal T cell immunity and protective efficacy (17, 18). Therefore,
there is a need to experimentally address the relationship of differential
biodistribution of vaccine delivered by intranasal and intratracheal/
endotracheal methods to vaccine-specific mucosal immune responses
and protective efficacy. Our enhanced knowledge in this regard will help
inform whether going forward, we should focus on developing inhaled
aerosol deep-airway vaccine strategies over the intranasal delivery method
for human application.

In the current study, using an adenovirus-vectored TB
vaccine (AdHu5Ag85A) as a model vaccine, we have evaluated
the biodistribution, vaccine immunogenicity and immune
protective potency following a single-dose intranasal or
endotracheal delivery in a murine model. We find that
endotracheal delivery is superior to internasal delivery, which
leads to deep lung biodistribution of vaccine, and enhanced
Frontiers in Immunology | www.frontiersin.org 2
vaccine-specific T cell responses and protective efficacy against
pulmonaryM.tb challenge. Our findings thus provide preclinical
evidence to support the consideration of the deep-airway
delivery method such as inhaled aerosol over the intranasal
delivery for human application.
MATERIALS AND METHODS

Mice
Female BALB/c or C57BL/6 mice aged 6 to 8 weeks were sourced
from Charles River Laboratories and housed in the Central
Animal Facility at McMaster University. All in vivo work was
done in compliance with guidelines from the Animal Research
and Ethics Board at McMaster University and under approved
animal utilization protocol (AUP #210822).

Pulmonary Delivery Methods and in Vivo
Visualization of Deposition Sites
The impact of different pulmonary delivery methods on the
deposition site of a vaccine in the lung was measured using a
replication deficient adenovirus expressing luciferase
(AdHu5Luc) as a distribution marker. Intranasal inoculation
was performed by instilling 5x107 PFU of AdHu5Luc in a total
volume of 25 µL of phosphate-buffered saline solution (PBS) into
the nostrils of C57BL/6 mice (12.5 µL in each nostril), as
described previously (19–21). Endotracheal intubation was
carried out using an intubation board set up at 45°C, an
otoscope, and a 22G blunt-tip intravenous catheter, as
described previously (Figure 1A) (22). Briefly, after
anesthetizing, mice were hung by their teeth on a string
attached to the intubation board allowing for easy visualization
of the opening of the trachea with the otoscope (Figure 1B).
Once the opening of the trachea was located, the catheter
attached to a syringe was inserted into the trachea
(Figure 1C). The syringe was then removed and replaced with
a P200 pipette containing 100 µL water with a gap of air to
confirm correct insertion into trachea (Figure 1D). The P200
pipette was then removed and replaced with an extended gel
length pipette containing 50 mL of 5x107 PFU AdHu5Luc and
was allowed to be inhaled by the mouse (Figure 1E). Deposition
of AdHu5Luc within the respiratory tract was visualized eight
hours post-delivery using an In Vivo Imaging System (Caliper
Life Sciences). For this, 15 mg/mL of D-luciferin (Caliper Life
Sciences) in 25 mL was delivered intranasally as described above
and fluorescence signal was visualized within 5 minutes (23).
Semi-quantification of strength of fluorescence within the
respiratory tract was performed using the ImageJ (Easter
Greenbush, NY) image processing program.

Immunization Using Different Pulmonary
Delivery Methods
To assess the consequence of different pulmonary delivery methods
on the effectiveness of a vaccine, BALB/c mice were immunized
with a well characterized adenoviral-vectored tuberculosis vaccine,
AdHu5Ag85A, at a dose of 5x107 PFU/mouse intranasally or by
June 2022 | Volume 13 | Article 860399
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intubation as described above (21, 24, 25). Immunogenicity and
protective efficacy were assessed four weeks post-immunization.

Bronchoalveolar Lavage and Lung
Mononuclear Cell Isolation
Mice were euthanized by exsanguination. Cells in bronchoalveolar
lavage and lung tissue were isolated as previously described (19–
21, 26). Briefly, following exhaustive bronchoalveolar lavage
(BAL), left and right lungs were collected separately and cut into
small pieces and digested with collagenase type 1 (ThermoFisher
Scientific Waltham, MA) at 37°C in an agitating incubator for one
hour. A single-cell suspension was obtained by crushing the
digested tissue through a 100 mm basket filter (BD Biosciences,
San Jose, CA) and lysing the red blood cells using ACK lysis buffer.
BAL was centrifuged at 6000 rpm for 3 minutes to pellet the cells.
Isolated cells from BAL and the lung were resuspended in
complete RPMI 1640 medium (RPMI 1640 supplemented with
10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin).

Tetramer and Intracellular Cytokine
Staining and Flow Cytometry
BAL and lung cells were plated at 2x106 cells/mL and 20x106

cells/mL, respectively, and stimulated with an Ag85a CD8 T cell-
specific peptide (MPVGGQSSF) or Ag85a CD4 T cell-specific
peptide (LTSELPGWLQANRHVKPTGS) at a concentration of 1
µg/well in the presence of Golgi plug (5 mg/mL brefeldin A; BD
Pharmingen) for six hours in a 37°C CO2 incubator. For tetramer
immunostaining, a tetramer for the immunodominant CD8 T
cell peptide (MPVGGQSSF) of Ag85A bound to the BALB/c
Frontiers in Immunology | www.frontiersin.org 3
major histocompatibility complex class I allele (H-2Ld

conjugated to PE fluorochrome) (NIH Tetramer Core, Atlanta,
GA) was used (20). Tetramer stained and stimulated cells were
then stained with T cell surface antibodies, followed by fixation/
permeabilization by using Fixation/Permeabilization Solution
Kit (BD Biosciences, San Jose, CA) according to the
manufacturer’s instructions. Cells were then stained with anti-
IFN-g-APC mAb in Perm/Wash buffer (BD Biosciences, San
Jose, CA) for 30 min on ice. The monoclonal antibodies used for
T cell surface markers were anti-CD3-V450, anti-CD4-APC-Cy7
and CD8-PE-Cy7. All mAbs and reagents were purchased from
BD Biosciences (San Jose, CA). Immuno-stained cells were
processed according to BD Biosciences instructions for flow
cytometry and run on a BD LSR II flow cytometer. Data was
analyzed using FlowJo (version 10.1; Tree Star, Ashland, OR).

M. Tuberculosis Preparation and
Pulmonary Infection
Mtb H37Rv bacilli (H37RV; ATCC 27,294) were grown in
supplemented Middlebrook 7H9 broth for 14 days as described
previously and stored at -70°C (20, 27). Before infection, bacilli
were washed twice with PBS containing 0.05% Tween-80 and
were subsequently passed 10 times through a 27-gauge needle to
dislodge any clumps before in vivo usage. Pulmonary infection
with the Mtb H37Rv strain was performed as previously
described (20, 27). Briefly, anesthetized mice were intranasally
infected with 1x104 CFU of Mtb H37Rv in 25 mL of PBS. Dosage
for infection was verified by plating 10-fold serial dilution on
Middlebrook 7H10 agar plate containing Middlebrook oleic
A B

D E

C

FIGURE 1 | Step-wise illustration of endotracheal delivery method (I.T). Endotracheal intubation was carried out in a C57BL/6 mouse anesthetized with 2%
isoflurane and oxygen at a flow rate of 2 liters/min using an illuminated otoscope, a 22G blunt-tip intravenous catheter, a 450 C-angled intubation stand, a P200
pipette with P200 tip and a P200 pipette with extended length gel loading tip (A). Unconscious mouse breathing at a respiration rate of 30 breaths per min was
placed by hooking its upper incisor over a string attached to the intubation board. An otoscope was placed into the mouth and the vocal cord was visualized (B).
A 22G blunt-tip intravenous catheter attached to a syringe was then inserted into the trachea (C). The syringe was then replaced with a P200 pipette attached to a
p200 tip containing water and the movement of water in the tip during breathing was confirmed to affirm the insertion of catheter into the trachea (D). Next, P200
pipette attached to an extended length gel-loading tip loaded with 50 mL AdHu5Luc or vaccine was inserted into the catheter and allow to inhale by the mouse (E).
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acid-albumin-dextrose-catalase (OADC) (Invitrogen Life
Technologies, Carlsbad, CA). Mtb H37Rv burden in the lung
was assessed four weeks post-infection by plating serial dilution
of lung homogenates in triplicates onto Middlebrook 7H10 agar
plates and incubated at 37°C for 21-28 days before enumeration.

Histological Analysis, Microscopy
and Scoring
To assess the impact of different pulmonary delivery methods of
vaccine on the lung histopathological changes after pulmonaryM.tb
infection, lung lobes were fixed in paraformaldehyde and subjected
to hematoxylin and eosin (H&E) staining. Sections were then scored
independently by two researchers blinded for the treatment groups.
A scale from 1-10 was used to score the presence of granuloma,
pneumonitis, and perivascular and peribronchial infiltration.
Images of representative micrographs were taken on a Zeiss Axio
Imager 2 Research Microscope using AxioVision digital imaging
software (Carl Zeiss Microscopy GmbH, Germany).

Statistical Analysis
A two-tailed Student t test was performed for pairwise
comparisons. One-way ANOVA followed by a Tukey test was
performed to compare more than two groups. All analyses were
performed on GraphPad Prism (Version 6, GraphPad Software,
La Jolla, CA). A p value of <0.05 was considered significant.
RESULTS

Heightened Biodistribution in the Lung
Following Endotracheal Inoculation
Compared to Intranasal Inoculation
Intranasal instillation of 25 mL is the most widely used inoculation
method for evaluation of respiratory mucosal delivered novel viral-
vectored TB vaccines in mice (28, 29). To begin evaluating the
impact of different respiratory route of inoculation on vaccine
potency, we first studied the biodistribution of AdHu5Luc, a
replication-deficient adenoviral vector expressing luciferase, in the
lung as a marker of distribution. To this end, mice were inoculated
with an identical dose of 5x107 PFU AdHu5Luc via the
conventional intranasal (I.N.) delivery or an endotracheal (I.T.)
method (Fig.1A-E) and luciferase activity was assessed following
administration of luciferin to the lung using IVIS imaging analysis.
Luciferase expression was determined at eight hours post
inoculation as a measure of corrected total area of fluorescence in
left and right lung separately (Figure 2A). To define and correct
autofluorescence background, PBS treated mice that received
luciferin were included. Background signals were not evident in
such control mice (Figure 2B). Overall, endotracheal delivery led to
greater distribution of AdHu5Luc within the lung than intranasal
delivery as indicated by much broader fluorescence intensity in both
left and right lung lobes (Figure 2C). Of note, there was a lack of
fluorescence intensity in the right lung of intranasal-inoculated
animals. Indeed, upon analysis of the corrected total area of
fluorescence intensity (total RFU (mean plus/minus SE) and p
value), intranasal inoculation resulted in unequal biodistribution,
Frontiers in Immunology | www.frontiersin.org 4
more being deposited to the left than right lung and was variable
between animals (Figure 2D). In contrast, biodistribution was
comparable between right and left lungs following endotracheal
delivery, with significantly higher deposition in the right lung than
by intranasal inoculation (Figure 2D). These data indicate that
different respiratory mucosal delivery methods result in differential
biodistribution of adenoviral gene transfer vector within the lung.

Improved Vaccine-Induced
Immunogenicity in the Lung Following
Endotracheal Immunization Compared to
Intranasal Immunization
Having demonstrated the broadened biodistribution of adenoviral
vector within the lung via the deep respiratory delivery mediated by
endotracheal inoculation, we evaluated the relationship of Ad-
vectored vaccine biodistribution to vaccine immunogenicity. To
this end, mice were immunized with an adenoviral-vectored TB
vaccine, AdHu5Ag85A, by either I.N. or I.T. method. Mice were
sacrificed four weeks post-immunization to assess antigen (Ag)-
specific T cell responses (Figure 3A). We first assessed airway
mononuclear cells from the whole lung (both left and right lungs)
obtained by the bronchoalveolar lavage (BAL), with a focus on
examining antigen 85A-specific CD8 T cell responses via CD8 T
cell tetramer-immunostaining (CD8+Tet+) or intracellular cytokine-
staining (CD4+IFNg, or CD8+IFNg+) following ex vivo stimulation
with Ag85A peptides (see gating strategy, Supplementary Figure 1).
To define the gates and the background immunostaining, BAL cells
fromunimmunizedmice were subjected to tetramer staining or BAL
cells from immunized mice were cultured with control media
(unstimulated) prior to IFNg intracellular staining (see the top row
of Figure 3C). Although deep respiratory delivery of the vaccine via
I.T. inoculation induced a significant increase in total numbers of
mononuclear cells in the airways compared to animals that received
the vaccine via I.N inoculation (Figure 3B), comparable antigen-
specific responseswere induced in the BAL by either vaccine delivery
method (Figures 3C, D).

To further evaluate the relationship between vaccine
biodistribution and vaccine immunogenicity, we next assessed
immune responses independently in the left and right lung
tissues. Mice were vaccinated as described above, and left and
right lung tissues were isolated for immune analysis (Figure 4A).
Appropriate controls were set up to define the gates and the
background immunostaining as described for BAL cells (see the
top row of Figures 4C-E). In addition, lung tissue sections were
evaluated for histological changes following these two methods of
vaccination. In agreement with increased vaccine biodistribution
following I.T. vaccine delivery (Figure 2), we observed significantly
greater total cell counts in the right lung following I.T.
immunization with AdHu5Ag85A, compared to I.N. delivery
(Figure 4B). Furthermore, there were both significantly increased
frequencies and absolute numbers of antigen-specific tet+ CD8 T
cells (Figures 4C, F) and IFNg+ CD8 (Figures 4D, G) and CD4
(Figures 4E, H) both in the left and right lungs of I.T. immunized
animals than in I.N. animals.

Additionally, the increased cellular infiltration in the lung of
I.T. vaccine group was due to the vaccine and was not associated
June 2022 | Volume 13 | Article 860399
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with the procedure itself since the comparable total lung cell
counts ranging 3-5 millions/lung were seen between PBS I.T.-
treated and untreated naïve mice. These data together suggest
that the extent of vaccine biodistribution in the lung is positively
correlated with enhanced vaccine-specific immune responses
within respiratory mucosal tissue compartments, which was
particularly evident in both the left and right lungs.

Enhanced Protection Against
Pulmonary Tuberculosis Following
Endotracheal Immunization Compared to
Intranasal Immunization
To examine whether improved vaccine-specific immunogenicity in
the lung by broader respiratory biodistribution of AdHu5Ag85A
would translate to enhanced protection against pulmonary TB, mice
were immunized with AdHu5Ag85A by I.N. or I.T. deliverymethod
(Figure 5A). A set of mice were left unimmunized as controls
(Naïve). Four weeks after immunization, mice were challenged with
virulent M.tbH37Rv. At four-week post-infection, mice were
Frontiers in Immunology | www.frontiersin.org 5
sacrificed. The right lung of each animal was harvested to assess
mycobacterial burden by colony forming unit assay and the left lung
was fixed in formalin for histopathological analysis after
hematoxylin and eosin staining (Figure 5A). Since I.T. delivery
led to significantly increased biodistribution of the vaccine primarily
within the right lung over that by I.N delivery (Figures 2B, C), the
assessment of M.tb bacterial burden in the right lung would more
accurately address the relationship of increased vaccine
biodistribution to the functional protective outcome of the
vaccine. While both I.N. and I.T. immunization with
AdHu5Ag85A significantly reduced the mycobacterial burden in
the lung compared to the control (Figure 5B), I.T. immunization
significantly enhanced protection as it further reduced the
mycobacterial burden in the lung (~1.5 log reduction) over that
by I.N. immunization (~0.8 log reduction) (Figure 5B).

To further examine vaccine-mediated protection, we assessed the
lung immunopathology caused by M.tb infection. Indeed, in
consistent with significantly reduced mycobacterial burden in the
lung (Figure 5B), both I.N. and I.T. immunizationmarkedly reduced
A B

DC

FIGURE 2 | Biodistribution of vaccine surrogate in the lung following intranasal or endotracheal inoculation. (A) Experimental schema. Mice were inoculated
intranasally (I.N.) or endotracheally (I.T) with adenovirus-vector expressing luciferase (AdHu5Luc) or PBS. Biodistribution was visualized as a factor of light
emission upon intranasal administration of luciferin. Images were obtained using an IVIS Spectrum and presented as pseudocolour images of bioluminescence
in PBS (B) or AdHu5Luc inoculated animals (C). Red represents the most intense areas of biodistribution while the blue corresponds to the weakest areas of
biodistribution. Mice were imaged with an integration time of 30 sec. Three mice per treatment group is shown. (D) Bar graph shows corrected total
fluorescence intensity measured in relative fluorescence units (RFU) and quantified using ImageJ in either right or left lung. Data is from 3 mice/group and RFU
are presented as mean ± SEM. **p < 0.01.
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lung histopathology (Figures 5C-H). Of importance, I.T.
immunization further significantly reduced lung immunopathology
over thatbyI.N.deliverybothinmicroscopicchanges(Figures5C-H)
and histological scoring of relative extent of granuloma formation,
pneumonitis, and inflammatory infiltration (Figures 5I-K). The
above data together indicate that endotracheal delivery of vaccine
improves protection against pulmonary TB over intranasal delivery
andsuchimprovedprotectionisassociatedwithcollectivelyenhanced
biodistribution of vaccine within the lung.
DISCUSSION

Respiratory mucosal (RM) immunization has been regarded as a
highly appealing route of vaccination against respiratory infections
given its superiority in inducing protective mucosal immunity and
its advantage of being a needle-free, and thereby pain-free approach
Frontiers in Immunology | www.frontiersin.org 6
(3). Currently, several novel vaccines such as viral-vectored vaccines
for TB and COVID-19 are being clinically developed for respiratory
mucosal delivery (6, 9–11, 30). However, pulmonary delivery
methods in humans include both intranasal and inhaled aerosol
methods. Although these methods are expected to result in
differential deposition sites of vaccine within the respiratory tract
and subsequently, differential immune responses and protection, it
is difficult to directly investigate it in humans. As a result, our
understanding of the relationship of vaccine biodistribution
following different methods of respiratory delivery to vaccine
immunogenicity and protection has remained to be limited. In
the current study, using an adenovirus-vectored TB vaccine
(AdHu5Ag85A) as a model vaccine, we find that endotracheal
delivery is superior to intranasal delivery in rendering wide and
deep lung biodistribution of vaccine and subsequently, enhanced
vaccine-specific T cell responses and protective efficacy against
pulmonary M.tb challenge.
A B

DC

FIGURE 3 | Vaccine-specific T cell responses in the airways following endotracheal immunization compared to intranasal immunization. Experimental schema (A).
Mice immunized intranasally (I.N.) or endotracheally (I.T.) with AdHu5Ag85A were scarified 4 weeks post-immunization and mononuclear cells from airways were
examined for vaccine-specific responses. (B) Bar graphs comparing total number of mononuclear cells in bronchoalveolar lavage (BAL) fluid. (C) Representative flow
cytometric dotplots showing frequencies of Ag85A-specific CD8 T cells (CD8+tet+) determined by tetramer staining, and frequencies of IFNg+ CD8+ and CD4+ T
cells determined by intracellular cytokine staining of cells stimulated with Ag85A CD8 or CD4 T-cell specific peptides in BAL. Top row dotplots (Control) show the
defining gates for tetramer population gated out of total CD8 T cells from unimmunized animal and the gates for CD8+IFNg+ and CD4+IFNg+ T cells out of total
unstimulated CD8 and CD4 T cells from BAL of immunized mice. Numerical indicated in the dotplots represent the mean frequency of parent (CD4 or CD8 T cells) ±
SEM. (D) Bar graphs comparing absolute number of CD8+tet+, CD8+IFNg+, and CD4+IFNg+ T cells in BAL of intranasal- and endotracheal-immunized mice.
Absolute numbers of CD8+tetramer+, CD8+ IFN-g+ and CD4+ IFN-g+ shown in bar graphs were calculated based on frequency of CD3+live cells gated out of total
events to exclude all non-immune cells. Data is from 3 mice/group, representative of two independent experiments and presented as mean ± SEM.*p < 0.05.
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FIGURE 4 | Vaccine-specific T cell responses in the left and right lung tissues following endotracheal immunization compared to intranasal immunization.
Experimental schema (A). Mice immunized intranasally (I.N.) or endotracheally (I.T.) with AdHu5Ag85A were scarified 4 weeks post-immunization and mononuclear
cells from left and right lung homogenates were examined for vaccine-specific responses separately. (B) Bar graphs comparing total numbers of mononuclear cells
in left and right lung tissues. (C–E) Representative flow cytometric dotplots showing frequencies of Ag85A-specific CD8 T cells (CD8+tet+) determined by tetramer
staining, and frequencies of IFNg+ CD8+ and CD4+ T cells determined by intracellular cytokine staining of cells stimulated with Ag85A CD8 or CD4 T-cell specific
peptides in left and right lung tissues. Top row dotplots (Control) show the defining gates for tetramer population gated out of total CD8 T cells from unimmunized
animal and the gates for CD8+IFNg+ and CD4+IFNg+ T cells out of total unstimulated CD8 and CD4 T cells from left and right lung tissues of immunized mice.
Numericals indicated in the dotplots represent the mean frequency of parent (CD4 or CD8 T cells) ± SEM. (F–H) Bar graphs comparing absolute numbers of CD8+
tet+, CD8+IFNg+, and CD4+IFNg+ T cells in left and right lung tissue of intranasal and endotracheal-immunized mice. Absolute numbers of CD8+tetramer+, CD8+
IFN-g+ and CD4+ IFN-g+ cells were calculated based on frequencies of CD3+live cells gated out of total events to exclude all non-immune cells. Data is from 3 mice/
group, representative of two independent experiments and presented as mean ± SEM.*p < 0.05, **p < 0.01.
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FIGURE 5 | Immune protection against pulmonary tuberculosis following endotracheal immunization compared to intranasal immunization. Experimental schema (A).
Mice immunized intranasally (I.N.) or endotracheally (I.T.) with AdHu5Ag85A were infected with virulent M. tuberculosis (Mtb) and sacrificed 4 weeks post-infection.
Unimmunized mice were included as controls (Naïve). Right lung homogenates were serially diluted and plated for the assessment of mycobacterial burden (colony
forming unit -CFU). (B) Bar graph comparing Log10 CFU/lung in unimmunized (naïve), or I.N. or I.T. immunized mice. Data is from n = 6 mice/group and presented
as mean ± SEM. *p < 0.05; **p <0.01; ****p < 0.0001. (C–H) Following M.tb infection, lungs were processed for H&E staining and examined for immunopathological
changes. Representative low-power micrographs showing overall lung architectural changes and higher-power micrographs showing granuloma, areas of
pneumonitis and peribronchial/perivascular infiltrates. (I–K) Bar graphs comparing the semi-quantitative scoring of the extent of lung granuloma, pneumonitis and
infiltration of cells in naïve, I.N. and I.T. immunized mice. Scoring was carried out on a scale of 1 to 10 and independently verified by another researcher blinded to
the experimental groups. Data is from n = 6 mice/group. Data in bar graphs are presented as mean ± SEM. ***p <0.001; ****p < 0.0001.
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Clinically, it was found that only inhaled aerosol, but not
parenteral, vaccination induced significant respiratory mucosal
immunity (9, 10). Since the inhaled aerosol technology bypasses
the nasal passage, and generates and directly deposits mostly 2-5 µm
size aerosol vaccine particles deep into human respiratory tract
(airways) (10), these clinical observations suggest the immune
efficacy by this respiratory mucosal delivery method in humans.
Here for the first time, our experimental data reveals a causal
relationship of relative depth and width of airway vaccine deposition
to vaccine immunogenicity and protective efficacy following
intranasal vs. endotracheal delivery. Our observations thus
provide a potential explanation for unsatisfactory efficacy
observed in human adults following intranasal delivery of flu
vaccine (5, 6) and support the advantage of inhaled aerosol
delivery method over intranasal delivery for human applications.

Other two previous studies that compared intranasal and
intratracheal vaccine delivery did not assess vaccine biodistribution
(17, 18). For instance, Minne et al. employed ovalbumin (OVA) as a
surrogate and studied the influenza vaccine deposition regions in the
lung by measuring OVA content in the nasal washes and lung
homogenates (18). However, given that the cell tropism of a viral-
vectored vaccine plays a critical role, using a surrogate that resembles
the vaccine is important when evaluating biodistribution. In this
regard, in our study, using a surrogate of the same viral vector as that
used in the vaccine but expressing luciferase, we reliably
demonstrated differential biodistribution following different
methods of pulmonary delivery. Although De Swart et al. used the
measles virus vaccine expressing enhanced green fluorescent protein
to study the vaccine distribution, they only evaluated the
bronchoalveolar cells and lung sections as a measure of vaccine
distribution (17). As such they were unable to demonstrate
the biodistribution.

It has now been fully established that vaccine induced CD4 and
CD8 T cells residing at the respiratory mucosa plays a critical role in
pulmonary immunity to pathogens by immediately encaging the
pathogens at the site of infection (2, 3). Previous studies that
assessed the impact of pulmonary delivery methods of vaccines
on vaccine-induced immunity has shown that the delivery of
vaccine to lower respiratory tract results in induction of higher
titers of neutralizing antibodies (17, 18). Such knowledge cannot be
generalized to induction of T cell immunity at the respiratory
mucosa since the T cell responses in the lung are highly regulated
to preserve the vital role of the lung, oxygen exchange. Here we
show that endotracheal delivery of AdHu5Ag85A in animals yields
heightened Ag-specific tetramer+ CD8+ T cells responses, IFN-g
production by CD4 and CD8 T cells in the lung and leads to
enhanced protective efficacy against M.tb infection compared to
intranasal immunization. Not only the reduction in bacterial load,
but also markedly reduced histopathological damage in
endotracheally immunized mice indicates that the deeper and
wider biodistribution of vaccine is critical. Of note, although
endotracheal delivery led to significantly greater biodistribution
only in the right lung, it resulted in significantly increased
antigen-specific T cell responses in both left and right lungs over
those by intranasal immunization. These findings suggest that upon
antigen-specific T cell priming in the local draining lymphoid
tissues, similar numbers of T cells were recruited into the left and
Frontiers in Immunology | www.frontiersin.org 9
right lungs in response to the local inflammatory signals following
endotracheal immunization.

Pulmonary delivery method of a vaccine for human application
relies on various factors, such as vaccine formulation, in vivo
tropism of the vaccine, and whether to target the upper or lower
respiratory tract (3, 7, 8, 17). This is also reliant on the tropism of the
pathogen against which the vaccine is directed to, and other
parameters including duration of exposure to vaccine when
delivered via inhalation or aerosolization, and the delivery device.
In conclusion, we show that biodistribution of an adenoviral-
vectored vaccine in the lung is dependent on pulmonary vaccine
delivery method and that direct delivery of vaccine to deep into the
respiratory tract of both lungs by endotracheal method increase the
biodistribution and induce enhanced respiratory mucosal T cell
immunity compared to intranasal delivery. Our study thus supports
inhaled aerosol delivery over intranasal method for developing
respiratory mucosal vaccine strategies for human application.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by The Animal
Research and Ethics Board at McMaster University.

AUTHOR CONTRIBUTIONS

VJ, SA, MD’A, AZ, XF, MJ performed experiments or
provided technical assistance. MT, ZX conceived the project.
VJ, SA, MJ performed data analysis. VJ, MJ, ZX wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This study was supported by funds from The Canadian Institutes
for Health Research and the Natural Sciences and Engineering
Research Council of Canada (FDN-154316).

ACKNOWLEDGMENTS

Authors are thankful to Jane Ann Smith for her technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
860399/full#supplementary-material

Supplementary Figure 1 | Dotplots depicting gating strategy used for
flowcytometry data analysis of immune responses in the airways and lung tissue.
Live CD3+ cells were gated after removing doublets. Debris were then gated out
from Live CD3+ cells before identifying CD4+ and CD8+ T-cells for downstream
gating of tetramer and IFNg+ populations.
June 2022 | Volume 13 | Article 860399

https://www.frontiersin.org/articles/10.3389/fimmu.2022.860399/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.860399/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Jeyanathan et al. Lung Vaccine Biodistribution Determines Potency
REFERENCES

1. World Health Organization. WHO - The Top 10 Causes of Death. (2018). pp.
1–7. Available at: https://www.who.int/en/news-room/fact-sheets/detail/the-
top-10-causes-of-death [Accessed May 25, 2022].

2. Jeyanathan M, Afkhami S, Smaill F, Miller MS, Lichty BD, Xing Z.
Immunological Considerations for COVID-19 Vaccine Strategies. Nat Rev
Immunol (2020) 20:615–32. doi: 10.1038/s41577-020-00434-6

3. Lavelle EC, Ward RW. Mucosal Vaccines— Fortifying the Frontiers. Nat Rev
Immunol (2021) 20:236–50. doi: 10.1038/s41577-021-00583-2

4. Jeyanathan M, Yao Y, Afkhami S, Smaill F, Xing Z. New Tuberculosis Vaccine
Strategies: Taking Aim at Un-Natural Immunity. Trends Immunol (2018)
39:419–33. doi: 10.1016/j.it.2018.01.006

5. OsterholmMT, Kelley NS, Sommer A, Belongia EA. Efficacy and Effectiveness
of Influenza Vaccines: A Systematic Review and Meta-Analysis. Lancet Infect
Dis (2012) 12:36–44. doi: 10.1016/S1473-3099(11)70295-X

6. Alu A, Chen L, Lei H, Wei Y, Tian X, Wei X. Intranasal COVID-19 Vaccines:
From Bench to Bed. EBioMedicine (2022) 76:103841. doi: 10.1016/
j.ebiom.2022.103841

7. DiazGranados CA, Denis M, Plotkin S. Seasonal Influenza Vaccine Efficacy
and its Determinants in Children and non-Elderly Adults: A Systematic
Review With Meta-Analyses of Controlled Trials. Vaccine (2012) 31:49–57.
doi: 10.1016/j.vaccine.2012.10.084

8. Low N, Bavdekar A, Jeyaseelan L, Hirve S, Ramanathan K, Andrews NJ, et al.
A Randomized, Controlled Trial of an Aerosolized Vaccine Against Measles.
N Engl J Med (2015) 372:1519–29. doi: 10.1056/NEJMoa1407417

9. Satti I, Meyer J, Harris SA, Thomas Z-RM, Griffiths K, Antrobus RD, et al.
Safety and Immunogenicity of a Candidate Tuberculosis Vaccine MVA85A
Delivered by Aerosol in BCG-Vaccinated Healthy Adults: A Phase 1, Double-
Blind, Randomised Controlled Trial. Lancet Infect Dis (2014) 14:939–46.
doi: 10.1016/S1473-3099(14)70845-X

10. Jeyanathan M, Fritz DK, Afkhami S, Aguirre E, Howie KJ, Zganiacz A, et al.
Aerosol Delivery, But Not Intramuscular Injection, of Adenovirus-Vectored
Tuberculosis Vaccine Induces Respiratory-Mucosal Immunity in Humans.
JCI Insight (2021) 7(3). doi: 10.1172/jci.insight.155655

11. Wu S, Huang J, Zhang Z, Wu J, Zhang J, Hu H, et al. Safety, Tolerability, and
Immunogenicity of an Aerosolised Adenovirus Type-5 Vector-Based COVID-
19 Vaccine (Ad5-Ncov) in Adults: Preliminary Report of an Open-Label and
Randomised Phase 1 Clinical Trial. Lancet Infect Dis (2021) 21(12):1654–64.
doi: 10.1016/S1473-3099(21)00396-0

12. Kunda N, Price D, Muttil P. Respiratory Tract Deposition and Distribution
Pattern of Microparticles in Mice Using Different Pulmonary Delivery
Techniques. Vaccines (2018) 6:41. doi: 10.3390/vaccines6030041

13. Morales-Nebreda L, Chi M, Lecuona E, Chandel NS, Dada LA, Ridge K, et al.
Intratracheal Administration of Influenza Virus is Superior to Intranasal
Administration as a Model of Acute Lung Injury. J Virol Methods (2014)
209:116–20. doi: 10.1016/j.jviromet.2014.09.004

14. Santry LA, Ingrao JC, Yu DL, de Jong JG, van Lieshout LP, Wood GA, et al.
AAV Vector Distribution in the Mouse Respiratory Tract Following Four
Different Methods of Administration. BMC Biotechnol (2017) 17.
doi: 10.1186/s12896-017-0365-2

15. van Erp EA, Lakerveld AJ, Mulder HL, Luytjes W, Ferwerda G, van Kasteren
PB. Pathogenesis of Respiratory Syncytial Virus Infection in BALB/c Mice
Differs Between Intratracheal and Intranasal Inoculation. Viruses (2019) 11.
doi: 10.3390/v11060508

16. Khadangi F, Forgues AS, Tremblay-Pitre S, Dufour-Mailhot A, Henry C,
Boucher M, et al. Intranasal Versus Intratracheal Exposure to
Lipopolysaccharides in a Murine Model of Acute Respiratory Distress
Syndrome. Sci Rep (2021) 11. doi: 10.1038/s41598-021-87462-x

17. De Swart RL, De Vries RD, Rennick LJ, Van Amerongen G, McQuaid S,
Verburgh RJ, et al. Needle-Free Delivery of Measles Virus Vaccine to the
Lower Respiratory Tract of Non-Human Primates Elicits Optimal
Immunity and Protection. NPJ Vaccines (2017) 2:22. doi: 10.1038/s41541-
017-0022-8

18. Minne A, Louahed J, Mehauden S, Baras B, Renauld J-C, Vanbever R. The
Delivery Site of a Monovalent Influenza Vaccine Within the Respiratory Tract
Impacts on the Immune Response. Immunology (2007) 122:316–25.
doi: 10.1111/j.1365-2567.2007.02641.x
Frontiers in Immunology | www.frontiersin.org 10
19. Yao Y, Jeyanathan M, Haddadi S, Barra NG, Vaseghi-Shanjani M,
Damjanovic D, et al. Induction of Autonomous Memory Alveolar
Macrophages Requires T Cell Help and Is Critical to Trained Immunity.
Cell (2018) 175:1634–1650.e17. doi: 10.1016/j.cell.2018.09.042

20. Jeyanathan M, Thanthrige-Don N, Afkhami S, Lai R, Damjanovic D, Zganiacz A,
et al. Novel Chimpanzee Adenovirus-Vectored RespiratoryMucosal Tuberculosis
Vaccine: Overcoming Local Anti-Human Adenovirus Immunity for Potent TB
Protection. Mucosal Immunol (2015) 8:1373–87. doi: 10.1038/mi.2015.29

21. Wang J, Thorson L, Stokes RW, Santosuosso M, Huygen K, Zganiacz A, et al.
Single Mucosal, But Not Parenteral, Immunization With Recombinant
Adenoviral-Based Vaccine Provides Potent Protection From Pulmonary
Tuberculosis. J Immunol (2004) 173:6357–65. doi: 10.4049/jimmunol.173.10.6357

22. Cui Y, Robertson J, Maharaj S, Waldhauser L, Niu J, Wang J, et al. Oxidative
Stress Contributes to the Induction and Persistence of TGF-b1 Induced
Pulmonary Fibrosis. Int J Biochem Cell Biol (2011) 43:1122–33.
doi: 10.1016/j.biocel.2011.04.005

23. Buckley SMK, Howe SJ, Rahim AA, Buning H, McIntosh J, Wong SP, et al.
Luciferin Detection After Intranasal Vector Delivery is Improved by
Intranasal Rather Than Intraperitoneal Luciferin Administration. Hum
Gene Ther (2008) 19:1050–6. doi: 10.1089/hum.2008.023

24. Smaill F, Jeyanathan M, Smieja M, Medina MF, Thanthrige-Don N, Zganiacz
A, et al. A Human Type 5 Adenovirus-Based Tuberculosis Vaccine Induces
Robust T Cell Responses in Humans Despite Preexisting Anti-Adenovirus
Immunity. Sci Transl Med (2013) 5. doi: 10.1126/scitranslmed.3006843

25. Jeyanathan M, Shao Z, Yu X, Harkness R, Jiang R, Li J, et al. AdHu5Ag85A
Respiratory Mucosal Boost Immunization Enhances Protection Against
Pulmonary Tuberculosis in BCG-Primed Non-Human Primates. PloS One
(2015) 10:e0135009. doi: 10.1371/journal.pone.0135009

26. Jeyanathan M, Afkhami S, Khera A, Mandur T, Damjanovic D, Yao Y, et al.
CXCR3 Signaling Is Required for Restricted Homing of Parenteral
Tuberculosis Vaccine–Induced T Cells to Both the Lung Parenchyma and
Airway. J Immunol (2017) 199:2555–69. doi: 10.4049/jimmunol.1700382

27. D’Agostino MR, Lai R, Afkhami S, Khera A, Yao Y, Vaseghi-Shanjani M, et al.
Airway Macrophages Mediate Mucosal Vaccine–Induced Trained Innate
Immunity Against Mycobacterium Tuberculosis in Early Stages of Infection.
J Immunol (2020) 205:2750–62. doi: 10.4049/jimmunol.2000532
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