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Pulmonary tuberculosis (TB), which is caused by Mycobacterium tuberculosis (Mtb),

remains a global pandemic, despite the widespread use of the parenteral live

attenuated Bacillus Calmette–Guérin (BCG) vaccine during the past decades. Mucosal

administration of next generation TB vaccines has great potential, but developing a

safe and efficacious mucosal vaccine is challenging. Hence, understanding the in vivo

biodistribution and pharmacokinetics of mucosal vaccines is essential for shaping the

desired immune response and for optimal spatiotemporal targeting of the appropriate

effector cells in the lungs. A subunit vaccine consisting of the fusion antigen H56

(Ag85B-ESAT-6-Rv2660) and the liposome-based cationic adjuvant formulation (CAF01)

confers efficient protection in preclinical animal models. In this study, we devise a novel

immunization strategy for the H56/CAF01 vaccine, which comply with the intrapulmonary

(i.pulmon.) route of immunization. We also describe a novel dual-isotope (111In/67Ga)

radiolabeling approach, which enables simultaneous non-invasive and longitudinal

SPECT/CT imaging and quantification of H56 and CAF01 upon parenteral prime and/or

i.pulmon. boost immunization. Our results demonstrate that the vaccine is distributed

evenly in the lungs, and there are pronounced differences in the pharmacokinetics of

H56 and CAF01.We provide convincing evidence that the H56/CAF01 vaccine is not only

well-tolerated when administered to the respiratory tract, but it also induces strong lung
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mucosal and systemic IgA and polyfunctional Th1 and Th17 responses after parenteral

prime and i.pulmon. boost immunization. The study furthermore evaluate the application

of SPECT/CT imaging for the investigation of vaccine biodistribution after parenteral and

i.pulmon. immunization of mice.

Keywords: H56/CAF01 vaccine, SPECT/CT imaging, dual-isotope 111In/67Ga, pulmonary immunization, T cells,

mucosal immunity, nanomedicine, drug delivery

INTRODUCTION

Mycobacterium tuberculosis (Mtb), which is causing pulmonary
tuberculosis (TB), has infected humans for thousands of years
and it is estimated that about one third of the global population
is latently infected with TB, which continues to infect 10
million and kill more than 1.5 million people every year (1–
3). Increased multi-drug resistance and extensive drug-resistance
against existing antibiotics, and the very slow progress in
developing new types of antibiotics might result in even poorer
prognosis in the future if novel solutions to fight TB are not
found. To date, the only licensed TB vaccine remains the live
attenuated Bacillus Calmette–Guérin (BCG) vaccine developed
from the closely related Mycobacterium bovis, causing TB in
cattle. The BCG vaccine is one of the most widely used vaccines
ever in the world. It is effective against disseminated childhood
TB, but it fails to control pulmonary TB in adolescents and adults
(4, 5). Hence, there is an urgent medical need for designing
novel vaccines and delivery strategies, which can effectively boost
BCG-primed immune responses in adolescents and adults, and
ultimately induce protective immunity against TB (6, 7).

After infection in the lungs, Mtb adopts a variety of immune
evasion strategies, which chiefly includes suppression of an
innate immune response and subsequently delaying T cell
responses in the lungs by approximately 2 weeks (8). These
evasion strategies enable Mtb to proliferate in the lungs (8–
10), eventually explaining the poor efficacy of parenteral BCG
vaccination in humans (8, 11). Therefore, homologous or
heterologous boost immunization strategies aiming at inducing
T-cell immunity in the lungs have the potential to fill this gap
(6, 10, 12). Recent preclinical studies have reported induction
of protective T-cell immunity in the lungs upon mucosal
vaccination via the airways (13–18). Mucosal immunization
in the lungs has been shown to activate local dendritic
cells (DCs) (19) to induce antigen-specific T cells, which
effectively home back to the lung parenchyma, where they
control initial Mtb replication after infection (6, 18). However,
almost all TB vaccine candidates in the global clinical pipeline

Abbreviations: BCG, Bacillus Calmette–Guérin; CAF01, cationic adjuvant

formulation 01; CT, computed tomography; DC, dendritic cell; DDA;

dimethyldioctadecylammonium; DTPA, diethylenetriamine pentaacetic acid; Ga,

gallium; ILN, inguinal lymph node; In, indium; i. pulmon., intrapulmonary; ITLC,

instant thin layer chromatography; MBq, megabecquerels; MLN, mediastinal

lymph node; Mtb, Mycobacterium tuberculosis; NOTA, 1,4,7-triazacyclononane-

1,4,7-triacetic acid; PDI; polydispersity index; PLN, popliteal lymph node; Rf,

retention factor; SPECT, single-photon emission computed tomography; SUV,

standardized uptake value; TB, tuberculosis; TDB, trehalose-6,6’-dibehenate, TLN,

tracheobronchial lymph node; VOI, volume of interest.

are administered parenterally (20). Subunit vaccines based on
adjuvanted, recombinant TB proteins represent an attractive
approach for airway mucosal vaccination (21–23). Besides,
vaccine delivery in lungs through inhalation may circumvent
the potential safety concerns associated with administration of
gene delivery systems, live attenuated organisms, and potentially
neurotoxic adjuvant molecules through the nasal route (24,
25). However, thorough safety assessment of airway mucosal
vaccination is required.

Understanding the biodistribution and pharmacokinetics

of injectable and mucosally administered subunit vaccines is
essential (i) for shaping and orchestrating the desired immune
response and (ii) for optimal spatiotemporal targeting of the

appropriate populations and numbers of effector cells at the site
of infection in the lungs. Molecular imaging assessment of such

low-dose biological medicinal products using for example single-
photon emission computerized tomography (SPECT), allows for
the characterization and quantification of biological processes at

the cellular and subcellular level in intact living subjects with
sufficient spatial and temporal resolution (26). SPECT imaging
is based on the measurement of single photons emitted by γ-
emitting radionuclides, e.g., 99mTechnitium, 111Indium (111In),
and 67Gallium (67Ga). Furthermore, SPECT imaging is non-
invasive and quantitative, permitting uniform and repeated

measurements using a single animal subject, thus exploiting
the statistical power of longitudinal studies and reducing the
required number of animals. In addition, it allows for tracer

multiplexing, where several isotopes of different energies can
be used in the same animal. Hence, this imaging modality is

an effective substitute for conventional ex vivo biodistribution
studies, which usually require a larger number of animals

assessed at multiple time points. In addition, high structural
resolution can be achieved by combining the robustness of
morphological/anatomical [e.g., computer tomography (CT)]
and molecular imaging modalities, which is referred to as
multimodality imaging, such as SPECT/CT (26–28). SPECT/CT
imaging has been successfully applied in many areas of medical
science, but very few reports have been published on SPECT/CT
imaging-based investigations for vaccines.

The TB protein subunit vaccine H56/CAF01, which comprises
the multi-stage subunit TB fusion protein H56 (Ag85B-ESAT-

6-Rv2660c) co-formulated with the liposomal adjuvant referred
to as cationic adjuvant formulation 01 (CAF01), has been

shown to induce protective immunity before and after Mtb
exposure in preclinical models (29, 30). H56 is currently
tested in a clinical phase 2a trial with the IC31 R© (Valneva,
Lyon, France) adjuvant (31). CAF01, which is based on the
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surfactant dimethyldioctadecylammonium (DDA) bromide and
the glycolipid trehalose-6,6′-dibehenate (TDB), has been shown
to deliver antigen to and activate DCs through the Toll-like
receptor (TLR)-independent Syk-CARD9 pathway (32), and
it induces a Th1- and Th17-biased CD4+ T cell response
along with a humoral immune response (33, 34). In clinical
phase I trials, CAF01 has been found safe, well-tolerated
and immunogenic when co-administered with a protein-based
TB antigen (NCT00922363) or a cocktail of HIV-1 peptides
(NCT01141205). In preclinical studies in mice, CAF01 mixed
with H56 has been shown to be safe and immunogenic
following intranasal prime and/or boost immunizations (22).
Thus, H56/CAF01 is a safe and efficacious multi-faceted TB
vaccine.

In this study, we tested for the first time mucosal application
of H56/CAF01 using intrapulmonary (i.pulmon.) administration
in the airways. We also report the first radiolabeling and
preclinical SPECT/CT imaging of the biodistribution and
pharmacokinetics of a subunit vaccine. We provide compelling
evidence that mucosal administration of H56/CAF01 in
the airways induces high levels of antigen-specific lung
mucosal IgA and polyfunctional CD4+ T-cell responses
following intramuscular (i.m.) priming and i.pulmon. mucosal
boost immunization. In addition, strong systemic IgA and
polyfunctional CD4+ T-cell responses are induced, which are
comparable to the systemic responses induced upon homologous
i.m. prime-boost immunization. We show successful dual-
isotope radiolabeling of H56 and CAF01 with 111In and 67Ga and
observe pronounced differences in the pharmacokinetics of H56
and CAF01 following i.pulmon. immunization. Hence, this study
underlines the promising potential of H56/CAF01 as a vaccine
candidate for airway mucosal immunization, and thus provides
the basis for its further preclinical and clinical development as
an inhalable and self-administrable aerosol vaccine.

MATERIALS AND METHODS

Materials
DDA and 18:0 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-diethylenetriaminepentaacetic acid
(ammonium salt) (PE-DTPA) were obtained from Avanti
Polar Lipids (Alabaster, AL, USA), and TDB was purchased
from Niels Clauson-Kaas A/S (Farum, Denmark). S-2-(4-
Isothiocyanatobenzyl)-diethylenetriamine pentaacetic acid
(p-SCN-Bn-DTPA) and 2-S-(4-Isothiocyanatobenzyl)-1,4,7-
triazacyclononane-1,4,7-triacetic acid (p-SCN-Bn-NOTA) were
procured from Macrocyclics (Plano, TX, USA). Recombinant
H56 protein was produced in E. coli as previously described
(35). It was reconstituted in 20mM glycine buffer (pH 8.8),
checked for purity and validated for residual DNA, endotoxins
and bioburden following internal good manufacturing practice
standards. All other chemicals and reagents were of analytical
grade and were acquired from commercial suppliers.

Preparation and Physicochemical
Characterization of Vaccine Formulations
Liposomes were prepared by using the thin film method and
characterized for average intensity-weighted hydrodynamic

diameter (z-average), polydispersity index (PDI), and zeta-
potential using a Malvern Zetasizer Nano-ZS (Malvern
Instruments, Worcestershire, UK) by dynamic light scattering
using photon correlation spectroscopy and Laser-Doppler
electrophoresis, respectively, as previously described (33).
Briefly, weighed amounts of DDA and TDB (5:1, w/w) were
dissolved in chloroform/methanol (9:1, v/v) in a round bottom
flask. The organic solvents were removed by rotary evaporation
under vacuum resulting in the formation of a thin lipid film. The
lipid film was washed twice with 99% (v/v) ethanol and dried
overnight under vacuum to remove trace amounts of the organic
solvents. On the following day, the lipid film was hydrated
with 10mM Tris buffer (pH 7.4), sonicated for 5min using
an ultrasound cleaner (Branson Ultrasonic Cleaner, Danburry,
CT, USA), and heated to 60◦C for 1 h in a water bath with
vortexing every 10th min. In addition, the liposome dispersions
were tip-sonicated 20min after the rehydration for 20 s with
a 150W Branson tip-sonicator to reduce the particle size. The
final concentration of CAF01 was 20/4 mg/mL of DDA/TDB,
corresponding to a molar ratio of 89:11. The H56 solution was
mixed with equal volumes of CAF01 liposome dispersions at
concentrations of 5 and 10µg/mL, respectively, and H56 was
allowed to adsorb to CAF01 by incubation for 30min at room
temperature (36).

Radiolabeling of CAF01 and H56
For radiolabeling of CAF01 liposomes, DDA and TDB were
dissolved in chloroform/methanol (9:1, v/v) with 18:0 PE-
DTPA (10%, w/w), and the liposome dispersions were prepared
in 100mM HEPES buffer (pH 7.0) as described above. All
H56/CAF01 vaccine formulations were radiolabeled as follows:
The 18:0 PE-DTPA (10% w/w) chelated CAF01 liposomes
were purified using 10 kDa centrifugal filters (Amicon R© Ultra
0.5mL, Merck Life Science, Hellerup, Denmark) to remove
excess chelator. For 111In-labeling, 111InCl3 (55.5 MBq, 5 µL
in 0.1M HCl) was added to purified DTPA-CAF01 in HEPES
buffer (175 µL, 100mM, pH 7.0), and the reaction mixture
was stirred (600 rpm) at room temperature for 1 h. Instant thin
layer chromatography (ITLC) showed high labeling efficiency,
and 111In-CAF01was therefore used without further purification.
The collected 111In-CAF01 dispersion was diluted to a final
volume of 275 µL with HEPES buffer, and non-labeled H56 (75
µL, 1 µg/µL) was allowed to adsorb for 30min to the liposomes
before administration.

The H56 protein in 20mM glycine buffer (pH 8.8) was buffer-
exchanged into 100mM sodium bicarbonate buffer (pH 8.3)
using 10 kDa ultracentrifugal filters (Amicon R© Ultra 0.5mL,
Merck Life Science) and incubated on an Eppendorf shaker
for 5 h at 10◦C with p-SCN-Bn-DTPA or p-SCN-Bn-NOTA,
respectively, at a molar ratio of 1:5. After 5 h, unreacted DTPA
or NOTA was removed by centrifugation through 30 kDa
centrifugal filters (Amicon R© Ultra 0.5mL, Millipore, Ontario,
Canada), washed and buffer-exchanged into 100mM HEPES
buffer (pH 7.0). For 111In-labeling, 111InCl3 (148 MBq/200 µg
of H56) was added to H56, and the mixture was incubated
for 1 h on an Eppendorf shaker at room temperature. For
67Ga-labeling, 67GaCl3 (19.5 MBq/70 µg of H56) was added to
H56 and incubated for 1 h on an Eppendorf shaker at room
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temperature. 111In-H56 or 67Ga-H56 was diluted to 500 or 350
µL, respectively, with HEPES buffer and mixed with non-labeled
or 111In-CAF01 liposomes 30min prior to immunization.

Radiolabeling Efficiency and Purity of
111In-H56, 67Ga-H56 and 111In-CAF01
The radiochemical purity and labeling efficiency were measured
by ITLC using a Tec-Control stationary phase (Biodex Medical
Systems, Shirley, NY, USA) and a 0.1M EDTA (pH 4) mobile
phase. The 111In-CAF01 and 111In-H56 or 67Ga-H56 complexes,
which have larger molecular weight, would remain at the
origin, while the free 111In elutes with the mobile phase at
the solvent front [Retention Factor (Rf) (111In-CAF01, 111In-
H56, or 67Ga-H56) = 0, Rf (free 111In3+ or free 67Ga3+) = 1].
The location of the radioactivity was assessed using a Cyclone
Phosphorimager and a photostimulable phosphor plate (Perkin
Elmer, Waltham, MA, USA). A NanoDrop spectrophotometer
(Thermo Fischer Scientific, Waltham, MA, USA) was used
to assess the protein concentration [A280 with E1% set to
20.5 L/(g·cm)] and determine the specific activity. 111In-H56
was analyzed further via 10% native- and SDS-PAGE using
established protocols in the lab.

In vivo SPECT/CT Imaging
The imaging studies, which were conducted at The University
of British Columbia, were performed in accordance with the
Canadian Council on Animal Care (CCAC), and the protocols
were approved by the Animal Care Committee (ACC) of the
University of British Columbia (A16-0150). Five-to 6-week old
healthy female C57BL/6 mice were purchased from Charles River
and allowed free access to food and water. In the first study,
mice were allocated into four groups of three individuals. All
groups were immunized s.c. (at the base of the tail toward
the right) or i.pulmon. with either 10 µg cold H56 adjuvanted
with 111In-CAF01 (125/25 µg DDA/TDB) or 10 µg 111In-
H56 adjuvanted with cold CAF01 (125/25 µg DDA/TDB) in a
total volume of 200 µL or 50 µL, respectively. In the prime-
boost immunization study, mice were distributed into two
groups of three. Two groups were primed s.c. with 200 µL
of either 5 µg cold, unadjuvanted H56 or 5 µg cold H56
adjuvanted with cold CAF01 (250/50 µg DDA/TDB). Two
weeks later, booster immunization was performed by i.pulmon.
administration of either 10 µg unadjuvanted 67Ga-H56 or 67Ga-
H56 adjuvanted with 111In-CAF01 (125/25 µg DDA/TDB) in
a total volume of 50 µL. The i.pulmon. administration was
performed using aMicroSprayer R©/Syringe Assembly (MSA-250-
M, Penn-Century, Inc., Wyndmoor, PA, USA) according to a
previously reportedmethod (37). In brief, mice were anesthetized
by intraperitoneal (i.p.) injection of Ketamine (Ketamin, MSD
Animal Health, Havneholmen, Denmark)/Xylazine (Rompun
Vet, Bayer, Copenhagen, Denmark) 100/5 mg/kg, respectively,
and placed on a rodent tilting work stand at a 45◦ angle by
the upper incisors (Hallowell EMC, Pittsfield, MA, USA). For
the prime-boost immunization study, anesthesia was induced
with 5% isoflurane, the mice were placed on a rodent tilting
intubation stand with an integrated anesthesia facemask (Kent
Scientific, Torrington, CT, USA), and anesthesia was maintained

with 3% isoflurane. A cold light source with a flexible fiber-optics
arm (SCHOTT AG, Mainz, Germany) was used for optimal
illumination of the trachea, which appeared as a white light
spot. A cotton swab was used to open the lower jaw of the
mouse, and the tongue was displaced to the left with a blunted
forceps. A laryngoscope (WelchAllen, NY, USA) fitted with a
41mm intubation specula (Halowell EMC) was used with the
other hand for maximal oropharyngeal exposure. After a clear
view of the trachea, the laryngoscope with the specula was
taken out, and 50 µL of the formulation was administered
intratracheally with the MicroSprayer R©/Syringe Assembly right
above the carina (first bifurcation) to ensure uniform delivery
into both lungs. The tip of the syringe was immediately
withdrawn, and the mouse was taken off the intubation stand.
During SPECT/CT imaging, the mice were anesthetized using
isoflurane (1–3% for maintenance, up to 5% for induction)
and oxygen from a precision vaporizer, and they received
s.c. injection of Lactated Ringer’s solution (0.5mL, B. Braun,
Mississauga, Canada) for hydration prior to the SPECT/CT
imaging scan. The SPECT/CT imaging was performed using a
VECTor/CT preclinical small animal scanner (MILabs, Utrecht,
The Netherlands). The respiratory rate and body temperature
of the mice were monitored continuously during the scans, and
the isoflurane dose and animal anesthesia bed temperature were
adjusted accordingly. All animals recovered after each scan. Mice
were euthanized 144 h post-administration using CO2, the blood
was collected by cardiac puncture, and the tissues were isolated
to quantify the biodistribution.

SPECT/CT Parameters and Image
Reconstruction
Whole-body SPECT 111In and 67Ga data were acquired using an
integrated VECTor/CT preclinical scanner (MILabs) equipped
with an XUHS-2mm mouse multi-pinhole collimator. Dynamic
whole-body scans were acquired in list-mode format over
40min (10 min/frame) post-s.c. or -i.pulmon. administration
to study the biodistribution of the protein and the liposomes
every 10min. Subsequently, static 40min scans were performed
for the 6 and 24 h scans, while longer imaging times of
60 and 90min were performed at subsequent imaging time-
points (96 and 144 h) after vaccine administration to increase
the statistical signal and the quality of the 111In and 67Ga
images. Following each SPECT acquisition, a whole-body CT
scan was acquired to obtain anatomical information, and both
images were registered. For the first imaging study, the 111In
photopeak window was centered at 171 keV with a 20%
energy window width. For assessment of the biodistribution
in the prime-boost immunization study, the 111In photopeak
window was centered at 20 keV with a 60% energy window
width, while the 67Ga photopeak was centered at 96 keV
with a 20% energy window width. For quantitative analysis,
SPECT image reconstructions were carried out using the pixel-
ordered subset expectation maximization (POSEM) algorithm
(38), which includes resolution recovery and compensation
for distance-dependent pinhole sensitivity. Further details are
provided in the Supplementary Section.
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Biodistribution
After the last scan at day 6 (144 h), blood samples were collected
by cardiac puncture, and a complete biodistribution assessment
was conducted by collecting heart, liver, kidneys, lungs, lymph
nodes (LNs), small intestine, bladder, muscle, site of injection,
spleen, stomach, bone, trachea, and pancreas. The organs were
cleaned from blood and weighed, and the radioactivity was
measured using a gamma counter (Packard Cobra II autogamma
counter, Perkin Elmer, Waltham, MA, USA). The calibration
factor for 111In was 163631 cpm and 67Ga was 78395 cpm
(instrument-specific). The total weight of the organs was used to
calculate the administered dose per organ (%AD/organ).

Immunizations
Six-to 8-week old female CB6F1 (BALB/c x C57BL/6, Scanbur,
Karlslunde, Denmark) hybrid mice were acquired and
acclimatized for 1 week before experimental manipulation.
All experimental work related to vaccine immunogenicity
was performed at University of Copenhagen and approved by
the Danish National Experiment Inspectorate under permit
2016-15-0201-01026. The studies were performed in accordance
with the European Community directive 86/609 for the care and
use of laboratory animals. Mice were assigned to five groups
of six individuals, and they were immunized three times using
a dose volume of 50 µL of Tris buffer (pH 7.4) at 2-week
intervals, which is in line with our previous studies showing
that three immunizations are required when applying the
s.c. route of administration for optimal immune stimulation
(29, 39). The immune responses were evaluated 2 weeks after
the final immunization. All vaccine priming was performed by
i.m. administration in the right thigh muscles, while the two
booster immunizations were given i.pulmon. The first group of
mice was primed with saline (n = 3) and 5 µg unadjuvanted
H56 (n =3), respectively, and boosted i.pulmon. with 10 µg
unadjuvanted H56. The second group (250/50 3∗i.m., n = 6)
was primed and boosted i.m. with 5 µg H56 adjuvanted with
CAF01 at a dose of 250/50 µg DDA/TDB. Groups 3–5 (n =

6 each) were all primed i.m. with 5 µg H56 adjuvanted with
CAF01 at a dose of 250/50 µg DDA/TDB. These three groups
were boosted i.pulmon. with 10 µg H56 adjuvanted with CAF01
at a dose of 125/25 (125/25 i.m./2∗i.pulmon.) and 250/50 (250/50
i.m./2∗i.pulmon.) for groups 3 and 4, respectively, and 500/100
µg DDA/TDB (500/100 i.m./2∗i.pulmon.) for group 5. CAF01
alone does not induce immunological responses (40, 41). Hence,
it was not included as a control in this study. In addition, we
have previously shown that there is no difference between s.c.
(29) and i.m. (42) immunization with the H56/CAF01 vaccine in
mice with respect to immunogenicity and protection against TB
infection. Hence, we chose the i.m. route of administration for
evaluation of vaccine immunogenicity.

In vivo Staining
Anti-CD45.2 FITC (clone 104; BD Biosciences, Lyngby,
Denmark) was diluted to 10µg/mL in sterile PBS, and 250 µL
of the diluted antibody was injected (i.v.) via the tail vein 3min
prior to euthanasia of the CB6F1 mice.

Sample Collection and Cell Preparation
Blood samples were taken by cardiac puncture. Serum was
isolated by allowing the blood to clot at room temperature, and
the clot was removed by centrifugation at 2,000 × g for 10min.
Subsequently, serum was collected and stored at −20◦C. The
lungs were aseptically removed from the euthanized mice and
transferred to gentleMACS C tubes (Miltenyi Biotec Norden
AB, Lund, Sweden) containing 2mL of RPMI 1640 (Sigma-
Aldrich, Brøndby, Denmark), 5% (v/v) FCS (Gibco Thermo
Fisher, Hvidovre, Denmark) and 0.8 mg/mL collagenase type
IV (Sigma-Aldrich, St. Louis, MO, USA). They were dissociated
into 1-2mm sized pieces using the gentleMACS dissociator
(Miltenyi Biotec Norden AB). After 1 h incubation at 37◦C,
the lung pieces were dissociated again using the gentleMACS
dissociator and centrifuged at 700 × g for 5min. The lung
supernatants were collected and stored at −20◦C until antibody
detection. The lung cell pellets were homogenized using a
cell strainer (Falcon, Durham, NC, USA) and washed twice
using RPMI-1640 (Sigma-Aldrich). The spleen, the lung-draining
tracheobronchial and mediastinal lymph nodes (TLNs and
MLNs) and lymph nodes draining the site of i.m. injection,
i.e., inguinal (ILNs) and popliteal lymph nodes (PLNs), were
aseptically collected. Single-cell suspensions were obtained from
the spleens and draining LNs by homogenizing the organs
through a nylon mesh cell-strainer (Falcon) followed by two
washings with RPMI 1640. The cells were grown in microtiter
plates (Nunc, Roskilde, Denmark) containing 2 × 105 cells per
well for cytokine assays, or 1 × 106 cells per well for flow
cytometry in 100 µL RPMI-1640 (Sigma-Aldrich) supplemented
with 5 × 10−5 M 2-mercaptoethanol (Gibco Thermo Fisher),
1% (v/v) sodium pyruvate (Sigma-Aldrich), 1% (v/v) penicillin-
streptomycin (Gibco Thermo Fisher), 1%HEPES (Gibco Thermo
Fisher), and 10% (v/v) FCS (Gibco Thermo Fisher).

Antibody Detection
MaxisorpTM plates (Nunc) were coated with 0.5µg/mL of
H56 solution. Serum and lung supernatants were 5-fold or
10-fold serially diluted 8-12 times from a 1:1 dilution with
bicarbonate buffer. IgA, IgG1, IgG2a, IgG2b, IgG2c, and IgM
were detected with HRP-conjugated secondary antibodies
(Supplementary Table S1). 3,3′,5,5′-tetramethylbenzidine
(TMB) Plus2 (Kem-En-Tec, Taastrup, Denmark) was used as
substrate. Non-linear regression analysis was performed on
serum O.D. values to calculate the ELISA mid-point titers, i.e.,
EC50 as previously described (43).

Cytokine Assays
For the IFN-γ and IL-17A assays, lung and spleen cells
were stimulated with 2µg/mL H56 antigen. Wells containing
medium alone or 5µg/mL concanavalin A (Sigma-Aldrich) were
included as negative and positive controls, respectively. The
supernatants were harvested after 72 h incubation at 37◦C/5%
CO2, and the IFN-γ and IL-17A production were quantified
by using a standard ELISA protocol. Briefly, purified rat
anti-mouse IFN-γ and IL-17A (Biolegend, San Diego, CA,
USA) were used as capture antibodies, and biotin-conjugated
rat anti-mouse IFN-γ and IL-17A (Biolegend) were used as
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detection antibodies, followed by HRP-conjugated streptavidin
(BD Biosciences, Kongens Lyngby, Denmark) and TMB Plus2
ready-to-use substrate (Kem-En-Tec). The enzymatic reaction
was stopped at optimal color development with 0.2M H2SO4,
and the absorbance was read at a wavelength of 450 nm.

Flow Cytometry
The isolated lung, spleen and lymph node cells were stimulated
in vitro in media containing 1µg/mL anti-CD28 (37.51; BD
Biosciences) and 1µg/mL anti-CD49d (9C10; BD Biosciences)
without antigen, or in the presence of 2µg/mL H56 for
1 h, followed by incubation for 5 h at 37◦C in the presence
of 10µg/mL brefeldin A (Sigma-Aldrich) and 0.7 µL/mL
monensin/Golgi-stop (BD Biosciences). Following overnight
storage at 4◦C, the cells were washed with FACS buffer [PBS
containing 0.1% (w/v) sodium azide and 1% (v/v) FCS] and
stained for 30min at 4◦C for surface markers using anti-CD4-
APC-eF780 (RM4-5; eBioscience, San Diego, CA, USA) and anti-
CD44-APC (IM7; Biolegend) mAbs. For intracellular staining,
cells were washed with FACS buffer, fixed and permeabilized
using the Cytofix/Cytoperm kit (BD Biosciences) and stained
for 30min at 4◦C for intracellular cytokines using anti-
IFN-γ-PE-Cy7 (XMG1.2; eBioscience), anti-TNF-α-PE (MP6-
XT22; eBioscience), and anti-IL-17A-PerCP-Cy5.5 (eBio17B7;
eBioscience). Cells were twice washed, resuspended in FACS
buffer and analyzed using an LSRFortessa flow cytometer
(BD Biosciences). Gates for the surface markers are based on
fluorescence-minus-one controls. All flow cytometric analyses
were performed using the FlowJo software v10 (Tree Star,
Ashland, OR, USA).

Statistical Analysis
GraphPad Prism software (Graphpad Software Inc, La Jolla,
CA, USA) was used to perform all statistical analyses.
SPECT/CT imaging-based SUVs and ex vivo biodistributions
were compared between the groups by two-way ANOVA and
multiple comparisons were performed by Sidak’s post-test.
Immune responses were compared between the groups by
ANOVA (IFN-γ and IL-17 responses, and antibody responses
measured by ELISA) or two-way ANOVA (polyfunctional T
cells) at a 0.05 significance level, and pair-wise comparison was
performed using Tukey’s post-test. A value of p < 0.05 was
considered significant.

RESULTS

Radiolabeling of CAF01 Liposomes and
H56 Protein Does Not Influence Their
Physicochemical Characteristics
CAF01 was prepared by using the thin film method combined
with ultrasonication as previously described (44). The resulting
unilamellar liposomes had an average hydrodynamic diameter of
approximately 153± 17 nm, a PDI of 0.324± 0.048 (Figure 1A),
and a zeta-potential of 63.6 ± 11.7 (n = 5, results not shown),
which are in accordance with previously reported values for
CAF01 prepared using the same method (44–46). The chelation
with 18:0 PE-DTPA significantly decreased the size of the CAF01

liposomes (average size = 123 ± 11 nm, PDI = 0.270 ± 0.021,
Figure 1A, zeta-potential= 69.9± 8.2, n= 8, results not shown).
However, the subsequent radiolabeling with 111In (average size=
149.8 ± 36 nm, PDI = 0.292 ± 0.092, Figure 1A, zeta-potential
= 55.8 ± 8.52, n = 3, results not shown) had no effect on
the physicochemical properties of CAF01 liposome dispersions
as their hydrodynamic diameter, PDI and zeta-potential are
maintained after radiolabeling (Figure 1A). The radiochemical
purity and labeling efficiency of 111In-CAF01 (Figure 1B), 111In-
H56 (Figure 1C) and 67Ga-H56 (Figure 1D) were measured
using ITLC. 111In-labeling of both CAF01 and H56 using
the 18:0 PE-DTPA and p-SCN-Bn-DTPA chelator, respectively,
was consistently accomplished with labeling efficiencies of
approximately 95% for 111In-CAF01 (Figure 1B) and 80% for
67Ga-H56 (Figure 1C). The average number of bound DTPA
molecules was 5 per molecule lipid molecule in CAF01 and
1 per molecule of H56, and the average number of bound
NOTA molecules was 1 per molecule of H56. 67Ga-labeling of
H56 using the p-SCN-Bn-NOTA chelator resulted in labeling
efficiencies of ∼93% (Figure 1D). The protein concentrations of
the radiolabeled 111In-H56 and 67Ga-H56 were 1 and 0.9 mg/mL,
respectively. Both 111In- (Figure 1E) and 67Ga-labeled H56
protein (Figures 1F,G) displayed their original molecular weight
of 48 kDa (36) determined using SDS-PAGE, suggesting that the
radiolabeling procedure did not cause any major modification of
the overall size of H56. These data suggest that radiolabeling does
not affect the physicochemical properties of CAF01 and H56.

The H56/CAF01 Vaccine Remains in the
Lungs Following i.pulmon. Immunization,
Whereas Un-Adjuvanted H56 Rapidly
Drains to the Local Lymph Nodes
First, we evaluated the biodistribution and kinetics of the
H56/CAF01 vaccine upon pulmonary administration. Mice were
dosed i.pulmon. with cold H56 + 111In-CAF01 or 111In-H56 +

cold CAF01, respectively, and the vaccine biodistribution and
pharmacokinetics were visualized and quantified by SPECT/CT
imaging at designated time points post-injection (Figure 2A).
On day 6, the mice were euthanized, and the remaining activity
was measured in different organs using a gamma counter. The
SPECT/CT images permitted precise anatomical localization
of 111In-CAF01 and 111In-H56 in the animals (Figures 2B,C).
The images clearly reflect pronounced differences in the
pharmacokinetics of H56 and CAF01 following i.pulmon.
administration, and H56 was cleared much faster from the
lungs than CAF01. Initially, the vaccine (H56 and CAF01) was
apparently distributed evenly in the lungs, and it remained in the
lungs during the first 30min post-injection. Administration via
the i.pulmon. route often results in deposition of a certain dose
fraction of the radiopharmaceutical in the back of the mouth,
which is subsequently swallowed (47). Hence, this dose fraction
will redistribute to the stomach and the upper gastrointestinal
tract, as observed in the 6 h scan. By 6 h, H56 as well as
CAF01 were slowly cleared from the stomach and the intestines,
and continued to transit in the gut up to 24 h after dosing.
The H56 protein could only be detected in the animals up to
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FIGURE 1 | Physicochemical properties of radiolabeled CAF01 liposomes and H56 protein. (A) Chelation of DTPA and radiolabeling of CAF01 with 111 In do not

significantly influence the average intensity-weighted hydrodynamic diameter (z-average, circles, left axis) and polydispersity index (PDI) (squares, right axis),

respectively. Statistical analysis: two-way ANOVA and Tukey’s post-test. Bars represent mean values ± s.d., n = 5 (CAF01), n = 8 (CAF01-DTPA), and n = 3

(111 In-DTPA-CAF01). *p < 0.05 and **p < 0.001. (B) Instant thin layer chromatography (ITLC) analysis of 111 In-DTPA-CAF01. Free 111 In3+ migrates with the solvent

front (Rf = 1.0), whereas 111 In-DTPA-CAF01 stays at the origin (Rf = 0). Left is 111 In-DTPA-CAF01 for s.c. injection and right is 111 In-DTPA-CAF01 for i.pulmon.

administration. (C) ITLC analysis of 111 In-DTPA-H56, where free 111 In3+ migrates with the solvent front (Rf = 1.0, left) and 111 In-DTPA-H56 stays at the origin (Rf =

0, right). (D) ITLC analysis of 67Ga-NOTA-H56, where 67Ga-NOTA-H56 stays at the origin (Rf = 0). (E) SDS-PAGE analysis of 111 In-labeled H56 protein. Lane A

represents a protein ladder, lane B is unmodified H56 protein, lane C is 111 In-DTPA-H56 protein, and lane D is 111 In-DTPA-H56 protein showing the phosphorimager

radioactivity signal. (F) SDS-PAGE analysis of 67Ga-labeled H56 protein. Lane 1 represents the protein ladder, lane 2 is NOTA-H56, and lane 3 is 67Ga-NOTA-H56

protein. (G) Phosphorimager radioactivity signal from 67Ga-NOTA-H56 protein.

24 h post administration (Figure 2C), as compared to CAF01,
which remained longer in the lungs and was detectable until
termination of the experiment (day 6), although with a time-
dependent decline in signal intensity (Figure 2B). Quantification
of the in vivo biodistribution (SUV values) supported these
observations (Figure 2D). The activity observed in the lungs
for CAF01 was relatively higher than the activity measured
for H56 during the entire experiment (Figure 2D, upper left).
Both H56 and CAF01 showed very low activity in the trachea,
kidneys and bladder at the designated time-points, except at
the initial 30min, where a high activity was detected. Notably,
a higher activity was also measured in the stomach 6 and
24 h post injection for H56 than for CAF01, although there
was no difference in the intestinal activity at these time points
(Figure 2D, lower right). Whole body activity was measured
on day 6 after euthanizing the animals and compared to the
total administered dose, and the percentage of the administered
dose per organ/tissue was calculated (Figure 2E). The SPECT/CT
image analysis corroborate with the ex vivo biodistribution
data, which showed that the major part of the radioactive

dose was recovered in the lungs (Figure 2E). However, there
was a statistically significant difference between the remaining
activity of H56 and CAF01 in the left lung. For CAF01, a
relatively low dose fraction of the radioactivity was found in the
liver, kidneys and muscle. In contrast, H56 was detectable in
relatively higher amounts in the liver and the kidneys, confirming
a faster metabolism and elimination of H56 than CAF01. A
comparatively higher activity of H56 than CAF01 was also
observed in other organs, including the lung-draining LNs, which
confirms the pronounced differences in the biodistribution and
pharmacokinetics of H56 and CAF01.

The Vaccine Forms a Depot Following
Parenteral (s.c.) Administration
For control and comparative purposes, we examined the
biodistribution of the H56/CAF01 vaccine following parenteral
administration. Mice were injected s.c. with either 111In-CAF01
or 111In-H56 with cold H56 or cold CAF01, respectively, and
the vaccine biodistribution was visualized and quantified by
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FIGURE 2 | The H56/CAF01 vaccine remains in the lungs following i.pulmon. administration, whereas H56 drains to the local lymph nodes. (A) Experimental scheme:

Mice were exposed i.pulmon. to 10 µg cold H56 adjuvanted with 111 In-CAF01 (125/25 µg DDA/TDB) and 10 µg 111 In-H56 adjuvanted with cold CAF01 (125/25 µg

DDA/TDB), respectively. Animals were imaged by dynamic whole-body SPECT/CT scan for the initial 40min (10 min/frame) and after that static 40min scans at 6 and

24 h, 60min scan at 96 h and 90min scan at 144 h were conducted. Animals were euthanized on day 6 after immunization for ex vivo quantification of the

biodistribution using a gamma counter. Representative SPECT/CT images of a mouse dosed i.pulmon. with cold H56 + 111 In-CAF01 (B) or 111 In-H56 + cold CAF01

(C) and imaged over 144 h post-immunization. (D) Organ SUVs in g/mL of the cold H56 + 111 In-CAF01 or 111 In-H56 + cold CAF01 over 144 h post-immunization;

calculated from dynamic and static SPECT/CT images. Statistical analysis: two-way ANOVA and Sidak’s post-test. Data represent mean values ± s.d., n = 3. *p <

0.05, ***p < 0.001, and ****p < 0.0001. (E) Ex vivo organ biodistribution [% administered dose (AD)/organ] of the cold H56 + 111 In-CAF01 or 111 In-H56 + cold

CAF01 on day 6 (144 h) post-immunization. Statistical analysis: two-way ANOVA and Sidak’s post-test. Bars represent mean values ± s.d., n = 3. **p < 0.01.

SPECT/CT imaging at the designated time-points up to 144 h
post-immunization (Figure 3A). Mice were euthanized 144 h
post-injection for ex vivo quantification of the biodistribution.
The SPECT/CT images clearly showed 111In-CAF01 and 111In-
H56, respectively, in the animals at the site of injection
(Figures 3B,C). CAF01 and H56 displayed a highly comparable
biodistribution after s.c. administration, and the major part of
the dose remained at the injection site for the entire duration
of the experiment, suggesting the formation of a vaccine depot
at the site of injection, as previously published (48). However,
the activity of 111In declined during the experiment to a
minimal level 144 h post-injection. A high activity was observed
at the injection site for both CAF01 and H56 (Figure 3D),
which declined until 144 h (Figure 3D, upper left). However, a
significantly lower activity was detected for H56, as compared

to CAF01, up to 30min post-injection. Due to their relatively
large size and cationic charge, CAF01 liposomes stayed at
the injection site as previously published (48), and almost no
activity of 111In-CAF01 was observed in the kidneys and the
bladder post-injection. In contrast, H56 was cleared faster from
the injection site and was subsequently excreted through the
kidneys, which was evident from the 6, 24, and 96 h post-
injection images (Figure 3D, upper right and lower left) and
a correspondingly higher activity for H56 in the bladder than
CAF01 (Figure 2D, upper middle). The initial sharp increase
in 111In activity within 30min post-injection was due to free
111In (Figure 2D, upper middle) in the radiopharmaceutical.
Almost no activity was observed in the stomach and the intestines
following s.c. immunization (Figure 3D, lowermiddle and right).
As expected, most of the radioactivity was detected at the site of
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injection (Figure 3E). For CAF01, a relatively low dose fraction of
radioactivity was found in the liver, kidneys, and muscle, which
was collected from the right thigh close to the site of injection.
In contrast, radioactivity for H56 was observed in several other
organs besides the liver, kidney and muscle. Comparing the
two, the radioactivity in the kidneys was statistically significantly
higher for H56 than for CAF01, which correlates well with the
SPECT/CT image analyses. Hence, the SPECT/CT and the ex
vivo biodistribution data collectively confirm that the major dose
fraction of CAF01 stays at the site of injection following s.c.
injection, while a small dose fraction of H56 is cleared slowly
from the injection site into the blood stream and is subsequently
excreted through the kidneys.

Combined Parenteral (i.m.) Prime and
Airway (i.pulmon.) Boost Immunizations
Increase H56-Specific IgA Titers in the
Airways
With the objective to establish an immunization protocol
that generates strong local IgA responses in the airways,
we compared vaccine-induced lung IgA responses using
two different vaccination strategies; i.m. prime/i.m. boost
and i.m. prime/i.pulmon. boost immunization. Mice were
immunized twice with CAF01-adjuvanted H56 via the i.m./i.m.
or i.m./i.pulmon. administration routes, respectively, using
different doses of CAF01 to determine the optimal adjuvant
dose. Subsequently, we measured H56-specific IgA, IgG1, IgG2a,
IgG2b, IgG2c, and IgM antibodies in the lung homogenate
supernatants, as well as the IFN-γ and IL-17 production by
H56-restimulated lung cells 2 weeks after the last booster
immunization. For the antibody responses, the mid-point
titers were calculated from O.D. values measured by ELISA.
Significantly higher levels of H56-specific IgA responses in the
lungs (Figure 4A) and the serum (Figure 4B) were measured
for the three groups immunized i.m./i.pulmon, as compared
to the levels measured for mice immunized three times i.m.
Similarly, the lung (Figure 4C) and serum IgG1 responses
(Figure 4D) were significantly higher following i.m./i.pulmon.
immunization using the lowest (125/50 µg DDA/TDB) and
the highest CAF01 dose (500/100 µg DDA/TDB) than 250/50
3∗i.m. immunization. For the other IgG isotype responses in
the lungs (Figures 4E,G,I), no difference was observed between
i.m./i.m. vs. i.m./i.pulmon. immunization schedules, except for
the IgG2b responses (Figure 4G), which were higher for the
animals immunized using the i.m./i.pulmon. than for the animals
immunized using i.m./i.m. schedule. However, the lung IgG2a
responses were lower for 500/100 i.m./2∗i.pulmon. as compared
to 250/50 3∗i.m. immunization (Figure 4E). In general, the serum
H56-specific IgG isotype production was higher for all three
groups immunized i.m./ i.pulmon., as compared to the titers
for the group immunized three times i.m. (Figures 4D,F,H,J).
However, the H56-specific IgG2b responses were lower in the
125/25 i.m./2∗sngsjehdlejhdx, ki.pulmon. group (Figure 4H). As
expected, IgM was only detected at low levels in serum and lung
homogenates (Supplementary Figure S1).

Correlating with these findings, i.m./i.pulmon. immunization
induced high IFN-γ levels in the lungs (Figure 4K), and the

IFN-γ levels were significantly higher for mice vaccinated
once i.m. followed by 500/100 i.m./2∗i.pulmon. as compared
to three i.m. immunizations (250/50). On the other hand,
the IL-17 responses in the lungs were significantly lower for
both 250/50 i.m./2∗i.pulmon. and 500/100 i.m./2∗i.pulmon.
than 250/50 3∗i.m. immunization (Figure 4L). However, the
125/25 i.m./2∗i.pulmon. immunization-induced IL-17 responses
were not significantly different from the responses for mice
immunized three times i.m.. In contrast to the local lung
responses, the systemic IFN-γ and IL-17 responses measured
in serum were significantly higher for the mice immunized
three times i.m. (250/50) as compared to all three i.m./i.pulmon.
immunizations (Figures 4M,N). Overall, i.m./i.pulmon.
immunization induced higher local and systemic antibody and
dose-dependent equivalent cytokine responses than 250/50
3∗i.m. immunization.

Parenteral (i.m.) Prime and Airway
(i.pulmon.) Boost Immunization Cause
Localization of H56-Specific Th1 and Th17
Cells in the Lung Parenchyma
Subsequently, we measured in further detail the T-cell
recruitment, which takes place in i.m.-primed animals during
airway mucosal boost (i.pulmon.) immunization, as compared to
animals receiving an i.m. boost (Figure 5A). First, we examined,
if H56-specific T cells were localized in the lung parenchyma
or in the lung vasculature by subjecting immunized mice to in
vivo intravascular staining. A FITC-labeled anti-CD45 mAb was
injected i.v. 3min before euthanizing the animals, which resulted
in FITC staining of all intravascular, but not parenchymal
lymphocytes, as previously described (49). Subsequently, we
identified the i.v. CD45− and CD45+ populations of H56-
specific CD4+CD44+ T cells producing IFN-γ, TNF-α and
IL-17, respectively, 2 weeks after the last immunization by
intracellular cytokine staining. The i.m./i.pulmon. immunization
strategy caused markedly elevated infiltration of CD4+CD44+

T cells in the lungs, as compared to i.m./i.m. immunization
(Figures 5B,C). Most of these cells were localized in the lung
parenchyma, and the percentage of IFN-γ, TNF-α, or IL-17
cytokine-producing i.v.CD45− cells was significantly higher
for 125/25 i.m./2∗i.pulmon. and 250/50 i.m./2∗i.pulmon. than
250/50 3∗i.m. group (Figure 5B). A similar trend was observed
when we examined the frequencies of each of the single
cytokine-producing i.v. CD45−CD4+CD44+ T cells among the
different immunization groups (Supplementary Figure S2A).
The functionality of the antigen-specific CD4+CD44+ T cells
was determined with respect to their expression of IFN-γ,
TNF-α and IL-17, respectively, or their combinations, for
both immunization strategies by combinatorial Boolean gating
analysis (Figure 5C). The polyfunctionality of the CD4+CD44+

T cells is represented pictorially by pie charts after deduction
of control group responses from all immunization groups. The
i.m./i.pulmon. immunization induced primarily polyfunctional
T-cell populations consisting of double (IFN-γ+TNF-α+ and
TNF-α+IL-17+) and triple (IFN-γ+TNF-α+IL-17+) positive
cytokine-producing memory CD4+CD44+ T cells and a lower
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FIGURE 3 | The H56/CAF01 vaccine forms a depot at the site of injection following s.c. administration. (A) Experimental scheme: S.C. immunization was carried out

with 10 µg cold H56 adjuvanted with 111 In-CAF01 (125/25 µg DDA/TDB) or 10 µg 111 In-H56 adjuvanted with cold CAF01 (125/25 µg DDA/TDB). Dynamic

whole-body SPECT/CT scans were carried out for 40min (10 min/frame) and thereafter static 40min scans at 6 and 24 h, 60min scan at 96 h and 90min scan at

144 h were performed. Animals were euthanized on day 6 after immunization for ex vivo quantification of the biodistribution using a gamma counter. Representative

SPECT/CT images of a mouse injected s.c. with cold H56 + 111 In-CAF01 (B) and 111 In-H56 + cold CAF01 (C), imaged over 144 h post-administration. (D) Organ

SUVs in g/mL of the cold H56 + 111 In-CAF01 or 111 In-H56 + cold CAF01 over 144 h post-immunization; calculated from dynamic and static SPECT/CT images.

Statistical analysis: two-way ANOVA and Sidak’s post-test. Data represent mean values ± s.d., n = 3. *p < 0.05, **p < 0.01, and ****p < 0.0001. (E) Ex vivo organ

biodistribution (% administered dose (AD)/organ] of the cold H56 + 111 In-CAF01 or 111 In-H56 + cold CAF01 on day 6 (144 h) post-immunization. Statistical analysis:

two-way ANOVA and Sidak’s post-test. Bars represent mean values ± s.d., n = 3. **p < 0.01.

frequency of single (IFN-γ+, TNF-α+, or IL-17+) cytokine-
positive effector CD4+CD44+ T cells (Figure 5C, pies). This
shows that there is a CAF01 dose-dependent increase in the
frequency of terminally differentiated effector CD4+CD44+ T
cells producing IFN-γ+ alone (Figure 5C, blue pies), whereas
immunization with a lower dose of CAF01 led to more IL-17
producing memory-line T cells also expressing TNF-α with
or without expression of IFN-γ (Figure 5C, red and light blue
pies). However, there was a dose-dependent increase in the IFN-
γ
+TNF-α+ producing CD4+CD44+ T cells (Figure 5C, orange

pies). In agreement with the stronger antibody and cytokine
responses measured above, there was a higher frequency of
H56-specific, cytokine-producing memory CD4+CD44+ T
cells in the lungs following i.m./i.pulmon. immunization, as
compared to the 250/50 3∗i.m. immunization, which induced
very low levels of these cells (Figure 5C, bars). Among the

three groups immunized using i.m./i.pulmon. vaccination,
immunization at the lowest CAF01 dose (125/25 µg DDA/TDB)
induced consistently higher frequencies of cytokine-producing
single, double, and triple cytokine-producing CD4+CD44+ T
cells, except IFN-γ+TNF-α+ subgroup, where immunization
with 250/50 µg DDA/TDB induced the highest frequency of
IFN-γ+TNF-α+ producing CD4+CD44+ T cells.

T cells were also measured in the lymph nodes draining
the lungs (TLNs + MLNs) in immunized mice (Figures 5D,E).
I.m./2∗i.pulmon. immunization with 125/25 and 500/100 µg
DDA/TDB led to a markedly higher frequency of IFN-γ,
TNF-α, and IL-17 cytokine-producing CD4+CD44+ T cells as
compared with 250/50 3∗i.m. immunization (Figure 5D). At
the individual cytokine level, i.m./i.pulmon. immunization with
the highest CAF01 dose (500/100 µg DDA/TDB) induced the
highest CD4+CD44+ T-cell levels (Supplementary Figure S2B).
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FIGURE 4 | Strong antibody and cytokine responses in the lungs and serum after parenteral (i.m.) prime and airway (intrapulmonary, i.pulmon.) mucosal boost

immunization with H56/CAF01. Mice were primed i.m. and boosted twice i.m. (5/250/50 µg H56/DDA/TDB) or primed i.m. (5/250/50 µg H56/DDA/TDB) and boosted

twice i.pulmon. (10/125/25 or 10/250/50 or 10/500/100 µg H56/DDA/TDB) at 2 weeks interval with H56 adjuvanted with different doses of CAF01 (DDA/TDB). IgA

(A,B), IgG1 (C,D), IgG2a (E,F), IgG2b (G,H), and IgG2c (I,J) mid-point titers (log EC50 values) were determined in homogenized lung supernatants and serum at 2

weeks after the last boost immunization. Lung cells (K,L) and splenocytes (M,N) were isolated 2 weeks after the last boost immunization and in vitro stimulated with

H56 for 72 h and IFN-γ and IL-17 levels were determined by ELISA. Statistical analysis: one-way ANOVA and Tukey’s post-test. Bars represent mean values ± s.e.m.,

n = 6. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

The i.m./i.pulmon. immunization induced a polyfunctional
T-cell population consisting of single (IFN-γ+ and TNF-
α
+, respectively) cytokine-positive effector CD4+CD44+ T

cells, double (IFN-γ+TNF-α+ and TNF-α+IL-17+) positive,
cytokine-producing memory CD4+CD44+ T cells and triple
(IFN-γ+TNF-α+IL-17+) cytokine-positive CD4+CD44+ T cells
(Figure 5E, pies). For the groups immunized i.m./i.pulmon.,
there was a dose-dependent decrease in the relative frequency
of double-positive (TNF-α+IL-17+) and triple-positive
CD4+CD44+ T cells (Figure 5E, red pies). In contrast to
observations in the lungs, the IFN-γ+TNF-α+ producing
CD4+CD44+ T cells in the draining lymph nodes did not show a
dose-dependent increase after i.m./i.pulmon. immunization, and
the highest fraction of cells was observed after i.m./i.pulmon.
immunization with 250/50 µg DDA/TDB (Figure 5E, orange
pies). As in the lungs, noticeably higher frequencies of memory
CD4+CD44+ T cells were observed in the TLNs and MLNs

following i.m./i.pulmon. immunization, as compared to the
frequencies after i.m. immunization (Figure 5E, bars), and
immunization with 125/25 µg DDA/TDB induced higher
frequencies of all subsets of cytokine-producing CD4+CD44+ T
cells, except for the IFN-γ+TNF-α+ producing subset.

H56-Specific Th1 and Th17 Cells Are
Induced in the Spleen Upon Parenteral
(i.m.) Prime and Airway (i.pulmon.) Boost
Immunization
Systemic induction of H56-specific Th1 and Th17 cells in
the spleen was also investigated (Figure 6A). In general, the
i.m./i.pulmon. vaccination strategy resulted in induction of
lower relative frequencies of CD4+CD44+ T cells in the
spleen, as compared to i.m./i.m. immunization (Figures 6B,C).
Interestingly, immunization with 125/25 µg DDA/TDB
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FIGURE 5 | Robust T-cell responses in the lungs and the lung-draining tracheobronchial and mediastinal lymph nodes (TLN + MLN) by parenteral (i.m.) priming and

airway (intrapulmonary, i.pulmon.) mucosal H56/CAF01 immunization. Mice were primed i.m. and boosted twice i.m. (5/250/50 µg H56/DDA/TDB) or primed i.m.

(5/250/50 µg H56/DDA/TDB) and boosted twice i.pulmon. (10/125/25 or 10/250/50 or 10/500/100 µg H56/DDA/TDB) at 2 weeks interval with H56 adjuvanted with

different concentrations of CAF01 (DDA/TDB). Lung cells and the lung draining LNs (TLN + MLN) were examined for CD4+CD44+ T cells and IFN-γ, TNF-α, and

IL-17 cytokines by intracellular flow cytometry analysis after stimulation with H56, 2 weeks after the last booster immunization. (A) Gating strategy for quantification

and localization of lung-associated CD44+ T cells in immunized mice (exemplified by lung cells from an immunized mouse from the vaccine group 125/25

i.m./2*i.pulmon.). Lung cells were examined for labeling with i.v. injected FITC-conjugated anti-CD45.2 mAb 2 weeks after the last booster immunization by

intracellular flow cytometry analysis after stimulation with H56. Dot plot shows IFN-γ, TNF-α, or IL-17 expression in i.v.CD45+ (intravascular) and i.v.CD45−

(parenchymal) cells. (B) Number of cyt+CD4+CD44+ T cells (any cytokine IFN-γ, TNF-α, and IL-17), which are located in lung parenchyma (CD45−). Statistical

analysis: one-way ANOVA and Tukey’s post-test. Bars represent mean values ± s.e.m., n = 6. ****p < 0.0001. (C) After Boolean gating analysis, the frequencies of

the seven possible CD4+CD44+ T cell subpopulations expressing any combination of the IFN-γ, TNF-α, and IL-17 cytokines are shown for all immunization groups.

The background from the control group was subtracted. Pie charts represent the fraction of CD4+CD44+ T cells expressing different cytokine combinations. Pie chart

color-coding and the subpopulation association for each color is shown below the bar graph (E). Statistical analysis: two-way ANOVA and Tukey’s post-test. Bars

represent mean values ± s.e.m., n = 6. *p < 0.05, **p < 0.01, and ****p < 0.0001. (D) Number of cyt+CD4+CD44+ T cells (any cytokine IFN-γ, TNF-α, and IL-17) in

the lung draining LNs (TLN+MLN). Statistical analysis: one-way ANOVA and Tukey’s post-test. Bars represent mean values ± s.e.m., n = 6. **p < 0.01. (E) Boolean

gating analysis and pie charts of CD4+CD44+ T cells expressing different cytokine combinations in the lung-draining LNs (TLN+MLN), 2 weeks after the last booster

immunization. Statistical analysis: two-way ANOVA and Tukey’s post-test. Bars represent mean values ± s.e.m., n = 6. ****p < 0.0001.

generated equivalent frequencies of cytokine-producing
T cells as the 250/50 3∗i.m. immunization (Figure 6B).
When comparing the frequencies of CD4+CD44+ T cells

producing IFN-γ, TNF-α, and IL-17, respectively, we observed
that i.m./i.pulmon. immunization with 125/25 and 250/50
µg DDA/TDB stimulated equivalent frequencies of T

Frontiers in Immunology | www.frontiersin.org 12 November 2018 | Volume 9 | Article 2825

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


Thakur et al. SPECT/CT and Mucosal Immunization of H56/CAF01 Vaccine

cells as the i.m. immunization with 250/50 µg DDA/TDB
(Supplementary Figure S2C). Examination of the functionality
of the H56-specific CD4+CD44+ T in the spleen revealed
that i.m./i.pulmon. immunization with the lowest CAF01 dose
(125/25 µg DDA/TDB) induced primarily a polyfunctional
T cell population consisting of double (IFN-γ+TNF-α+ and
TNF-α+IL-17+) and triple (IFN-γ+TNF-α+IL-17+) positive,
cytokine-producing memory CD4+CD44+ T cells and TNF-α+

memory CD4+CD44+ T cells (Figure 6C, pies). Three i.m.
immunizations promoted a comparable functionality profile.
On the other hand, higher doses of CAF01 administered
i.m./i.pulmon. (250/50 and 500/100 µg DDA/TDB, respectively)
led to a dominant IFN-γ+TNF-α+ producing CD4+CD44+ T
cell population (Figure 6C, orange pies). Unlike for the lungs,
i.m./i.pulmon. immunization induced comparable frequencies
of H56-specific, cytokine-producing memory CD4+CD44+ T
cells in the spleen as the i.m./i.m. immunization (Figure 6C,
bars). i.m. and i.m./2∗i.pulmon. immunization with 125/25 µg
DDA/TDB also promoted similar frequencies of IFN-γ+ or
TNF-α+ producing effector CD4+CD44+ T cells.

Vaccine-induced T cells were also evaluated in the ILNs
and PLNs draining the site of i.m. injection (Figure 6A),
and we compared i.m./i.pulmon. vs. i.m./i.m. immunization,
respectively. The i.m./i.m. immunization with 250/50 µg
DDA/TDB induced higher but statistically indifferent
cytokine-producing frequencies of CD4+CD44+ T cells
in the draining LNs, as compared with i.m./i.pulmon.
immunization (Figure 6D). There was significant differences in
the frequencies of CD4+CD44+ T cells producing IFN-γ, TNF-
α, or IL-17 between the groups vaccinated by i.m./i.pulmon.,
as compared to i.m./i.m. immunization with 250/50 µg
DDA/TDB (Supplementary Figure S2D). However, there
was a considerable difference in the functionality of the
CD4+CD44+ T cells between the two immunization strategies
(Figure 6E, pies). Whereas i.m./i.pulmon. immunization
predominantly induced single cytokine-producing CD4+CD44+

T cells, i.m. immunization with 250/50 µg DDA/TDB resulted
in a polyfunctional T-cell population consisting of double
(IFN-γ+TNF-α+ and TNF-α+IL-17+) and triple (IFN-γ+TNF-
α
+IL-17+) positive, cytokine-producing memory CD4+CD44+

T cells and IFN-γ+ or TNF-α+ effector CD4+CD44+ T
cells. I.m./i.pulmon. immunization did mainly induce very low
frequencies of memory CD4+CD44+ T cells and promoted single
cytokine-producing effector CD4+CD44+ T cells (Figure 6E,
bars). The frequencies of memory and effector CD4+CD44+

T cells were significantly higher after i.m. immunization with
250/50 µg DDA/TDB, as compared to the frequencies detected
after i.m./i.pulmon. immunization.

The Biodistribution of Parenteral (s.c.)
Prime and Airway (i.pulmon.) Boost
Administered Vaccine Mimics the
Biodistribution of i.pulmon. Administered
Vaccine
We used SPECT/CT to investigate the biodistribution of
the H56/CAF01 vaccine following parenteral prime-airway

mucosal boost immunization and compared with our previous
biodistribution results. We performed this study as we wanted to
know whether there would be a faster clearance of H56 or CAF01
on i.pulmon. immunization with previously primed animals.
Mice were primed s.c. with cold H56 or cold H56/CAF01,
respectively, and boosted i.pulmon. 2 weeks later with 67Ga-H56
or 67Ga-H56/111In-CAF01, respectively. Mice were imaged by
SPECT/CT imaging at the designated time-points up to 144 h
post-injection, and the vaccine biodistribution was visualized
and quantified (Figure 7A and Supplementary Figure S3A),
followed by terminal ex vivo quantification of the biodistribution
on day 6 of the study. Dual-isotope labeling of H56 and
CAF01 with 111In and 67Ga, respectively, followed by SPECT-CT
imaging, allowed for anatomical visualization of vaccine uptake
in the lungs, as well as biodistribution and pharmacokinetics
(Figures 7B,C). The images demonstrate pronounced differences
in the biodistribution of H56 and CAF01 following s.c. prime
and i.pulmon. boost immunization, where H56 was cleared
within 24 h post-injection. The i.pulmon. administration of
unadjuvanted H56 resulted in a very fast clearance of H56
within 6 h (Supplementary Figure S3B). The vaccine remained
in the lungs for up to 6 h, followed by a slow redistribution to
the stomach and intestines up to 24 h of the study. The signal
from H56 was clearly visible until 24 h (Figure 7C) as compared
to CAF01, which could be weakly visualized up to 96 h post-
injection (Figure 7B). The in vivo quantification of radioactivity
in images through SUV values verify these findings (Figure 7D).
In contrast to a single i.pulmon. administration of the
H56/CAF01 vaccine, s.c. prime-i.pulmon. boost immunization
resulted in comparable activity of H56 and CAF01 in the
lungs at the designated time points (Figure 7D, upper left).
A relatively higher activity for both H56 and CAF01 was
observed in the trachea, kidneys and bladder within 30min
post-injection, which declined at later time-points. As observed
previously, a high activity of both H56 and CAF01 was observed
in the stomach and the intestines at 6 and 24 h post-injection.
The SUVs for unadjuvanted H56 showed a very low activity
in the lungs and other organs, and most of the activity
was observed in the kidneys within 6 h, which reflects that
immunization with unadjuvanted H56 leads to lower retention
in the lungs and faster metabolism and elimination of the
protein (Supplementary Figure S3C). Whole-body activity was
measured 144 h post-i.pulmon.-boost immunization. The results
are in line with the imaging-based in vivo biodistribution, and
the major fraction of the radioactivity was observed in the
lungs (Figure 7E). The biodistribution profile of unadjuvanted
H56 showed relatively low H56 activity in the lungs and
liver (Supplementary Figure S3D). For H56/CAF01 s.c. prime-
i.pulmon. boost immunization, there were differences in the
remaining activity ex vivo between H56 and CAF01 in the lungs
with comparatively higher radioactivity for H56 than for CAF01.
For all other organs than the lungs, a relatively low dose fraction
of CAF01-associated radioactivity was found in the liver, kidneys
and intestine, as observed previously following either a single
s.c. or i.pulmon. administration (Figure 7E). In contrast, H56
radioactivity was detectable in relatively higher dose fractions in
the liver and kidneys, which supports our prior observations of a
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FIGURE 6 | Parenteral (i.m.) prime and airway (i.pulmon.) mucosal boost immunization with H56/CAF01 induce equivalent T-cell responses in the spleen as parenteral

(i.m.) prime-boost immunization. Mice were primed i.m. and boosted twice i.m. (5/250/50 µg H56/DDA/TDB) or primed i.m. (5/250/50 µg H56/DDA/TDB) and

boosted twice i.pulmon. (10/125/25 or 10/250/50 or 10/500/100 µg H56/DDA/TDB) at 2 weeks interval with H56 adjuvanted with different concentrations of CAF01

(DDA/TDB). Spleen cells and the inguinal and popliteal lymph nodes (ILN+PLN) draining the site of i.m. injection were harvested 2 weeks after the last booster

immunization, surface-stained for the CD4 and CD44 receptors and intracellular localized IFN-γ, TNF-α, and IL-17 cytokines by intracellular flow cytometry analysis

after stimulation with H56. (A) Gating strategy for the evaluation of antigen-specific, cytokine-producing CD44+ T cells in spleen and lymph nodes of immunized mice

(exemplified by TLN + MLN cells from an immunized mouse from the vaccine group 125/25 i.m./2*i.pulmon.). Dot plot shows IFN-γ, TNF-α, or IL-17 expression in

CD44+ T cells. (B) Number of cyt+CD4+CD44+ T cells (any cytokine IFN-γ, TNF-α, and IL-17) in the spleen. Statistical analysis: one-way ANOVA and Tukey’s

post-test. Bars represent mean values ± s.e.m., n = 6. *p < 0.05. (C) After a Boolean gating analysis, the frequencies of the seven possible CD4+CD44+ T cell

subpopulations expressing any combination of the IFN-γ, TNF-α, and IL-17 cytokines are shown for all immunization groups. Background from the control group was

subtracted. Pie charts represent the fraction of CD4+CD44+ T cells expressing different cytokine combinations. Pie chart color-coding and the subpopulation

association for each color is shown below the bar graph (E). Statistical analysis: two-way ANOVA and Tukey’s post-test. Bars represent mean values ± s.e.m., n = 6.

*p < 0.05 and ****p < 0.0001. (D) Number of cyt+CD4+CD44+ T cells (any cytokine IFN-γ, TNF-α and IL-17) in LNs draining the site of injection (ILN + PLN). Bars

represent mean values ± s.e.m., n = 6. (E) Boolean gating analysis and pie charts of CD4+CD44+ T cells expressing different cytokine combinations in the LNs

draining the site of injection (ILN+PLN) 2 weeks after the last booster immunization. Statistical analysis: two-way ANOVA and Tukey’s post-test. Bars represent mean

values ± s.e.m., n = 6. *p < 0.05, **p < 0.01 and ****p < 0.0001.

faster clearance of H56 than CAF01 (Figure 7E). Proportionately
higher amounts of H56 activity was also observed in organs
other than the liver and the kidneys. However, no remaining
activity was detected in the lung-draining LNs, as observed
earlier. We also compared the activity of 67Ga-H56 alone with

67Ga-H56 adsorbed to 111In-CAF01 and observed significant
differences in the pulmonary uptake and biodistribution of
unadjuvanted protein, as compared to liposome-adsorbed
protein (Supplementary Figure S4). Unadjuvanted H56 was
cleared much faster than the CAF01-bound H56.
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FIGURE 7 | H56/CAF01 vaccine biodistribution upon parenteral (s.c.) priming and airway (i.pulmon.) mucosal boosting follow a similar trend as the biodistribution

following airway (i.pulmon.) mucosal prime immunization. (A) Experimental scheme: Mice were prime-immunized s.c. with 5 µg cold H56 adjuvanted with cold CAF01

(250/50 µg DDA/TDB). At week 2, animals were boost-immunized via intrapulmonary (i.pulmon.) route with 10 µg 67Ga-H56 adjuvanted with 111 In-CAF01 (125/25

µg DDA/TDB). Animals were imaged by dynamic whole-body SPECT/CT scan for the initial 40min (10 min/frame) and after that static 40min scans at 6 and 24 h,

60min scan at 96 h and 90min scan at 144 h were conducted. Animals were euthanized on day 6 after immunization for ex vivo biodistribution using a gamma

counter. Representative SPECT/CT images showing biodistribution of 111 In-CAF01 (B) and 67Ga-H56 (C) of a mouse prime-immunized s.c. with H56/CAF01 and

boost-immunized i.pulmon. with 67Ga-H56 + 111 In-CAF01. (D) Organ SUVs (g/mL) were calculated from dynamic and static SPECT/CT images of the cold s.c.

prime-immunized and hot (67Ga-H56 + 111 In-CAF01) i.pulmon. boost-immunized animals over 144 h post-immunization. Statistical analysis: two-way ANOVA and

Sidak’s post-test. Data represent mean values ± s.d., n = 3. **p < 0.01. (E) Ex vivo organ biodistribution [% administered dose (AD)/organ] of the cold s.c.

prime-immunized and hot (67Ga-H56 + 111 In-CAF01) i.pulmon. boost-immunized animals on day 6 (144 h) post-immunization. Statistical analysis: two-way ANOVA

and Sidak’s post-test. Bars represent mean values ± s.d., n = 3. *p < 0.05 and ****p < 0.0001.

DISCUSSION

Although a more efficacious vaccine is urgently needed for TB,
vaccine design and development has been very challenging due
to the specific requirement for induction of cell-mediated and
mucosal immunity (2). It is now widely accepted that it is
beneficial to stimulate Th1 and Th17 CD4+ T-cell responses
in the lungs for vaccine-induced protection in general (50,
51) and against Mtb infection in particular (52, 53). Mtb
evades host immunity by delaying the extravasation of primed
circulating antigen-specific T cells into the lung mucosa (2,
54). Antigen-specific T cells induced by parenteral vaccination
remain confined to tissue compartments outside of the lung
parenchyma and the airways, and are thus not capable of

mediating complete protection against Mtb (15, 55). Therefore,
a vaccination strategy, which induces and maintains tissue-
resident memory T cells and/or circulating T cells capable of
rapid influx into the lungs upon pathogen re-exposure, may
provide robust protection against Mtb infection. Parenteral
administration of the TB subunit vaccine H56/CAF01 has been
shown to induce promising protective efficacy in mice (29) and
non-human primates (30). However, the H56/CAF01 vaccine
has never been evaluated following airway (i.pulmon.) mucosal
immunization. Here, we document the immunogenicity of the
H56/CAF01 vaccine following parenteral (i.m.) priming and
airway (i.pulmon.) boost immunization, which induces local lung
and systemic memory CD4+ T cells and IgA responses. We
further describe, for the first time, the SPECT-CT imaging-based
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in vivo biodistribution and pharmacokinetics of the H56/CAF01
vaccine following parenteral (s.c.) or airway (i.pulmon.) priming
or parenteral prime-airway mucosal boost (s.c.- i.pulmon.)
immunization strategy. We observe pronounced differences in
the deposition, biodistribution and clearance of H56 protein
and CAF01 adjuvant. Our study provides new information on
H56/CAF01 mucosal boost immunization-inducible memory
CD4+ T cells in the lungs and SPECT/CT imaging-based in
vivo biodistribution of the individual vaccine components, which
may assist the development of effective mucosal immunization
strategies against pulmonary TB. These results also support
our ongoing efforts to develop a thermostable, dry powder-
based H56/CAF01 vaccine for i.pulmon. administration (43),
and we envisage the potential application of such an inhalable
dry powder dosage form in combination with a suitable device
for mass vaccination programs against TB. Hence, the safety of
airway mucosal vaccination has to be evaluated thoroughly in
future studies.

It is well-known that T cells play a crucial role in the
pulmonary host defense against many bacterial, viral, and fungal
pathogens, and inadequate T-cell immunity may increase the
likelihood of pathogen dissemination from the lungs (9). It is also
well-known that MHC class II-restricted CD4+ T cells producing
IFN-γ and TNF-α play important roles in protection against
TB in experimental animal models and in humans (56, 57). In
many preclinical TB challenge studies, increased CD4+ central
memory T cells have been associated with enhanced protection
(14, 57, 58). Localization of antigen-specific CD4+ T cells at the
site of infection in the lung parenchyma is of ultimate importance
for disease protection after vaccination (52, 56). However, Mtb
infection greatly interferes with migration of circulating vaccine-
induced antigen-specific T cells to the lungs (19), which is
correlated with lack of protection (15, 59). Therefore, novel
immunization strategies are needed to induce T cells that
effectively home back to the lung parenchyma in the airways.
In the present study, we introduce an effective immunization
protocol for the H56/CAF01 vaccine, which results in induction
of strong Th1, Th17, and IgA responses in the airways. We
show that Th1 and Th17 cells are induced systemically after
airway mucosal boost immunization of parenterally primed H56
antigen in a CAF01 dose-dependent manner, and that local lung
mucosal and systemic IgA and IgG responses accompany this.
We also show thatmucosal immunization induces polyfunctional
(IFN-γ+TNF-α+IL-17+) and double positive (IFN-γ+TNF-α+

and TNF-α+IL-17+) and TNF-α single-positive CD4+ T cells
in the lungs and the lung draining LNs (TLNs + MLNs) as
well as the spleen. The H56/CAF01 vaccine has previously
been shown to preferentially induce accumulation of TNF-
α single-positive, double positive (IFN-γ+TNF-α+ and TNF-
α
+IL-2+) and triple-positive (IFN-γ+TNF-α+IL-17+) CD4+ T

cells in the lungs, which provide protection against an Mtb
challenge (29). Our results also support previous observations
that less differentiated H56-specific T-cells have increased ability
to migrate into the lung parenchyma (39, 60). However, we also
observe CD4+ T cells with an intermediate state of differentiation
(IFN-γ+TNF-α+), as usually seen post-Mtb infection (39, 60,
61). The induction of this population following prime-boost

immunization could suggest that innate immune factors in the
lung microenvironment play an important role for the extent
of cell differentiation (62). However, the maintenance of an
IFN-γ+TNF-α+ double positive T-cell population has been
associated with enhanced control of mycobacterial growth (56,
57). Similarly, parenteral prime andmucosal boost immunization
were shown to induce strong mucosal and systemic immunity
(16, 63, 64), accompanied by improved protection in a number of
preclinical infectious disease models (65–67). Intranasal boosting
of parenterally primed immune responses was associated with
improved protection againstMtb infection, which correlated with
IFN-γ+ CD4+ and CD8+ T cells residing in the airway lumen
of the lungs (68). Similarly, respiratory mucosal boosting of
parenteral immunization resulted in improved protection against
Mtb infection, and it was accompanied by antigen-specific T
cell responses in the lungs (13, 69). Together with our data,
these findings suggest that parenteral prime and mucosal boost
immunization is a potentially effective strategy for inducing
lung-resident CD4+ T cells, which can subsequently provide an
improved protection against an Mtb challenge. We are currently
testing this strategy in anMtb challenge model.

Almost all licensed vaccines against infectious diseases
induce antibodies, which are correlated with disease protection
(70). Antibody-mediated protective immunity is mediated by
mucosal IgA, which prevents pathogen uptake across the
epithelial barrier, and by serum IgG, which prevents further
pathogen transmission via the blood (71). However, the role
of B cells and their production of antibodies in the immune
response to Mtb infection remains elusive (72–74). Recently,
there is growing evidence that Mtb-specific antibodies may
contribute to prevention of TB (75, 76), and one study reported
that antibodies recovered from healthcare workers provided
moderate protection against Mtb in mice (76). Furthermore,
a number of experimental studies have shown a protective
effect of antibodies against Mtb surface glycolipids (77, 78) and
recombinant antigens (79, 80). The induction of antigen-specific
IgA and IgG responses following prime-boost immunization in
our study strengthens these findings. Ideally, vaccine-induced
mucosal IgA antibodies present at the natural portal of entry
in the lungs, which are capable of fast neutralization of Mtb
following exposure, would be the optimal preventive strategy
against TB. In line with this, passive protection by mucosally
administered human IgA antibodies against Mtb infection in
the lungs of mice has been reported (81, 82). Recently, vaccine-
induced pulmonary secretory IgA has been associated with
immunological protection against TB in mice (17, 83). Given
the fact that antibodies are protective against many intracellular
infections, further studies are required to verify the functional
differences in antibodies to Mtb and the precise role of mucosal
antibodies in the immunological protection against TB (84).

In this study, we successfully radiolabeled CAF01 liposomes
with a lipophilic chelator, and developed an 111In-DTPA-CAF01
complex with high radiolabeling efficiency and purity. We also
describe the successful design of 111In-DTPA-H56 and 67Ga-
NOTA-H56 complexes, respectively, with high radiopurity and
radiolabeling efficiency. Radiolabeling of both H56 and CAF01
was not only easy and reproducible, but did also result in
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preserved size and integrity of both protein and liposomes.
The 111In and 67Ga radionuclides were selected due to their
relatively long half-life (111I n = 2.81 and 67Ga = 3.26 days),
their high photon energy, their ready and daily availability
as cyclotron-produced radionuclides, and the possibility for
clinical translation. Using SPECT-CT imaging, we confirmed
our previous studies showing that CAF01 forms a depot at
the site of injection (48). First, we show that 111In-CAF01
with surface-adsorbed cold H56 and 111In-H56 adsorbed onto
cold CAF01 remain at the site of injection for up to 6 days
post-s.c. injection, and we confirmed the observation through
ex vivo biodistribution. Using the tracer molecule 3H-DPPC
with DDA and TDB and 125I-labeled Ag85B-ESAT6 protein
(so-called H1), it was shown previously that CAF01 forms a
depot when injected i.m. or s.c. and promotes antigen retention
at the site of injection (48). Moreover, this depot effect was
correlated with the synchronization of DC uptake of antigen
and activation by CAF01, which is an important element for
the Th1/Th17 adjuvanticity of CAF01 (85, 86). However, in our
study, there was a clear difference in the biodistribution of H56
and CAF01 following s.c. injection; H56 was cleared faster than
CAF01 and was detected in the kidneys and the bladder already
6 h post-administration. Following pulmonary administration of
radiolabeled H56 and CAF01, respectively, we generally observed
rapid accumulation of radioactivity in the lungs and the bladder
within the first hour post-administration. The observed activity
in the trachea is caused by deposition of very small amounts
of activity from the tip of the MicroSprayer R© needle during
i.pulmon. administration. At later time-points, the amount of
radioactive H56 in the lungs, although lower, was detectable until
24 h, as compared to radioactive CAF01, which was observed
until 96 h. For both H56 and CAF01, radioactivity was observed
in the stomach and the intestines from 6 to 24 h post-injection,
which could be due to cough reflux during the withdrawal of
the MicroSprayer R© needle from the trachea, or clearance of
the dispersion from the trachea and subsequent swallowing, as
previously reported (47). Nevertheless, the applied i.pulmon.
administration method enables a rather uniform distribution
of the aerosolized vaccine into both lung lobes as observed
by SPECT imaging. This is further supported by the fact that
extrapulmonary distribution following aerosolization did not
influence the overall vaccine immunogenicity, and it was not
associated with any apparent side effects or systemic toxicity
during the study period (up to a maximum of 6 weeks).

Induction of cell-mediated immunity by vaccination is
challenging. It is believed that repeated administration of the
same vaccine (homologous boosting) is effective for increasing
humoral but not cellular immune responses, while heterologous
prime-boost immunization induces strong humoral and cellular
immune responses (87, 88). However, the use of the homologous
parenteral prime-mucosal boost immunization schedule has
been shown to induce simultaneous robust local mucosal and
systemic protective cellular and humoral immunity against
mucosal pathogens, e.g., Mtb and HIV (13, 63, 69). Our
data show that homologous parenteral priming followed by
airway boosting with H56/CAF01 elicits strong antigen-specific
CD4+ T cell responses, both in the spleen and the lungs,

and IgA responses in both serum and lungs, as compared to
parenteral homologous prime-boost immunizations. Recently,
it was reported that the administration route used for priming
and boosting of the H56/CAF01 vaccine is important for
improving and directing the vaccine-induced immune responses
using either the homologous or heterologous prime-boost
combinations (22). Largely, the enhanced immunity following
prime-boost homologous or heterologous immunization to the
target antigen is reflected predominantly by cellular events, e.g.,
an increased number of antigen-specific T cells, enrichment
of high-avidity T cells, and subsequent increased protective
efficacy against a pathogen challenge (89). Having demonstrated
significantly higher CD4+ T-cell- and antibody responses
for homologous prime-boost immunization, we evaluated the
biodistribution and pharmacokinetics of the H56/CAF01 vaccine
by SPECT/CT imaging to compare pulmonary uptake and
distribution between airway (i.pulmon.) prime vs. parenteral
(s.c.) prime—airway (i.pulmon.) mucosal boost immunization
strategies. However, the vaccine biodistribution in airway-
boosted animals that were primed s.c. with the homologous
vaccine was not significantly different from the biodistribution
in s.c.- primed only animals. Since most of the immunological
events are taking place at the cellular level initially in the
lung mucosa and draining lymph nodes followed by systemic
circulation, whole-body SPECT/CT imaging cannot be used
to differentiate the cellular events during prime vs. prime-
boost immunization. Nevertheless, the comparable vaccine
biodistribution profiles upon homologous prime and prime-
boost immunization underlines the reproducibility of our
radiolabeling results and emphasizes the usability of the
SPECT/CT imaging-based approach for quantification of the
biodistribution of subunit vaccines. Our novel data represent
dual-isotope radiolabeling and preclinical non-invasive and
longitudinal SPECT/CT imaging of the H56/CAF01 vaccine as
a readily translatable strategy, which can be integrated into a
clinical workflow. In addition, this novel radiolabeling platform
can be used to identify image-derived biomarkers, which could be
used to image vaccine-induced immune response, where imaging
of sites such as lungs, LNs and spleen can provide additional
information about vaccine-induced immune response as well
as safety and efficacy. Interestingly, a recent study reported
a PET imaging-derived biomarker that can be used to image
activated T cells to predict tumor responses to in situ vaccination
(90). Future studies should include devising novel immuno-
SPECT/CT strategies for the identification of H56/CAF01
vaccine-induced activated T cells for differentiating prime
vs. prime-boost immunizations and corresponding vaccine
efficacy.

From our data we can conclude that strong IgA antibody
and polyfunctional Th1 and Th17 cell responses are induced in
the lung mucosa and the systemic circulation upon parenteral
(i.m.) priming combined with airway (i.pulmon.) mucosal
boost immunization with the TB subunit vaccine H56/CAF01,
as compared to parenteral (i.m.) priming combined with
parenteral (i.m.) boost immunization. These data demonstrate
that parenteral priming followed by airway mucosal boosting
with the H56/CAF01 vaccine is a novel immunization strategy

Frontiers in Immunology | www.frontiersin.org 17 November 2018 | Volume 9 | Article 2825

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


Thakur et al. SPECT/CT and Mucosal Immunization of H56/CAF01 Vaccine

for improving vaccine immunogenicity and directing the
trafficking of antigen-specific CD4+ T cells to the lungs. These
results warrants further preclinical and clinical development of
H56/CAF01 as an inhalable and self-administrable aerosol
vaccine. We conclude that there are very pronounced
differences in the pharmacokinetics of H56 and CAF01
based on dual isotope (111In/67Ga)-based SPECT/CT imaging
of the vaccine biodistribution. Our results also suggest a
comparable biodistribution profile of the H56/CAF01 vaccine
following airway (i.pulmon.) prime and parenteral prime
(s.c.)—airway (i.pulmon.) mucosal boost immunization,
respectively. We believe that immuno-SPECT/CT strategies
can be developed, based on this novel radiolabeling platform,
for imaging of H56/CAF01 vaccine-induced activated T
cells at specific effector sites, e.g., the lungs. Overall, our
findings may hold considerable implications for the rational
design of effective mucosal immunization strategies against
TB.

AUTHOR CONTRIBUTIONS

AT, DC, UH, and CF designed the study. AT, CR-R, KS, FR, TE,
and ZN performed the laboratory work and analyzed the data.
AT, DC, UH, and CF interpreted the data. AT, CR-R, UH, and
CF drafted the manuscript. AT, CR-R, KS, PA, DC, UH, and CF
provided scientific input throughout the study period and draft
of the manuscript.

FUNDING

This study was supported by The Danish Council for
Independent Research, Technology and Production Sciences
(grant number DFF-4184-00422), the Canada Foundation for
Innovation (Grant No. 25413), and the Lundbeck Foundation,
Denmark (The UBC-SUND Lundbeck Foundation professorship
to UH).

ACKNOWLEDGMENTS

We thank Mette Lynggaard Rådbjerg and Mathilde Caldara
from the animal facility at Department of Drug Design and
Pharmacology, University of Copenhagen, for their technical
assistance. We are grateful to Liselotte Norup from the Core
Facility for Flow Cytometry at the University of Copenhagen for
technical assistance. The authors would also like to thank the
skillful team of laboratory animal technicians and veterinarians
at the University of British Columbia Centre for Comparative
Medicine, in particular Dr. Shelly McErlane and Dr. Jana
Hodasova, for their assistance and fruitful discussions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.02825/full#supplementary-material

REFERENCES

1. WHO. Global Tuberculosis Report 2017. Geneva: World Health Organization

(2017).

2. Cooper AM. Cell-mediated immune responses in tuberculosis. Annu Rev

Immunol. (2009) 27:393–422. doi: 10.1146/annurev.immunol.021908.132703

3. Kaufmann SH. Tuberculosis vaccine development: strength lies in tenacity.

Trends Immunol. (2012) 33:373–9. doi: 10.1016/j.it.2012.03.004

4. McShane H, Jacobs WR, Fine PE, Reed SG, McMurray DN, Behr M,

et al. BCG: myths, realities, and the need for alternative vaccine strategies.

Tuberculosis (2012) 92:283–8. doi: 10.1016/j.tube.2011.12.003

5. Behr MA. BCG–different strains, different vaccines? Lancet Infect Dis. (2002)

2:86–92. doi: 10.1016/S1473-3099(02)00182-2

6. 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

7. Andersen P, Urdahl KB. TB vaccines; promoting rapid and durable

protection in the lung. Curr Opin Immunol. (2015) 35:55–62.

doi: 10.1016/j.coi.2015.06.001

8. Urdahl KB, Shafiani S, Ernst JD. Initiation and regulation of T-cell responses

in tuberculosis.Mucosal Immunol. (2011) 4:288–93. doi: 10.1038/mi.2011.10

9. Chen K, Kolls JK. T cell-mediated host immune defenses

in the lung. Annu Rev Immunol. (2013) 31:605–33.

doi: 10.1146/annurev-immunol-032712-100019

10. Gengenbacher M, Nieuwenhuizen NE, Kaufmann S. BCG - old workhorse,

new skills. Curr Opin Immunol. (2017) 47:8–16. doi: 10.1016/j.coi.2017.06.007

11. Andersen P, Woodworth JS. Tuberculosis vaccines–rethinking the current

paradigm. Trends Immunol. (2014) 35:387–95. doi: 10.1016/j.it.2014.04.006

12. Nieuwenhuizen NE, Kaufmann SHE. Next-generation vaccines

based on bacille calmette-guerin. Front Immunol. (2018) 9:121.

doi: 10.3389/fimmu.2018.00121

13. 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

14. Kaushal D, Foreman TW, Gautam US, Alvarez X, Adekambi T, Rangel-

Moreno J, et al. Mucosal vaccination with attenuated Mycobacterium

tuberculosis induces strong central memory responses and protects against

tuberculosis. Nat Commun. (2015) 6:8533. doi: 10.1038/ncomms9533

15. Horvath CN, Shaler CR, Jeyanathan M, Zganiacz A, Xing Z. Mechanisms of

delayed anti-tuberculosis protection in the lung of parenteral BCG-vaccinated

hosts: a critical role of airway luminal T cells. Mucosal Immunol. (2012)

5:420–31. doi: 10.1038/mi.2012.19

16. Christensen D, Mortensen R, Rosenkrands I, Dietrich J, Andersen P. Vaccine-

induced Th17 cells are established as resident memory cells in the lung

and promote local IgA responses. Mucosal Immunol. (2017) 10:260–70.

doi: 10.1038/mi.2016.28

17. Wu M, Zhao H, Li M, Yue Y, Xiong S, Xu W. Intranasal vaccination with

mannosylated chitosan formulated DNA vaccine enables robust IgA and

cellular response induction in the lungs of mice and improves protection

against pulmonarymycobacterial challenge. Front Cell InfectMicrobiol. (2017)

7:445. doi: 10.3389/fcimb.2017.00445

18. Beverley PC, Sridhar S, Lalvani A, Tchilian EZ. Harnessing local and systemic

immunity for vaccines against tuberculosis.Mucosal Immunol. (2014) 7:20–6.

doi: 10.1038/mi.2013.99

19. Griffiths KL, Ahmed M, Das S, Gopal R, Horne W, Connell TD,

et al. Targeting dendritic cells to accelerate T-cell activation overcomes a

bottleneck in tuberculosis vaccine efficacy. Nat Commun. (2016) 7:13894.

doi: 10.1038/ncomms13894

20. Voss G, Casimiro D, Neyrolles O, Williams A, Kaufmann SHE, McShane H,

et al. Progress and challenges in TB vaccine development. F1000Res (2018)

7:199. doi: 10.12688/f1000research.13588.1

Frontiers in Immunology | www.frontiersin.org 18 November 2018 | Volume 9 | Article 2825

https://www.frontiersin.org/articles/10.3389/fimmu.2018.02825/full#supplementary-material
https://doi.org/10.1146/annurev.immunol.021908.132703
https://doi.org/10.1016/j.it.2012.03.004
https://doi.org/10.1016/j.tube.2011.12.003
https://doi.org/10.1016/S1473-3099(02)00182-2
https://doi.org/10.1016/j.it.2018.01.006
https://doi.org/10.1016/j.coi.2015.06.001
https://doi.org/10.1038/mi.2011.10
https://doi.org/10.1146/annurev-immunol-032712-100019
https://doi.org/10.1016/j.coi.2017.06.007
https://doi.org/10.1016/j.it.2014.04.006
https://doi.org/10.3389/fimmu.2018.00121
https://doi.org/10.1371/journal.pone.0135009
https://doi.org/10.1038/ncomms9533
https://doi.org/10.1038/mi.2012.19
https://doi.org/10.1038/mi.2016.28
https://doi.org/10.3389/fcimb.2017.00445
https://doi.org/10.1038/mi.2013.99
https://doi.org/10.1038/ncomms13894
https://doi.org/10.12688/f1000research.13588.1
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Thakur et al. SPECT/CT and Mucosal Immunization of H56/CAF01 Vaccine

21. Song K, Bolton DL, Wei CJ, Wilson RL, Camp JV, Bao S, et al.

Genetic immunization in the lung induces potent local and systemic

immune responses. Proc Natl Acad Sci USA. (2010) 107:22213–8.

doi: 10.1073/pnas.1015536108

22. Ciabattini A, Prota G, Christensen D, Andersen P, Pozzi G, Medaglini D.

Characterization of the Antigen-Specific CD4(+) T Cell Response Induced

by Prime-Boost Strategies with CAF01 and CpG adjuvants administered

by the intranasal and subcutaneous routes. Front Immunol. (2015) 6:430.

doi: 10.3389/fimmu.2015.00430

23. Blazevic A, Eickhoff CS, Stanley J, Buller MR, Schriewer J, Kettelson

EM, et al. Investigations of TB vaccine-induced mucosal protection

in mice. Microbes Infect. (2014) 16:73–9. doi: 10.1016/j.micinf.2013.

09.006

24. Lewis DJ, Huo Z, Barnett S, Kromann I, Giemza R, Galiza E, et al.

Transient facial nerve paralysis (Bell’s palsy) following intranasal

delivery of a genetically detoxified mutant of Escherichia coli heat

labile toxin. PLoS ONE (2009) 4:e6999. doi: 10.1371/journal.pone.00

06999

25. Kallenius G, Pawlowski A, Brandtzaeg P, Svenson S. Should

a new tuberculosis vaccine be administered intranasally?

Tuberculosis (2007) 87:257–66. doi: 10.1016/j.tube.2006.

12.006

26. Willmann JK, van Bruggen N, Dinkelborg LM, Gambhir SS. Molecular

imaging in drug development. Nat Rev Drug Discov. (2008) 7:591–607.

doi: 10.1038/nrd2290

27. van der Geest T, Laverman P, Metselaar JM, Storm G, Boerman

OC. Radionuclide imaging of liposomal drug delivery. Expert

Opin Drug Deliv. (2016) 13:1231–42. doi: 10.1080/17425247.2016.12

05584

28. Srivatsan A, Chen X. Recent advances in nanoparticle-based

nuclear imaging of cancers. Adv Cancer Res. (2014) 124:83–129.

doi: 10.1016/B978-0-12-411638-2.00003-3

29. Aagaard C, Hoang T, Dietrich J, Cardona PJ, Izzo A, Dolganov G, et al. A

multistage tuberculosis vaccine that confers efficient protection before and

after exposure. Nat Med. (2011) 17:189–94. doi: 10.1038/nm.2285

30. Lin PL, Dietrich J, Tan E, Abalos RM, Burgos J, Bigbee C, et al. The multistage

vaccine H56 boosts the effects of BCG to protect cynomolgus macaques

against active tuberculosis and reactivation of latent Mycobacterium

tuberculosis infection. J Clin Invest. (2012) 122:303–14. doi: 10.1172/JCI

46252

31. Luabeya AK, Kagina BM, Tameris MD, Geldenhuys H, Hoff ST, Shi Z,

et al. First-in-human trial of the post-exposure tuberculosis vaccine H56:IC31

in Mycobacterium tuberculosis infected and non-infected healthy adults.

Vaccine (2015) 33:4130–40. doi: 10.1016/j.vaccine.2015.06.051

32. Desel C, Werninghaus K, Ritter M, Jozefowski K, Wenzel J, Russkamp N,

et al. The Mincle-activating adjuvant TDB induces MyD88-dependent Th1

and Th17 responses through IL-1R signaling. PLoS ONE (2013) 8:e53531.

doi: 10.1371/journal.pone.0053531

33. Davidsen J, Rosenkrands I, Christensen D, Vangala A, Kirby D,

Perrie Y, et al. Characterization of cationic liposomes based on

dimethyldioctadecylammonium and synthetic cord factor from M.

tuberculosis (trehalose 6,6′-dibehenate)-a novel adjuvant inducing both

strong CMI and antibody responses. Biochim Biophys Acta (2005) 1718:22–31.

doi: 10.1016/j.bbamem.2005.10.011

34. Lindenstrom T, Woodworth J, Dietrich J, Aagaard C, Andersen P, Agger

EM. Vaccine-induced th17 cells are maintained long-term postvaccination

as a distinct and phenotypically stable memory subset. Infect Immun. (2012)

80:3533–44. doi: 10.1128/IAI.00550-12

35. Knudsen NP, Olsen A, Buonsanti C, Follmann F, Zhang Y, Coler RN, et al.

Different human vaccine adjuvants promote distinct antigen-independent

immunological signatures tailored to different pathogens. Sci Rep (2016)

6:19570. doi: 10.1038/srep19570

36. Hamborg M, Kramer R, Schante CE, Agger EM, Christensen D, Jorgensen

L, et al. The physical stability of the recombinant tuberculosis fusion

antigens h1 and h56. J Pharm Sci. (2013) 102:3567–78. doi: 10.1002/jps.

23669

37. Bivas-Benita M, Zwier R, Junginger HE, Borchard G. Non-invasive

pulmonary aerosol delivery in mice by the endotracheal route.

Eur J Pharm Biopharm. (2005) 61:214–8. doi: 10.1016/j.ejpb.2005.

04.009

38. Branderhorst W, Vastenhouw B, Beekman FJ. Pixel-based subsets for rapid

multi-pinhole SPECT reconstruction. Phys Med Biol. (2010) 55:2023–34.

doi: 10.1088/0031-9155/55/7/015

39. Woodworth JS, Cohen SB, Moguche AO, Plumlee CR, Agger EM, Urdahl KB,

et al. Subunit vaccine H56/CAF01 induces a population of circulating CD4T

cells that traffic into the Mycobacterium tuberculosis-infected lung. Mucosal

Immunol. (2017) 10:555–64. doi: 10.1038/mi.2016.70

40. Wern JE, Sorensen MR, Olsen AW, Andersen P, Follmann F.

Simultaneous Subcutaneous and Intranasal Administration of a CAF01-

adjuvanted chlamydia vaccine elicits elevated IgA and Protective

Th1/Th17 responses in the genital tract. Front Immunol. (2017) 8:569.

doi: 10.3389/fimmu.2017.00569

41. Agger EM, Rosenkrands I, Hansen J, Brahimi K, Vandahl BS, Aagaard C,

et al. Cationic liposomes formulated with synthetic mycobacterial cordfactor

(CAF01): a versatile adjuvant for vaccines with different immunological

requirements. PLoS ONE (2008) 3:e3116. doi: 10.1371/journal.pone.00

03116

42. Billeskov R, Tan EV, Cang M, Abalos RM, Burgos J, Pedersen BV, et al. Testing

the H56 Vaccine delivered in 4 different adjuvants as a BCG-booster in a

non-human primate model of tuberculosis. PLoS ONE (2016) 11:e0161217.

doi: 10.1371/journal.pone.0161217

43. Thakur A, Ingvarsson PT, Schmidt ST, Rose F, Andersen P, Christensen

D, et al. Immunological and physical evaluation of the multistage

tuberculosis subunit vaccine candidate H56/CAF01 formulated as a

spray-dried powder. Vaccine (2018) 36:3331–9. doi: 10.1016/j.vaccine.2018.

04.055

44. HamborgM, Jorgensen L, Bojsen AR, ChristensenD, Foged C. Protein antigen

adsorption to the DDA/TDB liposomal adjuvant: effect on protein structure,

stability, and liposome physicochemical characteristics. Pharm Res. (2013)

30:140–55. doi: 10.1007/s11095-012-0856-8

45. Kallerup RS, Madsen CM, Schioth ML, Franzyk H, Rose F, Christensen

D, et al. Influence of trehalose 6,6’-diester (TDX) chain length on

the physicochemical and immunopotentiating properties of DDA/TDX

liposomes. Eur J Pharm Biopharm. (2015) 90:80–9. doi: 10.1016/j.ejpb.2014.

10.015

46. Kallerup RS, Franzyk H, Schioth ML, Justesen S, Martin-Bertelsen B, Rose

F, et al. Adjuvants based on synthetic mycobacterial cord factor analogues:

biophysical properties of neat glycolipids and nanoself-assemblies with

DDA. Mol Pharm. (2017) 14:2294–306. doi: 10.1021/acs.molpharmaceut.7b

00170

47. Hasegawa-Baba Y, Kubota H, Takata A,MiyagawaM. Intratracheal instillation

methods and the distribution of administered material in the lung of the rat. J

Toxicol Pathol. (2014) 27:197–204. doi: 10.1293/tox.2014-0022

48. Henriksen-Lacey M, Bramwell VW, Christensen D, Agger EM, Andersen

P, Perrie Y. Liposomes based on dimethyldioctadecylammonium

promote a depot effect and enhance immunogenicity of soluble

antigen. J Control Release (2010) 142:180–6. doi: 10.1016/j.jconrel.2009.

10.022

49. Anderson KG, Mayer-Barber K, Sung H, Beura L, James BR, Taylor JJ, et al.

Intravascular staining for discrimination of vascular and tissue leukocytes.Nat

Protoc. (2014) 9:209–22. doi: 10.1038/nprot.2014.005

50. Schenkel JM, Masopust D. Tissue-resident memory T cells. Immunity (2014)

41:886–97. doi: 10.1016/j.immuni.2014.12.007

51. Iijima N, Iwasaki A. Tissue instruction for migration and retention

of TRM cells. Trends Immunol. (2015) 36:556–64. doi: 10.1016/j.it.2015.

07.002

52. Sakai S, Kauffman KD, Schenkel JM, McBerry CC, Mayer-Barber KD,

Masopust D, et al. Cutting edge: control of Mycobacterium tuberculosis

infection by a subset of lung parenchyma-homing CD4T cells. J Immunol.

(2014) 192:2965–9. doi: 10.4049/jimmunol.1400019

53. Khader SA, Bell GK, Pearl JE, Fountain JJ, Rangel-Moreno J, Cilley GE, et al.

IL-23 and IL-17 in the establishment of protective pulmonary CD4+ T cell

responses after vaccination and duringMycobacterium tuberculosis challenge.

Nat Immunol. (2007) 8:369–77. doi: 10.1038/ni1449

54. Jeyanathan M, McCormick S, Lai R, Afkhami S, Shaler CR, Horvath

CN, et al. Pulmonary M. tuberculosis infection delays Th1 immunity via

Frontiers in Immunology | www.frontiersin.org 19 November 2018 | Volume 9 | Article 2825

https://doi.org/10.1073/pnas.1015536108
https://doi.org/10.3389/fimmu.2015.00430
https://doi.org/10.1016/j.micinf.2013.09.006
https://doi.org/10.1371/journal.pone.0006999
https://doi.org/10.1016/j.tube.2006.12.006
https://doi.org/10.1038/nrd2290
https://doi.org/10.1080/17425247.2016.1205584
https://doi.org/10.1016/B978-0-12-411638-2.00003-3
https://doi.org/10.1038/nm.2285
https://doi.org/10.1172/JCI46252
https://doi.org/10.1016/j.vaccine.2015.06.051
https://doi.org/10.1371/journal.pone.0053531
https://doi.org/10.1016/j.bbamem.2005.10.011
https://doi.org/10.1128/IAI.00550-12
https://doi.org/10.1038/srep19570
https://doi.org/10.1002/jps.23669
https://doi.org/10.1016/j.ejpb.2005.04.009
https://doi.org/10.1088/0031-9155/55/7/015
https://doi.org/10.1038/mi.2016.70
https://doi.org/10.3389/fimmu.2017.00569
https://doi.org/10.1371/journal.pone.0003116
https://doi.org/10.1371/journal.pone.0161217
https://doi.org/10.1016/j.vaccine.2018.04.055
https://doi.org/10.1007/s11095-012-0856-8
https://doi.org/10.1016/j.ejpb.2014.10.015
https://doi.org/10.1021/acs.molpharmaceut.7b00170
https://doi.org/10.1293/tox.2014-0022
https://doi.org/10.1016/j.jconrel.2009.10.022
https://doi.org/10.1038/nprot.2014.005
https://doi.org/10.1016/j.immuni.2014.12.007
https://doi.org/10.1016/j.it.2015.07.002
https://doi.org/10.4049/jimmunol.1400019
https://doi.org/10.1038/ni1449
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Thakur et al. SPECT/CT and Mucosal Immunization of H56/CAF01 Vaccine

immunoadaptor DAP12-regulated IRAK-M and IL-10 expression in antigen-

presenting cells.Mucosal Immunol. (2014) 7:670–83. doi: 10.1038/mi.2013.86

55. Takamura S, Yagi H, Hakata Y, Motozono C, McMaster SR, Masumoto T,

et al. Specific niches for lung-resident memory CD8+ T cells at the site

of tissue regeneration enable CD69-independent maintenance. J Exp Med.

(2016) 213:3057–73. doi: 10.1084/jem.20160938

56. Sharpe S, White A, Sarfas C, Sibley L, Gleeson F, McIntyre A, et al. Alternative

BCG delivery strategies improve protection against Mycobacterium

tuberculosis in non-human primates: protection associated with

mycobacterial antigen-specific CD4 effector memory T-cell populations.

Tuberculosis (2016) 101:174–90. doi: 10.1016/j.tube.2016.09.004

57. Lindenstrom T, Knudsen NP, Agger EM, Andersen P. Control of chronic

mycobacterium tuberculosis infection by CD4 KLRG1- IL-2-secreting central

memory cells. J Immunol. (2013) 190:6311–9. doi: 10.4049/jimmunol.13

00248

58. Perdomo C, Zedler U, Kuhl AA, Lozza L, Saikali P, Sander LE, et al. Mucosal

BCG vaccination induces protective lung-resident memory T cell populations

against tuberculosis. MBio (2016) 7:e01686-16. doi: 10.1128/mBio.01

686-16

59. Santosuosso M, McCormick S, Roediger E, Zhang X, Zganiacz A,

Lichty BD, et al. Mucosal luminal manipulation of T cell geography

switches on protective efficacy by otherwise ineffective parenteral genetic

immunization. J Immunol. (2007) 178:2387–95. doi: 10.4049/jimmunol.178.

4.2387

60. Lindenstrom T, Moguche A, Damborg M, Agger EM, Urdahl K, Andersen

P. T Cells Primed by live mycobacteria versus a tuberculosis subunit

vaccine exhibit distinct functional properties. EBioMedicine (2018) 27:27–39.

doi: 10.1016/j.ebiom.2017.12.004

61. Billeskov R, Lindenstrom T, Woodworth J, Vilaplana C, Cardona PJ,

Cassidy JP, et al. High antigen dose is detrimental to post-exposure

vaccine protection against tuberculosis. Front Immunol. (2017) 8:1973.

doi: 10.3389/fimmu.2017.01973

62. Seder RA, Darrah PA, Roederer M. T-cell quality in memory and protection:

implications for vaccine design. Nat Rev Immunol. (2008) 8:247–58.

doi: 10.1038/nri2274

63. Cristillo AD, Ferrari MG, Hudacik L, Lewis B, Galmin L, Bowen

B, et al. Induction of mucosal and systemic antibody and T-cell

responses following prime-boost immunization with novel adjuvanted human

immunodeficiency virus-1-vaccine formulations. J Gen Virol. (2011) 92(Pt

1):128–40. doi: 10.1099/vir.0.023242-0

64. Kuczkowska K, Myrbraten I, Overland L, Eijsink VGH, Follmann

F, Mathiesen G, et al. Lactobacillus plantarum producing a

Chlamydia trachomatis antigen induces a specific IgA response

after mucosal booster immunization. PLoS ONE (2017) 12:e0176401.

doi: 10.1371/journal.pone.0176401

65. Makitalo B, Lundholm P, Hinkula J, Nilsson C, Karlen K, Morner A,

et al. Enhanced cellular immunity and systemic control of SHIV infection

by combined parenteral and mucosal administration of a DNA prime

MVA boost vaccine regimen. J Gen Virol. (2004) 85(Pt 8):2407–19.

doi: 10.1099/vir.0.79869-0

66. Khalifa ME, El-Deeb AH, Zeidan SM, Hussein HA, Abu-El-Naga HI.

Enhanced protection against FMDV in cattle after prime- boost vaccination

based on mucosal and inactivated FMD vaccine. Vet Microbiol. (2017) 210:1–

7. doi: 10.1016/j.vetmic.2017.08.014

67. Lorenzen E, Follmann F, Boje S, Erneholm K, Olsen AW, Agerholm JS,

et al. Intramuscular priming and intranasal boosting induce strong genital

immunity through secretory IgA in minipigs infected with chlamydia

trachomatis. Front Immunol. (2015) 6:628. doi: 10.3389/fimmu.2015.

00628

68. Santosuosso M, McCormick S, Zhang X, Zganiacz A, Xing Z. Intranasal

boosting with an adenovirus-vectored vaccine markedly enhances protection

by parenteral Mycobacterium bovis BCG immunization against pulmonary

tuberculosis. Infect Immun. (2006) 74:4634–43. doi: 10.1128/IAI.00

517-06

69. Jeyanathan M, Damjanovic D, Shaler CR, Lai R, Wortzman M, Yin C,

et al. Differentially imprinted innate immunity by mucosal boost vaccination

determines antituberculosis immune protective outcomes, independent of T-

cell immunity.Mucosal Immunol. (2013) 6:612–25. doi: 10.1038/mi.2012.103

70. Thakur A, Pedersen LE, Jungersen G. Immune markers and correlates of

protection for vaccine induced immune responses. Vaccine (2012) 30:4907–

20. doi: 10.1016/j.vaccine.2012.05.049

71. Holmgren J, Svennerholm AM. Vaccines against mucosal infections.

Curr Opin Immunol. (2012) 24:343–53. doi: 10.1016/j.coi.2012.

03.014

72. Maglione PJ, Chan J. How B cells shape the immune response against

Mycobacterium tuberculosis. Eur J Immunol. (2009) 39:676–86.

doi: 10.1002/eji.200839148

73. Achkar JM, Casadevall A. Antibody-mediated immunity against tuberculosis:

implications for vaccine development. Cell Host Microbe (2013) 13:250–62.

doi: 10.1016/j.chom.2013.02.009

74. Lu LL, Chung AW, Rosebrock TR, Ghebremichael M, YuWH, Grace PS, et al.

A functional role for antibodies in tuberculosis. Cell (2016) 167:433–43 e14.

doi: 10.1016/j.cell.2016.08.072

75. Phuah J, Wong EA, Gideon HP, Maiello P, Coleman MT, Hendricks MR,

et al. Effects of B cell depletion on early mycobacterium tuberculosis

infection in cynomolgus macaques. Infect Immun. (2016) 84:1301–11.

doi: 10.1128/IAI.00083-16

76. Li H, Wang XX, Wang B, Fu L, Liu G, Lu Y, et al. Latently and uninfected

healthcare workers exposed to TB make protective antibodies against

Mycobacterium tuberculosis. Proc Natl Acad Sci USA. (2017) 114:5023–8.

doi: 10.1073/pnas.1611776114

77. Prados-Rosales R, Carreno L, Cheng T, Blanc C, Weinrick B, Malek A,

et al. Enhanced control of Mycobacterium tuberculosis extrapulmonary

dissemination in mice by an arabinomannan-protein conjugate

vaccine. PLoS Pathog. (2017) 13:e1006250. doi: 10.1371/journal.ppat.10

06250

78. Prados-Rosales R, Carreno LJ, Batista-Gonzalez A, Baena A, Venkataswamy

MM, Xu J, et al. Mycobacterial membrane vesicles administered

systemically in mice induce a protective immune response to surface

compartments of Mycobacterium tuberculosis. MBio (2014) 5:e01921–14.

doi: 10.1128/mBio.01921-14

79. Giri PK, Verma I, Khuller GK. Enhanced immunoprotective potential

of Mycobacterium tuberculosis Ag85 complex protein based vaccine

against airway Mycobacterium tuberculosis challenge following intranasal

administration. FEMS Immunol Med Microbiol. (2006) 47:233–41.

doi: 10.1111/j.1574-695X.2006.00087.x

80. Kohama H, Umemura M, Okamoto Y, Yahagi A, Goga H, Harakuni T, et al.

Mucosal immunization with recombinant heparin-binding haemagglutinin

adhesin suppresses extrapulmonary dissemination of Mycobacterium bovis

bacillus Calmette-Guerin (BCG) in infected mice. Vaccine (2008) 26:924–32.

doi: 10.1016/j.vaccine.2007.12.005

81. Balu S, Reljic R, Lewis MJ, Pleass RJ, McIntosh R, van Kooten

C, et al. A novel human IgA monoclonal antibody protects against

tuberculosis. J Immunol. (2011) 186:3113–9. doi: 10.4049/jimmunol.10

03189

82. Williams A, Reljic R, Naylor I, Clark SO, Falero-Diaz G, Singh M,

et al. Passive protection with immunoglobulin A antibodies against

tuberculous early infection of the lungs. Immunology (2004) 111:328–33.

doi: 10.1111/j.1365-2567.2004.01809.x

83. Ai W, Yue Y, Xiong S, Xu W. Enhanced protection against pulmonary

mycobacterial challenge by chitosan-formulated polyepitope gene vaccine

is associated with increased pulmonary secretory IgA and gamma-

interferon(+) T cell responses. Microbiol Immunol. (2013) 57:224–35.

doi: 10.1111/1348-0421.12027

84. Casadevall A. Antibodies to Mycobacterium tuberculosis. N Engl J Med.

(2017) 376:283–5. doi: 10.1056/NEJMcibr1613268

85. Christensen D, Henriksen-Lacey M, Kamath AT, Lindenstrom T,

Korsholm KS, Christensen JP, et al. A cationic vaccine adjuvant based

on a saturated quaternary ammonium lipid have different in vivo

distribution kinetics and display a distinct CD4T cell-inducing capacity

compared to its unsaturated analog. J Control Release (2012) 160:468–76.

doi: 10.1016/j.jconrel.2012.03.016

86. Kamath AT, Mastelic B, Christensen D, Rochat AF, Agger EM, Pinschewer

DD, et al. Synchronization of dendritic cell activation and antigen exposure

is required for the induction of Th1/Th17 responses. J Immunol. (2012)

188:4828–37. doi: 10.4049/jimmunol.1103183

Frontiers in Immunology | www.frontiersin.org 20 November 2018 | Volume 9 | Article 2825

https://doi.org/10.1038/mi.2013.86
https://doi.org/10.1084/jem.20160938
https://doi.org/10.1016/j.tube.2016.09.004
https://doi.org/10.4049/jimmunol.1300248
https://doi.org/10.1128/mBio.01686-16
https://doi.org/10.4049/jimmunol.178.4.2387
https://doi.org/10.1016/j.ebiom.2017.12.004
https://doi.org/10.3389/fimmu.2017.01973
https://doi.org/10.1038/nri2274
https://doi.org/10.1099/vir.0.023242-0
https://doi.org/10.1371/journal.pone.0176401
https://doi.org/10.1099/vir.0.79869-0
https://doi.org/10.1016/j.vetmic.2017.08.014
https://doi.org/10.3389/fimmu.2015.00628
https://doi.org/10.1128/IAI.00517-06
https://doi.org/10.1038/mi.2012.103
https://doi.org/10.1016/j.vaccine.2012.05.049
https://doi.org/10.1016/j.coi.2012.03.014
https://doi.org/10.1002/eji.200839148
https://doi.org/10.1016/j.chom.2013.02.009
https://doi.org/10.1016/j.cell.2016.08.072
https://doi.org/10.1128/IAI.00083-16
https://doi.org/10.1073/pnas.1611776114
https://doi.org/10.1371/journal.ppat.1006250
https://doi.org/10.1128/mBio.01921-14
https://doi.org/10.1111/j.1574-695X.2006.00087.x
https://doi.org/10.1016/j.vaccine.2007.12.005
https://doi.org/10.4049/jimmunol.1003189
https://doi.org/10.1111/j.1365-2567.2004.01809.x
https://doi.org/10.1111/1348-0421.12027
https://doi.org/10.1056/NEJMcibr1613268
https://doi.org/10.1016/j.jconrel.2012.03.016
https://doi.org/10.4049/jimmunol.1103183
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Thakur et al. SPECT/CT and Mucosal Immunization of H56/CAF01 Vaccine

87. McShane H, Hill A. Prime-boost immunisation strategies for

tuberculosis. Microbes Infect. (2005) 7:962–7. doi: 10.1016/j.micinf.2005.

03.009

88. De Rosa SC, Thomas EP, Bui J, Huang Y, deCamp A, Morgan C, et al.

HIV-DNA priming alters T cell responses to HIV-adenovirus vaccine even

when responses to DNA are undetectable. J Immunol. (2011) 187:3391–401.

doi: 10.4049/jimmunol.1101421

89. Ranasinghe C, Turner SJ, McArthur C, Sutherland DB, Kim JH, Doherty

PC, et al. Mucosal HIV-1 pox virus prime-boost immunization induces high-

avidity CD8+ T cells with regime-dependent cytokine/granzyme B profiles. J

Immunol. (2007) 178:2370–9. doi: 10.4049/jimmunol.178.4.2370

90. Alam IS, Mayer AT, Sagiv-Barfi I, Wang K, Vermesh O, Czerwinski

DK, et al. Imaging activated T cells predicts response to cancer

vaccines. J Clin Invest. (2018) 128:2569–80. doi: 10.1172/JCI

98509

Conflict of Interest Statement: PA and DC are employed by Statens Serum

Institut, a non-profit government research facility, of which the CAF adjuvants

and H56 are proprietary products.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2018 Thakur, Rodríguez-Rodríguez, Saatchi, Rose, Esposito, Nosrati,

Andersen, Christensen, Häfeli and Foged. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 21 November 2018 | Volume 9 | Article 2825

https://doi.org/10.1016/j.micinf.2005.03.009
https://doi.org/10.4049/jimmunol.1101421
https://doi.org/10.4049/jimmunol.178.4.2370
https://doi.org/10.1172/JCI98509
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Dual-Isotope SPECT/CT Imaging of the Tuberculosis Subunit Vaccine H56/CAF01: Induction of Strong Systemic and Mucosal IgA and T-Cell Responses in Mice Upon Subcutaneous Prime and Intrapulmonary Boost Immunization
	Introduction
	Materials and Methods
	Materials
	Preparation and Physicochemical Characterization of Vaccine Formulations
	Radiolabeling of CAF01 and H56
	Radiolabeling Efficiency and Purity of 111In-H56, 67Ga-H56 and 111In-CAF01
	In vivo SPECT/CT Imaging
	SPECT/CT Parameters and Image Reconstruction
	Biodistribution
	Immunizations
	In vivo Staining
	Sample Collection and Cell Preparation
	Antibody Detection
	Cytokine Assays
	Flow Cytometry
	Statistical Analysis

	Results
	Radiolabeling of CAF01 Liposomes and H56 Protein Does Not Influence Their Physicochemical Characteristics
	The H56/CAF01 Vaccine Remains in the Lungs Following i.pulmon. Immunization, Whereas Un-Adjuvanted H56 Rapidly Drains to the Local Lymph Nodes
	The Vaccine Forms a Depot Following Parenteral (s.c.) Administration
	Combined Parenteral (i.m.) Prime and Airway (i.pulmon.) Boost Immunizations Increase H56-Specific IgA Titers in the Airways
	Parenteral (i.m.) Prime and Airway (i.pulmon.) Boost Immunization Cause Localization of H56-Specific Th1 and Th17 Cells in the Lung Parenchyma
	H56-Specific Th1 and Th17 Cells Are Induced in the Spleen Upon Parenteral (i.m.) Prime and Airway (i.pulmon.) Boost Immunization
	The Biodistribution of Parenteral (s.c.) Prime and Airway (i.pulmon.) Boost Administered Vaccine Mimics the Biodistribution of i.pulmon. Administered Vaccine

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


