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as a Potent Cancer Vaccine Adjuvant
by Targeting Draining Lymph Nodes
Takayuki Nakagawa1, Tetsuya Tanino1, Motoyasu Onishi1, Soichi Tofukuji 1,
Takayuki Kanazawa1, Yukichi Ishioka1, Takeshi Itoh1, Akira Kugimiya1,
Kazufumi Katayama1, Takuya Yamamoto2, Morio Nagira1 and Ken J. Ishii 2,3,4*

1 Pharmaceutical Research Division, Shionogi & Co., Ltd., Osaka, Japan, 2 Laboratory of Adjuvant Innovation, Center for
Vaccine and Adjuvant Research (CVAR), National Institute of Biomedical Innovation, Health and Nutrition (NIBIOHN), Osaka,
Japan, 3 Laboratory of Mock-up Vaccine Project, Center for Vaccine and Adjuvant Research (CVAR), National Institute of
Biomedical Innovation, Health and Nutrition (NIBIOHN), Osaka, Japan, 4 Division of Vaccine Science, Department of
Microbiology and Immunology, The Institute of Medical Science, The University of Tokyo (IMSUT), Tokyo, Japan

Robust induction of cancer-antigen-specific CD8+ T cells is essential for the success of
cancer peptide vaccines, which are composed of a peptide derived from a cancer-specific
antigen and an immune-potentiating adjuvant, such as a Toll-like receptor (TLR) agonist.
Efficient delivery of a vaccine antigen and an adjuvant to antigen-presenting cells in the
draining lymph nodes (LNs) holds key to maximize vaccine efficacy. Here, we developed
S-540956, a novel TLR9-agonistic adjuvant consisting of B-type CpG ODN2006 (also
known as CpG7909), annealed to its complementary sequence oligodeoxynucleotide
(ODN) conjugated to a lipid; it could target both a cancer peptide antigen and a CpG-
adjuvant in the draining LNs. S-540956 accumulation in the draining LNs and activation of
plasmacytoid dendritic cells (pDCs) were significantly higher than that of ODN2006.
Mechanistic analysis revealed that S-540956 enhanced the induction of MHC class I
peptide-specific CD8+ T cell responses via TLR9 in a CD4+ T cell-independent manner. In
mice, the therapeutic effect of S-540956-adjuvanted with a human papillomavirus (HPV)-
E7 peptide vaccine against HPV-E7-expressing TC-1 tumors was significantly better than
that of an ODN2006-adjuvanted vaccine. Our findings demonstrate a novel adjuvant
discovery with the complementary strand conjugated to a lipid, which enabled draining LN
targeting and increased ODN2006 accumulation in draining LNs, thereby enhancing the
adjuvant effect. Our findings imply that S-540956 is a promising adjuvant for cancer
peptide vaccines and has a high potential for applications in various vaccines, including
recombinant protein vaccines.

Keywords: cancer peptide vaccine, adjuvant, CpG oligonucleotide, delivery system, draining lymph node
org December 2021 | Volume 12 | Article 80309015

https://www.frontiersin.org/articles/10.3389/fimmu.2021.803090/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.803090/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.803090/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.803090/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.803090/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:kenishii@ims.u-tokyo.ac.jp
mailto:kenishii@biken.osaka-u.ac.jp
https://doi.org/10.3389/fimmu.2021.803090
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.803090
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.803090&domain=pdf&date_stamp=2021-12-23


Nakagawa et al. S-540956, a Cancer Vaccine Adjuvant
INTRODUCTION

Despite the large number of clinical trials of cancer peptide
vaccines, no human cancer peptide vaccine has been approved to
date (1). To eliminate tumor cells, robust induction of prime and
recall T cell-mediated immune responses is essential for cancer
peptide vaccines, and secondary lymphoid organs are crucial for
orchestrating immune responses (2). Typical components of
cancer peptide vaccines include a major histocompatibility
complex (MHC)-I-restricted peptide(s) and an adjuvant(s),
where the adjuvants act as key players for enhancing CD8+ T
cell responses. Previous reports indicated that efficient delivery of
adjuvants to draining lymph nodes (LNs) increased antigen-
presenting cell (APC) activation and robust T cell responses,
without increasing systemic toxicity (3, 4).

CpG oligodeoxynucleotides (ODNs) are synthetic single-
stranded DNA fragments containing unmethylated CpG motifs
that mimic bacterial DNA (5, 6). CpG ODNs can strongly
activate plasmacytoid dendritic cells (pDCs) and B cells via the
Toll-like receptor 9 (TLR9)-signaling pathway and promote the
establishment of adaptive immunity (7). The efficacy and
tolerability of CpG ODNs have been demonstrated in a large
number of clinical trials (8); therefore, CpG ODNmodification is
a promising approach for developing effective and safe cancer
peptide vaccines. Interestingly, a CpG ODN combined with an
amphiphilic tail has been reported to enhance the accumulation
of draining LNs via albumin-hitchhiking and increase CD8+ T
cell responses, which can maximize the anti-tumor effects of
cancer peptide vaccines (3). In fact, the enhanced adjuvant effect
provided by combining CpG ODN with amphiphilic tails has
also been demonstrated when mixed with a severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) spike-2
receptor binding domain protein (9). Albumin is intrinsically
transferred to draining LNs, and thus, molecules that bind
albumin are effectively delivered to draining LNs (10). This
albumin-hitchhiking strategy prompted us to further develop
and characterize CpG ODNs capable of targeting draining LNs
similar to a previous study that directly conjugated cholesterol,
or a lipid, to the 5′ end of a CpG ODN and added an ODN to the
5′ end (3). Similarly, a mouse-specific CpG ODN has been
evaluated in murine tumor model, however a similar human
TLR9-selective CpG ODN has not been previously investigated
for cancer peptide vaccines in mice. In addition, the
immunological mechanisms have not been fully investigated to
identify key players in the adjuvanticity of draining LN-targeting
CpG ODNs. However, a previous structure–activity relationship
study demonstrated that the agonistic activities of CpG ODNs
for TLR9 were altered by modifying the 20-mer oligonucleotide
sequence (11). Hence, the direct modification can potentially
alter the immunostimulatory effects of CpG ODNs and may
cause an unpredictable immunotoxicity.

Therefore, to develop a novel draining LN-targeting adjuvant,
we synthetized modified CpG ODNs using different chemical
approaches, based on a previous report (3). Specifically, we
developed S-540956, which was synthesized by annealing a
single complementary DNA strand with an amphiphilic chain
unit to ODN2006 without modifying ODN2006 itself (12, 13).
Frontiers in Immunology | www.frontiersin.org 26
We then investigated the delivery and immunological
characteristics of S-540956 as a potential cancer peptide
vaccine adjuvant.
MATERIALS AND METHODS

Compounds
S-540956, a compound composed of a double-stranded
oligodeoxynucleotide, was synthesized by solid-phase synthesis
using a typical phosphoramidite method, as described previously
(14). Briefly, CpG ODN2006 (5′-TCGTCGTTTTGTCGTTTTG
TCGTT-3′) and complementary strands were synthesized using
an automated nucleic acid synthesizer (ns-8-II; Ajinomoto-
Biopharma Services, Osaka, Japan); lipid ligands were attached
to the complementary strand. The complementary strand with
the lipid ligands was named C-540956. The nucleotides of
ODN2006 and C-540956 were linked via phosphorothioate
and phosphodiester bonds, respectively. Individually purified
ODN2006 and C-540956 were hybridized after briefly heating
them to 65°C and subsequently cooling to 20-27°C. The purity of
the hybridized oligonucleotides was analyzed using liquid
chromatography-mass spectrometry. CpG1018 (B-type CpG)
and ODN1826 (B-type CpG specific for murine TLR9) were
also synthesized by the automated nucleic acid synthesizer (ns-8-
II; Ajinomoto-Biopharma Services). ODN1826 was annealed
with the complementary strand attached to the lipid ligands:
these were synthesized using the same methods as that for S-
540956. Alexa Fluor 647-labeled ODN2006 (ODN2006 AF647)
was synthesized by Ajinomoto-Biopharma Services. Alexa Fluor
647-labeled S-540956 (S-540956 AF647) was composed of
ODN2006 AF647 hybridized with C-540956. Polyinosinic-
polycytidylic acid (polyI:C) was purchased from In vivoGen
(Toulouse, France).

Animals
Six-to eight-week-old female C57BL/6J mice were purchased
from CLEA Japan, Inc. (Tokyo, Japan). Tlr9-/- mice were
purchased from Oriental BioService, Inc. (Kyoto, Japan).
Tap1-/- and Cd4-/- mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). All animal studies were
conducted following appropriate guidelines and with the
approval of the National Institutes of Biomedical Innovation,
Health, and Nutrition, as well as the Shionogi Animal Care and
Use Committee (Osaka, Japan).

TLR9 Reporter-Gene Assay
Secreted embryonic alkaline phosphatase (SEAP) reporter HEK-
Blue™-hTLR9 cells (expressing human TLR9 and NF-kB-
inducible SEAP) and HEK-Blue™-Null1 cells (expressing only
NF-kB-inducible SEAP) were purchased from In vivoGen. After
activation by treatment with different compounds, secreted
SEAP levels were measured using QUANTI-Blue medium
(In vivoGen), and the absorbance was measured at 540 nm
using a Varioskan Flash multimode reader (Thermo Fisher
Scientific, Waltham, MA).
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Surface Plasmon Resonance Analysis
Interactions between S-540956 and human or mouse serum
albumin (HSA or MSA, respectively) were analyzed using a
B IACORE S51 sy s t em (GE Hea l thca r e UK Ltd . ,
Buckinghamshire, UK), according to a previously reported
method (15). The sensorgrams for the S-540956 interaction
with HSA or MSA were analyzed by curve fitting using
numerical-integration analysis. The data were fitted globally by
simultaneously fitting the S-540956 sensorgrams obtained at six
different concentrations using BI evaluation software (version
4.1). The equilibrium dissociation constant (KD) values were
evaluated by applying linear or nonlinear fitting algorithms to
the binding data using the 1:1 Langmuir binding model.

In Vivo Imaging System (IVIS)-Imaging
Analysis
Mice were subcutaneously or intramuscularly injected with 5
nmol of S-540956 AF647 or ODN2006 AF647. After injection,
the animals were sacrificed, and the draining LNs and spleens
were collected at each sampling time. Fluorescence in the
collected organs was analyzed using the IVIS imaging system
(Perkin Elmer, Waltham, MA).

Immunofluorescence (IF) Imaging
Mice were intramuscularly injected with 5 nmol of S-540956
AF647, and then the draining LNs were excised after 24 h. The
draining LNs were frozen in optimum cutting temperature
compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan).
Embedded 8 mm cryostat sections were fixed in cold acetone
for 5 min. Anti-CD3 (clone SP7; Nichirei Corporation, Tokyo,
Japan), anti-B220 (clone RA3-6B2; BioLegend, San Diego, CA),
anti-CD169 (clone 3D6.112; BioLegend), and anti-plasmacytoid
dendritic cell antigen-1 ([PDCA-1], JF05 1C2.4.1; Miltenyi
Biotech Bergisch Gladbach, Germany) antibodies were used as
primary antibodies. AF488-conjugated goat anti-rabbit IgG H&L
(Abcam, Cambridge, UK) was used to detect the anti-CD3
antibody, and AF488-conjugated goat anti-rat IgG (minimal
cross-reactivity; BioLegend) was used to detect the anti-B220,
anti-CD169, and anti-PDCA1 antibodies. After staining the cells,
the tissue sections were analyzed using a fluorescence
microscope with 10 × and 60 × lenses (BX51; Olympus,
Tokyo, Japan). Imaging data were processed using Adobe
Photoshop CS2 (Adobe Systems Inc., San Jose, CA).

Imaging-Stream Analysis
To detect macrophages and pDCs, fluoresceine isothiocyanate
(FITC)-conjugated ant i -CD11b (c loneM1/70) , and
phycoerythrin (PE)-conjugated anti-Siglec-H (clone551) were
purchased from BioLegend. Imaging-stream analysis was
performed as previously described (16). Briefly, mice were
intramuscularly injected with 5 nmol of S-540956 AF647 or
ODN2006 AF647. Cells collected from draining LNs were
stained with FITC anti-CD11b and PE anti-Siglec-H for
30 min at room temperature. Imaging data were obtained
using Amnis™ ImageStreamX (Luminex, Austin, TX) and
analyzed using IDEAS software (version 6.2; Luminex).
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Splenomegaly Analysis
Mice were intramuscularly injected with 1, 2, or 4 nmol of S-
540956 or ODN2006 on day 0, 2, and 4. Three days after the
third injection, the mice were sacrificed, and the spleens were
collected. The weight of each spleen was measured using an
electronic balance.

Cytokine Measurements
Mice were intramuscularly injected with 5 nmol of S-540956 or
ODN2006. Plasma samples were collected 3 and 24 h after
injection. The plasma concentrations of TNF-a, IL-6, IFN-g,
and IP-10 were measured using a MILLIPLEX MAP Mouse
Cytokine/Chemokine Magnetic Bead Panel-Immunology
Multiplex Assay (Merck Millipore, Billerica, MA).

Immunization and Subsequent Evaluation
of Cellular and Humoral Immune
Responses
A TRP2180-188 peptide (SVYDFFVWL-NH2), an OVA257-264

peptide (SIINFEKL-NH2), and an HPV16-E749-57 peptide
(RAHYNIVTF-NH2) were synthesized by Sigma-Aldrich Japan
K.K. (Tokyo, Japan). Montanide ISA-51 is an incomplete
Freund’s adjuvant (IFA) that was purchased from Seppic, Inc.
(Fairfield, NJ). OVA protein with low endotoxin level was
purchased from FUJIFILM Wako Pure Chemical Co., Ltd.
(Osaka, Japan). To evaluate peptide-specific CD8+ T cell
responses, mice were subcutaneously immunized with 100 µg
of TRP2, OVA, or HPV16-E7 peptide mixed with 5 nmol of S-
540956 or ODN2006, or 50 µL of Montanide ISA51 on days 0
and 7. Peripheral blood mononuclear cells (PBMCs) were
collected 14 days after the first immunization. To evaluate
OVA protein-specific CD8+ T cell and antibody responses,
mice were subcutaneously immunized with 10 mg of OVA
protein mixed with 5 nmol of S-540956 or ODN2006 on days
0 and 14. The PBMCs and plasma were collected 21 and 28 days
after the first immunization, respectively.

Flow Cytometric Analysis
FITC-conjugated anti-CD86 (clone GL1, BD Pharmingen, San
Diego, CA), brilliant violet (BV)-421-conjugated anti-F4/80
(clone T45-2342 BD Pharmingen), PE-conjugated anti-Siglec-
H (clone 551 BL), and BV-605-conjugated anti-CD11b (clone
M1/70, BioLegend) antibodies were used to detect CD86
expression in pDCs and macrophages. To analyze cytokine-
expressing cells, allophycocyanin–cyanine (Cy)7-conjugated
anti-CD-3ϵ (clone 2C11), BV-510-conjugated anti-CD4 (clone
RM4-5), BV-570-conjugated anti-CD8a (clone 53-6.7), PE-
conjugated anti-IL-2 (clone JES6-5H4), and PE-Cy7-
conjugated anti-TNFa (clone MP6-XT22) antibodies were
purchased from BioLegend, and an FITC-conjugated anti-
IFN-g (clone XMG1.2) antibody was purchased from BD
Pharmingen. For peptide-specific T cell receptor detection,
TRP2180-188 peptide, OVA257-264 peptide, or HPV16-E749-57
peptide loaded PE-labeled tetramers were purchased from
Medical & Biological Laboratories, Co. Ltd. (Nagoya, Japan).
To detect CD107a expression, BV786-conjugated anti-CD107a
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Nakagawa et al. S-540956, a Cancer Vaccine Adjuvant
antibody was used (clone 1D4B, BD Biosciences, Franklin Lakes,
NJ). For tetramer staining, the collected PBMCs were incubated
with PE-labeled tetramers and antibodies for 30 min at room
temperature. For intracellular cytokine-staining assays, the
collected PBMCs were stimulated with cognate peptides for
6 h; next, Golgi-Plug and Golgi-Stop were added, and the
PBMCs were incubated for 30 min at room temperature. The
cells were fixed and permeabilized using a Cytofix/Cytoperm Kit
(BD Biosciences). Dead cells were excluded by LIVE/DEAD™

Fixable Aqua Dead Cell Stain Kit (Thermo Fisher). Data were
collected using an LSRII flow cytometer (BD Biosciences) and
analyzed using FlowJo software (version 9.8.2; Tree Star,
Ashland, OR).

Measurement of Antibody Titers
Total plasma anti-OVA IgG, IgG1, and IgG2c titers were
determined by performing enzyme-linked immunosorbent
assays (ELISAs) as described previously (17), with the
following modifications. Briefly, 384-well plates were coated
with 10 mg/mL OVA antigen solution (FUJIFILM Wako Pure
Chemical Co., Ltd, Osaka, Japan) overnight at 4°C. The plates
were washed and incubated for 1 h with blocking buffer
(phosphate-buffered saline [PBS] containing 1% bovine serum
albumin). After blocking, the plates were washed and incubated
with 5-fold serially diluted plasma for 2 h. To detect the bound
antibodies, the plates were washed and incubated for 1 h with
horseradish peroxidase-conjugated anti-mouse total IgG, IgG1,
or IgG2c Ab (Bethyl Laboratories, Inc., Montgomery, TX). After
the plates were washed, 1-Step Ultra TMB-ELISA solution
(Thermo Fisher) was added to each well to initiate the color
reaction. The reaction was stopped after 5 min by the addition of
1 M sulfuric acid, and the optical density at 450 nm (OD450) was
measured using SpectraMax® iD3 device (Molecular Devices,
LLC, San Jose, CA). The titer was defined as the highest dilution
factor with an OD value of > 0.1.

Depletion of pDCs, CD4+ Cells, CD8+ Cells,
and Macrophages
An intraperitoneal injection with 500 µg of anti-PDCA1 (clone
927, BioLegend) or intravenous injection with 100 µg of anti-
CD4 (clone GK1.5, BioLegend) was performed to deplete pDCs
or CD4+ cells 1 day before immunization with the vaccine. To
deplete CD8+ cells, an intraperitoneal injection with 100 µg of
anti-CD8a (clone 2.43, Bio X cell, Lebanon, NH) was performed
at 15, 17, 19, and 21 days after the inoculation of tumor. To
deplete macrophages, 200 µL of clophosome-A (FormuMax
Scientific, Inc., Sunnyvale, CA) was intravenously administered
on days 1 and 6 before immunization with the vaccine.

Tumor Model
B16F10 melanoma cells expressing TRP2 (2 × 105 cells) or TC-1
tumorigenic cells expressing HPV16-E6 and E7 (3 × 105 cells)
were subcutaneously inoculated into the flanks of mice. Tumor-
bearing mice were subcutaneously immunized twice with 100 µg
of TRP2180-188 or HPV16-E749-57 peptide mixed with 5 nmol of
S-540956 or ODN2006. Tumor sizes were measured using an
electronic scale and calculated using the following formula:
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tumor size = tumor length × tumor width^2/2. Two-tailed
Student’s t-test was used for two-group comparisons. For
groups of three or more, one-way analysis of variance
(ANOVA) followed by Tukey’s test was used. Statistical
significance was set at a P value of < 0.05. Statistical analysis
was performed using GraphPad Prism 9 (San Diego, CA).
RESULTS

The Complementary Strand With an
Amphiphilic Chain Unit Increases
ODN2006 Accumulation in the Draining
LNs
Direct binding of the amphiphilic chain to CpG ODNs has been
reported to enhance its accumulation in draining LNs by binding
to albumin after injection, leading to APC activation and
increased T cell responses in draining LNs (3). In this study,
we designed an amphiphilic chain bound to the complementary
strand of ODN2006 (B-type CpG ODN), and its efficacy and
safety profiles have been confirmed in clinical trials (8). The
ODN2006-annealed complementary strand with an amphiphilic
chain unit was named S-540956 (Figure 1A). The in vitro effect
of S-540956 on the activity of the TLR9 signaling pathway was
compared with that of ODN2006 using HEK-Blue™ hTLR9
cells, which stably express the TLR9 gene. The half-maximal
effective concentration values of S-540596 and ODN2006 were
300 and 180 nM, respectively (Figure S1A). C-540956,
comprised of a complementary strand with an amphiphilic
chain unit, did not activate the TLR9 signaling pathway (data
not shown). TLR9-independent stimulation was not observed in
HEK-Blue™-Null1 cells after incubation with S-540956,
ODN2006, or C-540956 (Figure S1B). The mean at OD 620
nm of the positive control (tumor necrosis factor-a [TNF-a])
and negative control (buffer) samples were 2.60 and 0.11,
respectively. These results suggest that the hybridization of the
complementary strand with the amphiphilic chain to ODN2006
did not alter the in vitro effect of ODN2006 on TLR9 signaling.
Interactions between S-540956 and HSA or MSA were analyzed
by performing surface plasmon resonance (SPR) assays. The KD

values for the binding of S-540956 to HSA and MSA were 186
nM and 330 nM, respectively (Figure 1B). In contrast, a
measurable KD value could not be determined for the
interactions between ODN2006 and HSA or MSA. The data
from the SPR assays supported the concept of a delivery system
for S-540956, based on the kinetics of albumin for efficient
delivery to the draining LNs. To investigate the draining LN-
targeting profile of S-540956, we examined S-540956
accumulation in the draining LNs using the IVIS imaging
system. AF647-conjugated S-540956 or AF647-conjugated
ODN2006 was injected via intramuscular, subcutaneous, or
intravenous routes. S-540956–AF647 accumulated in the
draining LNs at statistically higher levels than did ODN2006–
AF647 following an intramuscular or subcutaneous injection,
from 24 to 48 h post-injection (P < 0.05, Figures 1C, D). AF647
fluorescence was not detected in the draining LNs after
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intravenous injection of S-540956–AF647 or ODN2006–AF647
(data not shown). To examine the systemic distribution of S-
540956, the accumulation of S-540956–AF647 in the spleen was
also assessed after an intramuscular injection. S-540956–AF647
accumulation in the spleen was significantly lower than that of
ODN2006–AF647 (P < 0.01, Figures S2A, B). The systemic
distribution after a subcutaneous injection was consistent with
that following an intramuscular injection (Figures S2C, D). A
low systemic distribution profile is associated with reduced
systemic toxicity (3). To assess the systemic toxicity of S-
540956, splenomegaly was investigated after three repeated
injections of S-540956 at 0, 2, and 4 days post-injection. The
spleen weights of S-540956-injected mice were significantly
Frontiers in Immunology | www.frontiersin.org 59
lower than that of ODN2006-injected mice at a dose of 4 nmol
(P < 0.01, Figures S2E, F). Systemic proinflammatory cytokine
responses were measured in plasma samples after the
intramuscular injection. The concentrations of TNF-a and IP-
10 in S-54056-injected mice were significantly lower than those
in ODN2006-injected mice at 3 h after injection (P < 0.05,
Figures S3A, D). No statistical differences between S-540956-
and ODN2006-injected mice were observed in terms of the TNF-
a, IL-6, IFN-g, and IP-10 concentrations at 24 h after injection
(Figures S3A–D). The splenomegaly and cytokine-response data
suggest that the draining LN-targeting profile of S-540956 did
not increase the systemic toxicity of ODN2006 in mice.

TLR9 is expressed in DCs, macrophages, and B cells in mice,
and these APCs orchestrate innate immune responses and
contribute to the establishment of adaptive immunity (5, 7).
Next, we focused on cells that incorporated S-540956 in the
draining LNs. The distribution of S-540956 in the draining LNs
was analyzed by IF imaging focusing on B cells (B220+),
macrophages (CD169+), pDCs (Siglec-H+), and T cells (CD3+).
The majority of S-540956–AF647 signal was detected on the
surface of draining LNs and distributed to the B cell zone,
localized to macrophages and pDCs (Figure 1E). We next
examined the incorporation of S-540956–AF647 by
macrophages or pDCs in the draining LNs by flow cytometry
and ImageStreamX software. S-540956–AF647 was incorporated
by pDCs and macrophages at higher levels, when compared to
ODN2006 (Figure 1F and Figure S4), and S-540956–AF647 was
detected in pDCs and macrophages, as determined by
ImageStreamX software (Figures 1G, H). Taken together, the
intrinsic property of albumin to translocate to the draining LNs
(10) and our findings of the albumin binding and the enhanced
accumulation of ODN2006 in the draining LNs by annealing the
complementary strand with the amphiphilic chain unit suggest
that S-540956 (injected into the muscle or subcutaneous tissue)
translocated to the lymph vessels after binding albumin at the
injection site and efficiently accumulated in the draining LNs.

The Draining LN-Targeting Profile Shows
That ODN2006 Enhances pDC Activation
in Draining LNs
Imaging analysis revealed that S-540956 was incorporated into
macrophages and pDCs after an injection. Next, we focused on
macrophages (F4/80+, CD11b+) and pDCs (CD11c+, Siglec-H+)
in the draining LNs to further dissect the differences between S-
540596 and ODN2006 in terms of their abilities to activate APCs.
CD86 expression in both macrophages and pDCs was measured
by flow cytometry to evaluate the effects of S-540956 on their
maturation. The results showed that the number of macrophages
in S-540956 injected mice was higher than that in ODN2006
at 18 h after injection (Figure 2A). The number of pDCs
was not increased after injection of S-540956 (Figure 2B).
S-540956 enhanced CD86 expression in both macrophages
and pDCs (Figures 2C, D, Figure S4) and that CD86
expression in pDCs from S-540956-injected mice was
significantly higher than that in ODN2006-injected mice (P <
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FIGURE 1 | Delivery of S-540956–AF647 to the draining LNs. (A) Schematic
representation of S-540956. (B) Measurements of S-540956- and ODN2006-
binding to immobilized HSA and MSA using the BIACORE S51 system. KD

values were calculated. (C, D) Mice were intramuscularly injected with S-
540956–AF647 or ODN2006–AF647. Draining LNs were collected and
analyzed at 2, 24, 72, and 168 h after injection (N = 3–5). The images shown
represent draining LNs at 24 h after the intramuscular injection (C). The
fluorescence intensities of the draining LNs were measured using the IVIS
spectrum system (D). (E) T cells (CD3+), B cells (B220+), macrophages
(CD169+), and pDCs (PDCA+) in the draining LNs were analyzed by
immunofluorescence imaging at 24 h after the intramuscular injection of S-
540956–AF647. (F) Incorporation of S-540956–AF647 or ODN2006–AF647
by CD11b+ F4/80+cells (macrophages) or Siglec-H+ CD11c+ cells (pDCs) in
the draining LNs was analyzed by flow cytometric analysis at 2, 4, and 18 h
after the intramuscular injection (N = 4–6). (G, H) Localization of S-540956–
AF647 in CD11b+ cells or Siglec-H+ cells in draining LNs was imaged using
ImageStreamX software at 4 h after the intramuscular injection of S-540956–
AF647. (D, F) The data shown indicate the mean ± standard error (SE). *P <
0.05 or **P < 0.01, versus ODN2006–AF647; Student’s t-test. Data are
representative of two independent experiments.
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0.01, Figure 2D). These data suggest that S-540956 strongly
promoted pDC activation (rather than macrophage activation)
in draining LNs.

The Draining LN-Targeting Profile Reveals
That ODN2006 Enhances the Induction of
CD8+ T Cell Responses to MHC Class I-
Restricted Cancer Peptides
The complementary strand with an amphiphilic chain unit
enhanced ODN2006 accumulation in the draining LNs and
pDC activation. Activated pDCs carrying antigens can promote
robust priming and T cell differentiation in LNs (18). This
evidence prompted us to evaluate S-540956 as a vaccine
adjuvant. Both humoral and cellular responses were
investigated after immunization with a recombinant OVA
antigen or peptide, mixed with S-540956. Both OVA-specific
antibody levels (Figures S5A–C) and CD8+ T cell responses
(Figure S5D) were elevated after the addition of S-540956, and
the adjuvanticity of S-540956 was statistically higher than that of
ODN2006 (Figures S5A, C, D; P < 0.01, Figure S5B; P < 0.05).
The adjuvant effect of S-540956 was also compared with that of
CpG1018, which is contained in HEPLISAV-B launched as a
hepatitis B vaccine (19). The OVA-specific CD8+ T cell response
Frontiers in Immunology | www.frontiersin.org 610
enhanced by S-540956 was statistically higher than that by
CpG1018 (Figure S5E; P < 0.01). Consistent with the results
obtained with the recombinant OVA protein, S-540956 adjuvant
enhanced the induction of CD8+ T cell responses to TRP2
peptide (Figure S6, P < 0.001), and the adjuvanticity of S-
540956 was statistically higher than that of ODN2006 (P <
0.05). Each TRP2, OVA, or HPV-E7 peptide-specific CD8+ T
cell responses induced by S-540956 was higher than that by IFA
or ODN2006 (Figures 3A, C, E). To evaluate the versatility of
our chemical approach, we synthesized ODN1826 annealed with
the complementary strand with an amphiphilic chain unit
(ODN1826-C1826). TRP2 peptide-specific CD8+ T cell
responses were measured after immunization with ODN1826-
C1826-adjuvanted vaccine. The complementary strand with an
amphiphilic chain unit enhanced the adjuvanticity of ODN1826
to induce TRP2 peptide-specific CD8+ T cell responses (Figure
S7). Polyfunctional effector CD8+ T cells are thought to secrete
multiple cytokines and cytotoxic markers and are associated with
effective anti-tumor effects in humans (20, 21). To evaluate the
quality of the CD8+ T cells, the polyfunctionality of CD8+ T cells
was also investigated. The ratios of double- (IFN-g/IL-2, IFN-g/
TNF-a, and IL-2/TNF-a) and triple- (IFN-g/IL-2/TNF-a)
positive CD44+ CD8+ T cells among cytokine-positive CD44+

CD8+ T cells specific to TRP2, OVA, and HPV-E7 peptides in the
S-540956-adjuvanted vaccine groups were higher than those in
the IFA-adjuvanted vaccine groups (Figures 3B, D, F). In
addition, the peptide-specific CD107a+ CD8+ T cell responses
in S-540956-adjuvanted vaccine groups were higher than those
of ODN2006-adjuvanted vaccine groups (Figures S8A–C). No
significant differences were observed in the ratios of double- and
triple-positive CD44+ CD8+ T cells among cytokine-positive
CD44+ CD8+ T cells between mice treated with S-540956 or
ODN2006. These data suggest that draining LN targeting
enhanced the adjuvant effect of ODN2006 to induce CD8+ T
cell responses but did not alter the quality of the CD8+ T cells.

S-540956 Enhances CD8+ T Cell
Responses to the Cancer Peptide Vaccine
in a pDC-Dependent Manner
Activation of the TLR9-signaling pathway by CpG ODNs can
enhance the induction of antigen-specific CD8+ T cell responses
(22). To provide insights into how S-540956 strongly induced
CD8+ T cell responses, we next investigated the mechanisms
involved in the adjuvanticity of S-540956. Tlr9-/- mice were
immunized with a TRP2 peptide mixed with S-540956. CD8+

T cell responses induced by S-540596 decreased in Tlr9-/- mice,
suggesting that the mechanisms that induced CD8+ T cell
responses were not altered by the addition of complementary
strands with amphiphilic chain units and that other signaling
pathways were not involved in the induction of CD8+ T cell
responses (Figure 4A). To further understand which cells acted
as key players in the adjuvanticity of S-540956, pDCs and CD4+

T cells were depleted by injection of anti-PDCA-1 and anti-CD4
antibodies, respectively, and macrophages were depleted using
clophosome-A (Figures 4B–D and Figures S9A, B, D). CD8+ T
cell responses were reduced by depleting pDCs (Figure 4B) or
A B
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FIGURE 2 | S-540956 activated APCs in draining LNs. Mice were
intramuscularly injected with S-540956–AF647 or ODN2006–AF647, and then
draining LNs were collected at 18 h after an injection (N = 4–6). The numbers of
(A) macrophages and (B) pDCs and (C) CD86+ AF647+ macrophages (F4/80+,
CD11b+) or (D) CD86+ AF647+ pDCs (CD11c+, Siglec-H+) in the draining LNs
were measured by flow cytometry. The data shown indicate the mean ± SE.
*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001; one-way ANOVA. Data are
representative of two independent experiments. not statistically significant (n.s.).
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macrophages (Figure 4D). Depleting CD4+ T cells did not affect
CD8+ T cell induction by S-540956 (Figure 4C). Collectively,
these results suggest that the immunological mechanisms
whereby S-540956 enhanced the induction of MHC class I-
restricted peptide-specific CD8+ T cell responses were not
altered by the addition of complementary strands with
amphiphilic chain units and that CD4+ T cells were not
required for inducing MHC class I-restricted peptide-specific
CD8+ T cell responses.

The Therapeutic Effect of the Cancer
Peptide Vaccine Is Significantly Enhanced
by S-540956 in a CD4+ T Cell-Independent
Manner
Our immunological analysis suggested that S-540956 strongly
enhanced the anti-tumor effect of the MHC class I-restricted
cancer peptide vaccine, when compared to ODN2006
(Figures 3A–F) and polyI:C (Figure 4A), which have been
previously used as cancer peptide vaccines (8, 23). The anti-
tumor effect of the S-540956-adjuvanted peptide vaccine was
evaluated in TRP2-expressing B16F10 melanoma cell- or HPV-
E7-expressing TC-1 tumor cell-grafted mice. The anti-tumor
effect of the TRP2 peptide vaccine was significantly enhanced by
the addition of S-540956, and the adjuvanticity of S-54095 was
Frontiers in Immunology | www.frontiersin.org 711
statistically higher than that of ODN2006 (Figure 5A, P < 0.05).
S-540956 alone did not show anti-tumor effect in this model
(Figure 5B). Consistent with the results in mice administered
B16F10 melanoma cells, the anti-tumor effect of the HPV-E7
peptide vaccine was enhanced by S-540956, and the adjuvant
effect of S-540956 was statistically higher than that of ODN2006
(Figure 5C, P < 0.01). The anti-tumor effect of the S-540956-
adjuvanted vaccine was significantly reduced in Tap1-/- mice
(Figure 5D). In addition, the depletion of CD8+ T cells and not
CD4+ T cells reduced the anti-tumor effect of S-540956-
adjuvanted vaccine (Figures 5E and Figures S9C, D). These
results strongly suggest that the anti-tumor effect of the S-
540956-adjuvanted vaccine depends on MHC class I peptide-
specific CD8+ T cells.
DISCUSSION

Cancer peptide vaccines represent one of the strategies used to
control cancers by inducing robust MHC class I-restricted
peptide-specific CD8+ T cells with long-lasting responses to
overcome the tumor-immunosuppressive environment. To
eradicate tumor cells with high specificity, peptides are
designed by exploring tumor-associated antigens, tumor-
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FIGURE 3 | S-540956 enhanced MHC class-I-restricted cancer peptide-specific CD8+ T cell responses. Mice were intramuscularly immunized with peptide/S-
540956, ODN2006, or Montanide ISA-51 on days 0 and 7 (N = 8–9). (A, C, E) TRP2, OVA, or HPV-E7 peptide-specific CD8+ T cells among PBMCs and (B, D, F)
polyfunctional CD8+ cells in splenocytes were analyzed by flow cytometry on day 14. (A, C, E) The data shown indicate the mean ± SE. (B, D, F) The bar graphs
indicate the mean, and the pie charts show the ratios of different cytokines expressed by CD44+ CD8+ cells. n.s., not statistically significant, *P < 0.05, **P < 0.01, as
determined by one-way ANOVA. Data are representative of two independent experiments.
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specific antigens, and neoantigens important for interactions
between tumor cells and immune responses (2). Recently, in
addition to monotherapy with cancer peptide vaccines, cancer
peptide vaccines have been investigated for combination therapy
with immune-checkpoint inhibitors (ICIs) with the objective of
improving the clinical outcomes of ICIs (24). Adjuvants are
crucial components of cancer peptide vaccines as they promote,
prime, and recall peptide-specific CD8+ T cell responses (25). To
enhance the adjuvanticity, LN-targeting adjuvants have been
explored by directly modifying TLR7/8 or TLR9 ligands (3,
26) . These chemica l modifica t ions may a l t e r the
immunostimulatory effects of ligands, however, it is difficult to
predict the immunotoxicity that may be attributable to the
modified chemical structures in humans, based on pre-clinical
research. Therefore, we elected to not modify the ligands and
instead developed S-540596 by annealing complementary
strands with amphiphilic chain units to ODN2006, one of the
most commonly used adjuvants for cancer peptide vaccines in
clinical trials (27, 28). Improved immunogenicity was confirmed;
Frontiers in Immunology | www.frontiersin.org 812
however, ODN2006-adjuvanted cancer peptide vaccines did not
exhibit significant induction of cytotoxic T lymphocytes (CTLs)
in patients, and no ODN2006 adjuvanted cancer peptide vaccine
has been approved for clinical use till date. These clinical studies
indicate the necessity of improving the adjuvanticity of
ODN2006 for developing more effective cancer peptide
vaccines. In this study, S-540956 exhibited more potent
adjuvanticity than ODN2006 when evaluating the efficacies of
cancer peptides against HPV-E7-expressing TC-1 tumors in
mice. This promising result suggests that the S-540956-
adjuvanted cancer peptide vaccine will show greater efficacy
than ODN2006 against tumor cells in clinical settings.

TLR9 can recognize single-stranded DNA (ssDNA) and
activate related signaling pathways originating from endosomes
(6). Comparable stimulation of TLR9 signaling was observed
between the double-stranded DNA (dsDNA) molecule, S-
540956, and the ssDNA molecule, ODN2006, in HEK-Blue
TLR9 cells. In this study, the nucleotides in ODN2006 are
connected by a phosphorothioate linkage based on a previous
report (29). The use of phosphorothioate nucleotides enhances
the resistance of CpG ODNs to DNases when compared with the
phosphodiester bond-linked nucleotides, which are components
of native DNA (30). The nucleotides of the complementary
strand (C-54056) for S-540956 were joined by phosphodiester
linkage. A recent study indicated that DNase II in endosomes
digests a phosphodiester linker of CpG ODN, in which the
nucleotides at the center were joined by phosphodiester
linkages with a phosphorothioated backbone at both ends, and
the digested CpG ODN activates TLR9 (31). Hence, C-540956 is
considered to be digested by DNase II in the endosomes, and the
released ODN2006 stimulated TLR9 signaling pathway.

pDCs and conventional DCs are heterogeneous subsets of
DCs that orchestrate innate and adaptive immune responses.
pDCs can sense ssDNA via TLR9 and have diverse functions,
which promote the establishment of optimal cellular immunity
by presenting antigens to T cells (32). The delivery of antigen-
targeting pDCs in combination with TLR agonists can enhance
the induction of CD8+ T cell responses (33). Our immunological
analysis revealed differences between S-540956 and ODN2006 in
terms of adjuvant incorporation by pDCs and activation of pDC,
and the adjuvanticity of S-540956 diminished after the pDCs
were depleted. A large number of DCs and CD8+ T cells are
considered to reside in LNs, when compared to those in
peripheral tissues, and the transportation of antigens and
adjuvants from the injection site to LNs is important for
enhancing vaccine efficacy (34, 35). TLR9 is expressed in both
mouse and human pDCs (36); therefore, we expect that S-540956
shows potent adjuvanticity in humans. Our immunological
analysis indicated that the efficient activation of pDCs in LNs
after the high accumulation of S-540956 is a critical innate
immune response that enables S-540956 to induce more robust
cellular-immune responses than ODN2006.

Some adjuvants can induce excessive proinflammatory
cytokine responses related to cytokine storms and systemic
inflammation (37). Excess systemic immune responses induced
by frequent injections of CpG ODN cause splenomegaly, which
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FIGURE 4 | S-540956 enhanced TRP2-specific CD8+ T cell responses in
TLR9- and pDC-dependent manners. (A) Wild-type (WT) or Tlr9-/- mice were
subcutaneously immunized with TRP2 peptide/S-540956 or TRP2 peptide/
PolyI:C on days 0 and 7 (N = 4). TRP2 peptide-specific CD8+ T cells were
measured by flow cytometry using a TRP2 tetramer, on day 14. (B) pDCs or
(C) CD4+ T cells were depleted by administering an anti-PDCA1 or anti-CD4
antibody (N = 4–5) to WT mice immunized with TRP2 peptide/S-540956, and
TRP2 peptide-specific CD8+ T cells were measured as described in (A). (D)
Macrophages were depleted by administering clophosome-A to WT mice
immunized with TRP2 peptide/S-540956, and TRP2 peptide-specific CD8+ T
cells were measured as described in (A). The data shown indicate the mean
± SE. n.s., not statistically significant, *P < 0.05, **P < 0.01, as determined
by Student’s t-test or one-way ANOVA. Data are representative of two
independent experiments.
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is mainly due to erythroid and myeloid expansion in the red
pulp, and consequently lead to extramedullary hematopoiesis
(38, 39). Although proinflammatory cytokine responses were
observed in the blood after the S-540956 injection, each
induction level was not statistically higher than that of
ODN2006. In addition, splenomegaly induced by frequent
injections of S-540956 was lower than that induced by
ODN2006. ODN2006 is a well-known safe adjuvant that has
been use in a large number of clinical trials (8). For instance,
ODN2006 has been used as a vaccine adjuvant for the
recombinant AMA1-C1/alhydrogel malaria vaccine. This
addition of ODN2006 was found to significantly enhance the
humoral immune responses; however, local and systemic adverse
events were also increased (40). It is, therefore, necessary to
reduce the number of adverse events induced by the adjuvant,
particularly for preventive vaccines. The targeting of LNs by S-
540956 might decrease the number of adverse events and
thereby, regulate the severity of adverse event, especially
systemic adverse effects. Therefore, we expect that S-540956
poses a low risk for inducing systemic inflammation and
splenomegaly in humans.

Collectively, our data supports the conclusion that the
targeting LN profile of S-540956 can elicit potent adjuvanticity
without inducing excess systemic inflammation and
Frontiers in Immunology | www.frontiersin.org 913
immunotoxicity. However, future investigations into the safety
profile of S-540956 via clinical trials are expected to further
confirm the benefit of an LN-targeting profi le as a
vaccine adjuvant.

In conclusion, the results of this study demonstrated a
chemical approach for discovering a novel adjuvant in which
the complementary strand was conjugated to a lipid for draining
LN targeting, which increased ODN2006 accumulation in the
draining LNs and consequently enhanced the adjuvant effect,
without elevating systemic inflammation.
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FIGURE 5 | Adjuvant effect of S-540956 with a cancer peptide vaccine against tumors in mice. (A) Mice were subcutaneously immunized with TRP2 peptide alone,
TRP2 peptide/ODN2006, or TRP2/S-540956 on days 0 and 7 after the first immunization (N = 8). The mice were subcutaneously inoculated with TRP2-expressing
B16F10 melanoma cells on day 14. (B) Mice were subcutaneously inoculated with TRP2-expressing B16F10 melanoma cells. The mice were subcutaneously
immunized with PBS (–), S-540956, or TRP2/S-540956 at 7 and 14 days after inoculation (N = 9–10). (C) Mice were subcutaneously inoculated with HPV-E7-
expressing TC-1 tumor cells. The mice were intramuscularly immunized with PBS (–) or HPV-E7 peptide mixed with S-540956 or ODN2006 at 9 and 16 days after
inoculation (N = 8). (D) Tap1+/- or Tap-/- mice were subcutaneously inoculated with TC-1 tumor cells. The mice were subcutaneously immunized with PBS (–) or
HPV-E7/S-540956 at 7 and 14 days after inoculation (N = 3–5). (E) Mice were subcutaneously inoculated with HPV-E7-expressing TC-1 tumor cells. The mice were
intramuscularly immunized with PBS (–) or HPV-E7 peptide mixed with S-540956 at 7 and 14 days after inoculation. CD4+ cells or CD8+ cells were depleted by
administrating anti-CD4 antibody or anti-CD8 antibody (N = 6–8). Tumor sizes were measured using a vernier caliper. The data shown indicate the mean ± SE. *P <
0.05, **P < 0.01, ****P < 0.001, as determined by one-way ANOVA. Data are representative of two independent experiments.
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Deep Immune Phenotyping and
Single-Cell Transcriptomics Allow
Identification of Circulating TRM-Like
Cells Which Correlate With Liver-
Stage Immunity and Vaccine-Induced
Protection From Malaria
Andrés Noé1*†, Mehreen S. Datoo1†, Amy Flaxman1†, Mohammad Ali Husainy2,
Daniel Jenkin1, Duncan Bellamy1†, Rebecca A. Makinson1†, Richard Morter1†,
Fernando Ramos Lopez1†, Jonathan Sheridan1†, Dimitrios Voukantsis3†,
Naveen Prasad3, Adrian V. S. Hill 1†, Katie J. Ewer1† and Alexandra J. Spencer1*†

1 The Jenner Institute, University of Oxford, Oxford, United Kingdom, 2 Department of Radiology, John Radcliffe Hospital,
Oxford, United Kingdom, 3 Bioinformatics Hub, Department of Oncology, University of Oxford, Oxford, United Kingdom

Protection from liver-stage malaria requires high numbers of CD8+ T cells to find and kill
Plasmodium-infected cells. A new malaria vaccine strategy, prime-target vaccination,
involves sequential viral-vectored vaccination by intramuscular and intravenous routes to
target cellular immunity to the liver. Liver tissue-resident memory (TRM) CD8+ T cells have
been shown to be necessary and sufficient for protection against rodent malaria by this
vaccine regimen. Ultimately, to most faithfully assess immunotherapeutic responses by
these local, specialised, hepatic T cells, periodic liver sampling is necessary, however this
is not feasible at large scales in human trials. Here, as part of a phase I/II P. falciparum
challenge study of prime-target vaccination, we performed deep immune phenotyping,
single-cell RNA-sequencing and kinetics of hepatic fine needle aspirates and peripheral
blood samples to study liver CD8+ TRM cells and circulating counterparts. We found that
while these peripheral ‘TRM-like’ cells differed to TRM cells in terms of previously
described characteristics, they are similar phenotypically and indistinguishable in terms
of key T cell residency transcriptional signatures. By exploring the heterogeneity among
liver CD8+ TRM cells at single cell resolution we found two main subpopulations that each
share expression profiles with blood T cells. Lastly, our work points towards the potential
for using TRM−like cells as a correlate of protection by liver-stage malaria vaccines and, in
particular, those adopting a prime-target approach. A simple and reproducible correlate of
protection would be particularly valuable in trials of liver-stage malaria vaccines as they
progress to phase III, large-scale testing in African infants. We provide a blueprint for
understanding and monitoring liver TRM cells induced by a prime-target malaria
vaccine approach.

Keywords: malaria vaccine, malaria vaccine decelopment, correlates of protection (CoP), TRM, tissue resident
memory CD8+ T cells, tissue resident memory T cell, scRNA seq
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Noé et al. Malaria Liver-Stage Protection-Related TRM-Like Cells
INTRODUCTION

Malaria is the most problematic parasitic disease in human
history. A highly efficacious vaccine could curb the hundreds of
millions of cases and hundreds of thousands of deaths occurring
each year. It has been over 30 years since Ruth and Victor
Nussenzweig identified that protection from liver-stage malaria
requires high numbers of CD8+ T cells to find and kill
Plasmodium-infected cells (1). To this end, substantial effort has
been invested in optimising viral vector strategies able to generate
high frequencies of antigen-specific CD8+ T cells (2–7). A
prominent approach entails vaccinating with heterologous viral
vectors to induce CD8+ T cells and results in modest clinical
efficacy in both malaria naï ve and pre-exposed individuals (4, 8).
CD8+ T cell numbers following vaccination correlate with efficacy,
suggesting that increased numbers of circulating CD8+ T cells are
associated with improved protection.

A new malaria vaccine strategy, prime-target vaccination
(PTV), involves sequential viral-vectored vaccination by
intramuscular and intravenous routes to target cellular
immunity to the liver (9). The efficacy of leading liver-stage
malaria vaccine candidates in mice can be enhanced with this
approach from 0-30% to 100% efficacy. PTV substantially
increases the number of antigen-specific tissue-resident
memory (TRM) CD8+ T cells in the livers of mice (9). This
and other studies have shown that this specialised subset of
hepatic T cells can be induced by heterologous prime-boost
vaccines and that they are necessary and sufficient for protection
against liver-stage rodent malaria (9–11).

Relatively little is known about the human liver T cell
population in health. It is now well established that TRM cells
represent a functionally distinct compartment poised at portals
of pathogen entry to provide local protection (12–15). Short of
showing long-term residence in tissues and/or lack of
recirculation, TRM cells can be identified by using a number
of markers found on their cell surface. Identifying surface
markers of human liver residency is an ongoing endeavour;
CD69, CXCR3 and, to a lesser extent, CD103 are often used to
distinguish TRM cells from other hepatic T cells (12, 16–18). PD-
1, a marker of T cell hyporesponsiveness (19), and CXCR6, a
chemokine that can mediate lymphocyte recruitment (20), are
two other important markers of hepatic TRM cells (12, 21).
Several reports have described core transcriptional signatures for
TRM cells from multiple tissues identified by bulk (14), and
single-cell RNA-sequencing (22–24).

The challenges associated with mapping hepatic
immunological populations are threefold: i) access-related, ii)
rare populations are thought to be critical mediators of immunity
(such as TRM cells), and iii) highly specialised techniques are
often required (ie. in sample collection and preparation, and
analyses). The added complexity of trying to understand hepatic
immunity in the context of malaria vaccine-induced immunity,
at scale, makes for a seemingly insurmountable task. It is
therefore critical to identify if inferences about the liver can be
made by looking at the blood; that is, to identify correlates of
hepatic immunity and of protection. Recently there have been
reports that TRM cells from various sites can exit tissues in
Frontiers in Immunology | www.frontiersin.org 217
response to stimuli, re-enter the circulation and even contribute
to the expansion of memory T cells (25–28). Indeed, small but
significant proportions of circulating T cells have been
demonstrated to express ‘tissue-resident signature’ genes at
levels comparable to T cells in tissues (23). Therefore, we
wanted to investigate the qualities of human hepatic TRM cells
and determine whether there was a comparable or related subset
of T cells in the blood.

Herein, we track the phenotype, transcriptomics and kinetics
of blood-derived TRM-like cells with the aim of identifying a
correlate of malaria vaccine-induced immunity against
controlled human malaria infection (CHMI). A detailed
understanding of TRM cells and any potential circulating
counterpart in humans, as well as an appreciation of their
relationship, will likely be critical in identifying correlates of
liver-stage malaria protection and further vaccine development.
MATERIALS AND METHODS

Volunteers
As part of a phase I/IIa sporozoite challenge study to assess
intravenous boosting (prime-target) with malaria vaccine
candidates ChAd63 and MVA encoding ME−TRAP
(Supplementary Figure 1, ClinicalTrials.gov Identifier:
NCT03707353, Datoo et al. in preparation), T cells from the
liver and blood were isolated and compared. An aim of this
comparison was to investigate a translatable liver-stage malaria
correlate of immunity, by using insights gained from studying
liver TRM cells. All recruited volunteers were healthy, malaria
naïve adults aged between 18 and 45 years with PBMCs isolated
at multiple timepoints throughout the study. Fifteen of the
thirty-nine participants were asked to participate in liver fine
needle aspirate (FNA) sampling at a single timepoint after
intravenous vaccine administration, with volunteers recruited
equally across the four groups. The study protocol and associated
documents were reviewed and approved by the UK National
Research Ethics Service, Committee South Central–Oxford REC
A (18/SC/0384) and the Medicines and Healthcare Products
Regulatory Agency (EudraCT: 2017-001075-23). CHMI
(“challenge”) after vaccination and diagnosis of malaria was
conducted as we previously described (5).

Sample Collection and Cell Isolation
Liver FNA was performed as previously described (29), with a
few modifications. Briefly, under ultrasound guidance a 22-gauge
spinal needle with an internal trocar was used to gain access,
along an anaesthetised tract, to the edge of the liver capsule. The
internal trocar was removed after a further 2-3cm insertion, into
the parenchyma. Liver cells were collected into a 20mL syringe
containing 3mL of cold sterile saline. Aspiration was performed
as the needle was withdrawn 1-2cm, but while still remaining in
the liver parenchyma using a ‘fanning technique’ (30, 31). Cells
were transferred into a fresh 50mL tube containing 30ml catch
media (RPMI supplemented with 25mM HEPES and 15IU/mL
heparin) by flushing the syringe and needle with 3mL of media.
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Two aspirates per volunteer were performed prior to transfer on
ice for immediate processing. Any aspirate with frank blood
were discarded.

Blood samples for PBMC separation were collected in
heparinised tubes and separated on a centrifugation gradient
using Lymphoprep (Axis Shield) within 4 hours of venepuncture.
Liver samples were resuspended in RBC lysis solution
(eBioscience) for less than five minutes, before counting and
staining. FNA and PBMC sampling was performed 16-24 days
after IV viral vector administration.

Flow Cytometry and Intracellular Cytokine
Staining
For the characterisation of T cell kinetics after IV viral vector,
freshly isolated PBMC were stimulated with anti-CD28 and anti-
CD49d at 1mg/mL (Becton Dickinson), 200mg/mL of CD107a-
PeCy5 (eBioscience) together with a pool of all 56 peptides of the
T9/96 strain P. falciparum TRAP antigen (final concentration
5µg/mL) for 16-20 hours (32), 5mg/ml Staphylococcal
enterotoxin B (SEB) (Sigma Aldrich) or media (unstimulated).
Brefeldin A and monensin (eBioscience), both at 1 mg/mL, were
added after two hours. For lymphocytes used in matched PBMC
and FNA character isat ion, no peptide st imulat ion
was performed.

Following surface staining, fixation and intracellular staining
(see Supplementary Materials and Methods for antibody list),
acquisition was performed using an LSRII or LSRFortessa X-20
SORP (BD Biosciences). At least 500,000 events were acquired per
sample, with data analysed on FlowJo version 10 (BD Biosciences).
Lymphocytes were gated on live, size, and singlet (FSC-A vs FSC-H
and FSC-A vs FSC-W) and dead cells (Live/Dead amine reactive+),
monocytes (CD14+) and B cells (CD19+) were excluded. Cells
were subsequently gated on CD45+ CD3+ CD8+ T cells.

RNA Sequencing
Cell sorting was conducted using a FACSAriaIII (BD
Biosciences) using a 70mm nozzle and single cell purity. All
mini-bulk samples consisted of 100 cells and were attained using
a two-way sort based on CD69 status (positive or negative), pre-
gated on live single CD20- CD45+ CD3+ CD4- CD8+ CD45RA-
cells. All single cells were CD69+. Mini-bulk samples were
collected into 0.2mL PCR tubes and single cells directly into
RNAse free 96-well PCR plates with 4.01µL lysis catch buffer
(0.4% (vol/vol) Triton X-100 and 2U/ml RNase inhibitor, 4x107

dilution of ERCC spike-in RNA control, 2.5mM dNTPs
(Thermo-Fisher), 2.5µM Oligo-dT30VN). Samples were
vortexed, spun and placed on dry ice within 10 minutes.
Smart-Seq2 libraries were generated following the established
protocol (33).

Statistical and Bioinformatic Analyses
Prism version 8 (GraphPad) and/or RStudio (base R version
3.6.2) were used for analyses. Mean values with standard
deviation are shown in all graphs, unless otherwise stated.
Significance testing of differences between group means (for
normally distributed data) used the two-tailed Student’s t-test,
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or medians used the two-tailed Mann–Whitney U-test.
Univariate immunological analysis compared time to malaria
diagnosis between strata dichotomised by volunteer T cell
proportions. Multiple regression Cox proportional hazards
models were fitted to flow cytometry data with frequency of
T cell populations as the independent variable and time to
diagnosis as the dependent variable. Models were assessed as
previously described (4); Akaike’s information criterion (AIC)
was used as an aid for choosing between competing nested
models. Lower AIC values indicate a preferred model that
maximises model parsimony. Immunological correlations with
time to patent parasitaemia or other variables were pre-specified
and prioritised analysis of T cell subsets based on observations
from pre-clinical studies using prime-target vaccination. An
alpha level of 0.05 was considered statistically significant.

Sequencing reads were aligned to the human genome using
STAR (34). Ensembl gene counts were generated using
featureCounts (35). DESeq2 v3.10 (36) was used for
normalisation and feature selection in analysis of the mini-bulk
experiment. The Wald test was the default used for hypothesis
testing. Seurat (37, 38) was used for normalisation, variance
stabilisation and feature selection in the single cell experiment.
Differential expression was based on the non-parameteric
Wilcoxon rank sum test (see Supplementary Materials and
Methods for further information).
RESULTS

Hepatic T Cells Correlate Quantitatively to
Matched Peripheral Blood T Cells
Following intravenous vaccination with a malaria vaccine
candidate, the frequency and phenotype of TRM cells isolated
from the liver by FNA sampling and peripheral blood were
compared (Figure 1A). Using CD69 and CD11a positivity to
identify TRM cells in the liver we observed an enrichment of
these CD8+ T cells in the liver (Table 1 and Supplementary
Figures 2, 3), consistent with previous reports (12, 30, 39). In
contrast, memory CD8+ T cells expressing CD103 did not
differentially populate the liver or blood (Table 1). Using an
algorithm (30, 39) developed to determine the “liver−like” score
of an FNA sample, showed that our sample quality was
comparable with and, indeed, more representative of the liver
(median liver-like score 78%, IQR 23.6%) than previously
reported (39).

Cells with a TRM cell phenotype (ie. CD69+ memory T cells)
in the liver correlated significantly to a similar population
observed in the blood (Figure 1B), present at a much lower
frequency. The frequency of total CD8+ CD3+ CD56- T cells
significantly positively correlated between PBMC and FNA
samples. PBMC CD4+ CD3+ CD56- T cell frequency
negatively correlated to matched FNA T cell frequencies
(Figure 1B), but this was driven by one outlying volunteer.
Consistent with previous reports, a higher frequency of both
TRM cells and CD8+ T cells were observed in the liver compared
to blood (39).
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Phenotypic characterisation of FNA and PBMC samples showed
subsets of cells expressing TRM cell functional molecules. Regardless
of tissue, CD69+ memory CD8+ T cells had on average a higher
frequency of CXCR6+, CD103+, and PD−1+ cells and higher level
of marker expression compared to CD8+ CD69- counterparts
(Supplementary Figure 4). This was not evident in the CD103+
CD69+ cell proportion in PBMC, however, suggesting CD103 may
be differentially expressed between liver and blood CD69+ memory
T cells (Supplementary Figure 4, left panes). Using a t-distributed
stochastic neighbour embedding algorithm to visualise and
examine the co-expression of TRM cell markers on CD8+
memory T cells (Supplementary Figure 5), we identified three
independent clusters, with little or no overlap between CD69+
and CD69- CD45RA- cells (Supplementary Figures 5B, C),
signifying their relative enrichment in the CD69+ compartment.
Differential expression of CXCR6, PD−1 and CD103 were the
main drivers of cluster formation, with no substantial differences
in the expression patterns of other markers (Supplementary
Figure 5D). All three clusters co-occurred in FNA and PBMC
samples, however Subset 2 appeared at a lower frequency in
PBMC samples compared to FNA samples. The presence of
circulating cells with established markers of tissue residency or
‘circulating TRM cells’ goes against the traditional definition of
resident cells. We use “TRM-like cells” herein, instead of
“circulating TRM cells”, to indicate the (PBMC) circulating
population of T cells that share phenotypic characteristics with
bona fide (FNA) liver TRM cells.
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The CD8+ Memory T Cell Transcriptome
Can be Defined by CD69 Status
To determine whether surface expression of CD69 would also
define TRM and TRM-like cells at the transcriptome level, we
performed mini-bulk RNA sequencing on both CD69 positive
and negative cells isolated from liver FNA and matched PBMC
samples (Figures 1A, 2A). CD69 status accounted for much of
the variability found in the mini-bulk samples (Figure 2B).
Differential gene expression between liver CD69+ and CD69-
cells was consistent with previous resports (Supplementary Data
File 1). The top 50 up-regulated genes included IRF8, TOX2 and
CCL3 and down-regulated genes included CCR4, IL23A and
TSC2 (Figure 2C), as well as a large proportion of genes known
to be important in T cell residency (14, 22, 40). Using a CD8+
TRM cell transcriptional signature generated by Kumar and
colleagues (14), hierarchical clustering differentiated TRM and
effector memory T (TEM) cells into independent populations
(Figure 2D). Thirteen of the 25 most down-regulated genes and
five of the 25 most up-regulated genes, between FNA CD69+ and
CD69- cells, were present in the Kumar et al. signature. Gene set
enrichment analysis (GSEA) of the genes upregulated in the
Kumar et al. signature showed significant normalised
enrichment in CD69+ cells from both FNA and PBMC
comparisons (Supplementary Data File 2). Conversely, there
was significant normalised enrichment of the downregulated
Kumar et al. signature genes in FNA and PBMC CD69- cells
(Supplementary Data File 2). Performing GSEA using other
A

B

FIGURE 1 | Hepatic and circulating lymphocytes correlate numerically and phenotypically when analysed by flow cytometry. (A) Sampling workflow. 15 volunteers
across all vaccination groups were recruited for liver FNA sampling. Two volunteers were unable to provide samples, due to logistical reasons, and withdrew on the
sampling days. Hepatic fine needle aspirate and peripheral venesection were performed within one hour. Lymphocytes were isolated, stained for flow cytometry/cell
sorting and sorted within three hours of sampling. Ten volunteers’ FNA and PBMC samples were two-way sorted for 100-cell mini-bulk RNA-sequencing and three
volunteer samples were sorted for single-cell RNA-sequencing. (B) Quantitative correlations between liver and blood samples. The 95%CI of linear regression slope,
R2 value of goodness of fit and the p value that the slope is significantly non-zero are presented below the respective plots. The P values were calculated by F tests.
All plots are derived from 13 matched FNA and PBMC samples. All values are presented as a proportion of single CD45+ lymphocytes in each sample. FNA, fine
needle aspirate. PBMC, peripheral blood mononuclear cells. tSNE, t-distributed stochastic neighbour embedding. CI, confidence interval. FNA, fine needle aspirate.
GMFI, geometric mean fluorescence intensity. PBMC, peripheral blood mononuclear cells. tSNE, t-distributed stochastic neighbour embedding.
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gene sets relating to tissue residency further suggested FNA
CD69+ cells as liver-resident T cells, however there was no
significant enrichment in PBMC CD69+ cells. These data
indicated that we were able to identify liver TRM cells
transcriptionally, and differentiate them from liver TEM cells,
using previously described residency signatures.

Gene Expression Differences Between
Liver TRM and TRM-Like Cells
Having shown that CD69+ identifies liver TRM cells both
phenotypically and transcriptionally, we next compared gene
expression difference between liver TRM and TRM-like cells.
Overall, genes upregulated in TRM-like cells were involved in
glucose metabolism (TKTL1), zinc transport (SLC39A7) and de
novo phospholipid synthesis (AGPAT4), suggesting that TRM-
like cells are metabolically active (Figure 3A and Supplementary
Data File 3). In contrast, genes upregulated in TRM cells
included those of inter-cellular communication (XCL1) and
interferon-induced proteins (TRIM3). These data support the
notion that TRM cells are metabolically quiescent and ready for
rapid effector function upon activation (14, 41–43). Interestingly,
in this comparison between TRM and TRM−like cells there was
no differential expression of a set of genes that has previously
been shown to differ between tissue−derived TEM and blood-
derived TEM (23). Clustering based on the 50 most variable
genes was unable to separate TRM and TRM-like cells and
indicated a volunteer-specific effect, for nine Y chromosome
−associated genes (Figure 3B). The TRM cell core signature
proposed by Kumar et al. co-clustered TRM-like and TRM cells
(Figure 3C), suggesting these two cells populations are more
similar, in terms of these core residency genes, than liver TEM
and TRM cells, which were clearly separated into two
independent clusters (Figure 2D). Given this, we explored
gene expression differences between TRM-like and TRM cells.

Exploratory pathway analyses suggested differences between
TRM and TRM−like cells. There was differential enrichment of
genes involved in T cell differentiation, cell chemotaxis and
interferon-gamma signalling (Supplementary Figure 6A).
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PBMC CD69+ T cells were enriched for gene sets related to
GTPase activation, MHC protein complex binding, and
ribosome structural component genes (Supplementary
Figure 6B). Liver CD69+ T cells were enriched for genes
involved in CD8+ T cell cytokine signalling (Figure 4A). There
were no observed transcriptional differences in genes involved in
cytotoxicity or a tissue-resident gene signature between liver
CD69+ or PBMC CD69+ cells (Figure 4B). Other DGE analyses
(Figure 2A) verified the uniqueness of TRM and TRM-like cells
(Supplementary Figures 6C–E).

Single-Cell RNA-Sequencing Elucidates
Liver TRM Cell Subpopulations
Using single-cell RNA-sequencing (scRNA-seq) we were able to
dissect the heterogeneity of liver TRM cell transcriptomes
(Figure 2A) and identifed three main clusters (Figure 5A and
Supplementary Figures 7A, B). There were 142 genes
differentially expressed between TRM cells in cluster (C)1 and
C0 (Figure 5B and Supplementary Data File 4). Notable
differential expression included HLA-D locus, chemokine
receptor and ligand, and mucosal-associated invariant T
(MAIT) cell receptor genes (Figure 5B).

Comparing DGE between TRM and TRM-like cells in C1, C0
and the mini-bulk analysis, we saw some agreement between the
lists (Figure 5C). This may indicate the signature obtained from
mini-bulk RNA-seq was an amalgam of several transcriptomic
profiles. C0 showed a clear demarcation between TRM and
TRM-like cells (Figure 5A). Differentially expressed genes
included increased expression of KLF2, RUNX3 and S1PR1 in
TRM-like cells compared to increased expression of CXCR6 and
CD69 in TRM cells in C0, despite all cells exhibiting surface
expression of CD69 by flow cytometry (Supplementary Data
File 5). The distribution of hepatic and blood cells in C1
appeared more heterogeneous and there were less differentially
expressed genes (Figure 5C and Supplementary Data File 6).
Using gene signatures derived from liver-resident CD8+ T cells
and MAIT cells described by Zhao et al. (22), qualitative
signature enrichment scores for each cell were represented on
TABLE 1 | Cells expressing TRM cell markers.

Population FNA PBMC p value

CD8+ (%CD8+ T cells) Median (IQR) Median (IQR)
CD69+ CD45RA- 13.80 (12.27) 0.380 (0.84) 0.0002
CD69+ CD11a hi CD45RA- 13.70 (12.26) 0.365 (0.83) 0.0002
CD103+ CD45RA- 1.280 (1.00) 1.29 (0.94) 0.4143
CD103+ CD11a hi CD45RA- 1.090 (0.87) 0.950 (0.75) 0.4143
CD69+ CD103+ CD11a hi CD45RA- 0.5200 (0.62) 0.00516 (0.01) 0.0002

CD4+ (%CD4+ T cells)
CD69+ CD45RA- 4.55 (4.01) 0.15 (0.12) 0.0002
CD69+ CD11a hi CD45RA- 4.31 (4.03) 0.14 (0.12) 0.0002
CD103+ CD45RA- ND ND NA
CD103+ CD11a hi CD45RA- ND ND NA
CD69+ CD103+ CD11a hi CD45RA- ND ND NA
February 2022 | Volume 13 | Article
Populations of CD8+ and CD4+ T cells expressing TRM cell markers. Representative flow cytometry plots from FNA and PBMC of the same donors is shown in Supplementary Figure 2.
The gating strategy for each of these populations is shown in Supplementary Figure 3. Wilcoxon matched pairs signed rank tests were used to check for significance of differences
between FNA and PBMC samples. An exact p value is reported. Values reported are medians with interquartile ranges. Effective pairing, checked by Spearman correlation coefficient, was
present for all samples (p<0.05). FNA, fine needle aspirate. IQR, interquartile range. NA, not applicable. ND, not detected. PBMC, peripheral blood mononuclear cells. TRM, tissue-resident
memory T cells.
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FIGURE 2 | CD69 status is a major driver of transcriptional differences in memory CD8+ T cells as assessed by mini-bulk RNA-seq. (A) Mini-bulk RNA-seq
experimental design. Each category was composed of N number of 100-cell samples pre-gated on live single CD20- CD45+ CD3+ CD4- CD8+ CD45RA- cells
sequenced in bulk by the SmartSeq2 protocol. Two volunteers’ samples and one FNA paired (CD69+ and CD69-) samples were removed during QC. Non-
normalised counts were input to DESeq2 and samples were paired according to volunteer and sample type. Differential expression analyses used a generalised linear
model where counts were modelled using a negative binomial distribution. The Wald test was the default used for hypothesis testing when comparing gene
expression between two sets of paired variables. See Figure 1A for sampling workflow. (B) PCA plots based on the 500 most variable genes by mini-bulk RNA
sequencing. Plots of the first three PC, coloured according to CD69 status and sample type of the sequenced cells. Separation of CD69+ and CD69- cells was a
composite of PC1 and PC2. PC3 does not distinguish CD69 status. Twenty-eight samples were analysed. (C) Volcano plot of up- and down-regulated genes
between paired FNA CD69+ samples and CD69- samples. The top 50 up- and down-regulated genes have been annotated. Positive log(FC) values indicate greater
gene expression in CD69+ samples, compared to CD69- samples. Negative log(FC) values indicate greater gene expression in CD69- samples. Differential
expression of the 12,515 genes was tested for significance using the Wald test. P values were adjusted using the Benjamini-Hochberg (false discovery rate)
correction. (D) Gene heatmap of FNA samples using the core TRM cell transcriptional signature described by Kumar et al. Left, heatmap of genes that are
upregulated in the CD8+ Kumar et al. core transcriptional signature. Right, heatmap of genes that are downregulated in the CD8+ Kumar et al. core transcriptional
signature. Columns are clustered based on Spearman’s correlation of rlog normalised count values. Rows are clustered according to Pearson correlation of the rlog
normalised gene counts. Gene count values are centred and scaled across rows. FACS, fluorescence-assisted cell sorting; FC, fold change; FNA, fine needle
aspirate; PBMC, peripheral blood mononuclear cells; PC, principal component; PCA, principal component analysis; QC, quality control; TEM, effector memory T cell;
TRM, tissue-resident memory T cell.
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the UMAP (44). The liver TRM cell signature composed of 63
genes (such as Gzmk, Cd160, Cxcr6 and Eomes) showed high
enrichment scores in C1 FNA and PBMC-derived cells
(Figure 5D). Both FNA and PBMC cells in C0 showed
enrichment for the MAIT cell signature (Figure 5D).
Interestingly, the circulating CD8+ memory T cell signature
developed by Zhao et al. was highly enriched in C2 and, less
so, in C1. Plausibly, C2 may have been composed of erroneously
sorted CD69- cells or recently activated circulating CD69+ cells,
particularly given the limited number of cells in this cluster.
These signatures indicated C1 was comprised of cells resembling
a conventional liver−resident T cell population and C0 was likely
of MAIT or MAIT−like lineage cells.

TCR and CDR of the sequenced single cells were
reconstructed using in silico techniques (45). There were
several T cell clones that had frequencies of over 1% of
Frontiers in Immunology | www.frontiersin.org 722
reconstructed TCRs (Supplementary Figure 8A). Both FNA
and PBMC samples exhibited substantial amounts of clonal and
expanded clone T cells (Supplementary Figures 8B, C), as most
expanded clones were present in both tissues. Similarly, almost
all TCRa (TRAV & TRAJ) and TCRb (TRBV & TRBJ) pairings
in FNA samples were present in PBMC samples (Supplementary
Figure 8D). Non-MAIT cell clones were present in both sample
types, but no clones were shared between individuals
(Supplementary Figure 8E). MAIT cells were present at
considerable frequencies (Figure 5E). The proportion of MAIT
cell recombinants did not vary greatly across volunteers or
sample type (range 43-57%; Figure 5E). These analyses
confirmed that most of C0 was composed of MAIT cells, with
sparse contributions by MAIT cells to other clusters (Figure 5F).
Importantly, MAIT cells were present in both sample types and
in all three volunteers. On flow cytometry, the identified MAIT
A
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FIGURE 3 | The differences between CD69+ CD8+ T cells isolated from liver and blood are unique and not like those when comparing TRM and TEM cells. (A) Volcano
plot of up- and down-regulated genes between paired FNA CD69+ and PBMC CD69+ samples. The top 50 up- and down-regulated genes have been annotated. Positive
log(FC) values indicate greater gene expression in FNA CD69+ samples, compared to PBMC CD69+ samples. Negative log(FC) values indicate greater gene expression in
PBMC CD69+ samples. DGE of 11,933 genes was tested for significance using the Wald test. P values were adjusted using the Benjamini-Hochberg correction (false
discovery rate). (B) Heatmap of the most variable genes in the FNA CD69+ vs PBMC CD69+ comparison. Fifty most variable genes between FNA CD69+ and PBMC
CD69+ samples. Yellow/red corresponds to increased counts compared to other samples and blue corresponds to decreased counts. Genes selected according to those
with the greatest variance across samples. Columns are clustered based on Spearman’s correlation of rlog normalised count values. Rows are clustered according to
Pearson correlation of the rlog normalised gene counts. Gene count values are centred and scaled across rows. (C) Clustering of FNA and PBMC CD69+ samples using
expression of TRM cell genes. Hierarchical clustering trees based on Spearman’s correlation of sample rlog normalised count values considering up- and down-regulated
genes in CD8+ Kumar et al. core TRM cell transcriptional signature. FC, fold change; FNA, fine needle aspirate; PBMC, peripheral blood mononuclear cells; rlog, regularised
logarithm; TRM, tissue-resident memory T cell.
February 2022 | Volume 13 | Article 795463

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


Noé et al. Malaria Liver-Stage Protection-Related TRM-Like Cells
cells expressed higher quantities of CD69 and CD56, and lower
CD11a and CD16 molecules, compared to non-MAIT cells
(Supplementary Figure 8F). The TCR analyses suggested that
there was shared clonality, TCRa and TCRb chain usage, and
MAIT cell frequencies between PBMC and FNA samples. Taken
together, our transcriptomic analyses suggested a unique
relationship between TRM and peripheral TRM-like cells.

Predicting Vaccine-Induced Protection
From Malaria Using Circulating TRM-Like
Cells
Having demonstrated a relationship between liver TRM and
peripheral TRM-like cells, we investigated the kinetics of TRM-
like cells and the frequency of these cells as markers of liver-stage
immunity as a potential correlate of vaccine-induced protection
from malaria challenge. We performed flow cytometry on blood
samples taken before a controlled human malaria infection
(CHMI) study (Figure 6A and Supplementary Figure 1). The
frequency of cells within the CD69+ CD11a hi subset of CD45RA-
T cells peaked at day (D)1 after IV viral vector (IV+1) and
remained elevated at IV+3, compared to day of IV viral vector
administration (Figure 6B and Supplementary Figures 9, 10,
11A–C). Viral vector administration led to increased expression of
liver TRM cell functional markers (eg. CXCR6), which remained
elevated for at least two weeks post−vaccination compared to pre-
vaccination levels (Figure 6C and Supplementary Figure 11D).

We next investigated whether the frequency of TRM-like cells
in the blood prior to CHMI could be used to estimate a volunteer’s
risk of malaria infection. Volunteers were stratified according to
whether their IV+3 frequency of TRM-like cells was above or
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below the group median. Using this single parameter, we were able
to separate volunteers who had a significantly greater rate of sterile
protection (Figure 6D). IV+3 correlated with TRAP−specific T
cells at several time points measured by flow cytometry or IFNg
ELISpot, with time to diagnosis and with mean parasites in the
first three replication cycles (Supplementary Figures 12A–E).
Only one other TRM-like cell parameter measured after IV
vaccination, IV+1, had similar significance in estimating the risk
of malaria diagnosis (Supplementary Figure 12F), but it did not
correlate with IV+3 TRM-like cell frequency nor TRAP-specific T
cells. Indeed, dichotomising volunteers according to TRAP-
specific CD8+ T cells measured one day before CHMI did not
separate volunteers with and without sterile protection
(Supplementary Figure 12F).

Univariate and multivariate Cox models of TRM−like cells,
and several other T cell populations, were generated to examine
the effect of each predictor on the instantaneous risk of malaria
diagnosis after CHMI. The two time points that were
significantly associated with reduced hazard ratios (HR) were
at IV vaccination (each log10 unit increase in TRM−like cells was
associated with an 86% reduction in hazard of malaria diagnosis)
and at IV+3 (each log10 unit increase in TRM−like cells was
associated with a 75% reduction in hazard of malaria diagnosis;
Figure 6E). Surprisingly, vaccine antigen-specific responses
measured by ELISpot and ICS were not individually associated
with a reduced hazard of malaria diagnosis, nor were other T cell
subsets (Supplementary Figure 13A). The multivariate Cox
model including TRM−like cells at IV and IV+3 was superior
on D? analysis (46) compared to univariate Cox models
composed of each variable alone (Figure 6F; concordance
A B

FIGURE 4 | Blood TRM-like cells may not be only activated memory T cells. All plots show the comparison of liver TRM and blood TRM-like cells (see Figure 2A).
(A) Enrichment plots of gene expression modules related to T cell transcriptional states identified by Szabo and colleagues. The CD8+ cytokine module includes
genes encoding chemokines and cytokines (CCL3, CCL4, CCL20) and inhibitory molecules (LAG3, CD226, HAVCR2). The resting T cell module involves genes
important for CD4+ and CD8+ T cell survival in blood and in tissues. The CD8+ cytotoxic module includes genes associated with cytotoxicity (GNLY, GZMK) and
transcription factors associated with effector/memory differentiation (ZEB2, EOMES, ZNF683). NES is the enrichment score normalised to the mean enrichment of
random samples of the same size. (B) Enrichment plot of a tissue CD8+ T cell signature identified by Szabo and colleagues (23). The complement of genes is
derived by differential expression analyses between resting CCL5++ CD8+ memory T cells from several tissues compared to blood. FDR, false discovery rate; FNA,
fine needle aspirate; GSEA, gene set enrichment analysis; GTPase, guanosine triphosphate hydrolase; MHC, major histocompatibility complex; ORA, over-
representation analysis; p.adjust, Benjamini-Hochberg adjusted p value; PBMC, peripheral blood mononuclear cells.
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FIGURE 5 | Single-cell RNA-sequencing reveals subpopulations of liver TRM and blood TRM-like cells. Single cell differences between TRM and TRM-like cells
depend on TRM cell cluster. (A) UMAP plots of 629 single cells. Plots according to sample type and Seurat cluster. Seurat FindClusters was run at 0.4 resolution.
Each point represents one cell, either a PBMC or FNA live single CD20- CD3+ CD45+ CD8+ CD4- CD45RA- CD69+ lymphocyte FACS sorted and sequenced by
the SmartSeq2 protocol. Six hundred and twenty-nine cells are presented in these plots. (B) Gene heatmap of the C1 TRM vs C0 TRM cell comparison. Cell gene
count is centred and scaled across all row values. A sample of genes are shown, a full list of the 142 genes differentially expressed between C1 and C0 TRM cells is
available in the source data file. All genes shown here were present in at least 50% of cells in each cluster, had |ln(FC)|>0.5 and an adjusted p value (Bonferroni
correction)<0.05. The row hierarchical clustering dendrogram is based on Euclidean distances of cell gene count values considering all genes. Violin plots of gene
expression of six selected genes are presented below. The violin colour corresponds to FNA cell cluster of origin, as seen in (A, C) Venn diagram of genes
differentiating TRM and TRM-like cells. Venn diagram demonstrating the degree of convergence of cluster-level DGE and mini-bulk-level DGE. All included genes
from single cell contrasts had a |ln(FC)|>0.25 and an adjusted p value (Bonferroni correction)<0.05 and the genes from mini-bulk contrasts had |log2(FC)|>1 and an
FDR < 0.05. DGE, differential gene expression. The mini-bulk contrast refers to that which is presented in Figures 3, 4. A sample of the genes that are shared
among the datasets is illustrated; blue indicates the gene is down-regulated in FNA CD69+ cells and red indicates the gene is up-regulated in FNA CD69+ cells,
compared to blood CD69+ cells. (D) UMAP plots with signature enrichment scores. The enrichment of three signatures was assessed for each of the 629 cells and
visualised in the UMAP by Single-Cell Signature Explorer (44). The per-cell signature enrichment was plotted, and density distribution of scores was overlaid. The
signature scores represent a qualitative measure for visualisation. The signatures were obtained from Zhao et al. (22). (E) Proportion of recombinants that were
derived from MAIT cells. MAIT cells were defined based on TCR a locus: any cell that expressed TRAV1-2 paired with TRAJ33, TRAJ12 or TRAJ20 was defined as
a MAIT cell, regardless of the TCR b locus recombinant, if present. Any recombinant derived from a MAIT cell was labelled as such and excluded from non-MAIT cell
analyses. (F) UMAP of 629 single cells with plots according to cluster, MAIT cell TCR, sample type and volunteer. In all plots, grey points (“non-MAIT”) represent cells
that were either not classified as MAIT cells or cells for which TCR reconstruction could not be performed. Seurat FindClusters was run at 0.4 resolution, using a
shared nearest neighbour clustering method. C, cluster; DGE, differential gene expression; FACS, fluorescence-assisted cell sorting; FDR, false discovery rate; FNA,
fine needle aspirate; PBMC, peripheral blood mononuclear cells; MAIT, mucosal-associated invariant T cell; TRM, tissue-resident memory T cell; UMAP, uniform
manifold approximation and projection.
Frontiers in Immunology | www.frontiersin.org February 2022 | Volume 13 | Article 795463924

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
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0.723, Wald test p value = 0.0077). Both IV and IV+3 were
robustly associated with a decreased hazard of malaria diagnosis
(61% and 72% reduction per log unit increase, respectively),
although individually in the multivariate analysis these variables
Frontiers in Immunology | www.frontiersin.org 1025
were not significant (Supplementary Figures 13B, C). ELISpot
and IFNg+ (% CD8+, as measured by ICS) responses at several
time points were included in forward stepwise model selection.
The most parsimonious model D? analysis was composed of six
A

B

D
E

F

C

FIGURE 6 | Blood TRM-like cells can be used to estimate the hazard of malaria diagnosis after CHMI. (A) Sampling workflow. Thirty-one volunteers across all
vaccination groups were sampled at several time points following IV viral vector (IV+ timepoints) and around controlled human malaria infection. One volunteer from this
cohort was not challenged. Five more control (non-vaccinated) volunteers were challenged and followed up at pre- and post-challenge time points, only. All volunteers
were treated with standard anti-malarial therapy at day 21 post-CHMI or, if earlier, when they met our diagnostic criteria for malaria (see methods). (B) TRM-like cells after
IV administration of viral vector. Frequency of circulating CD69+CD11ahi cells (as a proportion of CD8+CD45RA- cells) by time point. Comparisons were assessed using
ratio paired t tests. Lines represent significant differences between the bound groups; bars show mean and standard deviation. (C) The GMFI of TRM-like cell CXCR6 at
three different time points following IV viral vector. Comparisons were assessed using ratio paired t tests. Lines represent significant differences between the bound
groups; bars show mean and standard deviation. Matched GMFI values of CD69- cells are also presented for reference. *** represents a p value < 0.0001. (D) Kaplan
Meier curve using TRM-like cells 3 days after IV viral vector to stratify volunteers. Volunteers were stratified according to whether their TRM-like cell fraction (as a
proportion of CD8+ CD45RA- cells) at day 3 after IV viral vector was above or below the median of all values. A log-rank test was performed to test for difference in
survival (delay/lack of malaria diagnosis). The risk table shows the percentage of volunteers, in each stratum, at risk of malaria diagnosis at five representative time points.
Right censoring occurred at 21 days as all undiagnosed volunteers received antimalarial therapy at this time. (E) Univariate Cox regression models using TRM−like cells
[CD69+ CD11a hi frequency (% CD45RA- CD8+ CD3+ T cells)] measured at two time points. Each regression model estimated the effect that the variable had on an
individual’s hazard of being diagnosed with malaria after CHMI. Hazard ratios less than one suggested that an increase in the TRM−like cell frequency decreased the
instantaneous risk of malaria diagnosis over the study period. Hazard ratios greater than one suggested that a decrease in TRM−like cell frequency increased the
instantaneous risk of malaria diagnosis over the study period. Log transformation was applied to the TRM−like cell frequency, and regression was performed on these
values. The p value was calculated using a Wald test, with a null hypothesis that the parameter did not alter the hazard of malaria diagnosis after CHMI. (F) Multivariate
Cox regression model using TRM like cells [CD69+ CD11a hi frequency (% CD45RA- CD8+ CD3+ T cells)] measured at two time points: IV and IV+3. Hazard ratios and
95%CI are presented. Log transformation was applied to the TRM−like cell frequency, and regression was performed on these values. The individual variable p values
were calculated using a Wald test. The global p value was calculated using a Score (log−rank) test. Events refers to the number of volunteers that were diagnosed with
malaria. AIC, Akaike information criterion; C, challenge; CHMI, controlled human malaria infection; D, day; GMFI, geometric mean fluorescence intensity; IV, intravenous
viral vector administration; TRM, tissue-resident memory T cell.
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parameters (Supplementary Figure 13D) but was composed of
covariates that were correlated to varying degrees, resulting in
multicollinearity. In addition, the parameters were taken from
three different assays which, if these correlates were to be further
examined in other, larger trials, presents practical difficulties.
Lastly, for each model with less than five predictors, the most
parsimonious model was composed entirely of TRM−like cell
predictors. These results suggest that the benefits of including
antigen-specific predictors into multivariate analysis did not
outweigh the drawbacks of their inclusion. In this challenge
study, we observed that increased frequency of TRM-like cells
early post-vaccination correlated with higher levels of sterile
protection from liver-stage malaria by infectious mosquito bite
challenge. Overall these data would indicate that TRM-like cells
are an indicator of bona-fide liver TRM cells, and therefore may
be surrogate markers for liver-stage immunity.
DISCUSSION

Given the important role CD8+ T cells and TRM cells have been
shown to play in protection from rodent malaria (9–11), an assay
to measure TRM-associated cells in human peripheral blood
could be a means of measuring liver TRM cells and, potentially,
viral vector liver-stage malaria vaccine performance. In our study
we identified a population of TRM-like cells in the circulation
that correlated quantitatively and qualitatively to TRM cells
isolated from the liver by FNA. Mini−bulk RNA-seq showed
that although both cell populations displayed unique
transcriptional properties, the differences were not a function
of organ-specific differences and were substantively distinct to a
core TRM cell signature seen by contrasting CD69+ TRM to
CD69- TEM cells (14). scRNA-seq profiled these CD69+ TRM
cells further, identified heterogeneous subpopulations and
shared clonality between tissues. This work points to the
potential for using CD69+ TRM-like cells in the periphery to
estimate liver CD69+ TRM cells, and vaccine-induced protection
from malaria. While our work is consistent with earlier studies
indicating comparable frequencies of lymphocytes and that total
CD3+ and CD8+ T cells positively correlate between PBMC and
FNA samples (12, 30, 39), this study is the first to demonstrate
bona fide TRM and TRM−like cells are related both
quantitatively and qualitatively.

Previous reports indicate that major transcriptional
differences between blood and tissue−residing T cells include
apoptosis and cell-matrix interaction genes (23). Our data
recapitulate some of these differences, but also shows that
TRM and TRM-like cell differences are unique from other T
cell comparisons across liver and blood. Pathway analyses
indicated TRM-like cells were enriched for genes suggesting
they were metabolically active but transcriptionally regulated,
and prepared for leucocyte migration, when compared to liver
TRM cells. These exploratory analyses, while not followed up
with functional assays, could be the basis of further work
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examining blood CD69+ cells. Indeed, Walsh et al. have shown
in mice that CD69 mediates recruitment and uptake of
circulating CD8+ T cells in non−lymphoid tissues (47).
Therefore, we hypothesise that TRM−like cells in the periphery
circulate with a heightened predilection for tissue recruitment,
and ability to follow chemotactic gradients, into the liver.

In silico reconstruction of single-cell TCRs confirmed the
identity of MAIT cells and showed substantial clonal
relationships between PBMC and FNA samples. The finding
that clones coexisted and TCR chain sharing occurred between
liver and blood is important, as it suggests that TRM-like cells
were reflective of the liver TRM cell repertoire. MAIT cells are
known to be highly abundant in the liver (48). This has been
demonstrated using scRNA−seq gene expression (22) and TCR
sequencing (49). MAIT cell oligoclonality among tissues and the
circulation, and inter-individual homology have both been
shown previously (49, 50). These TCR data were therefore in
agreement with established literature regarding MAIT cells.
However, this is the first report to comprehensively show the
contribution of MAIT cells to the liver CD69+ memory CD8+ T
cell compartment, indicating the underappreciated heterogeneity
in previous reports defining traditional TRM cells as all hepatic
CD69+ T cells (12, 17, 30, 51).

This work has a number of limitations. CD69 is well
established as a very early activation marker (52) and it is
possible that ‘TRM-like’ cells seen in the periphery, early after
IV viral vector administration could merely be activated memory
T cells. CD69 expression is known to decline six hours after
activation (52), making it unlikely that the expression on
memory T cells at IV+3 and later time points is entirely
accounted for by an early inflammatory response. Despite
significant evidence from animal models (9, 10, 53), the
question as to whether TRMs are specifically induced by IV
vaccination in humans remains an ongoing avenue of inquiry.
We have seen that IV boosting induces substantially higher
numbers of TRM-like cells, compared to IM boosting (data not
shown). It is likely that only a proportion of the TRM-like cells
identified in human peripheral blood i) were specific to the
vaccine antigen and ii) established and maintained themselves in
the liver long term.While bystander T cells lack specificity for the
heterologous pathogen, they can however influence the immune
response to infection, highlighting the importance of non-
antigen-specific T cells (54). The pathway analyses presented
were designed to be exploratory and could not provide
conclusive evidence of functional and biological differences
between TRM and TRM-like cells. These analyses could be the
basis of future work examining TRM and TRM-like cells.

In this study we used FNAs to compare liver CD8+ TRM cells
to circulating TRM-like counterparts, and highlight TRM-like
cells as a potential surrogate marker of vaccine-induced
protection against malaria. We found that while these
peripheral ‘TRM-like’ cells differed to TRM cells in terms of
significant pathways, such as leukocyte adhesion and T cell
differentiation, they are phenotypically similar and
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indistinguishable in terms of T cell residency transcriptional
signatures. Increases in the frequency of these TRM-like cells in
the blood early after IV vaccination was associated with a
reduced risk of developing malaria. This work provides proof-
of-concept of multiple novel methods to investigate liver-stage
malaria vaccines, immunological evaluation of a malaria vaccine
strategy by CHMI, and insights into correlates of protection after
vaccination. A simple, accessible and reproducible correlate of
protection would be particularly helpful in trials of liver-stage
malaria vaccines as they progress to phase III, large-scale testing
in African infants. We provide a blueprint for understanding and
monitoring liver TRM cells induced by a prime-target malaria
vaccine approach.
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Supplementary Figure 1 | Trial overview and timeline. Detailed schematic of trial.
The final study cohort included 35 volunteers, across five groups, with group sizes
for the first four (intervention) groups as indicated. Not shown in this figure is the
infectivity control group (N=5) that did not receive any vaccinations and underwent
CHMI with the vaccinated groups. All intervention group volunteers received either
two or three vaccines of viral vectors encoding ME-TRAP. Doses were as indicated.
Fine needle aspirates occurred between 16 and 24 days after IV vaccination/boost.
Controlled Human Malaria Infection (CHMI, challenge) of volunteers by infected
mosquitoes was carried out in a CL3 suite. Volunteers underwent CHMI on two
separate days (4/2/2019 and 5/2/2019) and participants were equally and
randomly divided across these days. Infectious mosquitos were provided by the
Walter Reed Army Institute of Research. Volunteers were exposed to the bites of five
infectious mosquitoes per participant for 5-10 minutes. Fed mosquitoes were
individually dissected and assessed for sporozoite load, to ensure all fed
mosquitoes were infected with P. falciparum. Volunteers were followed up twice per
day from five days after challenge. Volunteers were treated with 20mg artemether/
120mg lumefantrine (Riamet) upon malaria diagnosis or 21 days after challenge. A
diagnosis of malaria infection was made given the following criteria: 1) The presence
of symptoms suggestive of malaria in addition to a qPCR result indicating ≥ 1,000
parasites/mL OR 2) Lack of symptoms with a qPCR result indicating ≥ 10,000
parasites/mL. None of the volunteers in the infectivity control group achieved sterile
protection.

Supplementary Figure 2 | Gating strategy for paired liver FNA and PBMC
samples. Boxes on flow cytometry plots define the representative sequential gating
strategy identifying TRM in human liver FNA and TRM-like cells in human PBMC.
Singlets, CD45+, live CD20-, lymphocytes, CD3+, CD8+/CD4+, CD56-, CD69+
CD45RA ± CD11a hi ± CD103. FNA, fine needle aspirate; FSC-A/H, forward
scatter; LIVE/DEAD Aqua, fixable dead cell stain; PBMC, peripheral blood
mononuclear cells; SSC-A, side scatter.

Supplementary Figure 3 | Representative flow cytometry plots from FNA and
PBMC of the same donors. Boxes on flow cytometry plots define the representative
gating strategy identifying several T cells subsets in human liver FNA and PBMC.
Percentages are expressed relative to total singlet, CD45+, live, CD20-, CD3+, CD8
+/CD4+, CD56- T cells. Previous gating prior to this included: singlets, CD45+, live
CD20-, lymphocytes, CD3+, CD8+/CD4+, CD56-. FNA, fine needle aspirate;
PBMC, peripheral blood mononuclear cells.
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Supplementary Figure 4 | Expression of TRM markers on FNA TRM and PBMC
TRM-like cells. TRM/TRM-like cell expression of the selected markers was
compared to paired (within volunteer and within sample) TEM (CD69-) expression of
the selected marker. Both the positive fraction of cells and the GMFI of the selected
markers is presented. Two-way ANOVA results are presented below each plot.
Pairing by tissue and CD69 status was performed. Equal variability of differences
was assumed when performing repeated measures two-way ANOVA (based on
GLM). ANOVA, Analysis of variance. FNA, fine needle aspirate. GLM, general linear
model. PBMC, peripheral blood mononuclear cells.

Supplementary Figure 5 | FNA and PBMC t-distributed stochastic neighbour
embedding (tSNE). The tSNE algorithm was run using single cell expression values
of 13 markers on 1,068,990 cells pre-gated on CD45+ single live lymphocyte size.
These lymphocytes were derived from all 13 volunteers. Each FNA sample
contributed on average 32,760 cells (range 6480-50,000), while each PBMC
sample contributed 50,000 cells. (A) Contour tSNE plot of FNA and PBMC CD8+
and CD8+ TRM cells. Five distinct clusters of TRM can be seen. (B) Contour tSNE
plot of TRM/TRM-like cells compared to TEM (non-TRM) from both tissues. The left
plot shows only those cells derived from the liver (FNA), while the right shows those
from the blood (PBMC). (C) Contour tSNE plot of TRM/TRM-like cells from both
tissues. The gates of the three tSNE subsets are shown with the corresponding
percentage of total cells. (D) Phenotype and metaparameter characterisation of the
three tSNE subsets. The three subsets can be differentiated by PD-1, CXCR6 and
CD103 expression. The tSNE plot shows the positions of the three subsets and the
left histograms show the GMFI of the listed markers for the three subsets. The three
subsets have been selected due to their over-representation in CD69+ memory T
cells compared to CD69- memory T cells. The right histograms show the relative
distribution of cells into discrete experimental and technical categories. tSNE
subsets are relatively equally spread across each of the metaparameters.
Metaparameters were not included when running the tSNE algorithm. FNA, fine
needle aspirate. GMFI, geometric mean fluorescence intensity. PBMC, peripheral
blood mononuclear cells. tSNE, t-distributed stochastic neighbour embedding.

Supplementary Figure 6 | Pathway analyses. (A) Over-representation analysis
plots for gene ontology categories of the FNA CD69+ vs PBMC CD69+
comparison. A: Over-representation analysis gene-concept network plots for
enriched Gene Ontology biological process and molecular function categories. A
hyper geometric test was used to test for significance of gene category over-
representation. Gene categories presented have an FDR < 0.05. Size refers to the
number of genes involved in category. (B) Enrichment plots for gene ontology
categories of the FNA CD69+ vs PBMC CD69+ comparison. Gene set enrichment
analyses visualised by category running enrichment score among pre-ranked list of
all 11,933 differentially expressed genes. A category’s enrichment score is the
maximum deviation from zero encountered in the running score. If the normalised
enrichment score is positive, this suggests enrichment of the category in FNA CD69
+ samples. A negative normalised enrichment score suggests enrichment of the
category in PBMC CD69+. The ranked list metric is the binary logarithm of the fold
change of gene expression between FNA CD69+ and PBMCCD69+ cells. (C) Venn
diagram of the FNA CD69- vs PBMC CD69- comparison. Venn diagram
demonstrating the overlap of genes that are in both FNA vs PBMC comparisons
(where CD69+ cells are compared, left blue circle, and CD69- cells, right orange
circle). All genes were differentially expressed with an FDR < 0.01. Ten genes co
−occurred in the differential expression lists generated by comparing FNA and
PBMC CD69+, and FNA and PBMC CD69- (not significant, hypergeometric test
p≃1). (D) GSEA plots of the FNA CD69- vs PBMC CD69- comparison. Gene set
enrichment analyses of gene ontologies visualised by category running enrichment
score among pre-ranked list of all 12,062 differentially expressed genes. A
category’s enrichment score is approximated by the maximum deviation, from zero,
encountered in the running score. If the normalised enrichment score is positive, this
suggests enrichment of the category in FNA CD69- samples. A negative normalised
enrichment score suggests enrichment of the category in PBMC CD69-. All
categories presented had an FDR < 0.05. Considering gene expression differences
between PBMC CD69+ and CD69- samples, no terms were enriched with
FDR<0.05 on GSEA when using Hallmark MSigDB gene sets or gene ontology sets
(data not shown). (E) Clustering of the samples in the PBMC CD69+ vs CD69-
comparison. Hierarchical clustering tree based on Spearman’s correlation of
sample rlog normalised count values considering all genes in CD8+ Kumar et al.
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core TRM transcriptional signature. FDR, false discovery rate. FNA, fine needle
aspirate. GSEA, gene set enrichment analysis. PBMC, peripheral blood
mononuclear cells. rlog, regularised logarithm. TRM, tissue-resident memory T cell.

Supplementary Figure 7 | PCA plots based on the 500 most variable genes in
the single cell RNA sequencing experiment. Each point represents one cell, either a
PBMC or FNA live single CD20- CD3+ CD45+ CD8+ CD4- CD45RA- CD69+
lymphocyte FACS sorted and sequenced in plates by the SmartSeq2 protocol. Six
hundred and twenty-nine cells are presented in these PC plots. Cell cycle phase
was assigned using the cyclone function from the scran package version 1.14.6.
(A) Plots of the first two PC, according to various technical and biological
parameters. PC1 is associated with the number of features per cell (SCT
normalisation in Seurat was performed). PC2 does not appear to be substantially
separated by the presented parameters. (B) Plots of PC2 and PC3, according to
various technical and biological parameters. PC3 appears to separate PBMC and
FNA cells. FACS, fluorescence-assisted cell sorting. FC, flow cell. G1, gap 1 cell
cycle phase. G2, gap 2 cell cycle phase. mtDNA, mitochondrial DNA PC, principal
component. PCA, principal component analysis. S, synthesis cell cycle phase. V,
volunteer.

Supplementary Figure 8 | T cell clonality and clone size. (A) Out of the 690 cells
analysed, productive TCR a and b loci were reconstructed in 634 (91.9%) and 639
(92.6%) cells, respectively. There was productive reconstruction of both a and b loci
from 603 (87.4%) cells. Most cells had one productive a or b locus identified
(Table 4.4). Relatively few cells had two productive a or b loci (Table 4.4), (B) TCR
alpha (left) and beta (right) loci clone frequency. Bars represent individual clones and
bar height represents clone frequency. A clone was defined as any number of cells
that had the exact same (alpha or beta) TCR loci and CDR3 nucleotide sequence.
Clones with more than two cells are displayed here. Non-productive recombinants
and recombinants derived from MAIT cells were excluded from these analyses.
Clone sizes are reported as a frequency, in relation to the total number of
reconstructed TCR recombinants. (C) Clonality by volunteer and sample type.
Alpha and beta TCR loci recombinants categorised according to whether they were
expanded (shared by more than two cells), clonal (present in two cells) or unique
(present in one cell). (D) TCR alpha and beta chain usage of expanded clonal T cells
by sample type. Chain pairing of TRAV & TRAJ and TRBV & TRBJ are displayed as
chord diagrams where ribbons connecting arcs indicate frequency of chain pairing.
Only clones of greater than two cells and productive recombinants were included in
these analyses. MAIT cells were excluded from these analyses. Ticks on the inside
of the arcs are present for every 5 cells that shared the recombinant. Recombinant
totals: alpha chain usage FNA n=75, PBMC n=30; beta chain usage FNA n=51,
PBMC n=17. The degree of TCR chain usage sharing between samples is
representative of all volunteers. (E) Clonal relationships between MAIT and non-
MAIT cells. The number of recombinants shared between MAIT (left) and non-MAIT
(right) cells. Nodes (vertices) represent individual cells and links (edges) represent a
unique recombinant shared between the connected cells. Cells could share up to a
maximum of four recombinants (two TCR a and two TCR b). Cells are distributed
using a force-directed layout algorithm whereby cells have a simulated ‘charge’,
repelling them from other cells, and links have attractive forces for connected cells.
For a given number of cells, more links resulted in tighter clusters. A clone was
defined as any number of cells that had the exact same (a or b) TCR loci and CDR3
nucleotide sequence. Clones with more than two cells are displayed here. MAIT
cells were defined based on TCR a locus: any cell that expressed TRAV1-2 paired
with TRAJ33, TRAJ12 or TRAJ20 was defined as a MAIT cell, regardless of the TCR
b locus recombinant. (F) Flow cytometry index sort information obtained at the time
of single-cell isolation for CD69, CD56, CD11a and CD16 molecules. Values
represent fluorochrome geometric mean fluorescence intensity that has been
compensated, but not transformed. FNA, fine needle aspirate. MAIT, mucosal
associated invariant T cell. PBMC, peripheral blood mononuclear cell. recomb(s),
TCR recombinant. TCR, T cell receptor. TCRA, T cell receptor alpha locus. TCRB, T
cell receptor beta locus. Vol, volunteer.

Supplementary Figure 9 | TRM-like cells gating strategy. Boxes on flow
cytometry plots define the representative sequential gating strategy identifying
TRM-like cells in human PBMC. Singlets, lymphocytes, live, (CD4 & CD20)-, CD3+,
CD8+, CD45RA- and CD69+ CD11a hi using 16-color flow cytometry. FSC-A/H,
forward scatter; LIVE/DEAD Aqua, fixable dead cell stain; PBMC, peripheral blood
mononuclear cells; SSC-A, side scatter.
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Supplementary Figure 10 | Representative flow cytometry plots from
representative two volunteers samples at different time points. Boxes on flow
cytometry plots define the representative gating strategy identifying TRM like cells in
PBMC. Percentages are expressed relative to total singlet, live, (CD4 & CD20)-,
CD3+, CD8+, CD45RA-T cells. Previous gating prior to this included: singlets,
lymphocytes, live, (CD4 & CD20)-, CD3+, CD8+, CD45RA- and CD69+ CD11a hi
using 16-colour flow cytometry. PBMC, peripheral blood mononuclear cells.

Supplementary Figure 11 | TRM like cells after IV vaccination. (A) CD69+ CD11a
hi cells as proportions of CD8+ CD3+ T cells at six time points after IV vaccination.
(B) CD69+ CD11a hi cells as proportions of CD45RA- CD8+ CD3+ T cells by time
after IV vaccination. For each time point, there was a window in which volunteers
could attend for blood sampling. (C) CD69+ CD11a hi CD45RA- CD8+ CD3+ T cell
concentration calculated using volunteers’ clinical haematology value for total
lymphocytes. Mean values are presented, and error bars represent the standard
deviation. Significance testing of differences between time points was performed
using ratio paired t tests and the resultant p values of all tested comparisons are
shown (unless specifically mentioned). An a of less than 0.05 was considered
statistically significant. These analyses were performed by assuming that 30% of
lymphocytes were CD8+ CD3+, as has been previously demonstrated in Caucasian
UK and US populations (!ref,!ref). (D) Ki67+ frequencies of CD69+ and CD69-
CD11a hi CD45RA- CD8+ CD3+ T cells (left), and Ki67 geometric mean
fluorescence intensities of CD69+ and CD69- CD11a hi CD45RA- CD8+ CD3+ T
cells (right). CD69- (effector memory T cell) frequency and expression of the markers
are presented as an internal comparator. All comparisons between CD69+ and
CD69- cells were significant (p<0.001). Significance testing of differences between
individual groups was performed using ratio paired t-tests, and the resultant p
values of all tested comparisons are shown. Statistics were performed on non-
transformed data.

Supplementary Figure 12 | IV+3 TRM−like cells vs indicators of vaccine-induced
immunity and protection.(A–C) X-axes and values are shared between all plots.
Empty grey triangles represent volunteers that achieved sterile protection and were
removed from the “without protection” analyses. (A) TRM−like cell frequencies;
CD69+ CD11a hi CD45RA- (% CD8+ CD3+ T cells) cell frequencies, at IV+3,
compared to IFNg ELISpot AgSp T cell response at C-1 (left), C+35 (middle) and C
+90 (right). (B) TRM−like cell frequencies at IV+3, compared to IFNg+ cell (% CD8+
CD3+ T cells) response at C-1 (left) and C+7 (right). (C) TRM−like cell frequencies at
IV+3, compared to the maximum IFN−g ELISpot AgSp T cell response (left) and the
maximum IFNg+ cell (% CD8+ CD3+ T cells) response as measured by ICS (right).
IFN−g ELISpot was performed at between 10 and 13 time points, and ICS was
performed at three time points. Spearman’s rank correlation coefficient, the
correlation coefficient 95% confidence interval and an approximate, unadjusted p
value are reported. (D) TRM−like cell frequencies (CD69+ CD11a hi CD45RA- (%
CD8+ CD3+ T cells)) measured at IV+3 compared across volunteers who
experienced any (sterile or partial) vaccine-induced protection and those with no
protection. Partial protection was defined as volunteers with a diagnosis of malaria
14 days or later, after infectious mosquito bite [!ref] (E) Associations of TRM−like cell
frequencies at IV+3, and time to malaria diagnosis (left) and the mean number of
parasites in the first three replication cycles (right). Empty grey triangles represent
volunteers that were right-censored from the study and deemed to have achieved
sterile protection from malaria. These volunteers did not reach 1000 blood-stage
parasites, therefore were not included in this analysis. Spearman’s rank correlation
coefficient, the correlation coefficient 95% confidence interval and an approximate,
unadjusted p value are reported. Statistics were performed on non-transformed
data. For log-transformed PCR data, a pseudocount value of one was added to
each qPCR value to allow log transformation of zero values (y=log(1+qPCR)).
(F) Kaplan−Meier curve comparisons using TRM−like cells one day after IV
Frontiers in Immunology | www.frontiersin.org 1429
vaccination. Volunteers were stratified according to whether their CD69+ CD11a hi
CD45RA- frequency (% CD8+ CD3+ T cells) above or below the median of all
values. A log−rank test was performed to test for difference in survival (delay/lack of
malaria diagnosis), and the p value is reported in the plot. The risk table shows the
percentage of volunteers, in each stratum, at risk of malaria diagnosis at five
representative time points. Right censoring occurred at 21 days as all undiagnosed
volunteers received antimalarial therapy. Time, on the x-axes, refers to the time after
CHMI. Kaplan Meier curve comparisons using AgSp responses at C-1 to stratify
volunteers: IFNg ELISpot ME-TRAP SFC per million PBMC (left) and IFNg+
frequency (% CD8+) as measured by intracellular cytokine staining (right).

Supplementary Figure 13 | (A) Univariate Cox regression models using antigen-
specific responses: IFNg ELISpot ME-TRAP SFC per million PBMC (left) and IFNg+
frequency (% CD8+) as measured by intracellular cytokine staining (right).
(B) Univariate Cox regression models using non-antigen-specific T cell subsets:
CD69- CD11a hi CD45RA- CD8+ CD3+ T cells (left) and CD45RA- CD8+ CD3+ T
cells (right). (C) Schoenfeld residuals plotted to test the proportional hazards
assumption (top). Systematic departures from a horizontal line when plotting
Schoenfeld residuals would indicate non-proportional hazards. The assumption of
proportional hazards was supported for both covariates and overall, for the model
(p=0.304). The blue dashed lines are fit by local linear regression (lowess), to aid in
interpretation; the shading represents ± 2-standard-error envelopes around the fit.
The red dashed line is at y=0. C: Dfbetas plotted to assess influential observations.
Plotting dfbetas estimated the changes in regression coefficients upon deleting
each observation in turn (bottom). Comparing the magnitudes of the largest dfbeta
values to the regression coefficients suggests that none of the observations were
largely influential. The model satisfied the proportional hazards assumption
(p=0.304 overall) and there were no vastly influential observations. IV and IV+3 TRM
−like cell parameters were previously shown to be moderately positively correlated
(p=3.433x10-4,, ). The variance inflation factor, which measures the inflation in
variance due to parameter correlation, of both variables was 1.38. (D) Akaike
information criterion values of models composed of all permutations of ten log-
transformed TRM−like cell, IFNg+ (%CD8+ as measured by ICS) and IFNg ELISpot
parameters.

Supplementary Data Sheet 1 | Differentially expressed gene list, adjusted p
values and shrunken log2 fold change values for FNA CD69+ vs FNA CD69-
comparison.

Supplementary Data Sheet 2 | Results of gene set enrichment analysis using
custom gene sets obtained from Kumar et al., Zhao et al. and Szabo et al.

Supplementary Data Sheet 3 | Differentially expressed gene list, adjusted p
values and shrunken log2 fold change values for FNA CD69+ vs PBMC CD69+
comparison.

Supplementary Data Sheet 4 | Differentially expressed gene list, adjusted p
values and average natural log fold change values for cluster 0 FNA CD69+ vs
cluster 1 FNA CD69+ single cell comparison.

Supplementary Data Sheet 5 | Differentially expressed gene list, adjusted p
values and average natural log fold change values for cluster 0 FNA CD69+ vs
cluster 0 PBMC CD69+ single cell comparison.

Supplementary Data Sheet 6 | Differentially expressed gene list, adjusted p
values and average natural log fold change values for cluster 1 FNA CD69+ vs
cluster 1 PBMC CD69+ single cell comparison.
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Noé et al. Malaria Liver-Stage Protection-Related TRM-Like Cells
Chimpanzee Adenovirus-MVA Immunisation. Nat Commun (2013) 4:2836.
doi: 10.1038/ncomms3836

5. Hodgson SH, Ewer KJ, Bliss CM, Edwards NJ, Rampling T, Anagnostou NA,
et al. Evaluation of the Efficacy of ChAd63-MVA Vectored Vaccines
Expressing Circumsporozoite Protein and ME-TRAP Against Controlled
Human Malaria Infection in Malaria-Naive Individuals. J Infect Dis (2015)
211(7):1076–86. doi: 10.1093/infdis/jiu579

6. Rodrigues EG, Zavala F, Eichinger D, Wilson JM, Tsuji M. Single Immunizing
Dose of Recombinant Adenovirus Efficiently Induces CD8+ T Cell-Mediated
Protective Immunity Against Malaria. J Immunol (1997) 158(3):1268–74.

7. Bruna-Romero O, Gonzalez-Aseguinolaza G, Hafalla JC, Tsuji M,
Nussenzweig RS. Complete, Long-Lasting Protection Against Malaria of
Mice Primed and Boosted With Two Distinct Viral Vectors Expressing the
Same Plasmodial Antigen. Proc Natl Acad Sci USA (2001) 98(20):11491–6.
doi: 10.1073/pnas.191380898

8. Ogwang C, Kimani D, Edwards NJ, Roberts R, Mwacharo J, Bowyer G, et al.
Prime-Boost Vaccination With Chimpanzee Adenovirus and Modified
Vaccinia Ankara Encoding TRAP Provides Partial Protection Against
Plasmodium Falciparum Infection in Kenyan Adults. Sci Transl Med (2015)
7(286):286re5. doi: 10.1126/scitranslmed.aaa2373

9. Gola A, Silman D, Walters AA, Sridhar S, Uderhardt S, Salman AM, et al.
Prime and Target Immunization Protects Against Liver-Stage Malaria in
Mice. Sci Transl Med (2018) 10(460). doi: 10.1126/scitranslmed.aap9128

10. Fernandez-Ruiz D, Ng WY, Holz LE, Ma JZ, Zaid A, Wong YC, et al. Liver-
Resident Memory CD8(+) T Cells Form a Front-Line Defense Against Malaria
Liver-Stage Infection. Immunity (2016) 45(4):889–902. doi: 10.1016/
j.immuni.2016.08.011

11. Olsen TM, Stone BC, Chuenchob V, Murphy SC. Prime-And-Trap Malaria
Vaccination To Generate Protective CD8(+) Liver-Resident Memory T Cells.
J Immunol (2018) 201(7):1984–93. doi: 10.4049/jimmunol.1800740

12. Pallett LJ, Davies J, Colbeck EJ, Robertson F, Hansi N, Easom NJW, et al. IL-2
(High) Tissue-Resident T Cells in the Human Liver: Sentinels for Hepatotropic
Infection. J Exp Med (2017) 214(6):1567–80. doi: 10.1084/jem.20162115

13. Kumar BV, Kratchmarov R, Miron M, Carpenter DJ, Senda T, Lerner H, et al.
Functional Heterogeneity of Human Tissue-Resident Memory T Cells Based on
Dye Efflux Capacities. JCI Insight (2018) 3(22). doi: 10.1172/jci.insight.123568

14. Kumar BV, MaW,Miron M, Granot T, Guyer RS, Carpenter DJ, et al. Human
Tissue-Resident Memory T Cells Are Defined by Core Transcriptional and
Functional Signatures in Lymphoid and Mucosal Sites. Cell Rep (2017) 20
(12):2921–34. doi: 10.1016/j.celrep.2017.08.078

15. Szabo PA, Miron M, Farber DL. Location, Location, Location: Tissue Resident
Memory T Cells in Mice and Humans. Sci Immunol (2019) 4(34). doi:
10.1126/sciimmunol.aas9673

16. Kim JH, Han JW, Choi YJ, Rha MS, Koh JY, Kim KH, et al. Functions of
Human Liver CD69(+)CD103(-)CD8(+) T Cells Depend on HIF-2alpha
Activity in Healthy and Pathologic Livers. J Hepatol (2020) 72(6):1170–81.
doi: 10.1016/j.jhep.2020.01.010

17. Stelma F, de Niet A, Sinnige MJ, van Dort KA, van Gisbergen K, Verheij J,
et al. Human Intrahepatic CD69 + CD8+ T Cells Have a Tissue Resident
Memory T Cell Phenotype With Reduced Cytolytic Capacity. Sci Rep (2017) 7
(1):6172. doi: 10.1038/s41598-017-06352-3

18. Thome JJ, Yudanin N, Ohmura Y, Kubota M, Grinshpun B, Sathaliyawala T, et al.
Spatial Map of Human T Cell Compartmentalization and Maintenance Over
Decades of Life. Cell (2014) 159(4):814–28. doi: 10.1016/j.cell.2014.10.026

19. Wherry EJ. T Cell Exhaustion.Nat Immunol (2011) 12(6):492–9. doi: 10.1038/ni.2035
20. Heydtmann M, Lalor PF, Eksteen JA, Hubscher SG, Briskin M, Adams DH.

CXC Chemokine Ligand 16 Promotes Integrin-Mediated Adhesion of Liver-
Infiltrating Lymphocytes to Cholangiocytes and Hepatocytes Within the
Inflamed Human Liver. J Immunol (2005) 174(2):1055–62. doi: 10.4049/
jimmunol.174.2.1055

21. Tse SW, Radtke AJ, Espinosa DA, Cockburn IA, Zavala F. The Chemokine
Receptor CXCR6 Is Required for the Maintenance of Liver Memory CD8(+) T
Cells Specific for Infectious Pathogens. J Infect Dis (2014) 210(9):1508–16. doi:
10.1093/infdis/jiu281

22. Zhao J, Zhang S, Liu Y, He X, Qu M, Xu G, et al. Single-Cell RNA Sequencing
Reveals the Heterogeneity of Liver-Resident Immune Cells in Human. Cell
Discov (2020) 6:22. doi: 10.1038/s41421-020-0157-z
Frontiers in Immunology | www.frontiersin.org 1530
23. Szabo PA, Levitin HM, Miron M, Snyder ME, Senda T, Yuan J, et al. Single-
Cell Transcriptomics of Human T Cells Reveals Tissue and Activation
Signatures in Health and Disease. Nat Commun (2019) 10(1):4706. doi:
10.1038/s41467-019-12464-3

24. He S, Wang L-H, Liu Y, Li Y-Q, Chen H, Xu J, et al. Single-Cell Transcriptome
Profiling an Adult Human Cell Atlas of 15 Major Organs. Genome Biol (2020)
21(1):294. doi: 10.1186/s13059-020-02210-0

25. Fonseca R, Beura LK, Quarnstrom CF, Ghoneim HE, Fan Y, Zebley CC, et al.
Developmental Plasticity Allows Outside-in Immune Responses by Resident
Memory T Cells. Nat Immunol (2020) 21(4):412–21. doi: 10.1038/s41590-
020-0607-7

26. Klicznik MM, Morawski PA, Hollbacher B, Varkhande SR, Motley SJ, Kuri-
Cervantes L, et al. Human CD4(+)CD103(+) Cutaneous Resident Memory T
Cells are Found in the Circulation of Healthy Individuals. Sci Immunol (2019)
4(37). doi: 10.1126/sciimmunol.aav8995

27. Li N, van Unen V, Abdelaal T, Guo N, Kasatskaya SA, Ladell K, et al. Memory
CD4(+) T Cells are Generated in the Human Fetal Intestine. Nat Immunol
(2019) 20(3):301–12. doi: 10.1038/s41590-018-0294-9

28. Beura LK, Mitchell JS, Thompson EA, Schenkel JM, Mohammed J,
Wijeyesinghe S, et al. Intravital Mucosal Imaging of CD8(+) Resident
Memory T Cells Shows Tissue-Autonomous Recall Responses That
Amplify Secondary Memory. Nat Immunol (2018) 19(2):173–82. doi:
10.1038/s41590-017-0029-3

29. Pembroke T, Gallimore A, Godkin A. Tracking the Kinetics of Intrahepatic
Immune Responses by Repeated Fine Needle Aspiration of the Liver.
J Immunol Methods (2015) 424:131–5. doi: 10.1016/j.jim.2015.04.011

30. Gill US, Pallett LJ, Thomas N, Burton AR, Patel AA, Yona S, et al. Fine Needle
Aspirates Comprehensively Sample Intrahepatic Immunity. Gut (2019) 68
(8):1493–503. doi: 10.1136/gutjnl-2018-317071

31. Lee JM, Lee HS, Hyun JJ, Lee JM, Yoo IK, Kim SH, et al. Slow-Pull Using a
Fanning Technique Is More Useful Than the Standard Suction Technique in
EUS-Guided Fine Needle Aspiration in Pancreatic Masses. Gut Liver (2018)
12(3):360–6. doi: 10.5009/gnl17140

32. McConkey SJ, Reece WH, Moorthy VS, Webster D, Dunachie S, Butcher G,
et al. Enhanced T-Cell Immunogenicity of Plasmid DNA Vaccines Boosted by
Recombinant Modified Vaccinia Virus Ankara in Humans. Nat Med (2003) 9
(6):729–35. doi: 10.1038/nm881

33. Picelli S, Faridani OR, Bjorklund AK, Winberg G, Sagasser S, Sandberg R.
Full-Length RNA-Seq From Single Cells Using Smart-Seq2. Nat Protoc (2014)
9(1):171–81. doi: 10.1038/nprot.2014.006

34. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR:
Ultrafast Universal RNA-Seq Aligner. Bioinformatics (2013) 29(1):15–21. doi:
10.1093/bioinformatics/bts635

35. Liao Y, Smyth GK, Shi W. Featurecounts: An Efficient General Purpose
Program for Assigning Sequence Reads to Genomic Features. Bioinformatics
(2014) 30(7):923–30. doi: 10.1093/bioinformatics/btt656

36. Love MI, Huber W, Anders S. Moderated Estimation of Fold Change and
Dispersion for RNA-Seq Data With Deseq2. Genome Biol (2014) 15(12):550.
doi: 10.1186/s13059-014-0550-8

37. Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating Single-Cell
Transcriptomic Data Across Different Conditions, Technologies, and Species.
Nat Biotechnol (2018) 36(5):411–20. doi: 10.1038/nbt.4096

38. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM3rd,
et al. Comprehensive Integration of Single-Cell Data. Cell (2019) 177(7):1888–
902.e21. doi: 10.1016/j.cell.2019.05.031

39. Gill US, Pallett LJ, Kennedy PTF, Maini MK. Liver Sampling: A Vital Window
Into HBV Pathogenesis on the Path to Functional Cure. Gut (2018) 67
(4):767–75. doi: 10.1136/gutjnl-2017-314873

40. Stamataki Z, Swadling L. The Liver as an Immunological Barrier Redefined by
Single-Cell Analysis. Immunology (2020) 160(2):157–70. doi: 10.1111/
imm.13193

41. Mackay LK, Rahimpour A, Ma JZ, Collins N, Stock AT, Hafon ML, et al. The
Developmental Pathway for CD103(+)CD8+ Tissue-Resident Memory T
Cells of Skin. Nat Immunol (2013) 14(12):1294–301. doi: 10.1038/ni.2744

42. Hombrink P, Helbig C, Backer RA, Piet B, Oja AE, Stark R, et al. Programs for
the Persistence, Vigilance and Control of Human CD8(+) Lung-Resident
Memory T Cells. Nat Immunol (2016) 17(12):1467–78. doi: 10.1038/ni.3589
February 2022 | Volume 13 | Article 795463

https://doi.org/10.1038/ncomms3836
https://doi.org/10.1093/infdis/jiu579
https://doi.org/10.1073/pnas.191380898
https://doi.org/10.1126/scitranslmed.aaa2373
https://doi.org/10.1126/scitranslmed.aap9128
https://doi.org/10.1016/j.immuni.2016.08.011
https://doi.org/10.1016/j.immuni.2016.08.011
https://doi.org/10.4049/jimmunol.1800740
https://doi.org/10.1084/jem.20162115
https://doi.org/10.1172/jci.insight.123568
https://doi.org/10.1016/j.celrep.2017.08.078
https://doi.org/10.1126/sciimmunol.aas9673
https://doi.org/10.1016/j.jhep.2020.01.010
https://doi.org/10.1038/s41598-017-06352-3
https://doi.org/10.1016/j.cell.2014.10.026
https://doi.org/10.1038/ni.2035
https://doi.org/10.4049/jimmunol.174.2.1055
https://doi.org/10.4049/jimmunol.174.2.1055
https://doi.org/10.1093/infdis/jiu281
https://doi.org/10.1038/s41421-020-0157-z
https://doi.org/10.1038/s41467-019-12464-3
https://doi.org/10.1186/s13059-020-02210-0
https://doi.org/10.1038/s41590-020-0607-7
https://doi.org/10.1038/s41590-020-0607-7
https://doi.org/10.1126/sciimmunol.aav8995
https://doi.org/10.1038/s41590-018-0294-9
https://doi.org/10.1038/s41590-017-0029-3
https://doi.org/10.1016/j.jim.2015.04.011
https://doi.org/10.1136/gutjnl-2018-317071
https://doi.org/10.5009/gnl17140
https://doi.org/10.1038/nm881
https://doi.org/10.1038/nprot.2014.006
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1136/gutjnl-2017-314873
https://doi.org/10.1111/imm.13193
https://doi.org/10.1111/imm.13193
https://doi.org/10.1038/ni.2744
https://doi.org/10.1038/ni.3589
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
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Severe COVID-19 can be associated with a prothrombotic state, increasing risk of
morbidity and mortality. The SARS-CoV-2 spike glycoprotein is purported to directly
promote platelet activation via the S1 subunit and is cleaved from host cells during
infection. High plasma concentrations of S1 subunit are associated with disease
progression and respiratory failure during severe COVID-19. There is limited evidence
on whether COVID-19 vaccine-induced spike protein is similarly cleaved and on the
immediate effects of vaccination on host immune responses or hematology parameters.
We investigated vaccine-induced S1 subunit cleavage and effects on hematology
parameters using AZD1222 (ChAdOx1 nCoV-19), a simian, replication-deficient
adenovirus-vectored COVID-19 vaccine. We observed S1 subunit cleavage in vitro
following AZD1222 transduction of HEK293x cells. S1 subunit cleavage also occurred
in vivo and was detectable in sera 12 hours post intramuscular immunization (1x1010 viral
particles) in CD-1 mice. Soluble S1 protein levels decreased within 3 days and were no
longer detectable 7–14 days post immunization. Intravenous immunization (1x109 viral
particles) produced higher soluble S1 protein levels with similar expression kinetics. Spike
protein was undetectable by immunohistochemistry 14 days post intramuscular
immunization. Intramuscular immunization resulted in transiently lower platelet (12
hours) and white blood cell (12–24 hours) counts relative to vehicle. Similarly,
intravenous immunization resulted in lower platelet (24–72 hours) and white blood cell
(12–24 hours) counts, and increased neutrophil (2 hours) counts. The responses
observed with either route of immunization represent transient hematologic changes
and correspond to expected innate immune responses to adenoviral infection.
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INTRODUCTION

The COVID-19 pandemic has produced substantial global
morbidity and mortality, with more than 5 million deaths
reported as of November 15, 2021 (1). Individuals with severe
and critically severe COVID-19 commonly present with abnormal
platelet parameters, including decreased platelet counts, compared
with healthy individuals and those with mild/moderate COVID-
19 (2). Poor coagulation outcomes including venous
thromboembolism and arterial thromboembolism are associated
with hospitalization and mortality from COVID-19 (3).

The SARS-CoV-2 structural surface glycoprotein antigen
(‘spike protein’) has been observed to directly bind platelet
Angiotensin-Converting Enzyme 2 (ACE2) receptors,
enhancing platelet activation in vitro and potentiating
thrombus formation in vivo (2). Cleavage of the spike protein
S1 subunit (‘S1 subunit’) from host cells occurs during SARS-
CoV-2 infection, and high plasma S1 subunit concentrations
correlate with disease progression and respiratory failure in
patients with severe COVID-19 (4). Due to its indispensable
functions in mediating virus host-cell entry (5), the first wave of
COVID-19 vaccine candidates were predominantly developed to
target the spike protein, with several genetic vaccine platforms
inducing its expression in vaccinees (6). Although gene-based
spike protein vaccines have substantially reduced the risk of
hospitalization and death from COVID-19 (7–10), it is unknown
if vaccine-induced S1 subunit is similarly cleaved and present in
the blood at high concentrations, and whether this has
implications for the host immune response (11). There is also
limited evidence on host immune responses or effects on blood
parameters immediately following COVID-19 vaccination.

AZD1222 (ChAdOx1 nCoV-19), is a simian, replication-
deficient adenovirus-vectored COVID-19 vaccine that is being
used globally (1, 7), with >2 billion doses administered at the time
of manuscript preparation. We conducted these experiments to
test the hypothesis that S1 subunit is cleaved in vivo following
AZD1222 immunization and to assess the potential effects of
AZD1222 vaccination on host hematologic parameters.
MATERIALS AND METHODS

In Vitro Assessment of Spike Protein
Expression and Cleavage
Cell Culture, AZD1222 Transduction, and
Cytotoxicity Assessment
Human embryonic kidney (HEK) 293x cells (American Type
Culture Collection) were grown at 37⁰C, 8% CO2, in FreeStyle™

293 Expression Medium at a starting density of 1x106 cells/mL.
Cell cultures were transduced with AZD1222 at increasing
multiplicities of infection (MOI); ChAdOx1-GFP at MOI=10
and mock transduction (FreeStyle™ 293 Expression Medium)
were used as controls (Figure 1A). Cell pellets and culture
supernatants were collected 48 and 72 hours post transduction
for further analysis.

Cytotoxicity was assessed using the LDH-Glo™ assay
(Promega, J2380/J2381) per the manufacturer’s instructions (12).
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An aliquot of culture media from mock transduction control
received 40 µL of 10% Triton X-100 and was incubated at room
temperature for a minimum of 15 minutes. Cellular supernatants
for the assessment of lactate dehydrogenase (LDH) were diluted
1:20 in LDH storage buffer [200 mM Tris-HCl (pH = 7.3); glycerol
10%; bovine serum albumin 1%]. Supernatant from Triton-X-100-
treated cells was serially diluted to within the linear range of the
assay. Diluted samples were combined 1:1 with detection reagent
(LDH Detection Enzyme Mix with Reductase Substrate) and
added to a 384-well plate in duplicate. A standard curve was
prepared from the positive control and added to the plate in
triplicate. Samples were analyzed using an EnVision® plate reader
(PerkinElmer) following a 50-minute incubation at
room temperature.

SARS-CoV-2 S1 and S2 Subunit Western Blot
and ELISA
Cell pellets were examined for expression of spike protein by
Western blot. Cell pellet (10 mg protein per lane) samples were
run on sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (SDS-PAGE) gels and then transferred onto
polyvinylidene fluoride (PVDF) membranes using the iBlot® 2
dry blotting system (Thermo Fisher Scientific). PVDF
membranes were blocked, washed and incubated with primary
and secondary antibodies using an iBind™ (Thermo Fisher
Scientific) system. Anti-SARS-CoV-2/2019-n-CoV Spike
receptor binding domain (RBD) and Spike S2 (Sino Biological,
40592-T62 and 40590-T62) were used as primary antibodies.
Anti-b-Actin (Sigma, A1978) was used as a loading control.
IRDye 680CW (Licor, 926-68073) and IRDye 800CW (Licor,
926-32212) were used as secondary antibodies. Fluorescence was
visualized using an Odyssey CLx imager (Li-Cor Biosciences).

Spike protein S1 and S2 subunit expression levels in culture
supernatant were measured by ELISA using 2130-wt or 2196-wt,
two monoclonal SARS-CoV-2 spike protein RBD neutralizing
antibodies (13), at 100 mg/mL as capture antibodies. 96-well
high-binding plates were coated with 100 mg/mL 2130-wt or
2196-wt in 1X PBS at 100 mL per well and incubated at 40°C
overnight. Wells were washed 4 times with Blocker™ Casein
phosphate buffered saline (PBS) buffer (Thermo 37528) and
blocked with 200 mL per well of casein for 1 hour at room
temperature. For spike protein standard curve, purified SARS-
CoV-2 S trimer was serially diluted 1:3 beginning with high
concentration of 3 mg/mL down to 0.001 ng/mL in casein.
Samples were tested undiluted and at 1:5 dilutions in casein.
Standards and samples were added to wells at 100 mL per well
and incubated for 1 hour at room temperature. Wells were
washed 4 times with 300 mL per well of casein. Next,
secondary antibodies (anti-mouse HRP [Dako P0447] or anti-
rabbit HRP (Cell Signaling, 7074S) were diluted 1:10,000 in
casein and added to wells at 100 mL per well and incubated for
1 hour at room temperature. Wells were again washed four times
with 300 mL per well of casein. 3,3,5,5-Tetramethylbenzidine
(TMB) KPL SureBlue (SeraCare, 5120-0074) (equilibrated to
room temperature) was added to wells at 100 mL per well and
incubated in the dark at room temperature for 5–10 minutes.
Reactions were stopped by adding 2N H2SO4 at 100 mL per well.
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Plates were analyzed with an EnVision® plate reader
(PerkinElmer) to read absorbance at 450 nm.

In Vivo Animal Procedures and Study Design
Animals
All in vivo experimental procedures were approved by the Home
Office, United Kingdom, with adherence to the Animals (Scientific
Procedures) Act 1986. The regulations conform to EU Directive
2010/63/EU and achieve the standard of care required by the US
Department ofHealth andHuman Services’Guide for theCare and
Use of Laboratory Animals. Animal studies were conducted
according to Good Laboratory Practice regulations for nonclinical
laboratory studies and complied with ARRIVE guidelines.

Animal procedures used equal numbers of male and female
CD-1 mice aged 8–12 weeks and weighing 20–50 g at the time of
dosing. Animals were obtained from Charles River Laboratories
(Charles River UK Limited). Mice were examined prior to
allocation to study stock. Mice were excluded if they presented
with lesions, masses, and/or swellings upon initial examination.
Males and females were randomized separately.
Frontiers in Immunology | www.frontiersin.org 334
Males were housed individually, while females were housed at 2–3
mice per cage. The targeted conditions for animal room environment
were 19–23°C, 40–70% humidity, ventilated with >10 air changes per
hour, and with a 12-hour light/dark cycle unless interrupted by study
procedures/activities. SDS Rat andMouse No. 1 Diet SQC Expanded,
and water, were provided ad libitum throughout the study, except
during designated procedures.

Test Agent
AZD1222 (MS00684-92) with a virus particle concentration of
2.13 x1012/mL was used as the test agent. For control
experiments, a buffer (vehicle) of 10 mM histidine, 7.5% (v/w)
sucrose, 35 mM sodium chloride, 1 mM magnesium chloride,
0.1% (v/w) Polysorbate-80, 0.1 mM ethylenediaminetetraacetic
acid (EDTA), and 0.5% (v/w) ethanol, pH 6.6, was used.

Study Design
This studywasperformedunblinded.Micewere randomlyassigned
to receive control (n= 12) orAZD1222 via intravenous (IV) (n=48)
or intramuscular (IM) (n = 48) injection. Mice assigned to the IV
A B

D

E

C

FIGURE 1 | The S1 subunit of the SARS-CoV-2 spike glycoprotein is cleaved in vitro following AZD1222 transduction. (A) Viability of HEK293x cell lines 48 and 72 hours
following transduction with AZD1222 at increasing input MOIs or ChAdOx1-GFP control. Error bars show the associated standard deviation for each sample. (B) Expression of
SARS-CoV-2 S1 and S2 spike protein subunits 48 or 72 hours post transduction with AZD1222. (C) Expression of GFP control 48 or 72 hours post transduction with
ChAdOx1-GFP. (D) Levels of SARS-CoV-2 S1 subunit and (E) full-length spike protein in cell culture supernatants at 48- and 72-hours post-transduction.
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route-of-administration group received AZD1222 at a
concentration of 1 x109 viral particles (VP) by single injection at a
fixed volume of 30 µL onDay 1. As this was the first time AZD1222
was administrated by IV dosing, mice were split into three batches
of increasing size, and 1-day pauses were added between dosing
batches 1, 2, and 3 to ensure the tolerability of test agent before
dosing larger cohorts of animals. Mice assigned to the IM route-of-
administration group received AZD1222 at a concentration of
1x1010 VP by single injection of a fixed volume of 30 µL to the
right hind limb (thigh) on Day 1.

In Life Procedures and Assessments
Mortality/moribundity were checked throughout the study at the
beginning and end of the working day. All mice received at least
one physical examination during the pre-treatment portion of
the study. Mice were examined regularly throughout the day post
dosing for potential reactions to AZD1222 or control, with
particular attention paid to the mice during and for the first
hour after dosing.

Body weights were collected as deemed necessary by the
technical staff for welfare purposes only. Therefore, due to the
lack of concurrent data, body weights were compared to
pretreatment values and no conclusions are drawn from this
dataset. In animals dosed with AZD1222 IV at 1x109 VP a
decrease in body weight was observed at various timepoints
throughout the first week of this study. There were no changes in
body weight in animals dosed with AZD1222 IM at 1x1010 VP.

Blood Sample Collection and Storage
Blood samples were collected from the orbital sinus following non-
recoverable isoflurane anesthesia for serum biomarker bioanalysis
and assessment of hematology parameters (Supplemental
Table 1). Blood samples for hematology assessments were
combined with K2EDTA anticoagulant. Serum samples for S1
sequential sandwich electrochemiluminescence immunoassay
were allowed to clot at ambient temperature for ≥60 mins
before centrifugation at 1500 x g for 10 mins at 4°C. Resultant
serum was separated and stored at –80°C prior to analysis.

Serum S1 Sequential Sandwich
Electrochemiluminescence (ECL) Immunoassay
S1 subunit levels in serum were assessed using a validated
immunoassay. MSD 96-well small spot streptavidin plates were
coated with biotinylated SARS-CoV-2 spike capture antibody
(MSD, C20ADB-3) and incubated overnight at 2–8°C. Wells
were washed three times with 1x Tris buffer. MSD diluent 11 was
added to the wells and allowed to incubate for 30 mins at 25°C.
Standard curve and samples were added to wells and allowed to
incubate for 120 mins at 25°C. Wells were washed three times
with 1x Tris buffer. Detection reagent was added to the wells and
allowed to incubate for 60 mins at 25°C. Wells were washed for a
final three times with 1x Tris buffer prior to the addition of MSD
Gold Read buffer. Spike protein was detected using SULFO-TAG
SARS-CoV-2 Spike detection antibody (MSD, D20ADB-3).
Plates were analyzed using a MSD S600 Meso Sector Imager
Microplate Reader within 10 mins of the addition of read buffer.
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The lower limit of quantification for the assay was 6.30 pg/mL
relative to the SARS-CoV-2 calibrator (MSD, C00ADB-2).

Assessment of Effects on Hematology Parameters
Changes in hematology parameters were assessed based on
reference ranges observed in mice under similar study
conditions at concurrent and non-concurrent timepoints from
historical control data for the testing facility. Group mean values
were determined for each timepoint post-vaccination and
compared to the reference range to assess for any potential
AZD1222-related changes.

Histology, Histopathology, and Immunohistochemistry
Samples of injection site, spleen and bone marrow (sternum and
femora-tibial joint) from animals sacrificed at Day 14 post IM
injectionwerefixed in10%neutral-buffered formalinandprocessed
toparaffinblocksusing routinemethods.Tissueswere sectionedat 4
µm thickness and stained with an immunohistochemical method
usinga rabbitmonoclonal antibody specific to theSARS-Cov2spike
protein (E5S3V, Cell Signaling Technology) at 0.1 µg/ml dilution,
on an automated Bond-RX immunostainer (Leica Biosystems),
using DAB as a chromogen. Whole slide images were obtained
using anAperio scanner (Leica Biosystems), andwere examined by
a board-certified veterinary pathologist.

Statistical Analyses
A formal power analysis was considered inappropriate due to the
exploratory nature of this study. Three male and three female
mice were used per timepoint per vaccination group to ensure
reliability of the toxicokinetic and tolerability estimates. Means
and standard deviations were calculated where appropriate.
RESULTS

S1 Subunit Is Cleaved In Vitro Following
AZD1222 Transduction of HEK293x Cells
We assessed the impact of SARS-CoV-2 transgene expression on
HEK293x cytotoxicity. Minor levels of cytotoxicity were expected
as HEK293x cells are permissive to adenovector propagation by
virtue of expressing the adenovirus E1A and E1B genes in trans
(14), thus incurring the lytic portion of the late-stage adenovirus
replication cycle (15). AZD1222-induced cytotoxicity was
greatest with MOI=1 and MOI=3 (both 5.5%) at 48 hours
post-transduction and with MOI=1 (23.6%) at 72 hours post-
transduction (Figure 1A, Supplemental Table 2). Cell death was
not a result of the spike transgene expression as cytotoxicity was
also observed 48 hours (12.6%) and 72 hours (19.5%) post
transduction with ChAdOx-1-GFP at MOI=10.

Presence of full-length spike protein in cell pellets was
confirmed by detection of S1 and S2 subunits by Western blot
(Figure 1B). S1 and S2 subunit expression was absent in cells
transduced with ChAdOx1-GFP or non-transduced controls
(Figures 1B, C). We observed the presence of cleaved S1
subunit in culture supernatant at 48 and 72 hours following
AZD1222 transduction (Figure 1D). Higher S1 subunit levels
April 2022 | Volume 13 | Article 836492

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


Stebbings et al. Vaccine-Induced SARS-CoV-2 Spike Protein Expression
were observed in cells transduced with lower MOIs at 72 hours,
perhaps due to more efficient production of spike protein, or due
to lesser cytotoxicity, with lower virus-to-cell ratios. Full-length
spike protein was not observed in the supernatant at either 48- or
72-hours post-transduction (Figure 1E). Similar results were
observed with Western blots of culture supernatants (data
not shown).

S1 Subunit Is Cleaved and Rapidly Cleared
In Vivo Following IM or IV AZD1222
Immunization With Similar Kinetics
We next assessed whether S1 subunit cleavage occurs in vivo
using CD-1 mice. Mice received higher doses of AZD1222 (per
dose/weight ratio) than those in clinical use (7) to maximize the
potential for detecting cleaved S1 subunit and to evaluate the
effects of exaggerated AZD1222 pharmacology. S1 subunit was
detectable in murine sera 12 hours post IM immunization
(Figure 2A). Mean soluble S1 subunit protein levels decreased
within 3 days (Table 1) and were below the limit of
quantification in 4/6 samples at 7 days and in 6/6 samples at
14 days post-IM immunization (Supplemental Table 3). IV
immunization produced higher mean levels of soluble S1
subunit protein with similar expression kinetics to IM
immunization (Figure 2B; Table 1; Supplemental Table 3).

It is possible that absence of S1 subunit detection after 14 days
is due to formation of host anti-S1-subunit antibodies, which
Frontiers in Immunology | www.frontiersin.org 536
would inhibit detection by serum immunoassay. However,
immunohistochemistry analyses on IM injection sites revealed
no significant expression of spike protein 14 days post AZD1222
immunization (Supplemental Figure 1). Bone marrow samples
from all animals contained abundant amounts of hematopoietic
cells of various lineages, including megakaryocytes. Spleen
samples contained variable numbers of hematopoietic cells, as
is common in mice. Although another study observed
persistence of AZD1222 at IM injection sites by quantitative
polymerase chain reaction 29 days post-immunization (16),
none of the tissue samples showed evidence of spike protein.
Sections of blood vessels did not show evidence of intravascular
positive staining in circulating cells including platelets.

AZD1222 Induced Modest/Transient
Changes to Host Hematology Parameters
Immediately Following Immunization
The effects of AZD1222 vaccination on host hematology
parameters and initial immune responses were assessed
through evaluating platelet and total white blood cell
(consisting of lower lymphocytes, monocytes, and/or
eosinophils) counts immediately following immunization
(Table 2). IM administration of AZD1222 resulted in
transiently lower platelets (~73% of vehicle mean; 12 hours),
and lower total white blood cells (12–24 hours) counts post
immunization. IV administration resulted in lower platelets (69–
A B

FIGURE 2 | Kinetics of S1 subunit detection following AZD1222 immunization. Levels of SARS-CoV-2 spike protein S1 subunit detected in serum following IM (A) or
IV (B) AZD1222 immunization. Data points represent mean SARS-CoV-2 Spike protein concentrations observed in male and female mice. Error bars indicate
minimum and maximum concentrations per timepoint.
TABLE 1 | Mean SARS-CoV-2 soluble S1 subunit levels post-AZD1222 immunization (pg/mL).

Males FemalesTotal Viral Particle (VP)/Dose

1x109 1x1010 1x109 1x1010
Hours post-AZD1222 immunization

IV IM IV IM

0 BLQ BLQ BLQ BLQ
2 hours BLQ BLQ BLQ BLQ
12 hours 356.0 233.0 1043.0 126.1
24 hours 244.0 206.3 249.0 187.0
48 hours 165.6 276.3 208.7 233.0
72 hours 325.3 166.7 55.2 227.3
168 hours 13.0 10.2 BLQ 10.6
336 hours BLQ BLQ BLQ BLQ
A
pril 2022 | Volume 13 | Article
BLQ, below the limit of quantification (6.3 pg/mL); IM, intramuscular; IV, intravenous; VP, viral particles.
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84% of vehicle mean; 24–72 hours) and lower white blood cells
(12–24 hours) post immunization. Neutrophils were transiently
higher 2 hours post IV immunization. Hematology parameters at
other timepoints were considered unrelated to AZD1222 and
were attributed to biological variation, as similar variations were
seen in vehicle control and/or were of a magnitude of change
commonly observed in mice under similar study conditions at
concurrent and non-concurrent timepoints, or within historical
control data for the testing facility.
DISCUSSION

The COVID-19 pandemic continues to cause substantial global
morbidity and mortality, with an estimated 28 million life-years
lost in 2020 (17). Gene-based vaccines that elicit production of
the spike protein in vaccinees have substantially reduced the risk
of severe disease and death from COVID-19 (7–10), and are an
invaluable tool for mitigating future SARS-CoV-2 outbreaks (18,
19). In vitro studies of SARS-CoV-2 have suggested that the spike
protein is directly responsible for mediating the thromboembolic
complications observed during severe COVID-19 (2, 20, 21).
Therefore, it was important to evaluate the effects of COVID-19
vaccine-induced spike protein on host immune and hematologic
parameters immediately following immunization.

Within this manuscript we demonstrate that AZD1222-
induced S1 subunit is cleaved in vitro and in vivo. S1 subunit
cleavage is likely the result of host proteolytic cleavage [e.g., via
transmembrane serine protease 2, cathepsin or furin (22, 23)]
rather than due to adenovirus-induced cell death (15), as
suggested by the low cytotoxicity and lack of S2 subunit
detection following AZD1222 transduction. We also
demonstrated that, following cleavage, the S1 subunit is rapidly
cleared and is no longer detectable from 7–14 days following
either IM or IV immunization. Similar quantities of S1 subunit
have also been observed in individuals with severe COVID-19
(4). We also observe similar expression kinetics to those observed
following IM immunization with mRNA-1273 COVID-19
vaccine (24). Cleavage of vaccine-induced spike protein from
host cells may complement other modes of host cell secretion
Frontiers in Immunology | www.frontiersin.org 637
(e.g., endosomal secretion) and facilitate subsequent processing
by antigen-presenting cells and the initiation of adaptive
immune responses (25).

We observed that IM vaccination induced modest/transient
changes to host platelet counts 12 hours following immunization,
with similar scale decreases observed 24–72 hours following IV
immunization. Murine models of thrombocytopenia (26), with
demonstrated physiological relevance to human platelet count/
function, suggest that the transient platelet reductions observed
following AZD1222 vaccination should not affect host thrombosis
or hemostasis. Total white blood cell counts were decreased within
the reference range for leukopenia (i.e., <2.0x109 total white blood
cells per liter) (27) 12 hours following IM and IV immunization
but increased to within normal reference ranges (i.e., 2.0–10.0x109

total white blood cells per liter) by 24 hours following IM
immunization. Transient leukopenia is a characteristic sign of
early responses to viral infections and is routinely documented
following vaccination (28–33). Following immunization,
AZD1222 enters host cells via the widely expressed coxsackie
and adenovirus receptor (34), wherein detection of AZD1222-
derived viral nucleic acids by host cell pathogen recognition
receptors initiates production of pro-inflammatory cytokines,
chemokines, and type I interferons (35). Neutrophil cell counts
were increased 2 hours following IV vaccination, corresponding to
expected initial cytokine and chemokine responses to adenoviral
infection (36). The initial innate immune response also attracts
antigen-presenting cells to the site of immunization, facilitating an
induction of S glycoprotein-specific CD8+ and CD4+ T helper 1 T
cells, and antibodies that have been observed from 14 days post-
immunization in other murine studies of AZD1222 (37–41).
Platelet, total white blood cell, and neutrophil counts were
unchanged at subsequent timepoints, suggesting that the
changes elicited by AZD1222 vaccination are transient and
quickly resolved following immunization.

It is important to note that we observed S1 subunit cleavage in
vivo using AZD1222 concentrations ~30 (IV dose; 1x109 VP) to ~300
(IM dose; 1x1010 VP) times greater than in current clinical use (based
on dose/weight ratio (7)) and therefore are assessing the effects of
exaggerated AZD1222 pharmacology within these experiments.
Additionally, a limitation of our study is the distinct differences in
TABLE 2 | Effects on host immune response and hematology parameters immediately following AZD1222 immunization.

Platelets (109/L) Total White Blood Cells (109/L) Neutrophils (109/L)Hours post-AZD1222 immunization

Vehicle IV 1x109 VP IM 1x1010 VP Vehicle IV 1x109 VP IM 1x1010 VP Vehicle IV 1x109 VP IM 1x1010 VP

0 1033.0 – – 6.933 – – 0.840 – –

2 NA – – NA – – NA 2.940↑ –

12 NA – 753.5↓ NA 1.593↓ 1.040↓ NA – –

24 NA 868.0↓ – NA 1.913↓ 3.267↓ NA – –

48 NA 721.3↓ – NA – – NA – –

72 NA 815.3↓ – NA – – NA – –

166 NA – – NA – – NA – –

336 1295.0 – – 6.977 – – 0.890 – –
April 2022
 | Volume 13 |
Values presented are group mean absolute values that were outside of the reference ranges observed in mice under similar study conditions at concurrent and non-concurrent timepoints
from historical control data for the testing facility.
IM, intramuscular; IV, intravenous; NA, Not applicable; VP, viral particles; – = Group mean value was within the reference range, indicating no AZD1222-related change; ↓ = decreased
versus reference range; ↑ = increased versus reference range.
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COVID-19 pathophysiology between humans and murine models,
which may limit the wider interpretation of our findings (42).
Although, the SARS-CoV-2 virus can be adapted to improve spike
protein binding to the murine ACE2 receptor by serial passage or by
using reverse genetics to improve RBD-murine ACE2 receptor
binding (43, 44), these adapted viruses still only confer mild forms
of COVID-19 disease. Thus, it would be interesting to explore the
kinetics and implications of S1 cleavage, and potential effects of
AZD1222 and other COVID-19 vaccines on host hematology
parameters immediately following vaccination in other animal
models (e.g., non-human primates, Syrian hamsters) that may
better reflect COVID-19 disease. K18-hACE2 is a transgenic mouse
strain that expresses a human ACE2 receptor driven by the
cytokeratin-18 (K18) gene promotor, and that has been observed to
succumb to SARS-CoV-2 infection due to lung and brain pathology
from severe lethal cytokine storm 4–6 days post-SARS-CoV-2
challenge (45, 46). Recombinant SARS-CoV-2 spike protein has
been observed to directly bind K18-hACE2 platelets and potentiate
thrombosis formation in wild-type mice following K18-hACE2
platelets transfusion (2), albeit using concentrations of spike protein
that greatly exceed the concentration of S1 subunit observed in sera of
individuals with COVID-19 (4) or following mRNA-1273
vaccination (24). It not yet known whether this finding can be
replicated with ‘live’ SARS-CoV-2 virus or whether spike protein
can be induced in sufficient quantities by COVID-19 vaccines to
produce a similar result. However, insights from this model may
prove invaluable for exploring the etiology of the rare hematologic
and vascular complications following COVID-19 vaccination (3).

In conclusion, our results provide further insight to the host
response to AZD1222 vaccination. We demonstrate the cleavage
of vaccine-induced SARS-CoV-2 spike protein S1 subunit in
vitro and in vivo following IM and IV immunization using
concentrations several magnitudes higher than currently used
in humans, without deleterious effects on the host. It is unlikely
that any potential adverse effects following AZD1222 vaccination
can be attributed to persistent S1 subunit expression as this
protein is no longer detectable in host sera by 14 days post-
vaccination. We also describe transient and quickly resolved
effects on host blood parameters immediately following
AZD1222 immunization. Collectively these findings, alongside
data from pivotal Phase 3 studies (7, 47) and ongoing
pharmacosurveillance, support the continued use of AZD1222
to mitigate the COVID-19 pandemic.
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Medical College, Kunming, China

Pertussis, caused by the gram-negative bacterium Bordetella pertussis, is a highly
contagious respiratory disease. Intranasal vaccination is an ideal strategy to prevent
pertussis, as the nasal mucosa represents the first-line barrier to B. pertussis infection.
The current intramuscular acellular pertussis (aP) vaccines elicit strong antibody and Th2-
biased responses but not necessary cellular and mucosal immunity. Here, we formulated
two cyclic dinucleotide (CDN)-adjuvanted aP subunit vaccines, a mammalian 2’,3’-
cGAMP-adjuvanted aP vaccine and a bacterial-derived c-di-GMP-adjuvanted aP
vaccine, and evaluated their immunogenicity in a mouse model. We found that the aP
vaccine alone delivered intranasally (IN) induced moderate systemic and mucosal humoral
immunity but weak cellular immunity, whereas the alum-adjuvanted aP vaccine
administered intraperitoneally elicited higher Th2 and systemic humoral immune
responses but weaker Th1 and Th17 and mucosal immune responses. In contrast,
both CDN-adjuvanted aP vaccines administered via the IN route induced robust humoral
and cellular immunity systemically and mucosally. Furthermore, the c-di-GMP-adjuvanted
aP vaccine generated better antibody production and stronger Th1 and Th17 responses
than the 2′,3′-cGAMP-adjuvanted aP vaccine. In addition, following B. pertussis
challenge, the group of mice that received IN immunization with the c-di-GMP-
adjuvanted aP vaccine showed better protection than all other groups of vaccinated
mice, with decreased inflammatory cell infiltration in the lung and reduced bacterial burden
in both the upper and lower respiratory tracts. In summary, the c-di-GMP-adjuvanted aP
vaccine can elicit a multifaceted potent immune response resulting in robust bacterial
clearance in the respiratory tract, which indicates that c-di-GMP can serve as a potential
mucosal adjuvant for the pertussis vaccine.
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INTRODUCTION

Pertussis is a highly infectious respiratory disease caused by
Bordetella pertussis (B. pertussis) and remains a lethal threat in
unvaccinated infants. Vaccination is the most effective way to
prevent pertussis. To date, acellular pertussis (aP) vaccines have
gradually replaced whole pertussis (wP) vaccines due to their
fewer adverse side effects (1, 2). However, recent epidemiological
data show that pertussis has experienced a resurgence in several
countries, even in countries with nearly universal vaccine
coverage, in the last 20 years (3, 4). Many hypotheses have
been proposed to explain the pertussis resurgence, including
increased detection sensitivity, vaccine-driven evolution of B.
pertussis strains, waning of protective efficacy of aP vaccines, and
asymptomatic transmission (5–7). Among all these reasons, the
inefficient protection afforded by current aP vaccines may be the
major issue for the insufficient prevention and control of
whooping cough. Several studies have suggested that current
aP vaccines cannot prevent B. pertussis infection and
transmission because they induce only humoral immune
responses but not efficient cellular and mucosal immune
responses (8–10). The current intramuscular acellular pertussis
(aP) vaccines elicit strong antibody and Th2-biased responses
but not necessary cellular and mucosal immunity. Th1 cells-
mediated immune responses is generally considered to be
cellular or cell-mediated immunity (CMI), while Th2 cells can
provide optimal help for humoral immune responses (11). Since
routine aP vaccines are formulated with several pertussis
components with an aluminum adjuvant, administered via
intramuscular injection and mainly induce antibody
protection, novel aP vaccines with appropriate adjuvants
administered via intranasal (IN) inoculation have been a
research hotspot.

The upper respiratory tract (URT) is the site of infection for
B. pertussis, and the pre-existing immunity on mucosal surfaces
of the respiratory tract plays a crucial role in defense against B.
pertussis infection (12). Studies on nonhuman primates have
shown that potent local humoral and cellular immune responses,
especially Th17 responses, induced by natural B. pertussis
infection can provide complete protection against reinfection
(8, 13). In addition, many studies have shown that the IN
administration of aP vaccines combined with an appropriate
adjuvant induced optimal protection against infection, especially
in the URT (14–16). Therefore, mucosal immunity might offer a
crucial mechanism to prevent nasal colonization and infection.

Cyclic dinucleotides (CDNs), which can trigger the innate
immune response in mammalian cells via the stimulator of
interferon genes (STING) signaling pathway, leading to type I
interferon (IFN) generation, have been studied as novel vaccine
adjuvants (17). Many studies have shown that CDNs have strong
mucosal adjuvant properties (18–21). CDNs, consisting of two
nucleotide residues linked by two phosphodiester bonds, have
been recognized as a class of crucial secondary signaling
molecules in bacteria and in mammalian cells, with robust
immunomodulatory and immunostimulatory functions.
Depending on the pair of phosphodiester linkages, CDNs have
several isomers. There are four common CDNs, three in bacteria
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(c-di-GMP, c-di-AMP, and 3’,3’-cGAMP) and one in eukaryotic
cells (2’,3’-cGAMP), and the bacterial Sting pathway, which plays
an important role in the defense against bacteriophages, prefers
canonical 3’–5’-linked CDNs (22). c-di-GMP is a universal
bacterial secondary messenger in gram-negative bacteria and is
defined as two GMP molecules linked via two 3′-5′
phosphodiester bonds (22, 23). c-di-GMP participates in many
bacterial processes, including virulence, stress survival, motility,
metabolism, antibiotic production, differentiation, biofilm
formation, and other processes (24). Recent research has
shown that c-di-GMP, acting as a danger signal in eukaryotic
cells, is recognized by mammalian immune systems and
therefore is considered a potential vaccine adjuvant (25).
Another CDN, 2’,3’-cGAMP, containing mixed phosphodiester
linkages connecting the two nucleosides from the 2 and 5
positions of guanosine and the 3 and 5 positions of adenosine,
is synthesized by cGAS from ATP and GTP upon cytosolic DNA
stimulation and was first discovered in 2012 (26, 27). This
mammalian CDN isomer is different from all characterized
bacterial CDNs. Eukaryotic cells employ a phosphodiester
linkage (2′-5′) to promote greater CDN stability, thus allowing
stronger and more prolonged signal amplification. In addition,
the unique 2′-5′- phosphodiester linkage might be a defense
mechanism of eukaryotic cells that allows them to avoid
subversion of the innate immune response by bacteria because
bacterial cells might not be able to degrade 2′-5′ phosphodiester
linkages (22). As seen with other CDNs, 2′,3′-cGAMP also has
potential applications as an adjuvant (28). All CDNs can bind
and stimulate the STING signaling pathway in eukaryotic cells,
but 2′,3′-cGAMP binds to mammalian sting with a much greater
affinity than bacterial CDNs because of their different
phosphodiester linkage positions (27, 29). Moreover, 2′,3′-
cGAMP induces stronger type I IFN production than other
CDNs derived from bacteria (27). Thus, we selected 2′,3′-
cGAMP and c-di-GMP as adjuvants to determine which could
provide a superior mucosal immune response against
B. pertussis.

In this study, we compared and evaluated the efficacy of two
common CDNs in vitro by using bone marrow-derived dendritic
cells (BMDCs). Subsequently, we formulated the test aP vaccine
containing pertussis toxoid (PT), filamentous hemagglutinin
(FHA), and pertactin (PRN) using the two types of CDNs as
adjuvants. We examined the two test aP vaccine-induced
immune responses and protective efficacy against B. pertussis
in a mouse model to evaluate whether the 2′,3′-cGAMP- or c-di-
GMP-adjuvanted aP vaccine could be a candidate vaccine against
B. pertussis.
MATERIALS AND METHODS

Mice and Ethics Statements
Specific pathogen-free (SPF) 4- to 5-week-old male and female
BALB/c mice were purchased from Beijing Charles River
Laboratory (Beijing, China). All mice used in this study were
treated in accordance with the Guide for the Care and Use
of Laboratory Animals of the People’s Republic of China.
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All protocols were reviewed and approved by the Committee on
Ethics of the Institute of Medical Biology, Chinese Academy of
Medical Sciences (IMBCAMS; assurance number: DWSP2021
06004). Animals were bred and maintained under SPF conditions
at IMBCAMS at a constant temperature (20–24 °C) and humidity
(45–65%), with lighting on a fixed light/dark cycle (12 h/12 h).

Bacterial Strains, Media, and
Growth Conditions
The B. pertussis strain B.p-L1 used in this study was recently isolated
from a patient in Yunnan Province, China. Total DNA was
extracted from the recovered B. pertussis, which was characterized
as carrying the ptxP3 genotype by DNA sequencing of the pertussis
toxin promoter (ptxP) (30). For B. pertussis infection experiments,
bacteria were grown on Bordet-Gengou agar (B-G) plates
(Hopebio) containing 20% defibrinated sheep blood
(Nanjinglezhen) for 24 to 48 h at 37°C. Colonies from fresh B-G
plates were resuspended in phosphate-buffered solution (PBS),
diluted to a concentration of 1011 CFU/mL by using a
turbidimetric method, and used within 2 h of preparation. For
culture of bacteria from tissues, Regan-Lowe plates prepared from
Regan-Lowe charcoal agar base (Oxoid) supplemented with 10%
defibrinated sheep blood and 40 mg/mL cephalexin (Oxoid)
were used.

Isolation and Stimulation of Dendritic Cells
BMDCs were isolated from mouse bone marrow cells as
previously described (31). Briefly, bone marrow cells were
isolated and cultured in RPMI 1640 medium containing 20 ng/
mL recombinant GM-CSF (Peprotech), 100 U/mL penicillin, 100
µg/mL streptomycin, and 10% FBS. Petri dishes containing 2 × 106

cells in 10 mL were incubated at 37°C in 5% CO2. At day 3 of
incubation, an additional 10 mL of fresh complete medium
containing GM-CSF was added, and 10 mL of medium was
replaced with fresh medium supplemented with GM-CSF on
day 6. Immature BMDCs were collected on day 7 for
experiments. The BMDCs were treated with 2′,3′-cGAMP (5
mg/mL, In vivoGen, California, USA) or c-di-GMP (5 mg/mL, In
vivoGen, California, USA) in vitro for 24 h. Cells were treated with
lipopolysaccharide (LPS, 1 mg/mL, Sigma–Aldrich) as a positive
control or sterile PBS as a negative control. Cytokine (IFN-b and
TNF-a) levels in the supernatant were quantified by ELISA. The
stimulated BMDCs were stained with the specific antibodies
described below and analyzed by using FlowJo software.
Frontiers in Immunology | www.frontiersin.org 343
Mouse Immunization and
Sample Collection
BALB/c mice (half of which were male and half of which were
female, 4–5 weeks old) were immunized via the IN (20 mL volume)
or intraperitoneal (IP, 200 ml volume) route three times at three-
week intervals with the different tested vaccines (Table 1). Antigens
of the aP vaccine were produced by the IMBCAMS under good
manufacturing practice conditions (32). All vaccinations were
performed under anesthesia (isoflurane). Blood, nasal washes
(NWs), and bronchoalveolar lavage fluid (BALF) were collected
two weeks after the last immunization. Blood was collected and
centrifuged at 860 g for 10 min to obtain plasma. NW and BALF
samples were obtained by washing the nasal cavity and lung with 0.2
mL and 1 ml of cold PBS containing protease inhibitor, respectively.
Nasal cavity and lung wash fluids were centrifuged at 2400 g for 10
min, and the supernatants were collected. Plasma, NW, and BALF
samples were stored frozen at -20°C until the detection of
antibodies (Figure 1).

Preparation of Monocellular Suspensions
From Organs
Spleen tissues were minced, filtered through a 70-mmnylon mesh
(BD Biosciences), and diluted 1:1 in RPMI 1640. The mixture
was loaded onto a Ficoll-Paque (GE, USA) layer and centrifuged
at 1500 rpm for 30 minutes at room temperature. For
monocellular isolation from lungs, tissues were minced and
digested with collagenase D (1 mg/mL; Roche) and DNase I
(20 U/mL; Roche) for 45 min at 37°C on a shaker. Next, tissues
were passed through a 70-mm cell strainer, washed twice in
complete RPMI 1640 medium, mixed with 40% Percoll, loaded
onto a 70% Percoll layer and centrifuged at 1800 rpm for 30
minutes at room temperature. The cells obtained from organs
were washed twice with RPMI 1640 and/or resuspended in
complete cell culture medium (RPMI 1640 supplemented with
10% (V/V) fetal calf serum (FCS) and a 1% (v/v) premixed
penicillin–streptomycin solution). The cells were used for
cytokine detection, ELISpot, and/or flow cytometry.

Enzyme-Linked Immune Sorbent
Assay (ELISA)
Microplates (96-well) were coated with PT, FHA, or PRN at 3
mg/mL and incubated at 4°C overnight. Then, the plates were
blocked with 3% (w/v) bovine serum albumin (BSA, Abcam) in
PBS at 37°C for 2 h. Diluted serum, NW, or BALF sample was
TABLE 1 | The detail of immunization regimens.

Vaccine components (mg/dose) PBS/IN aP/IN aP + Al(OH)3/IP aP + 2’,3’-cGAMP/IN aP + c-di-GMP/IN

PT – 1.25 1.25 1.25 1.25
FHA – 1.25 1.25 1.25 1.25
PRN – 0.4 0.4 0.4 0.4
Al(OH)3 – – 37.5 – –

2’,3’-cGAMP – – – 5 –

c-di-GMP – – – – 5
April 2022 | Volume
“IN” and “IP” indicate intranasally and intraperitoneally immunized, respectively.
“PT”, “FHA”, and “PRN” indicate pertussis toxoid, filamentous hemagglutinin, and pertactin.
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added to each microplate and incubated at 37°C for 1 h. After
washing, a horseradish peroxidase (HRP)-labeled sheep anti-
mouse IgG (Jackson ImmunoResearch, USA), anti-mouse IgG1
(Southern Biotech, USA), anti-IgG2a (Southern Biotech, USA),
or anti-mouse IgA (Southern Biotech, USA) antibody was added
to the microplate, and the plate was incubated at 37°C for 1 h. All
the ELISA plates were developed using tetramethylbenzidine
(TMB; Solarbio, CHN) to generate a colorimetric reaction, and
the reaction was terminated with 2 mmol/L H2SO4. The
absorbance of the plates at 450 nm was read. Endpoint titers
were determined as the dilution that exhibited an optical density
exceeding ≥2.1 times the background level (secondary
antibody alone).

Enzyme-Linked Immunospot (ELISpot)
T cell detection by IFN-g, IL-4 and IL-17 ELISpot assays
was performed according to the manufacturer’s instructions
Frontiers in Immunology | www.frontiersin.org 444
(Cellular Technology Limited, USA). Briefly, precoated 96-well
plates were seeded with 5 mg/mL specific stimulants and 4 × 105

mouse splenocytes or pneumonocytes in a total volume of 100
mL and incubated. Following a 24-h incubation at 37°C with 5%
CO2, the cells were removed, and an anti-IFN-g, anti-IL-4 or
anti-IL-17 detection antibody was added, followed by the
addition of streptavidin-ALP. For antigen-specific IgA or IgG
plasma cell detection, MultiScreen filter 96-well plates (Millipore,
USA) were precoated with PT, FHA, or PRN (each 5 mg) for each
well overnight at 4°C. After rinsing with PBS, the plates were
blocked with culture medium for 30 min at room temperature.
Single-cell suspensions of splenocytes or pneumonocytes in
culture medium were added to the coated plates and incubated
at 37°C with 5% CO2 for 24 h. After washing with PBS, the plates
were incubated with biotinylated anti-IgA or anti-IgG antibodies
(Southern Biotech, USA) followed by incubation with
streptavidin-conjugated horseradish peroxidase (Jackson
FIGURE 1 | Scheme of mouse immunization and B. pertussis challenge. BALB/c mice were immunized with three doses of the different vaccines via the intranasal
(IN) or intraperitoneal (IP) route at 3-week intervals. Control mice received PBS via the IN route. To evaluate specific immune responses, including systemic and
mucosal immune responses, mice were bled and sacrificed two weeks after the last immunization for sample collection. Three weeks after the last immunization, the
mice were infected with B. pertussis by aerosol challenge. In parallel, naïve mice were challenged with PBS as a mock-infection group. On days 2, 4, 7, 11, 16, and
23 after B. pertussis infection (dpi), lungs, trachea, and nasal mucosa were collected from each group of mice, and the numbers of B. pertussis CFU in the upper
and lower respiratory tracts were determined by dilution plating. On days 2 and 4 after infection, the mRNA expression levels of the indicated cytokines were
determined by real-time quantitative PCR (RT–qPCR) in the lung tissues. On days 4 and 7 after infection, lung tissues were collected, processed into paraffin
sections and stained with H&E.
April 2022 | Volume 13 | Article 878832
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ImmunoResearch, USA), each for 1 h at room temperature. After
additional washes with PBS, AEC substrate solution (BD
Bioscience, USA) was added for spot development. The
reaction was stopped by rinsing with water. Spots were
developed using BCIP/NBT and analyzed by a Cellular
Technology Limited (CTL) ELISpot reader.
ELISA for Cytokines
Cytokine levels in the supernatant of cultured cells were
measured by an ELISA kit according to the manufacturer’s
recommendation. Values were calculated based on a standard
curve of recombinant cytokines. The results are expressed as
picograms per milliliter (pg/mL). IFN-b (Cat# VAL612, Novus
Biologicals) and TNF-a (Cat# VAL609, Novus Biologicals) levels
in the supernatant of BMDCs were quantified. For detecting the
cytokines level in the supernatant of cultured splenic or
pulmonary lymphocytes, cells were cultured at a concentration
of 2 × 106/ml and stimulated with the antigens PT (2 mg/ml),
FHA (2 mg/ml), and PRN (2 mg/ml). Supernatants were removed
after 3 days and stored at -20°C before testing. IFN-g (Cat#
VAL607, Novus Biologicals), TNF-a (Cat# VAL609, Novus
Biologicals), and IL-2 (Cat# VAL602, Novus Biologicals) levels
were measured for Th1 responses; IL-5 (Cat# KA0253, Novus
Biologicals) and IL-6 (Cat# VAL604, Novus Biologicals) levels
were detected for Th2 responses; and IL-17A (Cat# VAL610,
Novus Biologicals) and IL-22 (Cat# M2200, R&D Systems) levels
were tested for Th17 responses (33, 34).
Flow Cytometry
Single-cell suspensions were obtained from BMDCs or lung
tissues. To detect BMDC maturation, cells were blocked with
anti-mouse CD16/32 antibodies and stained for surface markers
with anti-CD11c (Biolegend, clone: N418, Cat# 117338), anti-
CD80 (Biolegend, clone: 16-10A1, Cat# 104729), anti-CD86
(eBioscience, clone: GL1, Cat# 25-0862-82), anti-CD40 (BD
Bioscience, clone: 3/23, Cat# 562846), and anti- major
histocompatibility complex molecule class II (MHC II)
antibodies (I-A/I-E, eBioscience, clone: M5/114.15.2, Cat# 12-
5321-8282). To discriminate circulating cells from lung-resident
cells, intravascular staining was performed as previously
described (31). In brief, mice were intravenously (i.v.) delivered
with 3 mg of PE-labeled anti-CD45 antibody (eBioscience, clone:
30-F11, Cat# 12-0451-82) and sacrificed 10 min after i.v.
injection, and lungs were isolated immediately to obtain a
single-cell suspension as described. For the detection of lung
tissue-resident memory T (TRM) cells, lung cells were stained for
cell surface markers with anti-CD3 (Biolegend, clone: 17A2, Cat#
100216), anti-CD4 (Biolegend, clone: GK1.5, Cat# 100406), anti-
CD8 (Biolegend, clone: 53-6.7, Cat# 100752), anti-CD44
(Biolegend, IM7, Cat# 103040), anti-CD69 (eBioscience, clone:
H1.2F3, Cat# 25-0691-82), and anti-CD62L antibodies
(Biolegend, clone: MEL-14, Cat# 104412). Dead cells were
excluded by 7-AAD staining (BD Bioscience). All samples were
assessed on a flow cytometer (Beckman, USA), and data
were analyzed with FlowJo software (TreeStar).
Frontiers in Immunology | www.frontiersin.org 545
RNA-Seq
The nasal mucosa was collected on day 14 after the third
immunization and homogenized with TRIzol reagent
(Invitrogen, CA), and total RNA was isolated with chloroform/
isopropanol, followed by purification with a RNeasy Mini Kit
(Qiagen). For library and sequencing, the mRNA was isolated
and purified from total RNA via Oligo(dT)-attached magnetic
beads. Subsequently, purified mRNA was fragmented into small
pieces with fragment buffer. Then first-strand cDNA was
generated using random hexamer-primed reverse transcription,
followed by a second-strand cDNA synthesis. Afterwards, A-
Tailing Mix and RNA Index Adapters were added by incubating
to end repair. The obtained cDNA fragments were amplified by
PCR, and the products were purified by Ampure XP Beads and
validated on the Agilent Technologies 2100 bioanalyzer for
quality control. The double stranded PCR products were
heated, denatured, and circularized by the splint oligo
sequence to obtain the final library. The single strand circle
DNA was formatted as the final library. The final library was
amplified with phi29 to make DNA nanoballs (DNBs) which had
more than 300 copies of one molecular, DNBs were loaded into
the patterned nanoarray and pair end 100 bases reads were
generated on BGIseq500 platform. The raw data were filtered by
SOAPnuke software (35). The clean data were mapped on the
reference Mus-musculus_GRCm38.p6 with hierarchical
indexing for spliced alignment of transcripts (HISAT) software
(36). Differentially expressed genes (DEGs) were identified and
log2 transformed with DEseq2 (37). The resulting p values were
adjusted to the Q value (adjusted p value) using the method of
multiple testing adjustment with the R package (https://
bioconductor.org/packages/release/bioc/html/qvalue.html). The
DEGs identified according to the absolute value of log2(fold
change) ≥1 and Q value (adjusted P value) ≤ 0.05. The enriched
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways of the DEGs were analyzed by
ClusterProfiler in RStudio. Heatmaps were drawn with the
pheatmap R package.

B. pertussis Challenge
Three weeks after the third immunization, all immunized mice
were challenged with strain B.p-L1 via aerosol exposure using an
aerosolization apparatus (38). Animals were infected via the
challenge chamber for 30 min. Within the 30 min period, the air
sample was removed from the sampling port at 5, 10, 20, and 30
min for assessment of the concentration of B. pertussis inside the
chamber. The mock-infected animals received PBS aerosol
exposure. At the indicated timepoints (2, 4, 7, 11, 16, and 23
days post infection), the lung, trachea, and nasal turbinate were
harvested from mice to measure the bacterial burden (Figure 1).

Quantitative Real-Time PCR (RT–qPCR)
Total RNA from lung tissues was extracted using TRIzol reagent
(Invitrogen, USA) according to the manufacturer ’s
recommendations. Total RNA concentration and quality were
measured by using a Thermo Scientific Varioskan Flash (Thermo
Fisher Scientific, USA). cDNA was synthesized from 1 µg of RNA
April 2022 | Volume 13 | Article 878832
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with oligo-dT primers and a PrimeScriptTM RT kit (Accurate
Biotechnology, CHN). Cytokine mRNA levels were determined
by RT–PCR performed on a LightCycler 96 system (Applied
Biosystems, USA) using gene-specific primers (Supplementary
Table 1) and a SYBR Green Premix Pro Taq HS qPCR Kit
(Accurate Biotechnology, CHN). The expression of the
housekeeping gene GAPDH was quantified in parallel for RNA
normalization. The relative expression of the target genes was
calculated by the DDCt method.

Histopathology
For histopathologic analysis, lung tissues from necropsied mice
were fixed in 10% neutral buffered formalin, embedded in
paraffin, and sectioned at 3-5 mm. Then, the sections were
stained with hematoxylin and eosin (H&E) after dehydration.
The pathological sections were observed and photographed
under a microscope (Leica, Germany).

Statistical Analysis
The results are presented as the means ± SEMs or GMTs and
their 95% confidence intervals (CIs). For the data in accordance
with normal distribution, one-way ANOVA followed by Tukey’s
multiple comparisons test was used to compare the difference,
while for the data not in accordance with normal distribution,
Kruskal-Wallis followed by Dunn’s multiple comparisons test
Frontiers in Immunology | www.frontiersin.org 646
was used to compare the difference. A value of P < 0.05 was
considered significant. Statistical analysis and plots were
performed with the Prism version 8.0 (GraphPad Software, Inc.).
RESULTS

c-di-GMP Can Better Promote BMDC
Maturation Than Mammalian 2’,3’-cGAMP
We studied the maturation efficacy of BMDCs by evaluating the
BMDC maturation markers MHC II and the costimulatory
molecules CD86, CD80, and CD40. In comparison, c-di-GMP
treatment resulted in significantly higher expression of both MHC
II and costimulatory molecules (CD86, CD80, and CD40) than
2’,3’-cGAMP, as revealed by the enhanced mean fluorescence
intensity (MFI) (Figures 2A, B). Additionally, we measured the
cytokine (IFN-b and TNF-a) levels secreted from BMDCs treated
with LPS, PBS, 2’,3’-cGAMP, or c-di-GMP. The PBS-treated
BMDCs showed undetectable amounts of IFN-b in the culture
supernatant. Interestingly, compared with 2’,3’-cGAMP treatment,
c-di-GMP treatment enhanced IFN-b secretion (Figure 2C).
Moreover, compared with 2’,3’-cGAMP treatment, c-di-GMP
treatment caused a slight increase in TNF-a production;
however, the difference did not reach statistical significance
(Figure 2D). Overall, these results indicated that c-di-GMP
A

B

DC

FIGURE 2 | c-di-GMP can better promote BMDC maturation than mammalian 2’,3’-cGAMP. BMDCs were incubated with 2’,3’-cGAMP (5 mg/mL) or c-di-GMP (5
mg/mL) in vitro for 24 h. The cells were treated with lipopolysaccharide (LPS, 1 mg/mL) or sterile PBS as positive and negative controls, respectively. (A, B) BMDCs
were collected and analyzed via flow cytometry to determine the surface expression of MHC II, CD86, CD80, and CD40. (C, D) Supernatants were collected, and
the levels of IFN-b (C) and TNF-a (D)were analyzed. The data are expressed as the mean ± SEM of four independent experiments. “ND” indicates that no individuals in this
group had detectable levels. The P value is indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001.
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could better promote the production of the cytokines IFN-b and
TNF-a and stimulate DC maturation than 2’,3’-cGAMP.

The c-di-GMP-Adjuvanted aP Vaccine
Elicits Robust Humoral and Mucosal
Humoral Responses
To evaluate the systemic and mucosal humoral immune
responses induced by different vaccines (Table 1), PT-, FHA-,
and PRN-specific antibodies in serum, nasal washes (NW), and
bronchoalveolar lavage fluid (BALF) were detected using ELISA
Frontiers in Immunology | www.frontiersin.org 747
method, and splenocytes and pneumonocytes producing
antigen-specific IgA or IgG were detected using the ELISpot
method at 14 days after the third immunization.

In serum, the aP+c-di-GMP group vaccinated via IN
administration (aP+c-di-GMP/IN) showed comparable levels of
PT-, FHA-, and PRN-specific IgG as the aP+Al(OH)3 group
vaccinated via IP administration (aP+Al(OH)3/IP), but both
groups showed higher PT-specific IgG than the group vaccinated
with aP vaccine without any adjuvant (aP/IN) or aP+2’,3’-cGAMP
via IN immunization (aP+2’,3’-cGAMP/IN) (Figure 3A).
A

B

D E F

C

FIGURE 3 | c-di-GMP elicits robust systemic and mucosal humoral responses to the acellular pertussis (aP) vaccine. Mice were intranasally administered the aP
vaccine alone or adjuvanted with 2’,3’-cGAMP or c-di-GMP three times at three-week intervals and euthanized on day 14 after the last immunization. These groups
were compared to a group that received a reference alum-adjuvanted aP vaccine via the intraperitoneal (IP) route three times at three-week intervals. Mice intranasally
immunized with PBS served as the control group. ELISAs were used to compare antibody responses from mice immunized with different vaccines. ELISpot was
conducted to assay the antibody-secreting splenocytes and pneumonocytes producing IgA or IgG against pertussis-specific antigens. (A) Total serum IgG titers
against pertussis toxoid (PT), filamentous hemagglutinin (FHA), and pertactin (PRN) at day 14 after the last immunization. (B) Nasal wash (NW) IgA titers against PT,
FHA, and PRN at day 14 after the last immunization. (C) Bronchoalveolar lavage fluid (BALF) IgA titers against PT, FHA, and PRN at day 14 after the last immunization.
(D) Spleen tissues were harvested for the detection of PT-, FHA-, and PRN-specific IgG-secreting cells by ELISpot assay. (E, F) Spleen (E) and lung (F) tissues were
assayed by ELISpot to assess PT-, FHA-, and PRN-specific IgA-secreting cells. Data are expressed as the mean ± SEM. The antibody results are expressed as the
GMTs and their 95% confidence intervals (CIs). The dotted line indicates the limit of detection (LOD), and values that fell below the detection limit are represented by
the limit of detection value for statistical analysis. “ND” indicates that no individuals in this group had detectable levels. Statistical differences between the results of
vaccine-immunized groups and those of the PBS group are not marked. The P value is indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001.
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In addition, the FHA- and PRN-specific IgG of the aP+c-di-GMP/
IN group was not significantly different from that of the aP-2’,3’-
cGAMP group but was significantly higher than that of the aP/IN
group (Figure 3A). The aP+c-di-GMP/IN treatment also elicited
higher serum PT-, FHA-, and PRN-specific IgA antibody levels
than the aP+Al(OH)3/IP treatment and higher PRN-specific IgA
antibody levels than the aP/IN treatment (Supplementary
Figure 1A). Regarding antibody subclasses (IgG1 and IgG2a),
aP+c-di-GMP/IN-immunized mice showed higher serum PT-
specific IgG1 than aP/IN-immunized mice but comparable
FHA- and PRN- specific IgG1 than aP+Al(OH)3/IP-immunized
mice (Supplementary Figures 1B–D). In contrast, compared to
aP+Al(OH)3/IP and aP/IN treatment, aP+c-di-GMP/IN treatment
induced a significant increase in the levels of IgG2a against PT and
PRN, and there was no significant difference in the levels of IgG2a
against PT, FHA, and PRN between the two CDN-adjuvanted aP
vaccine groups (Supplementary Figures 1B–D). These data
suggested that the c-di-GMP-adjuvanted aP vaccine delivered
via IN administration induced a balanced Th1 and Th2
immune response.

Regarding nasal washes (NW), aP+c-di-GMP/IN-vaccinated
mice showed higher PT, FHA, and PRN-specific IgA levels than
aP/IN-vaccinated mice and higher FHA and PRN-specific IgA
levels than aP+2’,3’-cGAMP/IN-vaccinated mice, while there
were no differences between the aP/IN and aP+2’,3’-cGAMP/
IN groups (Figure 3B). Regarding BALF, aP+c-di-GMP/IN-
vaccinated mice also showed the higher levels of IgA against
PT, FHA, and PRN than aP/IN-vaccinated mice, but
there was no significant difference in anti-PT, FHA, and PRN
IgA levels in BALF between the two CDN-adjuvanted
groups (Figure 3C).

For the antibody-secreting splenocytes and pneumonocytes
producing IgA or IgG, the number of B cells secreting PT-,
FHA-, and PRN-specific IgG in splenocytes from the alum-
adjuvanted aP group was higher than that from the aP/IN and
aP+2’,3’-cGAMP/IN groups, but it showed no difference from
the aP+c-di-GMP/IN group (Figure 3D). However, in the
pneumonocytes, both CDNs adjuvanted with aP vaccines
produced a slight increase in the number of IgG-producing B
cells (Supplementary Figure 1E). Of note, a higher frequency
of B cells secreting anti-PT, anti-FHA, or anti-PRN IgA
was observed in splenocytes from the aP+c-di-GMP/IN
group than in those from all other groups, with a 4.5-fold
higher frequency than in the aP+2’,3’-cGAMP/IN group
(Figure 3E). And a higher frequency of B cells secreting anti-
PT, anti-FHA, or anti-PRN IgA was also observed in
pneumonocytes from the aP+c-di-GMP/IN group than in
those from aP/IN group (Figure 3F). Although the frequency
of B cells secreting anti-PT, anti-FHA, or anti-PRN IgA in
pneumonocytes did not show statistical difference between the
two CDN-adjuvanted groups, aP+c-di-GMP/IN-immunized
mice caused a slight increase with 3.7-fold higher frequency
than in the aP+2’,3’-cGAMP/IN group (Figure 3F). Taken
together, these results suggest that aP+c-di-GMP treatment can
elicit stronger systemic and mucosal humoral responses than
2’,3’-cGAMP.
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Intranasal Immunization With the c-di-
GMP-Adjuvanted aP Vaccine Induces
Strong Systemic and Mucosal Cellular
Immune Responses and Potent Tissue-
Resident Memory (TRM) Cells
The B. pertussis-specific cellular immune responses were assessed
in vitro by exposing splenic and pulmonary lymphocytes from
immunized mice to the specific antigens PT, FHA, and PRN.
Regarding frequencies of IFN-g secreting T cells, aP+c-di-GMP/
IN-treated mice showed increased frequency, but there was no
significant difference compared to mice in other groups in
splenic lymphocytes (Figure 4A), while the frequency was
significantly higher than aP/IN-immunized mice, reaching a
mean response of 542 spot-forming cells (SFC) per 4×105

input splenocytes (Figure 4D). For frequencies of IL-17-
secreting T cells, aP+c-di-GMP/IN-treated mice showed higher
frequencies than mice in aP/IN and aP+Al(OH)3/IP groups and
comparable frequencies to aP+2’,3’-cGAMP/IN-treated mice in
splenic lymphocytes and comparable frequencies to aP+2’,3’-
cGAMP/IN- and aP/IN-treated mice but higher than aP+Al
(OH)3/IP- treated mice in pulmonary lymphocytes
(Figures 4B, E). For IL-4-secreting T cells, the aP+c-di-GMP/
IN group showed levels comparable to those in the aP+Al(OH)3/
IP group but higher levels than the aP/IN and aP+2’,3’-cGAMP/
IN groups in the spleen (Figure 4C), while the level increased but
did not show significant differences from that in all other vaccine
groups in pulmonary lymphocytes (Figure 4F).

To further examine whether TRM cells were induced by
CDN-adjuvanted aP vaccines, flow cytometry was performed
on lung tissues from mice (the TRM cell gating strategy is shown
in Supplementary Figure 2). Not surprisingly, IP administration
of the aP+Al(OH)3/IP vaccine did not generate an increased
population of lung TRM cells (Figures 4G, H). IN immunization
with aP vaccine alone also failed to promote the population of
lung TRM cells (Figures 4G, H), indicating that mucosal
immunization alone is not sufficient to induce lung TRM cells.
In contrast, mice immunized with aP+2’,3’-cGAMP/IN or aP+c-
di-GMP/IN showed significantly promotion of the population of
lung TRMs (Figures 4G, H). Together, these data suggested that
IN immunization with both CDN-adjuvanted aP vaccines
promoted the generation of CD4+ TRM populations.

The c-di-GMP-Adjuvanted aP Vaccine
Generates Mixed Th1, Th2, and
Th17 Responses
After incubation with PT, FHA, and PRN for 3 days, cultures of
splenic and pulmonary lymphocytes isolated after the third
immunization were tested for cytokines in the supernatant. In
culture supernatants of splenic lymphocytes, the levels of
cytokines associated with Th1 responses (IFN-g, TNF-a, and
IL-2) and Th17 responses (IL-22) were significantly increased in
the aP+c-di-GMP/IN group compared with those in the aP+Al
(OH)3/IP or aP/IN group (Figures 5A, B). The aP+c-di-GMP/IN
treatment also induced a slight increase in Th1 (IFN-g, TNF-a,
and IL-2) and Th17 (IL-17A and IL-22) related cytokine levels
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than aP+2′, 3′-cGAMP/IN treatment, but there was no
significant difference (Figures 5A, B). Compared with aP/IN
and aP+c-di-GMP/IN groups, the aP+Al(OH)3/IP group
produced the higher IL-5, which is a Th2-related cytokine, in
the supernatant of splenic lymphocyte cultures, while there was
no significant difference in IL-6 levels between the aP+Al(OH)3/
IP and aP+c-di-GMP/IN groups (Figure 5C).

In culture supernatants of pulmonary lymphocytes, similar to
the results for splenic lymphocytes, compared with aP+Al(OH)3/
IP or aP/IN treatment, aP+c-di-GMP/IN treatment greatly
Frontiers in Immunology | www.frontiersin.org 949
promoted the secretion of Th1 and Th17 response-related
cytokines by pulmonary lymphocytes (Figures 5D, E). And
aP+c-di-GMP/IN treatment also induced a slight increase in
Th1 (IFN-g, TNF-a, and IL-2) and Th17 (IL-17A and IL-22)
related cytokine levels than aP+2′, 3′-cGAMP treatment, but
there was no significant difference (Figures 5D, E). Similarly, the
alum-adjuvanted aP vaccine induced higher IL-5 but not IL-6
levels than all other treatments, and the difference between the 2′,
3′-cGAMP/IN and aP+c-di-GMP/IN treatments was not
significant (Figure 5F). Overall, these results indicated that IN
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FIGURE 4 | Intranasal immunization with a CDN-adjuvanted aP vaccine induces strong systemic and mucosal cellular immune responses and potent TRM cells.
(A–C) Splenocytes were assayed by ELISpot assay for IFN-g (A), IL-17 (B), and IL-4 (C) cell production after restimulation with the antigens PT (2 mg/mL), FHA (2
mg/mL), and PRN (2 mg/mL) (n=6 mice per group). (D-F) Lung tissues were assayed by ELISpot assay for cell production of IFN-g (D), IL-17 (E), and IL-4 (F) after
restimulation with the antigens PT (2 mg/ml), FHA (2 mg/ml), and PRN (2 mg/ml) (n=6 mice per group). (G, H) Mice were i.v. injected with an anti-CD45 antibody 10
min prior to euthanasia. The lungs were harvested, and lung mononuclear cells were stained with mAbs specific for CD3, CD4, CD44, CD62L, and CD69 for flow
cytometric analysis. The results are expressed as CD4+ tissue resident cells (TRM): CD3+CD4+CD44+CD62L-CD45-CD69+; representative flow cytometry gating
strategies for CD4+ TRM cells in the lungs are shown in Supplementary Figure 2 (n=6 mice per group). Representative dot plots from flow cytometry analysis in
(G) show the identification of CD4+ TRM cells. The relative proportion of CD4+ TRM cells in the lung tissues induced by different vaccines is shown in (H). Data are
expressed as the mean ± SEM. “ND” indicates that no individuals in this group had detectable levels. The P value is indicated as follows: *P < 0.05, **P < 0.01,
***P < 0.001, ns, no significance.
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delivering c-di-GMP-adjuvanted aP vaccine generates balanced
Th1, Th2, and Th17 responses in both the spleen and lungs and
that this effect is better than that with the 2′, 3′-cGAMP-
adjuvanted aP vaccine.

The c-di-GMP-Adjuvanted aP Vaccine-
Immunized Mice Upregulated Th1, Th2,
and Th17 Cell Differentiation and IgA
Production Signaling in the Nasal Mucosa
RNA-seq analysis of the nasal mucosa in all immunized mice
revealed 44 (7 upregulated, 37 downregulated), 42 (37
upregulated, 5 downregulated), 561 (407 upregulated, 154
downregulated) , and 2076 (860 upregulated , 1216
downregulated) DEGs (|fold change| ≥2) in aP+Al(OH)3/IP-,
aP/IN-, aP+2 ’ ,3 ’-cGAMP/IN-, and aP+c-di-GMP/IN-
immunized mice, respectively, compared with PBS (IN)-
immunized mice (Figure 6A).

The KEGG pathway functional enrichment results showed 20
top significant pathways (Figure 6B), among which Th1 and Th2
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cell differentiation, Th17 cell differentiation, and IgA production
signaling pathways were observed. Using a heatmap, 59 genes
involved in these three signaling pathways were identified. Th1
and Th2 cell differentiation-, Th17 cell differentiation-, and IgA
production signaling pathway-related genes were noticeably
upregulated in aP+c-di-GMP-immunized mice (Figure 6C).

The c-di-GMP-Adjuvanted aP Vaccine
Reduces B. pertussis Burden in the
Respiratory Tract
To assess protective efficacy against pertussis, immunized mice
were challenged with aerosolized B. pertussis, and the bacterial
colony-forming units (CFU) in nasal, tracheal, and lung
homogenates were counted at the indicated times. aP+c-di-
GMP/IN immunization provided a high level of protection
against lung infection with B. pertussis, resulting undetectable
bacterial colonization at 4 days post infection (dpi) with the
lowest level of the areas under the bacterial clearance curve
(AUC, 0.7195) among all groups (Figures 7A, B). When
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FIGURE 5 | c-di-GMP-adjuvanted aP enhances the expression of Th1/Th17-related cytokines in both splenic and pulmonary lymphocytes. Two weeks after the
third immunization, splenic and pulmonary lymphocytes were isolated. Cells were cultured at a concentration of 2 × 106/ml at 37°C with 5% CO2 and stimulated with
the B. pertussis-specific antigens PT (2 mg/mL), FHA (2 mg/mL), and PRN (2 mg/mL). After incubation for 3 days, the culture supernatant was collected, and multiple
cytokines were assayed by ELISA. (A) Th1 response-associated cytokines (IFN-g, TNF-a, and IL-2), (B) Th17 response-associated cytokines (IL-17A and IL-22), and
(C) Th2 response-associated cytokines (IL-5 and IL-6) in the culture supernatant of splenic lymphocytes. (D) Th1 response-associated cytokines (IFN-g, TNF-a, and
IL-2), (E) Th17 response-associated cytokines (IL-17A and IL-22), and (F) Th2 response-associated cytokines (IL-5 and IL-6) in the culture supernatant of pulmonary
lymphocytes. Data are expressed as the mean ± SEM. “ND” indicates that no individuals in this group had detectable levels. Statistical differences between the
results of vaccine-immunized groups and those of the PBS group are not marked. The P value is indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ns, no
significance (n=6).
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compared with those in PBS-immunized mice, the CFU counts
in the lungs after B. pertussis aerosol challenge were significantly
reduced in mice IP immunized with aP+Al(OH)3, resulting in
undetectable CFU counts at 7 dpi and an AUC of 1.385, but the
reduction was not as rapid as that seen in mice IN immunized
with the aP+c-di-GMP vaccine (Figures 7A, B). Additionally,
there was a significant reduction in the number of CFU in the
lungs from aP (IN)- and aP+2’,3’-cGAMP (IN)-immunized mice
at 4 dpi; however, these changes were not observed at 2 dpi, and
the AUC of each was very similar (aP/IN: 6.209; aP+2’,3’-
cGAMP/IN: 5.739) (Figures 7A, B).

In the trachea, B. pertussis colonization was not detected at
any indicated time in the aP+di-GMP/IN group (Figures 7C, D).
aP/IN- and aP+2’,3’-cGAMP/IN-immunized mice showed very
low bacterial burdens at 2 dpi and 4 dpi, with AUCs of 0.30 and
0.24, respectively (Figures 7C, D). Surprisingly, aP+Al(OH)3/IP
group mice did not exhibit detectable CFU counts in the trachea
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at 2 dpi; however, rebound was observed at 4 dpi, the numbers
peaked at 7 dpi, and the bacteria were completely cleared at 23
dpi (Figures 7C, D).

Regarding nasal homogenate, PBS-immunized mice were
heavily colonized at 2 days post B. pertussis challenge and
reached the highest level, 1.0 × 106 CFU/mL, at 7 dpi; the
number of colonies gradually decreased until 23 dpi, with an
AUC of 16.36 (Figures 7E, F). In contrast, mice immunized with
aP+c-di-GMP/IN had very low CFU counts at 2 dpi and 4 dpi,
and bacteria were completely cleared by day 7, with an AUC of
1.20 (Figures 7E, F). aP+2’,3’-cGAMP/IN treatment also
resulted in protection in the nose, although not as effectively as
that seen with aP+c-di-GMP/IN treatment, with an AUC of
4.191 (Figures 7E, F). Intriguingly, aP+Al(OH)3/IP treatment
did not confer any protection against B. pertussis colonization of
the mouse nose, resulting in a steady level of nasal colonization at
103 CFU/mL through at least 23 dpi (Figures 7E, F). In contrast,
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FIGURE 6 | Differentially expressed genes (DEGs) in the nasal mucosa from c-di-GMP-adjuvanted aP immunized mice. (A) The DEGs for different vaccine-
immunized mice. PBS-immunized mice at 14 days after the last immunization were used for comparison, and the overlap is shown as a Venn diagram. (B) The top
20 and KEGG pathways of the DEGs detected in the nasal mucosa of aP+c-di-GMP/IN- and PBS/IN-immunized mice are shown. (C) RNA-seq heatmap for the
nasal mucosa from mice immunized with PBS/IN, aP+Al(OH)3/IP, aP/IN, aP+2’,3’-cGAMP/IN, or aP+c-di-GMP/IN (n = 5). The heatmap shows 59 significantly
upregulated genes in aP+c-di-GMP/IN-immunized mice compared to those in other vaccine-immunized mice. Red (4.50) to blue (-2.25) were ranked by values of
log2(value of gene expression).
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the PBS-immunized mice completely cleared the nasal infection
by that time. Together, these results indicated that IN
immunization with the aP+c-di-GMP/IN vaccine enabled
accelerated bacterial clearance in the respiratory tract following
B. pertussis infection compared to that in aP+Al(OH)3/IP- or aP-
2’,3’-cGAMP/IN-immunized animals.

IN Immunization With the c-di-GMP-
Adjuvanted aP Vaccine Protects Mice
Against Lung Disease Caused by B.
pertussis Infection
We evaluated the pathological changes in the different vaccination
groups after B. pertussis challenge. We observed lung
histopathological changes by hematoxylin & eosin (H&E) staining
at 4 and 7 dpi. Large amounts of inflammatory cell infiltration,
especially neutrophils (blue arrows), lung interstitial thickening, and
severe bronchial obstruction, were observed in the lungs of PBS-
immunized mice after challenge (Figure 8A). A small quantity of
inflammatory cells and relatively slight bronchial obstruction were
also observed in lungs from aP/IN- or AP+2’,3’-cGAMP/IN-
immunized mice (Figure 8A). Both aP+Al(OH)3/IP- and aP+c-
di-GMP/IN-immunized mice showed less evidence of
histopathological lesions in the lungs, especially no bronchial
obstruction (Figure 8A). Interestingly, eosinophil infiltration was
observed in mice IP immunized with the alum-adjuvanted aP
vaccine, which was not found in other groups. And bronchial-
associated lymphoid tissue (BALT) hyperplasia was observed in
Frontiers i | www.frontiersin.org 1252
three groups of mice IN immunized vaccines, and with the c-di-
GMP-adjuvanted aP vaccine most obviously, which was not found
in control mice or mice IP immunized with the alum-adjuvanted aP
vaccine (Figure 8A and Supplementary Figure 3).

Moreover, mRNA levels of cytokines in the lung tissues on 2
and 4 dpi were detected by RT-qPCR. The production of
proinflammatory cytokines (IL-1b, TNF-a, and IL-6) in the
lung tissues of B. pertussis-infected mice was expressed as a fold
change compared to that in lung tissues from mock-infected mice
(Figure 8B). At 2 dpi, PBS-immunized mice showed induction of
only IL-1b levels in the lung tissues. However, the mRNA levels of
IL-1b, TNF-a, and IL-6 were significantly increased at 4 dpi and
were 14-, 5- and 28-fold higher than the levels in mock-infected
lung tissues, respectively (Figure 8C). As expected, the levels of IL-
1b, TNF-a, and IL-6 from mice immunized with aP+Al(OH)3/IP
did not show obvious changes at 2 dpi and 4 dpi compared with
those from mock-infected mice (Figures 8B, C). Interestingly,
both CDN-adjuvanted groups showed higher TNF-a production
than the mock-infected group at the two detected time points
(Figures 8B, C). The difference was that the aP/IN and aP + 2’,3’-
cGAMP/IN groups showed a slight increase and indistinguishable
IL-6 production at 2 dpi compared with the mock-infected group,
while no increase was observed in the aP+c-di-GMP/IN group
(Figures 8B, C). We also analyzed the Th cell bias in the lungs of
immunized mice at 2 dpi and 4 dpi by detecting the mRNA levels
of IFN-g, IL-17A, and IL-5, which are indicators of Th1, Th17, and
Th2 activation, respectively. Mice immunized with aP+c-di-GMP/
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FIGURE 7 | Intranasal administration of the c-di-GMP-adjuvanted aP vaccine reduces the respiratory B. pertussis burden. Mice were intranasally administered aP
vaccine alone or adjuvanted with 2’,3’-cGAMP or c-di-GMP three times at three-week intervals and euthanized on day 14 after the last immunization. These groups
were compared to a group that received a reference alum-adjuvanted aP vaccine via the intraperitoneal (IP) route three times at three-week intervals. Mice intranasally
immunized with PBS served as the control group. Immunized mice were challenged by exposure to live B. pertussis three weeks after the third immunization. Analysis of
bacterial burden was determined at 2, 4, 7, 11, 16, and 23 dpi. Bacteria were quantified by counting CFU from serial dilutions following challenge. (A) CFU counts were
determined from lung homogenate. (B) The areas under the bacterial clearance curves corresponding to the curves of CFU counts from lung homogenate. (C) CFU counts
were determined from tracheal homogenate. (D) The areas under the bacterial clearance curves corresponding to the curves of CFU counts from tracheal homogenate.
(E) CFU counts were determined from nasal homogenate. (F) The areas under the bacterial clearance curves corresponding to the CFU counts from nasal homogenate. The
results are the mean ± SEM (n = 5). The dashed line represents the lower limit of detection (LOD). ND” indicates that no individuals in this group had detectable levels. The P
value is indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001 vs. PBS-immunized mice; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. alum-adjuvanted aP vaccine-immunized
mice; and ++P < 0.01 vs. aP vaccine-immunized mice.
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IN showed the higher levels of IL-17A and IFN-g gene expression
at 2 dpi than PBS- and aP+Al(OH)3/IP- immunized mice
(Figure 8D). The aP/IN and aP+2’,3’-cGAMP/IN groups
showed moderate upregulation of IL-17A gene expression at 2
dpi compared with that of the mock-infected group (Figure 8D).
However, mice immunized with aP+Al(OH)3/IP did not show
obvious changes in IL-17A and IFN-g gene expression at 2 dpi
and 4 dpi compared with that of mock-infected mice
(Figures 8D, E), while they showed a significant increase in IL-5
expression at 2 dpi (Figure 8D).
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DISCUSSION

Vaccination is important to control B. pertussis infection.
However, pertussis has reemerged in recent years even with
high vaccine coverage, which makes it remaining as a major
global public health problem. Indeed, the high incidence of
asymptomatic infection and the fact that current aP vaccines
cannot prevent B. pertussis transmission highlight the necessity
to develop a more effective vaccine that can protect against
disease and prevent B. pertussis infection and transmission
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FIGURE 8 | IN immunization with the c-di-GMP-adjuvanted aP vaccine protects mice against lung disease caused by B. pertussis infection. (A) Images showing
H&E staining following infection with B. pertussis. The images shown are from 4 dpi and 7 dpi for all groups. Scale bar, 50 mm. Each image is representative of a
group of 5 mice at 4 dpi and 7 dpi. (B–E) Total RNA was extracted from the lungs of mice euthanized at day 2 and day 4 after B. pertussis challenge. Mouse TNF-
a, IL-1b, and IL-6 mRNA levels at 2 dpi (B) and 4 dpi (C) were quantified by RT–PCR. Mouse IFN-g, IL-17A, and IL-5 mRNA levels at 2 dpi (D) and 4 dpi (E) were
quantified by RT–PCR. GAPDH mRNA was used as an internal control. Data are shown as the fold change in gene expression compared to that in mock-infected
animals (unimmunized and challenged with PBS) after normalization. n = 5 animals for each time point. Data are expressed as the mean ± SEM. The P value is
indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001. See also Supplementary Figure 3.
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(8–10). Considering that B. pertussis is a respiratory pathogen
and highly contagious, efficacious prophylaxis would benefit
from a mucosal immunization strategy to block bacterial
replication at a very early stage and prevent B. pertussis
infection and transmission. Here, we explored the potential of
bacterial-derived c-di-GMP and mammalian 2′,3′-cGAMP as
mucosal adjuvants for an aP vaccine against B. pertussis. Our
results indicated that although both CDN adjuvants could
produce in a certain reduction in B. pertussis burden in the
URT compared with the aP vaccine alone administered via the
IN route (aP/IN) or a conditional alum-adjuvanted aP vaccine
administered via the IP route (aP +Al(OH)3/IP), the bacterial-
derived c-di-GMP-adjuvanted aP vaccine (aP +c-di-GMP/IN)
resulted in stronger systemic and local mucosal immune
responses and better inhibited B. pertussis replication in both
the upper and lower respiratory tract than the mammalian 2′, 3′-
cGAMP-adjuvanted aP vaccine (aP+ 2′, 3′-cGAMP/IN).

Although CDN molecules have been explored as mucosal
adjuvants, the immunostimulatory and immunoregulatory
properties of different CDNs vary significantly (39, 40). Zhang
et al. (27) demonstrated that 2′,3′-cGAMP induces stronger type
I IFN production than other CDNs derived from bacteria.
However, in the present study, we found that c-di-GMP
elicited more IFN-b production in BMDCs than 2′,3′-cGAMP,
resulting in stronger capacities to promote the activation and
maturation of BMDCs. One of the reasons for this phenomenon
may be related to different cell treatments. In a study by Zhang
et al. (27), cells were permeabilized with digitonin, which allowed
CDNs to more easily enter the intracellular space, where 2′,3′-
cGAMP and STING possessed higher affinity than sting and
other CDNs, resulting in more IFN-b production. In addition, in
the current study, we found that c-di-GMP showed a better
immunologic adjuvant effect for the aP vaccine than 2′, 3′-
cGAMP in vivo. Blaauboer et al. (41) also found that c-di-
GMP elicited higher antigen-specific antibody production,
stronger T cell responses, and better protection against
pneumococcal infection in vivo than mammalian 2′,3′-
cGAMP. Indeed, CDNs, which were unable to penetrate the
cell membrane and bind STING protein, enhanced antigen
uptake via both pinocytosis and receptor-mediated
endocytosis. However, the phosphodiester endogenic
mammalian 2′,3′-cGAMP is unstable and more likely to be
hydrolyzed by phosphodiesterases, especially ectonucleotide
phosphodiesterase (ENPP1) of mammalian cells (42, 43). Thus,
we considered that endogenous mammalian 2′,3′-cGAMP is
more easily hydrolyzed by phosphodiesterases in vivo, which
may result in its inferior adjuvant properties compared to
bacterial-derived c-di-GMP. However, the specific mechanisms
need to be further studied.

In the present study, aP+c-di-GMP/IN treatment significantly
enhanced both systemic and mucosal immune responses and
resulted in the fastest clearance of B. pertussis and an almost
undetectable bacterial load in the respiratory tract among all
vaccination regimens. In addition to strong IgG antibody
responses in serum, strong mucosal humoral and Th17
Frontiers in Immunology | www.frontiersin.org 1454
responses should be considered important factors in bacterial
clearance from the respiratory tract. In the current study, we
found the highest level of IL-17-producing cells in the lung tissues
in the aP+c-di-GMP/IN group after the last immunization, among
all four vaccination groups. Moreover, we clearly identified
significantly upregulated IL-17 expression in the lungs of aP+c-
di-GMP/IN-immunized mice at 2 dpi. Substantial evidence has
shown that Th17 and IL-17 play a pivotal role in protection
against B. pertussis infection (13, 44, 45). Other intranasally
delivered adjuvants, such as TLR agonists and combinations of
TLR2 agonists and STING agonists, when delivered with B.
pertussis antigens in mice, have all been shown to induce robust
Th17 responses and confer B. pertussis control (14, 46). Thus,
aP+c-di-GMP/IN inducing efficient Th17-related immune
responses may contribute to resulting in rapid clearance of B.
pertussis from the respiratory tract, with a lower bacterial load in
the present study. More importantly, the aP+c-di-GMP/IN-
immunized mice showed significantly higher IgA levels in NWs
than the aP/IN- and aP+2’,3’-cGAMP/IN-immunized mice after
the third immunization, which was also demonstrated by the
upregulation of IgA production-associated genes in the nasal
mucosa. Mucosal IgA is important to protect the nasal mucosa
against B. pertussis. Solans et al. (47) found that BPZE1, the only
mucosal aP vaccine candidate tested in clinical trials, induced
protection in the nasal mucosa that was significantly diminished in
IgA-deficient animals. Neither NW secretory IgA (sIgA) nor
serum IgA from B. pertussis convalescent patients could inhibit
adherence of B. pertussis to respiratory epithelial cells (48). In
addition, sIgA production could be mediated by IL-17 (47), and
IL-17 was central to protection against nasal infection with B.
pertussis by recruiting neutrophils, especially siglec-F+ neutrophils
(49). The RNA-seq results in this study suggested that the levels of
many genes associated with Th17 proliferation were increased in
the nasal mucosa of aP+c-di-GMP/INmice, which may contribute
to the clearance of bacteria from the nasal mucosa. Thus, we
considered that the robust Th17 response and high level of IgA
induced by aP+c-di-GMP/IN may contribute to the strong
protection against B. pertussis in the entire respiratory tract,
especially the URT. Third, Th1-related immune response
elements, such as CD4+ T cells, may also contribute to immune
protection during B. pertussis infection through IFN-g-dependent
mechanisms (45). We found a higher level of IFN-g-producing
cells in the lung tissues in the aP+c-di-GMP/IN-treated mice than
in the aP+2’,3’ cGAMP-/IN-treated mice after the last
immunization. Furthermore, we identified significantly
upregulated IFN-g expression in the lung in aP+c-di-GMP/IN
mice 2 dpi. Evidence from both mouse models and clinical
experiments has shown that cellular responses mediated by Th1
cells play an important role in protective immunity against B.
pertussis and wP vaccine-mediated immune protection (44, 50–
53). In addition, IFN-g receptor knockout mice developed a
disseminated lethal infection after challenge with B. pertussis
(54). Moreover, many studies have shown that satisfactory
protective results have been obtained via the addition of Th1-
polarizing adjuvants to the existing aP vaccine (46, 55, 56). Thus,
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we considered that strong Th1 responses induced by aP+c-di-
GMP/IN may also contribute to the clearance of bacteria from
the airway.

One of the interesting results in this study was that although
aP+c-di-GMP/IN provided the best protection for the lungs of the
mice, with the fastest clearance of B. pertussis, followed by aP+Al
(OH)3/IP, there was no significant difference between aP+2’,3’-
cGAMP/IN and the nonadjuvanted aP vaccine administered via
IN (aP/IN). In agreement with previous studies, mice immunized
with aP+Al(OH)3/IP showed a small, limited amount of B.
pertussis colonization and rapid clearance in the lungs after B.
pertussis infection, causing only minor pathological damage to the
lungs (8, 57). Compared with those from control mice or the three
groups of IN immunized mice, lung tissue sections stained by HE
from aP+Al(OH)3/IP mice showed that pulmonary neutrophilia
was reduced, whereas eosinophilia was strongly increased, which
we have rarely noticed previously. Moreover, IL-5 expression was
significantly increased in the lung tissues of aP+Al(OH)3/
IP-immunized mice after B. pertussis challenge. Verhoef et al.
(58) found that IL-5 from type 2 innate lymphoid cells (ILC2s) in
the lung could recruit eosinophils. In addition, clinical studies
have demonstrated that eosinophil counts correlated with survival
among patients with acute pulmonary infections (59, 60).
Furthermore, a study from Linch et al. (61) highlighted that
eosinophils possess strong antibacterial properties. Krishack et al.
(62) revealed that eosinophilia was critical for the protection
against Staphylococcus aureus, which further suggested a potential
protective effect of eosinophilia against bacterial infection. Thus,
we inferred that moderate infiltration of eosinophils in the lung
tissues after B. pertussis challenge may contribute to the aP+Al
(OH)3/IP protection mechanism, except for the high level of
antibodies. Another interesting result in this study was that we
observed a phenomenon similar to that in a study by Holubová
et al. (57) in which an IP administered commercial alum-
adjuvanted aP vaccine inhibited B. pertussis clearance from the
nasal mucosa in a mouse model. In this study, mice given the
aP+Al(OH)3/IP vaccine stabilized at a high level of B. pertussis
colonization in NWs even at 23 dpi, with an average of
103 CFU/mL. However, the control mice receiving only PBS
had cleared the nasal bacteria by that time. Expectedly, mice IN
immunized with the aP vaccine showed a lower bacterial load in
the nasal mucosa than control mice, although both cleared nasal
B. pertussis by 23 dpi. Indeed, Dubois et al. (63) also found that
aP+Al(OH)3/IP immunization prolonged nasal carriage of B.
pertussis. They further revealed the mechanism of this
phenomenon in which the predominant Th2 immune response
induced by aP+Al(OH)3/IP immunization may suppress the
mucosal Th17 memory response, resulting in prolonged nasal
carriage of B. pertussis. However, in contrast to the study of
Boehm et al. (15), we found that IN delivery of an aP vaccine
without mucosal adjuvant (aP/IN) did not elicit the same anti-PT
IgG level, increased IL-17 level, or CD4+ TRM cell counts as aP
+Al(OH)3/IP. Although aP/IN-immunized mice showed lower
levels of specific IgA in NW and BALF samples and a reduction
in bacterial load in the respiratory tract compared with those of
control mice, they showed a lower bacterial load in the trachea
Frontiers in Immunology | www.frontiersin.org 1555
and nasal mucosa but not in the lung tissue than aP+Al(OH)3/
IP-immunized mice. This finding suggested that just simply
modifying the aP vaccine immunization route, at least at the
doses used in this study, did not accelerate the clearance of lung
infection. In contrast, Boehm et al. (15) observed that an aP
vaccine administered via the IN route induced protection of
mouse lungs against B. pertussis comparable to that with the IP
administered alum-adjuvanted aP vaccine. This discrepancy
could be due to different doses of the aP vaccine used and
different B. pertussis infection methods.

In summary, the obtained results showed that c-di-GMP, as a
mucosal adjuvant, generated better antigen-specific antibody
production and stronger Th1 and Th17 responses than the
mammalian cyclic dinucleotide 2′3′-cGAMP. This difference
translated into better protection against B. pertussis infection in a
mouse model, with more efficient bacterial clearance in the respiratory
tract. These results also indicated that c-di-GMP may be a better
candidate mucosal adjuvant for regulating immune responses.
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The mRNA vaccines from Pfizer/BioNTech and Moderna were granted emergency
approval in record time in the history of vaccinology and played an instrumental role in
limiting the pandemic caused by SARS-CoV-2. The success of these vaccines resulted
from over 3 decades of research frommany scientists. However, the development of orally
administrable mRNA vaccine development is surprisingly underexplored. Our group
specializing in Salmonella-based vaccines explored the possibility of oral mRNA vaccine
development. Oral delivery wasmade possible by the exploitation of the Semliki Forest viral
replicon and Salmonella vehicle for transgene amplification and gene delivery, respectively.
Herein we highlight the prospect of developing oral replicon-based mRNA vaccines
against infectious diseases based on our recent primary studies on SARS-CoV-2.
Further, we discuss the potential advantages and limitations of bacterial gene delivery.

Keywords: bacterial delivery, alphaviral replicon,mRNA vaccine, oral, mucosal vaccine, SARS-CoV-2, infectious diseases
INTRODUCTION

Edward Jenner’s innovative contribution played a pivotal role in the ultimate eradication of
smallpox and served as the harbinger of vaccination. This was followed by the works of Louis
Pasteur, who spearheaded the development of live-attenuated cholera vaccine and inactivated
anthrax vaccine in humans in 1897 and 1904, respectively. The field of vaccine research soon
became popular, and vaccines were developed against a plethora of infectious diseases of medical
and veterinary importance. First-generation traditional vaccines based on the use of live, live-
attenuated, and inactivated organisms were instrumental in the control of measles, polio, rubella,
mumps, classical swine fever, and many other diseases, and responsible for the eradication of
smallpox in humans and rinderpest in cattle. Although live and live-attenuated vaccines are
effective, they may pose significant health risks to vaccinated individuals, including the development
of disease, transmission to healthy individuals, and reversion to a virulent form and particularly in
individuals with compromised immune system (1–5). All this changed with the advent of molecular
biology and recombinant DNA technology, which paved the way for the development of safer
vaccines. However, DNA vaccines did not achieve their expected clinical success owing to limited or
poor immunogenicity (6, 7). Technological refinements were made to improve DNA vaccine
efficacy (8–15), but the risk of mutagenesis induced by exogenous DNA integration has limited their
use in humans (16–19). This has led to a renewed interest in the use of RNA in vaccines
and therapeutics.
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Synthetic RNA vaccines fall into two main categories: non-
replicating and self-amplifying mRNA vaccines. The non-
replicating mRNA vaccine is a straightforward approach
wherein administered mRNA is directly translated in the
cytoplasm of transfected cells to produce immunogenic
proteins. The extent of non-replicating mRNA vaccine-induced
antigen expression is proportional to the number of transfected
cells and thus, requires the injection of a large dose of mRNA.
This can be overcome by the use of self-amplifying RNA
replicons from alphaviruses, such as Sindbis virus (20), Semliki
Forest virus (SFV) (21), and Venezuelan equine encephalitis
virus (VEE) (22). Different vector systems, namely replication-
competent viral particles, replication-deficient viral particles, and
DNA-launched-mRNA vector approaches, have been exploited
for transgene expression (reviewed in 23, 24). DNA-launched-
mRNA vectors were engineered by deleting the structural genes
from the genome and replacing them with the target genes (21,
25). The resulting vector backbone with non-structural proteins
(nsp1–4) forms a replicase complex that drives efficient
transgene expression by a self-amplifying mechanism (21, 24).
The mRNA vaccines developed to combat SARS-CoV-2
constitute the first success story in the long history of mRNA
vaccine development. Nonetheless, oral delivery of an mRNA
vaccine has surprisingly not been exploited. In this article, we
highlight a strategy for the development of oral replicon-based
Frontiers in Immunology | www.frontiersin.org 259
mRNA vaccines by taking cues from our recent publications and
discussing the advantages of Salmonella-mediated oral
gene delivery.
mRNA VACCINES: A BRIEF HISTORICAL
BACKGROUND

The vaccines developed against SARS-CoV-2 by Pfizer/
BioNTech and Moderna constitute the first success stories in
mRNA vaccine history. Although the delivery of mRNA
wrapped in cationic liposomes was shown to produce proteins
in human cells in 1989 (26), the potential of mRNA as a vaccine
has yet to be exploited. During these past 3 decades, many
scientists studied mRNA, and collective scientific advances
enabled the production of the first successful mRNA vaccine in
record time (Figure 1A). Some of the most important inventions
to the adaptation of mRNA vaccination were the chemical
modification of mRNA and lipid nanoparticles for delivery.
Without lipid nanoparticle encapsulation, administered mRNA
would be detected by the immune system and probably degraded
by RNases. Of note, mRNA was shown to elicit TLR3-mediated
immune activation of dendritic cells (DCs) (30), and bacterial
RNA can prime DCs for higher IL-12 secretion (31). Replacing
A

B

FIGURE 1 | History and design of mRNA vaccines. (A) Timeline depicting some of the key milestones that contributed to the first successful mRNA vaccines
developed against COVID-19. The timeline was adapted from Sahin et al., 2014 (ref. 27) Hou et al., 2021 (28); and Dolgin, 2021 (29). (B) The DNA-launched-mRNA
vaccine design for bacterial delivery. pSFV3-lacZ, an SFV replicon-based vector, was used after making several modifications. 1- The ampicillin resistance marker
was replaced with asd, an auxotrophic marker to enable antibiotic-free maintenance and delivery of the vector. 2- The SP6 promoter was replaced with the
cytomegalovirus (CMV) promoter. 3- The SV40 promoter was placed just before the SFV sub-genomic core promoter to enable direct nuclear transcription of the
vaccine constructs. 4- lacZ was replaced with multiple cloning site (MCS) sequences. nsp 1-4 from SFV constitute the replicon, which drives efficient transgene
expression through RdRp. pA, polyadenylation signal; Ori, pBR origin of replication; RdRp, RNA dependent RNA polymerase; nsp, non-structural protein; SFV,
Semliki Forest virus.
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uridine with pseudouridine, the chemical modification that
diminished immune recognition of administered mRNA, paved
the way for mRNA treatments (32). The encapsulation of mRNA
by lipid nanoparticles (LNPs) provided an effective and safe
delivery platform (reviewed in 33). The discovery of increased
protein expression and potent antibody responses to the SARS-
CoV-2 spike protein in its stabilized prefusion conformation (34)
is vital to the efficacy of mRNA vaccines. The developments and
progress in mRNA vaccines against infectious diseases have been
reviewed elsewhere (35, 36).
mRNA DELIVERY TECHNOLOGIES:
PROGRESS AND LIMITATIONS

The poor uptake of mRNA by cells is associated with the rapid
degradation of naked mRNA by extracellular RNAses (37–41).
Developments of efficient mRNA delivery platforms have been
fruitful in the last decade. From advancements in transfection
reagents and liposomes to nanoparticles and nanoemulsions, in
vivo antigen presentation and the immune response to mRNA-
based vaccines have recently improved (42–51). The
aforementioned mRNA complexing strategies have been shown
to affect mRNA stability during storage (52). Thus, a continuous
supply of raw materials is crucial for the uninterrupted
production of mRNA vaccines. Such requirements can prove
challenging at times when the demand is high (52–57).
Additionally, substituting rare codons with frequently used
synonymous codons and introducing modified nucleosides
have been shown to enhance mRNA translation and stability
in the context of vaccination (reviewed in 38). A major
disadvantage associated with base modifications is that they
may result in altered mRNA secondary structure, which may
influence translation and protein folding. These alterations may,
in turn, prove detrimental to efficacy (58–60). One of the major
drawbacks with in vitro transcribed RNA is the presence of
dsRNAs that trigger the innate immune response and reduces
the vaccine efficacy. Advancement such as cellulose-based
purification was shown to remove the dsRNA byproducts
leading to the lower type I interferon response and improving
the efficacy of a self-amplifying mRNA vaccine against Zika virus
(61). Continuous efforts have been made to minimize the
drawbacks associated with mRNA vaccines, enabling an array
of these vaccines to enter phase IIb clinical trials (38, 62–67).
Most of the current mRNA vaccines against infectious disease
are administered using the conventional delivery routes, namely
intramuscular, subcutaneous, intradermal, or intranodal routes.
Most of these routes of administration require injection and
specific conditions for storage and transport. Furthermore, the
concerns associated with the stability of these vaccines and
the addition of adjuvants to enhance immunogenicity increase
the cost of production and pose toxicity threats (68, 69).
Despite the success of mRNA vaccines in controlling infectious
diseases, the limitations associated with their production and
administration demonstrate the need to develop better and safer
routes of administration for mRNA vaccines (70, 71).
Frontiers in Immunology | www.frontiersin.org 360
IS IT POSSIBLE TO ORALLY DELIVER
mRNA VACCINES?

Despite three decades of history supporting mRNA vaccine
development and the successful rollout of mRNA vaccines during
the COVID-19 pandemic, the possibility of oral delivery has
surprisingly been underexplored (71). This could be attributed to
the highlyunstable nature ofmRNAand the gut posing a significant
barrier for mRNA delivery. However, some of the oral antigen
delivery strategies such as yeast ghosts, microencapsulated antigens
and microbial adhesions have been developed to overcome the
harsh conditions in the gut (reviewed in 72). But they suffer from
major limitation of poor intestinal epithelial barrier crossing and
have not been explored to deliver mRNA (72). Further, lipid-based
approaches such as liposomes, bilosomes and immunestimulating
complexes (ISCOMs) also provide with a potential delivery vehicle
for oral biologic delivery (reviewed in 71). The oral delivery of
mRNA vaccines is possible due to the exploitation of an alphaviral
replicon and Salmonella bactofection for mRNA amplification and
gene delivery, respectively. Our group specialized in the
development of Salmonella-based vaccines against diseases of
veterinary and medical importance (73–79), exploited this
platform for the development of an oral mRNA vaccine. Further,
we exploited the Semliki Forest virus replicon for mRNA
amplification (23, 24). We made several modifications to the
original vector backbone (pSFV3) to enable transcription in host
cells and plasmid maintenance in bacteria (Figure 1B) (25). The
SP6 promoter was replaced with the Cytomegalovirus (CMV)
promoter to enable transcription by mammalian RNA
polymerase. The replacement of the ampicillin selection marker
with the aspartate-semialdehyde dehydrogenase (asd) auxotrophic
marker allows for antibiotic-free plasmidmaintenance anddelivery
(80). The Salmonella strains used for gene delivery carry a deletion
in the asd gene, creating balanced-lethal host-vector systems.
Diaminopimelic acid (DAP), the product of asd, is a vital
component of the bacterial cell wall, and asd mutants will not
survive unless DAP is supplemented in growth media or the asd
gene is complemented from a plasmid vector. Thus, asd serves as a
powerful antibiotic-independent selection maker for bacterial
delivery. This DNA-launched-mRNA vector design was exploited
for the Salmonella-enabled oral delivery of a replicon-basedmRNA
vaccine against SARS-CoV-2 (25, 81, 82). The detailed mechanism
of vector delivery, transgene amplification, and the generation of an
immune response upon oral administration of Salmonella carrying
the SFV replicon vector encoding vaccine immunogens is furnished
in Figure 2. The findings demonstrate the possibility and potential
of bacteria-mediated gene delivery for the development of oral
replicon-based mRNA vaccines against infectious diseases.
ADVANTAGES AND LIMITATIONS OF
Salmonella-MEDIATED ORAL
GENE DELIVERY

The delivery of vaccines through the oral route can elicit a
potent mucosal response considering the extensive presence of
May 2022 | Volume 13 | Article 884862
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gut-associated lymphoid tissues (GALT). The bacterial species,
Salmonella has the ability to interact with immune cells in
Payer’s patch, leading to efficient induction of the mucosal
response (83, 84). Mucosal vaccines play a pivotal role in
limiting infections caused by digestive and respiratory
pathogens. Moreover, gut bacteria can influence SIgA
Frontiers in Immunology | www.frontiersin.org 461
production in the lungs through CD103+ DCs (85). In
agreement, we and others have documented the elicitation of
mucosal response in respiratory sites by oral Salmonella-based
vaccine administration (82, 86). Further, Salmonella can
translocate through M cells in the intestine and reach organs
such as the liver and spleen, eliciting a systemic response as well
FIGURE 2 | Mechanism of gene delivery, transgene expression, and induction of immune response. Upon oral administration, Salmonella Typhimurium is translocated from
the luminal surface to submucosa by specialized M cells in the gut epithelium. Bacteria then invade antigen-presenting cells (APCs), such as macrophages and dendritic cells
(DCs), and spread to different organs like the liver and spleen through lymphatics and the bloodstream. The vector encoding the Semliki Forest virus (SFV) replicon (nsp1-4)
and SARS-CoV-2 immunogens is released within the host cell cytoplasm through bacterial lysis. Transcription of the delivered plasmid takes place in the cell nucleus, and,
following in situ translation, the nsp1-4 proteins form an RNA-dependent RNA polymerase (RdRp) complex. The RdRp complex then recognizes the sub-genomic promoter
and flanking conserved sequence elements (CSE), leading to enhanced mRNA amplification of vaccine genes. The resulting mRNAs translated to produce immunogenic
proteins. The APCs process and present antigens to CD8+ and CD4+ T cells via MHC I and MHC II, respectively, leading to the elicitation of the T cell response. DCs can
present antigens directly to B cells or follicular DCs (FDCs). FDC stores antigens for a longer time, periodically displaying them to cognate B cells. B cells then differentiate to
specific antibody-secreting plasma cells and memory B cells. MHC, major histocompatibility complex; nsp, non-structural protein; CD, cluster of differentiation; CTL, cytotoxic T
cell; Th, T helper cell; CSE- Conserved sequence elements. This figure was created with the help of the Biorender online tool (https://app.biorender.com/). The figure and
description are reproduced with permission from Jawalagatti et al., 2022 (reference 82). ©The American Society of Gene and Cell Therapy.
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(87–89). One of the most important advantages of Salmonella is
its innate ability to invade and proliferate in professional
antigen-presenting cells (APCs), such as dendritic cells (DCs)
(90) and macrophages (91), during which it directly delivers the
DNA cargo to these cells. As antigens must be formed within
the APC or cross-presented to an APC to elicit a cellular
response (92), gene delivery and antigen expression within
APCs result in robust cellular immunity along with the
induction of a potent humoral response. Moreover, vaccine
production can be easily scaled up, and a high number of doses
can be prepared rapidly at an inexpensive rate. Importantly,
bacteria-mediated vaccine delivery does not require additional
adjuvants or delivery systems, which further cuts down the cost
of manufacturing and limits the frequency of vaccine-
associated adverse events (68, 69). Most important of all, the
availability of licensed oral Salmonella Typhi vaccines provides
the possibility of direct translation to humans. Further, the
availability of a licensed live-attenuated Vibrio cholerae vaccine
(Vaxchora; https://www.fda.gov/media/98688/download)
provides with additional bacterial vector to develop vaccines
against diseases of medical importance. The fact that
Salmonella can be lyophilized permits a thermostable way to
dispatch the vaccines and represents progress towards needle-
free mass oral immunizations. Collectively, the data suggest the
highly prospective nature of exploiting bacteria to develop oral
mRNA vaccines with the ability to elicit potent systemic and
mucosal immune responses. The intranasal delivery could also
be exploited to develop potent mucosal mRNA vaccines.
However, as the vaccine uses live-attenuated bacterium poses
a significant safety and regulatory hurdle. The intranasal route
is more suitable and safer for delivery of mRNA through
polymeric delivery systems. The advantage of oral vaccine
over an intranasal vaccine would be superior patient
compliance and easy mass administration. Therefore,
bacteria-mediated delivery of mRNA vaccines for mucosal
vaccine development would be feasible when administered
orally rather than intranasally.

One of the major limitations of live-attenuated bacteria is
safety. However, the availability of tested and proven licensed
vaccines provides safer delivery options. Furthermore, well-
established tools to modify the bacterial genome provide an
opportunity to create safer mutants (93). Another major
limitation of using live-attenuated organisms for gene delivery
is a hindrance from pre-existing immunity that can seriously
affect vaccine efficacy (94, 95). Both SIgA and IgG could
contribute to the pre-existing immunity against Salmonella.
Nevertheless, this limitation could be overcome by deleting the
O-antigen ligase (rfaL) or any other gene(s) from the bacterial
genome that mask the bacteria from detection by the immune
system (77). However, several studies have shown the positive
influence of pre-existing immunity and recorded stronger
immune responses against the delivered antigen by Salmonella
vectors (reviewed in 96). Thus, the effect of pre-existing
immunity on heterologous antigen delivery is likely negligible
or less variable. Of note, the effect of pre-existing immunity on
viral vectors is more pronounced than on bacterial vectors (96).
Frontiers in Immunology | www.frontiersin.org 562
ORAL REPLICON-BASED mRNA VACCINE
AGAINST SARS-COV-2

Our proof-of-principle studies using SARS-CoV-2 (25, 81, 82)
provide evidence for the development of oral replicon-based
mRNA vaccines against infectious diseases. Salmonella is an ideal
bacterial vector owing to its unique ability to target GALT upon
oral administration, resulting in both systemic and mucosal
immune responses in vaccinated individuals. The possibility of
oral delivery was partly enabled by creating a DNA-launched-
mRNA design of the SFV replicon that essentially drives gene
expression by a self-amplifying mRNA mechanism (25).
Although the research on RNA vaccines and therapeutics
spans over 3 decades, the possibility of oral mRNA vaccine
delivery was yet to be explored. To the best of our knowledge, our
studies are the first to demonstrate oral replicon-based mRNA
vaccine delivery. To this end, we designed a multivalent SFV
replicon-based vaccine targeting receptor-binding domain
(RBD), heptad repeat domain (HR), membrane glycoprotein
(M), and epitopes of nsp13 and employed Salmonella
Typhimurium for gene delivery (25). The administration of the
vaccine was highly safe in mice and hamsters inoculated both
orally and intramuscularly (25, 82). The vaccine elicited potent
Th1-dominated humoral and cellular immune responses in mice
against all the target antigens, suggesting efficient antigen
production and presentation (25, 82). Furthermore, RBD
expressed after Salmonella delivery was confirmed to be
antigenically intact in macrophage-like cells (82). We recorded
the difference in mucosal immune response induction between
oral and intramuscular routes of vaccine administration,
highlighting the feasibility of exploiting oral administration for
mucosal vaccine development (82). Most importantly, the
vaccine protected hamsters against live SARS-CoV-2, and
complete protection was elicited by oral immunization against
viral replication and lung disease (82). Moreover, a robust cross-
protection against the B.1.617.2 delta variant was evidenced
following oral immunization in hamsters (82) and mice (81).
The fact that an intranasal vaccine durably protected against
SARS-CoV-2 variants (97, 98) and dimeric IgA had superior
neutralizing activity (99) underscore the efficacy of the mucosal
response exerted by oral vaccines in protection against rapidly
replicating variants.
CONCLUSIONS AND FUTURE
DIRECTIONS

Our proof-of-principle studies have unraveled a novel method
for the development of oral mRNA vaccines. The availability of
some licensed live-attenuated bacterial vaccines increases the
prospects of adopting such vaccines in the clinic. However, more
studies using relevant bacterial species in suitable preclinical
models are necessary to prove the hypothesis. Moreover, the
possibility of other bacterial species, such as Shigella, could also
be tested to optimize the choice of a bacterial vector.
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27. Sahin U, Karikó K, Türeci Ö. mRNA-Based Therapeutics — Developing a
New Class of Drugs. Nat Rev Drug Discov (2014) 13:759–80. doi: 10.1038/
nrd4278

28. Hou X, Zaks T, Langer R, Dong Y. Lipid Nanoparticles for mRNA Delivery.
Nat Rev Mater (2021) 6:1078–94. doi: 10.1038/s41578-021-00358-0

29. Dolgin E. The Tangled History of mRNA Vaccines. Nature (2021) 597:318–
24. doi: 10.1038/d41586-021-02483-w
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Background: Orf virus (ORFV)-based vectors are attractive for vaccine development as
they enable the induction of potent immune responses against specific transgenes.
Nevertheless, the precise mechanisms of immune activation remain unknown. This
study therefore aimed to characterize underlying mechanisms in human immune cells.

Methods: Peripheral blood mononuclear cells were infected with attenuated ORFV strain
D1701-VrV and analyzed for ORFV infection and activation markers. ORFV entry in
susceptible cells was examined using established pharmacological inhibitors. Using the
THP1-Dual™ reporter cell line, activation of nuclear factor-kB and interferon regulatory
factor pathways were simultaneously evaluated. Infection with an ORFV recombinant
encoding immunogenic peptides (PepTrio-ORFV) was used to assess the induction of
antigen-specific CD8+ T cells.

Results: ORFV was found to preferentially target professional antigen-presenting cells
(APCs) in vitro, with ORFV uptake mediated primarily by macropinocytosis. ORFV-infected
APCs exhibited an activated phenotype, required for subsequent lymphocyte activation.
Reporter cells revealed that the stimulator of interferon genes pathway is a prerequisite for
ORFV-mediated cellular activation. PepTrio-ORFV efficiently induced antigen-specific
CD8+ T cell recall responses in a dose-dependent manner. Further, activation and
expansion of naïve antigen-specific CD8+ T cells was observed in response.

Discussion: Our findings confirm that ORFV induces a strong antigen-specific immune
response dependent on APC uptake and activation. These data support the notion that
org May 2022 | Volume 13 | Article 873351166
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ORFV D1701-VrV is a promising vector for vaccine development and the design of
innovative immunotherapeutic applications.
Keywords: parapoxvirus, ORFV, viral vector, vaccine, antigen-presenting cell, STING pathway, T cell response
INTRODUCTION

Orf virus (ORFV) is a large (~ 140 kb) double-stranded DNA
(dsDNA) Parapoxvirus (1). The wildtype ORFV genome
contains highly conserved regions comprising genes implicated
in virulence and host immunomodulation (2). As a zoonotic
pathogen ORFV primarily infects goats and sheep as its natural
host. Humans are rarely affected and infections are typically
associated with minor self-limiting symptoms (3, 4). The ORFV
strain D1701, which was attenuated by successive in vitro
passages in primary bovine and ovine cells, was used as a
vaccine against Orf disease in its natural host animals, but it
was discontinued due to lacking long-term protective effects
(5, 6). Further in vitro passaging in Vero cells generated the
Vero-adapted attenuated ORFV strain D1701-V, which lacks any
pathogenic features, even in immunosuppressed sheep (7–10).

Further, substitution of the viral vegf-e gene by foreign
transgenes generated the ORFV strain D1701-VrV. The poxviral
early vegf promotor enables transgene expression without the
requirement of viral replication, thus allowing ORFV to be used
in non-permissive cells (10). ORFV D1701-VrV therefore
represents an optimal viral vector candidate for animal and
human use and possesses several desirable characteristics,
including: 1.) a beneficial safety profile; 2.) a large genome,
allowing for the integration of multiple/large genes; 3.) negligible
induction of ORFV-specific immunity, allowing for repeated
administration; 4.) potent induction of innate and adaptive
immune responses against inserted transgenes; and 5.) large virus
production capacity in cell cultures, facilitating the rapid generation
of vaccine prototypes (11, 12). Meanwhile, recombinant ORFV
D1701-VrV-based vaccines have been generated against several
zoonotic pathogens, including avian influenza (13), rabies (11),
pseudorabies (14), and Borna disease virus (15). Various animal
models provided promising results, demonstrating protective
immunity through respective vaccines with limited adverse effects
(1, 16). Of note, recent studies with ORFVD1701-VrV by Reguzova
et al. showed successful T cell induction against transgenes, while
ORFV-specific epitopes remained unaffected (12, 17).

In spite of the emerging role as a vaccine vector and potential
immunotherapeutic applications, the mechanisms by which
ORFV D1701-VrV induces immunity, and effects observed in
human cells, remain to be characterized. Respective knowledge is
essential for the development of ORFV-based vaccine platforms
and potential clinical applications for human use. Therefore, this
study focused on the mechanisms involved in ORFV-induced
immune responses in human cells. To this end, we sought to
investigate: 1) the susceptibility of human primary lymphocytes to
ORFV infection and the respective cell tropism; 2) the activation
of peripheral blood mononuclear cells (PBMCs) subsets and
antigen-presenting cells (APCs) after ORFV infection; 3) ORFV
entry into susceptible cells; 4) the signaling pathway(s) involved
org 267
after ORFV-infection of cells; and 5) induction of antigen-specific
T cell responses through ORFV D1701-VrV in vitro.
MATERIALS AND METHODS

Generation of ORFV D1701-V-D12-
mCherry and ORFV D1701-V12-PepTrio-
D12-Cherry
ORFV strain D1701-V-D12-mCherry (V-D12-Cherry) was
generated as described previously (6, 10) to enable visualization
of viral infection through the detection of mCherry florescence by
flow cytometry. The novel artificial antigen “PepTrio”, designed
specifically for use in this work, consists of three immunodominant
epitopes from human cytomegalovirus (HCMV) proteins IE-1
(316-324; VLEETSVML) and pUL83/pp65 (495-503;
NLVPMVATV and 120-128; MLNIPSINV), which all bind to the
major histocompatibility complex (MHC) class I molecule HLA-
A*02:01. The PepTrio-encoding gene (synthesized by Gene Art,
Thermo Fisher Scientific, Waltham, MA, USA) was isolated as a
BglII–EcoRI DNA fragment (164 bp) by agarose gel electrophoresis
and Qiaex II gel extraction (Qiagen, Hilden, Germany) followed by
ligation (Quick Ligation Kit, New England BioLabs, Frankfurt am
Main, Germany) into BglII–EcoRI-digested pV12-Cherry (10). The
resulting transfer plasmid, pV12-PepTrio, was used to transfect
D1710-V-GFP-D12-mCherry-infected Vero cells using
nucleofection (Cell Line V Nucleofector® Kit, Lonza, Köln,
Germany) to replace the GFP-encoding gene with PepTrio, as
described previously (10). The new ORFV recombinant D1701-
V12-PepTrio-D12-mCherry (V12-PepTrio-D12-Cherry, PepTrio-
ORFV) was selected and purified by fluorescence-based negative
selection, as described previously (10). PCR primers spanning the
vegf locus [5’-GGTGCTCAGCGTGGTGGCGGTTTC-3’ (forward)
and 5’-ACCACAAGGCCGCCCAGAAGACGCCGCTAG-3’
(reverse)] were commercially obtained (Metabion, Planegg,
Germany) and were used to confirm the presence of a 738-bp
amplicon for the PepTrio gene and the loss of an 1129-bp amplicon
for the GFP-encoding gene. Sequencing confirmed the correct
integration of the PepTrio gene into the vegf locus. The ORFV
recombinants were purified, propagated, and titrated in Vero cells,
as described previously (10).

Donor Cells and Cell Lines
PBMCs were isolated from buffy coats obtained at the University
Hospital Tübingen, Center for Clinical Transfusion Medicine,
from HCMV-seronegative and HCMV-seropositive donors. The
use of biomaterials was approved by the Ethics Committee of the
Medical Faculty of Eberhard Karls University and the University
Hospital of Tübingen (project number: 507/2017B01).

African green monkey kidney (Vero) cells (ATCC®) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Life
May 2022 | Volume 13 | Article 873351

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


Müller et al. Orf Virus Vector-Mediated T Cell Induction
Technologies) containing 5% fetal calf serum (FCS; Capricorn
Scientific, Ebsdorfergrund, Germany) with 0.5% penicillin–
streptomycin. All cells were cultured at 37°C with 5% CO2 in a
humidified incubator.

Cell Isolation and Macrophage and
Dendritic Cell (DC) Differentiation
PBMCs were isolated from buffy coats by Ficoll density gradient
centrifugation (Biocoll Separation Solution, Merck KGaA,
Darmstadt, Germany). CD14+ monocytes were isolated from
total PBMCs by magnetic cell sorting using CD14 microbeads
(MACS, Miltenyi Biotec, Bergisch Gladbach, Germany). PBMCs
or CD14+ monocytes were seeded at a density of 1×106 or 1×105

per well in a 96-well plate, respectively, and cultured with 200 µL
Iscove’s Modified Dulbecco’s Medium (IMDM; Lonza, Köln,
Germany) supplemented with 10% heat-inactivated FCS (Sigma-
Aldrich, St. Louis, MO, USA). Monocyte-derived macrophages
were differentiated from CD14+ cells with 50 ng/mL
granulocyte-macrophage colony-stimulating factor (GM-CSF;
Leukine® (Sargramostim), Sanofi, Paris, France), immature
dendritic cells (iDCs) were differentiated from CD14+ cells
with 50 ng/mL GM-CSF and 50 ng/mL interleukin (IL)-4
(Peprotech, Rocky Hill, NJ, USA). Mature DCs (mDCs) were
gene r a t ed by s t imu l a t ing iDCs w i th 100 ng /mL
lipopolysaccharide (LPS; Sigma-Aldrich) for 24 h.

Infection of Vero Cells With Virus Lysates
From Infected APCs
DCs and macrophages were infected with V-D12-Cherry at MOI
1.0 and MOI 5.0 for 6 h, 24 h, and 96 h, respectively and lysed by
repeated freezing and thawing. Vero cells were infected using
DC- and macrophage-lysates (infection at MOI 5.0) with
different dilutions for 24 h. The percentage of infected Vero
cells was assessed by flow cytometry and viral infection was
determined in respective samples, confirming a linear range of
infection from 0.5-30%.

Monocyte Depletion
Monocytes were depleted from total PBMCs using CD14
microbeads and depletion columns (MACS) in accordance
with the manufacturer’s instructions. Successful depletion (98-
100%) was verified by flow cytometry.

Viral Infection
PBMCs, monocytes, macrophages and DCs were inoculated with
V-D12-Cherry for in vitro infection at a multiplicity of infection
(MOI) of 5.0 for the indicated times, if not specifically
indicated otherwise.

Inhibition of Phagocytosis and
Macropinocytosis
Phagocytosis was inhibited by incubating cells with 20 µM
cytochalasin D (Sigma-Aldrich) for 30 min before infection.
Macropinocytosis was inhibited by incubating cells with 3 µM
rottlerin (Sigma-Aldrich) for 30 min before infection.
Frontiers in Immunology | www.frontiersin.org 368
Cytometric Bead Array
For analysis of CXCL10 production, DCs were infected
with V-D12-Cherry for 24 h (MOI 5.0). Quantification of
CXCL10 in the supernatants of ORFV-infected DCs was
performed using BD™ Cytometric Bead Array (CBA) (BD
Biosciences, Franklin Lakes, NJ, USA) according to the
manufacturer’s instructions.

Activation of THP1-Dual™ Cells
THP1-Dual™ cells, THP1-Dual™ KO-IFNAR2 cells, THP1-
Dual™ KO-MyD88 cells, and THP1-Dual™ KO-STING cells
were purchased (InvivoGen, San Diego, CA, USA). Secreted
embryonic alkaline phosphatase (SEAP) and luciferase activity
were assessed after infection with V-D12-Cherry (MOI 10.0) in
accordance with the manufacturer’s protocol for THP1-Dual™

cells. Infection rates were determined by flow cytometry and
established at 25% ± 5%.

Memory T Cell Expansion
A total of 5×106 PBMCs per well, obtained from HCMV-
seropositive blood donors, were seeded into a 24-well plate in
2 mL medium (RPMI-1640 with 10% heat-inactivated FCS) and
incubated for 6 h. PBMCs were infected with PepTrio-ORFV or
V-D12-Cherry (mock virus control) at the indicated MOI, or
stimulated with 1 µg/mL HCMV pp65 495–503 NLVPMVATV
peptide (positive control) for CD8+ T cell activation. Every 2–3
days, 500 mL of medium was replaced with 500 mL
fresh medium containing 20 U/mL IL-2 (R&D Systems,
Minneapolis, MN, USA). After 12 days of stimulation, analysis
of T cell expansion and antigen-specific T cell functionality
was performed by HLA-tetramer and intracellular cytokine
staining, respectively.

Priming of Naïve T Cells
A total of 1×108 PBMCs from HCMV-seronegative blood donors
were used to isolate CD14+monocytes and to subsequently induce
differentiation into DCs as described above. DCs (2×105) were
seeded into a 96-well pate in 200 µL medium per well. After one
week, DCs were infected with PepTrio-ORFV (MOI 5.0) for 6 h or
stimulated with 10 ng/mL IL-4 (Peprotech), 800 U/mL GM-CSF,
10 ng/mL LPS, and 100 U/mL IFN-g (Peprotech) for 24 h and
loaded with 25 mg/mL HCMV pp65 495−503 NLVPMVATV
peptide for 2 h. Isolation of CD8+ T cells from cryopreserved
PBMCs was performed by magnetic cell sorting using CD8
microbeads (MACS). Subsequently, 1×106 CD8+ T cells were
added to the infected or peptide-loaded DCs in the presence of 5
ng/mL IL-12 (PromoCell, Heidelberg, Germany). Every 2–3 days,
100 µL medium was replaced with 100 µL fresh medium
containing 40 U/mL IL-2. After one week of co-culture of DCs
and CD8+ T cells, the latter were restimulated with autologous
peptide-loaded PBMCs. For this purpose, autologous PBMCs were
thawed and loaded with 25 mg/mL HCMV pp65 495–503

NLVPMVATV peptide and incubated for 2 h. A total of 1×106

peptide-loaded PBMCs were added to each well following
irradiation (30 Gy). T cells were stimulated three or four times
in total with 7-day intervals. One week after the last re-stimulation,
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analysis of antigen-specific CD8+ T cell responses was performed
by HLA-tetramer staining.
Antibody Staining and Flow Cytometry
To prevent non-specific antibody binding, cells were treated with
Fc block (BioLegend, San Diego, CA, USA) before antibody
staining according to the manufacturer’s instructions. To stain
for viability, cells were washed with PBS and stained using the
Zombie Aqua™ Fixable Viability Kit (BioLegend). Before
extracellular staining, cells were washed twice with staining
buffer (2 mM ethylenediaminetetraacetic acid [EDTA], 2%
FCS, and 0.02% NaN3 in PBS).

To analyze PBMC activation, cells were stained with antibodies
specific for CD4PacificBlue, CD8APC/Cy7, CD14AlexaFluor700,
CD19PerCP, CD56BV605, and CD69PE (all BioLegend). Infected
monocytes were stained for CD14AlexaFluor700 and the activation
marker human leukocyte antigen (HLA)-DRBV711. Monocyte-
derived macrophages were stained for CD14AlexaFluor700, the
activation markers HLA-DRBV711, CD80FITC, CD86BV605, and
CD40PE/Cy7 (all BioLegend). Monocyte-derived DCs were stained
for CD11cBV421, the activation markers HLA-DRBV711, CD80FITC,
CD86BV605, and CD40PE/Cy7, and the maturation marker CD83APC

(all BioLegend). All staining steps were performed by incubating
the cells and antibodies at 4°C for 30 min followed by two washing
steps with staining buffer.

For HLA-tetramer staining, cells were washed twice with 200
mL PBS and then resuspended in 50 mL tetramer buffer (50% FCS,
2 mM EDTA in PBS) with 1 µL phycoerythrin (PE)-conjugated
HLA-tetramer. Incubation was performed at room temperature
for 30 min in the dark. After incubation, cells were stained for
viability (Zombie Aqua™ Fixable Viability Kit) and for
extracellular markers using antibodies specific for CD4PacificBlue

and CD8APC/Cy7 (BioLegend).
For intracellular cytokine staining, expanded CD8+ memory

T cells were stimulated with HCMV pp65 495–503 peptide
NLVPMVATV (1 µg/mL) in the presence of 10 mg/mL
brefeldin A (Sigma-Aldrich) for 16 h. After incubation, cell
viability staining was performed (Zombie Aqua™ Fixable
Viability Kit), followed by cell surface staining with antibodies
specific for CD4PacificBlue and CD8APC/Cy7 (BioLegend). The cells
were subsequently fixed and permeabilized using BD Cytofix/
Cytoperm (BD Biosciences, Franklin Lakes, NJ, USA) at 4°C for
30 min and incubated with antibodies specific for IFN-gAPC and
tumor necrosis factor (TNF)PE/Cy7 (BioLegend).

Samples were analyzed using a LSR Fortessa™ flow cytometer
(BD Biosciences) and data processing was performed with
FlowJo® software (TreeStar Inc., Ashland, OR, USA).
Statistical Analysis
All statistical analyses were performed using GraphPad Prism 9
software. Data are presented as means ± standard deviation.
Normality of data was tested using the Shapiro-Wilk test.
Comparisons between groups were performed using a two-
tailed Student´s t-test. A p < 0.05 was considered to indicate
statistical significance.
Frontiers in Immunology | www.frontiersin.org 469
RESULTS

ORFV Preferentially Targets
Antigen-Presenting Cells In Vitro
To examine whether ORFV infects and drives the expression of
transgenes in leukocytes, PBMCs were infected with ORFV
encoding mCherry (V-D12-Cherry) for 24 h in vitro, stained
and assessed by flow cytometry to identify cell subsets (T cells, B
cells, NK cells and monocytes) susceptible for infection.
Expression of mCherry is driven by an early poxviral promoter
that enables strong early transgene expression without the need
for ORFV genome replication or infectious virus production.
After infection, mCherry expression, indicating viral infection,
remained restricted to CD14+ monocytes and resulted in a mean
infection rate of ~15% (Figure 1A). All other assessed cell
populations were unaffected.

Since ORFV incubation with PBMCs only infected
monocytes, we next analyzed whether other APCs (i.e.,
macrophages and DCs) were also susceptible for infection.
When infecting monocyte-derived macrophages and DCs with
ORFV for different periods, the percentage of mCherry-positive
macrophages and DCs increased and peaked at 24 h,
subsequently decreasing until 96 h (Figure 1B).

Next, we determined whether ORFV replicates in human
APCs. This was investigated by assessing the percentage of Vero
cells that were infected through incubation with cell lysates from
macrophages and DCs previously infected with ORFV and then
cultured for different periods of time.

The infection rates of Vero cells lay in the linear range from
0.5 – 30% of infected cells at 24 hours post infection. Significantly
fewer Vero cells became infected when incubated with cell lysates
from both macrophages and DCs harvested 96 h after ORFV
incubation as compared to incubation with respective cell lysates
harvested earlier at 6 h (Figure 1C), suggesting that after 96 h
less ORFV virus is present in the APC lysate than after 6 h. Thus,
the decreasing amount of virus over time indicates a lack of
productive generation of infectious virus particles in APCs.

Overall, these results demonstrate that professional APCs are
susceptible to ORFV infection and enable expression of the
transgene without the need for viral replication.

ORFV Is Taken Up by Professional APCs
via Macropinocytosis
After establishing the susceptibility of APCs for ORFV infection, we
aimed to investigate the mechanisms of ORFV entry into these cells.
APCs take up pathogens either via receptor-mediated endocytosis
(e.g., phagocytosis) or via receptor-independent macropinocytosis,
but both processes require actin polymerization (18, 19). Therefore,
we inhibited actin polymerization in monocyte-derived
macrophages and DCs by cytochalasin D before ORFV infection.
Treated APCs remained negative for ORFV infection, while
untreated APCs became infected (p < 0.01; Figure 2A), indicating
that actin cytoskeleton rearrangement is required for ORFV uptake.

To differentiate an uptake via phagocytosis from
macropinocytosis, the cells were treated with the protein kinase C
delta inhibitor rottlerin that specifically inhibits macropinocytosis at
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A B C

FIGURE 2 | ORFV is taken up by professional APCs via macropinocytosis. (A) Macrophages (MF) and DCs were treated with 20 µM cytochalasin D or left
untreated. After infection with V-D12-Cherry (MOI 5.0, 24 h) the level of mCherry expression was measured using flow cytometry. The percentage of positive cells is
indicated. (B) Macrophages and DCs were treated with 3 µM rottlerin or left untreated. After infection with V-D12-Cherry (MOI 5.0, 24 h) mCherry expression was
measured using flow cytometry. The percentage of positive cells is indicated. (C) Immature DCs and LPS-matured DCs were infected with V-D12-Cherry (MOI 5.0,
24 h). The percentage of mCherry+ cells was determined using flow cytometry. Of note: cells of different donors were used for experiments shown in (A–C). Data
represent mean ± SD of biological replicates. Statistical differences are shown (paired t-test). **P < 0.01; ***P < 0.001.
A

B C

FIGURE 1 | Orf virus (ORFV) preferentially targets antigen-presenting cells in vitro. (A) Human peripheral blood mononuclear cells (PBMCs) were inoculated with
V-D12-Cherry [multiplicity of infection (MOI) 5.0, 24 h]. Different cell subsets were identified by extracellular staining [CD4: CD4+ T cells, CD8: CD8+ T cells, CD19:
B cells; CD56: natural killer (NK) cells; CD14: monocytes] and the percentage of viable mCherry+ cells was determined by flow cytometry analysis. Data represent
mean ± SD of biological replicates. (B) Macrophages and DCs were infected with V-D12-Cherry (MOI 1.0 and MOI 5.0). The percentage of viable mCherry+ cells was
determined at 6, 12, 24, 48 and 96 h post-infection by flow cytometry. X-axis: time post-infection (h); Y-axis: percentage of mCherry+ cells. Data represent mean ± SD
of technical replicates (n=3). (C) Cell lysate of V-D12-Cherry-infected (MOI 5.0) macrophages and DCs at 6 h post-infection (hpi), 24 hpi, and 96 hpi was used to infect
Vero cells. The percentage of mCherry+ Vero cells was determined 24 hpi. X-axis: time point after macrophage or DC infection; Y-axis: percentage of mCherry+ Vero
cells. Data represent mean ± SD of technical replicates (n=3) and are representative for 3 independent experiments. Statistical differences are shown (unpaired t-test).
*P < 0.05; **P < 0.01.
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low concentrations (20, 21). The infection rate in DCs after
treatment was significantly reduced compared to controls (p <
0.001), however, a baseline infection was discernible in the latter
(Figure 2B), confirming that ORFV mainly enters DCs via
macropinocytosis. Respective findings could also be shown in
macrophages (Figure 2B).

While phagocytosis and macropinocytosis are well-known
uptake mechanisms of immature DCs, this ability is lost during
DC maturation and activation (22). Therefore, we tested whether
DCmaturation influences the uptake of ORFV. Both immature DCs
(iDCs) and matured DCs (mDCs) were incubated with ORFV.
Results confirmed that iDCs were significantly more frequently
infected than mDCs (p < 0.001; Figure 2C).

PBMCs and Professional APCs Are
Activated After ORFV Infection In Vitro
Next, we examined whether incubation with ORFV induces
activation of leukocytes in vitro. First, we analyzed the
activation state of APCs upon ORFV uptake. To characterize
monocyte activation, CD14+ cells among PBMCs were purified
and stained for HLA-DR 24 h after ORFV infection. Results
revealed that HLA-DR expression was significantly increased in
the ORFV-infected monocytes when compared to untreated
controls (p < 0.01; Figure 3A).

To investigate activation of professional APCs after ORFV-
infection, macrophages and DCs were incubated with ORFV for
24 h and subsequently expression of CD80, CD86, HLA-DR, and
CD40 were assessed on CD14+ macrophages and CD11c+ DCs.
DCs were further examined for the maturation marker CD83
(23). The expression of activation markers CD80, CD86 and
HLA-DR was strongly increased on macrophages following
infection compared to the non-infected control. The expression
of all assessed activation markers observed on DCs from different
donors varied substantially. However, the proportion of HLA-
DR- and CD83-positive DCs were found markedly increased
following infection (Figure 3B). In addition, analysis of cell
culture supernatant 24 h after ORFV infection showed that DCs
produced a significantly increased amount of CXCL10 after
incubation with ORFV compared to uninfected DCs
(Figure 3C). To investigate the effect of APC activation on
activation of lymphocytes, we next analyzed the activation state
of cell subsets in human PBMCs after incubation with ORFV in
vitro. Following incubation with ORFV a significantly increased
percentage of CD4+ and CD8+ T cells, B cells as well as NK
cells expressed CD69, as compared to untreated controls (all
p < 0.001; Figure 3D). This activation state was found
particularly pronounced in NK cells.

These results indicate that infection with ORFV induces
activation of APCs upon virus uptake and subsequently leads
to the activation of T cells, B cells, and NK cells.

Lymphocyte Activation Depends on
ORFV-Infected Monocytes
Since infection of PBMCs with ORFV led to an increase of CD69+
cells among lymphocytes, we sought to investigate the role of
monocytes in the activation of other cell subsets. Thus, both total
Frontiers in Immunology | www.frontiersin.org 671
PBMCs and monocyte-depleted PBMCs were infected with ORFV
and assessed for CD69 expression. While the infection of total
PBMCs led to the activation of the different cell subsets, as
evidenced before, the proportion of CD69-expressing CD4+ and
CD8+ T cells, B cells, or NK cells among lymphocytes was not
increased when monocytes were depleted (Figures 4A–D).

These data suggest that uptake of ORFV by APCs is a
prerequisite for subsequent lymphocyte activation.

Activation of the Stimulator of Interferon
Genes (STING) Pathway in APCs Through
ORFV Infection
To investigate ORFV-mediated APC activation in more detail, a
monocytic reporter cell line (THP1-Dual cells) was used to
investigate pathways involved in monocyte activation. These
cells allow for simultaneous studies of the NF-kB and interferon
regulatory factor pathways through SEAP and luciferase activity,
respectively. To assess pathways required for APC activation,
THP1-Dual reporter cells were infected with ORFV. Infected
THP1-Dual KO MyD88 cells exhibited comparable SEAP
production as infected THP1-Dual control cells (Figure 5A),
indicating that ORFV-mediated APC activation occurs
independent of MyD88. Luciferase activity in infected THP1-
Dual KO IFNAR cells was less compared to Luciferase activity in
THP1-Dual cells (Figure 5B), suggesting that ORFV-mediated
APC activation occurs partially dependent of IFNAR2. However,
infection of THP1-Dual KO STING cells failed to induce
luciferase activity, indicating that the activation of APCs by
ORFV is mediated by the STING pathway (Figure 5C).

Induction of Cellular Immune
Responses In Vitro
We assessed whether ORFV-infected APCs present encoded
HLA class I-restricted epitopes leading to the activation of
antigen-specific T cells. To this end, a recombinant ORFV
encoding the artificial antigen PepTrio (V12-PepTrio-D12-
Cherry; abbreviated as PepTrio-ORFV) was used, encoding
three HLA-A*0201 restricted epitopes from cytomegalovirus
(HCMV), i.e. pp65495−503 NLVPMVATV, pp65120−128
MLNIPSINV, and IE-1316−324 VLEETSVML (Figure 6A). First
the activation and expansion of antigen-specific memory CD8+
T cells with different antigen specificities was assessed. Therefore,
PBMCs from a HCMV-seropositive donor were infected with
PepTrio-ORFV (MOI 5.0) and the frequency of transgene-
specific CD8+ T cells was determined by flow cytometry after
12 days. PBMC stimulation with PepTrio-ORFV activated a
robust peptide-specific CD8+ T cell recall response against all
encoded epitopes (Figure 6B).

Further, the relation between ORFV infection dose and the
proliferation and activation of memory CD8+ T cells was
investigated. Again, PBMCs from a HCMV-seropositive donor
were infected with PepTrio-ORFV at different MOIs (0.1, 1.0 or
5.0). The frequency of HCMV pp65495−503-specific CD8+ T cells
was assessed 12 days after ORFV infection by flow cytometry using
HLA-tetramer staining as well as intracellular cytokine staining for
TNF and IFN-g. Thereby, antigen-specific CD8+ T cell recall
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responses could be shown as depending on the ORFV infection
dose (Figure 6C). In summary, proliferation and activation of
memory CD8+ T cells was demonstrated in PBMCs of 7 individual
HCMV-seropositive donors. Overall, infection with PepTrio-
ORFV (MOI 5.0) resulted in the highest frequency of HCMV
pp65495−503-specific CD8+ T cells (Figure 6D).

Finally, priming of naive CD8+ T cells with PepTrio-ORFV-
encoded peptides was also assessed in vitro. HLA-tetramer staining
Frontiers in Immunology | www.frontiersin.org 772
showed that HCMV pp65495−503-specific CD8+ T cells could be
successfully induced by ORFV-infected DCs (Figure 6E). Thereby,
successful priming with ORFV-infected DCs was shown more
frequently than when using peptide-loaded DCs.

Altogether, these data demonstrate that APCs infected with
PepTrio-ORFV enable priming of naïve CD8+ T cells and induce
the activation of functional memory CD8+ T cells against
encoded HLA class I-restricted epitopes.
A

B

C D

FIGURE 3 | PBMCs and professional APCs are activated after ORFV infection in vitro. (A) Monocytes were inoculated with V-D12-Cherry (MOI 5.0, 24 h). Expression
of human leukocyte antigen (HLA)-DR after infection was determined by flow cytometry. Expression of the activation marker HLA-DR on monocytes is depicted as the
specific mean fluorescent intensity (sMFI) calculated as: MFI of the sample minus MFI of the isotype control. The change in HLA-DR expression was compared between
non-infected and V-D12-Cherry-infected monocytes. Statistical differences are shown (paired t-test). **P < 0.01. (B) Macrophages (MF) and DCs were infected with
V-D12-Cherry (MOI 5.0, 24 h). The expression of surface markers CD80, CD83, CD86, HLA-DR, and CD40 was analyzed between non-infected and V-D12-Cherry-
infected cells and is indicated as the fold expression compared to expression on non-infected cells. Data represent mean ± SD of biological replicates. Statistical
differences are shown for each marker (one sample t-test). ns, not statistically significant; *P < 0.05; **P < 0.01. (C) DCs were infected with V-D12-Cherry (MOI 5.0,
24 h). The concentration of CXCL10 in cell culture supernatant was determined via Cytometric Bead Array (CBA). Statistical differences are shown (paired t-test). ***P <
0.001. (D) Human peripheral blood mononuclear cells (PBMCs) were inoculated with V-D12-Cherry (MOI 5.0, 24 h). Expression of the activation marker CD69 after
infection was determined by flow cytometry. The percentage of T cells, B cells, and NK cells expressing the early activation marker CD69 is indicated. Statistical
differences are shown for all analyzed cell subsets (paired t-test). ***P < 0.001.
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DISCUSSION

ORFV D1701-VrV is a promising viral vector both for the
development of novel vaccines and innovative immunotherapeutic
approaches, enabling potent antigen-specific immune responses.
Details on the precise mechanisms by which ORFV activates
immune responses remain to be elucidated. The presented findings
now demonstrate that ORFV-mediated T cell activation depends on
the uptake of ORFV by APCs and on their activation via the
STING pathway.

Analysis of cell tropism of ORFV revealed that only professional
APCs such as monocytes, macrophages and DCs were shown to be
susceptible to ORFV infection. In contrast, infection of T cells, B
cells, and NK cells was neither detected in PBMCs nor inmonocyte-
depleted PBMCs. Experiments with rabbit PBMCs recently
indicated this ORFV tropism. After infection of isolated rabbit
PBMCs with D1701-V-Cherry, expression of mCherry was
observed only in monocytes (24). The preferential targeting of
professional APCs has also been observed in the context of other
members of the Poxviridae family. In 2011, Flechsig et al. showed
the preferential infection of monocytes when elucidating the cell
tropism of modified vaccinia Ankara virus (MVA) in human
PBMCs (25) and later confirmed by Altenburg et al. (26). In a
Frontiers in Immunology | www.frontiersin.org 873
large-scale study, cell tropism of MVA was investigated in vitro in
human PBMCs, ex vivo in murine lung explants, and in vivo in
mice, ferrets, and macaques after intranasal droplet infusion and
following intramuscular injection. Regardless of the experimental
set-up, animal model, or route of administration, the preferential
infection of professional APCs was demonstrated.

By infecting professional APCs for different periods, we
observed an increasing percentage of mCherry-positive cells
until 24 h after infection, which subsequently decreased. Since
infection of APCs was not synchronized, the observed increase of
infected cells over the first 24 h was expected. Considering that
infectious ORFV particles are produced considerably later than it
is known for other poxviruses (27, 28), these results indicate the
lack of viral spread in APCs. The absence of productive
infectious virus particle generation in APCs was further
demonstrated by incubating Vero cells with cell lysates from
macrophages and DCs harvested 6 h and 96 h post infection.
Moreover, since mCherry expression is driven by an early
poxviral promoter, these results prove that expression of a
transgene by ORFV is possible despite abortive infection.

Using established pharmacological inhibitors that prevent the
entry of ORFV into APCs, we could determine entry via
macropinocytosis as a main route. This is in line with other
A B

C D

FIGURE 4 | Lymphocyte activation is dependent on ORFV-infected monocytes. PBMCs and monocyte-depleted PBMCs were infected with V-D12-Cherry (MOI 5.0,
24 h) and stained with a specific antibody against the early activation marker CD69. The percentage of CD69+ cells is indicated. The change in CD69 expression
was compared between non-infected and V-D12-Cherry-infected PBMCs, as well as V-D12-Cherry-infected monocyte-depleted PBMCs. Statistical differences
(paired t-test) are shown for (A) CD4+ T cells, (B) CD8+ T cells, (C) B cells, and (D) NK cells. ns, not statistically significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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members of the Poxviridae family. For example, Sangren et al.
demonstrated that vaccinia virus enters monocyte-derived DCs via
macropinocytosis (29). Nevertheless, phagocytosis and other forms
of endocytosis may still represent ancillary forms of entry (30). Our
observations that following maturation, APCs lose the ability to take
up ORFV conforms with results from Sallusto et al., who found that
DC maturation led to an irreversible loss of macropinocytosis (20).
It has been suggested that this loss in antigen capture and processing
capacity may be required for optimal antigen presentation to
T cells (20).
Frontiers in Immunology | www.frontiersin.org 974
Previous studies have investigated the activation of APCs by
ORFV strain D1701-B, the original strain from which ORFV
strain D1701-VrV was derived. After infection of murine bone
marrow-derived DCs, increased expression of MHC class I and
class II as well as CD86 was shown (31, 32). In this study,
enhanced expression of the co-stimulatory molecules CD80,
CD86, and CD40 as well as the MHC class II molecule HLA-
DR and the production of CXCL10 successfully demonstrated
the activation of human APCs by ORFV strain D1701-VrV for
the first time. It was further shown that infection and activation
A

C

B

FIGURE 5 | The stimulator of interferon genes (STING) pathway is required for the activation of THP1-Dual cells. (A) THP1-Dual cells and THP1-Dual KO myeloid
differentiation primary response 88 (MyD88) cells were infected with V-D12-Cherry (MOI 10.0, 24 h). Secreted embryonic alkaline phosphatase (SEAP) was analyzed
in the cell culture supernatant. LPS stimulation (100 ng/ml) and tumor necrosis factor (TNF) stimulation (100 ng/ml) served as positive controls. Non-infected cells
served as a negative control. (B) THP1-Dual cells and THP1-Dual KO interferon alpha receptor cells (IFNAR) were infected with V-D12-Cherry (MOI 10.0, 24 h).
Luciferase secretion was analyzed in the cell culture supernatant. cGAMP (10 µ/ml) and interferon (IFN)-a stimulation (106 U/ml) served as a positive control. Non-
infected cells served as a negative control. (C) THP1-Dual cells and THP1-Dual KO STING cells, were infected with V-D12-Cherry (MOI 10.0, 24 h). Luciferase
secretion was analyzed in the cell culture supernatant. cGAMP (10 µ/ml) and interferon (IFN)-a stimulation (106 U/ml) served as a positive control. Non-infected cells
served as a negative control. SEAP and luciferase activity was assessed in cells with infection rates of 25% ± 5%. Data represent mean ± SD of technical replicates
(n=3) and are representative for 3 independent experiments.
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FIGURE 6 | PepTrio-ORFV induces robust antigen-specific CD8+ T cell responses in vitro. (A) Schematic illustration of PepTrio integrated into the ORFV genome.
PepTrio consists of minigenes that encode the HLA-A*0201 restricted epitopes HCMV pp65 495−503 NLVPMVATV, pp65 120−128 MLNIPSINV, and IE-1 316−324

VLEETSVML. Each epitope is encoded with its own start and stop codon. Pvegf and eP2 denote the early promoters, and vegf forward and vegf reverse indicate the
primer-binding locations. (B) PBMCs from human cytomegalovirus (HCMV)-seropositive blood donors were presensitized for 12 days with Mock-ORFV or PepTrio-
ORFV (MOI 5.0) or kept unstimulated. Activation of HCMV pp65 NLVPMVATV-, pp65 MLNIPSINV- and IE-1 VLEETSVML-specific CD8+ cells upon stimulation was
determined by intracellular cytokine staining. (C, D) PBMCs from human cytomegalovirus (HCMV)-seropositive blood donor were presensitized for 12 days with
PepTrio-ORFV or Mock-ORFV at the indicated MOIs, or kept unstimulated. Synthetic HCMV pp65 495–503 NLVPMVATV peptide was used as a control. Activation of
HCMV pp65 NLVPMVATV-specific CD8+ cells upon stimulation was determined by HLA-tetramer staining and subsequent intracellular cytokine staining. (D) Data
represent mean ± SD of biological replicates (n=7). Statistical differences (paired t-test) are shown. *P < 0.05; **P < 0.01. (E) Human monocyte-derived DCs of 4
donors were exposed to PepTrio-ORFV (MOI 5.0) for 6 h, followed by co-cultivation with autologous CD8+ T cells. After 4 weeks, the activation of naïve CD8+ T
cells was assessed by HLA-tetramer staining. Peptide-loaded DCs used to stimulate CD8+ T cells served as a control.
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of APCs is required for subsequent activation of T cells, B cells,
and NK cells. A similar dependence was also demonstrated in
studies conducted with MVA. Using an in vivomouse model, Liu
et al. demonstrated that MVA-infection of DCs was required to
induce MVA-specific CD8+ T cell responses via both direct- and
cross-presentation of viral antigens (33).

A main finding of our study was that APC activation involves
the STING pathway. This was evidenced both through CXCL10
production by ORFV-infected DCs and the lack of activation of
THP1-Dual KO STING cells. STING is a well-characterized adaptor
molecule relevant for the cellular response to self and foreign
cytosolic dsDNA (34). After detection of cytosolic dsDNA by
cGAMP it binds to STING and induces IFN gene transcription
(35). This is why STING-dependent signaling has been shown
central for the induction of both innate and adaptive immunity in
response to dsDNA viruses (36, 37) and was found to be critically
involved in the induction of type I IFN induction in cDCs by MVA
as well as a robust cytotoxic lymphocyte response connected with an
MVA-based vaccination (36). However, we cannot exclude that
activation of APCs by ORFV also occurs via additional pathways.
Whereas MyD88 does not play a role in the activation of THP1-
Dual cells in our experiment, Siegemund et al. showed that the
activation of plasmacytoid bone-marrow derived dendritic cells
(BM-pDCs) is dependent on this adaptor protein (31). Von
Buttlar et al. further identified the endosomal receptor TLR9 as
an ORFV-sensing receptor in BM-pDCs (32). To what extent
ORFV is also recognized by TLR9 in human APCs remains to be
determined by future experiments.

Initially, MVA infections were known to be recognized not
only by DNA sensing pathways but also by TLR-dependent and
-independent signaling pathways, including the RNA sensor
melanoma differentiation-associated protein (MDA)-5, TLR2/
TLR6 and NALP3 (38–42). In addition to cGAS, the STING-
independent DNA sensors DNA-dependent protein kinase
(DNA-PK) and Gamma-interferon-inducible protein (IFI16)
are involved in immune activation by MVA (42) and therefore
represent potential DNA sensors recognizing ORFV.

ORFV-based recombinant vectors have been successfully used in
the past to develop prophylactic vaccines. A strong, long-lasting
humoral immune response was elicited and protection against
various infectious diseases was achieved in a wide range of animal
species (11, 13–15, 43). However, whether and to what extent cellular
immune responses are induced was not subject of these studies.
Anyhow, depletion of CD8+ T cells after immunization with ORFV
had no negative effect on protection against rabies or influenza virus
infections (11, 13). In contrast, Rohde et al. suggested a T-cell-based
protection of rabbits against infection with rabbit hemorrhagic
disease virus, but without direct evidence for antigen-specific T
cells (43). Schneider et al. recently demonstrated that an ORFV-
based antitumor vaccine significantly inhibited tumor growth
through inducing robust cellular immune responses, connected
with complete tumor regression in rabbits after repeated
administrations (24). Importantly, repeated vaccination with
ORFV D1701-VrV did not induce ORFV-specific CD8+ T cell
responses but induced respective immune responses towards an
encoded transgene (12). In this study, the activation of both memory
Frontiers in Immunology | www.frontiersin.org 1176
T cells and naïve T cells against ORFV-encoded transgenes was
successfully demonstrated. This is in line with results from a very
recently published proof-of-concept study of a D1701-VrV-based
dengue virus (DENV) vaccine candidate (17).

However, our study has also some limitations. In vitro
experiments with human PBMCs are subject to inherent
variability, as these were obtained from a limited number of
donors and such sample materials usually show considerable
variance. Hence, the precise mechanisms of ORFV uptake and
activation in tissue-resident APCs may differ and cannot be
extrapolated from our data with absolute security. Although
ORFV uptake by phagocytosis and macropinocytosis was
established, a more detailed understanding of the molecular
mechanisms would be desirable. In addition, although it has
been shown that ORFV-mediated DC activation involves the
STING pathway, the specific signaling cascade remains to be
elucidated also in primary cells, as well as the potential role of
other signaling pathways.

In conclusion, we successfully demonstrated that ORFV-
mediated cellular immune responses involve virus uptake by
APCs and their subsequent activation via the STING pathway.
Activated APCs subsequently activate surrounding T cells, B cells,
and NK cells. Furthermore, ORFV-infected DCs prime naïve T cells
against encoded antigens and induce a potent recall response. These
results support that ORFV is a promising viral vector for the
induction of strong adaptive immune responses towards
encoded antigens.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding authors.
ETHICS STATEMENT

The use of human biomaterials was reviewed and approved by
the Ethics Committee of the Medical Faculty of Eberhard Karls
University and the University Hospital of Tübingen (project
number: 507/2017B01). All blood donors provided their written
informed consent before study participation and use of
their biomaterials.
AUTHOR CONTRIBUTIONS

Conceptualization, MM, AR, and RA. Methodology, MM and AR.
Validation, MM, AR, and RA. Formal analysis, MM and AR.
Investigation, MM and AR. Resources, RA. Data curation, MM,
AR, and RA. Writing—original draft preparation, MM and AR.
Writing—review and editing, MWL and RA. Visualization, MM,
AR, and MWL. Supervision, MWL and RA. Project administration,
RA and MWL. Funding acquisition, RA. All authors have read and
agreed to the final version of the manuscript.
May 2022 | Volume 13 | Article 873351

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


Müller et al. Orf Virus Vector-Mediated T Cell Induction
FUNDING

This research was supported in part by the Institutional Strategy of
the University of Tübingen (Deutsche Forschungsgemeinschaft
ZUK63), the EXIST Forschungstransfer of the German Ministry
for Economic Affairs and Energy, which is co-financed by the
European Social Fund. We acknowledge support by Open Access
Publishing Fund of the University of Tübingen.
Frontiers in Immunology | www.frontiersin.org 1277
ACKNOWLEDGMENTS

The authors thank Prof. Dr. Stefan Stevanović (University of
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After the outbreak of COVID-19, billions of vaccines with different types have been
administrated, including recombinant protein vaccines and mRNA vaccines. Although
both types of SARS-CoV-2 vaccine can protect people from viral infection, their
differences in humoral and cellular immune responses are still not clearly understood. In
this study, we made a head-to-head comparison between an mRNA vaccine candidate
and a recombinant protein vaccine we developed previously. Results demonstrated that
both vaccine candidates could elicit high specific binding and neutralizing antibody titers in
BALB/c mice, but with bias towards different IgG subtypes. Besides, the mRNA vaccine
candidate induces higher cellular immune responses than the recombinant protein
vaccine. To date, this is the first reported study to directly compare the immune
responses of both arms between SARS-CoV-2 mRNA and recombinant vaccines.

Keywords: SARS-CoV-2, protein vaccine, mRNA vaccine, IgG subclass antibodies, cellular immune response
INTRODUCTION

SARS-CoV-2 becomes one of the most severe health crises in human history. To date, it has caused
over 497 million cases including more than 6 million deaths. According to WHO, since it was first
reported in December 2019, more than 20 SARS-CoV-2 variants has emerged, and the virus is still
mutating. Until now, there have been two variants, Delta and Omicron, listed as Variants of
Concern (VOC).

SARS-CoV-2 is an enveloped, single-stranded RNA virus. Its virions are spiral capsids consisting
of nucleocapsid (N) proteins bound to the RNA genome, and an envelope composed of membranes
(M), envelopes (E), and spike (S) proteins, which can be cleaved into S1 and S2 subunits by
proteases. In the infection cycle, the S protein binds to angiotensin-converting enzyme 2 (ACE2),
via the receptor-binding domain (RBD) at S1 subunit, and then the S2 subunit mediates viral cell
membrane fusion by forming a six-helical bundle via the two-heptad repeat domain (1, 2). Hence, in
the research and development of SARS-CoV-2 vaccines, the full-length S protein, S1, and RBD have
been widely researched as potential targets for inducing robust neutralizing antibodies and T cell-
mediated immunity (3–5).

After the outbreak, scientists all over the world were devoted to the research of SARS-CoV-2
vaccines. It has been reported that there are 349 vaccine candidates in clinical or pre-clinical
org May 2022 | Volume 13 | Article 906457179
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development. Among them, 51 are subunit protein vaccines,
which are considered safe and simple to produce. In our previous
work, we have also developed an RBD recombinant protein
vaccine adjuvanted by innovative delivery of poly I:C for stronger
immune responses. In the study, poly I:C was first packed with
cationic polymer, poly-L-lysine (PLL), and then poly I:C-PLL, as
a polyplex core, was loaded into a lipid shell, consisting of
DOTAP, cholesterol, DSPC and DMG-PEG2000. Results
demonstrated that this recombinant RBD protein induces
strong neutralizing antibody responses and protects mice from
SARS-CoV-2 infection.

At the same time, the success of Moderna’s mRNA-1273 and
BioNTech’s BNT162b2 have led to the outbreak in mRNA
vaccine research. One of the important benefits of mRNA
vaccine is its ability to be scaled up in a fairly short period of
time, which is highly beneficial for SARS-CoV-2 with a fast
mutation rate. Compared with recombinant protein vaccine, the
manufacture of mRNA does not need laboring and expensive cell
culture and purification steps. When viral antigen sequences are
available, the clinical-scale mRNA vaccines can be rapidly
developed and manufactured in a short time period (4).
However, current mRNA vaccine has its own shortcomings. It
has been reported that BNT162b2 needed to be stored at -80°C
for quality control and needed to be shipped in special freezers
from corporate centers in Michigan and Wisconsin to
distribution centers across the country, and then to designated
vaccination centers and individuals. Every step requires diligent
care and coordination. The requirements for mRNA-1273 are
simpler, but the storage at -20°C also makes shipping and storage
a challenge. The two-week interval required for the second dose
of the two vaccines also hamper the widespread vaccination (6).

Despite the extensive efforts on developing recombinant
protein and mRNA vaccines, their differences in inducing
immunity are less explored. In this study, we constructed an
mRNA vaccine candidate against SARS-CoV-2 variant B.1.617.2
and made a direct comparison of immune responses with a
SARS-CoV-2 RBD recombinant protein vaccine we developed in
our previous work. Although both vaccine candidates elicit
similar level of humoral responses in BALB/c mice, the
superiority of mRNA vaccine in inducing higher cellular
immune responses makes it better vaccine candidate for
protecting SARS-CoV-2 infection.
RESULTS

mRNA Vaccine Delivers RBD Expression
Both In Vitro and In Vivo
Lipid nanoparticles (LNPs) are of great promise and have been
widely used in mRNA delivery (7–9). In this study, we chose the
RBD of SARS-CoV-2 B.1.617.2 variant as the target antigen and
constructed a vaccine, namely RBD_LNPs, which is based on
LNPs encapsulating the modified RBD-encoding mRNA.
Dynamic light scattering (DLS) and transmission electron
microscopy (TEM) were performed to characterize
RBD_LNPs. As shown in Figure 1A, the average particle size
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of RBD_LNPs was 144.76 nm, and TEM analysis demonstrated
its formation and structure. HEK 293T cells were incubated with
RBD_LNPs at different mRNA concentration for 48 h, and cell
supernatant was collected to quantify the expression of
recombinant RBD protein by ELISA. Results showed that at
the minimum dose of 0.3 µg mRNA, the concentration of RBD in
supernatant was 8.01 µg/ml (Figure 1B). Immunoblotting was
also performed to verify the expression of RBD protein
(Figure 1C). To further test the in vivo expression of this
mRNA vaccine, RBD_LNPs were injected into BALB/c mice
intramuscularly at 1 mg/kg, and the serum was collected at
different time point to quantify the expression of RBD by ELISA.
Results demonstrated that at 6 h after injection, the expression of
RBD was readily detectable, and it was enhanced with the
increase of the treatment time. 24 h after injection, the average
concentration of RBD in serum reached 901.8 ng/ml
(Figure 1D), indicating that RBD_LNPs can express RBD
protein in mice successfully. Furthermore, RBD_LNPs were
stored at 4°C for three weeks, and the size was monitored by
DLS . No s ign ificant change in the d iameter was
found (Figure 1E).

mRNA and Recombinant Protein Vaccines
Elicited Strong Humoral Responses With
Bias Towards Different Subtypes
To further evaluate the immunogenicity of this mRNA vaccine
and compare it with RBD recombinant protein vaccine
candidate, female BALB/c mice were divided into three groups
randomly. All mice were immunized and boosted with the same
vaccine candidate on day 14. Serum for antibody assays were
collected on day 7,14,21,28 and 35 after the first immunization
(Figure 2A). As shown in Figure 2B, after the first
immunization, both mRNA and protein vaccine induced
detectable RBD-specific immunoglobulin G (IgG) antibodies.
Much higher titers were observed after the second vaccination.
We next evaluated the ability of both vaccine candidates to
induce specific IgG subtype antibodies with sera collected on Day
28 after the initial immunization. As shown in Figure 2C, both
mRNA and protein vaccines could induce strong RBD-specific
IgG1 antibody, and no significant differences were observed
between these two groups. As for RBD-specific IgG2a antibody
(Figure 2D), mRNA vaccine elicits significantly stronger
immune response than protein vaccine. The analysis of Th1/
Th2 antibody response demonstrated that mice vaccinated with
protein vaccine exhibited specific Th2-biased (IgG1) IgG
antibody responses (Figure 2E).

mRNA and Recombinant Protein
Vaccines Induce Similar Neutralizing
Antibodies in BALB/c Mice
For evaluation of a vaccine efficacy, neutralizing antibody titer is
an important factor to be considered, for it is critical for the
clearance of virus in vivo. In this research, we studied the in vitro
neutralizing antibody titers of two vaccine candidates. Results
showed that both vaccine candidates induce high neutralization
antibody titers after second vaccination (Figure 3). It is noted
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that after the first immunization, the protein vaccine elicited
higher neutralizing antibody titer than the mRNA vaccine, while
on the day 35 after the initial vaccination, neutralizing antibody
titer of mRNA vaccine group reached a significantly higher level
than that of protein vaccine group, which was similar to the
induction of RBD-specific IgG antibody. Together, both mRNA
and protein vaccine tested in this study induce high neutralizing
antibody titers in mice but with some differences in
response dynamics.

mRNA Vaccine Induces Stronger SARS-
CoV-2-Specific Cellular Responses
It has been reported that the antibodies in serum of the recovered
patients of SARS vanished in one year (10, 11), while the T cells
have existed in the patients for more than six years (12, 13),
indicating that cell immunity should be considered in designing
SARS-CoV-2 vaccine. On day 35 after the initial vaccination,
spleens of mice were harvested and secretion of interferon g
(IFN-g) in splenocytes was assessed through an ELISpot assay.
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As shown in Figure 4A, the number of IFN-g-secreting RBD-
specific T cells in mRNA vaccine was significantly higher than
that in protein vaccine group. In addition to spot counts, IFN-g
spot size should also be considered for illustrating the strength of
a single cell to secrete certain cytokines after stimulation. Here,
we have found that in the mRNA vaccine group, the average size
of IFN-g spots was significantly larger than the protein vaccine
group, as well as the positive control (Figure 4B). Taken them
together, these results suggested that mRNA vaccines seem better
in eliciting cellular immune responses.
DISCUSSION

After the outbreak of COVID-19, billions of vaccines with
multiple types have been administrated, including protein
vaccine and mRNA vaccine. Although both vaccine types can
protect people from infection, their differences in humoral and
cellular immune responses are still not clearly understood. In this
A B

D E

C

FIGURE 1 | Characterization, expression in vitro and in vivo delivery of RBD mRNA vaccine. (A) TEM and DLS results of RBD_LNPs. (B) RBD expression in
HEK293T cells. Cells were transfected with RBD_LNPs at different amount of mRNA (0.3µg, 0.6µg, and 1µg/106 cells). The concentration was measured by ELISA
at 72 h after transfection. (C) HEK293T cells were transfected with RBD_LNPs and western blot of cell supernatant was performed at 72 h after transfection. (D)
Expression of RBD in mice at different time point after injection. (E) DLS results of stability test of RBD_LNPs, which were stored at 4°C for three weeks and the
diameter and PDI were evaluated by DLS. The data are presented as mean ± SEM. Significance was calculated using unpaired t test (ns, not significant; *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001).
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study, we constructed an mRNA vaccine against SARS-CoV-2
Delta variant and compared it with a recombinant protein
vaccine we studied in our previous work.
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Modified RBD-encoding mRNA was loaded in the LNPs
containing DOPE, cholesterol, DMG-PEG2000 and an ionizable
lipid, DLin-MC3-DMA. Two doses of vaccination with
RBD_LNPs induced high specific and neutralizing antibody
titer and induce robust T cell immune response as well. These
results clearly show the superiority of mRNA vaccine over
recombinant protein vaccine for inducing virus-specific
immune responses, especially for T-cell responses. However, a
major concern for mRNA vaccine is its low stability. To test the
stability of our mRNA vaccine candidate, Gluc_LNPs were
constructed to verify the stability of this mRNA vaccine
platform (Figure S1). Results showed that even after the
storage at 4°C for three weeks, this mRNA_LNPs could still be
effective and express certain protein in vivo, indicating that this
platform would be a promising strategy for mRNA
vaccine development.

To compare the immunogenicity of mRNA and protein
vaccines, we first evaluated the level of antibody titers,
including RBD-specific IgG titers and in vitro neutralizing
antibody titers. Both vaccines induced detectable RBD-specific
IgG and neutralizing antibodies after the first immunization and
elevated much higher after the second vaccination. It is noted
that on the day 35 after the initial vaccination, neutralizing
antibody titer of mRNA vaccine group reached a significantly
higher level than that of protein vaccine group. The antibody
titers of protein reached the highest level on day 21 after the first
A B

D EC

FIGURE 2 | Humoral Immune Response results of different vaccines. (A) Schematic diagram of immunization and sample collection schedule. (B) SARS-CoV-2-
specific IgG antibody titers. (C) SARS-CoV-2 RBD-specific IgG1 (Th2) titers and (D) IgG2a (Th1) titers of each vaccination group. (E) The ratios between specific
IgG1 and IgG2a antibody responses. The antibody titers were expressed as the endpoint dilutions that remain positively detectable. The data are presented as mean
± SEM from six mice in each group. PBS was included as the control. Significance was calculated using unpaired t test (ns, not significant; *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001).
FIGURE 3 | Neutralization ability determined using SARS-CoV-2 pseudovirus.
The data are presented as mean± SEM from six mice in each group. PBS was
included as the control. Significance was calculated using unpaired t test (ns,
not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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vaccination, while that of mRNA vaccine peaked on the day 35
after the first immunization. To conclude, the protein vaccine
could elicit humoral immune response faster than the mRNA
vaccine, and it takes longer time for mRNA vaccine to reach its
peak responses.

Besides the neutralizing activities, antibodies are capable of
mediating host effector functions and facilitating the clearance of
pathogens from the host (14). In particular, the Fc portion of IgG2a
antibodies mediate a high-affinity interaction with activatory Fc
receptors and complement components, which can potently
trigger Fc receptor-mediated effector functions, including the
stimulation of antibody-dependent cell-mediated cytotoxicity and
opsonophagocytosis by macrophages (15, 16). The Fc portion of
IgG1 antibodies, however, could not interact with activatory Fc
receptors so effectively and does not stimulate Fc receptor-mediated
immune responses as well (17, 18). Hence, we evaluated the IgG1
and IgG2a antibody titers of each vaccine in this study. It has found
that both vaccines can elicit high IgG1 antibody titers and the
mRNA vaccine had induced significantly higher IgG2a titers than
the protein vaccine. Analysis of the ratio of IgG1 and IgG2a
indicates that BALB/c mice immunized with recombinant protein
vaccine with a Th-2 type immune response, as manifested by
dominant IgG1 antibodies.

As mentioned above, the T cells could exist a much longer
time than the antibodies in the recovered patients of SARS,
indicating that cellular immunity responses should be studied
carefully in designing SARS-CoV-2 vaccine. As the result shown
(Figure 4), the mRNA vaccine performed better than the protein
vaccine in inducing cellular immune response. Not only were
more specific memory T cells observed in the mRNA vaccine
group, but also the size of the spots was significantly larger than
the protein vaccine and positive control groups as well,
indicating that the mRNA vaccine strongly enhanced the
ability of IFN-g secretion in infection. These differences may be
caused by the different antigen-presenting mechanisms of the
Frontiers in Immunology | www.frontiersin.org 583
two types of vaccine. For protein vaccines, the antigen proteins
are enclosed into endocytic vesicles and presented on the cell
surface by MHC-II (major histocompatibility complex class II)
molecules to the CD4+ helper T cells (19). However, for the
mRNA vaccines, after being transfected into antigen-presenting
cells via endocytosis, the antigen proteins are translated and
processed in cell cytosol, and in this way, not only is the MHC-II
pathway activated after the secretion of antigen, but the MHC-I
pathway is activated as well, leading to both CD4+ and CD8+

robust T cell responses (20).
In summary, this study compared the humoral and cellular

responses of two major SARS-CoV-2 vaccine types, mRNA and
recombinant vaccine. As both vaccines demonstrated highly
immunogenic, still significant differences in response profiling
exist. Specifically, mRNA vaccine can induce higher cellular
immune responses than recombinant protein vaccine. To date,
this is the first reported study to directly compare the immune
responses of both immune arms between SARS-CoV-2 mRNA
and recombinant protein vaccines. This work lays a strong
foundation for optimizing better vaccines against SARS-CoV-2.
To gain further understanding of their differences, viral
challenging study in animal model is likely needed. Although
safety concerns nowadays prevent us from pursuing such study
using live viruses, we believe that challenging study can reveal
more important details. In this regard, a clinical trial to compare
them in human subjects may be even considered in the future.
MATERIALS AND METHODS

mRNA Synthesis
The linearized DNA template, encoding codon-optimized RBD
of SARS-CoV-2 B.1.617.2 variant and incorporating the 5’ and 3’
untranslated regions and a poly-A tail, was obtained from DNA
plasmid A1009 (Tsingke) by using SapI endonuclease. The RBD-
A B

FIGURE 4 | Cellular Immune Response results of different vaccines. (A) The number of IFN-g spot counts per 106 splenocytes. (B) IFN-g mean spot size of different
vaccine groups. The data are presented as mean± SEM from six mice in each group. PBS was included as the control. Significance was calculated using unpaired t
test (ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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mRNA was produced by in vitro transcription using T7 RNA
polymerase. The Gluc-encoding mRNA was constructed in the
same way from DNA plasmid A1007.

Preparation and Characterization of mRNA
Lipid Nanoparticles
mRNA_LNPs were prepared in microfluidic mixing technology
with the NanoAssemblr Benchtop (Precision NanoSystems Inc.).
Specifically, DLin-MC3-DMA, 1,2-Dioleoyl-sn-glycero-3-PE
(DOPE), cholesterol and DMG-PEG2000 were dissolved in
ethanol in the molar ratio of 50:10:38.5:1.5, and mRNA was
dissolved in physiological water. Both of them were injected into
the mixer at a 1:3 volume and at a combined final flow rate of 10
mL/min (2.5 mL/min ethanol, 7.5 mL/min aqueous). Residual
ethanol in the final mixture was then removed by dialysis. The
preparation was performed in a sterile environment at room
temperature. DLS and TEM were employed to confirm the
formation of the mRNA_LNPs. All of the mRNA_LNPs were
kept at 4°C for three weeks, and the size and PDI of them were
measured by DLS.

Expression of Recombinant RBD In Vitro
HEK 293T cells were seeded in 6-well cell culture plates (2 × 106

cells/well) in KOP 293 medium. Six hours later, RBD_LNPs
containing different amount of mRNA (0.3µg, 0.6 µg, and 1 µg)
were added into cells. After being cultured at 37°C with 5% CO2
for 48 hours, cells were centrifuged at 1000 rpm for 10 minutes,
and the supernatant were collected for further analysis.

Animals
The animal studies were carried out at Beijing University of
Chemical Technology, which were in strict accordance with the
guidelines evaluated and approved by the ethics committee of
University Animal Care and Use Committee and followed the
international standards on animal welfare.

Expression of Recombinant RBD In Vivo
Twelve mice were divided in groups of six randomly and
administrated intramuscularly at 1 mg/kg RBD_LNPs or
equivalent volume of PBS. The orbital blood was collected at
different time point after administration (0 h, 6 h, 12 h, and 24 h).
After being centrifuged at 2000 rpm for 15 minutes, the serum
was collected and stored at -20°C for further analysis.

Evaluation of RBD Expression In Vivo and
In Vitro
A standard curve of different concentration of Delta variant RBD
protein was established by ELISA. Briefly, a 96-well plate was
coated with different concentration of RBD at 4°C overnight, and
then the plate was washed three times with PBST and blocked
with 2% Difco™ Skim Milk at 37°C for 1 h. After five washes
with PBST, the plate was incubated with anti-RBD-hFc antibody
at 37°C for 1 h. To develop the reaction, the plates were washed
five times and incubated with horseradish peroxidase-conjugated
antihuman IgG-Fc secondary antibody at 37°C for 1 h and
washed five times. The reaction was visualized by TMB Single-
Component Substrate solution and stopped with 2 N HCl.
Frontiers in Immunology | www.frontiersin.org 684
The absorbance at 450 nm (A450) was measured by ELISA
plate reader. After constructing the standard curve of different
concentration of RBD protein in GraphPad Prism 9, the
supernatant or serum was analysis in the same ELISA protocol
to quantify the expression of RBD in vitro and in vivo.

Recombinant RBD Vaccine Candidate
Codon-optimized genes encoding residues 1-13, followed by
331-524, of SARS-CoV-2 spike protein were expressed in HEK
293 cell and purified from culture supernatant. Poly I:C-PLL was
prepared in physiological water by adding the poly-L-lysine to
poly I:C dropwise in a molar ratio of 0.5:1. The process was
under magnetic stirring in a sterile environment. The lipid-based
adjuvant was prepared with the NanoAssemblr Benchtop in a
sterile environment at room temperature. In brief, the lipid
components (DOTAP, DOPE, cholesterol and DMG-PEG were
dissolved in ethanol in the molar ratio of 50:10:38.5:1.5) were
dissolved in ethanol and the poly I:C-PLL was dissolved in
physiological water, both of which were injected into the
microfluidic mixer at a 1:3 volume and at a combined final
flow rate of 10 mL/min. Residual ethanol in the final mixture was
then removed by dialysis.

Animal Vaccination and Sample Collection
Eighteen BALB/c mice were divided into three groups randomly
(n=6). One group was vaccinated with 1µg/g mouse weight of
recombinant RBD protein (in 100µl physiological water) in the
presence of best adjuvant which we selected in our previous
work; another group was vaccinated with 100µl RBD_LNPs
which contain 5 µg modified RBD-encoding mRNA; the third
group was administrated with 100µl PBS as the control. Mice
were boosted with the same vaccine formulation or PBS after two
weeks. Sera were collected at different time point as schedule
(shown in Figure 2A) to assess SARS-CoV-2 RBD-specific
antibody responses and in vitro neutralization assay. All
groups of mice were sacrificed on day 35 after the first
immunization, and splenocytes were collected to detect SARS-
CoV-2 RBD-specific T-cell response.

Evaluation of the Humoral
Immune Response
ELISA was used to measure murine antibody responses induced
by different vaccines. Briefly, ELISA plates were pre-coated with
SARS-CoV-2 recombinant RBD protein overnight at 4°C, After
three washes with PBST, serial dilution of mouse sera (from
1:1000 to 1:2048000) were added to plated and incubated at 37°C
for 1 h. To develop the reaction, the plates were washed five times
and incubated with horseradish peroxidase-conjugated
secondary antibody (antimouse IgG, IgG1, or IgG2a) at 37°C
for 1 h, and washed five times. The reaction was visualized by
TMB Single-Component Substrate solution and stopped with
2 N HCl. The absorbance at 450 nm (A450) was measured by
ELISA plate reader.

In Vitro Neutralization Assay
Vero cells were plated in 96-well plates (2×105 cells/well) and
incubated overnight. Serial dilutions of serum were incubated
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with 650 TCID50 of the pseudovirus of SARS-CoV-2 B1.617.2
variant for 1 hour at room temperature before transfer to Vero
cells. After 72 h of incubation, the supernatant was removed, and
luciferase substrate was added. 2 minutes later, luciferase activity
was measured and NT50 was defined as the serum dilution at
which the relative light units (RLUs) were reduced by 50%
compared with the virus control wells.

Evaluation of Cytotoxic Immune Response
An ELISpot assay was used to evaluate cytotoxic immune
response elicited by different vaccines. Briefly, on day 35 after
the initial immunization, spleens from immunized mice were
harvested and both grinded and filtered through 40 µm cell
strainers. Splenocytes were collected and tested by IFN-g ELISpot
Kit. In brief, the plate was blocked using RPMI Medium 1640
(Solarbio, Beijing, China) containing 10% FBS and incubated for
at least 30 minutes. Then, splenocytes collected from immunized
mice were plated at 2.5×105 cells/well, with overlapped peptide
pool derived from SARS-CoV-2 RBD, RPMI Medium 1640 as
negative control and Phytohaemagglutinin A (PHA) as positive
control. After incubation at 37°C, 5% CO2 for 48 hours, the plate
was washed with PBS for 4 times. Biotinylated anti-mouse IFN-g
antibody was added to each well and was incubated for 2 hours at
room temperature. The reaction was visualized by AEC substrate
solution, and the plate was read on CTL ELISPOT reader. The
number and mean spot size of spot-forming cells (SFC)
were recorded.

Statistical Analysis
All statistical analysis were performed using GraphPad Prism 9.0
software (GraphPad Software). Statistical significance among
different vaccination groups was analyzed by using two-way
multiple ANOVA test, as specified in the figure legends. The
values are presented as the means ± SEM unless otherwise noted.
Frontiers in Immunology | www.frontiersin.org 785
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.
ETHICS STATEMENT

The animal study was reviewed and approved by Beijing
University of Chemical Technology.
AUTHOR CONTRIBUTIONS

YW conceived the ideas of research, prepared materials, analyzed
the data, and wrote the manuscript. HZ and LM performed the
animal surgery. FL and CY provided the lab resource and funding,
supervised project, revised and edited the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant No. 82174531).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
906457/full#supplementary-material
REFERENCES
1. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S,

et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is
Blocked by a Clinically Proven Protease Inhibitor. Cell (2020) 181(2):271–
80.e8. doi: 10.1016/j.cell.2020.02.052

2. Huang Y, YangC,XuXF, XuW, Liu SW. Structural and Functional Properties of
SARS-CoV-2 Spike Protein: Potential AntivirusDrugDevelopment for COVID-
19. Acta Pharmacol Sin (2020) 41(9):1141–9. doi: 10.1038/s41401-020-0485-4

3. Wang Y, Wang L, Cao H, Liu C. SARS-CoV-2 S1 is Superior to the RBD as a
COVID-19 Subunit Vaccine Antigen. J Med Virol (2021) 93(2):892–8.
doi: 10.1002/jmv.26320

4. Verbeke R, Lentacker I, De Smedt SC, Dewitte H. The Dawn of mRNA
Vaccines: The COVID-19 Case. J Control Release (2021) 333:511–20.
doi: 10.1016/j.jconrel.2021.03.043

5. Zhang NN, Li XF, Deng YQ, Zhao H, Huang YJ, Yang G, et al. A
Thermostable mRNA Vaccine Against COVID-19. Cell (2020) 182
(5):1271–83.e16. doi: 10.1016/j.cell.2020.07.024

6. Cao Y, Gao GF. mRNA Vaccines: A Matter of Delivery. EClinicalMedicine
(2021) 32:100746. doi: 10.1016/j.eclinm.2021.100746

7. Park KS, Sun X, Aikins ME, Moon JJ. Non-Viral COVID-19 Vaccine Delivery
Systems. Adv Drug Delivery Rev (2021) 169:137–51. doi: 10.1016/
j.addr.2020.12.008

8. Elia U, Rotem S, Bar-Haim E, Ramishetti S, Naidu GS, Gur D, et al. Lipid
Nanoparticle RBD-hFc mRNA Vaccine Protects Hace2 Transgenic Mice
Against a Lethal SARS-CoV-2 Infection. Nano Lett (2021) 21(11):4774–9.
doi: 10.1021/acs.nanolett.1c01284

9. Teo SP. Review of COVID-19 mRNA Vaccines: BNT162b2 and mRNA-1273. J
Pharm Pract (2021) 12:8971900211009650. doi: 10.1177/08971900211009650

10. Bergmann CC, Lane TE, Stohlman SA. Coronavirus Infection of the Central
Nervous System: Host-Virus Stand-Off. Nat Rev Microbiol (2006) 4(2):121–
32. doi: 10.1038/nrmicro1343

11. Shin EC, Sung PS, Park SH. Immune Responses and Immunopathology in
Acute and Chronic Viral Hepatitis. Nat Rev Immunol (2016) 16(8):509–23.
doi: 10.1038/nri.2016.69

12. Tang F, Quan Y, Xin ZT, Wrammert J, Ma MJ, Lv H, et al. Lack of Peripheral
Memory B Cell Responses in Recovered Patients With Severe Acute
Respiratory Syndrome: A Six-Year Follow-Up Study. J Immunol (2011) 186
(12):7264–8. doi: 10.4049/jimmunol.0903490

13. Ng OW, Chia A, Tan AT, Jadi RS, Leong HN, Bertoletti A, et al. Memory T Cell
Responses Targeting the SARS Coronavirus Persist Up to 11 Years Post-
Infection. Vaccine (2016) 34(17):2008–14. doi: 10.1016/j.vaccine.2016.02.063

14. Huber VC, McKeon RM, Brackin MN, Miller LA, Keating R, Brown SA, et al.
Distinct Contributions of Vaccine-Induced Immunoglobulin G1 (IgG1) and
IgG2a Antibodies to Protective Immunity Against Influenza. Clin Vaccine
Immunol (2006) 13(9):981–90. doi: 10.1128/CVI.00156-06

15. Kipps TJ, Parham P, Punt J, Herzenberg LA. Importance of Immunoglobulin
Isotype in Human Antibody-Dependent, Cell-Mediated Cytotoxicity Directed
by Murine Monoclonal Antibodies. J Exp Med (1985) 161(1):1–17.
doi: 10.1084/jem.161.1.1
May 2022 | Volume 13 | Article 906457

https://www.frontiersin.org/articles/10.3389/fimmu.2022.906457/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.906457/full#supplementary-material
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/s41401-020-0485-4
https://doi.org/10.1002/jmv.26320
https://doi.org/10.1016/j.jconrel.2021.03.043
https://doi.org/10.1016/j.cell.2020.07.024
https://doi.org/10.1016/j.eclinm.2021.100746
https://doi.org/10.1016/j.addr.2020.12.008
https://doi.org/10.1016/j.addr.2020.12.008
https://doi.org/10.1021/acs.nanolett.1c01284
https://doi.org/10.1177/08971900211009650
https://doi.org/10.1038/nrmicro1343
https://doi.org/10.1038/nri.2016.69
https://doi.org/10.4049/jimmunol.0903490
https://doi.org/10.1016/j.vaccine.2016.02.063
https://doi.org/10.1128/CVI.00156-06
https://doi.org/10.1084/jem.161.1.1
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wu et al. Comparison of Two Vaccines
16. Takai T, Li M, Sylvestre D, Clynes R, Ravetch JV. FcR Gamma Chain Deletion
Results in Pleiotrophic Effector Cell Defects. Cell (1994) 76(3):519–29.
doi: 10.1016/0092-8674(94)90115-5

17. Nimmerjahn F, Ravetch JV. Divergent Immunoglobulin G Subclass Activity
Through Selective Fc Receptor Binding. Science (2005) 310(5753):1510–2.
doi: 10.1126/science.1118948

18. Nimmerjahn F, Bruhns P, Horiuchi K, Ravetch JV. FcgammaRIV: A Novel
FcR With Distinct IgG Subclass Specificity. Immunity (2005) 23(1):41–51.
doi: 10.1016/j.immuni.2005.05.010

19. Stern LJ, Santambrogio L. The Melting Pot of the MHC II Peptidome.
Curr Opin Immunol (2016) 40:70–7. doi: 10.1016/j.coi.2016.03.004

20. Wadhwa A, Aljabbari A, Lokras A, Foged C, Thakur A. Opportunities and
Challenges in the Delivery of mRNA-Based Vaccines. Pharmaceutics (2020)
12(2):102–29. doi: 10.3390/pharmaceutics12020102

Conflict of Interest: Author FL was employed by company Sun Yat-sen Biomedical
Institute Limited. Author HZ and FL were employed by the company Sysvax Inc.
Frontiers in Immunology | www.frontiersin.org 886
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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wu, Zhang, Meng, Li and Yu. 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.
May 2022 | Volume 13 | Article 906457

https://doi.org/10.1016/0092-8674(94)90115-5
https://doi.org/10.1126/science.1118948
https://doi.org/10.1016/j.immuni.2005.05.010
https://doi.org/10.1016/j.coi.2016.03.004
https://doi.org/10.3390/pharmaceutics12020102
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Ali M. Harandi,

University of Gothenburg, Sweden

Reviewed by:
Thomas Jacobs,

Bernhard Nocht Institute for Tropical
Medicine (BNITM), Germany

Moriya Tsuji,
Columbia University Irving Medical

Center, United States
Andrea Berry,

University of Maryland, Baltimore,
United States

*Correspondence:
Robert A. Mitchell

robert.mitchell@isglobal.org

†Present address:
Robert A. Mitchell,

ISGlobal, Hospital Clinic—Universitat
de Barcelona, Barcelona, Spain

Roshawn Johnson,
Morehouse School of Medicine,

Atlanta, GA, United States

Specialty section:
This article was submitted to

Vaccines and Molecular Therapeutics,
a section of the journal

Frontiers in Immunology

Received: 24 October 2021
Accepted: 09 May 2022
Published: 06 June 2022

Citation:
Mitchell RA, Altszuler R, Gonzalez S,
Johnson R, Frevert U and Nardin E

(2022) Innate Immune Responses and
P. falciparum CS Repeat-Specific
Neutralizing Antibodies Following
Vaccination by Skin Scarification.

Front. Immunol. 13:801111.
doi: 10.3389/fimmu.2022.801111

ORIGINAL RESEARCH
published: 06 June 2022

doi: 10.3389/fimmu.2022.801111
Innate Immune Responses and
P. falciparum CS Repeat-Specific
Neutralizing Antibodies Following
Vaccination by Skin Scarification
Robert A. Mitchell*†, Rita Altszuler , Sandra Gonzalez, Roshawn Johnson†,
Ute Frevert and Elizabeth Nardin

Department of Microbiology, New York University School of Medicine, New York, NY, United States

The skin is the site of host invasion by the mosquito-borne Plasmodium parasite, which
caused an estimated 229 million infections and 409,000 deaths in 2019 according to
WHO World Malaria report 2020. In our previous studies, we have shown that skin
scarification (SS) with a P. falciparum circumsporozoite (CS) peptide in the oil-in-water
adjuvant AddaVax containing a combination of TLR 7/8 and TLR 9 agonists can elicit
sporozoite neutralizing antibodies. SS with AddaVax + TLR agonists, but not AddaVax
alone, elicited CD4+ Th1 cells and IgG2a/c anti-repeat antibody. To explore the innate
immune responses that may contribute to development of adaptive immunity following
SS, we examined the skin at 4h and 24h post priming with CS peptide in AddaVax with or
without TLR agonists. H&E stained and IHC-labeled dorsal skin sections obtained 24h
post SS demonstrated a marked difference in the pattern of infiltration with F4/80+,
CD11b+ and Ly6G+ cells at the immunization site, with the lowest intensity noted
following SS with AddaVax + TLR agonists. Serum collected at 4h post SS, had
reproducible increases in IL-6, MIP-3a, IL-22 and IP-10 (CXCL10) following SS with
AddaVax + TLR agonists, but not with AddaVax alone. To begin to decipher the complex
roles of these pro-inflammatory cytokines/chemokines, we utilized IP-10 deficient (IP-10
-/-) mice to examine the role of this chemokine in the development of anti-repeat antibody
response following SS. In the absence of IP-10, the levels of Th1-type IgG2a/c antibody
and kinetics of the primary anti-repeat antibody response were reduced following prime
and boost. The IP-10 chemokine, present as early as 4h post prime, may provide an early
serological marker for rapid screening of adjuvant formulations and delivery platforms to
optimize SS-induced humoral immunity to CS repeats as well as other pathogens.

Keywords: Plasmodium falciparum, circumsporozoite protein, peptide, skin scarification, Toll-Like Receptor (TLR)
agonist adjuvants, innate immunity, IP-10 (CXCL-10), antibody
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INTRODUCTION

The skin provides the first barrier against pathogens that directly
invade the host or that are delivered into the skin by the bite of
arthropod vectors, as in the case of the Plasmodium parasite.
Studies in rodents, non-human primates and human volunteers
have shown that sterile immunity can be elicited by sporozoites
delivered by the bite of Plasmodium-infected mosquitoes (1–6).
While immunization by exposure to the bites of infected
mosquitoes is not practical for mass vaccination campaigns,
the analysis of immune responses in sporozoite-immunized
hosts has provided critical information on the immune
mechanisms that effectively target the infective sporozoite.

Antibody specific for the major surface antigen of the
sporozoite, the circumsporozoite protein (CS), was one of the
first protective immune mechanisms identified in sporozoite-
immunized experimental hosts (7, 8). Murine monoclonal
antibodies (MAB) that target the CS repeats, derived from
sporozoite-immunized mice, were shown to neutralize
sporozoite infectivity by inhibiting parasite motility in the skin
and by blocking liver invasion thus preventing the subsequent
development of Plasmodium blood stages responsible for clinical
disease (9–11). In more recent studies, human CS-specific MAB
derived from volunteers immunized with P. falciparum
sporozoites were shown to protect human liver-chimeric mice
against P. falciparum sporozoite challenge (12, 13).

A significant advance in malaria vaccine development has
been a CS-based recombinant protein vaccine, termed RTS,S,
that was shown in Phase III trials to protect 30-50% of
immunized infants and children in Africa (14). RTS,S-induced
protection was predominantly antibody-mediated (15, 16).
Human MABs targeting CS repeats derived from the RTS,S
vaccinees were shown to reduce P. falciparum sporozoite
infectivity in vitro and infection of human liver chimeric mice
(17, 18). RTS,S was recently recommended by the WHO for use
in children living in moderate to high malaria transmission
countries in Africa (19). Encouraged by these advances, efforts
continue to improve CS-based vaccine efficacy and
delivery methods.

The large scale deployment of vaccines in resource poor areas
requires ease of administration by trained community workers,
as was successfully used in the WHO Smallpox Eradication
Campaign. In previous murine studies, we utilized a two-
pronged stylet, as used for administration of smallpox vaccine,
to immunize mice by skin scarification (SS) with a P. falciparum
CS repeat peptide (20). Preclinical testing of highly purified CS-
based subunit vaccines have illustrated the critical role of
adjuvant in eliciting sporozoite neutralizing antibodies. Potent
new adjuvants based on well defined synthetic TLR agonists that
specifically target cellular receptors have been developed (21, 22).
Abbreviations: CS, circumsporozoite protein; dLN, draining lymph node; IP-10,
interferon gamma induced protein 10 (CXCL-10); MIG, monokine induced by
gamma interferon (CXCL9); MIP-3a, MacrophageInflammatory Protein-3 alpha
(CCL20); CXCR3, receptor for chemokines containing CXC conserved cysteine
motif; MAB, monoclonal antibody; PfPb, transgenic P. berghei sporozoites
expressing P. falciparum CS repeats; SS, skin scarification; TLR, Toll-Like
Receptor; TSNA, Transgenic Sporozoite Neutralizing Assay.
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We therefore utilized adjuvants containing the TLR 7/8 agonist
Resiquimod and the TLR 9 agonist CpG (20), as these bind to
receptors within the endosome where co-localization with
endocytosed antigen may more closely mimic the innate
immune patterns elicited by infectious pathogens (23). Our
prior SS studies (20) found that induction of anti-repeat
antibodies that neutralized infectivity of sporozoites required a
combination of TLR 7/8 and TLR 9 agonists in Addvax, a
squalene-based oil-in-water nano-emulsion adjuvant.

The current studies were undertaken to explore early innate
immune responses that play a role in development of anti-repeat
antibody following SS with or without TLR agonists. We
examined the SS site using H&E stained and IHC-labeled skin
sections as well as measuring systemic cytokines/chemokines in
serum collected at 4h and 24h post post prime. A better
understanding of innate immune responses associated with the
development of anti-repeat IgG antibodies will facilitate
optimization of vaccine-induced humoral immunity to target
the extracellular sporozoite and prevent development of
clinical disease.
MATERIALS AND METHODS

Immunization
C57Bl/6 mice 6-8 weeks of age and breeding pairs of IP-10 -/-
mice (B6.129S4-Cxcl10tm1Adl/J) lacking IP-10 (CXCL10) were
obtained from Jackson Laboratories (Bar Harbor, Maine). Mice
were immunized by SS at 14-28 day intervals with one to four
doses of a P. falciparum CS peptide delivered into the
interscapular dorsal area using a two pronged stylet (Precision
Medical Inc., Denver, PA), as previously described (20). The
tetrabranched CS peptide used as antigen was comprised of
tandem copies of both the major repeats (NANP)3 and the minor
repeats (DPNANPNVDPNANPNV) that are contained in the
CS repeat region (24, 25). The CS repeat peptide (50 µg) was
administered either with or without TLR agonists in AddaVax
(InvivoGen, San Diego, CA), a squalene oil-in-water nano-
emulsion, comparable to MF59 adjuvant approved for human
vaccines, which is known to function as an antigen depot and
enhance Th2-type antibody responses (26). A total volume of
100 - 200 µl of vaccine formulation was applied to a 2 cm2 area of
unshaved dorsal skin followed by 10 pricks with the two-pronged
stylet. Innate immune responses were measured in serum and
skin sections obtained at 4h and 24h after SS priming. For
immunogenicity experiments, a prime-boost immunization
schedule was performed where two prime doses were
administered followed by two additional booster doses.
Humoral immunity was measured using serum obtained 14-28
days after each of four SS immunizations delivered at 14 – 28 day
intervals. T cell responses were measured using spleen cells
obtained after the final immunization. The study was
conducted in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the
Institutional Animal Care and Use Committee, NYU School
of Medicine.
June 2022 | Volume 13 | Article 801111

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


Mitchell et al. Malaria Immunity Following Skin Vaccination
TLR Agonists
The TLR agonists used in the adjuvant formulation included the
TLR 7/8 agonist Resiquimod (In vivoGen, San Diego, CA), an
imidazoquinoline derivative with well-defined adjuvant properties
in murine and human hosts (22, 27). The TLR 9 agonist used was
CpG, a cytosine:guanine oligodeoxyribonucleotide (ODN) that
mimics an unmethylated bacterial DNA motif synthesized on a
phosphorothioate backbone (The Certified Midland Reagent Co.,
Midland, TX) (28). The TLR agonists were tested using the
manufacturer’s recommended dose per mouse (range 125-150
µg/dose).

Histology and Immunohistochemical
(IHC) Staining
Mice from each experimental group (2 – 3 mice/group) were
sacrificed at 4h or 24h post first SS immunization and 1cm2 skin
samples were excised from the SS site and fixed in 4%
paraformaldehyde. Samples were embedded in paraffin, sectioned
and stained with H&E or labeled by immunohistochemistry (IHC)
using 2 – 3 sections for each mouse (Histowiz Inc., NY). For IHC,
fixed tissue sections were labeled with HRP-conjugated antibodies
specific for murine CD11b+ monocytes (Abcam Cambridge, MA),
F4/80+ macrophages (Invitrogen Thermo Fisher Scientific,
Waltham MA), LY6G+ neutrophils (Abcam, Cambridge, MA),
B220+ B cells (Novus Biologicals, Centennial, CO), or CD3+ and
CD4+T cells (Abcam, Cambridge, MA). Cellular infiltration at the
immunization site was examined in tissue sections from 2-3 mice/
group and cellular density in the area under the SS scar was scored
manually by two investigators using a range of 1+ to 4+ for intensity
of cellular infiltration (Figures 1S, 2S). Two independent
experiments were carried out with similar results. Figures show
results of a representative experiment.

Cytokine/Chemokine Assays
Cytokines and chemokines were measured in serum collected 4 –
48h post SS priming and stored frozen at -80°C until tested.
Samples were screened using a Cytokine/Chemokine Microarray
(Cytokine array Q1, RayBiotech Inc, Norcross, GA) to measure
IL-1b, IL-2,-3,-5,-6,-10, IL12p70, IL-13,-17,-17F,-21,-22,-23,-28,
IFNg, MIP-3a (CCL20), TGFb1 and TNFa, according to the
manufacturer’s protocol. Array slides were read with a 710AL
scanner, using Mapix version 8.5.0 scanning software and results
were analyzed by RayBiotech using Quantibody Q-Anlyzer
software. Quantification of each cytokine/chemokine (pg/ml)
was based on standards included in each microarray and the
results expressed as fold-increase over limit of detection (LOD)
with >3X LOD taken as positive. ELISA assays were used to
measure IP-10 (CXCL10) (Abcam, Cambridge, MA) and IL-22
(R&D Systems, Minnesota, MN) in serum obtained at 4h and
24h post SS priming, according to the manufacturer’s protocol.
All assays were repeated at least twice with results shown for
representative experiment.

Humoral immunity
IgG anti-CS repeat antibodies were measured in individual
serum samples collected 14d post each SS immunization using
a P. falciparum CS repeat peptide ELISA, as previously described
Frontiers in Immunology | www.frontiersin.org 389
(20, 29). Results are shown as geometric mean titers (GMT), with
the endpoint defined as the final dilution giving an OD greater
than three times the OD of BSA-coated control wells. Isotypes of
anti-CS repeat IgG antibodies were determined by ELISA using
MAB specific for murine Th2-associated IgG1 antibody or Th1-
associated IgG2a/c antibody (Southern Biotechnology,
Birmingham, AL).

The neutralizing activity of anti-repeat antibody elicited by SS
immunization was measured using an in vitro Transgenic
Sporozoite Neutralization Assay (TSNA), as in previous studies
(20, 29, 30). Briefly, 2 X 104 transgenic P. berghei sporozoites
expressing the entire P. falciparum CS repeat region (termed PfPb)
(31), were incubated with immune or naïve murine serum prior to
addition to confluent cultures of human HepG2 hepatoma cells
(ATCC HB 8065) in cRPMI (RPMI 1640 supplemented with 10%
FBS, 50U Penicillin/50 µg Streptomycin, sodium pyruvate, non-
essential amino acids, all from Gibco, ThermoFisher, Waltham,
MA). Controls included sporozoites incubated with 25 µg/ml of
monoclonal antibody (MAB) 2A10 (ATCC BEI MRA 183),
specific for P. falciparum CS repeats, or MAB 3D11, specific for
P. berghei CS repeats (9), as positive and negative controls,
respectively. Plates were incubated at 5% CO2 for 48h, with
media change at 24h, followed by extraction of total RNA
(PureLink, RNA Mini Kit, ThermoFisher, Waltham, MA). The
amounts of parasite 18S rRNA in each culture extract was
quantitated by real-time PCR (qRT-PCR) using cDNA primers
specific for 18S ribosomal RNA (rRNA) (30, 32). The parasite 18S
rRNA copy number was calculated based on a standard curve
generated with known amounts of plasmid 18S cDNA. As in
previous studies (20), a >90% reduction in parasite copy number
was considered biologically relevant as previous studies using
injection of known numbers of sporozoites demonstrated that
>90% reduction was associated with sterile immunity or delayed
prepatent period (1, 33).

Cellular Immunity
Th1- and Th2-type cells were measured in spleen cells obtained
following the fourth SS immunization using IFNg and IL-5
ELISPOT kits, respectively, per the manufacturer’s protocol (BD
Biosciences, San Jose, CA). Pooled spleens (3-5 mice/group) were
stimulated with CS peptide (10 µg/ml) or RPMI medium without
peptide. PMA/Ionomycin stimulation served as positive control
(Sigma, St. Louis, MO). Results were expressed as number of spot
forming cells (SFC)/106 spleen cells after subtraction of media
control background. The phenotype of the cytokine-producing T
cells measured in ELISPOT was determined by treatment with
anti-CD4 (MAB GK1.5) or anti-CD8 (MAB 2.43) monoclonal
antibodies (Bio X Cell, Lebanon, NH).

Statistics
Statistical analysis was carried out using GraphPad Prism
software version 9.2.0 (GraphPad Software, La Jolla, CA). For
antibody analysis (Figure 1A and Figure 4SB), differences
between groups were assessed by two-tailed, Mann-Whitney
test. Comparison of IP-10 -/- to WT antibody titers
(Figure 6B) was by one-way ANOVA with Bonferroni’s post-
test for multiple comparisons. For TSNA, differences between
June 2022 | Volume 13 | Article 801111
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experimental groups and naïve control were determined by one-
way ANOVA with Dunnett’s post-test for multiple comparisons.
For analysis of parasite 18S rRNA copy number measured in
TSNA, the average copy number was calculated across each trial
(performed in triplicate) within each group. A P value <0.05 was
considered significant and adjusted P values for multiple
comparisons are given.
RESULTS

SS With CS Peptide in Adjuvant Containing
TLR Agonists Elicits Sporozoite
Neutralizing Antibody
SS immunization with CS peptide in AddaVax containing a
combination of the TLR 7/8 agonist Resiquimod and the TLR 9
agonist CpG elicited enhanced anti-CS repeat antibody titers
when compared to AddaVax without TLR agonists (Figure 1A,
p = 0.0317 post 3rd dose; p = 0.0079 post 4th dose), consistent
with our previous studies (20). The addition to Addavax of
Frontiers in Immunology | www.frontiersin.org 490
Resiquimod and CpG TLR agonists led to production of Th1-
type IgG2a/c anti-repeat antibodies (Figure 1B). In contrast, SS
with CS peptide in AddaVax without TLR agonists, or in PBS,
elicited a Th-2 type IgG1 antibody and minimal IgG2a/
c antibody.

Spleen cells and draining lymph node (dLN) cells of mice
immunized with CS peptide in AddaVax + Resiquimod + CpG
had predominantly IFNg-producing CD4+ T cells (Figure 1C),
consistent with the shift to IgG2a/c isotype of anti-repeat
antibodies. In contrast, cells from mice immunized with CS
peptide in AddaVax only, or PBS, did not have detectable IFNg-
producing CD4+ T cells. Minimal IL-5 producing T cells were
detected by ELISPOT (data not shown).

When the neutralizing function of the anti-repeat antibodies
elicited by SS was assayed by TSNA, only the serum of mice
immunized with CS peptide in AddaVax + Resiquimod + CpG
neutralized sporozoite infectivity and inhibited >90% of parasite
growth in vitro (Figure 1D). There was a statistically significant
reduction in parasite rRNA copy number in cell cultures
receiving PfPb sporozoites incubated with immune serum from
A

B D

C

FIGURE 1 | SS with P. falciparum CS peptide in AddaVax containing TLR agonists elicits Th1- type neutralizing antibody and cellular responses. (A) Kinetics of anti-
CS repeat IgG response following SS immunization. Sera was collected 14d post each SS immunization (arrows) with CS peptide in PBS, AddaVax or AddaVax +
Resiquimod + CpG. ELISA geometric mean IgG titers (GMT) are shown for sera from individual mice (n = 5/group). Mann-Whitney test showed a significant difference
in antibody titer post 3rd dose (p = 0.0317) and post 4th dose (p = 0.0079) with SS immunization with CS peptide in AddaVax + Resiquimod + CpG compared to CS
peptide in AddaVax only. Error bars show standard deviation. (B) Anti-CS repeat IgG isotypes in serum of SS immunized mice. ELISA was carried out using MAB
specific for Th2-type IgG1 or Th1-type IgG2a/c. Data are shown as OD of pooled serum (1:320 dilution) obtained post fourth SS immunization from each group of
mice (n = 5 mice/group). (C) T cell cytokine responses in spleen and dLN of SS immunized mice. IFNg ELISPOT was carried out using pooled spleen or dLN cells (5
mice/group) obtained post fourth SS immunization with CS peptide in PBS, Addavax only or Addavax + Resiquimod + CpG. Data are shown as SFC/106 after
subtraction of medium only control. (D) Sporozoite neutralizing antibody in serum of SS hyperimmunized mice. TSNA was measured using serum (1:5 dilution) of
individual mice (n = 5 mice/group) obtained post fourth SS immunization. Mean number of 18S rRNA copies in cultures were quantitated by qRT-PCR. Controls (gray
bars) included MAB 2A10 as a inhibitory antibody positive control, or MAB 3D11 as a negative antibody control, and no antibody (No Ab). Dotted line indicates 90%
reduction in parasite rRNA copy numbers. Serum from mice immunized SS with CS peptide in AddaVax + Resiquimod + CpG gave >90% inhibition (dotted line), with
a significant reduction in parasite copy numbers when compared to naïve serum (One-way ANOVA of log transformed data with Dunnett’s multiple comparisons test
and adjusted p values, ****p < 0.0001). No significant difference in 18S rRNA copy numbers was found in cultures containing serum of mice immunized SS with PBS or
AddaVax compared to naïve. (*p = 0.0317) and (**p = 0.0079).
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mice immunized with CS peptide in AddaVax + Resiquimod +
CpG compared to serum of naïve mice (p = 0.0001). Reduction
in parasite copy number was comparable to that obtained with
protective MAB 2A10. No significant difference in rRNA copy
number was found using serum of mice immunized with CS
peptide in PBS or AddaVax compared to naïve serum.

Presence of TLR Agonists
Modulate Cellular Infiltration at
Skin Scarification Site
To examine the innate responses associated with induction of Th1-
type humoral immunity following SS, dorsal skin obtained from
the SS site harvested 4h or 24h post initial SS was stained with
H&E (Figure 2). At 4h, only minimal histological changes were
noted, while at 24h active wound healing and re-epithelization
were clear at the SS site (Figure 1S). Skin obtained at 24h post
SS was therefore examined in more detail in the area under the
SS scar (Figure 2S).

The intensity of the cellular influx at the SS site, reflected by
nuclear (hematoxylin) staining in H&E sections, varied
depending on the adjuvant formulation (Figure 2). When
compared to immunization without adjuvant, SS with CS
peptide in Addavax elicited a heavy cellular influx throughout
the dermis and subdermis at the SS site (Figure 2B). The lowest
level of nuclear staining was in skin from mice immunized with
CS peptide in AddaVax + Resiquimod + CpG (Figure 2C). The
intensity of cellular infiltration was AddaVax > PBS > AddaVax
+ Resiquimod +CpG at the SS site, with a similar pattern
observed in two independent experiments.

Efforts to use flow cytometry to analyze the cell populations
infiltrating the SS site at 24h was limited by technical difficulties
in dissociating murine dorsal skin, as reported by others (34).
Immunohistochemistry (IHC) of skin tissue sections was
therefore used to examine the cell populations in situ at the SS
site following labeling for monocytes (CD11b+), macrophages
(F4/80+) and neutrophils (Ly6G+), as well as T (CD3+, CD4+)
and B (B220+) cells (Figure 3).
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SS with peptide in AddaVax led to a notable increase in F4/80+
cells at the SS site, when compared to SS without adjuvant (PBS)
(Figures 3A, B). The lowest F4/80 label intensity was observed
following SS with AddaVax + Resiquimod + CpG (Figure 3C).
CD11b+ monocyte labeling (Figures 3D, E) and Ly6G+
neutrophil labeling (Figures 3G, H) was also strongest in skin
of mice primed with peptide in AddaVax or PBS, with notably
lower label intensity at the site following SS with AddaVax +
Resiquimod + CpG (Figures 3F, I). The pattern of intensity of the
IHC label was AddaVax > PBS > AddaVax + Resiquimod + CpG,
consistent with the pattern observed in H&E stained sections of
skin from the SS site (Figure 2).

Immunization with or without adjuvant did not alter levels of
T cells (CD3+) and B cells (B220+) detectable in skin sections by
IHC at 24h post SS prime (data not shown). Only minimal
numbers of B220+ B cells were observed scattered throughout
the dermis at 24h post SS with or without adjuvant, similar to
levels of B cells in naïve skin. CD3+ T cells were also not visibly
increased post SS when compared to naïve mice, with the
majority of T cells associated with hair follicles or scattered
throughout the epidermis.

Chemokines/Cytokines at 4h and 24h
Post SS Prime
Cytokines and chemokines are required for repair of the skin
barrier following trauma as well as to initiate adaptive immunity
in response to skin infection or invasive pathogens. To examine
the cytokines/chemokines that may have contributed to cellular
responses noted at 24h, serum collected at 4h and 24h post prime
was screened using a multiplex chemokine/cytokine microassay
(RayBiotech Inc, Norcross, GA).

As early as 4h post SS, elevated levels of pro-inflammatory
cytokine IL-6 (Figure 4A) and chemokine MIP-3a (CXCL20)
(Figure 4B) were detected in serum of mice immunized with
peptide in AddaVax + Resiquimod + CpG (Figure 4, solid blue
bars). Tissue extracts obtained from draining lymph node (dLN)
and spleen at 4h post prime with CS peptide in Addavax +
A B C

FIGURE 2 | Cellular infiltration into dorsal skin 24h post SS prime. Nuclear staining with hematoxylin (H&E) was used as a measure of cellular infiltration. Dorsal skin
sample were obtained at 24h post SS with CS peptide in (A) PBS, (B) Addavax, or (C) Addavax + Resiquimod + CpG. The pattern of intensity of cell infiltration,
Addavax > PBS > AddaVax + Resiquimod + CpG was similar in dorsal skin from two independent experiments, with representative results of one experiment shown.
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Resiquimod + CpG also had increased levels of IL-6 and MIP-3a
(hatched blue bars). The elevated levels of cytokines/chemokines
were elicited primarily by the TLR 7/8 agonist Resiquimod, as SS
with AddaVax + CpG did not elicit detectable IL-6 or MIP-3a in
serum or extracts of dLN and spleen (Figures 4A, B, gray bars).
The increase in IL-6 and MIP-3a was transient, as sera collected
at 24h post prime showed minimal IL-6 or MIP-3a signals (data
not shown). Serum collected at 4h or 24h post prime with CS
peptide in Addavax without TLR agonists, or peptide without
adjuvant (PBS) did not have detectable levels of IL-6 or MIP-3a
(<3X LOD). Tissue extracts from naïve mice were also negative at
both time points (data not shown). All tissue and serum samples
were negative for other cytokines/chemokines included in the
Frontiers in Immunology | www.frontiersin.org 692
microassay: IL-1b, IL-2,-3,-5,-10, IL12p70, IL-13,-17,-17F,-21,-
22,-23,-28, IFNg, TGFb1 and TNFa.

The composition of the antigen used in SS could potentially
contribute to the cytokine/chemokine pattern if the immunogen
contained TLR ligands due to microbial contaminants. In the
current study, the CS synthetic peptide did not contribute to the
chemokine/cytokine responses measured at 4h, as IL-6 and MIP-
3a were also detected in serum of mice immunized with
AddaVax + Resiquimod + CpG without CS peptide
(Table 1S). As found following SS with CS peptide with
AddaVax + Resiquimod + CpG, the elevated cytokines/
chemokine responses post immunization without peptide were
transient. IL-6 levels decreased from 36.9X LOD at 4h to 8.9X
A B

D E F

G IH

C

FIGURE 3 | Immunohistochemistry (IHC) of dorsal skin obtained 24h post SS prime. Skin sections were obtained from 2-3 mice/experimental group at 24h post SS
with CS peptide in PBS (first column), Addavax (second column) or Addavax + Resiquimod + CpG (third column). Cellular infiltration was assessed in skin sections
from SS site labeled by IHC with antibody to F4/80 (A–C), CD11b (D–F) or Ly6G (G–I). Similar results were obtained in three experiments with results of a
representative experiment shown.
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LOD, while MIP-3a levels decreased from 319.7X LOD at 4h to
16X LOD at 24h post SS. Similar to SS with CS peptide, the
elevated cytokines/chemokines were elicited primarily by the
TLR 7/8 agonist Resiquimod, with only low levels of IL-6 (3.1 X
LOD) and MIP-3a (26.3X LOD) detectable in serum following
SS with AddaVax + CpG. The serum from mice immunized with
AddaVax + Resiquimod + CpG, or with AddaVax + Resiquimod
also had low levels of IL-12 and IL-22 detectable at 4h post
prime. SS with AddaVax did not elicit IL-6, IL-12 or IL-22, while
minimal levels of MIP-3a were detected at 4h and 24h. TNFa
was only detected is serum following immunization without TLR
agonists (PBS, AddaVax).

While the microarray provided a significant advantage in
screening for multiple cytokines/chemokines in single samples,
the assay did not include chemokines such as IP-10 (CXCL10)
which is known to play a role in the initiation of Th1-type
adaptive immunity (35). An ELISA was therefore used to
measure IP-10 in serum collected at 4h and 24h post SS prime.
Elevated levels of IP-10 were detected in serum at 4h (18,690 IP-
10 pg/mL, with decreased levels at 24h, post SS with peptide in
AddaVax + Resiquimod + CpG (Figure 5A). A second
experiment detected 15,911 IP-10 pg/mL confirming the
elevated level of IP-10 at 4 hours post prime (data not shown).
IP-10 was not detected in serum following SS with peptide in
Addavax only, or with peptide in PBS, at either 4h or 24h post
Frontiers in Immunology | www.frontiersin.org 793
prime. Elevated IP-10 at 4h, with reduced levels at 24h, was also
observed following SS with AddaVax + Resiquimod + CpG
without peptide (Figure 5B), indicating that the CS peptide
did not contribute to the induction of the IP-10 chemokine,
consistent with cytokines/chemokines detected by microarray.
Additionally, SS using single TLR agonists demonstrated that IP-
10 was elicited primarily by the formulation containing
Resiquimod, with little or no IP-10 detected in the AddaVax +
CpG group (data not shown).

Innate and Adaptive Immune Responses in
IP-10 -/- Mice
The pro-inflammatory cytokines/chemokines reproducibly
detected at 4h post prime, IL-6, MIP-3a, IL-22 and IP-10,
have pleomorphic functions in tissue regeneration,
inflammation, as well as initiation and modulation of adaptive
immune responses. To begin to explore the roles of the complex
array of cytokines/chemokines elicited by SS with AddaVax +
Resiquimod + CpG in the adaptive immune response, we focused
on IP-10 (CXCL10). Previous studies in non-human primates
(NHP) had shown that the intradermal injection of adjuvant
containing Resiquimod + CpG led to detectable IP-10 in serum
at 3h, and increased inflammatory monocytes in dLN at 24h
(36). IP-10 was also the most consistently elevated early
chemokine detected in NHP plasma at 6h - 24h post priming
A

B

FIGURE 4 | Cytokines/chemokines detectable by microarray at 4h post SS prime. Serum and extracts of spleen or dLN collected at 4h post SS from 3-4 mice/
group were tested for levels of cytokines/chemokines by microarray. IL-6 (A) and MIP-3a (B) were detected in serum (solid blue bar) and extracts of spleen and dLN
(hatched blue bars) obtained from mice immunized with AddaVax + Resiquimod + CpG, but not Addavax only or PBS. Induction of IL-6 and MIP-3a was primarily
due to inclusion of Resiquimod (gray bars). All samples were negative (<3X LOD) for IL-1b, IL-2,-3,-5,-10, IL-12p70, IL-13,-17,-17F,-21,-23,-28, IFNg, TGFb1 and
TNFa when tested by microarray.
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with HIV gp140 in an oil adjuvant containing Resiquimod +
CpG and was associated with strong antibody responses
following multiple IM injections (37).

To examine the role of IP-10 in innate and adaptive immune
responses following immunization, mice lacking IP-10 (IP-10
-/-) were immunized with CS peptide in Addavax with or
without TLR agonists. When skin samples obtained at 24h
post SS were labeled by IHC, the IP-10 -/- mice immunized SS
with AddaVax demonstrated strong F4/80+ and Ly6G+ cellular
infiltration, similar to WT controls (Table 1). Similar to WT,
skin from the IP-10 -/- mice immunized with AddaVax +
Resiquimod + CpG had reduced F4/80 and Ly6G labeling
Frontiers in Immunology | www.frontiersin.org 894
when compared to skin from IP-10 -/- mice immunized with
CS peptide in AddaVax or PBS. However, in contrast to WT, the
IP-10 -/- mice had increased CD11b+ cells following SS with
AddaVax + Resiquimod + CpG.

When serum of IP-10 -/- mice was assayed for cytokines/
chemokines by microarray, elevated IL-6 and MIP-3a were
detected in serum at 4h post prime with AddaVax +
Resiquimod + CpG, similar to WT mice (Table 2). The
concentrations of IL-6 and MIP-3a were 6-7 fold higher in the
IP-10 -/- mice compared to WT mice. Low levels of IL-22 and
TNFa were also detected in the serum of the IP-10 -/- mice
following SS with Addavax + Resiquimod + CpG. A more
sensitive IL-22 ELISA confirmed the presence of IL-22 in
serum of both IL-10 -/- and WT mice at 4hrs post prime with
peptide in AddaVax + Resiquimod + CpG (Figure 3S). Despite
the enhanced sensitivity of the ELISA compared to microarray,
minimal or no IL-22 was detected in serum of either IP-10 -/- or
WT mice immunized SS with CS peptide in AddaVax or PBS.

The adaptive immune response in IP-10 -/- mice was assayed by
measuring IgG anti-repeat antibody following SS priming and
boost. Previous studies in IP-10 -/- mice had demonstrated
reduced primary IgG2a/c antibody responses following i.p.
immunization with ovalbumin in Freund’s adjuvant (38).
Following SS with peptide in AddaVax + Resiquimod + CpG, the
IP-10 -/- mice had lower Th1-type anti-repeat IgG2a/c antibody
when compared to WT mice (Figure 6A, right panel). In contrast,
following SS with AddaVax + Resiquimod + CpG, the Th-2 type
IgG1 response was similar in WT as compared to IP-10 -/- mice
(left panel).
A

B

FIGURE 5 | IP-10 (CXCL10) in serum 4h and 24h post SS with AddaVax + Resiquimod + CpG. ELISA quantitation of chemokine IP-10 (CXCL10) in serum of mice
immunized by SS either with CS peptide (A) or without peptide (B). IP-10 concentrations (pg/ml) were measured in serum collected at 4h (solid bars) or 24h
(hatched bars) post SS prime.
TABLE 1 | IHC of skin tissue from SS site of IP-10 -/- vs WT mice.

SS with CS peptide in CD11b F4/80 Ly6G

WT IP-10
-/-

WT IP-10
-/-

WT IP-10
-/-

PBS 2.5 2.25 1.5 2.0 2.5 2.5

AddaVax 3.3 4.0 3.0 3.0 3.2 3.0
AddaVax + Resiquimod +CpG 1.9 3.25 1.25 1.0 2.0 1.25
IHC-labeled dorsal skin obtained 24h post SS prime was scored manually by microscopy:
1+, scattered positive cells; 2+, staining localized to SS site; 3+, increased cellular
infiltration localized to SS; 4+, strong cell infiltration localized to SS. Skin sections from
naïve WT or IP-10 -/- mice were scored 1+. Results are shown as average scores for
slides from 2-3 mice/group. IHC using antibodies for CD3, CD4 and B220 scored 1+ for all
experimental conditions (data not shown).
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The primary anti-repeat antibody titers in the IP-10 -/- mice
immunized SS with CS peptide in AddaVax + Resiquimod +
CpG were significantly reduced when compared to WT mice
(Figure 6B, p<0.0001). The reduced IgG2a/c concentrations and
lower antirepeat antibody titers in the IP-10 -/- mice suggest that
IP-10 plays a critical role in the shift to the Th1-type IgG subtype
as well as the kinetics of the primary anti-repeat antibody
response following SS immunization.

To investigate the function of antibodies elicited in the
absence of IP-10, the IP-10 -/- mice received two additional
boosters for a total of four SS immunizations (hyperimmunized),
Frontiers in Immunology | www.frontiersin.org 995
as our previous studies had found that development of
neutralizing antibodies requires multiple boosters (20).
Following a total of four immunizations with CS peptide in
AddaVax + Resiquimod + CpG, hyperimmunized IP-10 -/- mice
demonstrated a shift to IgG2a/c (Figure 4SA) and kinetics of
anti-repeat antibody response (Figure 4SB) similar to that
observed in WT mice (Figure 1). When hyperimmune serum
of IP-10 -/- and WT mice were tested in parallel in TSNA,
comparable neutralizing antibody levels were obtained in serum
from IP-10 -/- mice and WT mice (Figure 7). A 1:5 dilution of
hyperimmune serum of both IP-10 -/- and WT mice immunized
TABLE 2 | Chemokines/Cytokines in IP-10 -/- vs WT mice.

Chemokine/
Cytokine

LOD
(pg/ml)

Serum obtained +4h post SS with CS peptide in

PBS Addavax AddaVax
+ Resiq + CpG

WT IP-10 -/- WT IP-10 -/- WT IP-10 -/-
IL-6 19.6 <3X <3X <3X <3X 17.6X 98.7X
IL-22 58.6 <3X <3X <3X <3X <3X 6.7X
MIP-3a 7.5 <3X <3X <3X <3X 14.2X 104.9X
TNFa 31.8 <3X <3X <3X <3X <3X 6.8X
June 2022
 | Volume 13 | Articl
Chemokines/cytokines in serum obtained 4h post SS were quantitated by microarray. Results are shown as fold-increase over limit of detection (LOD), with <3X LOD considered negative.
Serum from naïve WT or naïve IP-10 -/- mice were negative for all chemokines/cytokines (data not shown). Sera of IP-10 -/- and WT mice obtained 4h post SS prime with CS peptide with
or without adjuvant were negative for: IL1-b, IL-2,-3,-5,-10, IL-12p70, IL-13,-21,-23,-28, IFNg, and TGFb1. IP-10 -/- mice immunized SS with AddaVax + Resiquimod + CpG had low levels
of IL-17F (3.4X LOD) (not shown).
A

B

FIGURE 6 | Anti-repeat antibody responses in IP-10 -/- mice post SS prime and boost. (A) IgG1 (left panel) and IgG2a/c (right panel) anti-CS repeat antibodies
were measured by ELISA in pooled serum (3-4 mice/group) in IP-10 -/- mice (purple bars) or WT controls (blue bars). Serum was collected following SS prime and
boost with CS peptide in PBS, Addavax or Addavax + Resiquimod + CpG. Results are shown as OD at 1:80 serum dilution. (B) Anti-repeat antibody response in
serum of individual IP-10 -/- mice (purple symbols) compared to WT mice (blue symbols) following SS prime and boost with CS peptide without adjuvant (PBS), with
AddaVax, or with AddaVax + Resiquimod + CpG. Results of two experiments were pooled with individual mice shown as data points and geometric mean indicated
by bar. One-way ANOVA of log-transformed values followed by Bonferroni’s multiple comparisons test with adjusted p values, ****p <0.0001.
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SS with AddaVax + Resiquimod + CpG reduced parasite levels in
vitro >90%. A statistically significant reduction in rRNA copy
number was found in cell cultures containing hyperimmune
serum of IP10 -/- or WT mice when compared to serum from
naïve mice (p<0.0001). No significant difference in parasite levels
was found in cultures receiving sporozoities incubated in serum
of IP-10 -/- or WT mice immunized with peptide in AddaVax
or PBS.
DISCUSSION

Skin scarification (SS) with a P. falciparum CS repeat peptide
delivered in an adjuvant formulation comprised of AddaVax
containing a combination of the TLR 7/8 agonist Resiquimod
and TLR 9 agonist CpG elicited anti-repeat antibodies that
neutralized sporozoite infectivity (Figure 1), confirming our
previous study (20). As early as 24h post prime, dorsal skin
from the SS site, stained by H&E or labeled by IHC,
demonstrated that the innate immune responses differed
depending on the presence or absence of TLR agonists
(Figures 2, 3). Of note was the reduced cellular infiltration in
the skin following treatment with AddaVax + TLR agonists
(Figure 2C, Figures 3C, F, I) when compared to AddaVax
only. Previous murine studies using a skin laser adjuvant, also
noted a reduced cellular infiltrate following topical treatment
with a TLR 7 agonist which the authors demonstrated was due to
increased rapid transit of APC from the skin to the dLN (39).

The reduced cellular infiltration observed in the skin at 24h
post SS with AddaVax + Resiquimod + CpG correlated with the
presence of pro-inflammatory cytokines/chemokines, including
IL-6, IL-22, MIP-3a (CCL20) and IP-10 (CXCL10), detectable at
4h post prime in serum as well as in extracts of dLN and spleen
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(Figures 4, 5). These pro-inflammatory cytokines/chemokines
were not detected in serum obtained 4h or 24h post SS with
either AddaVax or PBS.

In this initial exploration of the potential role of the pro-
inflammatory cytokines/chemokines detected at 4h in the
induction of the adaptive immune response, we focused on IP-
10 (CXCL10). IP-10 and the CXCR3 receptor in dLN are known
to be of importance in the interaction of CD4+ T cells and
dendritic cells and localization of Th cells to B cell areas to
facilitate antibody isotype switching and affinity maturation (35,
40). Direct administration of IP-10 as adjuvant for peptide or
protein antigens has been shown to elicit murine Th1-type
antibody and CD8+ T cells (41). In addition to murine studies,
intradermal injection of Resiquimod or CpG into Rhesus
monkeys elicited IP-10 in serum detected 3-8h post injection
and increased expression of IP-10 mRNA in LN (36). When
serum of NHP immunized IM with HIV gp140 in an oil
emulsion containing Resiquimod + CpG was tested using a
panel of 30 cytokines/chemokines, only elevated serum IP-10
at 24h post prime correlated with enhanced anti-HIV antibody
responses following additional boosters (37).

In the current studies, IP-10 -/- mice had reduced Th1-type
IgG2a/c antibody and significantly lower anti-repeat titers
following SS prime and boost with CS peptide in AddaVax +
Resiquimod + CpG (Figure 6). These results are consistent with
previous studies in IP-10 -/- mice that found impaired CD4+ Th1
cell responses and decreased IgG2a/c antibody titers following
priming with soluble antigen (38). In the current studies, serum of
IP-10 -/- mice had levels of IL-6, IL-22 and MIP-3a equal to or
greater thanWTmice at 4h post SS with AddaVax + Resiquimod +
CpG (Table 2, Figure 3S), suggesting that these pro-inflammatory
cytokines/chemokines were not sufficient to overcome the lack of
IP-10 in the initiation of IgG2a/c antibody response.
FIGURE 7 | Sporozoite neutralizing antibody in hyperimmune serum of SS immunized IP-10 -/- compared to WT mice. TSNA was carried out with pooled immune
sera (5 mice/group) obtained post 4th SS immunization from WT (upper panel, blue bars) or IP-10 -/- mice (purple bars) tested in parallel at 1:5 –1:20 serum dilution.
Controls (grey bars) include PfPb sporozoites incubated with inhibitory MAB 2A10 or with negative control MAB 3D11 or without antibody (No Ab). Dotted line
represents >90% inhibition of parasite levels in liver cell cultures measured by qRT-PCR. Significant reduction of parasite copy number was obtained with
hyperimmune serum from both IP-10 -/- mice and WT mice following four SS immunizations with peptide in AddaVax + Resiquimod + CpG compared to serum from
naïve mice (one-way ANOVA of log-transformed data with Dunnett’s multiple comparisons test and adjusted p values, ****p <0.0001).
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In the IP-10 -/- mice, IHC labeling of skin sections obtained
24h following SS with AddaVax + Resiquimod + CpG
demonstrated that CD11b+ cells were increased in IP-10 -/-
mice compared to WT (Table 1). In contrast, the pattern of
infiltration with F4/80+ and Ly6G+ cells was reduced, similar to
the pattern observed in WT mice. CD11b+ antigen presenting
cells (APC) are important in the transport of antigen from the
injection site to the dLN. Following sporozoite injection ID or by
mosquito bite, intravital microscopy of ear pinnae demonstrated
increased numbers of CD11b+ cells at 2-4h and sporozoites
associated with CD11b+ cells in dLN (42, 43). While the role of
CD11b+ cells as APC following SS remains to be explored, the
increase of CD11b+ cells at the SS site in IP-10 -/- mice
immunized with AddaVax + Resiquimod + CpG could reflect
a failure or delay of APC to transit out of skin to the dLN in the
absence of an IP-10 signal. The resulting reduced APC:T cell
interaction and Th1 differentiation in the dLN could potentially
lead to reduced levels of anti-repeat IgG2a/c, as found in the IP-
10 -/- mice following prime and boost with AddVax + TLR
agonists (Figure 6).

Of note was the finding that multiple SS immunizations could
overcome the reduced primary anti-repeat antibody found in the
IP-10 -/- mice. Following four immunizations with AddaVax +
Resiquimod + CpG, the skewing to IgG2a/c isotype and the
magnitude of anti-repeat and neutralizing antibodies in serum of
hyperimmunized IP-10 -/- mice were comparable to WT mice
(Figure 4S, Figure 7). These finding suggest compensatory pro-
inflammatory chemokines may be functioning in anti-repeat
antibody response in IP-10 -/- mice following multiple SS
immunizations. MIG (CXCL9) is also an agonist for the
CXCR3 receptor which can function in differentiation of Th1
cells and antibody responses (35, 44). Whether CXCL9 can
compensate for the lack of IP-10 in the hyperimmunized IP-10
-/- mice remains to be explored.

The reduced primary antibody responses in the SS primed IP-
10 -/- mice suggest that IP-10 may provide a potential early
biomarker for the initiation of Th1-type anti-repeat antibody
response. Consistent with the murine studies, in NHP the
presence of IP-10 following priming with HIV antigen in an
oil adjuvant containing Resiquimod + CpG correlated with
subsequent antibody development following five IM
immunizations (37). It is encouraging that despite the variation
in TLR distribution in mice versus NHP, the murine innate
immune responses observed in the current studies were
consistent with TLR stimulated antibody responses in NHP
(45, 46). Measurement of IP-10 may therefore provide a useful
early serologic marker for rapid screening of TLR agonist based
adjuvants not only in murine, but also in primate hosts.

The ability to rapidly and easily test multiple iterations of TLR
agonist concentrations and combinations is critical for the
successful optimization of vaccine formulations for delivery to the
skin. Skin delivery of vaccines provide the advantage of simplifying
vaccination strategies and reducing costs by eliminating the need for
trainedmedical personnel required for sterile injections. Co-delivery
of antigen in TLR agonist adjuvants to skin APC by SS may more
accurately mimic delivery of sporozoite and pathogen associated
molecular patterns (PAMP) into the skin. The current studies
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demonstrate that a simple bifurcated needle can provide an
inexpensive tool to deliver subunit vaccines to the skin. Further
modifications of vaccine formulations by conjugation of TLR
agonist and antigen may enhance vaccine potency (23, 42).
Moreover, the use of more technologically advanced skin delivery
systems, such as patches comprised of microneedles (47), would be
expected to further improve vaccine immunogenicity by increasing
the dose of antigen and/or TLR agonists delivered to the skin. Phase
I trials of flu vaccine delivered to skin via a microneedle patch
demonstrated that self-administered vaccines can elicit virus
neutralizing antibody titers similar to IM immunization by
trained healthcare personnel (48). Measurement of IP-10 in
serum may facilitate rapid testing of various TLR agonist
combinations and delivery systems, to determine whether these
modifications lead to increased levels of IP-10 that correlate with
increases in vaccine efficacy.
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Supplementary Figure 1 | H&E staining of dorsal skin obtained post SS prime
with CS peptide in PBS showing the epidermal, dermal and subdermal skin layers.
(A) At 4h, the skin exhibited minimal histological changes post SS regardless of
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adjuvant formulation. (B) At 24h, the SS site showed wound repair and re-
epithelialization in all experimental groups.

Supplementary Figure 2 | Scoring of IHC-labeled skin obtained 24h post SS
prime. Following IHC labeling of skin, the area under the SS site (outline) was
examined by microscopy for cellular infiltration. The intensity of cellular infiltration
was scored as: 1+, scattered positive cells; 2+, cellular staining localized to SS site;
3+, increased cellular infiltration localized to SS site; 4+ heavy cellular infiltration at
SS site.

Supplementary Figure 3 | IL-22 in serum of IP-10 -/- and WT mice post SS
prime. ELISA quantitation of IL-22 (pg/ml) in serum of IP-10 -/- (purple bars) as
Frontiers in Immunology | www.frontiersin.org 1298
compared to WT mice (blue bars) at 4h post SS with CS peptide in PBS, Addavax,
or Addavax + Resiquimod + CpG.

Supplementary Figure 4 | Anti-repeat antibody response in hyperimmunized IP-
10 -/- mice. (A) IgG isotypes measured in CS repeat peptide ELISA using pooled
hyperimmune serum (1:5120 dilution) from IP-10 -/- mice obtained 14d post the
fourth SS immunization. (B) Kinetics of anti-CS repeat IgG antibody measured by
ELISA in serum of IP-10 -/- mice collected at 14d post each of four SS
immunizations (arrows). Significant difference was found after SS immunization with
CS peptide in AddaVax + Resiquimod + CpG compared to AddaVax only by Mann-
Whitney test post 2nd dose (*p=0.0238), post 3rd dose (**p=0.0079), and post 4th
dose (**p=0.0079).
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Infectious diseases of the respiratory tract are one of the top causes of global morbidity
and mortality with lower respiratory tract infections being the fourth leading cause of
death. The respiratory mucosal (RM) route of vaccine delivery represents a promising
strategy against respiratory infections. Although both intranasal and inhaled aerosol
methods have been established for human application, there is a considerable
knowledge gap in the relationship of vaccine biodistribution to immune efficacy in the
lung. Here, by using a murine model and an adenovirus-vectored model vaccine, we have
compared the intranasal and endotracheal delivery methods in their biodistribution,
immunogenicity and protective efficacy. We find that compared to intranasal delivery,
the deepened and widened biodistribution in the lung following endotracheal delivery is
associated with much improved vaccine-mediated immunogenicity and protection
against the target pathogen. Our findings thus support further development of inhaled
aerosol delivery of vaccines over intranasal delivery for human application.

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

Infectious diseases of the respiratory tract are one of the top causes of global morbidity and
mortality, with lower respiratory tract infections being the fourth leading cause of death worldwide
in 2019 (1). In fact, the COVID-19 pandemic is a sobering example of the extent of a threat that a
respiratory mucosal infection can cause to humankind (2). Vaccination is the most cost-effective
public health measure to prevent or control respiratory infectious diseases. However, the vast
majority of current vaccines including anti-tuberculosis (TB) BCG in human immunization
program are administered via a parenteral route and thus, induce only limited respiratory
mucosal immunity against respiratory pathogens such as Mycobacterium tuberculosis (M.tb) and
org June 2022 | Volume 13 | Article 8603991100

https://www.frontiersin.org/articles/10.3389/fimmu.2022.860399/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.860399/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.860399/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.860399/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.860399/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:xingz@mcmaster.ca
https://doi.org/10.3389/fimmu.2022.860399
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.860399
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.860399&domain=pdf&date_stamp=2022-06-10


Jeyanathan et al. Lung Vaccine Biodistribution Determines Potency
influenza (3–5). This reality calls for continuing effectors to
develop respiratory mucosal vaccine strategies (3, 6). In this
regard, on top of injectable flu shots, an intranasally
administered live-attenuated influenza vaccine has been
introduced to human immunization program as the first
respiratory mucosal-deliverable vaccine in humans.
Unfortunately, while this nasal flu vaccine shows high efficacy
in young children, it is much less effective in adults than
injectable flu shots (5, 7). This explains the reason why the
injectable flu vaccine remains the top choice for seasonal flu
vaccination in general populations. These facts question the
suitability of intranasal vaccine delivery as a general respiratory
mucosal vaccine strategy for human application. Recently, as an
alternative respiratory mucosal vaccine strategy, inhaled aerosol
delivery method has been developed and explored to deliver
measles vaccine (8), viral-vectored TB vaccines (9, 10) and a
viral-vectored COVID-19 vaccine (11) in human trials. Of
importance, when parenteral intradermal or intramuscular
route of vaccination was compared side-by-side with inhaled
aerosol vaccination, it was found that only inhaled aerosol, but
not parenteral, vaccination induced significant respiratory
mucosal immunity (9, 10). Since inhaled aerosol technology
bypasses the nasal passage and delivers the vaccine droplets of
2-5 µm deep into human respiratory tract (airways) (10), these
clinical observations together appear to suggest that the
biodistribution or the depth of respiratory vaccine delivery
plays a critical role in induction of respiratory mucosal
immunity. However, to firmly prove this proposition requires
experimental investigation in preclinical animal models since it is
very difficult to directly test it in humans.

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

In the current study, using an adenovirus-vectored TB
vaccine (AdHu5Ag85A) as a model vaccine, we have evaluated
the biodistribution, vaccine immunogenicity and immune
protective potency following a single-dose intranasal or
endotracheal delivery in a murine model. We find that
endotracheal delivery is superior to internasal delivery, which
leads to deep lung biodistribution of vaccine, and enhanced
Frontiers in Immunology | www.frontiersin.org 2101
vaccine-specific T cell responses and protective efficacy against
pulmonaryM.tb challenge. Our findings thus provide preclinical
evidence to support the consideration of the deep-airway
delivery method such as inhaled aerosol over the intranasal
delivery for human application.
MATERIALS AND METHODS

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

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

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

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

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

cells/mL, respectively, and stimulated with an Ag85a CD8 T cell-
specific peptide (MPVGGQSSF) or Ag85a CD4 T cell-specific
peptide (LTSELPGWLQANRHVKPTGS) at a concentration of 1
µg/well in the presence of Golgi plug (5 mg/mL brefeldin A; BD
Pharmingen) for six hours in a 37°C CO2 incubator. For tetramer
immunostaining, a tetramer for the immunodominant CD8 T
cell peptide (MPVGGQSSF) of Ag85A bound to the BALB/c
Frontiers in Immunology | www.frontiersin.org 3102
major histocompatibility complex class I allele (H-2Ld

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

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

D E

C

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

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

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

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

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

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

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

Enhanced Protection Against
Pulmonary Tuberculosis Following
Endotracheal Immunization Compared to
Intranasal Immunization
To examine whether improved vaccine-specific immunogenicity in
the lung by broader respiratory biodistribution of AdHu5Ag85A
would translate to enhanced protection against pulmonary TB, mice
were immunized with AdHu5Ag85A by I.N. or I.T. deliverymethod
(Figure 5A). A set of mice were left unimmunized as controls
(Naïve). Four weeks after immunization, mice were challenged with
virulent M.tbH37Rv. At four-week post-infection, mice were
Frontiers in Immunology | www.frontiersin.org 5104
sacrificed. The right lung of each animal was harvested to assess
mycobacterial burden by colony forming unit assay and the left lung
was fixed in formalin for histopathological analysis after
hematoxylin and eosin staining (Figure 5A). Since I.T. delivery
led to significantly increased biodistribution of the vaccine primarily
within the right lung over that by I.N delivery (Figures 2B, C), the
assessment of M.tb bacterial burden in the right lung would more
accurately address the relationship of increased vaccine
biodistribution to the functional protective outcome of the
vaccine. While both I.N. and I.T. immunization with
AdHu5Ag85A significantly reduced the mycobacterial burden in
the lung compared to the control (Figure 5B), I.T. immunization
significantly enhanced protection as it further reduced the
mycobacterial burden in the lung (~1.5 log reduction) over that
by I.N. immunization (~0.8 log reduction) (Figure 5B).

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

DC

FIGURE 2 | Biodistribution of vaccine surrogate in the lung following intranasal or endotracheal inoculation. (A) Experimental schema. Mice were inoculated
intranasally (I.N.) or endotracheally (I.T) with adenovirus-vector expressing luciferase (AdHu5Luc) or PBS. Biodistribution was visualized as a factor of light
emission upon intranasal administration of luciferin. Images were obtained using an IVIS Spectrum and presented as pseudocolour images of bioluminescence
in PBS (B) or AdHu5Luc inoculated animals (C). Red represents the most intense areas of biodistribution while the blue corresponds to the weakest areas of
biodistribution. Mice were imaged with an integration time of 30 sec. Three mice per treatment group is shown. (D) Bar graph shows corrected total
fluorescence intensity measured in relative fluorescence units (RFU) and quantified using ImageJ in either right or left lung. Data is from 3 mice/group and RFU
are presented as mean ± SEM. **p < 0.01.
June 2022 | Volume 13 | Article 860399

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


Jeyanathan et al. Lung Vaccine Biodistribution Determines Potency
lung histopathology (Figures 5C-H). Of importance, I.T.
immunization further significantly reduced lung immunopathology
over thatbyI.N.deliverybothinmicroscopicchanges(Figures5C-H)
and histological scoring of relative extent of granuloma formation,
pneumonitis, and inflammatory infiltration (Figures 5I-K). The
above data together indicate that endotracheal delivery of vaccine
improves protection against pulmonary TB over intranasal delivery
andsuchimprovedprotectionisassociatedwithcollectivelyenhanced
biodistribution of vaccine within the lung.
DISCUSSION

Respiratory mucosal (RM) immunization has been regarded as a
highly appealing route of vaccination against respiratory infections
given its superiority in inducing protective mucosal immunity and
its advantage of being a needle-free, and thereby pain-free approach
Frontiers in Immunology | www.frontiersin.org 6105
(3). Currently, several novel vaccines such as viral-vectored vaccines
for TB and COVID-19 are being clinically developed for respiratory
mucosal delivery (6, 9–11, 30). However, pulmonary delivery
methods in humans include both intranasal and inhaled aerosol
methods. Although these methods are expected to result in
differential deposition sites of vaccine within the respiratory tract
and subsequently, differential immune responses and protection, it
is difficult to directly investigate it in humans. As a result, our
understanding of the relationship of vaccine biodistribution
following different methods of respiratory delivery to vaccine
immunogenicity and protection has remained to be limited. In
the current study, using an adenovirus-vectored TB vaccine
(AdHu5Ag85A) as a model vaccine, we find that endotracheal
delivery is superior to intranasal delivery in rendering wide and
deep lung biodistribution of vaccine and subsequently, enhanced
vaccine-specific T cell responses and protective efficacy against
pulmonary M.tb challenge.
A B

DC

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

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

It has now been fully established that vaccine induced CD4 and
CD8 T cells residing at the respiratory mucosa plays a critical role in
pulmonary immunity to pathogens by immediately encaging the
pathogens at the site of infection (2, 3). Previous studies that
assessed the impact of pulmonary delivery methods of vaccines
on vaccine-induced immunity has shown that the delivery of
vaccine to lower respiratory tract results in induction of higher
titers of neutralizing antibodies (17, 18). Such knowledge cannot be
generalized to induction of T cell immunity at the respiratory
mucosa since the T cell responses in the lung are highly regulated
to preserve the vital role of the lung, oxygen exchange. Here we
show that endotracheal delivery of AdHu5Ag85A in animals yields
heightened Ag-specific tetramer+ CD8+ T cells responses, IFN-g
production by CD4 and CD8 T cells in the lung and leads to
enhanced protective efficacy against M.tb infection compared to
intranasal immunization. Not only the reduction in bacterial load,
but also markedly reduced histopathological damage in
endotracheally immunized mice indicates that the deeper and
wider biodistribution of vaccine is critical. Of note, although
endotracheal delivery led to significantly greater biodistribution
only in the right lung, it resulted in significantly increased
antigen-specific T cell responses in both left and right lungs over
those by intranasal immunization. These findings suggest that upon
antigen-specific T cell priming in the local draining lymphoid
tissues, similar numbers of T cells were recruited into the left and
Frontiers in Immunology | www.frontiersin.org 9108
right lungs in response to the local inflammatory signals following
endotracheal immunization.

Pulmonary delivery method of a vaccine for human application
relies on various factors, such as vaccine formulation, in vivo
tropism of the vaccine, and whether to target the upper or lower
respiratory tract (3, 7, 8, 17). This is also reliant on the tropism of the
pathogen against which the vaccine is directed to, and other
parameters including duration of exposure to vaccine when
delivered via inhalation or aerosolization, and the delivery device.
In conclusion, we show that biodistribution of an adenoviral-
vectored vaccine in the lung is dependent on pulmonary vaccine
delivery method and that direct delivery of vaccine to deep into the
respiratory tract of both lungs by endotracheal method increase the
biodistribution and induce enhanced respiratory mucosal T cell
immunity compared to intranasal delivery. Our study thus supports
inhaled aerosol delivery over intranasal method for developing
respiratory mucosal vaccine strategies for human application.
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Induction of Mucosal IgA–Mediated
Protective Immunity Against
Nontypeable Haemophilus influenzae
Infection by a Cationic Nanogel–
Based P6 Nasal Vaccine
Rika Nakahashi-Ouchida1,2,3*, Hiromi Mori1,3, Yoshikazu Yuki1,3,4, Shingo Umemoto5,6,
Takashi Hirano5, Yohei Uchida1,3, Tomonori Machita1,3, Tomoyuki Yamanoue1,3,
Shin-ichi Sawada7, Masashi Suzuki5, Kohtaro Fujihashi 3,8,9, Kazunari Akiyoshi7,
Yuichi Kurono10 and Hiroshi Kiyono2,3,4,6,11*

1 Division of Mucosal Vaccines, International Research and Development Center for Mucosal Vaccines, The Institute of
Medical Science, The University of Tokyo, Tokyo, Japan, 2 Division of Mucosal Immunology, IMSUT Distinguished Professor
Unit, The Institute of Medical Science, The University of Tokyo, Tokyo, Japan, 3 Department of Human Mucosal Vaccinology,
Chiba University Hospital, Chiba, Japan, 4 HanaVax Inc., Tokyo, Japan, 5 Faculty of Medicine, Department of
Otorhinolaryngology, Head and Neck Surgery, Oita University, Oita, Japan, 6 CU-UCSD Center for Mucosal Immunology,
Allergy and Vaccines (cMAV), Division of Gastroenterology, Department of Medicine, University of California,
San Diego, San Diego, CA, United States, 7 Department of Polymer Chemistry, Faculty of Engineering, Kyoto University,
Kyoto, Japan, 8 Division of Clinical Vaccinology, International Research and Development Center for Mucosal Vaccines,
The Institute of Medical Science, The University of Tokyo, Tokyo, Japan, 9 Department of Pediatric Dentistry, The University of Alabama
at Birmingham, Birmingham, AL, United States, 10 Department of Otolaryngology, Faculty of Medicine, Kagoshima University,
Kagoshima, Japan, 11 Future Medicine Education and Research Organization, Mucosal Immunology and Allergy Therapeutics,
Institute for Global Prominent Research, Chiba University, Chiba, Japan

Nontypeable Haemophilus influenzae (NTHi) strains form a major group of pathogenic
bacteria that colonizes the nasopharynx and causes otitis media in young children. At
present, there is no licensed vaccine for NTHi. Because NTHi colonizes the upper
respiratory tract and forms biofilms that cause subsequent infectious events, a nasal
vaccine that induces NTHi-specific secretory IgA capable of preventing biofilm formation
in the respiratory tract is desirable. Here, we developed a cationic cholesteryl pullulan–
based (cCHP nanogel) nasal vaccine containing the NTHi surface antigen P6 (cCHP-P6)
as a universal vaccine antigen, because P6 expression is conserved among 90% of NTHi
strains. Nasal immunization of mice with cCHP-P6 effectively induced P6-specific IgA in
mucosal fluids, including nasal and middle ear washes. The vaccine-induced P6-specific
IgA showed direct binding to the NTHi via the surface P6 proteins, resulting in the inhibition
of NTHi biofilm formation. cCHP-P6 nasal vaccine thus protected mice from intranasal
NTHi challenge by reducing NTHi colonization of nasal tissues and eventually eliminated
the bacteria. In addition, the vaccine-induced IgA bound to different NTHi clinical isolates
from patients with otitis media and inhibited NTHi attachment in a three-dimensional in
vitro model of the human nasal epithelial surface. Therefore, the cCHP-P6 nanogel nasal
vaccine induced effective protection in the airway mucosa, making it a strong vaccine
candidate for preventing NTHi-induced infectious diseases, such as otitis media, sinusitis,
and pneumonia.
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INTRODUCTION

Nontypeable Haemophilus influenzae (NTHi) is a human-
specific pathogen that mainly colonizes the upper respiratory
tract and causes noninvasive infections, including otitis media,
sinusitis, and pneumonia; NTHi also is associated with
exacerbation of chronic obstructive pulmonary disease (1, 2).
Unfortunately, no licensed vaccine specific for NTHi infections is
currently available. A licensed pneumococcal vaccine containing
the protein D of NTHi, PHiD-CV (Synflorix, GSK), has been
used in the clinical setting, but it provides very limited protection
against otitis media caused by NTHi infections (3–5). In
addition, the introduction of pneumococcal vaccines such as
PCV13 (Prevnar13, Pfizer Inc.) has been suggested to have led to
an increase of acute otitis media and the emergence of invasive
NTHi (6). Owing to the increasing number of antibiotic-resistant
NTHi strains (7), the development of NTHi vaccines has become
a very important issue for public health.

NTHi colonization of the upper respiratory tract is an
important first step in the pathogenesis of NTHi-mediated
disease; NTHi forms biofilms that promote persistence within
the host environment, and this leads to increased antimicrobial
resistance (8, 9). A strategy for suppressing bacterial invasion
and colonization of the mucosa of the upper respiratory tract and
for inhibiting biofilm formation in the airway mucosa would,
therefore, be an effective way to prevent NTHi infection.

Nasal immunization efficiently induces an antigen-specific
immune response on mucosal surfaces of the upper and lower
respiratory tracts, as well as in the systemic compartment (10,
11). Indeed, nasal immunization with a vaccine antigen targeting
the NTHi surface antigen P6 induces both antigen-specific serum
IgG and mucosal secretory immunoglobulin A (SIgA), which
directly recognizes and eliminates NTHi in the nasal or bronchial
mucosa, thereby preventing the initiation of infections (12, 13).
However, the nasal cavity has a well-developed mucosal barrier
that includes cilia, mucus secretions, and tight junctions and
plays an important role in host defense through innate immunity
(14). Intranasally administered vaccine antigens are easily
eliminated by the mucosal barrier system, making it difficult
for them to induce substantial antigen-specific immune
responses. Therefore, the system used to deliver the nasal
vaccine needs to overcome this obstacle. Given the nature of
Haemophilus infections, it is logical and desirable to develop
nasal vaccines that effectively activate the airway mucosal
immune system, where the first line of defense against NTHi
infections occurs. We therefore applied our cationic cholesteryl-
group-bearing pullulan (cCHP) nanogel–based nasal delivery
system to the development of a nasal vaccine against NTHi.

The cCHP nanogel is a safe and effective nasal vaccine delivery
vehicle that can optimally deliver vaccine antigen and stimulate
the nasal mucosal immune system (15–18). Because of its cationic
property, the cCHP nanogel shows persistent attachment to the
surfaces of the negatively charged nasal mucosa, leading to the
prolonged release of antigen to the antigen-sampling and
-presenting systems of the nasal mucosa (15). The cCHP
nanogel has thus been shown to effectively induce antigen-
Frontiers in Immunology | www.frontiersin.org 2111
specific immune responses in both the systemic and mucosal
compartments (16–18), and we therefore believe that it is an
attractive and competent vehicle for delivering nasal vaccines to
prevent respiratory infectious diseases, including otitis media,
pneumonia, and COVID-19. Indeed, we have demonstrated that
a cCHP nanogel incorporating a pneumococcal surface protein
antigen (cCHP-PspA) induces PspA-specific serum IgG and SIgA
in mucosal fluids in mice and nonhuman primates (16–18). These
PspA-specific antibodies eliminated bacteria from lung lavage
fluids, nasal washes, and the nasal passages (17). As a result, the
cCHP-PspA nanogel vaccine protects against lethal or sublethal
pneumococcal infections in immunized mice (17) and inmice that
receive passively transferred serum from vaccinated macaques
(16), as well as in pneumococcus-infected macaques (18). In
addition, the vaccine antigen introduced by the cCHP nanogel
did not migrate into the olfactory bulbs or brain in either murine
or nonhuman primate models (16, 17); this is important evidence
regarding the safety of a cCHP nanogel–based nasal vaccine
delivery system.

P6 protein is a 16-kDa peptidoglycan-associated lipoprotein
—one of the outer membrane proteins of NTHi—and is
considered to be a potential vaccine antigen candidate for
NTHi. In human studies, the amount of P6-specific SIgA
correlates with the degree of inhibition of NTHi colonization
of the nasopharynx and the incidence of recurrent otitis media
(19, 20). Furthermore, nasal immunization of mice with P6
protein and cholera toxin, a classic and experimental mucosal
adjuvant, induces P6-specific mucosal and systemic immune
responses that clear NTHi from the nasal cavity after infection
(21, 22). In addition, the P6 protein sequence is more than 90%
conserved among NTHi strains at the nucleotide and amino acid
levels, and the P6 protein is, therefore, a highly promising
candidate antigen for the development of a universal NTHi
vaccine (23).

Here, we investigated the quality and quantity of P6-specific
immune responses, including protective efficacy, induced by
nasally administered cCHP nanogel containing P6 protein
(cCHP-P6). The cCHP-P6 nanogel nasal vaccine provided
protective immunity against NTHi infection by inhibiting
NTHi attachment to the nasal epithelial surface and preventing
NTHi biofilm formation; systemic immunization did not lead to
P6-specific IgA–mediated inhibition.
MATERIALS AND METHODS

Mice
Female BALB/c mice (age, 7 to 8 weeks) were purchased from
SLC (Shizuoka, Japan) or Kyudo Co. Ltd. (Saga, Japan). The mice
were maintained in the experimental animal facility at the
Institute of Medical Science of the University of Tokyo. All
experiments were conducted in accordance with the guidelines
provided by the Animal Care and Use Committees of the
University of Tokyo and Oita University and were approved
by the Animal Committee of the Institute of Medical Science of
the University of Tokyo.
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P6 Antigen Construction and Recombinant
Protein Purification
The P6 gene (GenBank accession no. AWP55884.1; amino acids
21–153) was synthesized by Takara Bio Inc. (Otsu, Japan). After
digestion with the restriction enzymes NcoI and XhoI (Takara
Bio Inc.), the gene was inserted into the pET-20b(+) vector
(Novagen, Inc., Madison, WI, USA), which includes a C-
terminal His tag. Rosetta2(DE3) pLysS-competent cells
(Novagen, Inc.) were transformed with the P6-encoding
plasmid in accordance with the manufacturer’s protocol. The
resultant transformant was inoculated into lysogeny broth
con ta in ing 100 mg /mL ampic i l l in and 34 mg /mL
chloramphenicol and incubated with shaking at 37°C until the
OD600 was 0.5 to 0.8. After induction with 0.4 mM isopropyl b-
D-1-thiogalactopyranoside (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) and incubation at 37°C for 3.5 h, the cells
were harvested by centrifugation at 5000g for 15 min at 4°C and
then resuspended in 0.025 culture volume of Tris phosphate
buffer containing 6 M urea. The desired protein was dialyzed
against 6 M urea/500 mM NaCl/20 mM Tris containing 10 mM
imidazole. The protein was then purified by means of Ni
Sepharose 6 Fast Flow affinity chromatography (GE Healthcare
Bio-Sciences K.K., Tokyo, Japan) followed by gel filtration on a
Sephacryl S-100 HR column; GE Healthcare Bio-Sciences K.K.)
in phosphate-buffered saline (PBS) containing 6 M urea. P6
fractions were collected and dialyzed step by step against 4 M
urea–PBS, 2 M urea–PBS, 1 M urea–PBS, and PBS and kept at
room temperature after passage through a 0.22-mm membrane.
The protein concentrations of the purified P6 were determined
according to the theoretical absorbance at a wavelength of 280
nm (absorbance 0.1% = 1.054), as determined from the amino
acid sequence, and calculated by using the ProtParam tool
(https://web.expasy.org/cgi-bin/protparam/).
Preparation of cCHP Nanogel Vaccine and
Immunization
A cationic type of nanogel (cCHP nanogel) was used for all
experiments. The cCHP nanogel was synthesized as described
previously (24). For the preparation of vaccine, the cCHP
nanogel and recombinant P6 protein were mixed at a 1:1
molecular ratio and incubated for 1 h at 40°C. By using a
Limulus test (Wako, Osaka, Japan), lipopolysaccharide
contamination of the cCHP nanogel or recombinant P6
protein was confirmed to be less than 10 endotoxin units/mg
protein. Mice were immunized intranasally with the cCHP-P6
without any adjuvant once weekly for 2 or 3 consecutive weeks
(10 mg of P6 protein per immunization). Serum, nasal washes,
and middle ear washes were obtained at 3, 5, 6, and 7 weeks after
the first immunization. For collecting nasal wash samples, 100
mL of sterile PBS was flushed through the posterior choanae.
Middle ear fluids were harvested by suspending 200 mL of sterile
PBS in the middle ear (25). For systemic immunization, 20 mg of
P6 protein precipitated with aluminum hydroxide was injected
intramuscularly and then boosted with 10 mg of P6 in PBS at 2
and 5 weeks after the first immunization.
Frontiers in Immunology | www.frontiersin.org 3112
Bacterial Strains and Infection
All of the clinical strains of NTHi were isolated from the
nasopharynx of patients with effusive otitis media at Oita
University Hospital (Oita, Japan); appropriate informed
consent was obtained as described previously (PMID:
9665253). In brief, a Juhn Tym-Tap fluid collection aspirator
(Xomed, Jacksonville, FL, USA) was inserted into the
nasopharynx through the nose, and nasopharyngeal secretions
were collected by aspiration. NTHi strains were isolated from
nasopharyngeal secretions, stored at –80°C, and used in a
manner that did not identify personal information (Grant-in-
Aid for General Scientific Research (C), no. 06671724). Before
use, all of the NTHi strains were grown overnight at 37 °C on
chocolate agar plates prepared by using brain heart infusion
broth. The number of bacteria was calculated by using the
predetermined coefficient of 1 OD600 = 2 × 109 colony-forming
units (cfu)/ml; cells were pelleted and then diluted in PBS.

To evaluate vaccine efficacy, mice were challenged 1 week
after the last immunization. The mice underwent intranasal
pretreatment with 5 ml of 5% n-acetylcysteine, and then 5 ml of
0.5% Triton X-100 to increase susceptibility to infection. A
sublethal dose (1 × 108 cfu per mouse) of NTHi strain 76
diluted in 10 mL sterile PBS was then administered intranasally
to each isofiurane-anesthetized mouse. Nasal washes were
harvested 3 days after the sublethal challenge. For the
preparation of nasal passage samples, nasal cavities were
harvested 3 days after sublethal challenge, minced, and
homogenized in PBS containing 1% saponin. Bacterial
numbers in nasal washes or supernatant from nasal cavity
homogenization were determined by counting colonies on
chocolate agar plates.

Antibody Titers
The endpoint titers of anti-P6 IgG or IgA from immunized mice
were determined by using enzyme-linked immunosorbent assays
(ELISAs), as described previously (17). Briefly, samples of serum,
nasal wash, or middle ear wash were prepared as two-fold serial
dilutions and loaded into a 96-micro-well plate (Nunc MaxiSorp
Immuno; Thermo Fisher Scientific, Waltham, MA, USA) coated
with 1 mg/mL recombinant P6 with bovine serum albumin.
Horseradish peroxidase–conjugated goat anti-mouse IgG or
IgA (dilution, 1:4,000) was used as a secondary antibody.
Reactions were visualized by using the TMB Microwell
Peroxidase Substrate System (XPL, Gaithersburg, MD, USA).
The endpoint titer was expressed as the reciprocal log2 of the last
dilution that gave an OD450 that was at least 0.1 unit greater than
that of the negative control.

IgA-Secreting Cells
Mononuclear cells were isolated from the nasal passages of
immunized mice (5 × 105 cells per mouse), and the numbers
of P6-specific IgA producing cells were determined by using an
enzyme-linked immunospot (ELISpot) assay. Briefly, 96-micro-
well plates (MultiScreen; Merck, Darmstadt, Germany) were
coated with 10 mg/mL recombinant P6 and incubated
overnight at 4°C. Plates were washed three times with PBS and
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blocked for 1 h at 37 °C with RPMI 1640 medium supplemented
with 10% fetal calf serum, 55 mM 2-mercaptoethanol, and 55 mg/
ml penicillin–streptomycin. After the incubation, 2 × 105

mononuclear cells isolated from the nasal passages of mice
were added to each well and cultured at 37 °C, 5% CO2 for
6 h. Horseradish peroxidase–conjugated goat anti-mouse IgA
(dilution, 1:1,000) was used as a secondary antibody. Spots were
developed by adding 3-amino-9-ethylcarbazole (Merck) in 0.1 M
sodium acetate buffer, pH 5.0, containing 0.05% H2O2 and
incubating for 30 min at room temperature.

Immunohistochemistry
Nasal cavity samples for confocal microscopy were prepared as
described previously (26). Briefly, the nasal cavity samples were
fixed in 4% (w/v) paraformaldehyde in PBS overnight at 4 °C
with rocking, followed by soaking in 30% (w/v) sucrose in PBS
overnight at 4 °C with rocking. The nasal cavity samples were
then embedded in Super Cryoembedding Medium (Leica
Microsystems K.K., Tokyo, Japan). For immunofluorescence
staining, we prepared 10-mm-thick frozen sections by using a
CryoJane Tape-Transfer System (Instrumedics, St. Louis, MO)
and allowing the sections to air dry. Then the sections were
treated with FITC-labeled anti-P6 antibody. After several washes,
the specimens were mounted in VECTASHIELD mounting
medium with DAPI (Vector Laboratories, Burlingame, CA,
USA) and analyzed by using an LSM 800 confocal laser-
scanning microscope (Zeiss, Oberkochen, Germany).

Antibody Binding Assay
NTHi strain 76 was grown on a chocolate agar plate overnight at
37°C, and cells were collected in PBS and centrifuged at 10,000g
for 5 min at 4°C, after which the cell pellet was diluted into FACS
buffer. These NTHi cells (2 × 108 cfu) were then incubated with
nasal wash (equivalent to 50 mg protein input) for 1 h at room
temperature, followed by staining with biotin-conjugated anti-
mouse IgA (BioLegend, San Diego, CA, USA) and
allophycocyanin–streptavidin (Tonbo Biosciences, San Diego,
CA, USA). Flow cytometric analysis was performed by using
an Attune NxT flow cytometer (Thermo Fisher Scientific).

NTHi Adherence Assay
An in vitro, three-dimensional (3D) culture system reconstituted
from healthy human primary airway tissue (MucilAir, Epithelix,
Plan-les-Ouates, Switzerland) was used in the assay. FITC-
labeled NTHi strain 76 cells (2.0 × 108 cfu) were diluted in
PBS and nasal wash (equivalent to 50 mg protein input) and
incubated for 1 h at 37°C. The bacteria were then washed once
with PBS, diluted in antibiotic-free medium, and added to the
micro-titer plates of the cell culture system, which were placed a
5% CO2 incubator for 6 h at 37°C to allow the bacteria to adhere
to the cells. Each well was then washed three times with PBS, and
the cells were fixed in 4% (w/v) paraformaldehyde in PBS for
20 min at room temperature. This was followed by treatment
with 0.1% Triton X-100 for permeabilization. The cells were
stained with anti-b-tubulin (Merck), stained with rhodamine-
conjugated anti-mouse IgG (Thermo Fisher Scientific) to
visualize the cilia, mounted in VECTASHIELD mounting
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medium with DAPI (Vector Laboratories), and analyzed under
an LSM 800 confocal laser-scanning microscope (Zeiss). By
using COMSTAT2 software (27–29), we calculated the
numbers of bacteria that were attached to epithelial surfaces
(i.e., the biomass). This was done by determining the mean
fluorescence of seven randomly selected fields of a slide image in
which the FITC fluorescence signal exceeded the background
fluorescence level of images obtained from 3D cultures without
FITC-labeled NTHi. In addition, to deplete IgG, nasal washes
were filtered through protein G Sepharose 4 Fast Flow (GE
Healthcare Bio-Sciences K.K.). Residual amounts of IgG in the
flowthrough samples were confirmed by using an ELISA, and
the IgG-depleted samples were used at the same volumes as the
crude nasal washes.

NTHi Biofilm Formation Assay
The in vitro biofilm assay was performed as described previously
(30). Briefly, NTHi bacteria were inoculated into the wells of an
eight-well chamber slide (Thermo Fisher Scientific), each of
which contained nasal washes from vaccinated mice, and
incubated for 40 h at 37°C, 5% CO2. The medium in each well
was changed every 12 h, and fresh nasal wash was added at each
medium change. Biofilms were stained with LIVE/DEAD
BacLight viability stain (Thermo Fisher Scientific) and fixed
with 4% paraformaldehyde. Biofilms were visualized under a
confocal microscope, and biomass values were quantified by
using COMSTAT2 software (27–29).

Statistical Analysis
Statistical analysis for comparisons among groups was
performed by using either a two-tailed Student’s t-test or one-
way ANOVA with a Tukey test. P-values less than 0.05 were
considered significant.
RESULTS

Nasal Immunization With cCHP Nanogel
Carrying P6 Protein Induces P6-specific
Mucosal Immune Responses
Competent Escherichia coli cells were transformed with the P6
plasmid, and the expressed His-tagged P6 recombinant protein
was purified as a single band with a molecular weight of 15.5 kDa
on SDS-PAGE (Supplementary Figure S1). Purified recombinant
P6 protein was then incubated with the cCHP nanogel at a
molecular ratio of 1:1 to prepare cCHP-P6 nanogel vaccine for
the immunogenicity study. SDS treatment disrupts the cCHP-P6
vaccine, and the amount of P6 antigen released from the
cCHP-P6 nanogel was evaluated by SDS-PAGE. More than 96%
of the P6 antigen encapsulated in the cCHP nanogel was released
without degradation, thus confirming the stability of the P6
antigen in the nanogel formulation (Supplementary Figure S2).

We then nasally immunized one group of BALB/c mice with
the cCHP-P6 nanogel vaccine once weekly for 3 consecutive
weeks (Figure 1A). Another group of BALB/c mice received a
single intramuscular injection of P6 protein precipitated with
aluminum hydroxide as an adjuvant (Alum-P6), followed by an
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intramuscular injection of P6 protein in PBS 2 weeks later. Mice
in both groups received a booster immunization 3 weeks after the
final immunization, and all animals received the same amount
(40 mg) of the P6 protein. P6-specific IgA in nasal washes and
middle ear washes (Figures 1B, C) was induced only in the mice
nasally immunized with the cCHP-P6 nanogel vaccine, and the
levels were strongly enhanced after booster immunization. In
contrast, Alum-P6–immunized mice had undetectable levels of
P6-specific IgA in both nasal and middle ear secretions
Frontiers in Immunology | www.frontiersin.org 5114
(Figures 1B, C). However, during the primary response, higher
levels of P6-specific IgG were induced in the sera of the Alum-P6
group than in the cCHP-P6 group, although comparable levels of
P6-specific IgG were induced in both groups after the booster dose
(Supplementary Figure S3). Although P6-specific IgG was
detected in the nasal and middle ear washes from both cCHP-P6
nanogel-vaccine- and Alum-P6-immunized mice (Figures 1D, E),
reflecting plasma leakage into the mucosal fluids, the titers were
similar between the immunization groups, and the levels were lower
B C

D E

F

A

FIGURE 1 | Intranasal immunization with cCHP-P6 nanogel nasal vaccine induces P6-specific antibody responses. (A) Wild-type female BALB/c mice were immunized
with four doses of cCHP-P6 nanogel vaccine intranasally (i.n.) or with a single dose of alum-precipitated P6 protein by intramuscular (i.m.) injection, followed by two
intramuscular doses of PBS-diluted P6 protein. The control group (unimmunized) received the same volumes of PBS both intranasally and intramuscularly. (B–E) Levels of
P6-specific IgA in nasal washes (B) or middle ear washes (C) and P6-specific IgG in nasal washes (D) or middle ear washes (E) for each immunized group (cCHP-P6,
Alum-P6, or unimmunized control) were determined by ELISA. (F) Numbers of P6-specific IgA-secreting cells in nasal passages were analyzed by using ELISpot. Data are
representative of three independent experiments, and each group consisted of seven mice. ND, not detected in undiluted samples; n.s., not significant; *P < 0.05;
**P < 0.01; ***P < 0.005; ****P < 0.001, one-way ANOVA with post-hoc Tukey test. Values are means ± 1 SD.
July 2022 | Volume 13 | Article 819859

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


Nakahashi-Ouchida et al. Nanogel P6 Vaccine for NTHi
than those of the P6-specific IgA, especially in the nasal fluids.
Moreover, P6-specific IgA–secreting cells were significantly more
abundant in the nasal passages of the mice vaccinated with cCHP-
P6 nasal vaccine but not in the nasal passages of the unimmunized
controls or the mice intramuscularly immunized with Alum-
P6 (Figure 1F).

cCHP-P6 Nanogel Nasal Vaccine Induces
Antibodies That Directly Bind to NTHi
Next, we used FACS to assess whether the P6-specific antibodies
induced by the cCHP-P6 nanogel vaccine directly bound to NTHi.
To this end, we incubated NTHi strain 76 cells with nasal washes
from mice nasally immunized with cCHP-P6 or systemically
immunized with Alum-P6. The nasal washes from the cCHP-
P6–immunized mice contained P6-specific IgA antibodies that
bound to NTHi strain 76 (Figure 2A). However, the nasal washes
from Alum-P6–immunized mice did not contain any IgA
antibodies that bound to NTHi strain 76—similar to the fluids
from the unimmunized mice (Figure 2A). In addition, the
vaccine-induced IgA binding to NTHi cells was mediated by the
P6 on the surfaces of the bacteria, because the binding was
abolished when the nasal washes were preincubated with
recombinant P6 protein (Figure 2B).

cCHP-P6 Nanogel Nasal Vaccine
Suppresses NTHi Biofilm Formation
NTHi forms biofilms, which act as reservoirs of NTHi and cause
infections in the upper and lower respiratory tracts (31, 32).
NTHi biofilms increase resistance to antibiotics and trigger
chronic and recurrent infections, including otitis media (31,
32). Because our results showed that P6-specific IgA bound
effectively to the surfaces of NTHi cells (Figure 2A), we
hypothesized that the antibody binding might physically
inhibit NTHi biofilm formation. To analyze the effect of the
P6-specific IgA on biofilm formation in vitro, NTHi strain 76
were grown in glass chamber slides for 40 h in the presence of
nasal washes from mice nasally immunized with cCHP-P6. As
controls, nasal washes from unimmunized or Alum-P6-
immunized mice were tested also. Treatment of NTHi strain
76 cells with nasal washes from mice immunized with the cCHP-
P6 nasal vaccine inhibited biofilm formation (Figure 2C),
whereas nasal washes from Alum-P6 mice lacked inhibitory
activity (Figure 2C). Incubation of NTHi strain 76 cells with
nasal washes from the cCHP-P6 nasal vaccine group resulted in
the generation of thin biofilms, and the biofilm biomass was
significantly lower than that after incubation with nasal washes
from Alum-P6–immunized or unimmunized control mice
(Figures 2D, E) . Because the nasal washes from the
immunized group contained P6-specific IgG in addition to P6-
specific IgA (Figure 1D), we also analyzed nasal washes from
which total IgG was eliminated, to clarify the direct contribution
of IgA to NTHi biofilm formation. Unlike the IgG-depleted nasal
washes from Alum-P6-immunized mice, IgG-depleted nasal
washes from the cCHP-P6 immunized mice decreased the
biofilm biomass (Figure 2F). However, the inhibitory effect
was slightly weaker with the IgG-depleted nasal washes from
Frontiers in Immunology | www.frontiersin.org 6115
the cCHP-P6-immunized mice than with those containing IgG
(Figure 2E), suggesting that the P6-specific IgG induced by the
cCHP-P6 nasal vaccine may help to inhibit biofilm formation.
Taken together, these results demonstrate that the P6-specific
IgA induced by nasal immunization with cCHP-P6 reduced
NTHi biofilm formation.

cCHP-P6 Nanogel Nasal Vaccine Induces
NTHi Clearance and Prevents NTHi
Colonization of the Nasal Cavity after
Nasal Infection
To investigate the protective efficacy of the cCHP-P6 nanogel
vaccine, we performed intranasal challenge experiments. Mice
that had been immunized nasally with cCHP-P6 or systemically
with Alum-P6, as well as unimmunized control mice, were
intranasally infected with NTHi strain 76. Three days after
infection, the numbers of bacteria in nasal wash fluids and
nasal passages from the immunized and unimmunized control
mice were determined by counting colonies on chocolate agar
plates. Bacterial numbers in the nasal washes were significantly
lower in the cCHP-P6–immunized mice than in the Alum-P6–
immunized or unimmunized control mice (Figure 3A). In the
nasal passages, bacterial numbers were significantly lower in the
cCHP-P6-immunized mice than in the unimmunized
control mice (Figure 3B), but the difference between
cCHP-P6-immunized- and Alum-P6-immunized mice was not
significant. In particular, cCHP-P6 vaccination resulted in the
marked clearance of NTHi from the nasal cavity (Figure 3A).

Although we noted elevated levels of P6-specific IgG,
inc luding Th2-re la ted IgG1 and IgG2b subclasses
(Supplementary Figure S3), in the sera of Alum-P6 vaccinated
mice and passive leakage of P6-specific IgG into their nasal
washes (Figures 1D, E), the IgG was ineffective at preventing
NTHi colonization of the nasal tissue and failed to clear bacteria
from the nasal cavity (Figures 3A, B). Indeed, P6-specific IgA–
secreting cells were increased in number only in the nasal
passages of cCHP-P6-immunized mice at 3 days after infection
(Supplementary Figure S4), indicating that the clearance of
NTHi was mediated by the P6-specific IgA induced in the nasal
mucosa. Furthermore, tissue sections taken from the nasal
cavities of unimmunized mice 3 days after NTHi intranasal
challenge revealed that many NTHi organisms had colonized
the mucosa l epi the l ium and subepi the l ia l reg ions
(Supplementary Figure S5). NTHi colonization was markedly
lower in the mice nasally vaccinated with cCHP-P6 than in the
systemically immunized and unimmunized groups. These results
demonstrate that the P6-specific IgA induced in nasal wash fluids
by the cCHP-P6 nanogel nasal vaccine prevents NTHi infection
by reducing the number of NTHi cells in the nasal tissue.

cCHP-P6 Nanogel Nasal Vaccine–Induced
IgA Binds to Different NTHi Clinical
Isolates From Patients With Otitis Media
The universality of a vaccine is important for its clinical
application. We incorporated the P6 protein as the vaccine
antigen in our cationic nanogel (cCHP)–based nasal vaccine
July 2022 | Volume 13 | Article 819859
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FIGURE 2 | P6-specific IgA directly binds to NTHi and inhibits biofilm formation. (A, B) The binding activity of P6-specific IgA in nasal washes on the surface of NTHi
strain 76 (A) or its activity after P6 protein neutralization (B) was determined by FACS analysis. The mean fluorescence intensity indicates antibody binding. (C) NTHi
biofilms grown at 37°C, 5% CO2 for 40 h in a glass chamber slide with nasal washes of unimmunized or immunized mice. Biofilms were visualized with LIVE/DEAD
BacLight viability stain and imaged with a confocal laser scanning microscope. (D–F) Biofilm thickness (D) and biomass values (E) treated with nasal washes or (F)
biomass values treated with IgG-depleted nasal washes were quantified by using COMSTAT2 software. Data are representative of three independent experiments.
**P < 0.01; ***P < 0.005; ****P < 0.001; n.s., not significant; one-way ANOVA with post-hoc Tukey test. Values are means ± 1 SD.
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for otitis media because of its high immunogenicity, high
expression levels, and high conservation at the nucleotide and
amino acid sequence levels among different clinical isolates of
NTHi (23). To analyze the breadth of the binding activity of P6-
specific IgA induced by the cCHP-P6 nanogel nasal vaccine, we
used FACS to analyze NTHi clinical isolates from the nasal
washes of patients with otitis media. To this end, we incubated 10
NTHi clinical isolates with nasal washes from mice nasally
immunized with cCHP-P6. As observed for NTHi strain 76
(Figure 2A)—itself a clinical isolate from the nasopharynx of a
patient with otitis media—cCHP-P6 vaccine–induced IgA clearly
bound to the surfaces of all 10 NTHi clinical isolates (Figure 4).
Therefore, the cCHP-P6 nanogel nasal vaccine induces P6-
specific mucosal IgA that binds to a broad variety of NTHi
isolates from patients with otitis media.
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cCHP-P6 Nanogel Nasal Vaccine Inhibits
NTHi Attachment to the Human Nasal
Epithelial Surface
To invade the host, NTHi organisms first attach to nasal epithelial
cells via several receptors, including platelet-activating factor
receptor (8). Although the P6 protein itself does not mediate
NTHi invasion, P6-specific IgA in the mucosal fluid directly
binds to NTHi cells (Figures 2A, 4), suggesting that the
secretory antibodies enfold NTHi organisms and inhibit their
attachment to mucosal epithelial cells. To test this notion and to
determine whether this vaccine could be clinically useful, we
investigated whether the cCHP-P6 nanogel nasal vaccine
prevented NTHi attachment to human nasal epithelial cells.
FITC-labeled NTHi strain 76 cells either left untreated or
pretreated with nasal washes from immunized mice were co-
FIGURE 4 | P6-specific IgA binds to diverse NTHi clinical isolates from patients with otitis media. Nasal washes collected from mice 2 weeks after the booster
immunization were incubated with 10 NTHi clinical isolates of different strains (indicated by the numbers above the graphs). Antibody binding was detected by flow
cytometric analysis using a secondary antibody. Data are representative of three independent experiments.
BA

FIGURE 3 | cCHP-P6 nanogel nasal vaccine provides protective immunity against NTHi infection. (A, B) Bacterial clearance from the nasal cavity was determined by
counting the numbers of live NTHi in nasal washes (A) or nasal passages (B). The concentration of NTHi was expressed as colony-forming units (cfu) per milliliter of
sample. Data are representative of three independent experiments, with n = 10 for Unimmunized or Alum-P6 and n = 9 for cCHP-P6 (A) and n = 4 for Unimmunized
and n = 5 in Alum-P6 or cCHP-P6 (B). *P < 0.05; **P < 0.01; ***P < 0.005; n.s., not significant.
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cultured with 3D cultures of human airway epithelium, and the
numbers of bacteria attached to the epithelial cells after 6 h of
incubation were examined under a confocal microscope.
Pretreatment with nasal washes from the cCHP-P6–nasally
immunized mice significantly decreased the numbers of cells
attached to epithelial cell surfaces, compared with pretreatment
with nasal washes from unimmunized controls or mice
intramuscularly immunized with Alum-P6 (Figures 5A, B).
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Likewise, IgG-depleted nasal washes from the cCHP-P6-
immunized mice inhibited NTHi attachment to the human nasal
epithelial cells (Figures 5C, D), indicating that P6-specific IgA, but
not IgG, antibodies in nasal washes were responsible for this
inhibition. These results suggest that the P6-specific IgA induced
by nasal immunization with the cCHP-P6 nanogel vaccine
prevents NTHi colonization of the mucosal surface by inhibiting
NTHi attachment to human nasal epithelial cells.
B

C

D

A

FIGURE 5 | P6-specific IgA prevents the attachment of NTHi to human nasal epithelial cells. (A–D) A bacterial adherence assay was performed by using FITC-
labeled NTHi strain 76. NTHi were pretreated with nasal washes (A) or IgG-depleted nasal washes (C) from immunized mice and then incubated with 3D human
airway epithelium cultures at 37°C, 5% CO2 for 6 h. Epithelial cells were stained with b-tubulin (red) to visualize the cilia and with DAPI (4′,6-diamidino-2-phenylindole;
blue) to visualize the nuclei. Images were obtained by confocal laser scanning microscopy. The number of NTHi organisms on the epithelial cells was determined
according to the FITC signals in randomly selected fields of an image of the slide, and biomass values were quantified by using COMSTAT2 software (B, D). Data
are representative of three independent experiments. **P < 0.01; ****P < 0.001; n.s., not significant. Values are means ± 1 SD.
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DISCUSSION

For respiratory infections due to organisms such as NTHi, the
nasal route is considered to be the most effective and logical
vaccination strategy (10, 11). For example, nasal vaccination can
induce both systemic and mucosal antigen-specific immune
responses (12, 13). In contrast, injected vaccines effectively
induce systemic antigen-specific immune responses but not
mucosal immunity (33, 34). The antigen-specific SIgA
produced at mucosal surfaces plays an important role in
preventing invasion and colonization by pathogens at the site
of infection (35). Because of these advantages of nasal vaccines,
our groups have developed a cCHP-nanogel nasal vaccine
delivery system and demonstrated the efficacy and safety of
this system in both mice and non-human primates (16–18, 36,
37). In the present study, we developed a cCHP vehicle
containing an NTHi nasal vaccine candidate antigen because a
clinically desirable prophylactic vaccine for NTHi is currently
unavailable. Recombinant P6 protein from NTHi is a particularly
promising antigen candidate for an NTHi vaccine, because P6
has demonstrated high immunogenicity and is highly conserved
among NTHi strains (23, 38, 39). We therefore incorporated P6
into cCHP and administered it intranasally to young adult mice.
This resulted in the induction of high titers of P6-specific IgA
and IgG in mucosal fluids and of IgG in serum (Figures 1B–E
and Supplementary Figure S3A).

Inourprevious studies,wedevelopeda cCHP-basedpneumonia
nasal vaccine, cCHP-PspA, which combined cCHP nanogel with a
PspA recombinant protein that is a common surface antigen of S.
pneumoniae. In mouse and non-human primate models, nasal
immunization with cCHP-PspA effectively induced antigen-
specific IgG in serum and SIgA in mucosal fluids (16–18). In
addition, cCHP-PspA induced both Th2 and Th17 immune
responses, which are associated with protective immunity (16–
18). In our current study, cCHPnanogel combined with P6 protein
similarly induced an effective Th2-type immune response
supported by both IgG1 and IgG2b antigen-specific antibodies
(Supplementary Figure S3B).

In previous studies, the induction of P6-specific IgA inmucosal
secretions and serum P6-specific IgG and IgA through nasal
immunization with P6 protein required co-administration of
mucosal adjuvants, such as CpG oligodeoxynucleotide, alpha-
GalCer, and adamantylamide dipeptide (12, 13, 40). In those
studies, nasal immunization with P6 protein alone elicited
minimal to no antigen-specific immune responses and thus no
effective protection against NTHi (12, 13, 40). In contrast, our
cCHP-P6 nanogel nasal vaccine induced P6-specific mucosal IgA
and serum IgG responses in the absence of a biologically active
adjuvant, and the resulting P6-specific IgG titers were comparable
to those induced by the intramuscularly administered vaccine
containing alum, which is an extremely potent Th2 adjuvant
(Supplementary Figure S3A). Moreover, booster immunization
further increased P6-specific mucosal IgA and serum IgG levels
(Figures 1D, E and Supplementary Figure S3A).

Here, we examined the efficacy of the cCHP-P6 vaccine by
challenging vaccinated mice with an intranasal sublethal dose of
Frontiers in Immunology | www.frontiersin.org 10119
NTHi strain 76. More NTHi was eliminated from the nasal
cavities of cCHP-P6–nasally immunized mice than of Alum-P6–
intramuscularly immunized mice or unimmunized controls
(Figures 3A, B, and Supplementary Figure S5). In previous
investigations, the P6-specific IgG induced in mice or chinchillas
that received P6 by systemic immunization or in naturally infected
humans had strong bactericidal activity and contributed to host
defense against NTHi infection (41–43). We demonstrated here
that—in addition to this bactericidal activity of the P6-mediated
immune response in the systemic compartment—the P6-specific
mucosal IgA induced by our cCHP-P6 nanogel nasal vaccine
helped to reduce biofilm formation (Figures 2C–F). In contrast,
nasal washes from Alum-P6 vaccinated mice only weakly
suppressed biofilm formation (Figures 2C–F), perhaps because
of the very low levels of P6-specific IgA in their nasal fluids despite
the presence of P6-specific IgG owing to plasma leakage
(Figures 1D, E). Thus, when we examined the concentrations of
P6-specific antibodies in nasal washes from intramuscularly
immunized mice, the IgG levels ranged from 3 to 7 in log2-scale
of reciprocal titers, whereas IgA isotype was undetectable
(Figures 1B, D). In contrast, nasal washes from nasal cCHP-P6
immunized mice had concentrations of 3 to 9 and 3 to 6 in log2-
scale reciprocal titers for P6-specific IgA and IgG isotypes,
respectively (Figures 1B, D).

In addition to an interaction between phosphorylcholine
and platelet-activating factor receptor, which is known to
facilitate bacterial adhesion to the epithelium and host
invasion, several adhesion factors, including Pili, HMW1/
HMW2, Hap, and Hia, mediate the interaction of NTHi with
host-cell extracellular matrix proteins such as laminin,
fibronectin, and collagen IV to promote the aggregation of
NTHi bacteria, their adherence to epithelial cells, and their
entry into these cells (8). NTHi biofilms contribute to bacterial
persistence and pathogenesis in the respiratory tract and
pharynx, resulting in increased antibiotic resistance and
chronic and recurrent otitis media (9, 44). Our current study
provides evidence that P6-specific mucosal IgA reduces NTHi
biofilm formation (Figures 2C–F).

Unlike adhesive factors such as Pili, the P6 protein is not directly
involved in the adhesion of NTHi to the mucosal epithelium.
Therefore, we speculate that the reduction of NTHi biofilm
formation by P6-specific antibodies is due to steric hindrance
caused by direct antibody binding to the surface of NTHi. Another
componentof the inhibitionmechanismmightbeassociatedwith the
functional nature of P6. So far, the function of P6 protein in NTHi
bacteria has not been clarified, but Pal protein—anE. colihomolog of
P6—reportedly binds both peptidoglycan and extracellular
membrane proteins and contributes to cell-wall stability (45–47).
Indeed, a P6-deletion strain of NTHi proliferates more slowly than
thewild-type strain,withmorphological changes including increased
cell size and decreased cell-wall integrity compared with those in
wild-type organisms (48). Therefore, the inhibition of P6-mediated
cell-wall integrity and cell growth by specific antibodies duringNTHi
cell divisionmight be linked to the suppression of biofilm formation.
The details of this mechanism need to be elucidated in
future investigations.
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Clinical reports have indicated an inverse correlation between
P6-specific antibody levels and NTHi colonization of the
nasopharynx or development of recurrent otitis media in
children (38, 49); these findings indicate that P6 is a reasonable
target for NTHi vaccination. In addition to having excellent
immunogenicity, P6 is abundantly expressed in all NTHi strains,
with extremely high (>90%) conservation at the nucleotide and
amino acid sequence levels (23). In our hands, the 11 clinical
isolates of NTHi, including strain 76, revealed high conservation,
although single-amino-acid substitutions were present at three
positions (Supplementary Figure S6). In addition, our present
study showed that cCHP-P6–induced mucosal IgA directly
bound to the surfaces of all 11 of the NTHi clinical isolates—
each from a different patient with otitis media—without
exception (Figure 4). In addition, through its binding activity,
P6-specific mucosal IgA is supposed to capture NTHi bacteria
and thus might influence the interaction between NTHi
organisms and host-cell surfaces. Indeed, the P6-specific
mucosal IgA induced by the cCHP-P6 nanogel nasal vaccine
effectively inhibited the attachment of NTHi bacteria to primary
human nasal epithelial cells in culture (Figures 5A, B). This
inhibition is mediated by P6-specific mucosal IgA, and not by
P6-specific IgG, because the inhibition was still observed when
nasal washes depleted of IgG were used (Figures 5C, D).
Moreover, nasal washes obtained after systemic (e.g.,
intramuscular) immunization did not prevent NTHi
attachment (Figures 5A–D).

In conclusion, the current study demonstrated that a cCHP-
nanogel nasal vaccine targeting P6 protein provides NTHi-
specific protective immunity by preventing NTHi colonization
of the surface of the nasal mucosa through a reduction in biofilm
formation and epithelial-cell attachment of NTHi. Therefore,
this cCHP-P6 nasal vaccine is a potential universal vaccine for
NTHi infectious diseases, including otitis media in young
children, and its ability to meet this unmet clinical need should
be investigated further.
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Salinas D, Hernández-Ruı́z YG,
Armendariz-Vázquez AG, Del Rio-
Parra GF, Barco-Flores IA, González-
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Background: Scarce information exists in relation to the comparison of

seroconversion and adverse events following immunization (AEFI) with

different SARS-CoV-2 vaccines. Our aim was to correlate the magnitude of

the antibody response to vaccination with previous clinical conditions and AEFI.

Methods: A multicentric comparative study where SARS-CoV-2 spike 1-2 IgG

antibodies IgG titers were measured at baseline, 21-28 days after the first and

second dose (when applicable) of the following vaccines: BNT162b2 mRNA,

mRNA-1273, Gam-COVID-Vac, Coronavac, ChAdOx1-S, Ad5-nCoV and

Ad26.COV2. Mixed model and Poisson generalized linear models were

performed.
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Abbreviations: (AEFI), Adverse events following i

Severe adverse events.
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Results: We recruited 1867 individuals [52 (SD 16.8) years old, 52% men]. All

vaccines enhanced anti-S1 and anti-S2 IgG antibodies over time (p<0.01). The

highest increase after the first and second dose was observed in mRNA-1273

(p<0.001). There was an effect of previous SARS-CoV-2 infection; and an

interaction of age with previous SARS-CoV-2 infection, Gam-COVID-Vac

and ChAdOx1-S (p<0.01). There was a negative correlation of Severe or

Systemic AEFI (AEs) of naïve SARS-CoV-2 subjects with age and sex

(p<0.001); a positive interaction between the delta of antibodies with Gam-

COVID-Vac (p=0.002). Coronavac, Gam-COVID-Vac and ChAdOx1-S had less

AEs compared to BNT162b (p<0.01). mRNA-1273 had the highest number of

AEFIs. The delta of the antibodies showed an association with AEFIs in

previously infected individuals (p<0.001).

Conclusions: The magnitude of seroconversion is predicted by age, vaccine

type and SARS-CoV-2 exposure. AEs are correlated with age, sex, and vaccine

type. The delta of the antibody response only correlates with AEs in patients

previously exposed to SARS-CoV-2.

Registration number: ClinicalTrials.gov, identifier NCT05228912.
KEYWORDS

COVID-19, SARS-CoV-2, immunization, vaccines, seroconversion
Introduction

Covid-19 is a pneumonia-like disease caused by a

coronavirus, named SARS-CoV-2. It is highly contagious, and

the World Health Organization declared it in 2020 as a

pandemic (1). SARS-CoV-2 caused COVID-19 that has a wide

range of clinical presentations, from asymptomatic disease to

severe acute respiratory distress syndrome and death (2). SARS-

CoV-2 utilizes its surface spike glycoprotein to enter host cells.

Each unit of the spike trimer contains an S1 and S2 subunit, with

the N-terminal S1 subunit binding to the cellular angiotensin-

converting enzyme 2 (ACE2) receptor through an internal

receptor-binding domain (RBD) (3).

To prevent SARS-CoV-2 infection, 113 vaccines are being

tested in human clinical trials, and 44 have reached the final step

of testing (4). Based on the mechanism of action, vaccines can be

clustered in four groups: 1) mRNA vaccines, for example,

BNT162b2 mRNA and mRNA-1273. They use genetically

engineered modified RNA to produce the spike protein that

safely prompts an immune response safely. 2) Viral vector

(adenovirus) vaccines, for example, ChAdOx1-S, Ad26.COV2,

Ad5-nCoV, and Gam-COVID-Vac. They use a virus that has
mmunization; (AEs),
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been genetically engineered so that it cannot cause disease but

produces coronavirus proteins to safely generate an immune

response. 3) Inactivated virus vaccines, for example, Coronavac,

use a form of the virus that has been inactivated or weakened, so

it does not cause disease but still generates an immune response.

4) Protein subunits vaccines, for example, NVX-CoV2373. It is a

protein-based vaccine that uses harmless fragments of proteins

or protein shells that mimic the SARS-CoV-2 to safely generate

an immune response (5).

Currently BNT162b2 mRNA, mRNA-1273, ChAdOx1-S,

Ad26.COV2, Ad5-nCoV, Gam-COVID-Vac, Coronavac, have

been administered to people across 587 countries (4). However,

no studies have compared using the same assay and time frame the

effectiveness of seroconversion and incidence of adverse events in

response to vaccines in different countries in the same study.

This study aimed to correlate the magnitude of the antibody

response after the first and second dose (if applicable) between

BNT162b2 mRNA, mRNA-1273, ChAdOx1-S, Ad26.COV2,

Ad5-nCoV, Gam-COVID-Vac, and Coronavac by measuring

SARS-CoV-2 spike 1-2 IgG antibodies, using the same

standardized assay, with previous clinical conditions and

assessing systemic and severe adverse events (AEs).
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Materials and methods

This was a multicentric observational study of volunteers

who received an approved complete scheme of BNT162b2

mRNA, mRNA-1273, ChAdOx1-S, Ad26.COV2, Ad5-nCoV,

Gam-COVID-Vac, or Coronavac COVID-19 vaccine during

2021 in five hospital centers (Hospital Clinica Nova,

Humanitas Clinical and Research Center, Fundacion San

Francisco Xavier, Ternium Health Center in Rio, Hospital

Municipal San Jose, Hospital Interzonal de Agudos San Felipe)

from four different countries: Mexico, Italy, Brazil and

Argentina. This study followed STROBE guidelines (6). The

study was approved by each local Institutional Review Board and

conducted per the Code of Ethics of the World Medical

Association (Declaration of Helsinki) for experiments that

involve humans.

The inclusion criteria were volunteers of both genders, any

age, who consented to participate, planned to conclude the

immunization regimen of any vaccine, and agreed to be

followed up for the duration of the study. The following

vaccines were available: BNT162b2 mRNA, mRNA-1273,

ChAdOx1-S, Ad26.COV2, Ad5-nCoV, Gam-COVID-Vac, or

Coronavac. The exclusion criteria were to have received any

SARS-CoV-2 vaccine prior to study entry.

Each country’s Health System defined the available vaccines,

the schedule, and dose assignation. On the vaccination day, the

research team invited any subject who planned to receive any

vaccine scheme, explained the project and asked to sign the

informed consent. Inclusion-exclusion criteria were applied, and

a plasma sample was collected. The baseline sample was taken

before receiving the first dose of any SARS-CoV-2 vaccine (T0).

The second (T1) and third samples (T2) were taken after 21 days

(+/- 7 days) of the first and second dose, respectively.

At each visit, participants had to answer a questionnaire. The

basal questionnaire aimed at obtaining patients’ medical history

and previous SARS-CoV-2 infections. The questionnaires

applied after the first and second dose of vaccines aimed at

recognizing adverse events following immunization (AEFI) (7)

and identifying a potential SARS-CoV-2 infection after receiving

any vaccine dose. SARS-CoV-2 infection was also monitored by

the epidemiology team through PCR testing, which informed the

research team of any new infection.
Primary outcome, IgG determination

Our primary outcome was to correlate the magnitude of the

antibody response to vaccination with previous clinical conditions

and AEs . To determine the amount of specific anti-S1 and anti-S2

IgG antibodies against SARS-CoV-2 in plasma samples, the

laboratory personnel used a chemiluminescence immunoassay

(CLIA) developed by DiaSorin, which had a sensitivity of 97.4%
Frontiers in Immunology 03
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(95% CI, 86.8-99.5) and a specificity of 98.5% (95% CI, 97.5-99.2).

The results were reported as follows: <12.0 AU/ml was considered

negative, 12.0 to 15.0 AU/ml was indeterminate, and > 15 AU/ml

was positive. This kit is comparable with other commercial kits

and has been used elsewhere (8–11).

The variables we analyzed were age, sex, personal medical

history (for example, the presence of type 2 diabetes,

hypertension, obstructive pulmonary disease, any heart

condition, obesity, cancer, liver steatosis, any autoimmune

disease), and confirmed SARS-CoV-2 (through nasal swab or

serologic tests such as IgG determination). The following AEs

were considered of particular interest: fever (>37.5°C),

adenopathy, diffuse rash, edema, facial paralysis, orthostatic

hypotension, headache, arthralgia, myalgia, nausea, vomit, and

diarrhea. Anti-S1 and anti-S2 IgG antibodies against SARS-

CoV-2 were measured at baseline, 21-28 days post-first dose

(S1), and 21-28 days post-second dose if applicable.
Statistical methods

The researchers reviewed the quality control and the

anonymization of the database. Normality assumption was

evaluated with the Shapiro-Wilk test or Kolmogorov.

Descriptive statistics such as mean, standard deviation,

median, interquartile range, frequencies, and percentages were

computed. Kruskal-Wallis test with Dunn ’s multiple

comparisons test was performed for IgG comparisons. We

performed a mixed model where the dependent variable was

the delta of the antibodies. The personal variability and time

were constructed as a random effect, whereas each type of

vaccine, age, history of SARS-CoV-2, and the interaction of

each vaccine with age were fixed effects. BNT162b mRNA was

the reference vaccine group. For the analysis of AEs, the study

population was divided into two separate cohorts by stratifying

according to the history of SARS-CoV-2 infection (1050 Naïve

SARS-CoV-2 subjects and 471 SARS-CoV-2 history subjects).

Poisson generalized linear models (PGLM) were performed on

both cohorts with the counts of AEs events after the second dose

as the outcome variables. Included regressors were age, sex, body

mass index, 1,000 AU/mL variation of IgG levels after the second

dose compared to the baseline IgG levels, type of vaccine and the

interactions between vaccines and IgG level variation. BNT162b

mRNA was the reference vaccine group Missing completely at

random values were analyzed through complete case analysis

since missing antibody levels were less than 5% and we

considered it incorrect to impute any AEFI. A sample size of

1870 patients was calculated, according to the primary aim, by

using a mixed model formula with an alpha of 0.05, power of

90%, the effect size of 0.15, and k=7. The statistical programs

used were R v.4.0.3 and Python v. 3.8.3. The analyses were two-

tailed. A p-value less than 0.05 was statistically significant.
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Results

A total of 1867 patients were recruited from all countries: 1352

fromMexico, 42 fromItaly, 260 fromBrazil, and213 fromArgentina.

The most frequent vaccine used was ChAdOx1-S in 666 subjects,

Coronavac in 582, BNT162b2 mRNA in 289, Gam-COVID-Vac in

213, mRNA-1273 in 65, Ad26.COV2 in 31, and Ad5-nCoV in 19.

The mean (SD) age was 52 (16.8) years, being statistically different

across vaccine groups (p<0.05) as some vaccines were proposed to a

particular age group. Fifty-two % of subjects were men, 559 (30%)

had obesity, and 501 (26.8%) had hypertension. Table 1 shows the

medical history of patients divided by vaccine type.
History of SARS-CoV-2

Positive history of SARS-CoV-2 infection was considered if the

volunteer had a confirmatory swab or IgG positive serological test at
Frontiers in Immunology 04
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baseline. Additionally, we considered a positive SARS-CoV-2

history if specific anti-S1 and anti-S2 IgG antibodies against

SARS-CoV-2 in plasma samples were > 15 AU/ml at baseline.

We had a total of 627 positive cases before vaccination, of which 165

(24.8%) received ChAdOx1-S, 246 (42.2%) Coronavac, 107 (37.1%)

BNT162b2 mRNA, 55 (25.8%) Gam-COVID-Vac, 31 (47.6%)

mRNA-1273, 18 (58%) Ad26.COV2, and 5 (26%) Ad5-nCoV.
Antibody titers

All vaccines showed significant anti-S1 and anti-S2 IgG

antibody changes with significant differences across vaccines

and depending on SARS-CoV-2 history. In naïve patients, the

highest increase [Median (IQR) AU/ml] after the first dose was

observed in mRNA-1273 [175.5 (76.7)], then BNT162b mRNA

[78.1 (55)], and Ad5-nCoV [43.4(55.9)]. In subjects previously

exposed to SARS-CoV-2, the highest increase after the first dose
TABLE 1 General characteristics and medical history.

BNT162b2
mRNA (%)

mRNA-
1273 (%)

Gam-
COVID-Vac

(%)

Coronavac
(%)

ChAdOx1-
S (%)

Ad5-
nCoV
(%)

Ad26.COV2
(%)

p-
value

Total 289 65 200 582 666 19 31

Obesity 54 (18.6) 11 (16.9) 44 (22) 188 (32.3) 248 (37.2) 8 (42.1) 6 (19.3) <0.001

Smoker 37 (12.8) 10 (15.3) 27 (13.5) 60 (10.3) 38 (5.7) 2 (10.5) 2 (6.4) 0.001

Hypertension 36 (12.4) 2 (3) 77 (38.5) 116 (19.9) 265 (39.7) 3 (15.7) 2 (6.4) <0.001

Dyslipidemia 27 (9.3) 3 (4.6) 55 (27.5) 76 (13.5) 150 (22.5) 1 (5.2) 1 (3.2) <0.001

Type2 Diabetes 13 (4.4) 1 (1.5) 32 (16) 78 (13.4) 164 (24.6) 0 0 <0.001

Asthma 9 (3.1) 3 (4.6) 6 (3) 13 (2.3) 17 (2.5) 0 0 0.79

Other autoimmune disease such as
thyroiditis or psoriasis

9 (3.1) 0 4 (2) 29 (4.9) 60 (9) 1 (5.2) 1 (3.2) <0.001

Rheumatoid arthritis 7 (2.4) 1 (1.5) 16 (8) 11 (1.8) 56 (8.4) 0 1 (3.2) <0.001

Surgery in the last year 6 (2) 0 6 (3) 26 (4.4) 45 (6.7) 3 (15) 1 (3.2) 0.002

Previous Cancer 5 (1.7) 1 (1.5) 1 (0.5) 5 (0.8) 29 (4.3) 0 0 0.001

NAFLD 4 (1.3) 0 7 (3.5) 27 (4.6) 21 (3.1) 2 (10.5) 0 0.042

Immunosuppressive treatment 4 (1.3) 0 3 (1.5) 6 (1) 11 (1.6) 0 0 0.86

Other liver disease 3 (1) 0 10 (5) 10 (1.7) 10 (1.5) 0 0 0.02

End stage renal disease 2 (0.7) 0 2 (1) 3 (0.5) 11 (1.6) 0 0 0.44

Pregnancy 2 (0.7) 1 (1.5) 0 3 (0.5) 0 1 (5.2) 0 0.005

Cirrhosis 2 (0.7) 0 0 2 (0.3) 4 (0.6) 0 0 0.88

Pulmonar Obstructive Chronic
Disease

1 (0.3) 0 3 (1.5) 4 (0.6) 8 (1.2) 0 0 0.68

Coronary heart disease 1 (0.3) 0 15 (7.5) 3 (0.5) 23 (3.4) 0 0 <0.001

Gout 1 (0.3) 0 10 (5) 19 (3.2) 27 (4.05) 0 0 0.02

Active Cancer 0 0 1 (0.5) 1 (0.17) 10 (1.5) 0 0 0.054

Atrial Fibrilation 0 0 13 (6.5) 6 (1) 36 (5.4) 0 0 0.001

Congestive heart failure 0 0 18 (9) 1 (0.2) 12 (1.8) 0 0 0.001

Stroke 0 0 2 (1) 1 (0.2) 13 (1.9) 0 0 0.01

Trasplant 0 0 0 3 (0.5) 5 (0.7) 0 0 0.63

Pregnancy 2 1 0 3 (0.5) 0 1 (5.2) 0 0.05
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Table 1 shows the medical history and comparison between vaccine groups, p<0.05 was considered statistically significant.
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was observed in mRNA-1273 [5920(4705)], then BNT162b

mRNA [2500(3080)], and ChAdOx1-S [1025(2489)].

Innaïvepatients, thehighest increase[Median(IQR)AU/ml]after

theseconddose(T2)wasobservedinmRNA-1273[1875(1190)], then

BNT162b mRNA [998 (1241)], and Gam-COVID-Vac [501 (55.9)],

whereas in SARS-CoV-2 previously exposed subjects the highest

increase after the second dose was observed in mRNA-1273 [4950

(3060)], thenGam-COVID-Vac[3620(5356)],andBNT162bmRNA

[2630(2672.5)].Figure1,SupplementaryFigureS1showthechange in

antibody levels through time, classified by vaccine type. Table 2 shows

the antibody levels classified by vaccine type.

The mixed model that showed a positive effect of SARS-

CoV-2 previous infection (B=767.468, p<0.001), a positive

interaction of age with previous SARS-CoV-2 infection

(B=13.03, p=0.003), and an interaction of Gam-COVID-Vac

and ChAdOx1-S with age (B=46.5, p<0.001; B=20.5; p=0.006).

With respect to BNT162b mRNA, mRNA-1273 showed a higher

change in antibody titers, while all the other vaccines had less

change (p<0.01). We computed sex in the model, but there was

no significant correlation, so we eliminated it from the final

model. These results are shown in Table 3 and Figure 2.
Adverse events following immunization

At least one AEFI was observed after the first dose in 71% of

respondents receiving BNT162b2 mRNA, in 93% with mRNA-

1273, 38% with Gam-COVID-Vac, 42% with Coronavac, 51% with

ChAdOx1-S, 74% with Ad5-nCoV, and 81% with Ad26.COV2.

After the second dose, 65%, 88%, 23%, 33%, and 23% of the

respondents experienced at least one AEFI after receiving

BNT162b2 mRNA, mRNA-1273, Gam-COVID-Vac, Coronavac,

and ChAdOx1-S, respectively. For each vaccine, the majority of the

adverse events occurred during the first 24 hrs after injection, either

after the first or the second dose. Patients receiving BNT162b2
TABLE 2 Antibody differences between vaccine types.

SARS CoV-2 Naïve

Vaccine
Median
(IQR)

BNT162b2
mRNA (n=289)

mRNA-
1273
(n=65)

Gam-COVID-
Vac (n=213)

Coronavac
(n=582)

ChAdOx1-
S (n=666)

Ad5-nCoV
Cansino (n=19)

Ad26.COV2
(n=31)

p-value

Basal 3.8 (0) 3.8 (26.6) 3.8 (0) 3.8(0.9) 3.8 (0) 3.8 (0) 3.8 (13.5) p<0.005

After First Dose 78.1 (55.0) 175.5 (76.7) 22.1 (44.5) 5.59 (8.0) 19.9 (39.6) 43.45 (55.9) 42.6 (57.5) p<0.001

After Second
Dose

998 (1241.0) 1875 (1190.0) 501 (1453.7) 109 (97.6) 140.5 (199.5) NA NA p<0.001

SARS CoV-2 Positive

Basal 66.9 (130.8) 59.3 (67.9) 59.8 (157.3) 72.4 (119.0) 61.9 (134.8) 141.0 (175.2) 24 (66.7) p<0.001

After First dose 2500.0 (3080.0) 5920.0 (4705.0) 400.0 (3252.0) 264.5 (422.7) 1025.0 (2489.0) 182.0 (3734.6) 606.5 (23.69.0) p<0.001

After Second
Dose

2630.0 (2672.5) 4950.0 (3060) 3620 (5356) 279(337) 1020 (1538) NA NA p<0.001
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BNT162b2 mRNA, mRNA-1273 and Gam-COVID-Vac showed higher antibody levels after first and second dose.
*Kruskal-Wallis test was performed for comparison, p<0.05 was considered statistically significant. NA, does not apply.
FIGURE 1

IgG antibody levels by vaccine. IgG antibody response was measured in
serum of naïve and SARS-CoV-2 previously exposed (SARS-CoV-2 Exp)
subjects at different time points (T0, T1 and T2) and vaccinated with different
vaccine types. Samples ≥ 15 AU/mL were considered positive. Log scale on
y axis. The box plots show the interquartile range, the horizontal lines show
themedian values, and the whiskers indicate the minimum-to-maximum
range. Each dot corresponds to an individual subject. P-values were
determined using 2-tailed Kruskal-Wallis test with Dunn’s multiple
comparisons test. P-values refer to baseline (T0) when there are no
connecting lines. ns, not significant.
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mRNA, mRNA-1273, Gam-COVID-Vac, Coronavac, ChAdOx1-S,

Ad5-nCoV, and Ad26.COV2 subjectively qualified the AEFI after

the first dose as “very mild” or “mild” in 85%, 80%, 95%, 84%, 67%,

93%, and 57% of cases, respectively. The AEFI after the second dose

were qualified as “very mild” or “mild” by 82%, 49%, 98%, 89%, and

76% of patients receiving BNT162b2 mRNA, mRNA-1273, Gam-
Frontiers in Immunology 06
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COVID-Vac, Coronavac, and ChAdOx1-S respectively. Finally,

49% of patients receiving mRNA-1273 qualified for their adverse

events after the second dose as “moderate”. Figure 3 shows the

percentages of AEs per vaccine.

AEswere evaluated by using PGLM.Themodel for naïve SARS-

CoV-2 subjects showed a negative association of the count of adverse
FIGURE 2

Antibody titers classified by age type of vaccine and Time. Figure shows change in antibody concentration through age, divided SARS-CoV-2
history, and vaccine type. Antibodies are expressed in logarithm and age has a Z distribution.
TABLE 3 Mixed model of antibody changes.

Estimate Std. Error 95% CI t value p-value

(Intercept) 1909.02 345.73 1271.81 – 2546.23 5.52 <0.001

Age -19.40 6.79 -32.6 7– -6.11 -2.855 0.004

SARS CoV2 previous infection 767.46 231.84 314.45 – 1220.31 3.31 0.001

mRNA-1273 1855.79 501.63 876.08 – 2836.04 3.69 <0.001

Gam-COVID-Vac -2768.04 482.86 -3711.06 – -1824.4 -5.73 <0.001

Coronavac -2184.03 430.93 -3025.82– -1342.09 -5.06 <0.001

ChAdOx1-S -1808.26 361.77 -2514.69 – -1101.2 -4.99 <0.001

Ad5-nCoV -2710.10 1542.89 -5727.76 – 304.30 -1.75 0.079

Ad26.COV2 -791.46 1291.27 -3317.21 – 1731.09 -0.613 0.54

Age*mRNA-1273 -20.82 15.95 -52 – 10.34 -1.3 0.192

Age*Gam-COVID-Vac 46.57 9.15 28.69 – 64.44 5.09 <0.001

Age*Coronavac 16.78 9.44 -1.67 – 35.22 1.77 0.076

Age*ChAdOx1-S 20.51 7.46 5.92 – 35.08 2.749 0.006

Age*Ad5-nCoV 44.44 35.86 -25.68 – 114.54 1.23 0.215

Age*Ad26.COV2 -4.24 32.52 -67.82 – 59.33 -0.13 0.896

Age*COVID-19 infection 13.03 4.44 4.35 – 21.71 2.93 0.003
fronti
Mixed model. The dependent variable is the delta of antibodies. Time and personal variability are random effects. Reference group BNT162b2 mRNA. Previous exposure to SARS-CoV-2
were related to a higher antibody change. Older subjects that received Gam-COVID-Vac or ChAdOx1-S had higher antibody change.
* means "interaction", i.e. the product of the variables.
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events with age (B=-0.0327, p<0.001) and sex (B=-0.8145, p<0.001).

A negative effect with respect to BNT162b mRNA was observed for

Gam-COVID-Vac (B=-1.8582, p<0.001), Coronavac (B=-0.5736,

p=0.047) and ChAdOx1-S (B=-0.7871, p=0.006). Finally, a positive

interaction was found between the delta of antibodies due to

vaccination and Gam-COVID-Vac (B=0.5604, p=0.002).

The model for subjects previously exposed to SARS-CoV-2

showed a negative association of the count of adverse events with

age (B=-0.0190, p=0.013) and sex (B=-1.0042, p<0.001). The

delta of the antibodies showed a positive association with the

count of adverse events (B=0.1018, p<0.001). A positive effect

with respect to BNT162b mRNA was observed for Gam-
Frontiers in Immunology 07
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COVID-Vac (B=1.2737, p=0.038), whereas a negative effect

was observed for Coronavac (B=-1.1304, p<0.001). Negative

interactions were also found between the delta of antibodies

due to vaccination and the vaccines Gam-COVID-Vac (B=-

8.5758, p<0.001) and ChAdOx1-S (B=-1.2386, p=0.013). See

Tables 4, 5 and Figure 4 for details.
SARS-CoV-2 infection

Subjects were followed up to 28 days after the second dose

administration. Between the first and second dose, one (0.34%)
TABLE 4 Number of systemic or severe adverse events following vaccination in SARS-CoV-2 Naïve subjects.

b eb 95% CI p-value

Intercept 0.73 2.08 0.95-4.57 0.066

Age -0.03 0.96 0.95-0.97 <0.001

Sex (M) -0.81 0.44 0.33-0.58 <0.001

Body Mass Index 0.015 1.01 0.99-1.03 0.175

Delta IgG -0.21 0.80 0.60-1.06 0.128

mRNA-1273 0.46 1.59 0.71-3.54 0.255

Gam-COVID-Vac -1.85 0.15 0.06-0.35 <0.001

Coronavac -0.57 0.56 0.31-0.99 0.047

ChAdOx1-S -0.78 0.45 0.25-0.79 0.006

Delta IgG*mRNA-1273 0.13 1.14 0.78-1.68 0.479

Delta IgG*Gam-COVID-Vac 0.56 1.75 1.22-2.49 0.002

Delta IgG*Coronavac -1.63 0.19 0.01-2.39 0.201

Delta IgG*ChAdOx1-S 0.97 2.64 0.93-7.44 0.066
fronti
Poisson Generalized Linear Model regression. The reference group is BNT162b2 mRNA. Women and young individuals developed more severe or systemic AEFI (AEs). There was no effect
of Body Mass Index. In the naïve SARS-CoV-2 cohort, the vaccines Gam-COVID-Vac, Coronavac and ChAdOx1-S were related to fewer AEs after the second dose than BNT162b mRNA.
However, for naïve SARS-CoV-2 patients who received Gam-COVID-Vac, higher antibody levels after the second dose were related to a greater number of AEs.
* means "interaction", i.e. the product of the variables.
FIGURE 3

Percentage of systemic or severe adverse events after the second dose, stratified by vaccine. The graph shows the frequency of appearance of
each systemic or severe adverse event across the considered vaccine groups.
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patient with BNT162b2 mRNA, 0 with mRNA-1273, 1 (0.46%)

with Gam-COVID-Vac, 3 (0.51%) with Coronavac, 4 (0.6%)

with ChAdOx1-S, 2 (10%) with Ad5-nCoV and 1 (3%) with

Ad26.COV2 got the SARS-CoV-2 infection. After the second

dose, 4 (1.3%) with BNT162b2 mRNA, 1 (1.5%) with mRNA-

1273, 0 with Gam-COVID-Vac, 18 (3%) with Coronavac, and 11

(1.6%) with ChAdOx1-S became infected with SARS-CoV-

2 (p<0.01).
Frontiers in Immunology 08
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Discussion

This multicenter study compared the 21-28 day

seroconversion, the AEFI after first and second doses, and the

associated predictors of AEs of seven of the most common

vaccines used worldwide: BNT162b2 mRNA, mRNA-1273,

Gam-COVID-Vac, Coronavac, ChAdOx1-S, Ad5-nCoV, and

Ad26.COV2 (4).
FIGURE 4

Forest plot for the GLM Poisson model coefficients stratified by SARS-CoV-2 history. Women and young individuals developed more severe or
systemic AEFI (AEs). There was no effect of Body Mass Index. In the naïve SARS-CoV-2 cohort, the vaccines Gam-COVID-Vac, Coronavac and
ChAdOx1-S were related to fewer AEs after the second dose than BNT162b mRNA. However, for naïve SARS-CoV-2 patients who received
Gam-COVID-Vac, higher antibody levels after the second dose were related to a greater number of AEs. In people previously exposed to SARS-
CoV-2, those receiving Gam-COVID-Vac showed a greater number of AEs compared to BNT162b mRNA, while subjects receiving Coronavac
showed significantly fewer events when compared to BNT162b mRNA.
TABLE 5 Number of systemic or severe adverse events following vaccination in SARS-CoV-2 previously exposed subjects. .

b eb 95% CI p-value

Intercept 0.45 1.57 0.66-3.71 0.297

Age -0.01 0.98 0.96-0.99 0.013

Sex (M) -1.00 0.36 0.25-0.51 <0.001

Body Mass Index 0.004 1.00 0.97-1.03 0.776

Delta IgG 0.10 1.10 1.05-1.16 <0.001

mRNA-1273 0.23 1.26 0.48-3.31 0.628

Gam-COVID-Vac 1.27 3.57 1.07-11.89 0.038

Coronavac -1.13 0.32 0.18-0.57 <0.001

ChAdOx1-S -0.18 0.82 0.40-1.67 0.597

Delta IgG*mRNA-1273 -0.001 0.99 0.86-1.15 0.982

Delta IgG*Gam-COVID-Vac -8.57 0.0001 0.00016-0.00022 <0.001

Delta IgG*Coronavac 0.19 1.22 0.52-2.84 0.644

Delta IgG*ChAdOx1-S -1.23 0.28 0.10-0.76 0.013
fronti
Poisson Generalized Linear Model regression. Reference group is BNT162b2 mRNA. Women and young individuals developed more severe or systemic AEFI (AEs). There was no effect of
Body Mass Index. In subjects previously exposed to SARS-CoV-2, those receiving Gam-COVID-Vac showed a greater number of AEs compared to BNT162b mRNA, while subjects
receiving Coronavac showed significantly fewer events when compared to BNT162b mRNA.
* means "interaction", i.e. the product of the variables.
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All vaccines showed immunogenicity and seroconversion

after the complete vaccination scheme. The greatest change in

antibody levels occurred with mRNA-1273, followed by

BNT162b2 mRNA and Gam-COVID-Vac. Previous studies

have shown a greater change in antibody titers for mRNA

vector vaccines. This type of vaccines delivers the genetic

information for the antigen, and vaccinated individuals

synthesize antigens in the host cells (12–14).

Our study found that the previous history of SARS-CoV-2 was

related to an increase in change in antibody levels as confirmed

elsewhere (12). SARS-CoV-2 infection induces a robust humoral

and cellular immune response. IgM, IgA, and IgG can be detected in

the blood 5–15 days following symptom onset or a positive reverse

transcriptase polymerase chain reaction (RT-PCR) test. Both

binding and neutralizing antibody titers rise faster and reach a

higher peak in patients with more severe COVID-19. SARS-CoV-2

vaccines result in early production of serum IgA, IgM, and IgG

antibodies, and also induce long-lasting memory B- and T-cell

responses (15). It seems that the presence of previous SARS-Cov-2

synergizes with all the vaccines tested in this study and offers a boost

in antibody levels. This is a logical finding as the infection would be

the first contact with the antigen and vaccination the second

encounter with relevant antigens.

Previous studies found that persons aged 65-80 years and

above have significantly lower peak of anti-S and neutralizing

antibody titers following vaccination than those less than 65

years (16–18). We confirmed this result in our mixed model for

most of the vaccines except for patients who had previous SARS-

CoV-2 infection and received Gam-COVID or ChAdOx1-S,

where we found higher antibody levels. There is limited

literature to which to compare this finding; however, the study

of Logunov et al. that tested the efficacy of Gam-COVID Vac

reported a higher increase of anti-SARS-CoV-2 IgG levels in the

group of 18-30 years and no particular change in other age

groups (19); but they excluded patients with previous SARS-

CoV-2 infection, so these results are not comparable. Whatever

the explanation for this finding, it is interesting to note that older

individual may benefit from vaccinating with adenoviral vector

vaccines, such as Gam-COVID or ChAdOx1-S. However, in the

study conducted by Ramasamy et al., similar antibody titers were

seen 28 days after the boost vaccination of ChAdOx1 across all

groups, regardless of age or vaccine dose (20). Therefore, it is

difficult to take firm conclusions regarding the preferential use of

this vaccine in older age groups.

Increasing age has been associated with decreased likelihood

of seroconversion but higher peak antibody titers among those

who do seroconvert after SARS-CoV-2 infection (21). Also, both

binding and neutralizing antibody titers rise faster and reach a

higher peak in patients with more severe COVID-19 (21–23). It

is possible that older patients in our group of the study had a
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more severe disease during SARS-CoV-2 infection and that they

developed higher antibody titers, as it has been reported that

patients aged higher than 60 can develop this condition (11, 24).

So higher antibodies in the elderly may simply reflect the

likelihood of previous more severe SARS-CoV2 disease.

We also found that except for the Gam-COVID Vac, in the

other vaccines requiring two doses, the first dose was sufficient to

induce maximal antibody levels in subjects with a history of

SARS-CoV-2, as previously shown for the BNT162b2 mRNA

vaccine (9, 25–29)

For most patients, at least one AEFI occurred with all types

of vaccines during the first 24 hrs. after injection, and most of

them qualified the symptoms as “very mild” or “mild” both after

the first and second dose, except for mRNA-1273 for which

nearly half of the volunteers reported moderate symptoms after

the second dose as reported previously (19, 20, 28, 30–34).

Our models showed a higher risk for women and young

people to experience AEs. A real-world study that reported AEFI

of patients receiving BNT162b2 mRNA, mRNA-1273, or

Ad26COV2 in one or two doses (35), an independent studies

conducted with Gam-COVID also confirmed this result (33, 36).

The study of Ramasamy et al. on ChAdOx1 showed more

adverse events in the group of 18-55 years old (20). The study

conducted by Scott A et al. showed that severe adverse events

(grade 5) were more frequent in women with Ad5-nCoV (32).

On one hand, for the Naïve SARS-CoV-2 cohort, the

vaccines Gam-COVID-Vac, Coronavac, and ChAdOx1-S were

related to fewer AEs after the second dose than BNT162b

mRNA, and to the best of our knowledge, there are no studies

that compare AEs across these types of vaccines. Also, the delta

of antibodies was related to AEs after the second dose in Gam-

COVID-Vac. As previously published, mRNA-1273 had higher

AEFIs when compared to BNT162b2 mRN (37).

On the other hand, for subjects previously exposed to SARS-

CoV-2, those receiving Gam-COVID-Vac showed a greater

number of AEs than BNT162b mRNA, while subjects receiving

Coronavac showed significantly fewer events when compared to

BNT162b mRNA. In general, an increase in the antibody levels was

related to an increase in the number of AEFIs, but for people

receiving Gam-COVID-Vac or ChAdOx1-S, greater changes in

antibody levels corresponded to fewer AEs. This last result should

be taken with caution due to the limited number of patients falling

in the category. To the best of our knowledge, this has not been

previously shown. The study conducted by Sung Hee-Lim et al. that

compared the antibody response with adverse events in patients

vaccinated with BNT162b mRNA or ChAdOx1-S reported no

association with antibody change and adverse events; however,

patients previously infected with SARS-CoV-2 were excluded (38).

Interactions between age and vaccines were included for two

main reasons: first, we decided to include in the model the
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vaccination strategies performed by the different countries that

administered different vaccines according to age to correct for

this possible confounding effect.

Second, our results show that with respect to BNT162b2

mRNA vaccine (where age showed a negative correlation with

AEs), any other vaccines with a significant coefficient > 19.403

(e.g. Gam-COVID-Vac, ChAdOx1-S) will be correlated with

AEs but with a positive correlation instead of a negative one like

for BNT162b2 mRNA. Therefore, in comparison with

BNT162B2 a higher level of antibodies in those who receive

Gam-COVID-Vac, ChAdOx1-S or Coronavac are related to

less AEs.

This study shows a low rate of infection in all vaccine groups.

However, the highest rate of SARS-CoV-2 infection in this

follow-up period was for the one-dose vaccines Ad5-nCoV

and Ad26.COV2. Also, Coronavac had a high rate of infection.

It is important to consider that the patients were followed for a

short period.

As a limitation of our study, we recognize that we had a

small sample size in some vaccine groups such as Ad5-nCoV;

however, to the best of our knowledge, there is no other study

where this type of vaccine has been compared to other types of

vaccines in a real-world setting. Even though there was a

standardization between countries in relation to AEFI

definition and the method for registration of these events,

there can be cultural differences that can affect the likelihood

of the degree of reporting and registration of an AEFI event.

Also, the personal sense of seeking for help and vaccination

differs among participants and across health systems. In the

future it will be of interest to follow the IgG titers for a longer

period and to evaluate the effect of heterologous combinations of

these vaccines.

In conclusion, this comparative study of vaccine types shows

positive immunogenicity and seroconversion of BNT162b2

mRNA, mRNA-1273, Gam-COVID-Vac, Coronavac,

ChAdOx1-S, Ad5-nCoV, and Ad26.COV2. The highest IgG

response was for the mRNA vector vaccines and the lower for

the inactivated vaccine. Women and young individuals

developed more AEs. In the naïve SARS-CoV-2 cohort, the

vaccines Gam-COVID-Vac, Coronavac, and ChAdOx1-S were

related to fewer AEs after the second dose of BNT162b mRNA.

For patients who received Gam-COVID-Vac, higher antibody

levels after the second dose were related to a greater number of

AEs. In people previously exposed to SARS-CoV-2, those

receiving Gam-COVID-Vac showed a greater number of AEs

than BNT162b mRNA, while subjects receiving Coronavac

showed significantly fewer events when compared to BNT162b
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mRNA. In general, an increase in antibody levels was related

to AEs.
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A comparative study of
adjuvants effects on neonatal
plasma cell survival niche in
bone marrow and persistence
of humoral immune responses

Audur Anna Aradottir Pind1,2, Sigrun Thorsdottir1,
Gudbjorg Julia Magnusdottir 1,2, Andreas Meinke3,
Giuseppe Del Giudice4, Ingileif Jonsdottir1,2

and Stefania P. Bjarnarson1,2*

1Department of Immunology, Landspitali, The National University Hospital of Iceland, Reykjavik,
Iceland, 2Faculty of Medicine, School of Health Sciences, University of Iceland, Reykjavik, Iceland,
3Valneva Austria GmbH, Vienna, Austria, 4GSK Vaccines, Siena, Italy
The neonatal immune system is distinct from the immune system of older

individuals rendering neonates vulnerable to infections and poor responders to

vaccination. Adjuvants can be used as tools to enhance immune responses to

co-administered antigens. Antibody (Ab) persistence is mediated by long-lived

plasma cells that reside in specialized survival niches in the bone marrow, and

transient Ab responses in early life have been associated with decreased

survival of plasma cells, possibly due to lack of survival factors. Various cells

can secrete these factors and which cells are the main producers is still up for

debate, especially in early life where this has not been fully addressed. The

receptor BCMA and its ligand APRIL have been shown to be important in the

maintenance of plasma cells and Abs. Herein, we assessed age-dependent

maturation of a broad range of bone marrow accessory cells and their

expression of the survival factors APRIL and IL-6. Furthermore, we performed

a comparative analysis of the potential of 5 different adjuvants; LT-K63, mmCT,

MF59, IC31 and alum, to enhance expression of survival factors and BCMA

following immunization of neonatal mice with tetanus toxoid (TT) vaccine. We

found that APRIL expression was reduced in the bone marrow of young mice

whereas IL-6 expression was higher. Eosinophils, macrophages,

megakaryocytes, monocytes and lymphocytes were important secretors of

survival factors in early life but undefined cells also constituted a large fraction

of secretors. Immunization and adjuvants enhanced APRIL expression but

decreased IL-6 expression in bone marrow cells early after immunization.

Furthermore, neonatal immunization with adjuvants enhanced the proportion

of plasmablasts and plasma cells that expressed BCMA both in spleen and bone

marrow. Enhanced BCMA expression correlated with enhanced vaccine-

specific humoral responses, even though the effect of alum on BCMA was

less pronounced than those of the other adjuvants at later time points. We

propose that low APRIL expression in bone marrow as well as low BCMA
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expression of plasmablasts/plasma cells in early life together cause transient Ab

responses and could represent targets to be triggered by vaccine adjuvants to

induce persistent humoral immune responses in this age group.
KEYWORDS

neonatal vaccination, adjuvant, comparative study, a proliferation inducing ligand
(APRIL, TNFSF13), IL-6, B cell maturation antigen (BCMA, TNFRSF17), plasma cell
survival niche
Introduction

The neonatal immune system is immature leaving neonates

particularly vulnerable to infection and poor responders to

vaccination. Low and transient antibody (Ab) responses

following infection or vaccination in this age group have been

associated with limited germinal center activation and decreased

survival of plasma cells (1). In germinal centers, activated B cells

undergo clonal expansion, affinity maturation, class switch

recombination and can differentiate into memory B cells or

plasmablasts that secrete Abs (2). Subsequently, plasmablasts

can migrate to the bone marrow where they differentiate to long-

lived plasma cells and persist (3). It has been reported that in

neonatal mice that of the few plasmablasts formed in germinal

centers, most of them home efficiently to the bone marrow but

cannot persist due to lack of a proliferation inducing ligand

(APRIL) (4), a critical survival factor for plasma cells. B cell

maturation antigen (BCMA) is a high affinity receptor for

APRIL whereas transmembrane activator calcium modulator

and cyclophilin ligand interactor (TACI) binds APRIL with

lower affinity (reviewed in (5)). TACI-deficient mice have

diminished numbers of plasma cells, both in spleen and bone

marrow (6) whereas BCMA-deficient mice display a drastic

reduction in numbers of bone marrow plasma cells (7–9),

leaving plasma cells in secondary lymphoid organs unaffected

(8, 10) suggesting that BCMA is essential for survival of long-

lived plasma cells in the bone marrow whereas TACI may be

more important for the induction and survival of plasma cells in

secondary lymphoid organs (reviewed in (11)).

A large fraction of vaccine candidates undergoing clinical

development are made of highly purified recombinant protein or

peptide antigens. This has driven the need for adjuvants as key

components in modern vaccines since purified protein vaccines

are rarely immunogenic (12). Adjuvants are immune-stimulating

agents that can enhance and modulate responses to antigens and

can be used as tools to enhance responsiveness to vaccines in

vulnerable populations such as young infants (13). However, alum

is the only adjuvant licensed for use in the pediatric population

with the exception of MF59 and AS03 that have been licensed for
02
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use in seasonal and pandemic influenza vaccines (14). Thus, there

is an unmet need for novel adjuvants and elucidation of their and

other established adjuvants’ mechanisms of action in order to

identify adjuvants active in early life and optimize vaccination

responses in the pediatric population.

We evaluated effects of four adjuvants to overcome

limitations of neonatal immunity and induce potent and

persistent immune responses following neonatal immunization

with the protein vaccine tetanus toxoid (TT) and compared with

the previously established effect of LT-K63 (15). The adjuvants

assessed are of various categories and have been reported to

employ different mechanisms of action. We assessed effects of

two toxin-based adjuvants, LT-K63, a mutant of E.coli heat labile

enterotoxin and mmCT, a multiple mutant of cholera toxin (CT)

derived from V.cholarae. MF59 is a squalene-based oil-in-water

emulsion and has been licensed for use in children from 6

months of age (14). IC31 is a TLR9 agonist combined with an

antimicrobial peptide (16) and lastly alum, the most widely used

adjuvant that has been licensed in several paediatric vaccines.

Table 1 lists the adjuvants assessed herein and their main

properties on adult and neonatal immune responses. We have

previously compared the effects of the selected adjuvants with

another vaccine, a pneumococcal conjugate Pnc1-TT, where we

found that LT-K63, mmCT, MF59, and IC31, but not alum,

enhanced germinal center formation and follicular dendritic cell

maturation in neonatal mice which was associated with

enhanced and prolonged persistence of vaccine-specific

antibody-secreting cells (ASCs) and Abs up to 9 weeks after

immunization (19, 20). However, alum only transiently

enhanced vaccine-specific ASCs in bone marrow and serum

Abs up to week 6 (20). Ab persistence is mediated by long-lived

plasma cells that reside in specialized survival niches in the bone

marrow (34) and their survival was recently shown to be

dependent on direct contacts with stromal cells as well as

APRIL : BCMA binding (35). In line with that, we

demonstrated that LT-K63 enhanced early APRIL expression

by bone marrow accessory cells, particularly by eosinophils,

macrophages and megakaryocytes after immunization of

neonatal mice with Pnc1-TT (15). Additionally, a higher
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proportion of plasmablasts and plasma cells of neonatal mice

immunized with Pnc1-TT with LT-K63 expressed BCMA (15).

Therefore, we wanted to explore whether the difference we

previously observed (20) in the persistence of humoral

immune responses induced by the selected adjuvants could be

explained by their different effects on expression of plasma cell

survival factors by bone marrow accessory cells and BCMA

expression of plasmablasts/plasma cells up to this 6 week time

point, where LT-K63 is used as a positive control. Furthermore,

we assessed how the observed effects related to germinal center

activation and induction of humoral immune responses. Prior to

assessing the effects of neonatal immunization and adjuvants, we

investigated age-dependent maturation of accessory cells of the

plasma cell survival niche and their expression of survival factors

APRIL and IL-6, for the first time to our best knowledge.
Materials and methods

Mice

Adult NMRI mice were purchased from Taconic (Skansved,

Denmark) and adapted for a minimum of one week after arrival

before initiation experiments. For breeding of neonatal mice,

two adult female mice were put in the cage of one adult male

mouse for two weeks. Female mice were then separated from the

male and kept in separate breeding cages which were checked

daily for new births and the pups stayed with the mother until

weaning at the age of 4 weeks. Mice were housed under

standardized conditions at the vivarium facility Arctic Las

(Reykjavıḱ, Iceland) with regulated daylight, humidity and

temperature and kept in micro-isolator cages where they had

free access to commercial pelleted food and water. All

experiments were carried out in accordance with Act No. 55/

2013 on animal welfare and regulations 460/2017 on protection

of animals used for scientific research. The protocol was

approved by the Experimental Animal Committee of Iceland

(license no. 2015-10-01).
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Vaccine, adjuvants, and immunization

Purified tetanus toxoid (TT) was purchased from Statens

Serum Institute (Copenhagen, Denmark). LT-K63 (36) and

MF59 (37) were produced and purified by Novartis Vaccines

& Diagnostics (now GSK vaccines, Siena, Italy). mmCT was

provided by Jan Holmgren, Michael Lebens and Manuela

Terrinoni, from the Department of Microbiology and

Immunology, Gothenburg University and was produced as

described (22). IC31 was produced by Intercell AG, (now

Valneva Austria GmbH, Vienna, Austria) as described (16).

Aluminum hydroxide (Alhydrogel) was purchased from

Brenntag Biosector A/S (Ballerup, Denmark). Neonatal (7 days

old) mice were immunized with either vaccine alone, vaccine

with adjuvant or saline as unimmunized controls. Mice were

immunized subcutaneously (s.c.) at the base of the tail with 2 µg

(0.8 limit of floculation, Lf) of purified TT (Statens Serum

Institute) alone or mixed with the adjuvants LT-K63 (5 µg/

mouse), mmCT (2 mg/mouse), MF59 (50% of injected volume/

mouse), IC31 (50 nmol KLK and 2 nmol ODN1a/mouse) or

alum (0.48% aluminum hydroxide per 1 mg of protein/mouse) in

50 ml of saline, or with 50 ml of saline alone as a control.
Blood sampling

For blood collection, mice were bled from the tail vein and

serum was prepared by centrifugation at 2400 rpm for 10

minutes at room temperature and stored at –20°C until use.
Measurements of TT-specific antibodies
in mouse sera

Measurement ofTT-specific IgGantibodieswas doneusing the

following protocol. Microtiter plates (MaxiSorp) were coated with

5.0 µg/ml purified TT (Sanofi Pasteur) in 0.10 M carbonate buffer

(pH 9.6) and incubated overnight at 4°C. Plates were washed 3
TABLE 1 Adjuvants assessed and their reported immune profiles.

Adjuvant Composition Immune profile Early life immune profile

LT-K63 Toxin-based - mutant of LT Th1 (17) Th1/Th2 (18), Abs, FDCs, GCs (19), TNF-R and ligands (15),
persistent ASC and Abs (19, 20)

mmCT Toxin-based – mutant of CT Th17 (21), IgA and IgG Abs
(22, 23)

FDCs, GCs, persistent ASC and Abs (20)

MF59® Squalene-based oil-in-water emulsion Mixed Th1/Th2 (24) or Th2
and Abs (25)

Tfh (26), FDCs, GCs, persistent ASC and Abs (20)

IC31® KLKL5KLK antimicrobial peptide with a synthetic
TLR-9 agonist ODN1a

Mixed Th1/Th2 (16) or Th1
and Abs (27)

Mixed Th1/Th2 (28) or Th1 (29), Tfh cell (30), FDC, GC, persistent
ASC and Abs (20)

Alum Inorganic insoluble aluminum salts (aluminum
hydroxide)

Th2 and Abs (31, 32) Th2 and Abs (33)
LT, E.coli heat-labile enterotoxin; CT, Cholera toxin; FDC, follicular dendritic cell; GC, germinal center; TNF-R, tumor necrosis factor receptor; ASC, antibody-secreting cell; Abs,
antibodies; Tfh, T follicular helper cell; TLR, Toll-like receptor.
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times with PBS containing 0.05% Tween 20 (v/v) (PBS-Tween20,

Sigma) and then blockedwith PBS-Tween20 containing 1%bovine

serum albumin (BSA) for 1 hour at room temperature. Plates were

washed as before and samples and standard were serially diluted

(three-fold dilutions) and incubated in duplicates on TT-coated

plates for2hat roomtemperature.Theplateswerewashedasbefore

and specific antibodies were detected with horseradish peroxidase

(HRP)-conjugated goat anti-mouse antibody (Southern

Biotechnology Associates Inc., Birmingham, AL, USA) diluted in

PBS-Tween20 for 2 h at room temperature. As before the plates

were washed and development of the enzyme reaction was

performed by adding 100 µl of 3,3´,5,5´-tetramethylbenzidine

peroxidase (TMB) substrate (Kirkegaard & Perry Laboratories,

Gaithersburg, MD, USA) into each well for approximately

15 min and the reaction was stopped with 100 µl of 0.18 M

H2SO4. The absorbance was read at 450 nm in a Titertek

Multiscan Plus MK II spectrophotometer (ICN Flow

Laboratories, Irvine, UK). Results were calculated from standard

curves constructed by serial dilutions of a reference serum pool

fromhyperimmunized adultmice. The titers of the reference serum

pool corresponded to the inverse serum dilution giving an optical

densityof 1.0,whichhasbeenassigned100ELISAunits perml (EU/

ml). Results were expressed as mean log EU/ml ± standard

deviation (SD).
Measurements of TT-specific
antibody-secreting cells in
spleen and bone marrow

TT-specific ASC were enumerated by ELISPOT, as previously

described (15, 19, 20, 38). MultiScreen High protein binding

immobilon-P membrane plates (Millipore Corporation, Bedford,

MA)were coatedwith10mg/mlTTovernight at 37°C, blockedwith

complete RPMI 1640 (Life Technologies BRL, Life Technologies,

Paisley, U.K.). Duplicates of cells from spleen and bone marrow in

four three-fold dilutions starting with 1 × 107 cells in 100 mL in

complete RPMI 1640 per well were incubated for 5 hours at 37°C,

washed and incubated with ALP-goat anti-mouse IgG (Southern

Biotechnology Associates) overnight at 4°C, and developed by 5-

bromo-4-chloro-3-indolylphosphate andNBT inAP development

buffer (Bio-Rad Labs, Hercules, CA). The number of spots, each

representing a cell secreting TT-specific IgG antibodies, was

counted with ELISPOT reader ImmunoSpot® S6 ULTIMATE

using ImmunoSpot® SOFTWARE (Cellular Technology Limited

(CTL) Europe, Bonn, Germany).
Immunofluorescent staining of tissue
sections

Spleens were frozen in Tissue-Tek OCT (Sakura,

Zouterwoude, the Netherlands) and cut into 7 mm
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cryosections at 2 levels, starting 1,750 mm into the tissue and

separated by 210 mm, fixed in acetone for 10 minutes, and

stored at −70°C. Two sections per spleen (one from each level)

were stained with fluorescent labeled IgM-FITC (BD

Pharmingen) to visualize follicles, and biotinylated peanut

agglutinin (PNA)-bio (Vector Laboratories, Burlingame, CA)

to label dark-zone B cells, to visualize active GC reaction.

Primary antibodies were incubated at room temperature for

30 minutes. The sections were then washed in PBS for 2 ×

5 minutes prior to incubation with APC Streptavidin (BD

Biosciences, Stockholm, Sweden) at room temperature for

another 30 minutes and sections washed again as before.

DAPI (Invitrogen, Eugene, OR) was used for nuclear

counterstaining and incubated for the last 10 minutes of the

later staining step. The sections were photographed with a

digital camera (AXIOCAM; Zeiss) in a microscope (Zeiss)

equipped with x10 and x40 objectives and AxioImaging

Software (Birkerod, Denmark) for light and three-color

immunofluorescence. Areas of PNA-positive staining were

measured from all pictures using the AxioImaging Software.
Immunofluorescence staining and
flow cytometry

Spleens and bone marrow were collected 4, 8, 14 and 42 days

after immunization for flow cytometry analysis using the

following protocol as described (15). Single-cell suspensions

from spleen and bone marrow were prepared and cells were

washed and incubated (30 minutes on ice) in PBS with 0.5% BSA

(Sigma) with 4 mmol/L EDTA (Sigma) with fluorochrome-

labeled antibodies to B220, CD21, CD23, BAFF-R, CD138,

Gr-1 (all from BD Biosciences), APRIL, CD11c, CD11b,

CD200R3 (all from Biolegend), CD41, Siglec-F, F4/80 (all

from eBioScience/Thermo Fisher) and BCMA (R&D

Systems). Fc block (BD Biosciences), rat serum and mouse

serum (2.7% each) was added to the staining mix to minimize

unspecific binding. The stained cells were analyzed using

Navios cytometer (Beckman Coulter, Brea, CA, USA) where

recorded events were 400,000, and the generated data were

analyzed by Kaluza® analysis software (version 2.1 from

Beckman Coulter) where dead cells and doublets were

excluded prior to analysis.
Statistical analysis

Mann-Whitney U test was used for comparison between

groups and correlation was assessed using Spearman rank-order

correlation applying a significance threshold of p<0.05 for both

tests. All statistical analyses were carried out using Graphpad

Prism 9.03 (GraphPad Software, La Jolla, CA).
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Results

Limitations in APRIL, but not IL-6
expression in early life

Before assessing the effects of neonatal immunization and

adjuvants on bone marrow accessory cells and their expression

of survival factors, we investigated their age-dependent

maturation at steady state in 1-, 2-, 3-week-old and adult

mice. In this study, we analyzed a broader range of accessory

cell types than we had done previously (15). Eosinophils were

defined as Gr-1intF4/80+CD11b+Siglec-F+SSChigh, macrophages

as Gr-1+F4/80+CD11b+Siglec-FintSSCint, megakaryocytes as

CD41+F4/80-CD11c-Gr-1-FSChigh, monocytes as Gr-1intF4/

80+CD11b+Siglec-F-SSClow, basophils as CD200R3+F4/

80-/intGr-1-/int, neutrophils as Gr-1+F4/80-CD11b+ and

dendritic cells as CD11c+CD200R-Siglec-F- FSClowSSClow

(Supplementary Figure 1). We found that APRIL expression

by bone marrow cells was limited in early life as previously

shown (4) and that it had not reached adult levels at 3 weeks of

age (Figure 1A). Frequency and total number of eosinophils,

megakaryocytes, monocytes and neutrophils were reduced in

young mice and had not reached adult levels at 3 weeks of age
Frontiers in Immunology 05
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(Supplementary Figures 2A, C, D, F, G). Macrophages and

lymphocytes were limited in 1-2 week old mice, but reached

adult levels at 3 weeks of age (Supplementary Figures 2B, E).

When assessing APRIL expression of accessory cells we found

that frequency and number of APRIL+ cells; eosinophils,

macrophages, megakaryocytes, monocytes and lymphocytes

was reduced in young mice and had not reached adult levels at

3 weeks of age (Figures 1B–F). Undefined APRIL+ cells, i.e.

APRIL+ cells that did not fall into any of our flow cytometry

gates, constituted for over 60% in 1 week old mice (Figure 1G).

This high proportion of undefined cells among APRIL+ cells

decreased with increasing age, and around 10% of APRIL+ cells

remained undefined in adult mice (Figure 1G). Neutrophils,

dendritic cells and basophils expressed very low levels of APRIL,

constituting less than 1% of APRIL+ cells both in young or adult

mice (data not shown).

In contrast to APRIL expression, IL-6 expression seemed to

be higher in 1- and 2-week-old-mice than in adult mice, as they

had increased frequency of IL-6+ cells. However, the total

numbers of IL-6+ cells in 1- and 2-week-old-mice was still

lower than in adult mice (Figure 2A). Frequency of IL-6+cells;

macrophages, monocytes, lymphocytes and neutrophils, was

higher in young mice than in adults (Figures 2C, E, F, G),
A

B D E F GC

FIGURE 1

APRIL expression of bone marrow cells is limited in early life. Frequency and total number of APRIL+ cells (A) and frequency, total number and
proportion out of total APRIL+ cells for APRIL+ eosinophils (B), APRIL+ macrophages (C), APRIL+ megakaryocytes (D), APRIL+ monocytes (E),
APRIL+lymphcoytes (F) and undefined APRIL+ cells (G) in bone marrow assessed by flow cytometry in 1-, 2-, 3-week-old and adult (AD) mice.
Each red circle and blue square represents one mouse and results are demonstrated as means ± SD. Mann Whitney U test was used for
statistical comparison where values from 1-, 2- or 3-week-old-mice were compared to adult mice and *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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whereas no difference was observed for eosinophils and

megakaryocytes (Figures 2B, D). Undefined cells constituted

for around 20% of IL-6+ cells in 1-, 2- and 3-week-old mice but

had dropped down to 10% in adult mice (Figure 2H). Dendritic

cells and basophils expressed very low levels of IL-6 and together

constituted for less than 1% of IL-6+ cells, both in young and

adult mice (data not shown).

Taken together, these data demonstrate that APRIL

expression was limited in bone marrow at least up to 3 weeks

of age whereas IL-6 expression was higher in 1-2-week-old than

adult mice. Various accessory cells contributed to the production

of these survival factors and undefined cells were more

prominent at early age.
Neonatal immunization and adjuvants
enhance APRIL expression of bone
marrow cells and BCMA expression of
plasmablasts/plasma cells

We have previously demonstrated that neonatal immunization

with Pnc1-TT+LT-K63 enhanced APRIL expression of bone

marrow cells early after immunization which associated with

enhanced persistence of vaccine-specific humoral immune

responses (15). We therefore wanted to address if the adjuvants
Frontiers in Immunology 06
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tested also mediated their adjuvanticity through a similar

mechanism. Thus, neonatal mice (7 days old) were immunized

s.c. at base of tail with TT w/wo the adjuvants LT-K63, mmCT,

MF59, IC31 or alum or injected with saline as controls.

Immunization with TT alone enhanced both frequency and total

numbers of APRIL+ cells in bone marrow when compared with

saline-injected mice 4, 8 and 14 days after immunization

(Figures 3A, B and Supplementary Table 1). Additionally, all the

adjuvants assessed further enhanced APRIL+ cells in bone marrow,

however with different kinetics (Figures 3A, B). LT-K63, IC31 and

alum enhanced frequency and total number of APRIL+ cells 4 days

after immunization, where the effect of LT-K63 was most

pronounced. mmCT enhanced frequency and total number of

APRIL+ cells 8 days after immunization and lastly, MF59

enhanced frequency of APRIL+ cells in bone marrow 14 days

after immunization. Eosinophils, macrophages, monocytes and

lymphocytes constituted considerable fractions of APRIL+ cells,

but undefined cells were generally still the most abundant

(Figure 3C and Supplementary Table 2). Of note, lymphocytes

accounted for a large proportion of APRIL+ cells at the peak of its

expression for each adjuvant (Figure 3 and Supplementary Table 2).

When assessing the effect of immunization and adjuvants on

the kinetics of accessory cell populations, we found that LT-K63,

MF59, IC31 and alum enhanced megakaryocytes in bone marrow

4 days after immunization (Supplementary Figure 3C).
A
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FIGURE 2

IL-6 expression of bone marrow cells is enhanced in early life. Frequency and total number of IL-6+ cells (A) and frequency, total number and
proportion out of total IL-6+ cells for IL-6+eosinophils (B), IL-6+ macrophages (C), IL-6+ megakaryocytes (D), IL-6+ monocytes (E), IL-6+

lymphocytes (F), IL-6+ neutrophils (G) and undefined IL-6+ cells (H) in bone marrow assessed by flow cytometry in 1-, 2-, 3-week-old and adult
(AD) mice. Each red circle and blue square represents one mouse and results are demonstrated as means ± SD. Mann Whitney U test was used
for statistical comparison where values from 1-, 2- or 3-week-oldmice were compared to adult mice and *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Additionally, mmCT, MF59 and IC31 enhanced monocytes

(Supplementary Figure 3D) and neutrophils (Supplementary

Figure 3G) early after immunization, where neutrophils

accounted for up to 30% of bone marrow cells in the TT

+mmCT group 4 days after immunization (Supplementary

Figure 3G). The kinetics of different APRIL+ accessory cells and

undefined APRIL+ cells in bone marrow following immunization

with TT w/wo adjuvants or saline are depicted in Supplementary

Figures 4A–F.

It was recently reported that both stromal cell contact and

binding of APRIL to BCMA is required for plasma cell survival

(35). Since APRIL expression was enhanced by bone marrow cells

early after immunization we next assessed BCMA expression of

bone marrow plasmablasts/plasma cells at these early time points.

Like we had observed before (15), we found that CD138

expression was lower in neonatal than adult mice so two

populations of plasmablasts/plasma cells were assessed. Firstly,

we defined B220+CD138+ cells as pre-plasmablasts/plasmablasts

(prePB/PB), containing both pre-plasmablasts and plasmablasts

(4, 39) and secondly B220+/-CD138high cells were defined as

plasmablasts/plasma cells (PB/PC), containing both plasmablasts

and plasma cells (39, 40). Immunization with TT alone subtly

enhanced the proportion of bone marrow plasmablasts/plasma

cells at these early time points (Figures 4A, B). Most of the
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adjuvants further enhanced plasmablasts/plasma cells but with

different kinetics, where the effects of LT-K63 and IC31 were most

pronounced (Figures 4A, B and Supplementary Figures 5A, B).

Likewise, immunization with TT alone transiently enhanced the

proportion of plasmablasts/plasma cells that expressed BCMA,

whereas inclusion of each of the adjuvants further enhanced their

proportion that persisted up to 14 days after immunization

(Figures 4C, D). Of note, the immunization and adjuvant effects

on the PB/PC subset were more pronounced as a much higher

proportion of this subset was BCMA+ than of the prePB/PB subset

in all immunization groups (Figures 4C, D).

Taken together, immunization and adjuvants enhanced both

APRIL expression by accessory cells and BCMA expression of

plasmablasts/plasma cells in bone marrow at early time points

after immunization but the effects were more pronounced when

adjuvants were included.
Neonatal immunization and adjuvants
decrease IL-6 expression by bone
marrow cells

Since we found that immunization and adjuvants enhanced

APRIL+ cells in bone marrow early after immunization we were
A B

C

FIGURE 3

Neonatal immunization and adjuvants enhance APRIL expression in bone marrow cells. Frequency (A) and total numbers (B) of APRIL+ cells in
bone marrow and mean distribution of APRIL+ cell types, mean frequencies and total numbers of APRIL+ cells for each group and time point (C)
4, 8 and 14 days after neonatal immunization with TT (blue circle) w/wo adjuvants LT-K63 (red triangle), mmCT (pink triangle), MF59 (orange
triangle), IC31 (purple triangle), alum (turquoise triangle) or saline-injected mice (light grey circles) as controls. Each symbol represents one
mouse and results are shown as means ± SD in 8 mice per group per time point (except n=7 for TT group on day 14 and n=7 for TT+mmCT
group on days 8 and 14). For statistical evaluation Mann–Whitney U-test was used. Blue stars represent p values after comparison of TT group
to adjuvant groups and grey stars represent comparisons of all the groups to saline group. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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curious to know if the same effects would be observed for IL-6+

cells, considering that like APRIL, IL-6 has been linked to

prolonged plasma cell survival (41–43). On the contrary,

immunization with TT alone decreased IL-6+ cells in the bone

marrow 8 days after immunization and including adjuvants in

the immunization accelerated this decrease (Figure 5A, B and

Supplementary Table 3). As for APRIL+ cells, eosinophils,

macrophages and lymphocytes all constituted a considerable

fraction of IL-6+ cells, but megakaryocytes and undefined cells

were also abundant (Figure 5C and Supplementary Table 4). The

kinetics of different IL-6+ accessory cells and undefined IL-6+

cells in bone marrow following immunization are depicted in

Supplementary Figure 6A–G.
Enhanced BCMA expression of splenic
plasmablasts and plasma cells by
adjuvants correlates with enhanced TT-
specific antibody-secreting cells in
spleen and serum antibodies 2 weeks
after immunization

Next we wanted to assess if immunization and adjuvants

mediated similar effects on splenic plasmablasts/plasma cells and

their BCMA expression like we observed for bone marrow and if

these effects could be connected to enhanced induction of

vaccine-specific humoral responses.
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Thus, neonatal mice were immunized as before and spleens

harvested at various time points after immunization. We found

that immunization with TT alone did not increase plasmablasts/

plasma cells nor enhance their BCMA expression (Figures 6A, B,

Supplementary Figures 7A, B and Supplementary Table 6). On

the contrary, including adjuvants in the immunization enhanced

both prePB/PB and PB/PC in spleen at early time points and the

proportion BCMA+ cells (Figures 6A, B, Supplementary

Figure 7A, B, Supplementary Table 6).

In response to a protein antigen, activated B cells can enter

germinal center reactions where class switching, affinity

maturation and differentiation into memory B cells or

plasmablasts/plasma cells occurs (44). Germinal centers are

generally attenuated in human infants (45–47), but some

adjuvants have been shown to overcome limitations and

induce potent germinal centers in early life murine models

(19, 20, 30). We had previously demonstrated that the

adjuvants LT-K63, mmCT, MF59 and IC31 enhanced

germinal center induction after neonatal immunization with a

pneumococcal conjugate vaccine (Pnc1-TT). In order to assess if

the adjuvants would have similar effects on germinal center

induction with a purified protein, TT vaccine, spleens were

obtained 8 and 14 days after immunization of neonatal mice.

We found that mmCT enhanced germinal center induction 8

and 14 days after immunization (Figure 6C, Supplementary

Figure 7D) and LT-K63 and IC31 only at day 14 (Figure 6C).

On the contrary, neither MF59 nor alum enhanced germinal

center induction after neonatal immunization with TT.
A B
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FIGURE 4

Neonatal immunization and adjuvants enhance early BCMA expression of plasmablasts/plasma cells in bone marrow. Frequency (A, B) and
proportional BCMA expression (C, D) of B220+CD138+prePB/PB (A, C) and B220+/-CD138high PB/PC (B, D) in bone marrow 4, 8 and 14 days
after neonatal immunization with TT (blue circles) w/wo adjuvants LT-K63 (red triangle), mmCT (pink triangle), MF59 (orange triangle), IC31
(purple triangle), alum (turquoise triangle) or saline-injected mice (light grey circles) as controls. Each symbol represents one mouse and results
are shown as means ± SD in 8 mice per group per time point (except n=7 for TT group on day 14 and n=7 for TT+mmCT group on days 8 and
14). For statistical evaluation Mann–Whitney U-test was used. Blue stars represent p values after comparison of TT group to adjuvant groups and
grey stars represent comparisons of all the groups to saline group. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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However, all adjuvants enhanced TT-specific IgG+ASCs in

spleen (Figure 6D, left) and TT-specific IgG Abs in serum

(Figure 6D, right) 14 days after immunization. Of note, the

adjuvants mmCT, MF59 and IC31 additionally enhanced TT-

specific ASC in bone marrow already at this same time point.

Furthermore, the adjuvants LT-K63, mmCT and MF59

prolonged the induction in spleen since TT-specific IgG+ ASC

were still enhanced 6 weeks after immunization (Supplementary

Figure 7C). To assess if there was any association between

BCMA expression of plasmablasts/plasma cells and vaccine-

specific responses we analyzed the correlation between

proportional BCMA expression of the two plasmablast/plasma

cell populations and TT-specific ASC and Abs 14 days after

immunization. A significant correlation was found between

proportional BCMA expression of prePB/PB and TT-specific

ASC (Figure 6E) and Abs (Figure 6F) and also between

proportional BCMA expression of PB/PC and TT-specific ASC

(Figure 6G) but not Abs (Figure 6H).

Taken together, all the adjuvants enhanced BCMA

expression by plasmablasts and plasma cells in spleen, which

correlated with enhanced vaccine-specific humoral immune

responses. However, only LT-K63, mmCT and IC31 enhanced

GC induction.
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Enhanced BCMA expression of bone
marrow plasmablasts and plasma cells by
adjuvants correlates with vaccine-
specific humoral immune responses 6
weeks after immunization

Lastly, we wanted to explore if enhanced APRIL expression

by bone marrow cells early after immunization and increased

BCMA expression of plasmablasts/plasma cells by adjuvants

were associated with enhanced persistence of vaccine-specific

humoral immune responses. We were also curious to know if

BCMA expression by plasmablasts/plasma cells induced by

adjuvants persisted after immunization. Thus, we assessed the

frequency and total numbers of plasmablasts/plasma cells and

TT-specific ASC in bone marrow and TT-specific serum Abs 6

weeks after immunization. At this time point, we did not detect

much effect of immunization and adjuvants on the frequency

and BCMA expression of prePB/PB in bone marrow (Figure 7A,

Supplementary Table 5). However, PB/PC of mice immunized as

neonates with each of the adjuvants were more frequently

BCMA+ than PB/PC of mice immunized with vaccine alone or

saline-injected mice (Figure 7B). Of note, even though neonatal

immunization with TT+alum enhanced BCMA expression by
A B

C

FIGURE 5

Neonatal immunization and adjuvants decrease IL-6 expression in bone marrow cells. Frequency (A) and total numbers (B) of IL-6+ cells in bone
marrow and mean distribution of IL-6+ cell types, mean frequencies and total numbers of IL-6+ cells for each group and time point (C) 4, 8 and
14 days following neonatal immunization with TT (blue circle) w/wo adjuvants LT-K63 (red triangle), mmCT (pink triangle), MF59 (orange
triangle), IC31 (purple triangle), alum (turquoise triangle) or saline-injected mice (light grey circles) as controls. Each symbol represents one
mouse and results are shown as means ± SD in 8 mice per group per time point (except n=7 for TT group on day 14 and n=7 for TT+mmCT
group on days 8 and 14). For statistical evaluation Mann–Whitney U-test was used. Blue stars represent p values after comparison of TT group
to adjuvant groups and grey stars represent comparisons of all the groups to saline group. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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PB/PC to a higher degree than immunization with TT alone at

this time point, LT-K63 (p=0.0121), mmCT (p=0.0016), MF59

(p=0.0002) and IC31 (p=0.0002) were superior to alum in

inducing persistent enhanced BCMA expression. All of the

adjuvants enhanced TT-specific ASC in bone marrow and

serum Abs at this time point (Figure 7C). Again, mmCT

(p=0.0003 for ASC and p=0.0008 for Abs) and MF59

(p=0.0014 for ASC and p=0.0415 for Abs) were superior to

alum in enhancing vaccine-specific ASC and Abs. To explore if

there was any association between BCMA expression of

plasmablasts/plasma cells in bone marrow and vaccine-specific

responses, we assessed the correlation between proportional

BCMA expression of the two plasmablast/plasma cell
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populations and TT-specific ASC in bone marrow and serum

Abs 6 weeks after immunization. A significant correlation was

observed between proportional BCMA expression of prePB/PB

and TT-specific Abs (Figure 7E) but not ASC (Figure 7D) and

also between proportional BCMA expression of PB/PC and TT-

specific ASC (Figure 7F) and Abs (Figure 7G). Interestingly,

mice immunized with the adjuvants LT-K63, mmCT, MF59 and

IC31 grouped together in the correlation plot while alum-

immunized mice rather grouped with mice immunized with

TT alone (Figure 7G).

To summarize, immunization with adjuvants induced a

higher proportion of PB/PC to express BCMA which persisted

up to 6 weeks, although these effects were significantly less
A B
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FIGURE 6

Adjuvants enhance BCMA expression of plasmablasts/plasma cells in spleen correlating with enhanced TT-specific antibody-secreting cells and
antibodies. Frequency and BCMA expression of B220+CD138+prePB/PB (A) and B220+/-CD138high PB/PC (B) in spleen 4, 8 and 14 days after
neonatal immunization with TT (blue circles) w/wo adjuvants LT-K63 (red triangle), mmCT (pink triangle), MF59 (orange triangle), IC31 (purple
triangle), alum (turquoise triangle) or saline-injected mice (light grey circles) as controls. Germinal center activation determined by fluorescent
staining of spleen sections with PNA and anti-IgM 14 days after immunization of neonatal mice. PNA/IgM ratio represents activated GCs in
relation to total number of follicles (C, left panel) and PNA+ area represents total area of positive PNA staining per section (C right panel). TT-
specific antibody-secreting cells (ASC) in spleen (D, left panel) and TT-specific IgG serum antibodies (D, right panel) 14 days after immunization.
Each symbol represents one mouse and results are shown as means ± SD in 8 mice per group per time point (except n=7 for TT group on day
14 and n=7 for TT+mmCT group on days 8 and 14). Results for germinal center induction (C), ASCs and Abs (D) are pooled from two
independent experiments. For statistical evaluation Mann–Whitney U-test was used. Blue stars represent p values after comparison of TT group
to adjuvant groups and grey stars represent comparisons of all the groups to saline group. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. In C-H, p values
are visible on the figures. Spearman correlation plots for evaluation of association between BCMA+prePB/PB frequency and TT-specific ASC (E)
or TT-specific IgG Abs (F) or BCMA+ PB/PC frequency and TT-specific ASC (G) or TT-specific IgG Abs (H) 14 days after immunization.
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pronounced for alum. This enhanced BCMA expression

correlated with persistent vaccine-specific humoral

immune responses.
Discussion

It has previously been reported from experiments using

mouse models that the majority of plasmablasts emerging from

germinal centers after neonatal and infant immunization

efficiently migrates to the bone marrow (48). However, poor

APRIL expression by bone marrow stromal cells (4) was

associated with reduced persistence and enhanced apoptosis of

plasmablasts (48). This lack of survival signals in neonatal bone

marrow could therefore explain transient Ab responses reported

in this age group (1), since Ab persistence is mediated by long-

lived plasma cells that reside in specialized survival niches in the

bone marrow (34). APRIL can be expressed by stromal cells but

can additionally be expressed by various hematopoietic cells, also

termed accessory cells, in the bone marrow (49, 50). For the first

time in a neonatal mouse model we performed a comparative
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analysis of different adjuvants on APRIL expression by accessory

cells in the bone marrow. Before assessing effects of immunization

and different adjuvants, we wanted to assess, also for the first time,

age-dependent maturation of bone marrow accessory cells and

their expression of the plasma cell survival factors APRIL and IL-6

at steady state. We found that APRIL was poorly expressed by

early life accessory cells, but this was not the case for IL-6.

Furthermore, neonatal immunization, in particular with

adjuvants, enhanced APRIL expression by accessory cells but

decreased their IL-6 expression. This is in line with what we

previously showed for LT-K63, when administered with a

pneumococcal conjugate vaccine (15) (and unpublished data).

Importantly, all five adjuvants assessed herein enhanced

APRIL expression in bone marrow but the extent and kinetics

of this APRIL enhancement differed between adjuvants. Early

increase in APRIL following immunization was not expected

since plasma cell influx to the bone marrow after immunization

usually remains low until after more than 3 weeks (19).

However, soluble APRIL can be bound by heparan sulphate

proteoglycans (51, 52) in the bone marrow and APRIL bound to

proteoglycan has been found to be superior to soluble APRIL in
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FIGURE 7

Adjuvants enhance BCMA expression of plasmablasts/plasma cells correlating with enhanced vaccine-specific humoral responses 6 weeks after
immunization. Frequency (upper panels) and proportional BCMA expression (lower panels) of B220+CD138+prePB/PB (A) and B220+/-CD138high

PB/PC (B), TT-specific antibody-secreting cells (ASC) in bone marrow (C, upper panel) and TT-specific IgG serum antibodies (Abs) (C, lower
panel) 6 weeks after neonatal immunization with TT (blue circles) w/wo adjuvants LT-K63 (red triangle), mmCT (pink triangle), MF59 (orange
triangle), IC31 (purple triangle), alum (turquoise triangle) or saline-injected mice (light grey circles) as controls. Spearman correlation plots for
evaluation of association between BCMA+prePB/PB frequency and TT-specific ASC (D) or TT-specific IgG Abs (E) or BCMA+ PB/PC frequency
and TT-specific ASC (F) or TT-specific IgG Abs (G) 6 weeks after immunization. Each symbol represents one mouse and results are shown as
means ± SD in 8 mice per group (except n=3 for TT+LT-K63 group n=5 for TT+mmCT group). Results for ASC and Abs (C) are pooled from two
independent experiments. For statistical evaluation Mann–Whitney U-test was used. P values from comparisons between TT group and adjuvants
groups are visible on the figures whereas grey stars represent comparisons of all groups to saline group. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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activation of B cells (52, 53). In line with that, APRIL-rich niches

with plasma cells have been found in human mucosa where

heparan sulphate proteoglycans retained neutrophil-derived

APRIL (54). Furthermore, mice deficient in glucuronyl C5-

epimerase, an enzyme that controls heparan sulphate chain

flexibility affecting ligand binding, failed to respond to APRIL-

mediated survival signals resulting in reduced plasma cells and

Ab levels (55), emphasizing the importance of heparan sulphate

proteoglycans in plasma cell survival.

It must be noted that the effects of adjuvants on APRIL

expression was less pronounced than we had previously reported

when neonatal mice were immunized with Pnc1-TT with LT-

K63 (15). However, there were some fundamental differences

between the sets of experiments described herein and the

experiments previously published (15). In the previous study T

cells, B cells, NK cells, dendritic cells, mast cells and basophils

were depleted from the bone marrow cell suspension prior to

analysing APRIL expression and accessory cells. Therefore, the

cells that have potential of APRIL expression might have been

more concentrated in the earlier study. Additionally, the

depletion protocol might have stimulated the cells to some

extent. Finally, the cells were analysed in a different flow

cytometer and thus inevitably with different settings.

It was surprising that immunization and adjuvants

decreased IL-6 expression by bone marrow cells since IL-6 has

been identified as a plasma cell survival factor (41–43).

Nonetheless, other data from mice suggest that IL-6 seems to

only be required for induction but not maintenance of plasma

cells in vivo (56). Additionally, blocking of IL-6R using

tocilizumab has not been shown to affect serum IgG Ab levels

of patients (57). Of note, co-injection of adult mice with IL-6 and

a pneumococcal conjugate vaccine enhanced T follicular helper

(Tfh) cells and T follicular regulatory (Tfr) cells that was

associated with improved Ab responses. On the contrary, the

same immunization protocol in neonatal mice reduced the

expansion of Tfh cells but increased Tfr cells that led to

limited Ab responses. This could be explained by enhanced

expression of IL-6R by neonatal compared with adult Tfr cells

and decreased IL-6R expression of neonatal Tfh cells compared

with adult Tfh cells (58). This suggests that even though IL-6 can

be beneficial for induction of immune responses in adult setting

it could have opposite effects in a neonatal setting.

How the adjuvants induce their effects on cells of the bone

marrow is still unclear. We find it unlikely that the adjuvants

reach the bone marrow to directly activate cells there, although

we cannot exclude that possibility. A more plausible explanation

would be that they induce influx of immune cells to site of

injection, and through the engagement of pattern recognition

receptors or other receptors lead to activation and secretion of

pro-inflammatory cytokines and chemokines that in turn

enhances hematopoiesis and activation of cells in the bone

marrow. During infection or inflammation, hematopoietic

stem cells respond to inflammatory stimuli by emergency
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myelopoiesis (59). Interestingly, enhanced IL-6 was recently

found to be involved in age-associated hematopoietic decline

(60). Therefore, decreased IL-6 expression in bone marrow cells

early after immunization, which was more pronounced with the

inclusion of adjuvants, could be a sign of enhanced

hematopoiesis (Figure 5A).

A large fraction of both APRIL+ cells and IL-6+ cells in bone

marrow remained undefined, i.e. didn’t fall into any of our

assigned cell population gates. These cells accounted for more

than 60% of APRIL+ cells in 1 week old mice but decreased with

increasing age. Thus, they may represent precursor cells and

therefore lack efficient expression of cell-identifying surface

markers. Interestingly, bone marrow neutrophil precursors

have been shown to express APRIL in adult mice (61).

Another explanation may be that some other cell types that

were not assessed herein expressed plasma cell survival factors to

a higher degree in younger than adult mice. Like before (15),

eosinophils, macrophages and megakaryocytes constituted a big

part of APRIL+ cells in bone marrow but herein we additionally

found that monocytes and lymphocytes were frequently APRIL+.

Likewise, eosinophils, macrophages, megakaryocytes and

lymphocytes constituted a big fraction of IL-6+ cells.

BCMA is predominantly expressed by GC B cells, memory B

cells and plasma cells (5) and has been shown to be needed for

survival of long-lived plasma cells in the bone marrow, as

BCMA-deficiency in mice drastically reduced numbers of bone

marrow plasma cells (7–9), leaving plasma cells in secondary

lymphoid organs unaffected (8, 10). Following differentiation of

B cells into plasmablasts in secondary lymphoid organs they can

relocate to the bone marrow, and it has been demonstrated that

plasmablasts sufficiently migrate to the early life bone marrow

compartments following neonatal immunization (48). Like we

had previously found for LT-K63 (15) when administered with a

pneumococcal conjugate vaccine, immunization with TT, and in

particular when adjuvants were included, enhanced BCMA

expression of plasmablasts/plasma cells, both in spleen and

bone marrow. This enhanced BCMA expression of the PB/PC

subset induced by adjuvants was still observed 6 weeks after

immunization. Enhanced BCMA expression of plasma cells may

render them more fit for prolonged survival, enabling binding of

APRIL. BCMA expression of plasmablasts/plasma cells

correlated with vaccine-specific ASCs, early in spleen and later

in bone marrow, and with serum Abs. The correlation was

generally weaker in the spleen and the best correlation was

observed between proportional BCMA expression of PB/PC

subset with TT-specific Abs 6 weeks after immunization. This

indicates a strong association between BCMA expression and

Abs at later time points after immunization, fitting well with

previous publications demonstrating that BCMA is essential for

long-lived plasma cells (8).

In our previous work (20) we demonstrated that LT-K63,

mmCT, MF59 and IC31 but not alum accelerated maturation of

follicular dendritic cells and enhanced germinal center induction
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when they were administered to neonatal mice with a

pneumococcal conjugate vaccine, Pnc1-TT. Herein, only LT-

K63, mmCT and IC31 enhanced germinal center induction, but

MF59 and alum did not. Even though MF59 and alum did not

enhance germinal center formation, both adjuvants induced

enhanced TT-specific IgG+ ASC in spleen and IgG serum Abs

at 2 and 6 weeks after immunization, compared with TT alone.

Of interest, MF59 could enhance IgG Abs following

immunization of CD4 knockout mice or CD4-depleted mice

after immunization with a TD influenza virus split vaccine (62)

suggesting that a CD4-independent pathway bypassing GC

induction can be an alternative mechanism for MF59. It might

be that the timepoints assessed were suboptimal for assessing GC

induction following immunization with TT, since vaccine

adjuvants have been shown to differently affect kinetics of

germinal center responses (63), or it could be that these

adjuvants trigger more extra-follicular responses. However, the

adjuvanticity of MF59 has been shown to be mediated through

enhanced Tfh cells and in turn enhanced germinal center

induction, but MF59 was unable to activate Tfh cells following

neonatal immunization with HA (26).

We have also previously shown that a single immunization

of neonatal mice with Pnc1-TT with the adjuvants LT-K63,

mmCT, MF59 and IC31, but not alum, was sufficient to induce

vaccine-specific ASCs in bone marrow and serum Abs that

persisted above protective levels against pneumococcal

bacteremia and lung infection 9 weeks after immunization

(20). On the contrary, alum only transiently enhanced

vaccine-specific ASCs in bone marrow and serum Abs up to

week 6 (20). In this study, all the adjuvants induced higher levels

of IgG Abs than TT alone. Of interest, bone marrow PB/PC of

mice immunized with TT+alum were less frequently BCMA+ 6

weeks after immunization than PB/PC of mice immunized with

any of the other adjuvants assessed herein and may therefore be

less fit for prolonged survival as was observed in previous studies

(20, 64).

It was surprising that adjuvants with previously established

different mechanisms of action (Table 1) all induced similar

responses in our model, i.e. enhanced APRIL and BCMA

expression, although with different kinetics and magnitudes

and decreased IL-6 expression, that associated with enhanced

humoral immune responses. It still remains unknown through

which mechanisms this enhanced APRIL and BCMA expression

and decreased IL-6 expression is mediated and likely they differ

between adjuvants, and will be studied in more detail in future

experiments. Nonetheless, a significant correlation of BCMA

expression among plasmablasts/plasma cells and serum Abs 6

weeks after immunization suggests that upregulation of BCMA

on plasmablasts/plasma cells is an important step in rendering

these cells more fit for prolonged survival and induction of

persistent Ab responses after neonatal immunization. In line

with that, mice immunized with LT-K63, mmCT, MF59 and

IC31 clearly grouped together on this correlation plot whereas
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mice immunized with alum grouped with mice immunized with

TT alone (Figure 7G), revealing differences between alum and

the other adjuvants that could explain more transient responses

induced by alum as previously reported by us and others

(20, 64).

To summarize, we found that APRIL expression was limited

in young mice whereas IL-6 expression was higher in younger

than adult mice. We identified eosinophils, macrophages,

megakaryocytes, monocytes and lymphocytes as important

secretors of survival factors in early life but undefined cells

also constituted a large fraction of secretors. Neonatal

immunization and adjuvants enhanced APRIL expression but

decreased IL-6 expression in bone marrow cells early after

immunization. Moreover, immunization and adjuvants

enhanced proportions of plasmablasts/plasma cells that

expressed BCMA early in spleen and later in bone marrow,

and this enhanced BCMA expression significantly correlated

with enhanced vaccine-specific humoral responses. It must be

noted that alum’s effect on BCMA expression was less

pronounced at later time points than the effects of the other

adjuvants which could explain previous reports of transient

humoral immune responses induced by alum (20, 64). We

demonstrate that not only APRIL is limited in early life, but

also BCMA expression of plasmablasts/plasma cells and that

enhanced BCMA expression induced by adjuvants correlated

with enhanced persistence of vaccine-specific humoral immune

responses, offering an explanation for transient Ab responses in

early life. These results together with our previously published

data (20) warrant further investigations of the adjuvants mmCT,

MF59 and IC31 for use in early life vaccinology.
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