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Design and Evaluation of An Intranasal Carbohydrate-based

Vaccine against Streptococms pneumoniae Serotype 12F

ABSTRACT

Diseases caused by S. pnenmoniae are the leading cause of child mortality, estimated to kill 1,000,000
children yearly. As antibiotic resistance of S. pneumoniae is rising, vaccination programs remain the
most recommended solution. However, the existing pneumococcal polysaccharides vaccine (PPSV)
proved only to induce T-independent immunity, and cold chain dependence of the protein conjugate
vaccine (PCV) impedes its promotion in developing countries, where infections are most problem-
atic. Affordable and efficient vaccines against pneumococcus are therefore in high demand. Here, we
present an innovative intranasal vaccine Lipo*CPS12F&aGC, containing the capsular polysaccha-
rides of S. pneumoniae 12F and the iNKT agonist a-galactosylceramide in cationic liposomes. The
vaccine effectively activated iNKTs and promoted B cell maturation, stimulated the production of
affinity-matured IgA and IgG in both the respiratory tract and systemic blood, and displayed suffi-
cient protection efficacy both 7z vivo and 7z vitro. The novel vaccine is a promising cost-effective solu-
tion against pneumococcus, which can potentially be applied to other carbohydrate antigens covering

more serotypes and pathogens.
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Design og Evaluering af En Intranasal Kulhydratbaseret

Vaccine mod Streptococcm pnenmoniae Serotype 12F*

RESUME

Sygdomme forarsaget af S. pnenmoniae er den sterste irsag til bernededelighed, hvor det er estimeret
til at drebe 1.000.000 bern arligt. Som antibiotikaresistensen af S. pneumoniae stiger, er vaccination-
sprogrammer fortsat den mest anbefalede losning. Den eksisterende pneumokokpolysakkaridvaccine
(PPSV) har imidlertid vist sig kun at inducere T-uathengig immunitet og koldkedeathengighed af
proteinkonjugatvaccinen (PCV) hemmer dens promovering i udviklingslande, hvor infektioner er
mest problematiske. Billige og effektive vacciner mod pneumokokker er derfor meget efterspurgte. Vi
prasenterer her en innovativ intranasal vaccine Lipo™ CPS12F&aGC, der indeholder kapselpolysakkarider
af S. pneumoniae 12F og iINKT-agonisten o-galactosylceramid i kationiske liposomer. Vaccinen ak-
tiverede effektivt iNKT og fremmede B-cellemodning, stimulerede produktionen af affinitetsmodnet
IgA og IgG i bide luftveje og systemisk blod og udviste tilstrakkelig beskyttelseseffektivitet bade 77
vivo og in vitro. Den nye vaccine er en lovende omkostningseffektiv lesning mod pneumokokker,

som potentielt kan anvendes pa andre kulhydratantigener der dakker flere serotyper og patogener.

"Dr. Faranak Nami at DTU Chemistry helped with the Danish translation.
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1.1 PNEUMOcCOCCUS, FROM SEROTYPE TO CPS TYPE

a) b)

|
(

(A
L

¥ ¥

antiserum 9N antiserum 9L
from New York State Lab ~ from Lederle Lab

ineffective

QI

S. pneumoniae

= g | ' ) i serotype 9

",'h" » ;

#l's discovery

S. pneumoniae
serotype 9V
c)
CPS type,
identified via — identified via

capsular polysaccharide structure or
gene sequence

Figure 1.1: Pneumococcus, from serotype to CPS type. a) Prince Valdemar of Denmark (1858 —1939) died from pneu-
monia. The portrait was taken in 1936 and retrieved from the Agence de presse Meurisse ®. b) The ineffectiveness

of antiserum 9N and 9L treatment on Prince Valdemar led to the discovery of S. pneumoniae 9V, named after him. c)
Techniques for identifying pneumococcus upgraded from seroreactivity to capsular polysaccharide structure and gene
sequence. The illustration was created with BioRender.

In 1939, Prince Valdemar of Denmark (Figure 1.1 a) was diagnosed with pneumonia. By that time,
researchers already knew Streptococcm pnmmom’ae, Or pneumococcus, was the main pathogen respon-
sible for this disease, and the bacteria virulence was closely related to the capsular polysaccharide (CPS,
Figure 1.2 right). Also, pneumococcus was not homogeneous, as isolated cultures displayed different
morphology after specific antiserum incubation (Figure 1.2 left). According to its seroreactivity, the
bacteria was categorized into 32 serotypes at that time*.

A further diagnosis determined the Prince was infected by the pneumococcus belonging to serotype

9. At that time, antiserum treatment was the most effective option available; therefore, the Prince re-



ceived the antiserum (Figure 1.1 b) 9L from the Lederle Lab (now part of Pfizer) and 9N from the
New York State Lab (now the Wadsworth Center). Regrettably, neither antiserum proved eftective,
leading to the Prince’s passing in that same year. Following studies discovered that the strain infected
the Prince differed from the ones producing the antiserum. In memory of the Prince, the newly dis-

covered strain was named “9V” 3.

Figure 1.2: Streptococcus pneumoniae displayed positive (capsular swelling) and negative (no capsule) results in the
Quellung test (left, retrieved from the Public Health Image Library #2113%) and visualization of pneumococcus capsular
polysaccharides by gold nanoparticles under an electron microscope (right, retrieved from a published study®).

The case of the Prince highlighted the need for a more accurate method to identify pneumococ-
cus. Later research revealed that the seroreactivity of pneumococcus was determined by the unique
structure of the bacterial capsular polysaccharide repeat unit; thus, the classification system shifted
from serotype to CPS type (Figure 1.1 ). Currently, gene sequencing using real-time PCR is a faster
and more reliable method to identify pneumococcus in the laboratory(’.

By now, more than roo CPS types of pneumococcus have been documented by the Global Pneu-
mococcal Sequencing Project”. Sometimes, we still term them as serotypes by traditions. Based on

their shared serum reactivity, some serotypes were combined as serogroup. While the cross-reactivity



is frequent, it cannot be presumed®, which explains the therapy failure of the Prince. Studies from
Denmark and the United States led to two different pneumococcus nomenclature systems®. Since

the last century, the Danish system has been widely accepted by academics worldwide.

1.2 CARBOHYDRATE VACCINES, SWEET SOLUTIONS TO THE STICKY SITUATION

Otitis media o
— Meningitis
Conjunctivitis
» Sepsis
Sinusitis
Osteomyelitis
Pneumonia

QIIIIEERY

S. pneumoniae

Figure 1.3: Pneumococcal diseases include noninvasive ones like otitis media, conjunctivitis, sinusitis, and pneumonia, as
well as invasive ones like meningitis, sepsis, and osteomyelitis. The illustration was created with BioRender.

Pneumococcus is transmitted among the population by respiratory droplets and normally resides
asymptomatically in the human upper respiratory tract, where it downregulates capsule production
to assist its binding to the epithelium '°. The carrying ratio of pneumococcus can be as high as 6o %
in specific populations, such as school-aged children and the military '*. In some hosts (Figure 1.3),
primarily children, elderly, and immunity-compromised individuals, the pneumococcus will resume

the capsule expression to form biofilm and escape phagocytosis clearance, expand into deeper places,



such as the lower respiratory tract and bloodstream, and finally causes both noninvasive (pneumonia,

otitis media, sinusitis, and conjunctivitis) and invasive diseases (IPDs, such as meningitis, sepsis, and

osteomyelitis) **.

What do children die from?

And how have the causes of child death changed since 1990?

The area of each rectangle corresponds to the annual number of deaths of children under 5 years old.

To see how child health has changed deaths in 1990 and 2017 are shown: il
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Figure 1.4: Pneumonia is the leading cause of child deaths. A comparison between the causes of child mortality on a

global scale in 1990 and 2017, retrieved from Our World in Data *°.

Currently, pneumococcus-related diseases are a significant concern for global public health. Im-

portantly, they are the leading causes of child mortality, estimated to kill 1,000,000 children per year

by the World Health Organization '#, including 809,000 pneumonia deaths (Figure 1.4).



Death rate from pneumonia for children vs. GDP per capita, 2019

Death rate from pneumonia and other lower respiratory diseases in children under 5 per 100,000 children.
Gross domestic product (GDP) per capita is measured in current international-$.
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Figure 1.5: Negative correlation between children’s pneumonia mortality and economic development degree. The death
rate from pneumonia for children vs. GDP per capita, 2019, retrieved from Our World in Data®’.

The death rate from pneumonia for children negatively correlates with the economic develop-

ment degree (Figure 1.5), highlighting the need for effective and affordable treatments.
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Figure 1.6: Timeline of antibiotic resistance of Streptococcus pneumoniae, retrieved from a published study *°.

The development of effective vaccines against pneumococcus commenced in the early 20" cen-
tury, with the first clinical trial conducted in 1911 7. However, since the discovery of penicillin, an-
tibiotic treatment has become the most commonly applied therapy against pneumococcal diseases,
which led to the decline in efforts for pneumococcal vaccine development. Unfortunately, this bacte-
ria has developed resistance against all antibiotics except vancomycin (Figure 1.6), and in many coun-
tries, macrolide antimicrobials, penicillins, and cephalosporins are no longer assumed effective **. The
significant challenge of multi-drug resistance (MDR) has made developing effective vaccines recon-

sidered as the most promising method against pneumococcus.
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Figure 1.7: Strategies for developing pneumococcal subunit vaccines. The illustration was created with BioRender.

Pneumococcal subunit vaccines can be broadly divided into two categories based on the type of
antigen used: protein and carbohydrate (Figure 1.7 left). Pneumococcal surface protein A (PspA) *#19:20:2 12223
is the most studied protein antigen candidate, but none has been licensed. In contrast, the capsular
polysaccharide is believed to be a more promising antigen, as it is the most virulent component that
covers the bacteria. Merck developed the first pneumococcal polysaccharide vaccine (PPSV), Pneu-
movax®23 >4, licensed in 1983. The vaccine comprised a mixture of capsular polysaccharides from 23
different serotypes of pneumococcus without adjuvant. However, the classical major histocompat-
ibility complex (MHC) molecule cannot present carbohydrate-based antigens, which is essential for
inducing T-dependent adaptive immunity. As a result, the vaccine was of low immunogenicity (56 %
effectiveness **) and unable to bring immunological memory.

To break this restriction, the carbohydrate antigens can be conjugated to a carrier protein (e.g.,

)26

CRMa197, a detoxified variant of diphtheria toxin, Figure 1.7 top right)*°. Based on this strategy,



Prevnar®s (777, 13>%, and 202, which was licensed in 2007, 2010, and 20271; developed by Wyeth,
now part of Pfizer), Vaxneuvance " 15 *° (licensed in 2021, developed by Merck) and some preclinical
vaccines 3'3>33:3435:3¢ were developed. Clinical studies showed that Prevnar®13, the currently most
widely applied one, had overall improved efficacy but still showed limitations in older individuals (46

% risk reduction 7).
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Characteristics of iNKT:

Spleen
©g
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Mesenteric
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g

3. bridge between innate ("PAMPs" like) and adaptive ("Ty" phenotype) immunities

Figure 1.8: iNKTSs' tissue distribution and immune characteristics in mice. The left illustration and right features were
38,39,40

retrieved and summarized from the published studies

Another approach is to link the carbohydrate antigen to an immunogenic lipid (Figure 1.7 bot-
tom right), such as a-galactosylceramide («GC), which can activate semi-invariant natural killer T
(iNKT, Figure 1.8) cells and further initiate the iNKT-assisted adaptive immune responses. Com-
pared with the classical T cell-dependent immune responses, targeting iINK'T holds several advantages.
Firstly, iNKTs are “pre-primed” and respond faster than normal T cells. While Trg helps form ger-
minal centers in 10 days, NKTFy only takes 3 days38. Secondly, activating iNKTs will result in a
universal effect, as its ligand CD1d (CD1a-¢ in humans) is more conserved in structure than the con-
ventional MHC molecule*'. Most importantly, iNKT cells are capable of activating innate immu-
nities by the “pathogen-associated molecular patterns (PAMPs) like” functions and also contributing

to adaptive immunities through differentiating into “T-helper” phenotypes. The bridging capability



between innate and adaptive immunity can result in a synergistic effect and improve bacterial clear-
ance efficacy *°. Several semisynthetic vaccines #*>#+%5 based on this strategy have shown promising
results. However, their fabrication processes contain chemical synthesis, which increases the cost and
restricts availability to vulnerable populations in low-income areas.

Notably, all currently licensed pneumococcal vaccines require to be stored and delivered within
a cold chain, which can account for as much as 50 % of the total cost **. This cost further presents a

noticeable obstacle to their distribution in developing countries, where preventive vaccination is most

important.

1.3 INTRANASAL VACCINATION, ACTIVATING NALT aAND IBALT

intranasal vaccination: Pharyngeal tonsil
1. activate NALT, iBALT, (proximal to
infection site), and systemic immunity \
2. IgA prone
3. patient-compliant [

Tubal tonsil

Palatine tonsil

Lingual tonsil

_— ae)
) .~ Upper respiratory
- | — mucosa
Lower respiratory ‘5 N
| NALT
- |
%

mucosa
Bronchial patches
iBALT
NALT: nasopharynx-associated lymphoid tissue
and
iBALT: inducible bronchus-associated lymphoid tissue
are parts of
\ MALT: mucosa-associated lymphoid tissue

Figure 1.9: NALT, iBALT, and intranasal vaccination. The illustration was created with BioRender.

The currently licensed Pneumovax® and Prevnar®s are administered through parenteral ways, such

as intramuscular (z.7.) or subcutaneous (s.c.) injection, which predominantly elicit systemic immune
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responses. However, it is mucosal immunity that serves as the first line to block pathogen infection.
Mucosa-associated lymphoid tissue (MALT) can be classified into several segments based on loca-
tion, with nasopharynx- and inducible bronchus-associated lymphoid tissues (NALT and iBALT)
closely related to pneumococcus respiratory infections (Figure 1.9). In systemic immunity, IgG plays
a pivotal role by mediating complement-dependent cytotoxicity (CDC) and antigen-dependent cell
cytotoxicity (ADCC), which can release toxins such as pneumolysin, resulting in inflammation and
damage. In contrast, mucosal immunity mainly functions with IgA, which neutralizes and aggluti-
nates the pathogen and clears it through ciliary motion, making it a safer and more suitable target to
combat pneumococcus. Intranasal (7..) vaccination is an effective localized immunization approach
to activate the NALT and iBALT. Compared with z. and s.c. routes, it is also more compliant with
patients. To date, there are a lot of studies for pneumococcal intranasal vaccines #7:4549:5%5 15525 3,555

almost all used protein-based antigens, but none has been authorized.

1.4 StUDY DESIGN

This study presents proof of principle for a cost-eftective vaccine, Lipo* CPS12F&aGC, comprising
the capsular polysaccharide of S. pneumoniae 12F as antigen and the iNKT agonist «GC as “adjuvant”
in cationic liposomes. The antigen was extracted from cultured bacteria without additional chemi-
cal synthesis, the two components were co-delivered in easily fabricated cationic liposomes (different
from the glycolipids conjugate strategy in Figure 1.7 bottom right), and the working formulation can
be stored safely at room temperature for a minimum of 3 weeks. These features help reduce costs
and simplify logistics. Moreover, our vaccine can be intranasally (z.7.) applied with the help of the
cationic liposome formulation. This immunization route is more patient-compliant and effective in
stimulating the local respiratory mucosal immune systems, which are proximal to infection sites.

Lipo™ CPS12F&aGC successfully initiated the iNKT-mediated B cell maturation and produced
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antigen-specific high-affinity IgA and IgG antibodies in both the mucosal and systemic immune sys-
tems. Importantly, in both 2% vitro and in vive studies, the vaccine demonstrated efficient protection
potential against the pathogen. Our study used capsular polysaccharides from serotype 12F as the
prototype, since this strain can cause invasive pneumococcal diseases (IPDs) and cases broke out in

many countries 56:57:58:59 W believe our design holds promise for expansion to more serotypes.
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2.1 MATERIALS AND METHODS

2.1.1 CAPSULAR POLYSACCHARIDES MOLECULAR WEIGHT CHARACTERIZATION

The CPS12F’s molecular weight was characterized via asymmetrical flow field-flow fractionation cou-
pled with multi-angle light scattering (AF4-MALS).

The protocols for AF4-MALS were developed with help from Dr. Mariusz Kubus and Dr. Chengxin
Liat DTU Chemistry.

Table 2.1: Optimized program of cross-flow for separating CPS12F. Detector flow was constant at 0.50 mL/min.

Mode Duration (min) ~ Cross-flow Start (mL/min) Cross-flow Stop (mL/min) Flow Profile
elution 3.0 2.00 2.00 constant
elution inject 5.0 2.00 2.00 constant
elution inject 22.0 2.00 0.70 linear
elution inject 25.0 0.70 0.05 exponential
elution inject 3.0 0.05 0.00 linear
elution 5.0 0.00 0.00 constant
elution 2.0 0.00 0.00 constant
0.8 r2.5

—— Virtual Experiment (new) - Sum
Virtual Experiment (new) - Cross Flow

Virtual Experiment (new) - BSA Standard

Virtual Experiment (new) - CPS12F 20
0.6
—_ 1.5
E £
E €
g 3
= 0.4+ £
5 3
g 1.0 u—cf
;E) ] »
@
< $
o o
© 0.2+

0.5

K — ro0.0

T T T T
5 10 15 20 25 30 35 40 45 50 55 60 65
Elution Time [min]

Figure 2.1: Simulated elution spectrum by the manufacturer’s software SCOUT DPS. With the developed elution pro-
gram (Table 2.1), the 66.5 kDa BSA standard comes at 10 min and assumed 500 kDa CPS comes at 35-40 min.
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The machine method (the program of cross flow and detection flow, Table 2.1) was developed in
the manufacturer’s simulation software SCOUT DPS v2..0.2.9 (Figure 2.1) and optimized with actual
results.

Phosphate buffer (38 mM Na,HPO, - 2 H,O and 12 mM NaH, PO, - 2 H, O, Sigma—Aldrich®
71643 & 71505) was freshly prepared, filtered through o.1 um PVDF membranes (Durapore® VVLPo4700),
and used as the flush solution. Bovine serum albumin (BSA, Mw 66.5 kDa, Sigma-Aldrich® o5470)
was used as the standard control. 100 uL of each sample (dissolved in the flush buffer at 2 mg/mL,
filtered through a 0.2 um PVDF syringe filters, Thermo Scientific"" 4-SF-02(PV)) was injected into
the system with a pump (Agilent 1260 Infinity II), separated in the AF4 channel (3 50 pm spacer, PES
10 kDa MWCO, 17.5 cm long channel, Wyatt 1899), and measured by a differential refractive index
detector (Optilab T-rEX from Wyatt) and a MALS detector (TREOS II from Wyatt). Results were
analyzed using the manufacturer’s software ASTRA v7.3, in which the refractive index increments

for BSA and CPS12F were set as 0.185 mL/g and o.150 mL/g, according to the published studies .
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2.1.2 L1IPOSOMAL VACCINES PREPARATION

The liposomal vaccines were prepared by the extrusion method.

The protocols were modified from the manufacturer’s instructions ©»°*;

Table 2.2: Molar ratios of liposome compositions before fabrication. a) The molecular weight of CPS12F single repeat
unit (1127.39) was used for calculation. b) The DSTAP ratio of 15 % was determined by stepwise increasing its propor-
tion until the surface charge of the liposome reached 25-30 mV 3. ¢) The sum of lipophilic components equals 1, and

the molar amount of aGC equals CPS12F in Group 4, 5, & 6.

Lipophilic (molar ratio)

Hydrophilic (molar ratio)

Grou Abbreviation
p DSPC DSTAP cholesterol aGC CPS12F*
I Lipo* 55 % 15 %° 30 % - -
2 Lipo"aGC 53.5%  15% 30% 1.5 % -
3 Lipo*CPS12F 55 % 15 % 30 % - 1.5 %°
4 LipoCPS12F&aGC  68.5 % - 30 % 1.5% 1.5%
5&6 Lipo"CPS12F&aGC 53.5%  15% 30% 1.5 % 1.5 %
Table 2.3: List of materials, reagents, and equipment used in liposome fabrications.
Product Producer Code
tert-butanol (-BuOH) Sigma-Aldrich® 24127, 75-65-0
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) Avanti Polar Lipids® 850365D, 816-94-4
1,2-stearoyl-3-trimethylammonium-propane (18:0 TAP, DSTAP) Avanti Polar Lipids® 890880P, 220609-41-6
cholesterol Sigma-Aldrich® C8667, 57-88-5
o-galactosylceramide (aGC) Biosynth® MG15978, 158021-47-7
vessel rack (heating block) SiliCycle MiniBlock® 13260546
magnetic stirrer with hotplate Heidolph MR Hei Standard
4 mL 13 mm screw neck glass vials Fisherbrand™ 10571013
13 mm caps Fisherbrand™ 11506044
18 G injection needles HSW FINE-JECT® 4710012050
liquid nitrogen - -
Dewar flask KGW ISOTHERM SCH 20 CAL
freeze dryer LaboGene™ ScanVac CoolSafe
polysaccharide, purified type 12F SSI Diagnostica 76939
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer Fisher Bioreagents™ BP299-500

sodium chloride (NaCl) Fisher Bioreagents™

pH/ion meter METTLER TOLEDO
0.2 pm sterile syringe filter Fisherbrand™
extruder Avanti Polar Lipids®
1000 pL extruder syringe Avanti Polar Lipids®
extruder holder/heating block Avanti Polar Lipids®
filter support Avanti Polar Lipids®

0.2 um hydrophilic membrane

Cytiva Whatman"" Nuclepore™

BP3581,7647-14-5
SevenCompact " S220
15206869
610020
610017
61002
610014

10417004

Prepare lipid film:
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* Prepare r-BuOH/H, O mixture (9/1, v/v, Sigma—Aldrich® 24127) mixture.

* Calculate, weigh, and dissolve all lipophilic components with -BuOH/H, O mixture in glass
vials (Fisherbrand™ 10571013 & 11506044) inserted in a vessel rack (SiliCycle MiniBlock®
13260546) at 70 °C with magnetic stirring (Heidolph MR Hei Standard): DSPC (20 mg/mL,
Avanti Polar Lipids® 850365P), DSTAP (3 mg/mL, Avanti Polar Lipids® 890880P), choles-
terol (8 mg/mL, Sigma-Aldrich® C8667), oGC (1 mg/mL, Biosynth® MG15978). The tem-
perature should be above the phase transition temperatures of DSPC (55 °C®*) and DSTAP

(62.9°C®).

* Once fully dissolved, mix the lipophilic components according to formulations (Table 2.2) and

further magnetic stir the mixture at 70 °C for 5 min.

* Insert the glass vials containing the lipids mixture into liquid nitrogen in a Dewar flask (KGW
ISOTHERM SCH 20 CAL) until fully frozen. Make holes on the caps of glass vials with 18
G injection needles (HSW FINE-JECT® 4710012050), and lyophilize the lipids mixture on a

freeze dryer (-55 °C, -1 mbar, LaboGene™ ScanVac CoolSafe) to remove the solvent.
Hydrate lipophilic and hydrophilic components:

* Prepare the HEPES saline solution (1o mM HEPES, 150 mM NaCl, pH = 7.4, isotonic,
~300 mOsm/kg): add s mL 1M HEPES (Fisher BioreagentsTM BP299-500), 4.383 g NaCl
(Fisher BioreagentsTM 10316943) to 495 mL ultra-pure water, adjust pH to 7.4 (METTLER
TOLEDO SevenCompaLctTM S2.20), filter through 0.2 um PES membrane (Fisherbrand™ 15206869)

for sterilization.

* Hydrate lyophilized lipid film with HEPES saline solution at 40 mM and 7o °C with mag-

netic stirring until fully dissolved. Dissolve hydrophilic CPS12F in HEPES saline solution at
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10 mg/mL, mix it with the lipid solution according to formulation (Table 2.2), and further

magnetic stir the mixture at 70 °C for 5 min.
Extrude the mixture:

* Wet the filter support (Avanti Polar Lipids® 610014) and 0.2 pum hydrophilic membrane (Cy-
tiva Whatman™" NucleporeTM 10417004) with HEPES saline solution.

O-ring

Crannel g ot ngﬁ:
/ O-ring / \ O-ring 9
Extruder Internal Internal
Quter Membrane Polycarbonate Membrane Retainer
Casing Support Membrane Support Nut

Figure 2.2: Assembly of the extruder, recaptured from the manufacturer’s website

* Assemble the extruder (Avanti Polar Lipids® 610020) according to the manufacturer’s instruc-
tion (Figure 2.2). Heat the extruder to 70 °C with the extruder holder (Avanti Polar Lipids®

61002) on a hotplate.

* Take two of 1000 L extruder syringes (Avanti Polar Lipids® 610017). Use one of them to
take 1 mL of HEPES saline solution. Insert the two into the assembled extruder. When the
temperature stabilizes at 70 °C, push the solution repeatedly through the membrane 1o times
to check the tightness and reduce the dead volume. Then, discard the HEPES saline solution

in the syringes.

* Use one of the 1000 L extruder syringes to take 1 mL of formulation mixture solution and in-
sert them into the extruder. When the temperature stabilizes at 70 °C again, push the solution

repeatedly through the membrane 21 times. After extrusion, the liposome solution should go
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into the alternative extruder syringe to prevent unfiltered larger aggregates. The prepared li-
posome solution should be transparent, in which the remaining large particles will cause light

scattering and make it a little cloudy.
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2.1.3 DSPC AND DSTAP QUANTIFICATION

The retained DSPC and DSTAP in liposomal vaccines were measured by determining the phosphorus
concentration through the malachite green phosphate assay (Sigma-Aldrich® MAK307)", assuming
the retaining ratios of the two compounds were the same.

The protocols were modified from the published research ¢7 and the manufacturer’s instructions °®

Table 2.4: List of materials, reagents, equipment, and software used in DSPC and DSTAP quantifications.

Product Producer Code
95.0-98.0 % (w/w) sulfuric acid (H,SO,) Alfa Aesar 33273, 7664-93-9
70 % (w/w) perchloric acid (HCIO,) Alfa Aesar L13298, 7601-90-3
vessel rack (heating block) SiliCycle MiniBlock® 13260546
magnetic stirrer with hotplate Heidolph MR Hei Standard
malachite green phosphate assay kit Sigma-Aldrich® MAKj307
96-well clear flat bottom plate Corning® 3591
microplate reader TECAN Spark® Cyto
GraphPad Prism GraphPad Software, LLC. 9.5.0

Release the organic phosphate in phospholipids:

* Prepare 1 M H,SO,: dilute 0.54 mL 98 % (w/w) H,SO, (Alfa Aesar 33273) to 1o mL with

ultra-pure water.

* Prepare 14 % (w/v) HCIO,: dilute 1.20 mL 70 % (w/w, o= 1.67 g/cm?) perchloric acid HCIO,

(Alfa Aesar L13298) to 1o mL with ultra-pure water.
* Prepare the ashing solution: mix 9 mL 1 M H,SO,, with 1 mL 14 % (w/v) HCIO,.

* Add o.7 mL ashing solution to testing tubes containing 0.5 mL diluted samples. Heat the
mixture tubes in a heating block (SiliCycle MiniBlock® 13260546) at 230 °C (Heidolph MR

Hei Standard) for 1 hour. During the process, the HCIO, will be removed by evaporation,

*ICP-OES or ICP-MS is the more convenient and reliable method to do it. But unfortunately, the machine
at DTU Health Tech was down, so we used this kit as an alternative.
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the H,SO, will concentrate into a clear liquid, and the organic phosphate will be transformed

into free orthophosphate.
¢ When the temperature returns to 18-24 °C, dilute the mixture to 1 mL with ultra-pure water.
Develop the color complex:
* Serially dilute the phosphate standard as calibration controls.

* In a 96-well clear flat bottom plate (Corning® 3591), mix 8o uL of testing samples or cal-
ibration standards with 20 pL of malachite green and molybdate working solution (Sigma-

Aldrich® MAK307).

* Incubate the plate at 18-24 °C for 30 minutes to allow the complex formation and color devel-

opment.
Data acquisition and analysis
* Acquire the ODy,, values of each testing well with a microplate reader (TECAN Spark® Cyto).

* Draw the Log-Log calibration curve in a data analysis software (GraphPad Prism 9) and inter-

polate the testing samples concentration.
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2.1.4 CHOLESTEROL QUANTIFICATION

The retained cholesterol was measured by coupled enzyme reactions and a fluorometric assay (Sigma-
Aldrich® CSooos).

The protocols were modified from the manufacturer’s instructions .

Table 2.5: List of materials, reagents, equipment, and software used in cholesterol quantifications.

Product Producer Code
cholesterol quantification assay kit Sigma-Aldrich® CSoo05
96-well black well clear flat bottom plate Corning® 3631
aluminum foil ABENA -
shaker IKA® VXR basic Vibrax®
microplate reader TECAN Spark® Cyto
GraphPad Prism GraphPad Software, LLC. 9.5.0

Develop the coupled enzyme reactions

* Thaw all assay components of the kit (Sigma-Aldrich® CSooos). Take the volume to use and

store at 2-8 °C. Aliquote the left and store at -20 °C.
* Serially dilute the cholesterol standard as calibration controls.

* In a 96-well black well clear flat bottom plate (Corning® 3631), mix 49 pL of diluted testing

samples or calibration standards with o.5 uL of the enzyme and o.5 uL of the probe.
* Wrap the plate with aluminum foil (ABENA) to protect it from light.

* Place the plate on a shaker (IKA® VXR basic Vibrax®) at 300 rpm for 1 minute to homogenize

the mixture.
* Incubate the plate at 37 °C for 30 minutes to develop coupled enzyme reactions.

Data acquisition and analysis
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* Acquire the Aey 535 nm/Aem, 587 nm Values of each testing well with a microplate reader (TECAN

Spark® Cyto).

* Draw the Log-Log calibration curve in a data analysis software (GraphPad Prism 9) and inter-

polate the testing samples concentration.
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2.1.5 oGC QUANTIFICATION

The retained aGC was quantified by RP-UPLC-MS/MS (reverse-phase ultra-performance liquid chromatography-
tandem mass spectrometry) via multiple reaction monitoring (MRM) using a 2.6 um C8 column.
The protocols were developed by Dr. Ulrik Keiding, Dr. Sahar Tahvili, Charlie Johansen, and

Dr. Faranak Nami at DTU Chemistry.

Table 2.6: List of materials, reagents, equipment, and software used in ®GC quantifications.

Product Producer Code
dimethyl sulfoxide (DMSO) Sigma-Aldrich® D8418, 67-68-5
water (H,O) VWR Chemicals® 83645,7732-18-5
acetonitrile (CH,CN) VWR Chemicals® 83640, 75-05-8
isopropyl alcohol ((CH,),CHOH) VWR Chemicals® 84881, 67-63-0
formic acid (HCOOH) VWR Chemicals® 84865, 64-18-6
liquid chromatograph (LC machine) SHIMADZU Nexera-i LC-2040C
2.6 um C8 100 A 150 x 2.1 mm LC column Kinetex® 00F-4497-AN
triple quadrupole mass spectrometer (TQMS) SHIMADZU LCMS-8045
GraphPad Prism GraphPad Software, LLC. 9.5.0

* Dissolve standards in DMSO (Sigma-Aldrich® D8418), and further dilute standards and test-

ing samples in H, O/CH,; CN (v/v, 1/1) mixture.

* Separate the compounds using a 2.6 um C8 column (Kinetex® ooF-4497-AN) via reverse-
phase ultra-performanceliquid chromatography (RP-UPLC, SHIMADZU Nexera-i LC-2040C)

with the following eluents program (Table 2.7):

Table 2.7: Eluents program: eluent A: CH3;CN/H,O/HCOOH (v/v/v, 49.5 %/49.5 %/1 %, VWR Chemicals® 83645,
83640 & 84865); eluent B: (CH3),CHOH/HCOOH (v/v, 99 %/1 %, VWR Chemicals® 84881)

Time (min) 1 5 8 10 12
% B 30 100 100 30 30

* Characterize the aGC through a tandem mass spectrometer (SHIMADZU LCMS-8045) via
multiple reaction monitoring (mass/charge: 859—679, collision energy: -30 eV, mode: posi-

tive) and record its integrated signal area.
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* Draw the Log-Log calibration curve in a data analysis software (GraphPad Prism 9) and inter-

polate the testing samples concentration.
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2.1.6

CPS12F QUANTIFICATION

The retained CPS12F was determined by the phenol sulfuric acid method.

The protocols were modified from the published research”>7".

Table 2.8: List of materials, reagents, equipment, and software used in CPS12F quantifications.

Product Producer Code
polysaccharide, purified type 12F SSI Diagnostica 76939
phenol Alfa Aesar Ar15760, 108-95-2
95.0-98.0 % (w/w) sulfuric acid (H,SO,) Alfa Aesar 033273A1, 7664-93-9
96-well clear flat bottom plate Corning® 3591
microplate reader TECAN Spark® Cyto
GraphPad Prism GraphPad Software, LLC. 9.5.0

Develop the reaction

Dissolve CPS12F (SSI Diagnostica 76939) in ultra-pure water and serially dilute it as calibra-

tion controls.
Dilute testing samples with ultra-pure water to the linear concentration range of standards.

Prepare s % (w/v) phenol solution: dissolve 1 g of phenol (Alfa Aesar A15760) in 20 mL of

ultra-pure water.

In each testing tube, add 200 uL of control or testing sample, 100 uL of 5 % (w/v) phenol

solution, and soo pL of 98 % (w/w) concentrated sulfuric acid (Alfa Aesar 033273A1).
Vortex the testing tubes to mix well.

Place the mixture at 18-24 °C for 30 minutes to develop the color. During this process, the
polysaccharide will first be broken down and dehydrated by concentrated sulfuric acid into s-
hydroxymethylfurfural; then, the furfural derivative will react with phenol and give an orange

color, which has a maximum absorbance of 490 nm.
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* Transfer 200 uL of each control or testing sample to a 96-well clear flat bottom plate (Corning®

3591).
Data acquisition and analysis
* Acquire the OD,, values of each testing well with a microplate reader (TECAN Spark® Cyto).

* Draw the Log-Log calibration curve in a data analysis software (GraphPad Prism 9) and inter-

polate the testing samples concentration.
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2.1.7 SIZE DISTRIBUTION, SURFACE CHARGE, AND STABILITY EVALUATION

The hydrodynamic size distribution and surface charge were characterized in a zetasizer (Malvern
NanoZS). To evaluate their stability under room temperature (18 - 24 °C) and in the fridge (2 - 8
°C), the changes in size distribution and surface charge were monitored.

The protocols were developed with Dr. Gael Veiga at DTU Health Tech:

Table 2.9: List of materials, reagents, equipment, and software used in liposome characterizations with a zetasizer.

Product Producer Code
4-(2-hydroxyethyl)- 1-piperazineethanesulfonic acid (HEPES) buffer Fisher Bioreagents BP299-500, 7365-45-9
sodium chloride (NaCl) Fisher Bioreagents™ 10316943, 7647-14-5
calcium chloride dihydrate (CaCl, - 2 H,0) Fisher Bioreagents™ 10306313, 10035-04-8
glucose solution Gibco™ A2494001
pH/ion meter METTLER TOLEDO  SevenCompact " S220
o.2 pm sterile syringe filter Fisherbrand™ 15206869
disposable polystyrene cuvette SARSTEDT 67.754
folded capillary zeta cell Malvern Panalytical DTS1070
zetasizer Malvern Panalytical Nano ZS
zetasizer software Malvern Panalytical 8.02
GraphPad Prism GraphPad Software, LLC. 9.5.0
OriginPro 2023 OriginLab Co. 10.0.0.154

* Prepare the HEPES saline solution (ro mM HEPES, 150 mM NaCl, pH = 7.4, isotonic ~300
mOsm/kg) as described before.

* Prepare the HEPES-glucose solution (10 mM HEPES, s % (w/v) glucose, 1 mM CaCl,, pH =
7.4, isotonic ~300 mOsm/kg): add 2 mL 1 M HEPES (Fisher BioreagentsTM BP299-500), 50
mL o.2 g/mL glucose solution (Gibco™ A2494001), 29.404 mg CaCl, - 2 H, O (Fisher Biore-
agents ' 10306313) to 148 mL ultra-pure water, adjust pH to 7.4 (METTLER TOLEDO
SevenCompactTM S220), filter through 0.2 um PES membrane (Fisherbrand™ 15206869) to

remove undissolved particles.

* To characterize the hydrodynamic size, 2.5 uL (depending on the concentration) of each test-

ing sample was diluted with 1 mL HEPES saline solution in a polystyrene cuvette (SARST-
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EDT 67.754) and inserted in a zetasizer (Malvern Panalytical Nano ZS) for dynamic light scat-

tering (DLS) measurement.

To characterize the surface charge, 2.5 uL (depending on the concentration) of each testing
sample was diluted with 1 mL HEPES glucose solution, transferred to a zeta cell (Malvern

Panalytical DTS1070), and inserted in a zetasizer for {-potential measurement.

Each sample was characterized three times, data were fitted by the manufacturer’s software

(zetasizer software 8.02), and the final result was displayed as a mean + standard deviation.

To evaluate the stability, liposomal vaccines were stored in a fridge (2-8 °C) or under room tem-

perature (18-24 °C), and their size and surface charge were measured every week for 2 months.

Data was plotted in GraphPad Prism. The ridgeline plot was created with OriginPro 2023.
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2.2 VAccCINE FormMuLATION DESIGN
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Figure 2.3: Designed vaccine formulation. Chemical structures of a) the capsular polysaccharide repeating unit of the

S. pneumoniae serotype 12F and b) the iNKT agonist a-galactosylceramide. c) Formulation of the liposomal vaccine
Lipo*CPS12F&aGC. The illustration was created with ChemDraw and BioRender.

The complete formulation was cationic liposomal CPS12F with «GC, abbreviated as Lipo* CPS12F&aGC.
CPS12F (Figure 2.3 a) was the naturally extracted antigen from S. pneumoniae 12F, and aGC (Fig-
ure 2.3 b) was co-formulated to induce iINKT-mediated immune responses. In the liposome recipe
(Figure 2.3 c), DSPC was used as the backbone lipid, cholesterol was added to improve the stability,
and DSTAP was included to introduce positive charges on the liposome surface. The vaccine was

designed to be administered through the intranasal (z.7.) route.
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2.3 CAPSULAR POLYSACCHARIDES MOLECULAR WEIGHT CHARACTERIZATION

Before incorporating the CPS12F into liposomes, we needed to determine its molecular weight (Mw)
range. For large biomolecules like polysaccharides with Mw over 100 kDa, it’s challenging to use tra-
ditional methods like MALDI-TOF MS to characterize their absolute molecular weights, particularly
when they are mixtures with different polymerization degrees.

Fortunately, asymmetrical flow field-flow fractionation coupled with multi-angle light scattering
(AF4-MALS, protocols: subsection 2.1.1) is an easier way to achieve this goal.

Unseparated c FI Diffusi Parabolic Separated
Sample + LrossFlow  + GSIOn i Channel Flow = Sample

| Sample Inject | Channel Outlet

Channel Inlet

'y
250900 pm

-1

~10 um o o s L) 2 wie o0
0°%9,.°2 4 020 0 0° o 9 .

) o 0
v 0205500 0%o o 096 N )

< Membrane
< Frit

Cross Flow Outlet

Figure 2.4: Asymmetrical flow field-flow fractionation (AF4) separates samples by size. The illustration was retrieved
from the manufacturer’s website 2.

In the AF4 channel (Figure 2.4), there are two kinds of flow that separate the mixture: cross-flow
(vertical in the scheme) and detector flow (horizontal in the scheme). After being injected into the
channel, the sample mixture will first be concentrated on the semi-permeable membrane by the cross
flow. Then, the sample will diffuse back into the channel and further be carried by the detector flow
into coupled detectors. The diffusion speed is negatively correlated with the sample size, and samples
are thus separated. In AF4, contrary to the size-exclusion chromatography (SEC), smaller particles are

flushed out of the channel early.
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Figure 2.5: Multi-angle light scattering (MALS) measures the scattered light intensities. The illustration was retrieved
from the manufacturer’s website ’°.

Then, the MALS detectors will measure the scattered light intensities (Figure 2.5), and the sig-
nal is directly proportional to the sample component’s molecular weight and concentration with its

refractive index known or measured (Equation 2.1).

scattered c

In Equation 2.1, the I(6) scattered is the light intensities measured by detectors; M is the sample’s

molecular weight; ¢ is the sample’s concentration; dn/dc is the sample’s refractive index increment.
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Molar Mass vs. time
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Figure 2.6: Elution spectrum and calculated Mw analyzed by the manufacturer’s software ASTRA v7.3.

In Figure 2.6, it can be seen that the calculated molecular weight of BSA was 67 kDa, which
matches the manufacturer’s provided profile of 66.5 kDa. Furthermore, the BSA and CPS12F were
well separated in the AF4 channel, and the actual spectrum was in agreement with the predicted spec-

trum (Figure 2.1). Finally, the average molecular weight of CPS12F was calculated to be 582 kDa.
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2.4 L1POSOMAL VACCINES FABRICATION AND COMPONENTS QUANTIFICATION

lyophilize to prepare lipid film

extrude to make liposomes

rehydrate and add hydrophilic components
Figure 2.7: Liposomal vaccines fabrication. Photo 4 was recaptured from the manufacturer’s website*. The illustration

was created with BioRender.

We fabricated the liposomal vaccines by the extrusion method (Figure 2.7, protocols: subsection 2.1.2).
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Figure 2.8: Calibration curves of liposome components.

Then, we quantified the retained DSPC and DSTAP by the malachite green phosphate colorimet-
ric assay (protocols: subsection 2.1.3), cholesterol by the coupled enzyme reactions and fluorometric
assay (protocols: subsection 2.1.4), aGC by RP-UPLC-MS/MS (protocols: subsection 2.1.5), and
CPS12F by the phenol sulfuric acid method (protocols: subsection 2.1.6).

Table 2.10: Liposome compositions after fabrication: molar ratio/retained ratio.

L Lipophilic Hydrophilic
Group  Abbreviation DSPC DSTAD cholesterd aGC CPsnaF
b Lipo* 59.7%/46.3% 16.3%/46.3%  24%/34.0% -/- -/-
2 Lipo*aGC 63.5%/61.5% 17.8%/61.5% 18.7%/32.2% 1.4%/48.1% -/-
3 Lipo*CPS12F 62.7%/41.6% 17.1%/41.6% 20.2%/24.6 % -/- 2.5 %/59.7 %
4 LipoCPS12F&aGC  75.7 %/55.6 % -/- 22.4%/37.5% 1.9%/64.3 % 1.7 %/58.1 %
5& 6 Lipo"CPS12F&aGC  42.0%/38.9% 11.8%/38.9% 43.5%/75.1% 0.7 %/23.5% 1.2 %/39.7 %

All calibration curves (Figure 2.8) had an R? value of at least 0.98, demonstrating the robustness
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of the quantification methods. The molar ratios of fabricated liposome compositions (Table 2.10)
were close to the designed formulation (Table 2.2), and the encapsulation ratios of the polysaccharide

antigen ranged from 39.7 % to 59.7 %, which were acceptable.
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2.5 S1ZE DISTRIBUTION, SURFACE CHARGE, AND STABILITY EVALUATION

After that, we assessed the hydrodynamic size distribution of the prepared liposomal vaccines by dy-
namic light scattering (DLS) in a zetasizer (Malvern NanoZS). We measured the surface charge as (-
potential in the same zetasizer. Moreover, we stored the samples separately at room temperature (18-
24 °C) or in the fridge (28 °C) and repeated the characterization to evaluate their stability (protocols:

subsection 2.1.7).
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Figure 2.9: Size distribution, surface charge, and stability of liposomal vaccines. a) Photo of cationic and neutral liposo-
mal vaccine solution after static placement. b) Hydrodynamic size distribution of liposomal vaccines characterized via
DLS with a zetasizer. c) Liposomal vaccines were stored at 2 — 8 °C (in a fridge) or 18 — 24 °C (at room temperature).
The hydrodynamic size (left axis, curves above) and surface charge (right axis, bars below) were measured weekly for 2
months with a zetasizer.

After static placement (Figure 2.9 a), the neutral liposomes were deposited to the bottom; in con-
trast, the cationic liposomes remained stable in the suspension, presumably because their positive
surface charge prevented aggregation due to electrostatic repulsion. However, this didn’t prove the

cationic liposome was more stable than the neutral liposome, as the homogeneity could be restored
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to the neutral liposome suspension by simple vortexing or pipetting.

Liposomal vaccines of all groups displayed homogeneous hydrodynamic size distribution rang-
ing from 150 to 200 nm (Figure 2.9 b). Figure 2.9 ¢ demonstrated that the hydrodynamic size of all
liposomal vaccines did not undergo changes after storage at either room temperature (18 -24 °C) or
in the fridge (2-8 °C). The surface charge tended to decrease over time under both conditions. How-
ever, they remained above 20 mV for at least 2 months in the fridge and 3 weeks at room temperature.
The storage length was superior to both the widely applied liposomal vaccine (12 hours at room tem-
perature) for COVID-19 and the non-liposomal vaccine PCV20 (96 hours at room temperature) for

pneumonia by Pfizer”+7.
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3.1  MATERIALS AND METHODS

3.1.1 MOUSE STRAIN, VACCINATION ROUTE, AND SAMPLING METHOD

Priming Booster Booster Bacteria
Day 7 Day 21 Day 35 Challenge
Day 55
\ ®o
\ ‘1 / H I s
) 1) y
Y ‘ ®
e saliva = blood B 0 8 8
~ J Day 69
BALB/cJRj ! ! I I I
Female
Day 1 N [f)ay 8 Day 20 Day 34 Day 48
18 h after priming
- } - i
N
—

Cytokine Test Antibody Test \
Day 38 iNKT & B Cells Phenotyping &

Immunohistochemistry Analysis

Figure 3.1: Scheme of the mouse study. The illustration was created with BioRender.

All animal experiments in this study were approved by the Danish Animal Experiments Inspectorate
(2020-15-0201-00482-C1 and 2022-15-0201-01249) and complied with Directive 2010/63/EU. 6-8
weeks old BALB/cJRj female mice JANVIER LABS®), after 1 week of acclimation, were randomized
into treatment groups and bred in IVC cages. The vaccinations were carried out via subcutaneous
(s.c.) injections at so wL or intranasal (.72.) installations”5 at 25 uL for each nostril, to provide enough
exposure to NALT and iBALT7°.

For cytokine and antibody quantification, at defined time points (Figure 3.1), blood samples were
collected (sublingual bleeding) and processed into the serum to evaluate the systemic immune re-
sponses; saliva samples were collected with sampling sponges (Nasco® Bo1245WA) after pilocarpine
injection (Medchem Express HY-Bo726, saliva secretion stimulator, 7.p., 0.36 pg/g of body weight) to
evaluate mucosal immune responses’”. Samples were stored at 2-8 °C for the short term (< 7 days)
and -80o °C for the long term (> 7 days).

For organ examination and cell phenotyping, 3 days after the final vaccination, half of the mice

40



were sacrificed by cervical dislocation, and their lungs and spleens were cryopreserved with OCT (Cell-

Path KM A-o100-00A) forimmunohistochemistry analysis or prepared into single-cell suspensions for

multi-color flow cytometry analysis. Another half of the mice were challenged with bacteria 1 week

after the final serum and saliva sampling to evaluate the efficacy of protection 7z vivo.

At the end of the study, all remaining mice were euthanized by cervical dislocation.

Below are the detailed protocols for mice experiments:

Table 3.1: List of materials, reagents, equipment, and software used in mice experiments.

Product Producer Code
BALB/JJR] JANVIER LABS® -
o.s mL syringe with a 30 G needle BD Micro-Fine™ 324525
so mL centrifuge tube CELLSTAR™ 277261
blood sampling tube with coagulation activators SARSTEDT Microvette® 200
96-well conical-bottom plate Thermo Scientific™ 232698
torch Rothenberger Industrial MT-820
0.6 mL microcentrifuge tubes Thermo Scientific” 3449
2 mL microcentrifuge tubes Thermo Scientific™ 3453
pilocarpine hydrochloride Medchem Express HY-Bo726
phosphate-buffered saline (PBS) Gibco™ 10010015
sampling sponge Nasco® Bor24sWA
aluminum sealing tape Thermo Scientific"" 232698

Subcutaneous injection:

* Restrain the mouse appropriately with a hand.

* Useao.s mLsyringe with a 30 G needle (BD Micro-Fine'" 324525) to carefully puncture into

the skin fold between the leg and abdomen. Slightly lift the needle to ensure it is only under

the skin and not inside a muscle or perforating the abdominal wall.
* After confirmation, inject so uL of the vaccine solution.

Intranasal instillation:

* The protocol was modified from the public materials”>.
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* Restrain the mouse appropriately with a hand and position its nose upward. Alternatively, cut
aholein the bottom of a 5o mL centrifuge tube (CELLSTAR™ 277261), use it to restrain the

mouse, and let its nose emerge from the hole78.

* Use a 100 pL pipette tip to carefully apply half of the vaccine dose (25 uL) to each mouse
nostril drop by drop slowly to allow the mouse to inhale (~1 minute for each nostril). An

intranasal instillation volume at so pL will give enough exposure to NALT and iBALT7°.

* Monitor the mice after intranasal instillation to ensure they breathe normally. If the mouse
showed labored respiration with increased respiratory rate, effort, or intense abdominal breath-

ing, euthanize immediately.
Serum sampling:

* The total blood volume of a 25 g mouse is approximately 25 g x $8.5 uL/g=1462.5 uL7".
According to Danish Animal Experiments Inspectorate 8o the mice should have 1, 2, and 4
weeks for recovery if 7.5 %, 10 %, and 15 % of the total blood was taken. Collect maximally one

blood sample per day.

* Restrain the mouse appropriately with a hand and use the thumb to push out its tongue. Use
a21 G needle to puncture the thick caudal part of the V. sublingualis. Collect ~120 L of the

blood into sampling tubes with coagulation activators (SARSTEDT Microvette® 200).

* Leave tubes undisturbed at room temperature for 30 minutes to allow the blood to clot. Cen-
trifuge the sampling tubes at 10000 X g for s minutes at 1824 °C®". The isolated serum (su-
pernatant) should look light yellow. The light red indicates hemolysis, which has been tested

not to interfere with cytokine quantification and antibody measurement results.

* Aliquot the serum at 1o pL for 2 copies and at 2 pL for 6 copies into 96-well conical-bottom

plates (Thermo Scientific" 249662), and seal the plates with aluminum sealing tapes (Thermo
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Scientific’ 232698). Store samples at 2-8 °C for the short term (< 7 days) and -80 °C for the

long term (> 7 days).

Saliva sampling:

—_—

LN\ s,

open a hole at the tube bottom

nested tubes recovered saliva

Y.

microcentrifuge

absorb saliva with sponge

Figure 3.2: Saliva collection. The illustration was created with BioRender.

* The protocol was modified from the published research””.

* Burna2r G needle red with a torch (Rothenberger Industrial MT-820), and immediately use
it to punch the bottom of a 0.6 mL microcentrifuge tube (Thermo Scientific’" 3449) to open
a hole. Nest the processed 0.6 mL microcentrifuge tube into a 2 mL microcentrifuge tube

(Thermo Scientific’ " 3453).

* Prepare pilocarpine stock solution (6 mg/mL, 100 x): dissolve 12 mg of pilocarpine hydrochlo-
ride (Medchem Express HY-Bo726) in 2 mL of PBS (Gibco " 1oot0015). Aliquoteitato.r2s

mL into 0.6 mL centrifuge tubes, and store it at -80 °C. On the day of use, dilute 0.125 mL
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of the stock solution (0.06 mg/mL, 1 X) to 12.5 mL working solution with PBS. 12.5 mL is

enough for 100 injections.

* Intraperitoneally (7..) inject the mice with pilocarpine working solution at 5 nL/g of body
weight to stimulate saliva secretion. After 4 minutes, insert a pre-cut (2 mm X 18 mm) sam-
pling sponge (Nasco® Bo1245 WA) into the mouse’s mouth for 3 minutes of saliva absorbance.
Transfer the sampling sponges to the nested tubes, and centrifuge them with their cap off at
8000 X g for 5 minutes at 18-24 °C. With the following timetable (unit: min), 20 minutes is

enough to collect saliva from 4 mice.

Mouse 1 Mouse 2 | Mouse 3 | Mouse 4

o-1 (7p. injection) - - -
- 47 - -
5-8 (saliva collection) - - -
- , 89 -
- 9-12 - -

- - - 12713
- - 13-16 -

- - - 17-20

* Aliquot thesalivaat 5 uL for 1 copy and at 2 uL for 3 copies into 96-well conical-bottom plates,
and seal the plates with aluminum sealing tapes (Thermo Scientific™ 232698). Store samples

at 2-8 °C for the short term (< 7 days) and -8o °C for the long term (> 7 days).
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3.1.2  CYTOKINE QUANTIFICATION

Cytokines (IL-12, IL-4, IFN-v, and IL-17) were quantified with BD™ cytometric bead array (CBA)
assay kits (BD Biosciences 562264, 562272, 562233, 562261) via flow cytometry.

The protocols were modified from the manufacturer’s instructions *.

Table 3.2: List of materials, reagents, equipment, and software used in CBA FCM.

Product Producer Code
mouse IL-12p7o enhanced sensitivity flex set BD Biosciences" 562264
mouse IL-4 enhanced sensitivity flex set BD Biosciences ' 562272
mouse IFN-y enhanced sensitivity flex set BD Biosciences' 562233
mouse IL-17A enhanced sensitivity flex set BD Biosciences' 562261
mouse enhanced sensitivity master buffer kit BD Biosciences' 562246
96-well round-bottom plates Corning® 3365
flow cytometer BD® LSRFortessa ™
Flow]Jo BD® 10.8.2
GraphPad Prism GraphPad Software, LLC. 9.5.0

Prepare standards and testing samples:
* 5o uL of sample is needed for each test.

* Separately reconstitute the IL-12p7o0, IL-4, IFN-y, and IL-17A standards with 2 mL of assay

diluent and further dilute 5 uL of each in 120 pL assay diluent to get 200000 fg/mL standards.

* Serially dilutes the standards by 3 folds at 75 uL (50 uL left) for 7 levels with assay diluent in a
round-bottom 96-well plate (CorningCorning® 7007); use assay diluent as the blank control

in the 8th well (200000, 66667, 22222, 7407, 2469, 823, 274, o f{g/mL).

* Dilute 10 pL of each serum sample by 5 folds to so uL and s uL of each saliva sample by 1o

folds to so wL with assay diluent.

Prepare testing reagents:
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* 20 uL of working capture beads solution is needed for each test. Prepare working capture
beads solution, for 96 testing samples with 4 cytokines to evaluate and 8-level standards for

each cytokine:

for testing samples: mix 96+s=101 nL of each capture bead with 101 x(20-4)=1616 uL

of capture bead diluent;
for standards, dilute 8+1=9 pL of each capture bead with 9x(20-1)=171 uL of capture

bead diluent.

* 20 uL of working detection reagent Part A is needed for each test. Prepare working detection
reagent Part A, for 96 testing samples with 4 cytokines to evaluate and 8-level standards for

each cytokine:

for testing samples: mix 96+s=101 pL of each detection reagent Part A with 101 x (20 —

4) = 1616 of detection reagent Part A diluent;

for standards, dilute 8+1=9 uL of each detection reagent Part A with 9 x (20—1) = 171

uL of detection reagent Part A diluent.

* 100 uL of working detection reagent Part B is needed for each test. Prepare working detection
reagent Part B, for 96 testing samples with 4 cytokines to evaluate and 8-level standards for each

cytokine:

Reconstitute 2 vials of the detection reagent Part Bin (96 + 8 x 4 + 5) x 100 = 13300

uL of detection reagent Part B diluent.
Develop detection structure:
* Inround-bottom plates, add so L of each diluted standard and testing sample.

* Vortex and add 20 uL of the prepared working capture beads solution to corresponding wells.
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* Mix the solution by shaking the plate at 500 rpm for § minutes; then, incubate for 2 hours at

18-24°C.
* Add 20 pL of the prepared working detection reagent Part A to corresponding wells.

* Mix the solution by shaking the plate at 500 rpm for 5 minutes; then, incubate for 2 hours at

18-24°C.

* Wash the plates 2 times with 200 pL of wash buffer by centrifugation at 400 X gand 18-24

°C for 5 minutes and dumping to discard the supernatant.
* Add 100 pL of the prepared working detection reagent Part B to each well.

* Mix the solution by shaking the plate at 500 rpm for 5 minutes; then, incubate for 1 hour at

18-24°C.

* Wash the plates 1 time with 200 uL of wash buffer by centrifugation at 400 X gand 18-24°C

for s minutes and dumping to discard the supernatant.
* Resuspend the beads with 150 wL of wash bufter in each well.
Acquire and analyze data:
* Set up the flow cytometer (BD LSRFortessa' " ) according to the manufacturer’s guide *3.
* Run the prepared samples as soon as possible.

* Import the acquired data into Flow]Jo, calculate the MFIpg, and execute statistical tests for

further conclusion.
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3.1.3

CELL PHENOTYPING

iNKTs and B cells in the spleen and lung were phenotyped by multi-color flow cytometry.

a) Marker Fluorophore b) SSM APC-A APC-Cy7-A | BB700-A BV421-A BV480-A BV605-A BV711-A FITC-A PE-A PE-CF594-A
FVS520 FITC APC-A 0.00 0.56 0.04 0.00 0.00 0.00 0.05 0.00 0.00 0.00
CD3 epsilon Brilliant Violet 605 APC-Cy7-A 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
mCD1d tetramer PE BB700-A 3.72 3.63 0.00 0.31 0.07 0.25 3.62 278 0.03 0.04
CD1d PE/Dazzle BV421-A 0.00 0.02 0.00 0.00 0.64 0.02 0.01 0.02 0.00 0.00
BV480-A 0.00 0.01 0.01 0.03 0.00 0.06 0.04 0.56 0.00 0.00
CD25 Brilliant Violet 480 BV605-A 0.07 0.19 0.11 0.70 0.09 0.00 0.77 0.03 0.09 0.80
BV711-A 0.41 247 0.35 0.80 0.12 0.01 0.00 0.07 0.00 0.00
FITC-A 0.01 0.01 0.02 0.00 0.13 0.00 0.01 0.00 0.01 0.00
PE-A 0.03 0.00 0.05 0.00 0.00 0.06 0.08 1.28 0.00 0.16
PE-CF594-A 0.28 0.05 0.39 0.01 0.00 0.19 0.38 0.54 0.30 0.00
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Figure 3.3: Technical information for the multi-color flow cytometry. a) antibodies panel, b) spillover spreading matrix

(SSM) calculated by FlowJo, and c) gating strategies for iNKT and B cells subclasses.

The antibody panel (Figure 3.3 a) and gating strategy (Figure 3.3 c) were developed based on

phenotyping markers®* and published optimized multi-color immunofluorescence panels (OMIP

076)%.
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Table 3.3: List of materials, reagents, equipment, and software used in multi-color flow cytometry.

Product Producer Code
base molds Epredia”™ 58951
OCT embedding matrix CellPath KMA-o100-00A

70 um cell strainer Falcon® 352350

so mL centrifuge tube CELLSTAR™ 277261

phosphate-buftered saline (PBS) Gibco™ 10010015
centrifuge Thermo Scientific™ Multifuge™ X1R 75004250

lysing buffer BD Biosciences' 555899

stain buffer BD Biosciences' 554656
automated cell counter Invitrogen' Countless II
cell counting chamber slides Invitrogen C10228
compensation beads Invitrogen 01-333-41

rat anti-mouse CD16/32 (Fc block, 2.4G2) BD Biosciences™ 553141

96-well round-bottom plates Corning® 3365

fixable viability stain 520 BD Biosciences™ 564407
BV6os hamster anti-mouse CD3¢ (145-2C11) BD Biosciences"" 563004

mCD1d, o-galactosylceramide, PE Tetramer Shop MCD1i1d-oo1

PE/Dazzle 594 rat anti-mouse CD1d (1B1) BioLegend® 123519
APC hamster anti-mouse CD69 (H1.2F3) BD Biosciences' 560689
BV 480 rat anti-mouse CD25 (PC61) BD Biosciences™ 566202
APC-Cy7 rat anti-mouse CD4sR (RA3-6B2) BD Biosciences™ 561102
BB700 hamster anti-mouse CD27 (LG.3A10) BD Biosciences™ 742135
BUV395 rat anti-mouse IgD (11-26¢.2a) BD Biosciences™ 565988
BV 421 rat anti-mouse CD138 (281-2) BD Biosciences' 562610
BV711 rat anti-mouse CD185 (L138D7) BioLegend® 145529

96-well round-bottom plates Corning® 3365

flow cytometer BD® LSRFortessa" "
FlowJo BD® 10.8.2
GraphPad Prism GraphPad Software, LLC. 9.5.0

Prepare single-cell suspensions:

* Operations were modified from the public materials®°.

* Euthanize mice by cervical dislocation, disinfect them with 70 % ethanol, and open them with

scissors.

* Dissect the spleen and lung, cut and transfer half of the samples to base molds (Epredia’"

58951), cover them with OCT (CellPath KMA-o100-00A), freeze them by placing them on

86

dry ice, and store them at -8o °C for further immunohistochemistry analysis.
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* To prepare single-cell suspensions: mince the left spleen and lung into pieces, use syringe plunges
to smash them through 70 um cell strainers (Falcon™ 352350) into so mL centrifuge tubes
(CELLSTAR™ 277261) inserted in ice, and use ice-cold PBS (Gibco ™" 1001001 5) to help the

remained cells on the sieve flow into tubes.

* Toremove red blood cells (RBCs): centrifuge (Thermo Scientific MultifugevrM X1R 75004250
) the cell suspension at 400 x g and 2 -8 °C for 5 minutes and discard the supernatant, re-
suspend the cell pellet with 2 mL of lysing buffer (BD Biosciences " 555899) for s minutes
incubation at 18-24 °C, add 10 mL of ice-cold PBS and centrifuge the cell suspension at 400
x gand 2-8 °C for s minutes and discard the supernatant, resuspend the cell pellet with 1 mL

of stain buffer (DPBS+FBS+NaN,, BD Biosciences' " 554656).

* Count (InvitrogenTM Countless IT & Cr0228) and dilute live cells to 2 X 107 cells/mL. Keep

them at 2-8 °C.
Stain cells:

* The optimal working concentration for each antibody was titrated in advance with protocols

modified from public materials®7.

* Prepare the Fc block (BD Biosciences' " 553141) working solution (5 ug/mL), single stain solu-
tion, FMO stain solution, and the full stain cocktail (50 uL for each test, viability stain should

be included) according to the previous titration results.

* Transfer sopL (1% 106 cells ) of each sample, unstained control, compensation control (1 drop
of compensation beads, InvitrogenTM 01-333-41), FMO control (fluorescence minus one) in

duplicate to the wells of 96-well round-bottom plates (Corning® 3365).

* Add so uL (0.25 pg) of Fc block working solution to each well (except for the compensation

control) for 1o minutes of incubation at 2-8 °C in the dark.
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* Add so uL of stain solution to each corresponding well for 6o minutes of incubation at 2-8

°C in the dark.

¢ Centrifuge the stained cells at 400 x gand 2-8 °C for s minutes and discard the supernatant.

Repeat 2 times to remove unbounded antibodies.

* Resuspend the stained cells with 200 pL stain buffer and place it at 2 -8 °C in the dark until

analysis.
Acquire and analyze data:
* Set up the flow cytometer (BD® LSR Fortessa' ") according to the manufacturer’s guide*?.
* Run the prepared samples as soon as possible.

* Import the acquired data into the analysis software (FlowJo, BD® 10.8.2), calculate the com-
pensation matrix (Figure 3.3 b) with compensation control results, determine the gating bound-
ary with FMO control results, calculate the ratio of the population of interest, and finally exe-

cute statistical tests for further conclusion.
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3.1.4 ORGAN EXAMINATION

Spleens and lungs were examined by immunohistochemistry.

The protocols were developed with help from Susanne Primdahl at DTU Health Tech.

Cryopreserved spleens and lungs were fixed with 4 % (w/v) formaldehyde (Histolab® 02178),
dehydrated with a series of ethanol solutions of increasing concentration and Histolab Clear solu-
tion (Histolab® 14250) in a tissue processor (Epredia’" Excelsior AS), embedded in paraffin wax
(Histology Wax 0587), cut into 3 um sections with a rotary microtome (Shandon Finesse AS325),
and mounted on adhesion slides (Epreida’ J1810AMNZ). Then, the sections were deparaffinized
with xylene (Sigma—Aldrich® 534056) and a series of ethanol solutions of decreasing concentration
and water rinse, boiled in sodium citrate buffer (10 mM citrate, pH adjusted to 6.0) for 20 minutes
for epitope retrieval, treated with streptavidin and biotin blocking reagents (VectorLabs SP-2002) to
block endogenous biotin, treated with 2 % (w/v) BSA (InvitrogenTM DS98200) in 0.3 % (v/v) Triton
X-100 (Sigma-Aldrich® X100) to reduce unspecific binding. After that, the sections were sequen-
tially incubated with the biotinylated peanut agglutinin (PNA, VectorLabs B-1075-5) for germinal
center detection, 3 % (w/v) hydrogen peroxide (Millipore® 88597) to quench endogenous peroxi-
dase activity, streptavidin-HRP conjugate (Agilent Dako Po397), and developed color with DAB
(abcam ab64238). To better visualize the tissue morphology, the slides were counterstained with
Mayer’s hematoxylin (lab-made) for 10 seconds. Unbounded components were washed away with
Tris-buffered saline + 0.025 % (w/v) Tween 20 (lab-made) between each step. Afterward, the stained
sections were again dehydrated with a series of ethanol solutions of increasing concentration, air dried,
and preserved with the mounting medium (Histolab® co801) and coverslips (Hounisen 2422.2560).
Finally, the slides were observed and photoed under a pathology microscope (Leica DMRB and MC170

HD).
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3.1.5 ANTIBODY QUANTIFICATION

At the start of the study and 2 weeks after each vaccination, serum and saliva were collected from
the mice and stored at -8o °C. CPS12F-specific antibodies in the samples were measured by indirect

ELISA.

Table 3.4: List of materials, reagents, equipment, and software used in indirect ELISA.

Product Producer Code
384-well clear flat-bottom immuno plate  Thermo Scientific”” Nunc'" MaxiSorp 464718
96-well conical-bottom plate Thermo Scientific™ Nunc™ Microwell™ 249662,
polysaccharide, purified type 12F SSI Diagnostica 76939
phosphate-buftered saline (PBS) Gibco™ 10010015
sealing tape Thermo Scientific”™ 15036
20 X PBS Tween"" 20 buffer Thermo Scientific” Pierce™ 28352
ELISA assay buffer (5 x) Invitrogen ™ DS98200
goat anti-mouse IgM . chain (HRP) abcam abo7230
goat anti-mouse IgA o chain (HRP) abcam abo7235
goat anti-mouse IgG H&L (HRP) abcam ab6789
goat anti-rabbit IgG H&L (HRP) abcam ab6721
goat anti-mouse IgG; heavy chain (HRP) abcam abg7260
goat anti-mouse IgG, (HRP) abcam abg7240
goat anti-mouse IgG,}, heavy chain (HRP) abcam abg7250
goat anti-mouse IgG,, heavy chain (HRP) abcam abg7245
pneumococcus antiserum type 12b SSI Diagnostica 16947
ELISA TMB stabilized chromogen InvitrogenTM SBo2
aluminum foil ABENA -
ELISA stop solution InvitrogenTM SSo4
shaker IKA® VXR basic Vibrax®
microplate reader TECAN Spark® Cyto
GraphPad Prism GraphPad Software, LLC. 9.5.0

Before formal experiments, coating concentration, sample dilution folds, and detecting antibody
concentration were optimized with the manufacturer’s protocols 8 To improve hydrophilic coating
. . ™
efficiency, MaxiSorp " plates were chosen.

Coat and block plates:

* Prepare the CPS12F coating stock solution (100 X, 1 mg/mL) by dissolving 0.1 mg of CPS12F

(SSI Diagnostica 76939) in 100 uL of PBS (Gibco " 1oo1001s5). Prepare the coating working
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solution (1 X, ro ug/mL) by diluting 100 pL of CPS12F coating stock solution to 1o mL with
PBS; 10 mL is enough for two 384-well plates of the assay. Add 10 uL of coating solution
(100 ng of CPS12F) to each well of the 384-well immunoassay plates (Nunc™ M.@inSorpTM
464718). Seal the plates with sealing tape (Thermo Scientific’" 15036) and incubate them at

2-8 °C for 18 hours.

* Prepare PBST working solution (1 X, PBS + 0.05 % (w/v) Tween 20) by diluting 25 mL of
PBST stock solution (20 x, Thermo Scientific’ " Pierce”" 28352) to 500 mL with ultra-pure

water; 500 mL is enough for two 384-well plates assay.

* Prepare BSA working solution (1 X, buffered solution with bovine protein): dilute 20 mL of
assay buffer stock solution (5 x, Invitrogen = D$98200) to roo mL with ultra-pure water; 100

mL is enough for two 384-well plates of the assay, including sample and antibody dilution.

* Dump the plate to discard the solution in the well and tap it on tissues. Add so puL of PBST
per well and let the plates soak for 1 minute with 100 rpm shaking (IKA® VXR basic Vibrax®).

Repeat 3 times to remove unbounded components in the well.

* Add so pL of BSA working solution to each well of the 384-well plates for 1 hour of incubation

at 377 °C to block the uncoated area in the well.
Add samples and develop reactions:

* During the blocking, take out the sample from -80 °C and let the sample melt at room tempera-
ture. Use commercial antiserum (SSI Diagnostica 16947) as a positive and normalizing control.
In a conical-bottom 96-well plate (Thermo Scientific’” Nunc' "~ Microwell™ 249662), dilute

testing samples by 100 folds with BSA working solution.

* Dump the plate to discard the solution in the well and tap it on tissues. Add 1o uL of the

diluted testing sample to each well of the 384-well plate for 1 hour of incubation at 37 °C.
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* Dump the plate to discard the solution in the well and tap it on tissues. Add so puL of PBST
per well and let the plates soak for 1 minute with 1oo rpm shaking. Repeat 3 times to remove

unbounded components in the well.

* Prepare the detecting antibody stock solution (100 X ) by diluting antibodies with BSA work-
ing solution: HRP-conjugated goat anti-mouse IgM (20 pg/mL, abcam abg7230), IgA (20
pg/mL, abcamabg7235),1gG0ly (40 ug/mL, abcam, ab6789), IgG, (40 ug/mL, abcam abg7260),
IgG, (40 pg/mL, abcam abg7240), IgG,}, (40 ug/mL, abcam abg7250), IgG,, (40 pg/mL, ab-
cam abg7255), and goat anti-rabbit IgGy (2 pg/mL, abcam, ab6721). Prepare the detecting
antibody working solution (1 x) by diluting 12 uL of the detecting antibody stock solution

to 1200 pL with assay buffer; 1000 uL is enough for 96 wells of assay.

* Add 10 pL of the detecting antibody working solution to each corresponding well of the 384-

well plate for 1 hour of incubation at 37 °C.

* Dump the plate to discard the solution in the well and tap it on tissues. Add so pL of PBST
per well and let the plates soak for 1 minute with 100 rpm shaking. Repeat 4 times to remove

unbounded components in the well.

* Add 10 pL of the TMB working solution (Invitrogen'" SBo2) to each well of the 384-well
plates for 30 minutes of incubation at 37 °C with protection from light by aluminum foil

(ABENA).

* Add 10 pL of the 0.16 M sulfuric acid (Invitrogen™" SSo4) to each well of the 384-well plates

to stop the reaction.
Acquire and analyze data:

* Acquire the absorbance at 450 nm with 650 nm as the reference within 30 minutes in a mi-

croplate reader (TECAN Spark® Cyto).
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* Inthedataanalysis software (GraphPad Prism 9), execute statistical tests to verify the beginning

hypothesis of the experiment.
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3.1.6 ANTIBODY AFFINITY MEASUREMENT

The affinities of antibodies in the samples to CPS12F were determined by competitive ELISA, in

which the binding kinetics K4 equals the half-binding concentration of CPS12F.

The protocols were modified from the published study
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Table 3.5: List of materials, reagents, equipment, and software used in competitive ELISA.

Product Producer Code
384-well clear flat-bottom immuno plate  Thermo Scientific’"” Nunc" MaxiSorp" 464718
96-well conical-bottom plate Thermo Scientific”™ Nunc™ Microwell ™ 249662
polysaccharide, purified type 12F SSI Diagnostica 76939
phosphate-buffered saline (PBS) Gibco™ 10010015
sealing tape Thermo Scientific™ 15036
20 X PBS Tween"" 20 buffer Thermo Scientific™ Pierce™ 28352
ELISA assay buffer (5 x) Invitrogen DS98200
goat anti-mouse IgG H&L (HRP) abcam ab6789
goat anti-rabbit IgG H&L (HRP) abcam ab6721
pneumococcus antiserum type 12b SSI Diagnostica 16947
ELISA TMB stabilized chromogen Invitrogen SBo2
aluminum foil ABENA -
ELISA stop solution InvitrogenTM SSo4
shaker IKA® VXR basic Vibrax®
microplate reader TECAN Spark® Cyto
GraphPad Prism GraphPad Software, LLC. 9.5.0

Note: The coating concentration should be low enough not to interfere significantly with the

binding equilibrium in the solution, which was determined in advance.

Coat and block plates:

* Prepare the CPS12F coating solution (200 ng/mL) in PBS (Gibco™ 10010015). 10 ML is

enough for two 384-well plates of the assay. Add 10 uL of coating solution (2 ng of CPS12F)

to each well of the 384-well immunoassay plates (Nunc'" MaxiSorp"" 464718). Seal the plates

with sealing tape (Thermo Scientific”™ 15036) and incubate them at 2-8 °C for 18 hours.

* Prepare PBST working solution (1 x, PBS + 0.05 % (w/v) Tween 20) by diluting 25 mL of

57



PBST stock solution (20 X, Thermo Scientific’” Pierce’" 28352) to s00 mL with ultra-pure

water; soo mL is enough for two 384-well plates assay.

* Prepare BSA working solution (1 X, buffered solution with bovine protein): dilute 20 mL of
assay buffer stock solution (5 X, InvitrogenTM DS98200) to 100 mL with ultra-pure water; 100

mL is enough for two 384-well plates of the assay, including sample and antibody dilution.

* Dump the plate to discard the solution in the well and tap it on tissues. Add so puL of PBST
per well and let the plates soak for 1 minute with 100 rpm shaking (IKA® VXR basic Vibrax®).

Repeat 3 times to remove unbounded components in the well.

* Add sopL of BSA working solution to each well of the 384-well plates for 1 hour of incubation

at 37 °C to block the uncoated area in the well.
Add samples and develop reactions:

* During the blocking, take out the sample from -8o °C and let the sample melt at room tem-
perature. Use commercial antiserum (SSI Diagnostica 16947) as a positive and normalizing

control. Dilute testing samples by soo folds with BSA working solution.

* Ina conical-bottom 96-well plate (Thermo Scientific " Nunc " Microwell ™ 249662), serially
dilute the CPS12F by s folds at 25 uL (20 wL left), add 20 uL of the diluted testing samples

for 1 hour of incubation at 37 °C.

¢ Dump the blocked plate to discard the solution in the well and tap it on tissues. Add 10 pL of

the testing mixture to each well of the 384-well plate for 1 hour of incubation at 37 °C.

¢ Dump the plate to discard the solution in the well and tap it on tissues. Add so pL of PBST
per well and let the plates soak for 1 minute with 100 rpm shaking. Repeat 3 times to remove

unbounded components in the well.
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* Prepare the detecting antibody stock solution (100 X ) by diluting antibodies with BSA work-
ing solution: HRP-conjugated goat anti-mouse IgG,ly (40 ug/mL, abcam, ab6789) and goat
anti-rabbit IgG,ly (2 pg/mL, abcam, ab6721). Prepare the detecting antibody working solu-
tion (1 X) by diluting 100 uL of the detecting antibody stock solution to 1o mL with assay

buffer; 10 mL is enough for two 384-well plates assay.

* Add 10 pL of the detecting antibody working solution to each corresponding well of the 384-

well plate for 1 hour of incubation at 37 °C.

* Dump the plate to discard the solution in the well and tap it on tissues. Add so pL of PBST
per well and let the plates soak for 1 minute with 100 rpm shaking. Repeat 4 times to remove

unbounded components in the well.

* Add 1o pL of the TMB working solution (Invitrogen'" SBo2) to each well of the 384-well
plates for 30 minutes of incubation at 37 °C with protection from light by aluminum foil

(ABENA).

* Add 10 pL of the 0.16 M sulfuric acid (InvitrogenTM SSo4) to each well of the 384-well plates

to stop the reaction.
Acquire and analyze data:

* Acquire the absorbance at 450 nm with 650 nm as the reference within 30 minutes in a mi-

croplate reader (TECAN Spark® Cyto).

* Inthedataanalysis software (GraphPad Prism 9), calculate binding rates, fit them with CPS12F
concentrations into binding curves via one-site total binding model, interpolate the half-binding
concentration of CPS12F as the equilibrium dissociation constant K 4, and execute statistical

tests for further conclusions.
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3.1.7 PRoOTEcTION EFFICcAaCY EvAaLuATION IN VITRO

The vaccine’s protective efficacy was evaluated 272 vitro via the opsonophagocytic killing assay (OPKA).

The protocols were modified based on the public materials”°.
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Table 3.6: List of materials, reagents, equipment, and software used in OPKA.

Product Producer Code
pneumococcus strain serotype 12F SSI Diagnostica 82201
Todd-Hewitt broth OXOoID™ CMo189B
yeast extract Fisher BioReagents ™ BP1422
autoclavor HICLAVE™ HV-s50
culture tube Falcon® 352001
CO, incubator BINDER CB-S 170
cell density meter biochrom Ultrospec® 10
dehydrated blood agar base OXOoID™ CMo854B
defibrinated sheep blood OXOID™ SRoos1B
Petri dish SARSTEDT 82.1472.001
sealed box IKEA® 803.931.31 & 303.930.63

anaerobic gas-generating sachet Thermo Scientific™ ANoo2s5A
resazurin anaerobic indicator Thermo Scientific™ BRoossB
glycerol Invitrogen™ 15514011
cryogenic vial SARSTEDT 72.379
dehydrated agar BD BACTO™ 214010
square 12 cm X 12 cm Petri dish Gosselin™ BP124-05
triphenyltetrazolium chloride (T.T.C.) OoXoIm™ SRo148A
class II biosafety cabinet Ninolab ninoSAFE class IT
96-well conical-bottom plate Thermo Scientific™ 249662
phosphate buffered saline Gibco™ 10010015
multichannel pipette SARTORIUS LH-929230
HL-60 ATCC® CCL-240™
fetal bovine serum Gibco™ A3160802
RPMI 1640 with GlutaMAX ™ Gibco™ 61870010

15 mL centrifuge tube

greiner BIO-ONE

CELLSTAR™ 188271

centrifuge Thermo Scientific™ Multifuge™ X1R 75004250
automated cell counter Invitrogen™ Countless IT
cell counting chamber slides Invitrogen™ C10228
25 cm* cell culture flask Nunc™ EasYFlask™ 156367
75 cm? cell culture flask Nunc™ EasYFlask™ 156499
dimethyl sulfoxide (DMSO) Sigma-Aldrich® D8418
controlled-rate freezing container Corning® CoolCell®
-152 °C freezer PHCbi MDF-1156
N,N-dimethylformamide (DMF) Thermo Scientific™ 210585000
baby rabbit complement MP Biomedicals 08642961
water bath VWR® VWB2 26 462-0559
1.5 mL microcentrifuge tubes Thermo Scientific™ 3451
gelatin Thermo Scientific™ 410875000
Hanks’ balanced salt solution (HBSS) Gibco™ 24020091
pneumococcus antiserum type 12b SSI Diagnostica 12947
microcentrifuge VWR® Micro Star 17
HBSS (-Ca**-Mg**) Gibco™ 14175095

Nist’s integrated colony enumerator (NICE)  National Institute of Standards and Technology doi:10.18434/M32073
GraphPad Prism GraphPad Software, LLC. 9.5.0

S. pnewmoniae 12F strain (SSI Diagnostica 82201) recovery:
* Prepare THY broth (Todd-Hewitt broth with o.5 % (w/v) yeast extract): add 15 g of dehy-
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drated Todd-Hewitt broth (OXOID™ CMo189B) and 2.5 g of yeast extract (Fisher BioRe-
algentsTM BP1422) to soo mL of ultra-pure water in a 1 L glass media bottle; mix well; sterilize

it by autoclaving at 121 °C for 35 minutes (HICLAVE™ HV-50); store it at 2-8 °C.

* For lyophilized strain in an ampoule: scratch the narrow part with an ampoule file; decon-
taminate and wrap the ampoule outer surface with ethanol-sprayed tissues; carefully break the
scratched point to open the ampoule; add 1 mL of THY broth to reconstitute the bacteria

solution.

* For cryopreserved strain in a vial: immerse the bacteria cryogenic vial into a 37 °C water bath
with its cap above the water until only a few ice crystals remain (approximate 2 minutes); ster-

ilize the vial outer surface with 70 % ethanol spray.

* Transfer the bacteria suspension toa 14 mL culture tube (Falcon® 352001) containing 6 mL of
THY broth. Keep the tube cap vented and incubate it in a 5 % (v/v) CO, (recommended but
not mandatory) 37 °C incubator (BINDER CB-S 170) until its ODgo (biochrom Ultrospec

® 10) reaches 0.8 (~ 8 hours).

S. pneumoniae 12F colony isolation and a-hemolytic test:

* Prepare blood agar plates: add 8 g of dehydrated blood agar base (OXOID™ CMo854B) to
200 mL of ultra-pure water in a 5oo mL glass media bottle; mix well; sterilize it by autoclaving
at 121 °C for 35 minutes and cool it to 45 °C; supplement it with 15 mL of defibrinated sheep
blood (OXOID™ SRoos1B); transfer 15 mL of it to each 92 mm Petri dish (SARSTEDT
82.1472.001) with serological pipettes; wait for ~ 20 minutes for it to solidify and prevent
later moisture condensing; label the plates; seal the plates with parafilm to avoid dehydration

and contamination; store them upside down at 2-8 °C.
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¢ Streak 1oo pL of bacteria solution to a blood agar plate with a pipette tip. Incubate itina s %

(v/v) CO, 37 °C incubator for 18 hours to obtain isolated colonies.

¢ For the a-hemolytic test, the inoculated blood agar plate was incubated anaerobically in a sealed
box (IKEA® 803.931.31 & 303.930.63) with an anaerobic gas generating sachet (Thermo Sci-
entific’” ANoo25A) and a resazurin anaerobic indicator (Thermo Scientific’ BRoossB) in
a 37 °C incubator for ~ 18 hours. The a-hemolytic property was indicated by a green halo

surrounding the colony.
S. pneumoniae 12F propagation and cryopreservation of the assay stock:

* Prepare 80 % (v/v) glycerol solution: add 8o mL of glycerol (InvitrogenTM I15514011)to20mL
of ultra-pure water in a 250 mL glass media bottle; mix well; sterilize it by autoclaving at 121

°C for 35 minutes; store it at room temperature.

* Transfer 1 isolated colony to a 15 mL culture tube containing 7 mL of THY broth by a pipette

tip. Incubate itin a 5 % (v/v) CO, 37 °C incubator until its ODgq, reaches 0.8 (~ 8 hours).

* Mix bacteria solution (ODgoo = 0.8), fresh THY broth, and 8o % (v/v) glycerol solution by
2:2:1. Aliquot o.5 mL of the mixture to each cryogenic vials (SARSTEDT 72.379). Freeze

and store the vials at -80 °C.
CFU quantification of the assay stock:

* Prepare THYA plates (Todd-Hewitt broth with o.5 % (w/v) yeast extract agar plates): dissolve
12 g of dehydrated Todd-Hewitt broth, 2 g of yeast extract and 6 g of dehydrated agar (BD
BACTO™ 214010) in 400 mL of ultra-pure water in a soo mL glass media bottle; sterilize it
by autoclaving at 121 °C for 35 minutes; cool it to 56 °C in a water bath; transfer 25 mL of

it to each square 12 cm X 12 cm Petri dish (Gosselin™ BP124-05) with serological pipettes;
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wait for ~ 20 minutes for it to solidify; label the plates; seal the plates with parafilm to prevent
dehydration and contamination; store them upside down at 2 - 8 °C. 400 mL of the agar is

enough for producing 16 plates.

Prepare overlay agar: add 3 g of dehydrated Todd-Hewitt broth, o.5 g of yeast extract, and 1.5 g
of dehydrated agar to 100 mL of ultra-pure water in a 250 mL glass media bottle; sterilize it by
autoclaving at 121 °C for 35 minutes; cool and keep it at 56 °C; add 2 mL so X (1.25 mg/mL)
T.T.C. solution (OXOID™ SRo148A) before use. 100 mL of the agar is enough for 4 plates

assay.

Dry the THYA plates by placing them in a class II biosafety cabinet (Ninolab ninoSAFE class

IT) with lids off for ~ 30 minutes, which can homogenize the colony distribution.

Thaw a cryopreserved assay stock. Serially dilute the bacteria suspension by s foldsat so pL (40
wL left) for 12 levels in quadruplicate in a 96-well conical-bottom plate (Thermo Scientific™

249662) with PBS (Gibco™" 100100715).

Spot 10 pL of each suspension on a THYA plate with a multichannel pipette (SARTORIUS
LH-929230); after each spotting, tilt the plate immediately to shape the spots into ~ 2 cm
strips. Dry the plates in the biosafety hood with the lid oft for 5 minutes. Pour 25 mL of the

overlay agar into each plate, and wait for ~ 15 minutes for the medium to solidify.
Invert the plates and incubate them at 37 °C for 18 hours.

Photo the plates; count the colonies with NICE (NIST’s Integrated Colony Enumerator); cal-

culate the CFU in each vial.

HL-60 thaw and passaging:
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* Prepare cell culture medium: add so mL (~ 1o %, v/v) of HIFBS (Gibco™ A3160802) to 500

mL RPMI 1640 with GlutaMAX™ (Gibco " 61870010); mix well; store it at 2-8 °C.

* Immerse the HL-60 cryogenic vial (ATCC® CCL-240 ") into a 37 °C water bath with its cap
above the water until only a few ice crystals remain (approximately 2 minutes). Sterilize the

vial’s outer surface with 70 % ethanol. Transfer the cell suspension to a 15 mL centrifuge tube

™

(greiner BIO-ONE CELLSTAR " 188271) containing 9 mL cell culture medium for 5 min-
utes of centrifugation (Thermo Scientific™ MultifugeTM X1R 75004250)at 400 X gand room
temperature to remove DMSO. Resuspend the cells in the cell culture medium at ~ 2 x 105
cells/mL (Invitrogen'" Countless IT & Cr10228). Transfer the cell suspension to a 25 cm? cell

culture flask (Nunc'™ EasYFlask™ 156367) and incubateitina s % (v/v) CO, 37 °C incubator

(about 5 days).

* When the cell density reaches ~ 8 x 10° cells/mL, transfer 10 mL of the cell solution to a
75 cm? cell culture flask (Nunc"™ EasYFlask ™ 156499) and supplement it with 40 mL of cell

culture medium.
* Don’tlet the cell density lower than 1 x 10° or higher than 1 X 107 cells/mL.
HL-60 cryopreservation:

* Drepare fresh cryopreservation medium: add 1 mL (10 %, v/v) of DMSO (Sigma-Aldrich®

D8418) to 9 mL of cell culture medium; mix well.

* Centrifuge HL-60 cells at 400 X g for 5 minutes at room temperature. Resuspend cells in the
cryopreservation medium at 1 x 107 cells/mL. Aliquot 1 mL of the cell suspension to each 1.5

mL cryogenic vial. Freeze the vials to -80 °C at -1 °C/min with a controlled-rate freezing con-

tainer (Corning® CoolCell®). Store them in a -152 °C freezer (PHCbi MDF-1156) © Two 75
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cm? cell culture flask containing 100 mL 8 X 10° cells/mL of HL-60 produces approximately

8 vials.
HL-60 differentiation (two weeks after the thaw):

* Prepare differentiation medium: add 10 mL (~10 %, v/v) of HIFBS and 0.8 mL (~0.8 %, v/v)
of DMF (Thermo Scientific” 210585000) to 100 mL of RPMI 1640 with GlutaMAX "™ mix

well, store it at 2—8 °C.

¢ Centrifuge HL-60 cells at 400 x g for 5 minutes at room temperature; Resuspend cells in the
differentiation medium at 4 x 10° cells/mL. Transfer so mL cell suspension to a 75 cm? cell
culture flask and incubate them in a 5 % (v/v) CO, 37 °C incubator for 5 days. One 75 cm*

cell culture flask containing 5o mL of HL-6o is enough for four 96-well plates assay.
Complement preparation:

* Prepare the baby rabbit complement working stock: thaw the baby rabbit complement (MP
Biomedicals 08642961) under room temperature; aliquot 1 mL of it into 1.5 mL microcen-

trifuge tubes and store it at -80 °C.

* Prepare the heat-inactivated baby rabbit complement working stock: incubate 1 mL of the
thawed baby rabbit complement in a 56 °C water bath for 30 minutes (VWR® VWB2 26 462-
0559); aliquot 100 uL of itinto 1.5 mL microcentrifuge tubes (Thermo Scientific’ " 3451)and

store it at -8o °C.

* Avoid repeated freeze-thaw cycles of the complement. One working stock is enough for one

96-well plate assay.
Coculture:
* Prepare THYA plates and overlay agar as described in “CFU quantification of assay stocks”.
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* Prepare 1 % (w/v) gelatin solution: add 1 g of gelatin (Thermo Scientific™ 410875000) to 100
mL of ultra-pure water in a 100 mL glass media bottle; mix well; sterilize it by autoclaving at

121 °C for 35 minutes; store it at room temperature.

* DPrepare fresh opsonization buffer: add 10 mL of 1 % (w/v) gelatin solution and 5.3 mL of

HIFBS to 9o mL of HBSS (Gibco™" 24020091 ); mix well.

* Use pneumococcus antiserum type 12b (SSI Diagnostica 12947) treated with baby rabbit com-
plement as the positive control and treated with heat-inactivated baby rabbit complement as
the negative control. Deactivate endogenous complement by incubating samples and controls
in a 56 °C water bath for 30 minutes; transfer 30 uL of each to a 96-well conical-bottom plate

and serially dilute them by 3 folds at 30 uL (20 wL left) for 11 levels with opsonization buffer.

* Thaw a cryopreserved bacteria assay stock by immersing the bacteria cryogenic vial into a 37
°C water bath with its cap above the water until only a few ice crystals remain (~ 2 minutes).
Sterilize the vial’s outer surface with 70 % ethanol. Transfer the bacteria suspension toa 1.5 mL
microcentrifuge tube containing 0.5 mL of the opsonization buffer for 5 minutes of centrifu-
gation (VWR® Micro Star 17) at 12000 X g and room temperature. Resuspend the bacteria
in the opsonization buffer at soooo CFU/mL. 1 mL of the bacteria suspension is enough for
1 96-well plate assay, and prepare 1 mL more if using a multichannel pipette. Add 10 uL of
the bacteria suspension to each well of the 96-well plate for 30 minutes of incubation at room

temperature.

* Centrifuge HL-60 cells at 400 X g for 5 minutes at room temperature. Resuspend cells in
HBSS (-Ca**-Mg**, Gibco ™ 14175095) at 1 x 107 cells/mL. Centrifuge cells at 400 x g for
s minutes at room temperature. Resuspend cells in HBSS (Gibco™ 24020091) at 1 x 107

cells/mL. Mix 4 mL of HL-60 with 1 mL of complement for samples and positive control
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assay. 4.2 mL of the mixture is enough for 1 96-well assay, but prepare 1 mL more if using
a multichannel pipette. Mix 0.8 mL of HL-60 with 0.2 mL of HI complement for negative

control assay.

* Add so uL of the mixture to each well of the 96-well plate for 45 minutes of incubation in a
5 % (v/v) CO, 37 °C incubator. The HL-6o is sensitive to the CO, concentration; therefore,
don ’ t open the cabinet during incubation. After incubation, place the 96-well plate at 2.8

°C in the fridge for 20 minutes to stop phagocytosis.

* Dry the THYA plates in a biosafety hood with lids off for 30 minutes, which can homogenize

the colony distribution.

* Add 10 pL of each final mixture by row to the THYA plates with a multichannel pipette. After
each addition, tilt the plate immediately to shape the samples into ~ 2 cm strips. Dry the plates
in the biosafety hood with the lid oft for 20 minutes. Pour 25 mL of the overlay agar into each

plate, and wait for ~ 20 minutes for the medium to solidify.
* Invert the plates and incubate them at 37 °C for 18 hours.
Survival bacteria colony counting and half-killing dilution fold interpolation:
* Photo the plates and count the colonies with the software NICE?".

* In GraphPad Prism o, fit the data in sigmoidal & 4 parameters logistical curves, interpolate
the half-killing dilution folds, and execute Dunnett’s T3 multiple comparisons tests to assess

statistical differences.
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3.1.8 PrRoTEcTION EFFIcAaCcY EvaLuaTiON IN VIvo

The vaccine’s protective efficacy was evaluated 7z vivo through the bacteria challenge study.

Table 3.7: List of materials, reagents, equipment, and software used in bacteria challenge.

Product Producer Code

pneumococcus strain serotype 12F SSI Diagnostica 82201
phosphate-buffered saline (PBS) Gibco™ 10010015

GraphPad Prism GraphPad Software, LLC. 9.5.0

Challenge mice:

* Thaw a vial of cryopreserved S. pneumoniae 12F (SSI Diagnostica 82201) and dilute it to 2 X

107 CFU/mL with PBS (Gibco " 10010015).

* Challenge vaccinated mice with 5o pL of bacteria suspension containing 1 x 105 CFU of S.

pnenwmoniae 12F by intranasal instillation.

* Observe the challenged mice twice daily for the following 2 weeks. At the end of the study,

euthanize all survived mice by cervical dislocation.

Humane endpoint:

This bacteria challenge study generally only causes mild to moderate adverse eftects, pain, or
distress to the mice. To secure animal welfare, we set the criteria below as the experiment’s

humane endpoint.

Weight loss > 20 %.

Labored respiration with increased respiratory rate, effort, or strong abdominal breathing.

Rough hair coat, unkempt appearance, hunched posture.

Lethargy or persistent recumbency.
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* Loss of righting reflex or failure to maintain equilibrium.
Acquire and analyze data:
* Record the death of mice during the study.

* In the data analysis software (GraphPad Prism 9), draw survival curves and execute Gehan-

Breslow-Wilcoxon tests to assess statistical differences.
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3.2  CYTOKINE QUANTIFICATION
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Figure 3.4: Cytometric bead array (CBA) flow cytometry (FCM) assay, retrieved from BD Biosciences 92,

We first investigated if Lipo™ CPS12F&aGC can invoke cells to secrete pro-inflammatory cytokines,
includingIL-12, IFN-y, IL-4, and IL-17 by BD™ cytometric bead array (CBA) flow cytometry (FCM)

assays (Figure 3.4, protocols: subsection 3.1.2).
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Figure 3.5: Cytokines secretion after vaccination. The illustration was created with BioRender.

As depicted in Figure 3.5, antigen-presenting cells (e.g., dendritic cells) secrete IL-12, which helps

iNKT cells activate and proliferate; iNKT cells further secrete IFN-vy, IL-4, and IL-17, which sepa-
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rately promote their differentiation into NKT'1, NKT2, and NKT17. Combinations of the cytokines

will create different cytokine milieus, which will steer the final immune responses”>.
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Figure 3.6: Lipo* CPS12F&0GC stimulated elevated pro-inflammatory cytokines secretion compared with other for-
mulations. Concentrations of a) IL-12p70, b) IFN-v, c) IL-4, and d) IL-17A in serum and saliva. BALB/cJRj mice were
immunized with Lipo® (group 1, blank cationic liposomes as placebo), Lipo*aGC (group 2), or 3 nmol antigen (repeat
units of the polysaccharides) in Lipo"CPS12F (group 3), LipoCPS12F&aGC (group 4), or Lipo*CPS12F&aGC (group 5 &
6) via intranasal instillation (i.n., group 1 - 5) or subcutaneous injection (s.c., group 6). Serum and saliva were collected
18 hours after the priming vaccination, and IL-12p70, IFN-v, IL-4, and IL-17A inside were quantified via cytometric bead
array flow cytometry. Data were plotted as mean &= SEM (n=8). Welch's ANOVA tests and multiple comparisons were
executed to assess statistical significance. *, **, ***, **** represent P<0.1, P<0.01, P<0.001, P<0.0001.

Lipo*CPS12F&aGC, when delivered intranasally (group s) or subcutaneously (group 6), both
induced the elevation of IL-12, IFN-vy, IL-4, and IL-17 levels (Figure 3.6 a-d). Compared with the
s.c. route, the Z.7. route raised comparable cytokines in the saliva but fewer in the serum, which repre-
sents the respiratory mucosal (nasal- and inducible bronchus-associated lymphoid tissue, NALT and

iBALT, see Figure 1.9) and systemic immune responses separately. It indicated the z7. route is suitable
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for inducing localized airway mucosal immune responses. Still, the s.c. route remained a safe option as
the mice thrived after receiving it. The cationic formulation (group s) presented more potential in cy-
tokine stimulation than the neutral formulation (group 4), although the differences were slight. The
secretion of IL-12 and IFN-y displayed a strong correlation with iNKT agonist aGC, as the cationic
liposomal aGC (group 2) independently induced the production of IL-12 and IFN-y.

Overall, these results showed that Lipo™ CPS12F&aGC successfully stimulated the secretion of
pro-inflammatory cytokines. The liposome surface charge, aGC, and immunization route all played
a role in this effect. The combination of these cytokines could further activate immune cells and en-

hance both innate and adaptive immune responses.
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3.3 CELL PHENOTYPING

We then assessed whether Lipo* CPS12F&aGC could activate INKT and B cells in the systemic and
mucosal immune systems by multi-color flow cytometry (protocols: subsection 3.1.3).
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Figure 3.7: Fluorescence panel for cell phenotyping. The dashed and area curves show the excitation and emission
of fluorophores. The bold lines represent the lasers, and the rectangles are filters. The illustration was created with
SpectraViewer  from FluoroFinder”*.

The fluorescence panel (Figure 3.7) was established based on the instrument (BD® LSRFortessa'")
configuration and the fluorophore spillover spreading matrix (SSM, provided by Dr. Morten Lebner 5
at BD Biosciences ).

Similar to conventional Tryy cells, activation of iNKTs (CD69/25™ *4) and their differentiation
into NK Ty (CXCRs™) provided critical and prolonged support®® of B cells during its somatic hy-

permutation into mature plasma cells (CD27*CD138%), which produce and secrete high-affinity IgA
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and IgG antibodies.

2 ‘ 9 e N )
iNKT activated iINKT L FH plasmablast & plasma cells
15— 1.0 0.15— 0.20 o
ns. = ns ns. "
. = ns, =
. e - g
9 | — :“3: x o — 015
< 10 e . S — 5 0.10 X
© > L 0.6 g
spleen = o) X 5
P g o 5; 3 0.10 ]
a g 044 s S
O 05 has 5 0.05 R
o o 0. . ~
i 5 a 2 N 0.05
§ 8 027 o [ ®  Placebo (Lipo")
w W
* ] Lipo*aGC
a ipo*al
00— 5 0.0- 0 000 0.00
3 Lipo'CPS12F
b) ; d) ; ; f) INKT, h) -
iNKT activated iINKT FH plasmablast & plasma cells LipoCPS12F&aGC
015 ns. 005 010 025 ¢ Lipo'CPS12F&aGC
s,
S o = . = * Lipo*CPS12F8aGC (s.c.)
3 —_
— = 0.04 - < 0.08 — 0.20 e
S & S i - 3 —
D o .
" @ 0,03 | S 0.06 | =015
lun: g a0 X0 P
9 3 [ 9 3
il © g a
E § 0.02 ° 0.04 — 9 0.10 —
9 o 2 5
] ) Q Qa
] 3 001 O 0.02— O 0.05
S .
o o W
2 a
5 0.00- O 0.00- 0.00

Figure 3.8: Lipo' CPS12F&u/GC initiated a higher level of iNKT cell activation and B cell maturation compared with
other formulations. Percentage of a & b) iNKT cells (CD3c*CD1d tetra:aGC"), ¢ & d) activated iNKT cells (CD3c*CD1d
tetra:0GC*CD69/25%), e & f) follicular helper iNKT cells (CD3s*CD1d tetra:aGC*CXCR5"), and g & h) plasmablast and
plasma cells (CD27*CD138") to total viable cells in the spleen and lung, separately. BALB/cJRj mice were immunized
with Lipo* (group 1, blank cationic liposomes as placebo), Lipo*aGC (group 2), or 3 nmol antigen (repeat units of the
polysaccharides) in Lipo"CPS12F (group 3), LipoCPS12F&aGC (group 4), or Lipo" CPS12F&aGC (group 5 & 6) via in-
tranasal instillation (i.n., group 1-5) or subcutaneous injection (s.c., group 6) for 3 times at 2 weeks intervals. Spleen and
lung were isolated 3 days after the final vaccination and analyzed via multi-color flow cytometry. Data were plotted as
mean £ SEM (n=8). Welch and Brown-Forsythe ANOVA with Dunnett’s T3 multiple comparisons tests were done to
assess statistical significance. *, **, ***, **** represent P<0.1, P<0.01, P<0.001, P<0.0001.

Compared with mice that received the placebo formulation (group 1), mice vaccinated with Lipo™ CPS12F&aGC
(group s & 6) exhibited increased levels of iNKTs proliferation (Figure 3.8 a & b), activation (Fig-
ure 3.8 ¢ & d), differentiation into the follicular helper phenotype (Figure 3.8 ¢ & f), and B cells mat-
uration into plasmablast and plasma cells (Figure 3.8 g & h). For iNKTs, in the spleen, the effect
between the intranasally (group s) and subcutaneously (group 6) vaccinated group was comparable
since no statistically significant difference was observed; in contrast, in the lung, results showed that

i.n. vaccination tended to be more effective than s.c. vaccination. For B cells, the correlation between
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the vaccination route and response location was more evident, as the s.c. and z.z. vaccination generated
more plasma cells in the spleen and lung respectively. Also, results revealed that the cationic liposomal
formulation (group s) displayed a significantly higher efficiency in both iINKT and B cells stimulation
than the neutral liposomal formulation (group 4), which might be due to its help in the attachment to
the negatively charged airway mucosal. It’s noticeable that the antigen alone group (group 3) elicited
small iNKT and B cells responses, which verified that carbohydrate antigen is poorly immunogenic

and hardly activates adaptive immunity as the classical MHC molecule cannot present it.
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3.4 ORGAN EXAMINATION

{ ]
<—> DAB
cryopreserved spleen and lung streptavidin-HRP \
000
® brown precipitate
. (]

biotinylated peanut agglutinin (PNA) —

germinal center tissue section

T &

immunohistochemistry

pathology microscope

Figure 3.9: Germinal centers examination by immunohistochemistry. The illustration was created with BioRender.

We also examined the spleens and lungs of vaccinated mice by immunohistochemistry (IHC, Fig-

ure 3.9, protocols: subsection 3.1.4) with help from Susanne Primdahl at DTU Health Tech.

77



Placebo (Lipo*) Lipo'aGC Lipo*CPS12F LipoCPS12F&aGC Lipo*CPS12F&aGC Lipo*CPS12F&aGC (s.c.)

spleen =

Figure 3.10: Lipo* CPS12F&uGC activated the formation of germinal centers. Germinal centers (marked by arrows)
formed in spleens and morphology of lung tissues after vaccinations. BALB/cJR]j mice were immunized with Lipo* (group
1, blank cationic liposomes as placebo), Lipo*aGC (group 2), or 3 nmol antigen (repeat units of the polysaccharides) in
Lipo*CPS12F (group 3), LipoCPS12F&aGC (group 4), or Lipo® CPS12F&aGC (group 5 & 6) via intranasal instillation (i.n.,
group 1 - 5) or subcutaneous injection (s.c., group 6) for 3 times at 2 weeks intervals. Spleen and lung were isolated 3
days after the final vaccination and examined via immunohistochemistry.

Germinal centers, where B cells mature into plasma cells, were detected in the spleens of mice from
group 4-6, proving the effectiveness of the vaccine formulations and that applying them intranasally
triggered systemic immune responses similar to the subcutaneous injection. The lung sections dis-
played an intact morphology, suggesting the intranasal delivery of the vaccine components was safe.
Although the flow cytometry result showed the activation of mucosal immunity, we didn’t find the
inducible bronchus-associated lymphoid tissue (iIBALT) in the lung sections. It was likely due to the
fact that iBALT is a rare, inducible, and temporary structure which only presents during immune
responses and disappears afterward °.

To conclude, Lipo™ CPS12F&aGC effectively initiated iINKT-dependent adaptive immune re-
sponses and B cell maturation into plasma cells in both the mucosal and systemic immunity. Similar
to the results of cytokine analysis, the contributions from liposome surface charge, «GC, and immu-

nization route were also observed here.
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3.5 ANTIBODY QUANTIFICATION
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Figure 3.11: Antibody quantification via indirect ELISA. The illustration was created with BioRender.

We next checked the change of antibody levels after priming-booster vaccinations and their isotype
composition 2 weeks after being fully immunized by indirect ELISA (Figure 3.11, protocols: subsec-

tion 3.1.5).
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Figure 3.12: Lipo*CPS12F&uGC induces superior CPS12F-specific antibody production compared with other formu-
lations. Change of CPS12F-specific a & b) IgM and d & €) 1gG,,), in serum and saliva after immunization. Levels of
CPS12F-specific c) IgM, f) 18G,oyy, 8) I8A, h) I18Gg, i) 18G4, j) 18Gap, k) 18Gy, in serum and saliva 2 weeks after the final
vaccination. BALB/cJR]j mice were immunized with Lipo* (group 1, blank cationic liposomes as placebo), Lipo® aGC
(group 2), or 3 nmol antigen (repeat units of the polysaccharides) in Lipo*CPS12F (group 3), LipoCPS12F&aGC (group
4), or Lipo*CPS12F&aGC (group 5 & 6) via intranasal instillation (i.n., group 1—5) or subcutaneous injection (s.c., group
6) for 3 times at 2 weeks intervals. Serum and saliva were collected at the start of the study and 2 weeks after each
vaccination. Antibodies inside were quantified via indirect ELISA. Data were plotted as mean = SEM (n = 8). Welch and

Brown-Forsythe ANOVA with Dunnett's T3 multiple comparisons tests were done to assess statistical significance.

***' Fkok K represent P<O.1’ P<001, P<0001, P<0.0001.

* kok
L]

All antigen-containing formulations (group 3-6) provoked the secretion of IgM (Figure 3.12 a-

c) and IgGp,, (Figure 3.12 d - ), which were observed in both the systemic and mucosal immune

systems. Different from IgM, which peaked 2 weeks after the 1** booster vaccination, IgGyly level
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continued to rise following the priming and booster vaccinations. It validated that IgM is the first
responding antibody after stimulation, which can switch into more mature IgG or IgA after B cells

go through somatic hypermutation in germinal centers.
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Figure 3.13: The main pathways for antibody functions. CDC: complement-dependent cytotoxicity. ADCP: antibody-
dependent cellular phagocytosis. ADCC: antibody-dependent cellular cytotoxicity. The five small pictures were retrieved
from the public materials®’”. The illustration was created with BioRender.

IgA is better than IgG in clearing pneumococcus in the respiratory mucosal system (Figure 3.13).
Because IgG mainly functions via complement fixation, opsonization, and their mediated phagocyto-
sis and cytotoxicity (CDC, CDCP, ADCC, and ADCP). During these processes, toxins inside, such
as pneumolysin, might be released and cause inflammation. In contrast, IgA is safer as it acts by neu-
tralizing and agglutinating the bacteria, which will finally be removed by ciliary motion 98,

Vaccination with Lipo* CPS12F&aGC (group 5 & 6) effectively helped mice produce IgG,ly
(Figure 3.12 f) and IgA (Figure 3.12 g). While the local-distant effect (e.g., 7. tends to bring stronger

immune response in MALT) appeared again in the result of IgGply, it is remarkable that mice vacci-
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nated intranasally displayed higher IgA levels in both serum and saliva. Although the differences were
not statistically significant, the p-value at o.14 in saliva suggested the trend. Both results proved that
the z.z. route was more promising since it produced more IgG and IgA in the mucosal system. Similar

to the results above, the positive surface charge also increased the secretion of IgG 1, and IgA, further

poly
confirming the cationic liposome platform’s capability to deliver mucosal vaccine components.
BALB/c mice have four IgG subclasses (3, 1, 2b, and 2a) determined by the heavy chain con-
stant region gene expression on chromosome 12. Interestingly, although the antigen-only formu-
lation (group 3) stimulated the secretion of IgGp,ly, the subclasses were T-help-limited early-stage
IgG; (complement fixation only) and IgG,p, (FcyR mediated function), not later-stage IgG, (am-
plified power of the FcyR mediated function) and IgG,, (limited inflammation)?>?”. In contrast,

Lipo*CPS12F&aGC induced the production of all four IgG subclasses. These results further con-

firmed the essential role of aGC in antibody maturation.
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3.6 ANTIBODY AFFINITY MEASUREMENT
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Figure 3.14: Antibody affinity measurement via competitive ELISA. The illustration was created with BioRender.

We further measured the affinity of the antibody in collected samples against CPS12F by competitive

ELISA (Figure 3.14, protocols: subsection 3.1.6).
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Figure 3.15: Lipo" CPS12F&uGC induces high-affinity antibodies against CPS12F both in the systemic and mucosal
immune systems. Binding rate curve for CPS12F against a) serum antibody and b) saliva antibody. c) Dissociation con-
stants (K p) of antibodies in serum and saliva. BALB/cJRj mice were immunized with Lipo® (group 1, blank cationic
liposomes as placebo), Lipo*aGC (group 2), or 3 nmol antigen (repeat units of the polysaccharides) in Lipo"*CPS12F
(group 3), LipoCPS12F&aGC (group 4), or Lipo" CPS12F&aGC (group 5 & 6) via intranasal instillation (i.n., group 1 - 5)
or subcutaneous injection (s.c., group 6) for 3 times at 2 weeks intervals. Serum and saliva were collected 2 weeks af-
ter the final vaccination. Rabbit antiserum against CPS12F from SSI Diagnostica was used as an external control. The
antibody affinities were evaluated via competitive ELISA, in which the binding rate refers to the ratio of [Ab bound with
suspension CPS12F]/[Ab bound with bottom CPS12F] and the K p equals the half-binding concentration of CPS12F.
Data were plotted as mean == SEM (DF=29), and curves were fitted using the one-site total binding model.

Lipo*CPS12F&aGC provoked the production of antibodies with higher affinities (Figure 3.15
c: Z.n. vaccination: Kp gepym = 66.9 4.7 x 10790, Kp saliva = 259.5+19.4 x 102 M;s.c.
vaccination: Kp serum = 29.3 2.3 X 1079M, Kp sativa = 530.9 £49.2 x 1079M) than the
commercial high-affinity rabbit antiserum (Kp = 132.5 + 6.4 x 10~7 M) from SSI Diagnostica.
The results indirectly proved that the designed carbohydrate vaccine successfully activated the adaptive
immune responses, in which the B cells went through the somatic hypermutation and finally secreted
the mature high-affinity antibodies. Similar to the results in the experiments above, iNKT agonist
aGC and the cationic liposome both played roles in generating high-afhinity antibodies. Furthermore,

while s.c. injection generated higher affinity antibodies in serum, zz. instillation produced higher
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affinity antibodies in saliva. This feature indicated the superiority of z7. vaccination in combating
respiratory pathogens.

To sum up, Lipo* CPS12F&aGC efficiently induced the secretion of isotype-switched and affinity-
matured CPS12F-specific IgG and IgA both in systemic and mucosal immune systems, which was
enhanced by the INKT agonist «GC and cationic liposome design. The results also suggested that z.7.

vaccination was more capable of eliciting local airway immune responses.
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3.7 ProTECTION EFFicacYy EvaLuaTioN IN ViTRO
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Figure 3.16: Bacteria-killing mechanisms in the opsonophagocytic killing assay (OPKA). ADCP: antibody-dependent cell
phagocytosis. CDCP: complement-dependent cell phagocytosis. The illustration was created with BioRender.

We then examined the protective efficacy of the generated antibodies against S. pneumoniae in vitro
through the opsonophagocytic killing assay (OPKA, protocols: subsection 3.1.7).

The antibody contributed to bacteria clearance (Figure 3.16) mainly by attaching to the pneumo-
coccus surface and mediating phagocytosis by Fc and FcyR recognition (antibody-dependent cellular
phagocytosis, ADCP) or contributing to the formation of complement C3b and mediating phagocy-

tosis by C3b and C3bR recognition (complement-dependent cellular phagocytosis, CDCP).
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Figure 3.17: Lipo*CPS12F&uGC generates antibodies with improved anti-S. pneumoniae 12F activity compared with
other formulations. a) Colony dots formed by survived S. pneumoniae 12F after opsonophagocytosis. The ratio of bacte-
ria killed by serum b) and saliva c) antibodies mediated opsonization and phagocytosis at different dilution folds. d) Half-
killing dilution folds of the antibodies in serum and saliva samples. BALB/cJRj mice were immunized with Lipo* (group
1, blank cationic liposomes as placebo), Lipo* aGC (group 2), or 3 nmol antigen (repeat units of the polysaccharides)

in Lipo*CPS12F (group 3), LipoCPS12F&aGC (group 4), or Lipo" CPS12F&aGC (group 5 & 6) via intranasal instillation
(i.n., group 1-5) or subcutaneous injection (s.c., group 6) for 3 times at 2 weeks intervals. Serum and saliva collected 2
weeks after the final vaccination were pooled-assessed via opsonophagocytic killing assay (OPKA). Data were fitted in
the nonlinear dose-response model. Half-killing dilution folds were interpolated and plotted as mean 4= SEM (DF>38).
Dunnett’s T3 multiple comparisons tests were done to assess statistical differences. *, **, ***, **** represent P<0.1,
P<0.01, P<0.001, P<0.0001.

The bacteria-killing efficiencies of antibodies were quantified as their half-killing dilution folds
(Figure 3.17). The serum and saliva induced by Lipo™ CPS12F&aGC (group 5 & 6) both displayed
elevated anti-S. prneumoniae 12F activity compared with the aGC-lacking (group 3) and neutral li-
posomal (group 4) formulation, suggesting the significance of iNKT agonist aGC and the cationic
liposome in improving the immune responses. It’s remarkable that, with the same formulation of
Lipo™ CPS12F&aGC, while the s.c. route (group 6) produced more effective serum, the z7. adminis-
tration (group s) tended to produce more effective saliva. However, the difference in saliva tests was
not statistically significant.

The result verified the anti-S. preumoniae efficiency of the serum and saliva collected from mice
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immunized with Lipo* CPS12F&aGC. The zn. route was more promising, as it mainly stimulated

the respiratory mucosal immune system, which was proximal to the infection and disease site.
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3.8 ProTECTION EFFicacy EvALUATION IN ViIvo

We finally performed the bacteria challenge study (protocols: subsection 3.1.8) to evaluate the pro-

tective potential of Lipo*CPS12F&aGC.
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Figure 3.18: Lipo*CPS12F&uGC vaccination protects mice from S. pneumonia 12F challenge. Survival curves of vac-
cinated mice after bacteria challenge. BALB/cJR]j mice were immunized with Lipo® (group 1, blank cationic liposomes

as placebo), Lipo*aGC (group 2), or 3 nmol antigen (repeat units of the polysaccharides) in Lipo* CPS12F (group 3),
LipoCPS12F&aGC (group 4), or Lipo*CPS12F&aGC (group 5 & 6) via intranasal instillation (i.n., group 1 — 5) or sub-
cutaneous injection (s.c., group 6) for 3 times at 2 weeks intervals. Three weeks after the final vaccination, mice were
challenged with 1 X 106 cruss. pneumoniae 12F via intranasal instillation and carefully monitored for the next 14 days.
Results were plotted as survival curves. Gehan-Breslow-Wilcoxon tests were done to assess statistical differences. *, **,
e % represent P<0.1, P<0.01, P<0.001, P<0.0001.

In Figure 3.18, it is notable that mice intranasally vaccinated with Lipo™ CPS12F&aGC (group
5) all survived the 2 weeks after infection; on the contrary, mice vaccinated with blank cationic li-
posome (group 1) or cationic liposomal aGC (group 2) were all sacrificed within the first week. It
demonstrated the significant (P<o.0001) protection rendered by Lipo* CPS12F&aGC when applied
intranasally. Meanwhile, only 2 of 8 (25 %) mice survived after receiving the formulation without
aGC (group 3), and 5 of 8 (62.5 %) mice survived after receiving the neutral surface charge formula-
tion (group 4), validating the important roles of the iNKT agonist «GC and nasal mucosa attachment

facilitating positive surface charge.
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Notably, 6 of 8 (75 %) mice survived after receiving the whole formulation via s.c. injection (group
6); compared with group s, although the difference was not statistically significant, the P value of 0.14
indicated the route of vaccination played a role in the final protection strength. S. pnenmoniae 12.F
mainly colonizes and causes disease in the respiratory system. Applying the vaccines intranasally can
activate the NALT and iBALT, which is proximal to the infection site and more robust than the remote
immune responses elicited by systemic s.c. vaccination.

These results confirmed that Lipo™ CPS12F&aGC, when immunized intranasally, can efficiently

protect mice from S. pneumoniae 12F challenge.
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Conclusion

The effort to develop pneumococcal vaccines has continued for over 100 years, which weakened af-
ter the introduction of penicillin in the 1940s, but resurged as the problem of antibiotic resistance
increased. Capsular polysaccharide is the most virulent component of S. preumoniae; hence it is the
most direct and promising target for vaccine development. However, developing carbohydrate-based
vaccines is challenging as carbohydrate antigens cannot be presented by classical MHC molecules and

were proven to have weak immunogenicity.
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To break this limitation, we utilized the iNKT agonist «GC and co-deliver it with the capsular
polysaccharide antigen in cationic liposomes. Compared with the carrier protein conjugation strat-
egy, which activates normal T cells, the designed vaccine in this study targeting iNKTs holds several ad-
vantages. First, the INKT-mediated adaptive immune responses are universal among individuals. The
classical polymorphic MHC (human leukocyte antigen, HLA in humans) has many alleles, and their
frequency distributions vary significantly among different populations '*°. In contrast, the ligand of
TCRs on iNKT5, the CD1d (CD1a-e in humans) molecule, is highly structurally conserved, which
helps bring a more predictable and consistent immunization efficacy *'. Second, iNKTs respond faster
after stimulation. Upon activation, iNKTs immediately proliferate and differentiate into functional
phenotypes within hours, while it takes days for conventional T cells**. Moreover, iNKTry helped
the germinal centers’ formation by day 3, which generally takes 10 days for conventional Try cells 38,
Third, the vaccine cost is relatively low, making it more accessible to at-risk populations in low-income
areas. The capsular polysaccharide is extracted from the bacteria culture instead of being produced
by chemical synthesis. The liposome is fabricated by simple extrusion. The whole formulation can be
stored safely at room temperature for at least 3 weeks; as a result, the cold chain can be avoided during
transportation.

In conclusion, Lipo™ CPS12F&aGC, when immunized intranasally, initiated iNKT-helped B
cells maturation and elicited the production of antigen-specific high-affinity isotype-switched anti-
bodies both in mucosal and systemic immune systems, which were confirmed to be capable of clear-
ing S. pneumoniae in vitro and protecting mice from pathogen challenge 7z vivo. We believe our vac-
cine approach is promising to be expanded to more pneumococcal serotypes and other respiratory
pathogens.

This study still has several limitations that we can address in the future before progressing to clin-
ical evaluation. Firstly, capsular polysaccharides of more serotypes can be loaded in the liposomes,

and a wider range of cationic lipids can be tried. GMP compliance and cost control can be taken
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into consideration during the vaccine fabrication. Secondly, the vaccine 7z vitro study can be more
comprehensive and include the components degradation monitoring, the morphology characteriza-
tion, and the stability under various temperature conditions. Thirdly, to better analyze the iBALT
immune responses, bronchoalveolar lavage fluids (BALF) can be tested, and lung samples from differ-
ent time points after vaccination can be immunohistochemistry assessed. Lastly, a hybridoma can be

established for a more detailed evaluation of the antibody.
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Other Unpublished Works

During my Ph.D. study, I also contributed to the below research, which had not been published by

the time I finished this thesis.
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1. Chemical Synthesis and Immunological Evaluation of Cancer Vaccines Based on Ganglioside
Antigens and o-Galactosylceramide: preparation, characterization, and quantification of liposomal
vaccines; mice vaccination, cytokine quantification, cell phenotyping, iNKTs and BMDCs harvest,
and data analysis.

2. Synthesis of a SulfoCy7/5 - aGalCer Probe as a Chemical Tool for Investigating the Uptake
of Liposomal aGalCer Conjugates by Antigen Presenting Cells: preparation, characterization, and

quantification of liposomes; uptake evaluation by flow cytometry.
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