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A broad-spectrum pneumococcal vaccine induces mucosal immunity and protects against lethal Streptococcus pneumoniae challenge

Supplementary:
Materials and Methods
Bacterial strains and growth medium
For this study, S. pneumoniae serotypes 2 (D39), 6A, 15A/F, 15B, 19F, and 23F were obtained from Dr. Kristopher Siu and Dr. Tsai-Ling Yang Lauderdale (National Health Research Institutes, Taiwan). The bacteria were stored at -80°C in tryptose broth supplemented with 20% glycerol until needed. On the day preceding each experiment, the bacterial stocks were plated on blood agar and allowed to incubate overnight at 37°C with 5% CO2. Subsequently, isolated colonies were transferred to brain-heart infusion (BHI) broth and adjusted to an optical density (OD) of approximately 0.05 in 20 ml of the same broth. The mixture was then incubated at 37°C with 5% CO2 for 4.5 hours until the OD reached 0.5. Following this step, the bacterial culture was submitted to centrifugation at 4000 rpm for 15 minutes, and the resulting pellet was resuspended in phosphate-buffered saline (PBS) with a pH of 7.4. Serial 10-fold dilutions were performed, and the samples were plated on blood agar to determine the density of the bacterial inoculum.

Production and characterization of rPsaA, rPspAC, rPspCC, and rlipo-PsaA
The PsaA gene sequence (without a lipid signal peptide) from S. pneumoniae D39 (accession number: CP118289) was amplified using the forward primer (5′ GATATACATATGGCTAGCGGAAAAAAAGAT-3′, NdeI site underlined) and reverse primer (5′-GTGGTGCTCGAGTTTTGCCAATCCTTCAGC-3′, XhoI site underlined). The resulting PCR product was then cloned into the pET-22b (+) expression vector (Novagen, Madison, WI, USA) using the NdeI and XhoI sites. This resulted in the pPsaA plasmid with an additional histidine tag at the C-terminus. The same method was employed to obtain the pPspAC (accession number: CP118289) and pPspCC (accession number: CP118289; previous name: CbpA) plasmids. The forward primer of pPspAC was 5′-GATATACATATGGAAGAATCTCCCGTA-3′, with the NdeI site is underlined. The reverse primer of pPspAC was 5′-GTGGTGCTCGAGTTTTGGTGCAGGAGC -3′, with the XhoI site is underlined. The forward primer of pPspCC was 5′-GATATACATATGTTTGCATCAAAAAGC-3′, with the NdeI site is underlined. The reverse primer of pPspCC was 5′-GTGGTGCTCGAGGTTTACCCATTCACC-3′, with the XhoI site is underlined. To clone the lipo-PsaA gene (with a lipid signal peptide), the forward primer (5′-GATATACATATG AAAAAATTAGGTACATTA 

3′, NdeI site underlined) and the reverse primer (5′-GTGGTGCTCGAGTTTTGCCAATCCTTCAGC -3′, XhoI site underlined) were used to amplify the lipo-PsaA gene and clone the product into the pET-22b (+) vector to obtain the plipo-PsaA plasmid. All plasmids were designed with a hexahistidine tag (His-tag) at their C-termini.
E. coli BL21 (DE3) (Invitrogen, Carlsbad, CA, USA) cells were used to express recombinant PsaA (rPsaA) and rPspCC, and E. coli JM109 (DE3) (Invitrogen, Carlsbad, CA, USA) was used to express rPspAC. plipo-PsaA was transferred into E. coli C43(DE3) (Lucigen, Middleton, WI, USA) via transformation to express rlipo-PsaA.
Purification of the rPsaA, rPspAC and rPspCC proteins was performed using an affinity column (QIAGEN, Ni-NTA Superflow). In addition, rPspAC and rPspCC were further purified by using HIC (Phenyl Sepharose® 6 Fast FLow) and SP columns (Sepharose Fast Flow), respectively. The expression, purification and characterization of rlipo-PsaA were performed using the same methods as in our previous report, including SDS‒PAGE, immunoblotting, N-terminal amino acid sequencing and protein identification [1].

BMDC activation assay
BMDCs were harvested as previously described [2]. Briefly, femurs and tibiae of 6- to 8-week-old female C57BL/6 mice were removed, and the bone marrow cells were dispersed by vigorous pipetting. After removing red blood cells with lysis buffer, the isolated bone marrow cells were resuspended to a density of 5 × 105/ml cells with RPMI-10: RPMI-1640 (GIBCO BRL, Grand Island, NY, USA) supplemented with penicillin (100 U/ml, Sigma, St Louis, MO, USA), streptomycin (100 g/ml, Sigma), L-glutamine (2 mM, Sigma), 2-mercaptoethanol (50 M, Sigma), and 10% heat-inactivated FBS. On days 0, 3, and 6, bone marrow cells were added to Petri dishes that contained 200 U/ml (20 ng/ml) recombinant granulocyte macrophage colony stimulating factor (MosGM-CSF, Peprotech, Rocky Hill, NJ, USA) in RPMI-10. On day 6, LPS or the indicated recombinant proteins were added at a concentration of 50 nM. After 18 hours, the cells were harvested, and the production of cytokines (TNF-α, IL-6, IL-12p70 and IL-12p40) by BMDCs was determined using ELISA kits (R&D Systems, Minneapolis, MN).

Animal immunization
Groups of female CD1 mice (6–8 weeks of age) were immunized with 

rPsaA/rPspAA/rPSPCC (AAC) or rlipo-PsaA/rPspAΔA/rPspCΔC (LAAC) at a dose of 30 µg/protein via intranasal injection. Mice were administered PBS as a negative control, while the positive control involved intraperitoneal injection (IP) of PCV13 (Prevnar 13; Pfizer). All animals were immunized three times at a 2-week interval with the same regimen.

ELISA
rPsaA, rPspAC, and rPspCC antigens were used to coat plates. Two different sets of ELISA experiments were carried out to analyze IgG and IgA. For IgG analysis, the rPsaA, rPspAC, or rPspCC antigens were added to the plates to bind to the capture antibodies for 2 h at room temperature (RT). The plates were washed with PBST and incubated with serially diluted antiserum as the primary detection antibody. After the plates were washed, HRP-conjugated goat anti-mouse IgG, IgG2a and IgG1 were used as secondary antibodies, which were incubated in the plates for 30 min at RT. The wells were thoroughly washed eight times with PBST, and the substrate 3,3′,5,5′-tetramethylbenzidine (TMB) was added (100 μL per well) and incubated for 30 min at RT. Subsequently, the reaction was stopped by adding 1 N H2SO4, and the absorbance was measured at 450 nm.
For IgA analysis, the coating procedure was the same as that for IgG analysis. The primary detection antibodies were collected from vaginal washes, feces, and sera. HRP-conjugated goat anti-mouse IgA was used as the secondary antibody, which was incubated for 30 min at RT.

Opsonic phagocytosis assay
Human polymorphonuclear neutrophils (PMNs) were isolated using Ficoll-Paque PLUS. To initiate the process, Ficoll-Paque PLUS was added to the centrifuge tube, and the diluted blood sample was layered onto it. Subsequently, the mixture was centrifuged at 400 x g at 20°C for 40 minutes [3]. Opsonization reactions were performed at RT for one hour using 10% mouse sera at the same dose of 5x106 CFU of fixed S. pneumoniae serotypes 23F, D39, and 15B. Following this step, freshly isolated PMNs (4x105 cells) were added along with 1% human complement for phagocytosis of antibody-opsonized bacteria. After a 30-minute phagocytosis reaction at 37°C, the reaction complex was intracellularly stained using anti-IgG-Fc-FITC. The percentage of FITC-positive phagocytic cells was determined by analyzing flow cytometry data with a flow cytometer (BD Biosciences) utilizing at least 10,000 gated events. The results are expressed as the mean ± standard deviation (SD) for the samples (n=6). The 

acquired data were analyzed using CellQuest Pro software and FACS 3 software.

Cytokine release from splenocytes
The splenocyte proliferative response and cytokine/chemokine secretion levels were analyzed using Procartaplex Multiplex Immunoassays. Splenocytes were isolated from immunized CD1 mice and plated at a density of 2 × 105 cells/well in 96-well plates. The cells were stimulated with 10 μg/ml rPsaA, rPspAC, or rPspCC for 72 h. The cell supernatant was analyzed for a panel of 36 cytokines/chemokines, IFN gamma, IL-12p70, IL-13, IL-1 beta, IL-2, IL-4, IL-5, IL-6, TNF alpha, GM-CSF, IL-18, IL-10, IL-17A, IL-22, IL-23, IL-27, IL-9, GRO alpha, IP-10, MCP-1, MCP-3, MIP-1 alpha, MIP-1 beta, MIP-2, RANTES, Eotaxin, IFN alpha, IL-15/IL-15R, IL-28, IL-31, IL-1 alpha, IL-3, G-CSF, LIF, ENA-78/CXCL5 and M-CS, by using ProcartaPlex multiplex immunoassay panels, Affymetrix (eBioscience, EPX360-26092-901), and Luminex 100/200. The data are represented as the mean ± standard deviation (SD) of triplicate samples.

Animal fluid collection
Vaginal washes were collected by flushing with 50 μl of PBS. Fresh fecal pellets were collected and frozen at −20 °C until the time of analysis. Fecal suspensions (10%) were prepared and diluted in PBS containing 0.04% sodium azide and 2% FBS. Samples were centrifuged (13,000 rpm for 10 min), and supernatants were used for analysis.

Animal challenge
Female, 6-week-old ICR mice were inoculated intratracheally with 2×106 CFU per dose of S. pneumoniae strains D39, 6A, 15A/F, 15B, 19A, 23F and 35B. However, we also challenged the immunized mice by intravenous injection with 2 × 107 CFU of S. pneumoniae serotype 6A. Before intratracheal (i.t.) administration, mice received anesthetic administration (4 mg avertin/10 g body weight), and the mice were observed for the effects of the anesthetic for 3-5 mins. After challenge, the mice were monitored twice per day. The survival time of the challenged mice was determined based on 20% weight loss, unexpected morbidity or an inability to obtain food or water. Mice were euthanized with 100% CO2 according to the protocols for the use of experimental mice that were approved by the Institutional Animal Care and Use Committee (IACUC) of the National Health Research Institutes (NHRI).

Validation assessments for the hemolysis pattern and the confirmation of bacterial counts were conducted during every challenge study. Our approach closely aligned with the procedure outlined in the bacterial strains and growth medium section. To briefly summarize, we cultured the bacterial sample on blood agar to promote growth and analyzed the results the following day. After confirming the hemolysis pattern and bacterial counts, we proceeded with the challenge study as per our predefined plan.

Statistical analysis
The statistical significance of differences between mean values of the experimental groups was determined using one-way analysis of variance (ANOVA) or Student’s t test. All statistical tests were two-sided. Statistical significance was considered for all tests at P < 0.05.

Ethics statement
Animal studies were conducted in strict accordance with the recommendations of Taiwan’s Animal Protection Act. The protocols were approved by the Animal Committee of the National Health Research Institutes (protocol No.: NHRI-IACUC-106163-A) and performed according to their guidelines.
The use of the human samples in this study received approval from the Institutional Review Board of the NHRI (protocol No. EC1061202-E). Prior to collection of peripheral blood samples, written informed consent was obtained from healthy volunteers in accordance with the Declaration of Helsinki.
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Supplementary Figure S1: Identification of the lipid moiety in rlipo-PsaA.
Initially, rlipo-PsaA was submitted peptide mass fingerprinting (PMF) analysis. To conduct this analysis, rlipo-PsaA was dialyzed in 5 mM ammonium bicarbonate at pH 8.5, followed by treatment with trypsin (Promega Co., Madison, WI) at a ratio of 50:1 (rlipo-PsaA:trypsin, weight/weight) in 25 mM ammonium bicarbonate (pH 8.5) for 30 minutes at room temperature. The enzymatic reaction was stopped by adding formic acid to a final concentration of 1.2%. One microliter of the trypsin-digested protein was mixed with 1 l of a saturated solution of -cyano-4-hydroxycinnamic acid (Sigma) in acetonitrile/0.1% trifluoroacetic acid (1:3, volume/volume). Subsequently, one microliter of the mixture was placed on the target plate of a matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometer (Bruker) for analysis. In panel (A), the arrows indicate the tryptic fragments of rlipo-PsaA. The corresponding amino acid sequences of the fragments are shown in blue, and the peptide coverage rate was 70%. To identify the N-terminal fragment of rlipo-PsaA, a similar method was employed with a shorter digestion time of 5 minutes, followed by further purification of the lipidated fragment using a ZipTip (Millipore). In panel (B), the significant peak at m/z 1265.976 represents the mass of Lipid-CASGK.


Supplementary Figure S2: The Th1-biased cytokine profile induced by LAAC and AAC.
Lymphocytes were isolated from the spleen of immunized CD1 mice and cultured in 96-well plates at a density of 2 × 105 cells per well. Subsequently, these cells were stimulated with rPsaA, rPspAΔC, or rPspCΔC at a concentration of 10 µg/ml for 72 hours. The resulting data represent the mean ± standard deviation (SD) of triplicate samples. Supernatants were collected, and the levels of various Th1 cytokines, including IFN-g, IL-12p70, IL-18, TNF-, and GM-CSF, were measured using ProcartaPlex immunoassays.


Supplementary Figure S3: The Th17-biased cytokine profile induced by LAAC and AAC.
Lymphocytes were isolated from the spleen of immunized CD1 mice and cultured in 96-well plates at a density of 2 × 105 cells per well. Subsequently, these cells were stimulated with rPsaA, rPspAΔC, or rPspCΔC at a concentration of 10 µg/ml for 72 hours. The resulting data represent the mean ± standard deviation (SD) of triplicate samples. Supernatants were collected, and the levels of various Th17 cytokines, including IL-17A, IL-22, and IL-6, were measured using ProcartaPlex immunoassays.


