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Streptococcus pneumoniae is a pathogenic bacterium that causes infections such as pneumonia, meningitis, otitis media, and bacteremia. The prevention of pneumococcal disease by vaccination has become more urgent due to increased antibiotic resistance. Pneumococcal capsular polysaccharides (CPS) are effective vaccine antigens that stimulate the host to produce protective antibodies. S. pneumoniae serotype 14 is one of most prevalent types in Latin America and across the world. However, the yield of S. pneumoniae serotype 14 CPS from existing fermentation processes remains low and requires improvement. In this study, various aspects of the fermentation process were optimized to improve pneumococcal growth and polysaccharide productivity, including feed medium, cultivation gas environment, fermentation pH, and temperature. A simplified purification method was also developed to obtain pure CPS, including ultrafiltration, acid and ethanol precipitation, diafiltration, and lyophilization. These fermentation optimizations significantly enhanced the optical density of pneumococcal bacterial cultures and increased fermentation yields to 2.4–2.6 g/L—significantly higher than previously achieved. Furthermore, the test results of pure CPS could meet the requirements in the European Pharmacopoeia (11th edition). These optimizations provide valuable insights into the nutritional requirements and impact of varying fermentation process parameters on pneumococcal growth and CPS productivity, thus contributing to the development of a more efficient and cost-effective method for the production of pneumococcal CPS—essential for manufacturing vaccines against pneumococcal infections.
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1 INTRODUCTION
Streptococcus pneumoniae is a lancet-shaped, Gram-positive, facultative anaerobic bacterium with more than 100 known serotypes; it causes human diseases such as pneumonia, meningitis, otitis media, and bacteremia, with children under 5 years of age the most susceptible population (Al-Jumaili et al., 2023; Paton and Trappetti, 2019; Weiser et al., 2018). With its increasing antibiotic resistance, vaccination to prevent pneumococcal infection is increasingly emphasized (Fitzgerald and Waterer, 2019; Guo and Qiao, 2021; Lees et al., 2017; Morais et al., 2019; Weiser et al., 2018). Pathogenic factors of S. pneumoniae include pneumococcal capsular polysaccharides (CPS), hemolysins, and surface proteins, among which CPS is the key virulence factor (Kadioglu et al., 2008). CPS on bacterial surfaces not only protect bacteria from being cleared by mucus in the nasal cavity (Hamaguchi et al., 2018; Hyams et al., 2010) but also shield bacterial surface structures, thus protecting bacteria from attack by neutrophils, macrophages, and antibodies. However, CPS as effective antigens can stimulate the host to produce protective antibodies (Avery and Heidelberger, 1925; Avery et al., 1925). Hence, CPS of highly virulent serotypes are formulated into widely used pneumococcal vaccines (Jones and Currie, 1991; Talaga et al., 2002). S. pneumoniae serotype 14 is one of the most prevalent in Latin America and around the world, and it presents high levels of antibiotic resistance. In existing fermentation processes, the yield of S. pneumoniae serotype 14 CPS remains low and needs improvement.
In the manufacturing process of CPS, the fermentation of S. pneumoniae is a critical step affecting CPS yield. Microbial fermentation is a very complex system influenced by many factors, including strain selection, medium composition, feed medium composition, fermentation pH and temperature, aeration and stirring, and modes of operation such as batch, fed-batch, or continuous culture (Degeest and De Vuyst, 1999; Gonçalves et al., 2014; Grobben et al., 1997; Gururao et al., 2018; Jain and Maithal, 2011; Zeidan et al., 2017). Moreover, the synthesis of CPS by S. pneumoniae is regulated by multiple factors through a complex metabolic pathway. Studies have shown that there is no simple correlation between the concentration of S. pneumoniae cells and the yield of CPS, which indicates that the optimal growth conditions for S. pneumoniae do not necessarily result in the highest production of CPS (Gonçalves et al., 2002; Henriques et al., 2006; Leal et al., 2011; Marthos et al., 2015; Restrepo et al., 2005).
Although S. pneumoniae disease and new vaccines have been extensively studied, few studies have seemed to investigate the factors affecting CPS productivity and optimizing CPS production. Moreover, most fermentation research has been conducted in flasks, which do not reproduce large-scale conditions. The cultivation conditions of bacterial growth and CPS productivity have been investigated for serotypes 1 (Marthos et al., 2015), 4 (Kim et al., 1996), 5 (Li et al., 2024), 6B (Gonçalves et al., 2007), 14 (Leal et al., 2011; Massaldi et al., 2010), and 23F (Gonçalves et al., 2002). Jain and Maithal (2011) described a fermentation medium and process for S. pneumoniae where the biomass of serotype 14 S. pneumoniae could reach 0.9–15.0 (OD600nm), with a polysaccharide yield of 0.2–0.25 g/L. In Leal et al. (2011), the yield of S. pneumoniae serotype 14 CPS increased by 30% and reached 185.2 mg/L after optimization of the medium and culture process (Leal et al., 2011). Desai and colleagues found that by using an improved chemically defined medium, the optical density (OD600) of S. pneumoniae serotype 14 could reach 6.8, with a fermentation yield of up to 1.1 g/L (Gururao et al., 2018). Patents disclose that after a series of process optimizations, the batchwise fermentation yield of S. pneumoniae serotype 14 CPSs reached 450 mg/L, and the yield for fed-batch fermentation could reach 1,100 mg/L (Vinayak et al., 2017). The perfusion mode in fermentation could greatly enhance the growth density of S. pneumoniae by cycling the culture through a perfusion system and removing spent medium and waste products. Fermentation operating in perfusion mode could achieve an optical density up to 30 (OD600), with a corresponding CPS yield up to 2.2 g/L (Gururao et al., 2018). However, due to the complexity of operation, the high cost of materials, and the potential contamination risk in the external perfusion system during circulation, batchwise or fed-batch fermentation modes are preferred in actual production processes.
In addition, CPS as antigens must meet strict quality standards in pneumococcal vaccines, including high immunogenicity and adequate safety. Quality control requirements related to vaccine safety include residual protein, nucleic acid, pyrogenic substances, and chemical reagents associated with purification (Jones, 2015; Jones and Currie, 1991; Morais et al., 2018; Talaga et al., 2002). Current mainstream techniques for purifying polysaccharides include a precipitation-based approach where acid precipitation is utilized alone or in conjunction with organic solvent precipitation to remove impurities (Bahler et al., 2008; Cano et al., 1980; Jung et al., 2011; Lee et al., 2020; Li et al., 2016) and the absorption of impurities by silica particles or the flocculation of impurities (Macha et al., 2014; Venkat et al., 2022; Wang et al., 2017; Yuan et al., 2014; Zhu et al., 2021). Generally, purification through precipitation is achieved by a complex labor-intensive purification process. Chromatography-based approaches include ion-exchange (Venkat et al., 2022; Zanardo et al., 2016), hydrophobic, mixed-mode (Kapre and Datta, 2020), size-exclusion (Jin et al., 2014), and affinity methods (Suárez et al., 2001). However, chromatography purification is typically expensive. Enzymatic hydrolysis, such as protease and nuclease (Gonçalves et al., 2003; Keming et al., 2015; Wang et al., 2015), is also usually expensive and requires validation for the removal of enzymes.
Therefore, we have undertaken this study to determine the fermentation process parameters that could influence pneumococcal growth and CPS production with the aim of improving the CPS yield of S. pneumoniae serotype 14 fermentation. In addition, a simplified downstream purification process was developed to obtain pure CPS, and tests were conducted to investigate the quality of pure CPS according to the European Pharmacopeia (11th ed.).
2 MATERIALS AND METHODS
2.1 Bacterial strains
S. pneumoniae serotype 14 strain (CMCC 31608) was purchased from the National Center for Medical Culture Collections. The lyophilized strain was used to establish a master seed lot and a working seed lot. Tests were conducted to verify the characteristics of the strain by the National Institutes for Food and Drug Control of China.
2.2 Reagent and equipment
2.2.1 Reagent
2.2.1.1 Solid medium
The solid medium included soy peptone (Thermo Fisher Scientific), dipotassium hydrogen phosphate and tryptophan (Sinopharm Chemical Reagent Co., Ltd.), L-cysteine hydrochloride and tyrosine (Tianjin Pharmaceutical Group Co., Ltd.), and agar powder (Beijing Aoboxing Biotechnology Co., Ltd.).
2.2.1.2 Liquid medium
The liquid medium included glutamine (Hebei Bailingwei Ultrafine Materials Co., Ltd.), L-asparagine, choline chloride, magnesium sulfate heptahydrate, ferrous sulfate and zinc sulfate heptahydrates, thioglycolic acid (Sinopharm Chemical Reagent Co., Ltd.), soy peptone, yeast extract (Thermo Fisher Scientific), glucose (Shandong Saint-Show Technology & Pharmaceutical Co., Ltd.), and sodium hydroxide (Chengdu Huayu Pharmaceutical Excipients Co., Ltd.). The components of the fermentation culture medium are listed in Table 1.
TABLE 1 | Components of fermentation medium.
[image: Table 1]2.2.1.3 Inactivation
DOC (SIGMA-ALDRICH).
2.2.1.4 Purification
For CPS purification, we used acetic acid (Chengdu Huayu Pharmaceutical Excipients Co., Ltd.), disodium hydrogen phosphate, sodium dihydrogen phosphate (Hunan Jiudian Hongyang Pharmaceutical Co., Ltd.), sodium chloride (Hubei Wuhuan Salt Industry Group Co., Ltd.), calcium chloride (Beijing Yanjing Pharmaceutical Co., Ltd.), sodium hydroxide (Chengdu Huayu Pharmaceutical Excipients Co., Ltd.), anhydrous sodium acetate, and anhydrous ethanol (Nanjing Chemical Reagent Co., Ltd.).
2.2.2 Equipment
2.2.2.1 Fermentation
The fermentation equipment consisted of a 15-L microbial bioreactor (Shanghai Bailun Biotechnology), CO2 incubator (Thermo Fisher), UV–visible spectrophotometer (Beijing Puxi Technology), biological safety cabinet (Suzhou Antai Air Technology), XB43 microscope (Olympus), bioprocess analyzer (Shenzhen Hillman Biotechnology), vacuum freeze dryer (Shanghai Dongfulong), biochemical incubator (Qingdao Haier Biomedical Co., Ltd.), and high-speed centrifuge (Thermo Fisher).
2.2.2.2 Purification
The purification equipment consisted of a magnetic stirrer (Shanghai Meiyingpu Instrument Manufacturing Co., Ltd.), electronic balance (Mettler Toledo), electronic platform scale (Mettler Toledo), multiparameter tester (Mettler Toledo), high-speed centrifuges (Thermo Fisher), and ultrafiltration membranes (Millipore).
2.3 Bioreactor fermentation
Frozen stock culture (1 mL) from working seed lot was used to inoculate solid medium and was cultured in a CO2 incubator for 9–15 h (with a CO2 concentration of 10% and a cultivation temperature of 36°C). The strain was then inoculated to a 3-L flask containing 1 L of liquid medium; the flask was incubated at 36°C and 90 rpm to obtain an optical density (OD) of 0.4–0.6 at 600 nm. When the OD600 of the culture reached 0.4–0.6, it was transferred at an inoculation volume of 5–10% into bioreactors containing the fermentation medium. Lab-scale fed-batch fermentations were carried out in a 15-L bioreactor with a working volume of 10 L.
Bioreactor cultivation was conducted under 10% CO2 atmosphere (0.1 vvm), 100% CO2 atmosphere (0.1 vvm), and 100% nitrogen atmosphere (0.1 vvm).
Bioreactor cultivation pH was controlled by adding 5 M NaOH at pH 6.0, pH 6.4, pH 6.8, and pH 7.2.
Bioreactor cultivation temperature was maintained at 35°C, 36°C, 37°C, 38°C, and 39°C.
The agitation speed was maintained using a mechanically driven impeller (90 rpm).
During the fed-batch fermentation process, a continuous feed medium (with different components—Table 2) was used to maintain the glucose concentration above 5 g/L in the fermentation system. At various intervals during cultivation, samples were taken to measure optical density at 600 nm and analyze glucose concentration.
TABLE 2 | Different feed medium composition.
[image: Table 2]2.3.1 Fermentation time
The CPS are synthesized extensively during the logarithmic phase of S. pneumoniae growth (Morais et al., 2018), and the CPS titer normally reaches maximum at the end of the stationary phase or the early stage of the decline phase (Gonçalves et al., 2006; Gonçalves et al., 2002; Li et al., 2024). Moreover, prolonged fermentation in the decline phase would lead to gradual degradation of CPS (Crinean, 2014; Massaldi et al., 2010), which is detrimental to their quality (Loetscher et al., 1992; Qiong et al., 2022; Xiao et al., 2006; Zhao et al., 2012). Therefore, all fermentation experiments were terminated in the early stage of the decline phase to achieve high CPS yield and quality.
In the final stage of fermentation, the fermentation broth was treated with 0.1% DOC and stirred for 40 min and then incubated at 4°C for 12 h for sterilization. After cell lysis, polysaccharide in the supernatant was measured for CPS yield (samples were centrifuged to obtain pellets and supernatants).
2.4 Purification of CPS
A simplified purification process was developed, involving ultrafiltration and diafiltration to remove small molecular impurities, followed by acid and alcohol precipitation to eliminate protein and nucleic acid impurities, and finally diafiltration and lyophilization to obtain purified polysaccharide.
1. After sterilization, the fermentation broth was centrifuged at 8,000 rpm for 30 min to collect the supernatant, which was ultrafiltered using 100-kDa membrane to obtain concentrated ultrafiltrate, and diafiltered to remove small molecules and impurities.
2. Acetic acid was added to the concentrate to adjust the pH to 4.00; after thorough mixing, it was left to stand at 2–8°C for 2 h, and then the supernatant was collected by centrifugation.
3. The supernatant obtained from the previous step was adjusted back to pH 6.0–7.0 using 5M NaOH solution. Disodium hydrogen phosphate was added to a concentration of 10 mmol/L, monosodium dihydrogen phosphate to a concentration of 10 mmol/L, sodium chloride to a concentration of 1.0 mol/L, anhydrous sodium acetate to a concentration of 0.9 mol/L, and calcium chloride to a concentration of 0.35 mol/L. After being fully dissolved, acetic acid was added to adjust the pH to 5.40. Then, 20% (v/v) of anhydrous ethanol was added according to the volume of the solution, thoroughly mixed, and left to stand at 2–8°C for 3–24 h before the supernatant was collected by centrifugation.
4. The supernatant was ultrafiltered using 100 kDa membrane to obtain a polysaccharide-enriched ultrafiltrate; the concentrated ultrafiltrate was then lyophilized and collected.
2.5 Structural identity and conformity of CPS by 1H NMR spectroscopy
Analysis of the CPS by 1H NMR spectroscopy (Bruker, Avance III 400 and 600) was conducted at the Beijing Center for Physical and Chemical Analysis, Beijing, China. Prior to analysis, the CPS samples were freeze-dried and reconstituted to a final concentration of 2–4 mg/mL in deuterium oxide. In 1H NMR data, splitting patterns are indicated as follows: “s” for singlet, “d” for doublet, “t” for triplet, “q” for quartet, “m” for multiplet, and “br” for broad singlet. NMR chemical shifts (δ) are reported in parts per million (ppm), and coupling constants (J) are reported in Hertz (Hz).
2.6 Analysis of samples
The polysaccharide content of serotype 14 was determined based on the rate nephelometric method using specific antisera obtained from Statens Serum Institute (Copenhagen, Denmark) according to the immunochemical method (2.7.1) in the European Pharmacopoeia (11th edition). The purified CPS from type 14 were subjected to tests according to the European Pharmacopoeia (11th edition), including protein (2.5.16), nucleic acids (2.5.17), total nitrogen (2.5.9), phosphorus (2.5.18), molecular size (2.2.30), and hexosamines (2.5.20). Protein was determined by the Lowry method.
3 RESULTS AND DISCUSSION
3.1 Effect of feed medium composition on growth profile and productivity
With the increase of biomass and consumption of nutrients in the fermentation process, glucose solution is typically supplemented into a fermentation broth to maintain the essential sufficient carbon source in fed-batch fermentation. However, S. pneumoniae is a fastidious microorganism, and various nitrogen sources are expected to support the growth of pneumococcal bacteria and CPS synthesis. Moreover, transition metals such as zinc (Zn) and manganese (Mn) serve as cofactors in many bacterial proteins involved in critical cellular processes; it has been demonstrated that increased Mn/Zn ratios could facilitate CPS production via Mn-dependent activation of the phosphoglucomutase Pgm (McFarland et al., 2021). Therefore, manganese concentration was increased in feed medium to enhance the Mn/Zn ration. Fermentation in a 15-L bioreactor with a working volume of 10 L was conducted to investigate the effects of varying components of feed medium on pneumococcal growth and CPS synthesis.
Standard operating parameters were utilized at this stage: fermentation temperature was maintained at 37°C, pH was fixed at 7.2, and agitation speed was controlled at 90 rpm following Gonçalves et al. (2006), Jain and Maithal (2011), Leal et al. (2011), and Massaldi et al. (2010), with 10% inoculation volume employed in these fermentation experiments. Nitrogen, proven to support pneumococcal growth and polysaccharide synthesis (Gonçalves et al., 2006; Gonçalves et al., 2002; Carvalho et al., 2013), was applied at this stage. Lab-scale fermentations were carried out in batchwise mode without feeding medium, as well as fed-batch mode during which different types of feed medium were continuously supplemented into the bioreactor to keep the glucose concentration in the fermentation broth above 5 g/L.
As demonstrated in Figure 1, a short lag phase was apparent, and S. pneumoniae cultures reached climax at approximately 3.5 h with 10% inoculation volume applied. It is obvious that feed medium composition exerted a huge effect on growth curves, and feed medium supplemented with nitrogen source rather than pure carbon could support much higher pneumococcal growth. The maximum optical density for feed medium 2 was almost double that of pure glucose feed medium. Correspondingly, CPS yields for the four fermentation experiments were 0.42 g/L (batch mode), 0.67 g/L (glucose), 1.46 g/L (feed medium 1), and 1.72 g/L (feed medium 2). These results demonstrated that feed medium supplemented with nitrogen source and Mn transition metals could significantly promote pneumococcal bacteria growth and CPS synthesis.
[image: Figure 1]FIGURE 1 | Time profile of S. pneumoniae serotype 14 batch and fed-batch cultivation with different feed medium composition. Fermentation growth profile in batchwise mode indicated by green circles; fermentation growth profile with glucose feeding indicated by blue diamonds; fermentation growth profile with feed 1 indicated by red triangles; fermentation growth profile with feed 2 indicated by purple squares.
An even more concentrated feed medium (200 g/L soy peptone and 200 g/L yeast extract) was also investigated in fed-batch fermentation, but not successfully due to solubility issues during feed medium preparation. In addition, the CPS yield for fed-batch operation with this thick feed medium was only 1.38 g/L, similar to the yield obtained with feed medium 1. This is probably due to the increased osmolality of fermentation broth, which may inhibit cellular growth and CPS synthesis. Therefore, feed medium 2 was selected to investigate cultivation gas, fermentation pH, and temperature.
3.2 Effect of cultivation gas environment on growth profile and productivity
Research has shown that most isolates of S. pneumoniae are a mixture of T-type (transparent) and O-type (opaque) colonies. O-type S. pneumoniae can significantly upregulate the expression of CPS in an anaerobic environment, increasing the expression level of CPS 5.2–10.6 times, while the yield of T-type colonies remains consistently low. This difference in yield is related to the expression level of CPS encoding proteins, especially CpsD tyrosine kinase (Li et al., 2017; Weiser et al., 2001). It has been shown that the cultivation of S. pneumoniae serotype 19F was significantly influenced by environmental conditions, with 5% CO2 atmosphere environment during cultivation enhancing CPS production 3.5 fold (Jalali and Tarahomjoo, 2015). Moreover, nitrogen has also been proven to support high pneumococcal growth and CPS synthesis (Gonçalves et al., 2006; Gonçalves et al., 2002; Carvalho et al., 2013; Gonçalves et al., 2002; Weiser Jeffrey, 2001).
This study investigated various cultivation gas environments, including 10% CO2 (Jain and Maithal, 2011), 100% CO2 (Gonçalves et al., 2002), and nitrogen. Feed medium 2 was employed according to previous optimization of feed medium. Fermentation temperature was set at 37°C, agitation speed was fixed at 90 rpm, fermentation pH was controlled at 7.2, and 10% inoculation volume was applied in this series of fermentation experiments.
As seen in Figure 2, a complete anaerobic cultivation environment is beneficial for the growth of pneumococcal bacteria, and both cultivation gas environments (100% CO2 and nitrogen) could support the growth of pneumococcal bacteria to approximately 18 (OD600), with a nitrogen gas environment slightly higher than 100% CO2. The gaps in biomass were also reflected in CPS yields, which were 1.08 g/L (10% CO2), 1.56 g/L (100% CO2), and 1.72 g/L (100% nitrogen) for the three cultivation gas environments.
[image: Figure 2]FIGURE 2 | Time profile of S. pneumoniae serotype 14 fed-batch cultivation under different cultivation gas environments. Fermentation growth profile in nitrogen environment indicated by blue diamonds; fermentation growth profile in 100% CO2 environment indicated by red triangles; fermentation growth profile in 10% CO2 environment indicated by purple squares.
Both 100% CO2 and nitrogen demonstrated similar pneumococcal growth profiles. However, probably due to the continuous dissolving of CO2 into the cultivation medium, inhibiting pneumococcal growth and CPS synthesis, 100% nitrogen cultivation environment could facilitate a higher level of CPS synthesis, which is consistent with Gonçalves et al. (2002).
3.3 Effect of fermentation pH on growth profile and productivity
According to Leal et al. (2011), the cultivation pH is a highly important variable in S. pneumoniae fermentation; a four-fold increase in polysaccharide productivity was achieved with pH optimization in cultivation (Leal et al., 2011). Hugo and colleagues also indicated that pH control is critical for cell growth and CPS production, and pH maintenance above 6 could enhance productivity (Massaldi et al., 2010). Therefore, four fermentation pH setpoints—6.0, 6.4, 6.8, and 7.2—were carefully chosen to investigate the effect of fermentation pH on pneumococcal growth and CPS productivity in this study.
In this series of fermentation experiments, 5% inoculation volume was employed instead of 10% to examine the effect of inoculation volume on maximal pneumococcal bacterial density. Feed medium 2 was employed according to previous optimization of feed medium. A nitrogen cultivation environment was applied according to the optimal cultivation gas environment. The fermentation temperature was set at 37°C, and the agitation speed was fixed at 90 rpm.
As demonstrated in Figure 3, fermentation with 5% inoculation volume exhibited similar maximal bacterial density with 10% inoculation volume. However, due to the smaller inoculation volume, a longer lag and exponential phase (approximately 5 h) was evident.
[image: Figure 3]FIGURE 3 | Time profile of S. pneumoniae serotype 14 fed-batch cultivation with different fermentation pHs. Fermentation growth profile at pH 6.0 indicated by blue diamonds; fermentation growth profile at pH 6.4 indicated by red triangles; fermentation growth profile at pH 6.8 indicated by purple squares; fermentation growth profile at pH 7.2 indicated by green circles.
Fermentation with varying levels of pH showed similar growth curves with different maximal optical density. Correspondingly, CPS yield was 1.49 g/L (pH 6.0), 1.92 g/L (pH 6.4), 2.55 g/L (pH 6.8), and 1.62 g/L (pH 7.2). Calculated specific CPS yield was 0.071 g/L/OD600 for pH 6.0, 0.098 g/L/OD600 for pH 6.4, 0.120 g/L/OD600 for pH 6.8, and 0.09 g/L/OD600 for pH 7.2.
These results showed that although biomass growth was slightly affected by pH within this range, the quantity of synthesized CPS varied significantly. The specific CPS production obtained at pH 6.8 is obviously higher than pH 6.4, 7.2, and 6.0. This also aligns with Henriques et al. (2006), who indicated that optimal conditions for pneumococcal bacteria growth and polysaccharide synthesis are not always the same.
3.4 Effect of fermentation temperature on growth profile and productivity
The fermentation temperature for S. pneumoniae is usually set at 36–37°C (Jain and Maithal, 2011; Suárez et al., 2001). However, few studies have investigated the effect of fermentation temperature on pneumococcal growth and CPS productivity. In this series of fermentation experiments, feed medium 2 was employed, a nitrogen cultivation environment (0.1 vvm) was applied, fermentation pH was set at 6.8, and agitation speed was fixed at 90 rpm.
As shown in Figure 4, fermentation temperatures of 36°C, 37°C, 38°C, and 39°C demonstrated significantly different growth trends and similar maximal pneumococcal density. The duration of the lag and exponential phases before reaching stationary phase is approximately 3.5 h (39°C), 4.5 h (38°C), 5 h (37°C), and 5.5 h (36°C), showing obvious differences in growth speed within this fermentation temperature range. In addition, fermentation at 35°C exhibited a much lower optical density, and the time before reaching stationary phase (6.5 h) was much longer than other fermentation temperatures.
[image: Figure 4]FIGURE 4 | Time profile of S. pneumoniae serotype 14 fed-batch cultivation with different fermentation temperatures. Fermentation growth profile at 35°C indicated by blue diamonds; fermentation growth profile at 36°C indicated by red triangles. Three batches of fermentation growth profiles at 37°C indicated by purple, orange and navy squares; fermentation growth profile at 38°C indicated by green circles; fermentation growth profile at 39°C indicated by cyan bars.
Interestingly, despite obviously different growth speeds, the maximal pneumococcal density for temperatures 36°C, 37°C, 38°C, and 39°C was very similar. On the other hand, the CPS productivity was 0.98 g/L (35°C), 2.20 g/L (36°C), 2.55 g/L (37°C), 1.94 g/L (38°C), and 1.78 g/L (39°C), and the calculated specific CPS yield was 0.086 g/L/OD600 for 35°C, 0.102 g/L/OD600 for 36°C, 0.120 g/L/OD600 for 37°C, 0.089 g/L/OD600 for 38°C, and 0.084 g/L/OD600 for 39°C.
These results indicate that conditions that favor bacterial growth are not always associated with high CPS productivity, and that fermentation temperature has a profound effect on serotype 14 CPS productivity. Precise control of temperature at 37°C is beneficial for CPS fermentation titer.
3.5 Test results for pure CPS
CPS must meet strict quality standards when used as antigens, including high immunogenicity and adequate safety. Quality control requirements related to vaccine safety include residual protein, nucleic acid, pyrogenic substances, and chemical reagents associated with purification (Jones, 2015; Jones and Currie, 1991; Morais et al., 2018; Talaga et al., 2002).
This study adopted a simplified purification method for the extraction and purification of CPS from fermentation broth. This purification method included ultrafiltration, acid precipitation, alcohol precipitation, and final ultra- and diafiltration, excluding traditional CTAB precipitation and phenol extraction, as well as the costly chromatography process. Compared with the mainstream purification process, this simplified purification process saves significant cost and time. Purified CPS for serotype 14 was prepared from fermentation broth sterilized by DOC, and percentage contents of components for purified polysaccharides were analyzed according to the European Pharmacopoeia (11th Edition).
To confirm the consistency of the productivity and quality of this fermentation and purification process, three consecutive batches of 15-L bioreactor fermentation and purification were conducted utilizing feed medium 2, nitrogen gas, fermentation pH at 6.8, and temperature at 37°C (Figure 4; Table 3).
TABLE 3 | CPS yield and percentage contents of components of serotype 14 bulk polysaccharide.
[image: Table 3]The fermentation titer for these three consecutive batches was 2.42 g/L, 2.53, and 2.58 g/L, which is an approximately four-fold increase over the fermentation titer before optimization. In the meantime, by comparing the percentage content of the components of serotype-14 refined CPS obtained after a simplified purification process, it was found that the residual protein content in the refined CPS was 1.2%–1.4%, which is significantly lower than the residual protein quality standard (5.0%). Residual nucleic acid for refined CPS was between 0.2% and 0.3%, much lower than the quality standard. All other test results could also meet the quality control standards of the European Pharmacopoeia (11th Edition).
3.6 1H NMR spectra of pure CPS
To investigate the structure of pure CPS, the 1H NMR spectra of the serotype 14 pneumococcal CPS were obtained (Figure 5). The 1H NMR spectra of the pure CPS were consistent with the 1H NMR spectra of the CPS of serotype 14 S. pneumoniae (CPS 14) reported in Brisson et al. (1997) and Louçano et al. (2020). There, the chemical shift of the anomeric proton of β-D-GlcpNAc is located at 4.73 ppm, the anomeric proton of β-D-Glcp and branched β-D-Galp is located at 4.55 ppm, the anomeric proton of the main chain β-D-Galp is located at 4.45 ppm, and the methyl hydrogen of the N-acetyl group is located at 2.05 ppm. The existence of each specific structure and the integrity of the repeating units were confirmed by 1H NMR spectra, including the main chain β-D-Galp, β-D-Glcp, β-D-GlcpNAc, and branched β-D-Galp units, as well as NHAc and others. It was clarified that the structural unit of serotype 14 refined CPS is →3)-β-D-Galp-(1→4)-β-D-Glcp-(1→6)-[β-D-Galp-(1 →4)]-β-D-GlcpNAc-(1→, consistent with type 14 S. pneumoniae CPS. 1H NMR (600 MHz, deuterium oxide) δ 4.73 ppm (d, 1H, J = 7.8 Hz, H-1 GlcpNAc), 4.55 ppm (m, 2H, H-1 Glcp, H-1 Galp’), 4.45 ppm (d, J = 7.6 Hz, 1H Galp), 4.33–4.26 ppm (d, J = 9.4 Hz 1H, H-6 GlcpNAc), 4.21–4.13 ppm (m, 1H, 4-H Galp), 4.04–3.51 ppm (m, 24H), 3.42–3.34 ppm (m, 1H, 2-H Glcp), and 2.05 ppm (s, 3H, -NHAc).
[image: Figure 5]FIGURE 5 | 1H NMR spectroscopy for pure CPS of S. pneumoniae serotype 14.
4 CONCLUSION
CPS, as efficient pneumococcal antigens, can stimulate the host to produce protective antibodies. The CPS of highly virulent serotypes are formulated into widely used pneumococcal vaccines. S. pneumoniae serotype 14 is prevalent worldwide. However, the productivity of current fermentation processes for S. pneumoniae serotype 14 remains low and requires improvement. S. pneumoniae fermentation is a very complex system which is influenced by various factors. Moreover, the synthesis of CPS is regulated by multiple factors through a complex metabolic pathway. Little research was found into the factors that could affect pneumococcal growth and productivity.
This study explored various fermentation parameters that could influence fermentation growth and CPS synthesis; feed medium, cultivation gas environment, fermentation pH, and temperature were found to significantly affect pneumococcal growth and CPS yield, with fermentation yield increasing from 0.67 g/L to 2.5 g/L after optimization. Our research strongly validates the feasibility of these optimization strategies to improve fermentation yield, which could potentially be applied to other serotypes as well. CPS must meet strict quality standards when used as antigens, including high immunogenicity and adequate safety. Quality control requirements related to vaccine safety include residual protein, nucleic acid, pyrogenic substances, and chemical reagents associated with purification (Jones, 2015; Jones and Currie, 1991; Morais et al., 2018; Talaga et al., 2002). In this study, a simplified downstream process was developed for purifying polysaccharide to validate the quality of refined polysaccharide after the optimization of the fermentation process. Our results show that the percentage contents of components of serotype 14 bulk polysaccharide could meet the quality standards of the European Pharmacopeia (11th edition). This optimized fermentation and purification process for serotype 14 could satisfy the need for high productivity and superior quality, which could potentially be applied to the manufacture of other pneumococcal CPS.
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