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Abstract: Dengue is a rapidly spreading mosquito-borne viral infection, with increasing
reports of outbreaks globally. According to the World Health Organization (WHO), by
April 30, 2024, over 7.6 million dengue cases were reported, including 3.4 million con-
firmed cases, more than 16,000 severe cases, and over 3,000 deaths [1]. As dengue remains
endemic in many regions, there is a critical need for the development of new vaccines and
manufacturing processes that are efficient, cost-effective, and capable of meeting growing
demand. In this study, we explore an alternative process development pathway for the
future manufacturing of a dengue vaccine, utilizing Komagataella phaffii (Pichia pastoris) as
the host organism; one of the most promising candidates for the expression of heterolo-
gous proteins in vaccine development. It combines the speed and ease of highly efficient
prokaryotic platforms with some key capabilities of mammalian systems, making it ideal
for scalable and cost-effective production. The key outcomes of our research include: i)
demonstrating the versatility of the Komagataella phaffii platform in the production of den-
gue viral-like particles (VLPs); ii) optimising the culture process using Design of Experi-
ments (DoE) approaches in small-scale bioreactors; iii) developing a novel purification
platform for enveloped VLPs (eVLPs) and iv) establishing alternative biophysical charac-
terization methods for the dengue vaccine prototype. These findings provide a promising
foundation for efficient and scalable production of dengue vaccines, addressing both tech-
nical and operational challenges in vaccine manufacturing.
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staff during production. Vaccine development remains a complex and time-consuming endeavour, con-
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s/by/4.0/). and production of candidates for both emerging and endemic diseases [2-4].

in vaccine research and development. The rapid response to SARS-CoV-2 highlighted the
urgent need for adaptable, scalable vaccine platforms that can accelerate the screening
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As aresult, the diversity of vaccine platforms under development has expanded con-
siderably. Nucleic acid-based vaccines (DNA and RNA) offer advantages in speed of de-
sign and manufacture but often face limitations in immunogenicity. Subunit vaccines can
be more immunologically potent but typically require complex processing and adjuvants.
In contrast, virus-like particles (VLPs) have emerged as a promising alternative due to
their intrinsic safety, structural mimicry of native viruses, and ability to elicit robust hu-
moral and cellular immune responses [5,6]. These features make VLPs attractive candi-
dates for vaccine design, particularly against infectious pathogens where immune breadth
and safety are essential. While licensed virus-like particle (VLP) vaccines have not yet
been approved for complex pathogens such as dengue, Ebola, and HIV, extensive preclin-
ical and clinical research continues to demonstrate the strong immunogenic potential of
VLP-based platforms. Their success in licensed vaccines against HPV and hepatitis B un-
derscores the versatility and promise of this technology. Our study contributes to this
growing body of research by exploring the feasibility of yeast-based VLP production for
dengue [7-9].

However, further research is essential to enhance the safety profile of VLP platforms,
particularly in addressing concerns related to preexisting immunity, potential genomic
integration, and the emergence of virulent phenotypes. In parallel, there is an urgent need
to develop effective vaccines against major human pathogens such as HIV, Epstein-Barr
virus, hepatitis C virus, and tuberculosis. Strategic efforts should also focus on the devel-
opment of a universal influenza vaccine and novel vectors capable of immunizing against
emerging variants. Moreover, advancing multivalent vaccine formulations, expanding
the use of viral vectors for passive immunization, and exploring their application in
prophylactic and therapeutic cancer vaccines represent critical frontiers for future inves-
tigation.

Dengue virus, a mosquito-borne flavivirus endemic to over 100 countries, with the
highest burden in Southeast Asia and the Western Pacific. The disease affects an estimated
390 million people annually, with approximately 2.5 billion currently at risk, a number
projected to double by 2080 due to climate change and urbanization.

The development of effective dengue vaccines is uniquely complicated by the pres-
ence of four antigenically distinct serotypes (DENV-1 to DENV-4), each capable of causing
disease and eliciting serotype-specific immune responses. A major immunological chal-
lenge is the risk of antibody-dependent enhancement (ADE), wherein antibodies gener-
ated against one serotype may bind, but not neutralize a different serotype during subse-
quent infection, facilitating viral entry into Fc receptor-bearing cells and exacerbating dis-
ease severity. This phenomenon has been observed both in natural infections and in clin-
ical trials of vaccine candidates, underscoring the need for balanced and simultaneous
expression of all four serotypes in vaccine prototypes [10]. Currently, two dengue vac-
cines: Dengvaxia® (CYD-TDV) and Qdenga® (TAK-003), have received regulatory ap-
proval, but both have limitations regarding age range, pre-vaccination screening require-
ments, and regional applicability. These limitations highlight the need for new, broadly
accessible dengue vaccine platforms [11-14] .

Vaccine platforms that fail to induce equivalent immunogenicity across all serotypes
may inadvertently increase the risk of ADE, particularly if one or more serotypes are un-
derrepresented or poorly immunogenic. This has been a concern in early live-attenuated
tetravalent vaccines, where immunodominance of certain serotypes led to asymmetric im-
mune responses. To address this, newer vaccine prototypes, including virus-like particle
(VLP)-based and recombinant subunit approaches, are being engineered to ensure struc-
tural fidelity and antigenic balance across all four serotypes. According to literature, these
platforms allow for precise control over antigen composition and presentation, reducing
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the likelihood of serotype bias and enhancing the potential for broad, neutralizing im-
munity [10,15]. However, further investigation and experimentation need to be carried
out to support the findings.

Virus-like particles (VLPs) offer a compelling solution to these challenges, particu-
larly when produced in cost-effective, scalable systems suited to Low- and Middle-Income
Countries (LMICs), where dengue is most prevalent [16]. A prime example of such an
approach is the use of yeast, which offers a well-established, economical, and high-yield
system for producing virus-like particles (VLPs), making it particularly suitable for re-
source-limited settings and large-scale deployment. While it is acknowledged that yeast
expression systems do not fully replicate the complex post-translational modifications
(PTMs) characteristic of mammalian or insect cells, particularly in terms of glycosylation
patterns that can influence protein folding and immunogenicity, yeast remains a compel-
ling platform for vaccine development (Table 1). Its advantages include high protein yield,
cost-effective cultivation, rapid growth, and ease of genetic manipulation. These features
not only facilitate early-stage antigen screening and optimization but also support scalable
and robust manufacturing processes [17]. Despite limitations in PTM fidelity, the proven
track record of yeast in licensed vaccines (e.g., hepatitis B and HPV) underscores its value
as a practical and efficient system for producing virus-like particles (VLPs) and other re-
combinant vaccine candidates. In our study, we explore the use of Komagataella phaffii
(Pichia Pastoris), a methylotrophic yeast known for its strong recombinant protein expres-
sion capacity.

Table 1- Comparison table summarising the key differences between yeast and insect
cell expression systems for VLP vaccine production, with a focus on post-translational
modifications (PTMs) and other relevant factors [18-21].

Feature Yeast (Komagataella phaffii) Insect Cells (e.g., S5f9, High Five)
Growth rate Fast Moderate
Cost of cultivation Low Higher
Scalability High Moderate
PTM fidelity Limited (e.g. hypermannosyla- | Better than yeast, but not fully human-like
tion)
Glycosylation High mannose-type, lacks si- | Complex-type, lacks terminal sialic acids

alylation

Protein folding

May be suboptimal for complex | Better suited for complex protein folding

proteins

Immunogenicity of VLPs

Often strong, but PTMs may af- | Strong, with more native-like antigen structure

fect epitopes

Regulatory acceptance Established (e.g. HBV, HPV vac- | Increasing, used in licensed vaccines (e.g.
cines) FluBlok)

Production yield High Moderate

Use in licensed vaccines Yes (e.g. HBV, HPV) Yes (e.g. FluBlok for influenza)
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K. phaffii combines the genetic tractability and rapid growth of prokaryotic systems 125
with some of the post-translational modification capabilities of eukaryotic cells [22]. It has 126
been widely used in the production of biopharmaceuticals, including monoclonal anti- 127
bodies [23], enzymes, and vaccine antigens. 128

129

In recent years, K. phaffii has gained traction as a promising host for vaccine produc- 130
tion in LMICs, offering a feasible route to vaccine self-sufficiency [21,24]. However, while 131
yeast platforms are established for the production of non-enveloped VLPs, the industrial- 132
scale production of enveloped VLPs (eVLPs) remains a technical bottleneck due to chal- 133
lenges in expression, purification, and product characterisation [16]. 134

135

In this study, we collaborated with PT Biofarma based in Indonesia to develop a sim- 136
plified, scalable process for the intracellular expression of dengue eVLPs using K. phaffii 137
as the host. Specifically, we aimed to co-express two dengue virus serotypes to evaluate 138
the feasibility of a bivalent VLP-based vaccine prototype. Our approach focused on three 139
key development drivers: (i) optimizing upstream fermentation through Design of Exper- 140
iments (DoE) in an automated, high-throughput bioreactor system; (ii) streamlining the 141
downstream purification process; and (iii) establishing robust biophysical characteriza- 142
tion techniques. The overarching goal was to create a transferable VLP production plat- 143
form suitable for broader use in LMICs and adaptable to other enveloped VLP-based vac- 144

cines. 145
146

147

148

2. Materials and Methods 149
Unless otherwise stated, all chemical reagents were purchased from Sigma Aldrich 150
(Dorset, UK) 151
152

2.1. Cell line construction and research cell bank generation 153

154

The design, selection, and transformation of the host strain were carried out by PT 155
Biofarma (Indonesia), using established protocols. Briefly, codon-optimised genes encod- 156
ing chimeric Dengue virus type 1 and 2 prEM/E antigens were cloned into the Pichia ex- 157
pression vector pAO815, with a C-terminal 6xHis tag. The recombinant plasmid was first 158
amplified in Escherichia coli TOP10 (transformed by electroporation), followed by selec- 159
tion on Luria-Bertani (LB) agar containing ampicillin (100 ug/mL) and tetracycline 160
(10 ug/mL). The resulted plasmid, pAO815_DenlDen2, was purified using an EndoFree 161
Plasmid Maxi Kit (Qiagen, US). 162

163

The pAO815_Denl1Den2 plasmid was linearized with Bglll (R0144S, NEB, Indonesia), 164
and transformed into Komagataella phaffii GS115 (his4, Mut®) by electroporation. Selection 165
was performed on histidine-deficient minimal dextrose (MD) plates, and methanol utili- 166
zation was confirmed using minimal methanol (MM) medium. Integration of the expres- 167
sion cassette into the yeast genome was verified by PCR with AOX1 primers, followed by 168
sequencing. 169

170

Selected transformants were expanded in buffered minimal glycerol (BMG) media 171
and stored as glycerol stocks at -80°C to establish a Research Cell Bank (RCB). Cell perfor- 172
mance was validated through regrowth in BMG media and monitored for ODgg values. 173

174
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2.2. Fermentation process
2.2.1 Batch and fed-batch cultivation

Fermentation was performed using the Ambr® 250 modular microbial system (Sarto-
rius Stedim, UK) following a modified Invitrogen protocol for MutS strains [25]. Cultures
were initiated in 150 mL of Basal Salt Medium (BSM) supplemented with trace salts
(PTM1), at 28°C, pH 5.0 (+0.15), and maintained at 30% dissolved oxygen (DO). Glycerol
batch phase concluded upon a DO spike and a 20% decrease in the carbon evolution rate
(CER).

A glycerol feed phase (18.15 mL/hr/L) was followed by methanol induction using a
DoE approach within the Ambr®250 system, modulating temperature, pH, %DO, and
methanol feed rate (Table 2).

Table 2- Levels of variables tested in the Box-Behnken design for the eVLP production

optimisation
Levels
Variables
-1 (min.) 0 1 (max.)
Temperature (°C) 26 28 30
pH(-) 3.5 5.0 6.5
Dissolved oxygen (%) 20 30 40
Methanol feed (mL/h/L) 2.5 3 3.5

A decrease in CER during methanol adaptation indicated depletion of glycerol and
was used as signal by the system to increase methanol feed rate, using an incremental step
profile programmed into the Ambr®250 software (1 mL/hr/L for 2 hr and 3 mL/hr/L for
the remainder of the fermentation). After fermentation, cells were harvested by centrifu-
gation (10,000 x g, 15 min) and stored at —20°C.

2.3 Purification of Virus Like Particles (VLPs)

2.3.1 Cell Lysis

Frozen cell pellets were resuspended (0.5 g/mL) in lysis buffer and disrupted by high-
pressure homogenization APV Gaulin Lab40 (SPX Flow, Rochester, NY, US) at 1200 bar

for five passes (<10°C). Lysates were clarified by centrifugation (4347 x g, 45 min, 4°C),
and supernatants retained.

2.3.2 Sucrose Density Gradient (SDG)

Clarified lysates (2 mL) were subjected to discontinuous SDG ultracentrifugation (0-
50% sucrose, 174,900 RCF, 4h, 4°C). Fractions were collected (1 mL), evaluated via Brix
index using a MA871 refractometer (Milwaukee, US), and screened for VLP presence us-
ing Dot Blot (DB).

2.3.3 Chromatographic platform

The Chromatography study was performed employing an AKTA Avant system (GE
Healthcare Life Sciences, Cytiva, Marlborough, Massachusetts, US), equipped with a 2
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mm path length UV cell with three fixed wavelengths of 280 and 260 and 320 nm. Chro- 218
matography parameters were monitored and controlled using UNICORN 6 software (GE = 219
Healthcare Life Sciences, Cytiva, Marlborough, Massachusetts, US). Sample homogenates 220
were centrifuged for 30 min at 4347xg (max speed) and filtered with 0.45um polyvinyli- 221
dene difluoride membrane filters (GE Healthcare Life Sciences, Buckinghamshire, UK), 222

before loading. 223
224

2.3.3.1 Primary chromatography 225

226

HisTrap™ High Performance (1 and 5mL) from Cytiva (Marlborough, Massachu- 227
setts, US) were performed according to the protocol provided with minor adjustments. 228
Briefly, the column was equilibrated with 2 column volumes (CV) of 50 mM sodium phos- 229
phate, 1 mM 4-benzenesulfonyl fluoride hydrochloride (AEBSF), 5% glycerol, pH 7.4, and 230
20mL of sample was injected at a flow rate of 1 mL/min. The column was washed with 4 231
CV of 50 mM sodium phosphate, 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydro- 232
chloride (AEBSF), 5% glycerol, pH 7.4 until a stable UV absorbance and conductivity were 233
achieved. A single step elution of 5 CV of 50 mM 4-(2-Hydroxyethyl) piperazine-1-ethane- 234
sulfonic acid (HEPES), 0.5M NaCl, 500mM imidazole, pH 7.4 was used for elution at 1 235
mL/min. Both flowthrough and elution peaks were collected in fractions of 1.5 mL. Peak 236
fractions were pooled and subjected to a polishing step. A cleaning in place (CIP) proce- 237

dure was performed using 0.1M NaOH, 1 M NaCl at 1 mL/min (4 CVs). 238
239

240

2.3.3.2 Polishing chromatography 241

242

Pooled eluted fractions from chromatography step 1 were further purified by AVI- 243
Pure™ Exosome (Repligen/Avitide, Waltham, Massachusetts, US). Briefly, the column 244
was equilibrated with 2 CV of 50 mM sodium phosphate, 1 mM 4-benzenesulfonyl fluo- 245
ride hydrochloride (AEBSF), 5% glycerol, pH 7.4, and 20 mL of sample was injected ata 246
flow rate of ImL/min. The column was washed with 4 CV of 50 mM sodium phosphate, 247
1mM AEBSF, 5% glycerol, pH 7.4 until stable UV absorbance and conductivity were 248
achieved. Two more washing steps were performed using 2 CV 0.5M Tris, 50mM HEPES, 249
pH 7-9 and 3 CV of the buffer used for wash one. A linear gradient of 0 to 100% with 5 CV 250
of 1 M Arginine-HCI, 50mM HEPES, pH 9 was used for elution at 1 mL/min. Both 251
flowthrough and elution peaks were collected in fractions of 1.5 mL and stored at 4 °C for 252
further analysis. A cleaning in place (CIP) procedure was performed using 0.1 M NaOH, 253

1 M NaCl at 1 mL/min (4 CV). 254
255

2.4 Analytical characterization 256

257

2.4.1 Biochemical Assays 258

259

For SDS-PAGE assays, samples were run on NuPAGE 4-12% Bis-Tris gels (Ther- 260
moFisher Scientific, UK), stained with InstantBlue™, and imaged using GE Amersham™ 261
Imager 600 (Pittsburgh, PA, USA). Following SDS-PAGE, proteins were transferred to ni- 262
trocellulose membranes and probed with mouse anti-Dengue antibody and HRP-conju- 263
gated secondary antibody, visualized using ECL substrate for Western blot (WB). For Dot 264
blot assay, 2 puL of sample was dotted on nitrocellulose, then blocked, incubated with pri- 265
mary and secondary antibodies, and imaged as per WB protocol. 266

267

2.4.2 Biophysical Assays 268
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269
Samples were visualized using a MINI-TEM (Delong Instruments), negatively 270
stained with 2% uranyl acetate and NanoW. Grids were glow-discharged prior to sample 271

deposition and imaging [26]. 272
273

2.4.3 Purity Assays 274

275

2.4.3.1 PicoGreen dsDNA 276

DNA content was quantified using the Quant-iT™ PicoGreen assay kit Life Technol- 277
ogies, Cat. No. P7589) with fluorescence readout at 520 nm (excitation 480 nm), using the 278

Infinite F200 Pro plate reader (Tecan Trading AG, Switzerland, Mannedorf). 279
280
2.4.3.2 Host Cell Protein (HCP) 281

Measured using P. pastoris HCP ELISA kit (F140 Cygnus, Southport, NC), absorbance at 282
450 nm, using the Infinite F200 Pro plate reader (Tecan Trading AG, Switzerland, Méanne- 283

dorf). 284
285

2.4.3.3 Total protein 286
Protein concentration was assessed using Pierce™ BCA Protein Assay kit (ThermoFisher 287
Scientific, Waltham, Massachusetts, US) with absorbance at 562 nm. 288
289

2.5 Statistical Analysis 290

291

Each experiment was performed at least in duplicate. Results were analyzed by one- 292
way ANOVA and multi-comparison testing (Tukey’s HSD test), with a p <0.05 considered =~ 293
to indicate statistical significance. All statistical analysis were performed in Python (Jupy- 294

ter, US). 295
3. Results and Discussion 296
297

Collaborating closely with the partner company, PT Biofarma, we have pinpointed 298
areas for development/improvement in their dengue vaccine platform. In this work, we 299
have identified technical solutions, to contribute to three critical points of vaccine manu- 300
facturing: simplicity (ease-of-doing), speed (time-efficiency) and, inherent to these, poten- 301

tial cost-effectiveness. 302
The key technical outputs achieved in this study comprise: 303

304

i) Demonstration of the versatility of using Komagataella phaffii platform in pro- 305
duction nanoparticles (Dengue Viral-like particles (VLPs)). 306
ii)  Culture optimisation using DoE approaches in small-scale bioreactors. 307

iii)  Development of a novel VLP purification platform. 308

iv)  Creation of alternative biophysical characterisation of dengue vaccine proto- 309
type. 310
3.1. Cultivation process improvement to produce the dengue VLP vaccine prototype 311
(GS115/pAO815_DenlDen2) 312
313

3.1.1. Host and Strain selection 314
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In the process, Komagataella phaffii (Pichia pastoris) was used as a host. This yeast is one of 315
the most promising candidates for expression of heterologous proteins in vaccines devel- 316
opment. It combines the speed and ease of processing of highly efficient prokaryotic plat- 317
forms with some key capabilities of mammalian systems. Moreover, this methylotrophic 318
yeast, is an attractive option as it consolidates both high yields and protein productivity, 319
alongside low costs, and the ability to post translationally modify proteins [21]. Due to the 320
way protein production is induced, i.e., the transcriptional activity of the AOX promoters 321
in Pichia pastoris, the induction strategy implemented is critical. Therefore, the phenotype 322
selection plays an important role not only in protein-to-protein being expressed but also 323
with regards to other factors, such as gene dosage [27]. In this study, we have selected the 324
mutant MutS, GS115, following current industry trends towards a reduction in methanol 325
use, particularly at large scales. The use of this mutant allows the circumvention of issues 326
such as: 327

i)  Safety: methanol is highly flammable and therefore, use at large scale is undesirable 328
for safety reasons [28]. 329
ii) Oxygen demand reduction: the relationship between heat production (methanol me- 330
tabolization) and oxygen consumption is linear [29]. This is important as control of reactor 331
cooling and the transfer of oxygen are crucial to successful fermentation [30]. 332
iif) By-product reduction: the cytotoxicity of methanol metabolism can result in the for- 333

mation of by-products such as hydrogen peroxide [31]. 334

The clone was designed and selected by the partner company as described in the Materials 335
and Methods section. Transformation, selection, and confirmation steps were then per- 336

formed to evaluate the clones (data not shown). 337

338
3.1.2. Optimisation of the fermentation process at small scale, using a Design of Experi- 339
ments (DoE) approach 340

Investigation at the laboratory-scale is a critical step for the evaluation of upstream bio- 341
logical processes, to enable the selection of pilot-scale conditions to maximize the yield 342
and quality of vaccine development and production [32]. With this in mind, we have com- 343
bined Ambr 250® experimentation with statistical Design of Experiments (DoE) as it re- 344
duces bias and the required number of experiments [33]. To improve the cultivation, pro- 345
cess, a production system where physical, chemical, or biological transformations take 346
place can benefit with the use of mathematic tools such as DoE. In this study, the cultiva- 347
tion process consisted of three phases: glycerol batch, glycerol fed batch and methanol 348
induction phase. When producing VLPs the induction strategy used can influence both 349
the formation of the VLP and the product yield. Therefore, the strategy applied was to 350
maintain the batch and fed-batch phase consistent for all runs. With that, we aimed to 351
reduce batch variability, improve reproducibility, regardless of the run week, or position 352
of the bioreactor cell in the Ambr® 250 modular. Hence, the results from the full experi- 353
mental design could be attributed, with confidence, to changes in factor levels during in- 354
duction (i.e., VLP production). For that, the method applied for sample randomisation, 355
was a Box-Behnken design [34], where four factors (temperature, °C; pH; dissolved oxy- 356
gen, %DO; and methanol feed) were considered. Factor 1 (temperature) represented 26, 357
28 and 30 °C, factor 2 (pH) represented 3.5, 5.0 and 6.5, factor 3 (% DO) represented 20, 30 358
and 40%, and factor 4 (methanol feed mL/hr/L) represented 2.5, 3 and 3.5, leading to a 359
total of 28 experiments. 360

At the end of the fermentation, the samples were harvested, the supernatant discharged, 361
and the pellets subjected to HPH. Afterwards, the homogenates were subjected SDG asa 362
purification method. The collected fractions were then biochemically evaluated using 363
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Normalised densitometry intensity

1.50 1

1.25 1

1.00 +
0.75
0.50
0.25
0.00

S

SDS-PAGE and WB. The fractions with given signal with anti-DENV antibody, i.e., repre-
senting the produced VLP, were then pooled and evaluated using dot blot and normalized
towards the process control (central point) to facilitate the evaluation of the effect of var-
ying factors considered during the induction phase of the fermentation process (Figure 1).
The images were analyzed using ImageQuant software (Densitometry).

Design of Experiment run

Figure 1. Densitometry analysis of the Box-Behnken Design of Experiment. P. pastoris fer-
mentation conditions to produce vaccine candidate GS115/pAO815_Den1Den2 were opti-
mized by varying temperature (°C), pH, dissolved oxygen saturation (%DO) and metha-
nol feed in Ambr®250 reactors. The control is the DoE central point corresponding to fer-
mentation conditions of 28°C, pH 5, 30 %DO and a methanol feed of 3 mL/hr/L. Densi-
tometry results were normalized by the control (intensity 141,024 + 1777) and experiments
were performed at least in duplicates (n=2).

The relative titres were then quantified and normalised towards the process control
(central point), representing a set of parameters that, based on the literature [25] and pre-
vious experiments, were known to lead to the production of the target VLP. Three fer-
mentation initial conditions produced more compared to the control, namely condition #2
(36%), #5 (14%) and #18 (12%). One-way Anova, conducted on the entire data set, revealed
significant impact of the temperature, pH, %$DO and methanol feed on VLP production
(p =1.58 x 10713, Table S1). Tukey’s HSD test identified that production titers at condition
#2 are higher and significantly different than the control (p = 0.0) while conditions #5 and
#18, p = 0.055 and p = 0.207 respectively, are similar (Table S2). Conditions that produce
less than the control conditions are not further considered. However, these findings lay a
solid foundation for future investigations that will incorporate more rigorous statistical
analyses and broader experimental datasets to refine and validate the effect on different
fermentation parameters on VLP production.
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To investigate the impact of fermentation parameters on product quality, targeted
small-scale studies were performed. For clarity in interpreting Figures 2 and 5, we have
annotated the images with arrows indicating the expected position of the target protein
bands. In the SDS-PAGE gels, the target molecule is present but appears faint likely due
to its relatively low abundance and potential co-migration with host proteins. In contrast,
the Western blot clearly detects the target protein, confirming its successful expression
and identity via specific antibody recognition. The discrepancy in visibility between SDS-
PAGE and Western blot is consistent with the sensitivity differences between the two tech-
niques, reflecting the higher sensitivity of Western blotting compared to Coomassie stain-
ing. These annotations and clarifications aim to improve figure readability and support
the conclusions drawn from the data.

The fermentation profile of the optimized process is illustrated in Figure 2B, as well

as its biochemical evaluation on Figure 2D using SDS-PAGE and WB, for protein profile
analysis and protein specificity, respectively.

-
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Figure 2. Fermentation profile and biochemical evaluation of cultivation processes:
A) Control fermentation (benchmark) and B) Optimized fermentation conditions process
(“DoE experiment 1”). Labels I, IT and III refer to glycerol batch phase, glycerol fed-batch
phase and induction phase (methanol fed-batch), respectively. C and D are the SDS-page
and Western Blot (WB) of the control and Optimised fermentation conditions process, re-
spectively. The first and last lane in each gel correspond to the ladder. All other lanes
representing the produced VLP, purified using SDG, with a size around 55kDa, as indi-
cated by the white arrows.
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From Figure 2 (C and D), the product produced was present in different fractions (25- 425
35% sucrose) with a good level of purity. Based on the intensity of the bands, improve- 426
ment in the process is observable. Media, pH and temperature had the greatest impacton 427
the proportion of products produced. In our case, reducing pH (5 to 3.5) and temperature 428
(28 to 26 °C) during methanol induction was observed to be a favorable strategy to in- 429
crease the product titre. Reduction of pH and temperature during fermentation have been 430
used to decrease protease activity in fermentation supernatant [35], it was interesting to 431
see that these parameters were the ones contributing the most for the increment in the 432
product. However, the correlation of temperature with pH or ionic strength may be caus- 433
ing variable losses of structure, nonetheless this also depends on the particle type. These 434
results corroborate with the [36], where the authors described the effect of these parame- 435
ters on VLP stability. Despite not being the focus of this study, an increase in induction 436
duration (h) in comparison with benchmark process (72 to 76h), also seems to influence 437
the amount of product, however further investigation will be necessary to confirm it. This 438

new strategy in culture growth has been technically transferred to PT Biofarma 439
440
3.2. VLP purification process 441

Yeast expression systems are widely recognized for their scalability, rapid growth, and 442
cost-effective cultivation, making them attractive platforms for vaccine production. How- 443
ever, the downstream purification of virus-like particles (VLPs) from yeast can present 444
technical challenges due to the presence of host cell proteins, nucleic acids, and other pro- 445
cess-related impurities. These contaminants often necessitate additional purification 446
steps, such as multiple chromatographic separations and filtration to meet regulatory 447
standards for safety and purity [17]. Despite these complexities, advances in bioprocess 448
engineering and purification technologies have significantly improved the efficiency and 449
yield of VLP recovery from yeast systems [37]. Importantly, the overall cost-effectiveness 450
of yeast-based platforms remains favorable when both upstream and downstream pro- 451
cesses are strategically optimized. With continued innovation in purification strategies, 452
yeast remains a highly viable and competitive alternative for the large-scale production 453
of safe, immunogenic, and affordable VLP-based vaccines. 454

To design a purification process for VLPs, aspects such as envelope presence, VLP size, 455
propensity to aggregate, surface charge and media composition must be accounted for 456
[38]. Moreover, enveloped particles, as the VLPs in this study, are susceptible to shear- 457
induced damage and vigorous clarification procedures, which may hinder intact VLP re- 458
covery [39]. Techniques, such as centrifugation, sucrose-gradient ultracentrifugation, pre- 459
cipitation, tangential flow filtration (TFF) and chromatography, are commonly used in 460
downstream processing (DSP), but not all these methods are suitable for large-scale pro- 461
duction [40]. Thus, purification is critical in VLP DSP to ensure that the specific VLPs 462
physicochemical properties meet regulatory requirements. The requirements include re- 463
moval of process-related impurities (e.g., host cell protein and DNA) as well as product- 464
related impurities (e.g., incorrectly formed VLPs). The VLP-specific nature of these stages 465
means that additional work can add to development times and will significantly influence 466
ultimate large-scale manufacturing costs. Having this in mind, it was our aim to develop 467
a VLP purification platform, which was easy to apply and that could be used for the pu- 468
rification of enveloped VLP in general rather than being specific to the dengue VLP used 469
in this study. This novel purification method consists of two affinity steps: i) based on the 470
affinity tag incorporated in the antigenic protein, and ii) based on the affinity of the lipid 471
bilayer of the enveloped VLP. The first step was used as a primary purification step, where = 472
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the purpose was to recover as much product of interest as possible, while the other was
used as a polishing step, where only the target VLP would be recovered. Figure 3 repre-
sents an overview of the purification platform.

Processing Steps Standard Process  Novel Process
Cell Lysis HPH HPH ]
r A 4 \ f A 4 -\ A 4
. . Centrifugation Centrifugation
Clarification Filtration Filtration ]
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Figure 3. Comparison of downstream purification process. Standard process (left-hand side) with the novel

process- simple scalable purification procedure developed in this study (right-hand side). Purification steps

were simplified by solely performing IMAC and an affinity chromatography. High pressure homogeniza-

tion (HPH); tangential flow filtration (TFF); immobilized metal affinity chromatography (IMAC); and size

exclusion chromatography (SEC).

The clarified lysate was loaded into a HisTrap™ High Performance (5mL) and the run
performed according to the protocol provided with minor adjustments. While His-tag af-
finity purification is not considered GMP-compliant due to concerns over tag-related im-
munogenicity, potential leaching of metal ions, and regulatory constraints on the use of
genetically modified affinity tags in clinical manufacturing, it was employed in this study
strictly for proof-of-concept purposes. The primary objective was to rapidly assess the
feasibility and performance of the target protein under controlled experimental condi-
tions. His-tag purification offers a well-established, high-yield, and cost-effective method
for early-stage process development, enabling efficient screening of expression constructs,
binding characteristics, and downstream compatibility [41]. Importantly, the insights
gained from this approach inform the design of subsequent purification strategies that are
fully GMP-compliant, such as tag-free affinity systems or orthogonal chromatography
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Absorbance (mAU)

workflows. Thus, while not intended for clinical application, the use of His-tag purifica-
tion at this stage provided critical data to support the development of a scalable and reg-
ulatory-aligned manufacturing process.

Nonetheless, this can be easily swapped by a c-tag, a viable technology for GMP-compli-
ant manufacturing of therapeutic proteins as illustrated in [42]. Their findings support the
future use of C-tag platform technologies to enable cGMP-compliant biomanufacturing of
high purity yeast-expressed VLP-based vaccines for early phase clinical trials. That was
the first use of C-tag technology to purify a VLP vaccine candidate for use in human clin-
ical trials.

Moreover, both methods utilize affinity chromatography, meaning the core principles of
the purification process remain similar, with some adjustments to the resin and elution
conditions based on the specific C-tag sequence and its binding properties [43,44].

Afterwards, the fractions corresponding to the target VLP were pooled. This pooled sam-
ple was then diluted to minimize the interference of the imidazole on the binding capacity
of the polishing step. Imidazole is known to lead to marked changes in lateral organiza-
tion, curvature, and morphology of the lipid vesicles [45]. Subsequently, the diluted sam-
ple was loaded into the AVIPure™, phospholipid resin and eluted using a gradient to
better extract the product (Figure 4).

1 I 11 " 1 I I
1\1,\\“‘\‘1-2’\36"\3';‘4,‘}.1‘ el - 280 nm__- VLP
\ nm
RO e LSy oo ‘ ‘
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Figure 4. Purification of VLPs using a two-step affinity chromatography process. A) Primary recovery pu-
rification step using a 5mL HisTrap™ column (IMAC) B) Polishing step using a 5mL AVIPure™ column.
Section I, I and III, correspond to flowthrough, elution and clean-in-place (CIP) step, respectively.

From the results shown in Figure 4, a two-step purification proof-of-concept was
achieved, where 200L of product can be purified using a 5 L column.

The mention of 200 L purification refers to a forward-looking projection, based on the
scalability potential of the current process parameters. This projection assumes that prod-
uct quality and performance can be maintained at larger volumes. The confidence in this
projection is grounded in the proven robustness of the affinity chromatography workflow,
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originally developed for other applications but now successfully adapted for eVLP puri- 527
fication. The resin used in this process offers several advantages high binding capacity, 528
chemical stability, and compatibility with fast processing which make it well-suited for 529
larger-scale operations. Preliminary results from smaller-scale runs (e.g. 50 L) have shown 530
consistent performance in terms of yield, impurity removal, and vector integrity. These 531
findings suggest that the process can be scaled up without compromising critical quality = 532
attributes, which is especially important for clinical and commercial manufacturing where 533
high-throughput purification is required [46]. The resin’s original use provides a strong 534
foundation for its repurposing, offering a well-characterized performance profile and es- 535
tablished manufacturing controls. As process optimisation continues, leveraging this 536
prior knowledge will be key to achieving reliable, GMP-compliant purification at larger 537
scales. 538

Moreover, the high selectivity of the resin observed was confirmed by the specificity ob- 539
tained from the biochemical evaluation of the product in the following section. Also, the 540
A260 peak, refers to some compounds that Pichia produce that can absorb at 260 nm [47] 541
and not to contamination with host cell DNA. This way, the quality of the VLP protein 542
obtained post affinity chromatography can meet the required CQAs. This result repre- 543
sents the foundation for the implementation of a scalable platform for envelop VLP down- 544
stream processing. Further optimisation studies are already ongoing where for the pri- 545
mary purification step, we are tackling alternatives including membrane-based systems 546
that will prove better suited for high efficiencies, while for the polishing step a precise 547
definition of elution and binding buffer as well as resins with differing ligand densities 548
are being evaluated. 549

Overall, we have shown so far that our approach is effective by enhancing the upstream 550
process with DoE and introducing a straightforward two-step purification method. As the = 551

platform evolves, further testing and refinement will be important. 552
553
3.3. VLP characterisation 554

The quality assessment of VLPs is of major importance since both physicochemical and 555
biological properties, are responsible for their clinical efficacy. The success of the VLPs as 556
a powerful scaffold for antigen presentation and delivery strategies, is dependent on the 557
preservation of their structural integrity during all the stages of vaccine manufacturing, 558

storage, and administration [48]. 559
560
3.3.1. Biochemical characterisation 561
562

Following the purification strategy described in the previous section, the purified bio- 563
chemical properties of the purified VLP were evaluated using SDS-PAGE and WB, for 564
protein profile and protein specificity respectively (Figure 5). 565

566
567
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Figure 5. Biochemical evaluation of the produced VLP using SDS-PAGE and Western 569

blot (WB) as characterisation methods. VLPs were purified using sucrose gradient (bench- 570
mark), with lane 1 representing the protein ladder and all the other lanes the different 571
fractions collected, with the target protein appearing on lines 8 to 15, with a size around 572
55kDa. The VLP was also purified using affinity chromatography with different resins. 573
Lanes 1 and 6 represent the protein ladder, lanes 2 to 5 purification by HisTrap™ resin, 574
while lanes 7 to 15 are VLP purified by the AVIPure™ resin. Lane 7 is the flowthrough, and 575
all the other lanes are the produced VLP, with a size around 55kDa, as indicated by the 576
white arrows. 577

578

The present evaluation showed that the produced protein purified by sucrose gradientin 579
comparison with the novel affinity chromatography method, resulted in similar protein 580
specificity and increased purity. The two-step chromatography approach introduced here 581
offers a notable improvement in purification efficiency, delivering protein preparations 582
with enhanced suitability for downstream biological applications. Its streamlined design 583
and compatibility with scale-up processes make it a practical alternative to traditional 584
methods such as density gradient purification, with the added potential for reducing pro- 585
duction complexity and cost. 586

As shown in Table 3, IMAC achieved over 90% removal of total protein and total DNA. 587
However, Figure 6 reveals a persistent smear, likely due to the complexity of the sample 588
matrix. This highlights the necessity of a polishing step to meet purity requirements. This 589
was successfully accomplished using Avipure™, a resin specific for the selective binding 590
of enveloped particles. The polishing step ensured high product purity, with additional 591
impurity removal exceeding 90%. 592

593
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Table 3- Impurity removal from VLP samples using different chromatography methods.

Removal yield (%)
Ch t hy method
romarograpy Total protein Total DNA
Histrap ™ 96+0.1 97+3.0
Avipure™ 94+0.03 93+1.0

Understanding VLP recovery yield during downstream processing is essential for as-
sessing the feasibility of clinical or industrial applications. Low yields or complex purifi-
cation processes often limit the commercial viability of otherwise valuable products.
While this new methodology shows strong potential, ongoing optimisation efforts aim to
further enhance recovery and overall process efficiency. Past studies have demonstrated
that chromatography can be applied to VLP purification achieving higher yields than tra-
ditional ultracentrifugation methods with the advantage of being scalable [49].

Once the product purity is achieved it is critical to evaluate its specificity. Even though
the vaccine prototype being analysed in this study only targets DENV1 and DENV2, as
mentioned previously, the ultimate goal will be the creation of a multivalent vaccine
against the four dengue serotypes. Therefore, it is critical to understand the expression
ratio of the proteins. Based on this, we have analysed it for this specific prototype (Table
4).

Table 4- Individual serotype proportion in comparison with total serotype expression
using different chromatography methods.

Proportion %

hromatography meth

Chromatography method Ratio DENV1  Ratio DENV2
Histrap ™ 57+0.02 43+0.02
Avipure™ 62+0.04 38+0.04

The proportion of the serotypes is maintained independently of the type of affinity chro-
matography. Our current results indicate that the proportion of DENV1 is higher than
DENV?2 across both affinity chromatography strategies, and this trend appears to be in-
dependent of the purification method used. While this could be attributed to the expres-
sion system inherently favoring DENV1 expression, it is also plausible that both serotypes
are expressed at similar levels, but DENV1 is more efficiently incorporated into the VLPs.
Further analysis will have to be performed to understand in depth the effect observed.

Nevertheless, this result gives valuable insights regarding the product quality throughout
the process. Furthermore, it can be a crucial information to be used in formulation con-
cerning serotype balancing to avoid ADE effect and that way achieve a multivalent vac-
cine.
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The final samples were evaluated according to purity and quality (Table 5). We achieved 625
a final concentration of 118 ng/mL for DENV 1 and 70 ng/mL for DENV2, with 2.7 pg/mL 626

HCP and 81 ng/mL of total DNA as impurities. 627
628

Table 5- Concentration values of the different evaluated parameters, namely serotypes 629
DENV1 and DENV?2, host cell protein (HCP) and total DNA 630

"~ DENVI1 DENV2 HCP  Total DNA

632 (ng/mlL) (ng/mlL) (ng/mL) (ng/mL)

118+3.0 70+2.0 2.7£0.4 81+3.0
633

At this early stage of development, we have not yet fully elucidated the mechanisms un- 634
derlying this imbalance. Further in-depth analyses such as quantitative assessments of in- 635
tracellular protein expression levels and VLP assembly efficiency will be necessary to de- 636
termine whether the observed serotype distribution stems from differential expression or 637
preferential packaging. 638

This study establishes K. phaffii as a promising host for the production of enveloped virus- 639
like particles (VLPs), with initial characterisation performed using biophysical and bio- 640
chemical methods. These early insights contribute to our understanding of product quality = 641
across the production process and highlight the importance of achieving a balanced sero- 642
type formulation, particularly to mitigate the risk of antibody-dependent enhancement 643
(ADE), a known challenge in dengue vaccine development. Although functional valida- 644
tion, such as measurements of neutralising antibody titers or in vivo protection, was be- 645
yond the scope of this initial investigation, these data are essential for evaluating vaccine 646
efficacy and safety. As the platform advances, transitioning to a tetravalent formulation 647
and conducting preclinical studies in relevant animal models will be critical next steps. 648
Such efforts will build upon the foundation laid here, supporting the continued optimis- 649
tion and development of a safe, effective, and scalable multivalent VLP-based vaccine can- 650
didate. 651

Nonetheless, this biochemical evaluation cannot give us information regarding assembled 652
from non-assembled structures [50]. Ensuring the structural fidelity of virus-like particles 653
(VLPs) is essential for their ability to elicit a protective immune response. Accurate mim- 654
icry of the native virus morphology is critical for preserving conformational epitopes that 655
are necessary for effective immune recognition and neutralizing antibody production[8]. 656
To confirm this structural integrity, it is recommended to employ high-resolution charac- 657
terization techniques such as transmission electron microscopy (TEM), cryo-electron mi- 658
croscopy (cryo-EM), and dynamic light scattering (DLS), which allow for detailed assess- 659
ment of particle size, shape, and uniformity [8,51]. In parallel, immunogenicity studies, 660
both in vitro and in vivo, are necessary to validate the functional relevance of the VLPs 661
and to ensure that structural features translate into robust immune activation [52]. These 662
combined approaches provide a comprehensive framework for evaluating the quality and 663

efficacy of VLP-based vaccine candidates. 664
665
3.3.1. Biophysical characterisation 666

667
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Transmission electron microscopy (TEM) plays a key role in defining quality control cri- 668
teria during process development and manufacturing. This methodology, remains a gold 669
standard for the structural characterization of virus-like particles (VLPs), offering high- 670
resolution visualization of particle morphology, size, and integrity however the use of 671
TEM as routine analytical tool in manufacturing settings is hampered by several factors, 672
such as complex sample preparation, specific facilities, and the need of highly trained 673
staff. We developed a methodology using a new system known as MiniTEM [26] estab- 674
lishing a novel way to characterise the physical traits of the VLPs. 675

The MiniTEM system, a compact, automated version of conventional TEM, has emerged 676
as a powerful tool for routine, high-throughput analysis of VLPs and other nanoparticle- 677
based biologics. Its integration of automated image acquisition and machine learning- 678
based particle classification enables rapid, objective, and reproducible assessments of crit- 679
ical quality attributes such as particle size distribution, shape uniformity, and aggregation 680
state. This is particularly valuable in vaccine development, where maintaining structural 681
fidelity is essential for preserving immunogenic epitopes. The user-friendly interface and 682
minimal infrastructure requirements of MiniTEM make it a practical alternative to tradi- 683
tional TEM, especially in environments where speed, consistency, and scalability are crit- 684
ical [26,53]. To support the reliable and efficient application of Transmission Electron Mi- 685
croscopy (TEM) for analysing nano-scale biological materials in Biosafety Level 2 (BSL2) 686
environments, a structured and robust workflow was established. This framework ad- 687
dresses the specific operational demands of BSL2 laboratories, such as adherence to strict 688
safety measures, thorough equipment decontamination, and the involvement of appro- 689
priately trained staff. A compact, low-voltage TEM system (MiniTEM™) was integrated 690
to enable high-throughput, automated imaging in these settings, aligning with regulatory 691
expectations for detailed morphological characterization in vaccine and gene therapy re- 692
search [54]. 693

Another example of the utility of MiniTEM for VLP characterisation was demonstrated 694
by Ryner et al. [53], who used the system to monitor influenza VLP integrity and purity = 695
during downstream processing. Through automated image analysis, MiniTEM distin- 696
guished VLPs from impurities and quantified hemagglutinin (HA) spikes on their surface. 697
This approach confirmed that HA detected by conventional assays was associated with 698
intact VLPs, not free protein or debris, and showed that spike density was maintained 699
throughout processing. These findings highlight MiniTEM as a valuable orthogonal tool 700
for structural assessment and process monitoring in VLP-based vaccine development [53]. 701

Moreover, the integration of artificial intelligence (AI) into VLP research has catalysed 702
significant advancements across the development pipeline. In development stage, AI- 703
driven models are increasingly used to optimize upstream parameters such as culture 704
conditions, nutrient concentrations, and growth kinetics, enhancing yield and con- 705
sistency. In structural analysis, Al accelerates image processing and particle recognition 706
in electron microscopy, enabling faster and more accurate quantification of VLP popula- 707
tions. Additionally, predictive modelling using machine learning algorithms supports the 708
forecasting of VLP stability and behaviour under various conditions, guiding formulation 709
and storage strategies. Together, these innovations position Al and MiniTEM as comple- 710
mentary technologies that may significantly enhance the precision, efficiency, and scala- 711
bility of VLP-based vaccine development [55]. 712

713
Our study was the result of the greater demand for high-throughput, rapid analytics to 714
determine in real-time the impact of in-process changes on final product quality. The 715

study is summarized in Figure 6 and comprises two main phases: Firstly, sample/grid 716
prep optimization through the development of a protocol establishing clear 717
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guidelines/methods for preparing VLPs using non-radioactive stains for TEM analysis.

Secondly, and building up on the latter, the generation of a methodology with quality

acceptance criteria for the analysis of VLPs and viral vectors in manufacturing settings,

using a MiniTEM system as an analytical tool.

We then applied the developed method [26], to determine the biophysical characteristics
of the produced VLP (Figure 6).
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Figure 6. Biophysical characterization of VLP workflow using MiniTEM system. The out-
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Figure 7. Biophysical evaluation of the produced VLP using established workflow. Images taken by the 734
MiniTEM system are analyzed using proprietary machine learning approaches, i.e. Vironova Imaging and 735
Analysis Software (VIAS). Figure adapted from [26]. 736

737

Figure 7A shows the application of the created method to the images and the automated 738
particle detection performance evaluation. The pink circles show that the method was able 739
to successfully differentiate between VLP particles, background, and debris, providing a 740
flexible and tunable model for future studies and analyses. On the other hand and taking 741
advantage of the capability of the Al models used, the best fit between input data and 742
predicted image outcome was measured (Figure 7B). The statistical analysis showed that 743
the model detected around seven thousand particles of interest (VLPs). Those particles 744
presented, an average area equivalent to 32 nm circle, matching a max ferret diameter 745
ranging from 30 to 40nm, which is in accordance with the VLP size as reported in literature 746
[41], using orthogonal measurements, and an aspect ratio majority of 1, in accordance with ~ 747
the common circular shape of the VLP. 748

This methodology can therefore provide a user-friendly and fast way to characterise VLPs 749
without the need for currently available TEM [26]. 750

With its small footprint and semi-automated workflows, MiniTEM is well-suited for use 751
in manufacturing environments where space, consistency, and speed are critical. Its built- 752
in deep learning algorithms (convolutional neural networks) enable automated image 753
analysis, reducing reliance on expert operators and significantly increasing the through- 754
put and consistency of data interpretation. This automation facilitates the processing of 755
larger datasets, aligning with the needs of industrial-scale production. Further validation 756
is needed for full GMP integration, this work broadens the utility of MiniTEM beyond its 757
established role in orthogonal particle characterization, positioning it as a valuable tool 758
for biologics development and quality control in resource-limited settings [56-58]. 759

Its adaptability, ease of use, and data-driven capabilities position it well for routine mon- 760
itoring of product quality and support decision-making throughout the vaccine develop- 761

ment and production lifecycle. 762
763
764
4. Conclusions 765

This study highlights the feasibility and promises of a yeast-based platform for the pro- 766

duction of enveloped virus-like particles (eVLPs) as dengue vaccine candidates. Using 767
Komagataella phaffii, we successfully co-expressed DENV1 and DENV2 as a bivalent 768
prototype and established a flexible, scalable upstream process. Through a design of ex- 769
periments (DoE) approach, we identified optimal fermentation conditions, while a 770
streamlined two-step purification strategy featuring a repurposed phospholipid-based 771
resin enabled high purity and yield with reduced complexity [59]. These innovations 772

offer a cost-effective and potentially GMP-compatible alternative to traditional ultracen- 773
trifugation-based methods. 774

Our findings are well aligned with recent advancements in recombinant technology that 775
position Pichia pastoris as a powerful alternative to mammalian and insect cell systems. 776
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Enhanced scalability, cost-efficiency, and post-translational capabilities make yeast-based
platforms particularly attractive for vaccine development in resource-limited settings [60].
Optimised fermentation and purification strategies have already demonstrated consistent
VLP yields exceeding 1 ug/mL without compromising antigenic integrity [61], and recent
preclinical and clinical data further validate the translational potential of yeast-derived
dengue VLPs [62]. Notably, a tetravalent candidate has shown robust immunogenicity
across all four serotypes with no evidence of antibody-dependent enhancement (ADE), a
key safety milestone [63].

Together, these developments underscore the transformative potential of yeast-based
platforms in overcoming key bottlenecks in dengue vaccine manufacturing. While this
study focused on a bivalent prototype, it lays a strong foundation for the development of
a tetravalent formulation and broader application to other VLP-based vaccines. This work
contributes to a growing body of evidence supporting scalable, affordable, and globally
accessible immunization strategies, particularly critical for low- and middle-income coun-
tries facing the dual challenges of endemic disease and limited manufacturing infrastruc-
ture.
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