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Abstract

Background and Objective: The flagellin of Sa/monella typhiis potentially developed as an identifying antigen in a rapid diagnostic test
instrument that may be more accurate than conventional serological tests. Therefore, this study aims to analyze the immunogenicity of
flagellin S. typhi as the basis for developing a typhoid fever diagnostic. Materials and Methods: Flagellin was isolated from the bacterial
culture of S. typhi serovar Semarang and used as the primary antigen for vaccine assembly. Native flagellin antigen was immunized in
Balb/C mice with injection doses of 2, 3,4, 5 and 6 g/100 L in each group (K0-K5), respectively, via intraperitoneal cavity. Blood serum was
collected to ELISA based-measurement for IL-6 and TNF-a titers. Then, specificimmunoglobulin (Ig) of anti-flagellin was detected using
in-house ELISA and western blotting. Results: The findings in this study showed thatimmunization at the dose of 4-5 g/100 L significantly
decreased the IL-6 titer, i.e., 8.331+0.87 pg mL™", compared to control. The antibody titer test analysis showed the highest Ig-G
anti-flagellin was found in K4 mice after immunization using a dose of 5 g/100 L with an average absorbance of Ig-G reaching
1.19 £0.32. Conclusion: The results indicated that the flagellin protein of S. typhi serovar Semarang induces adaptive immune responses
and produces specific antibodies against flagellin. The immunogenic properties of the flagellin protein of 5. typh/ serovar Semarang
potentially developed as a specific diagnostic marker. Further research may also focus on a beneficial feature of flagellin as a vaccine
candidate.
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INTRODUCTION

Salmonella typhi (S. typhi) is an opportunistic bacterial
pathogen that causes typhoid fever which is transmitted
through contaminated food or drink (food-born disease). The
pathogenicity of S. typhi is influenced by the adhesion ability
to the small intestinal mucosa, penetrating into lymphoid
tissue and spreading in the body through the bloodstream'2.
Under unfavorable conditions, S. &yphi produces exotoxins
and endotoxins to protect against the body’simmune system.
S. typhi endotoxin is a robustimmune generator that triggers
aninfection that is manifested as fever, nausea, fatigue, organ
illness and other symptoms of infection®4. In particular
conditions, Sa/monella can silence the immune response that
increases in cases of carriers and resistance becomes a
problem in controlling typhoid fever>.

In some cases, the characteristic symptoms of typhoid
fever cannot be distinguished from other bacterial or viral
infections (underdiagnosis). It contributes to misinformation
during the diagnosis procedure, resulting in inappropriate
antibiotic treatment and increasing the risk of pathogenic
multidrug-resistant S. typh/®’. Therefore, non-specific clinical
symptoms must be supported by accurate laboratory tests.

Currently, the Widal Test is a common laboratory
diagnosis to identify typhoid fever because it is a fast result,
cheap and straightforward, although less specific®’.
Furthermore, the diagnostic test is improved to detect
specific antibodies of S. fyph/ and used as a foundation for
serology-based rapid tests, such as Tubexand Typhidot. Tubex
Test detects immunoglobulin-M (Ig-M) against S. typhi
09-lipopolysaccharide (LPS) antigen, while Typhidot, a
dot-enzyme immunoassay, is used to detect IgM and IgG outer
membrane protein antigens'®'2. However, serology-based
diagnosis has fluctuating sensitivity and specificity because of
LPS cross-reaction to other bacterial infections. Therefore, an
effective diagnostic test should be developed using specific
features or components of S #yphi which are highly
immunogenic.

One of the protein features recognized in most S. typh/
various sub-species that potentially can be developed as an
immunogenic antigen is flagellin, a complex part of flagella.
Flagellin protein is an external filament consisting of repeating
copies of several structural proteins'. Salmonella typhi
flagella is responsible for host cell invasion and considered as
virulence properties that induce infection''>, Recent studies
also reveal that flagella involve in an escape mechanism
againstimmune cells>'%17, Due to its vital function, the flagella
proteins, including flagellin, is conserved and become specific
characteristic of S. typhi markers. Several studies have shown
that flagellin is an essential ligand for the Toll-Like Receptor 5
(TLRS) protein and is involved in immune system activation,

including the production of inflammatory-related cytokines,
adaptive immune responses and produces specific
antibodies'. Therefore, this study aims to analyze the
immunogenicity of S. typhi flagellin as the basis for
developing a typhoid fever diagnostic.

MATERIALS AND METHODS

This study was an experimental research: Post-only
control group design to determine the ability of the flagellin
protein of S. typhi serovar Semarang to induce an adequate
immune response. The research was carried out at the
Laboratory of Microbiology and Molecular Biology,
Department of Health Analyst, Faculty of Nursing and Health
Sciences, Universitas Muhammadiyah Semarang and
Biochemistry Laboratory, Center for Biotechnology Studies,
Universitas Gadjah Mada. Animal concern has been approved
ethically by the Health Research Ethics Commission, Faculty of
Public Health, Universitas Muhammadiyah Semarang, No:
578/KEPK-FKM/UNIMUS/2021.

Salmonella typhi sample isolate and culture: The S. typhi
serovar Semarang isolate was obtained from the Semarang
Center for Health Laboratory of Semarang City. Sa/monella
typhi colony stock was inoculated on MacConkey Agar (MCA)
media, Cat. No.. A5306 (Merck, Sigma-Aldrich: Jakarta,
Indonesia) and then planted in 50 mL of Brain-Heart Infusion
(BHI) liquid media, Cat. No.: 53286 (Merck, Sigma-Aldrich:
Jakarta, Indonesia), then incubated at 37°C for 24 hrs, the
culture was stored and used as a starter. The bacteria starter
was then mixed well with 500 mL of BHI liquid media until
homogenous, after that, incubated at 37°C. The cultured
S. typhi was ready to be harvested after 48 hrs of culture.

Isolation of flagellin Sa/monella typhi serovar Semarang:
Bacterial cultures aged 48 hrs were centrifuged at 8000 rpm at
4°Cfor 30 min. The supernatant was discarded and the pellet
was compacted into a thick suspension by adding 2 mL
of PBS 1X. The suspension was acidified by adding 1M HCl
until it reached pH 2, then homogenized with a stirrer for
30 min. The suspension was centrifuged again at 8000 rpm at
4°C for 30 min, the supernatant was taken and centrifuged
again at 12,000 rpm at 4°C for 30 min. The supernatant was
added with TMNaOH to pH 7.2 (a low concentration of flagella
was obtained). Then, added ammonium sulfate, as much as
40% of the suspension volume and stirred until dissolved. The
flagellin protein was centrifuged at 12,000 rpm for 15 min. The
pellet obtained was added with 0.5 mL of PBS 1 X, suspended
and dialyzed against a PBS solution of 0.5X pH 7.4 following
the protocol from Senevirathne et a/'® with modification.
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Preparation of Balb/C mice: A total of 36 female Balb/C mice
aged 8-10 weeks-old weighing £30 g were divided into
six groups, namely the control group (K0), which was
given placebo treatment. In contrast, the five treatment
groups received antigen immunization with different
concentrations (K1-K5) of 2, 3, 4, 5 and 6 upg/100 L,
respectively. Each group was kept in cages measuring
50X40X15 cm and placed in a maintenance room at a
temperature of 26-28°C with lighting for 12 hrs. Feeding and
drinking were done ad /ibitum and refilled every morning
and evening.

Immunization of Balb/C mice with flagellin to induce IL-6
and TNF-a and antibody: The vaccine was made with antigen
emulsion at 2, 3, 4, 5 and 6 ug of flagellin in 50 uL PBS 1 X for
all three immunization stages. Each vaccine dose was added
with complete Freund’s adjuvant solutioninaratio of 1:1 (v/v),
then re-emulsified to get a final volume of up to
100 pL/head/injection. The first dose was administered
intraperitoneally on the first day of treatment. Approximately
1.5 mL of blood was drawn through the hearts of mice for
each mouse on the 7th day from the first immunization. The
serum was separated by centrifugation and used for IL-6 and
TNF-a titers analysis.

The vaccination process continued for the second
immunization carried out on day 14th, then the booster or the
third stage was carried out on day 28th. On day 32,
approximately 1.5 mL of mouse blood was taken from the
heart for each mouse, the serum was separated by
centrifugation, then the serum was checked for antibody titer
by in-house ELISA based on the absorbance value using an
ELISA reader and specificity by western blotting.

Measurement of IL-6 and TNF-a levels: The serum obtained
from each mouse in each group was measured for levels of
IL-6 and TNF-a. A total of 100 L for the measurement of
cytokine levels was carried out using the sandwich ELISA
method and the Elikine Mouse IL-6 ELISA Kit reagent kit,
Cat. No.: KET7009TNF and Elikine Mouse TNF-a ELISA Kit,
Cat. No.: KET7015 (Abbkine: Wuhan, China) according to
manufacturer’s procedure. The optical density (OD) of the
reaction between horseradish peroxidase (HRP)-conjugated
Streptavidin and the sample substrate was read with a
MaxSignal™ 6000 Bio Microplate ELISA reader (Bioo Scientific:
Austin, Texas, USA) at a wavelength of 450 nm. The IL-6 levels
were then calculated using a standard curve, which showed
the OD value and IL-6 levels.

Flagellin antibody identification and measurement
In-house ELISA: Antigen preparation for coating was carried
out by dissolving 5 g mL~" of antigen in a coating buffer. One
hundred microliters of coating antigen were added to each
well and incubated for 24 hrs at 37°C water bath. Then
washed three times with a washing buffer of 200 L/well for
each wash. Blocking was carried out using 1% BSA in 1X PBS
buffer by adding 100 L of blocking solution to each well,
incubating for +2 hrs at room temperature. Then washed
three times with a washing buffer of 200 L/well for each wash.

In the dry well was added 100 L/well of primary antibody
(anti-flagellin antibody) with 700X dilution (optimized result),
incubated in a water bath at 37°C for 1 hr. The well was
washed thrice with a washing buffer of 200 L/well for each
wash. The cleaned wells were added with 100 L/well of
secondary antibody (conjugate anti-mouse IgG (whole
molecule) alkaline phosphatase antibody produced in goat
SIGMA) and incubated for 1 hr in a 37°C water bath. Then
washed three times with a washing buffer of 200 L/well for
eachwash.Cleaned wells were added 100 L substrate solution
to each well and incubated for 15-30 minin a 37°C water bath
in the dark. Then read the absorbance with an ELISA reader at
a wavelength of 405 nm.

Antibody specificity test by western blotting: Identifying
proteins recognized by antibodies was carried out using the
western blotting method. Protein isolates were run on
polyacrylamide gel with a voltage of 100 V for 120 min. Then
the running polyacrylamide gel was put in a container
containing the transfer buffer. Prepared apparatus for transfer
of protein from polyacrylamide gel to nitrocellulose. Protein
transfer was carried out by placing a polyacrylamide gel
between four layers of Whatman paper No.41 on the bottom
and four layers on the top. Each layer was moistened with
transfer buffer and removed air bubbles, then electrified with
acurrent of 500 mA for 60 min. Furthermore, the nitrocellulose
membrane was immersed in 0.5% TBS-Tween for 30 min by
shaking on a shaker. After that, the solution was discarded and
continued with immersion using a blocking buffer at 4°C for
24 hrs.

The membrane that had passed the blocking stage was
washed three times using 0.05% TBS-Tween in a shaker for
5 min for each wash. Furthermore, the membrane was
immersed in the primary antibody solution at room
temperature for 1 hr. The membrane was washed thrice with
0.05% TBS-Tween in a shaker for 5 min for each wash. The
membrane was immersed in a conjugate solution consisting
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of 25 mL of incubation buffer, 0.25 g of BSA and 25 L of the
conjugate and incubated at room temperature for 1 hr.
Furthermore, the membrane was washed two times with
0.05% TBS-Tween for 5 min and the last washing step was
conducted without Tween. The staining step was carried out
in a dark room by immersing the nitrocellulose membrane
in a combination of nitro-blue tetrazolium chloride and
5-bromo-4-chloro-3-indolyl phosphate  p-toluidine  salt
(NBT-BCIP) until a band was formed and added aquabides
when the band was visible.

Data analysis: Primary data in the 6, TNF-titers and antibody
absorbance of mice were statistically analyzed using SPSS,
version 22, with a 95% confidence level and a significance
level of 0.050. The assumption of data normality was met
based on the Shapiro-Wilk normality test, then continued with
the different tests using One-way ANOVA and the least
significant difference (LSD) test. The western blot specificity
visualization data were analyzed narratively by comparing the
presence of protein bands at 104, 64 and 50 kDa.

RESULTS

Post-immunization IL-6 and TNF-a levels: The Balb/C mice’s
immune response after immunization was performed by
decreased IL-6 titer and detected antibody production
against flagellin. However, the decrease in IL-6 titer was not
accompanied by a change in TNF-a titer. The concentration
of IL-6 titer experienced a downward trend alongside the
increased dose of the flagellin vaccine (Table 1).

An immunization dose of 4 pg/100 pL flagellin
significantly reduced IL-6 levels and is considered the
optimum dose for enhancing the immune response in
mice. Based on these data, 4 and 5 g/100 L became the
threshold doses for changes in IL-6 titer compared to the
control and low-dose immunization groups. It shows that the
more concentration of antigen dose for immunization, the
more IL-6 is suppressed. However, it did not change TNF-a
titer.

Antibody absorbance of Balb/C mice and detection of Ig-G
against flagellin: In addition to inducing changes in the
serum IL-6 titer of Balb/C mice, flagellin immunization also
triggered a humoral response indicated by immunoglobulin-G
(Ig-G) production. Anti-flagellin Ig-G detection showed that
the antibody absorbance was significantly increased at doses
of 4,5 and 6 g/100 L of vaccine injection (Fig. 1).

Antibody absorbance indicates thatanti-flagellin lg-Gwas
significantly increased in the K3-K5 group after complete
immunizations. The highest average of antibody absorbance
was obtained from a dose of 5 g/100 L vaccine, even though
it was not significantly different from the K3 group. This result
was relevant to the IL-6 production, which may relate to the
humoral response in mice. Furthermore, increasing the
vaccine dose up to 6 g/100 L in K5 decreases the absorbance
of anti-flagellin 19-G compared to the K4 group but is higher
than the control group. Decreased Ig-G in higher vaccine
doses indicates an immunogenic tolerance effect that
suppresses antibody production. On the other hand,
increasing the vaccine dose may not always be proportional
to an increase in antibody titer.

The anti-flagellin 1g-G synthesis was confirmed by the
presence of protein bands at sizes of 104, 64 and 50 kDa by
SDS-Page and western blotting methods (Fig. 2). In the result,
the protein bands observed in all treatment groups
represented by K2 for low doses and K4 for optimum dose.
The observed protein was validated using flagellin protein
flagellin for positive control and KO for negative control.

Table 1: IL-6 and TNF-a levels in the blood of Balb/C mice seven days after
immunization with the flagellin of S. typhi serovar Semarang

Group Flagellin (ng/100 L) IL-6 (pg mL™) TNF-o (pg mL™")
KO 0.00 13.22+1.94° 23.93+2.73
K1 2.00 14.12+3.94° 19.98+2.30
K2 3.00 12.05+3.46° 20.25+2.23
K3 400 8.34+0.36" 29.56+1.98
K4 5.00 6.08+0.76° 22.74+4.24
K5 6.00 5.59+0.37¢ 21.6210.63
p-value 0.005 0.286

*dSignificant difference between treatment groups based on One-way ANOVA
at 95% confidence level and significance level (p-value) 0.050

3.00
C
= 2004
s b
54 be
2
§ a ab
£ 1.00 - T |—'—‘
a
0.00 . T . . .
KO Kl K2 K3 K4 K5
Treatment groups
Fig. 1: Antibody absorbance of Balb/C mice after

immunization with flagellin protein S. typhi at OD 405
Alphabet above the bar shows a significant difference between
treatment groups based on one-way ANOVA at 95% confidence level
and significance level = 0.416 (p<0.05)
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Fig. 2(a-b): Visualization of protein S. typhi serovar Semarang (a) SDS-PAGE result and (b) Western blotting result
(@) M: Markers, F1: Flagellin protein samples and (b) M: Marker, KO: Control, K2 and K4 sample

The visualization results show the presence of
anti-flagellin Ig-G, which recognizes flagellin protein and
sub-unit bands. The anti-flagellin Ig-G is indicated by the
appearance of blue reaction color as the reaction product of
flagella sub-unit proteins with the Ig-G anti-flagellin in mice.
Furthermore, the strongest interactions were formed at the
sub-unit proteins of 104, 64 and 50 kDa, which is observed by
the dark blue color. This result indicates that flagellin protein
subunits 104, 64 and 50 kDa are the main immunogenic
protein subunits. However, the polypeptide structure and
amino acid sequence of the flagellin sub-unit proteins at each
identified molecular weight still need further study to
determine the helix and sheet structure exposed as the
epitope.

DISCUSSION

Salmonella typhi flagella are composed of thousands of
copies of a single protein flagellin forming an external filament
for motility, attachment and penetration into host cells'2".
Invasion of S. typhi resulted in flagellin recognition as an
antigen, therebyinducing activation of the adequateimmune
system. Furthermore, in recent research, vaccine-based
flagellin has also been reported to cause the activation of
humoral and cellular immune systems?.

The basic structure of flagella consists of a ring, a GOLD
ring, a P ring and an L ring located in the cytoplasm,
cytoplasmic membrane, peptidoglycan layer and outer

membrane, respectively?. During MS ring formation, FIhA,
FIhB, fLIp, FliQ and FIliR converge to one with the help of FliO
to become a transmembrane export gate. FliM and FIiN will
bind to FliG to form ring C in the cytoplasm?*. The FIgK dan
FlgL form a splice structure so that FliD can form a filament
cap atthe end of the junction to induce FliCassembly into the
filament®.

Circular dichroism spectroscopy revealed that flagellins
derived from various species and Sa/monella serovars have at
least a secondary structure riches with a-helix synthesized by
conserved domains DO and D1 genes encoding both Nand C
terminals?. A conserved structure at each terminal protects
the FljB ring and FLiC filament protein structure, which is
dominated by B-sheets, from protein degradation?.
Furthermore, the conserved helix structure in flagellin also
plays an essential function in stimulating the TLR5 receptor of
the host cell?®. It is caused by pathogen-associated molecular
pattern (PAMP), a locus in FLIiC protein synthesized by the
fliC gene for TLR5 recognition™?,

In mammals, the ability of flagellin to induce the host’s
immune responses may occur via three different signaling
pathways. First, the binding complex formed by the
interaction of TLR5 with PAMP site triggers the activation of
the phosphorylated signaling pathway®. Immune cells,
especially macrophages and neutrophils involve in innate
immunity and respond to extracellular monomeric flagellin via
the TLR5 homodimer complex on the cell surface’. This
flagellin binding complex induces TLR5 dimerization, then
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recruits myeloid differentiation primary response 88 (MyD88)
and Mal/TIRAP, which forwards the signal to the
Mitogen-Activated Protein Kinase (MAPK) cascade, thereby
inducing transcription factor Activator Protein-1 (AP-1)3%33,
Furthermore, MyD88 recruitment activates the Interleukin-1
Receptor-Associated Kinase 4 (IRAK4) component complex,
IRAK1, TNF Receptor-Associated Factors-6 (TRAF6) and kB
kinase3*®, Activation of IxB kinase causes localization of
phosphorylation of proteins 65 and 50 (P65/P50), which then
induces nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-«xB) towards the nucleus and acts as an
initiation factor for the synthesis of inflammatory-related
cytokines. In addition, NF-«xB then induces the expression of
various genes involved
proinflammatory pathways and adaptive immune responses.

In the early stage, TNF-a binds to TNF-Receptor Type
1-Associated DEATH Domain (TRADD) protein as the
adaptor molecule that initiates signaling to activate NF-kB.
Further process, TRADD recruits TRAF2, TRAF5 and
receptor-interacting protein kinases (RIP)*’. These adaptor
protein complex then inducing kinase (NIK) and delivers the
signal to the multicomponent protein, including IkB kinase
(IKK), enabling the formation of IKKa/IKKB complex. The
complex then activates NF-xB (p65/p50 heterodimer) by
replacing ubiquitin (Ub) inhibitory. The Ub protein which
normally binds to NF-kB, is phosphorylated by IkK kinase and
then degraded together with releasing IkBa. The NF-«B then
moved into the nucleus to bind with transcription factors to
initiate protein inflammation gene expression, including
TNF-a and IL-6 production”38, According to Khani et a/*, IL-6
production in mice significantly increased 24 hrs after flagellin
immunization. Furthermore, Barkhordari et a/?° explained that
S. typhi flagellin induces and enhances immune response by
increasing TNF-a expression.

Second, in some cases, flagellin initiates infectious action
via TLR5/TLR4 heterodimer and induces the IRF3 pathway
without involving MyD88 to synthesize interferon-f (IFN-B)*.
Furthermore, IFN-B induces inducible nitric oxide synthase
(/NOS) gene transcription by activating the Signal Transducer
and Activator of Transcription-1 (STAT1), which increases nitric
oxide production. Third, antigen recognition occurs during

in canonical and innate

flagellin penetrationinto the host cell’s cytoplasm via the Type
Il Secretion System (T3SS)*. Then it is detected by the nod-like
receptor family CARD domain-containing protein 4 (NLRC4)
inflammasome complex and transmits signaling pathways
to the caspase-1 (cas-1), cas-7 and NLRP3 inflammasome,
resulting in the synthesis of IL-1 family*2.

In this study, decreased IL-6 and no change in TNF-a
might indicate that TLR5/TLR4 heterodimers dominate the
activated Balb/C mouseimmune cell cascade with low affinity
to the NF-«B cascade. In addition, the involvement of TLR5
homodimers primarily triggers the MAPK cascade and
TIR-domain-containing adapter-inducing interferon-p (TRIF) to
synthesize IL-1B, IL-1,IL-12 and IFN-y. Although the role of IL-6
and TNF-a has not been confirmed in flagellin-based
immunization, considering that finding these two cytokines
might act simultaneously as pro and anti-inflammatory*.
Therefore, it requires a comprehensive understanding of
cytokine variations and action in synergistic and antagonistic
interactions. Furthermore, several studies have also shown
that the interaction of TLR5 with flagella potentially has
different responses depending on the exposed cell type and
host species*. For example, A higher IL-8 production is
observed when the flagellar protein binds to TLR5 in epithelial
cells, whereas, the interaction between monocytes and
dendritic cells induces TNF-o secretion in humans®.
Another example shows that TLR5 of the small intestinal
epithelial cells interacting with flagellin triggers the secretion
of pro-inflammatory IL-6, IL-12 and TNF-a and induces the
production of anti-flagellin Ig-G. Suppression of NF-xB may
also occur due to a Sa/monella defensive mechanism through
SpvB protein. This Sa/monella-specific cytotoxic protein
prevents NF-xB activation by targeting IkB kinase-b (IKKb)*.
However, this condition was neglected in this study because
only the small flagellum part was used as a vaccine antigen.
Although there was no different TNF-a titer among groups,
the flagellin S typhi serovar Semarang immunization
activated the humoral immune system and produced specific
anti-flagellin 1g-G antibodies. Specifically, the resulting
antibody binds to flagellin protein fragments used as
attachment sites for both SDS-Page and western blotting. This
result was relevant to the previous studies where the profile of
immunogenic flagellin-specific protein fragments producing
antibodies was found at 64 and 50 kDa*?. The binding site
fitness promotes flagellin protein fragments as a recognition
site to develop of 5. typhi serovar Semarang diagnostic kit or
vaccine candidate.

CONCLUSION

Immunization with a 4-5 g/100 L flagellin S. typhi serovar
Semarang triggered a specific immune response in Balb/C
mice by decreasing IL-6 secretion. Even though the TNF-a
titers were not significantly different between the control and
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treatment groups, S. typhi flagellin protein immunized in
Balb/C mice could induce specific antibody production. The
highest average antibody absorbance results were obtained
from Balb/C mice, immunized using 5 g/100 L vaccine,
reaching 1.19%0.32 at OD 405. The visualization results
showed that a bond was formed between the antibody and
primary antigen on the tape strip. The observed protein is
sized at 104, 64 and 50 kDa. These findings confirmed the
potential of flagellin as an immune generator and potentially
be used in the development of diagnostic tests or vaccine
candidates. Further research may focus on identifying and
developing epitope-potential protein sequences and a retest
to determine its specifications and sensitivity in recognizing
S. typhi infection.

SIGNIFICANCE STATEMENT

This study aims to understand the immunogenicity
reaction caused by flagellin protein in the flagella of S. typhi
serovar Semarang. The flagellin protein is a promising
potential feature to be developed as a specific vaccine against
typhifeverand a marker for early Rapid Diagnostic Tests (RDT).
Further research may also focus on protein sequence and
structure to discover specific epitope regions of flagellin for
vaccine candidates or RDT development.
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