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Abstract

Background Pathogenic parasites are responsible for multiple diseases, such as malaria and Chagas disease, in
humans and livestock. Traditionally, pathogenic parasites have been largely an evasive topic for vaccine design, with
most successful vaccines only emerging recently. To aid vaccine design, the VIOLIN vaccine knowledgebase has
collected vaccines from all sources to serve as a comprehensive vaccine knowledgebase. VIOLIN utilizes the Vaccine
Ontology (VO) to standardize the modeling of vaccine data. VO did not model complex life cycles as seen in parasites.
With the inclusion of successful parasite vaccines, an update in parasite vaccine modeling was needed.

Results VIOLIN was expanded to include 258 parasite vaccines against 23 protozoan species, and 607 new parasite
vaccine-related terms were added to VO since 2022. The updated VO design for parasite vaccines accounts for parasite
life stages and for transmission-blocking vaccines. A total of 356 terms from the Ontology of Parasite Lifecycle (OPL)
were imported to VO to help represent the effect of different parasite life stages. A new VO class term, ‘transmission-
blocking vaccine, was added to represent vaccines able to block infectious transmission, and one new VO object
property, 'blocks transmission of pathogen via vaccine, was added to link vaccine and pathogen in which the vaccine
blocks the transmission of the pathogen. Additionally, our Gene Set Enrichment Analysis (GSEA) of 140 parasite
antigens used in the parasitic vaccines identified enriched features. For example, significant patterns, such as signal,
plasma membrane, and entry into host, were found in the antigens of the vaccines against two parasite species:
Plasmodium falciparum and Toxoplasma gondii. The analysis found 18 out of the 140 parasite antigens involved with
the malaria disease process. Moreover, a majority (15 out of 54) of P falciparum parasite antigens are localized in the
cell membrane. T. gondii antigens, in contrast, have a majority (19/24) of their proteins related to signaling pathways.
The antigen-enriched patterns align with the life cycle stage patterns identified in our ontological parasite vaccine
modeling.

Conclusions The updated VO modeling and GSEA analysis capture the influence of the complex parasite life cycles
and their associated antigens on vaccine development.
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Background

Parasites are organisms that live on or inside another
organism, known as the host, and derive their nourish-
ment from the host. Pathogenic parasites are responsible
for causing diseases or disorders in the host, including
malaria [1], Chagas disease [2], and livestock disease
[3]. There are three main classes of parasites capable of
causing disease: protozoa, helminths, and ectoparasites.
Among these, protozoans are unicellular microorganisms
with diverse life stages. Protozoan parasites can be clas-
sified into four clades: Mastigophora (flagellates), Sarco-
dina (amoeba), Apicomplexa (non-motile protozoans in
their adult stage), and Ciliophora (ciliates) [4]. Traditional
treatment for parasite-caused diseases has relied on spe-
cific drug treatments targeting symptoms of the disease
instead of generating immune memory through vaccines
[5]. However, recent years have witnessed successful
clinical trials of parasite vaccines [5, 6]. This success can
be attributed to traditional vaccine design focusing on
pathogens with a single life stage for immunization.

Parasitic protozoans have evolved multiple distinct
phenotypes as part of their developmental cycle (Fig. 1).
Protozoan parasites alternate between distinct life stages
adjusted to their preferred hosts [7]. Apicomplexan para-
sites (Fig. 1A), such as the malaria parasite, typically exist
within a host during the diploid life stage or as a haploid
in a vector. For example, the sporozoite stage of Plasmodi
initially targets human hepatic cells. The Plasmodium
then develops merozoites that target erythrocytic cells.
The merozoites either continue to develop into trophozo-
ites, which cause the malaria disease process, or mature
into gametocytes for the vector to ingest. While within
mosquitoes, the gametocytes will eventually undergo
mitosis to produce sporozoites to repeat their life cycle
[7]. A simpler life cycle can occur in other parasites. Mas-
tigophora parasites (Fig. 1B) alternate between a mobile
epimastigote stage when outside of a host. However, once
within a host, the epimastigote can burrow and replicate
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within the tissue of the host. The last two main catego-
ries of parasites, Sarcodina and Cilophora, have a simpler,
generic life cycle. These parasites alternate as cysts that
can survive outside the host before producing trophozo-
ites, which burrow into the target tissue [8].

Vaccines for infectious diseases are processed mate-
rials designed to elicit an immune response against a
pathogen(s) using antigens. Antigens used in vaccines are
typically derived from the target pathogens or the dis-
ease-causing agents. These antigens can include various
forms, such as live, attenuated, inactivated whole patho-
genic organisms, or subunit components of the patho-
gens, depending on the type of vaccine and the specific
strategy used to induce an immune response [9]. When a
vaccine is administered, it stimulates the immune system
to recognize the specific antigen(s) present, triggering the
activation of immune cells and pathways. This activation
leads to the production of antibodies and the formation
of memory cells [10]. To enhance the immune response
to antigens and improve their effectiveness, adjuvants
are often added to vaccines [11]. To support vaccine data
standardization and integration, the Vaccine Ontology
(VO) currently serves as a specialized ontology aiming to
standardize the representation and organization of vac-
cine and vaccine-related knowledge [12].

Parasite vaccines have been traditionally hard to design
for. Using malaria as an example, the development
of Mosquirix (P. falciparum RTS, S vaccine), the first
licensed malaria vaccine, took 34 years of development
and testing before being approved for use in 2021 [13].
Except for specific vaccines used for livestock, parasite
vaccines for humans remain elusive. In contrast, para-
site chemical drugs aimed to alleviate or counter a para-
site in a host represent a more mature technology. The
first synthetic anti-malaria drug, Quinine, was success-
fully synthesized in 1944 [14] and targeted the erythro-
cytic life stage. Since then, multiple malaria drugs have
been developed as either derivatives (chloroquine) or
targeting different life stages (sporozoites or ookinetes)
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Fig. 1 The complicated life cycle of protozoan parasites. The red and blue colors represent the life stages that occur in the vector and host of the parasite,
respectively. (A) Apicomplexan parasite life stages are clearly identified in their reproductive cycle. The exception is the trophozoite stage, which refers
to the stage where it draws nutrition or energy from an explicit host. (B) Mastigophora parasite life stages are based on the state of their flagellum. (C)
Ciliophora and Sarcodina parasites have similar life stages that alternate from a cyst (usually made of eggs) to trophozoite. Simplified life cycles were
referenced from the CDC [4]
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[15]. In both these cases, parasite vaccines and chemical
drugs succeeded by targeting specific life stages instead
of attempting to fully cover the entire parasite life cycle.
With new technologies being developed, more efforts
have been devoted in recent decades to studying and
developing various types of parasite vaccines.

Ontology, as a system, organizes and categorizes
knowledge within a specific domain, creating a uniform
vocabulary of terms and relations representing enti-
ties and relations among the entities in the domain. This
standardized representation enables the utilization of
consistent terminology across different data sources and
facilitates the extraction of hidden knowledge from large-
scale data through meaningful annotations that comput-
ers can understand. Ontologies are organized by specific
domains. Within the context of this paper, we primarily
utilize the Vaccine Ontology (VO) [12] and Ontology for
Parasite Lifecycle (OPL) [16]. The VO models all compo-
nents of vaccines, such as vaccine components, vaccine
targets, and host responses to vaccines. By default, the
VO framework assumes that a vaccine that works against
a pathogen (e.g., SARS-CoV-2) would work against all
strains of the pathogen. However, parasites have complex
and distinct life stages that conflict with the current VO
assumption. Therefore, a new VO modeling framework
for parasite vaccines is needed. The OPL, on the other
hand, fully models the different life stages that occur in
parasites, including the targeted host of a specific para-
site. As such, reutilizing OPL terms to represent parasite
vaccines in VO is a natural fit.

We collected parasite vaccines that immunize against
twenty-three parasite species that are in different stages
of research, clinical trials, or approval. Such informa-
tion is collected and stored in VIOLIN; however, many
unique characteristics of parasites were not appropriately
represented within our VO. To address these issues, we
have updated VO with a new design pattern to handle
the complexities of parasite vaccines. Using the final list
of collected parasite antigens, we have also analyzed gene
set analysis to identify more common patterns for para-
site antigens. Finally, we show how to query the infor-
mation within VIOLIN. As such, our work focuses on
systematically representing and analyzing parasite vac-
cines, primarily for mastigophorans and apicomplexans.
By employing ontology to represent the differences in
parasite life stages, we aim to further analyze patterns in
protective antigens from experimentally verified studies.
This approach will contribute to the advancement of suc-
cessful parasite vaccines.

Methods

Parasite vaccine collection and annotation in VIOLIN

A literature search was conducted using PubMed and
clinicaltrials.org to identify relevant information on
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parasite vaccines. Manual annotation of the collected
data was performed, and the information was integrated
into the VIOLIN knowledgebase (https://violinet.org).
The collection process included capturing details such
as vaccine type, protective antigens, adjuvants, vectors,
experimental or clinical trial data (subjects, protocols,
immune responses, efficacy), and more. The annotation
process was guided through the use of the VO.

Ontology modeling and term collection

A literature search was conducted to identify common
patterns in parasite life stages, hosts, and vectors. Protec-
tive antigens were mapped to specific parasite life stages
using terms in NCBITaxonomy (NCBITaxon), OPL and
VO. This information was used to expand the VO by
importing terms from OPL using Ontofox [17]. New
classes were added in VO through Ontorat [18] follow-
ing an ontology design pattern. New object properties
were generated through the use of Protégé [19]. This step
aimed to create an updated VO ontology that accurately
represents the parasite vaccines with different life stages
of parasites.

Gene ID mapping

NCBI gene IDs for the annotated protective antigens
were extracted from the NCBI database (https://www.
ncbinlm.nih.gov/gene). The NCBI gene IDs were initially
searched from the published literature or clinical trial
websites. If the gene ID of the antigen was not available,
a search was conducted in the NCBI database using the
antigen name. In cases where no results were found using
the antigen name, the antigen sequence was searched
against the NCBI database using the Basic Local Align-
ment Search Tool (BLAST). The obtained NCBI gene IDs
were then added to the VIOLIN database (https://violi-
net.org/index.php) based on the mapping result.

Web-based VIOLIN query and online analysis of parasite
vaccines

The VIOLIN website query was used to gather all sum-
mary statistics about parasite vaccines and antigens. This
was also done to gather information on parasite vaccines
and antigens that were previously added to VO. Once the
collection of the parasite vaccines and the corresponding
NCBI gene IDs of protective antigens were obtained, the
list of gene IDs was submitted to the Database for Anno-
tation, Visualization and Integrated Discovery (DAVID)
[20]. Gene set enrichment analysis (GSEA) was per-
formed using DAVID’s functional annotation tool, and
the annotation results for each parasite genome were
collected (Supplemental Table 2). A False Discovery Rate
(EDR) of 0.05 or less was used to identify statistically sig-
nificant pathways. This analysis was conducted individu-
ally for each species of parasite vaccine.


https://violinet.org
https://www.ncbi.nlm.nih.gov/gene
https://www.ncbi.nlm.nih.gov/gene
https://violinet.org/index.php
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Table 1 Alist of parasites with at least ten vaccines curated in
VIOLIN. VIOLIN sorts vaccines by disease, and as such combines
Plasmodium and Eimeria species into single entry

Pathogen Disease # of # of # of

Name vaccines Licensed mapped
Vaccines vaccine

antigens

Plasmodium Malaria 67 0 54

spp.

Typano- Chagas disease 34 1 27

soma cruzi

Leishmania  Visceral 17 1 16

donovani leishmaniasis

Toxoplasma  Toxoplasmosis 58 0 26

gondii

Leishmania  Cutaneous 13 0 15

major leishmaniasis

Eimeria spp.  Coccidiosis 1 8 1

Neospora Neosporosis 1 2 10

caninum

Schistosoma  Schistosomiasis 10 0 8

Japonicum

Results

VIOLIN parasite vaccine collection and annotation
In total, VIOLIN includes 258 parasite vaccines directed
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against 23 parasite pathogens (Supplemental Table 1).
We have added 181 new parasite vaccines to VIOLIN
since 2022. From all the parasite vaccines collected, 182
parasite antigens were mapped to 140 NCBI gene IDs
for further analysis. Of these 258 parasite vaccines, 86
are Mastigophoran vaccines, with a total of 51 Masti-
gophoran protective antigens across eight species. From
the 172 Apicomplexan vaccines for 15 parasites (Supple-
mental Table 1), 131 Apicomplexan protective antigens
were identified. There are 12 licensed vaccines for non-
humans: 8 for Eimeria spp., 2 for Neospora caninum, 1
for Trypanosoma cruzi, and 1 for Leishmania donovani.
Otherwise, most parasite vaccines remain in the clinical
trial or research stage.

Table 1 provides a list of parasites with at least ten vac-
cines curated in VIOLIN. Over half of the vaccines col-
lected were for three species: Toxoplasma gondii (58),
Plasmodium falciparum (42), and Trypansoma cruzi
(34). At a genus level, Plasmodium vaccines account for a
quarter of vaccines, with 67 vaccines.

Fig. 2 shows P. falciparum life cycles and vaccines tar-
geted to specific life cycle stages. Due to the difficulty in
generating effective P falciparum vaccines, many vac-
cines target different lifecycle stages. Most vaccines
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Fig. 2 Plasmodium falciparum life cycle and vaccines at different stages. The numbers of annotations of vaccines / antigens in VIOLIN relabeled beside
corresponding life stages. P, falciparum parasites (blue cells with red nuclei) enter the human body when a parasite-carrying mosquito takes a blood meal.
The sporozoites infect human liver cells (yellow), in which the parasite replicates and eventually releases merozoites. The merozoites infect human red
blood cells (red), and the ring-stage parasites either enter the erythrocytic cycle for asexual reproduction or develop into gametocytes. The gametocytes
are taken by mosquitos during another blood meal and sexually reproduce [21]. The red arrows represent the mosquito stage, whereas the blue arrows

represent the human stage. Figure and life cycle adapted from NIH.gov
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Fig. 3 ODP of parasite vaccine within VO. (A) The Ontology design pattern (ODP) of transmission blocked parasite vaccines within VO. Currently all
blocked transmission vaccines in VO are also parasite vaccines. (B) Representation of parasite antigen PfCelTOS (P, falciparum cell traversal in sporozoite
and ookinetes) and (C) Pfcs (P, falciparum circumsporozoite protein) within VO. Pfcs is currently used in the only licensed malaria vaccine despite only
targeting one life stage. PfCelTOS is found in multiple life stages and thus may have a greater range of targets

target Plasmodium merozoites, which is responsible for
inducing malaria disease. The second most frequently
targeted stage is the Plasmodium sporozoite, which is the
initial life stage that can infect a human or mammalian
host. Despite this, most parasites have vaccines that tar-
get different parasite life stages. This prompted a need for
the VO to account for the different parasite life stages as
part of its high-level design.

Ontology modeling of parasite vaccines

We have designed a new VO Ontology Design Pattern
(ODP) for the new parasite vaccines shown in Fig. 3A).
The primary change for this design pattern is the inclu-
sion of parasite life stages. VO traditionally utilizes
‘immunizes against pathogen’ some ‘organism’ for vac-
cine design. However, due to the complexity and speci-
ficity of parasites, parasite vaccines instead ‘immunizes
against pathogen’ against some parasite organisms at a
specific life stage. Following OPL, each parasite organism
at a specific life stage is a subclass of the parasite. Using
this ODP, we updated the VO with 179 new vaccines and
15 new vaccine categories related to parasite life stages.
We have also added 57 new terms relating to vaccine
antigens. We have imported 356 new terms from OPL to
represent different life stages. Additionally, the represen-
tation of multiple parasite stages can be used to clarify

the intended target of a specific parasite vaccine (Fig. 3B
and C) by linking the vaccine antigen to the parasite at
a specific life stage. This is done as specific antigens are
expressed in specific life stages.

Using the above ODP, the malaria vaccine Mosquirix
(P. falciparum RTS, S/AS01) is represented in VO with
the following axioms:

‘is a’ Plasmodium falciparum vaccine’

‘has part’ some ‘protein of pathogen organism as
vaccine component’

‘has vaccine antigen’ some ‘P. falciparum CSP’

‘has vaccine adjuvant’ some ‘liposome-based vaccine
adjuvant’

‘immunizes against pathogen’ some ‘Plasmodium
falciparum sporozoite’

‘immunizes host’ some ‘Homo sapiens’

The primary use of including life stages is to identify what
stage a vaccine would be most effective and to infer addi-
tional life stages that the vaccine can target. For example,
as the merozoite stage is responsible for the malaria dis-
ease process within humans, we can construct a query
to generate a list of possible vaccines that can be used to
target a specific parasite life cycle stage. For instance, the
PfCelTOS vaccine can potentially target the sporozoite
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and merozoite stages due to the PfCelTOS antigen occur-
ring in those two life stages (Fig. 3C). Figure 4 shows the
construction for this query. This can be expanded further
to look for vaccines that can target multiple parasite life
stages. The vast majority of the P. falciparum vaccines do
not show overlap between multiple life stages.

Ontological modeling of transmission-blocking vaccines
against parasite life stages

Parasite vaccine development has explored alternative
methods to control the population of parasite pathogens
beyond traditional vaccine design. One such approach
is the use of transmission-blocking vaccines, such as
PFS25/28 in Matrix-M [22]. These vaccines aim to inter-
fere with the transmission of the pathogen from the
vaccine target to other hosts. Currently, transmission-
blocking vaccines are employed to prevent the spread
of Plasmodium spp. from mosquitoes, which occurs
when mosquitoes feed on infected humans. These trans-
mission-blocking vaccines work by using the immune
response generated by a human to interfere with the
development of a malaria parasite zygote within the
Anopheles mosquito gut [23].

We define a ‘transmission-blocking vaccine’ as a vac-
cine that prevents or reduces the transmission of a
disorder within a target host or among a population
by inducing or modifying specific adaptive immune
responses against the antigens present in the vaccine. The
modeling of these relationships is shown in the VO as
part of Fig. 5. Within the concept of transmission-block-
ing vaccines, we introduce two properties.

The first is ‘blocks transmission of pathogen via vac-
cine;, which represents the relationship between a vaccine
(material entity) and an organism with a pathogen role
(material entity). Def: “A relationship between a vaccine
and a pathogen where the vaccine immunizes against

vaccine role has role

is a

vaccine immunity
response transferable
to

organism
(NCBIT)

vaccine
(VO)

transmisison
blocking

vaccine
(VO)
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some parasite by blocking the transmission of the para-
site to additional hosts or vectors.”

This relationship implies that the material entity par-
ticipates in a process that results in the population of the
pathogen (e.g., parasite) being blocked from transmit-
ting to additional hosts or vectors. A vaccine that ‘blocks
transmission of pathogen via vaccine’ is referred to as a
‘blocked transmission vaccine. The ‘blocks transmission
of pathogen via vaccine’ is asserted as a child object prop-
erty of ‘immunizes against pathogen’

The second object property is ‘vaccine immunity
response transferrable to, which describes the transfer of
the vaccine-induced immune response to a non-vaccine
host. We define ‘vaccine immunity transferrable to’ as
follows:

Def: ‘A relationship between a vaccine X and organism
Y where the vaccine X generates an immune response
in a vaccinated organism and the immune product (e.g.,
antibody) can be transferred to another organism Y’

We note that this relationship should be paired with
the normal ‘immunizes host! Additionally, it serves as
a shortcut property to represent the following set of
statements:

If vaccine X immunizes host A, and A produces anti-
body Z, and Z is transferred to organism Y, then X ‘vac-
cine immunity response transferable to ‘organism Y’

For example, ‘PFS25/28 in Matrix M’ has been identi-
fied as an effective transmission-blocking vaccine for
malaria [23]. The following VO axioms logically define
the vaccine (the underlined text shows an inferred parent
vaccine term for the vaccine).

PFS25/28 in Matrix M

‘is a’ ‘transmission-blocking vaccine’

‘is a’ Plasmodium falciparum vaccine’

‘blocks transmission of pathogen via vaccine’ some
“Plasmodium falciparum gametocyte’

‘has role’ some ‘subunit vaccine role’

immunizes ___ pf host (VO)
host

antigen

has vaccine antigen— | (VO)

blocks transmission pathogen

of pathogen via
vaccine

—P

(IDO)

Fig.4 DL query ofPlasmodium falciparummerozoite vaccine in VO. The use of the OR for vaccine antigen or has part is to fully cover vaccines that use the
antigen or use the whole organism as part of the vaccine. Additional OR statements can be used to search for vaccines that occur in multiple life stages
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Query (class expression)
vaccine and (has vaccine antigen' some (antigen and "part of some ‘Plasmodium falciparum merozoite’)

or (has part some ‘Plasmodium falciparum merozoite’))

Execute Add to ontology

Query results

subclasses (7 of 8)

~ MSP3-LSP with aluminium hydroxide

P. falciparum MSP1 from transgenic mice with Freund's adjuvant

P. falciparum MSP3 Protein Subunit Vaccine

P. falciparum MSP4 with AFCo1 Adjuvant
P. falciparum vaccine Combination B

» Plasmodium FabB/FabF mutant vaccine

J NYVAC-PI7

Fig. 5 ODP for Transmission Blocking Vaccines. The primary expansion for transmission-blocking vaccines is the inclusion of two new relationships
(bolded). The use of ‘blocks transmission of pathogen via vaccine'is used as a more specific variation of immunizes against pathogen’

‘has vaccine antigen’ some ‘Plasmodium falciparum
Pfs25’

‘immunizes against pathogen’ some ‘Plasmodium
falciparum gametocyte’

‘immunizes host’ some ‘homo sapiens’

‘has vaccine adjuvant’ some ‘Matrix-M vaccine
adjuvant’

Vaccine immunity response transferrable to organ-
ism’ some Anopheles <genus>’

Gene ID mapping and enriched profiles of protective
antigens

From our antigen list, we found 146 gene IDs for 22
pathogens, which were further analyzed for significantly
enriched features. Supplemental Table 2 contains the
list of significant features found for the protective anti-
gens of each parasite. Only two terms from the 40 Mas-
tigophoran gene IDs was statistically significant: 2 of 9
analyzed T. cruzi antigens annotated term ‘Motile Cil-
ium’ (FDR=4.8E-02), and 2 of 9 analyzed T. cruzi anti-
gens annotated term ‘Chagas disease’ (FDR=3.5E-02)
(Table 2), indicating slight similarities in the functions of
these antigens in cellular movement or disease pathology.
On the other hand, 106 mapped Apicomplexan gene IDs
revealed 40 statistically significant terms (Supplemen-
tal Table 2), most of which were from P, falciparum or T.
gondii (Table 2).

Strong correlations were found between signal
sequence and protective antigens of many Apicomplexan
species. The UniProt term ‘Signal’ was enriched for the
following numbers of antigens: 19 of 34 analyzed T. gon-
dii antigens (FDR=9.6E-07), 15 of 22 analyzed P. falci-
parum antigens (FDR=1.4E-06), and 6 of 7 analyzed B.
bovis antigens (FDR=2.3E-03) (Supplemental Table 2).

In addition, our result showed that some antigens were
involved in disease pathology, especially antigens of
Plasmodium, Trypanosoma, and Toxoplasma. ‘Malaria’
and ‘Toxoplasmosis’ terms under the KEGG Pathway
category frequently appeared as statistically significant
annotations in the GSEA result (Table 2). However, the
antigen numbers of these terms were lower compared to
the signal sequence term, indicating that many protec-
tive antigens were not included in the KEGG pathway of
these diseases. For example, only 7 of 34 analyzed 7. gon-
dii antigens annotated term ‘Toxoplasmosis’ (FDR=4,7E-
06), and only 9 of 22 analyzed P falciparum antigens
annotated term ‘Malaria’ (FDR=4.0E-03). Although there
were some correlations between the immunogenicity of
the protein and the disease pathology, many antigens
were not shown to be disease-related.

Besides the similarities, distinctions between the GSEA
results of different parasite species were noticeable when
looking into the annotations under each parasite genome
background, especially for T. gondii and P. falciparum. 8
of 11 statistically significant T. gondii gene functions were
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Table 2 Most significant GSEA clusters of Apicomplexans (P
falciparum and T. gondii) & Mastigophorans (T. cruzi). A full list of
enrichment terms can be found in Supplemental Table 2

Spe- GO/UniProt #of Percentage  p-value FDR
cies Enrichment antigens
Gene Term
Set
T Signal 19 253 1.6E-07  96E-07
gondii
T Toxoplasmosis 7 9.3 39E-07  47E-06
gondii
T Protein kinase 7 9.3 3.9E-05 1.1E-03
gondii
P falci- plasma 13 17.3 2.5E-14  99E-13
parum membrane
P falci- - Signal 15 200 23E-07  14E-06
parum
P falci- entry into 9 120 99E-09  25E07
parum  host
P falci-  Anchored 4 53 4.4E-05 34E-04
parum component
of plasma
membrane
P falci- Malaria 9 12.0 40E-04  40E-03
parum
T.cruzi  motile cilium 2 53 9.6E-03  48E-02
T.cruzi  Chagas 2 53 3.5E-02 35E-02
disease

ATP or Kinase related (Supplemental Table 2). This result
showed a strong correlation between T. gondii protective

A) Search: | Vaxquery v |for RTS,S

=

B) Selection Vaccine Name Status

O RTS,S/AS01
O RTS,8/AS02A  Clinical trial

(Human) Flasmodium spp.
Flasmodiurm spp.

\Compare)

R

1. Laurens MB RTS S/AS01 vaccina (Mosquirix™): an overview,, Human vaccines &

) immunctherspeutics. 2020; 16(3); 4B0-489, [PubMed: 31545128].

2. Alonso PL, Sacarlal J, Aponte JJ, Leach A, Macete E, Milman J, Mandomando |, Spisssons 8,
Guinovan C, Espasa M, Bassat Q, Aide P, Ofoni-Anyinam O, Navia MM, Corachan S, Ceuppens
M, Dubsis MC, Damoitie MA, Dy ky F. My dez C, Tomieporth N, Balleu WR, Thoemgson
R, Cahen J Efficacy of the RTS,.S ccing against Plasmodium falciparum infection and
dizaase in young Adrican childrer pd contrelled trial.. Lancet. 2004 Oct 16-22;
354(9443); 1411-20. [PubMed: 15435216].

. Bojang KA, Miligan PJ, Pinder M, Vignaron L, Allouache A, Kester KE, Balleu WR, Conway DJ,
Reace WH, Gathard P, Yamuah L, Delchambre M, Voss G, Greenwood BM, Hill A, McAdam KP,
Teenieporth N, Cohen JD, Doherty T Efficacy of RTS,SIAS02 mataria vaccine against
Plasmodtum fafciparum infection in semi-immune adult men in The Gambia: a randomised trial..

Lancet, 2001 Dac 8; 358(9297); 1927-34, [PubMed; 11747815],

w
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antigens and phosphorylation, indicating that most T.
gondii antigens are internally located and involved in
infection. On the other hand, P falciparum protective
antigens annotated several statistically significant terms
related to membrane and protein binding (Supplemental
Table 2). For example, the FDR for ‘Plasma Membrane’
was 9.9E-13 (Table 2), while the FDR for ‘Anchored Com-
ponent of Plasma Membrane’ was 3.4E-04 (Table 2). In
addition, P falciparum protective antigens also showed
a strong correlation with ‘Entry to Host’ (FDR=2.5E-07).
These results indicated that P, falciparum protective anti-
gens are likely to be membrane proteins that participate
in host invasion.

VIOLIN query of parasite vaccines

The VIOLIN knowledgebase includes a system to query
and integrate all information about a specific vaccine.
An example of such a query was conducted by searching
the primary antigen for the Mosquirix vaccine, RTS, S
(Fig. 6). The VIOLIN Vaxquery program can be accessed
via a search bar to search for an entry by name (Fig. 6A)
or can be expanded to specify additional criteria for
vaccine selection. Vaxquery returns all matches within
VIOLIN for that name in vaccines (Fig. 6B), patho-
gens, vaccine genes, or references (Fig. 6C). Each vac-
cine within VIOLIN (Fig. 6D) is described following the
standardization of terms and relationships using VO. In
addition, each term in VIOLIN has an entry to include

» Vaccine Name: RTS S/AS01

+ Target Pathogen: Plasmadium spp.

+ Target Disease: Mataria

» Tradename: Maosquirix

+ Vaccine Ontology ID: VO 0003043

+ Type: Subun® vaccing

+ Status: Licensed

+ Host Species for Licensed Use: Human

+ Antigen: RTS,S: fragmant of circumsporozeie protein of the pra-erythrocyle sporozeiie-stage
Palciparum(Laurans, 2020)

+ CS from P. falciparum gene engineering:
» Type: Recombinant protein preparation

Description: Part of CSP from P faleiparue: 18 NANP repeats and C-terminus exclusie of
GP1 sequance(Laurans, 2020)

+ Detalled Gene Information: Click Hare,
+ Adjuvant:
Adjuvant name:
VO adjuvant ID: VO _0005358
Description: combinaton of liposome, MPL, ard QS-21(Laurens, 2020)
+ Immunization Route: Intramuscular injection (im.)

B

E) « has vaccine antigen some P. falciparum CSP
« has vaccine adjuvant some liposome-based vaccine adjuvant
« Plasmodium falciparum vaccine
« immunizes host some Homo sapiens
« immunizes against microbe some Plasmodium falciparum sporozoite
« has part some protein of pathogen organism as vaccine component

D)

Fig. 6 VIOLIN web query for the licensed vaccine. (A) Vaxquery can be used to directly query for all entries that contain the query substring. The results
for“RTS, S"query are used to find a collection of (B) all vaccines and (C) all sources that match the criteria. The RTS, S vaccine has two formulations, with
RTS, S/ASO1 being used for Mosquirix. The query “RTS, S"returns no results for pathogens or gene names. (D) Detailed vaccine information can be found
when clicking the vaccine name (shown in red arrows). (E) The selection of a Vaccine Ontology ID can be used to click a link to Ontobee (https://ontobee.
org) to find all axioms found for a term within VO for the vaccine or vaccine components. The multiple RTS, S vaccines are due to the differences in vaccine
adjuvants. Red arrows show the direction of links and what information is produced


https://ontobee.org
https://ontobee.org
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its corresponding VO ID, which can be used to link to
additional annotations and axioms for this vaccine. This
allows reasoners to aid in research or queries. Addition-
ally, VIOLIN links to Ontobee (Fig. 6E), a website that
tracks the utilization of ontology terms across multiple
ontologies. Altogether, VIOLIN integrates knowledge
from multiple sources to provide comprehensive infor-
mation on vaccines.

Discussion

In this study, we focused on annotating, modeling, and
analysis of Mastigophoran and Apicomplexan vaccines.
Our study contributes in multiple ways. First, we anno-
tated parasite vaccines (esp. Mastigophoran and Api-
complexan vaccines) by gathering information from
published literature and clinical trial websites. In total,
there are 258 Mastigophoran and Apicomplexan vaccines
annotated in VIOLIN, which include 51 Mastigopho-
ran protective antigens and 131 Apicomplexan protec-
tive antigens. All the parasite vaccine information was
added to VO, including our newly added 179 parasite
vaccines, 57 vaccine antigens, 15 new vaccine categories,
and 4 ontological object property relationships. We also
imported 356 terms related to parasite life stages from
OPL. Furthermore, we performed GSEA analysis using
DAVID functional annotation to identify patterns in pro-
tective antigens. A total of 42 statistically significantly
enriched terms were identified, two of which (i.e., motile
cilium and Chagas disease) were associated with T. cruzi
(a Mastigophoran parasite), while the others were asso-
ciated with Apicomplexan parasites P falciparum and T.
gondii.

The primary change to VO has been the development
of ontological models to cover the representation of
unique features of parasite vaccines. The primary mod-
eling issue was that parasites exhibit multiple life stages
that are phenotypically distinct and target distinct loca-
tions for their parasitism. In comparison, while there has
been ongoing research to account for targeting patho-
genic variants of commensal bacteria (e.g., E. coli), bacte-
rial vaccines assume a phenotypic uniformity as part of
the organism. Viral vaccines are assumed to, in general,
be effective against all instances of the virus for which
the vaccines are designed. For example, the Coronavi-
rus Infectious Disease Ontology (CIDO), a biomedical
ontology focused on coronaviruses, identified specific
variants of coronaviruses by listing strains as subclasses
for specific viruses [24]. By listing a vaccine (e.g., Mod-
erna COVID-19 vaccine) as a COVID-19 vaccine in VO,
the VO assumes that the Moderna vaccine is used for
immunizing hosts against the infection of SARS-CoV-2
coronaviruses, and here the VO does not differentiate
different SARS-CoV-2 variants. Different from the rela-
tively simple situations in bacterial and viral vaccines,
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parasites have complex life cycle stages, and parasite vac-
cines are usually designed to target specific stages. To
our knowledge, this work represents the first ontological
modeling of vaccines by considering the microbial life
cycle complexity.

The modeling of transmission-blocking vaccines
includes the representation of a third organism outside of
the usual host and pathogen that all vaccines have as par-
ticipants. While currently, all transmission-blocking vac-
cines are parasite vaccines, there is current research on
the viability of drugs to limit the transmission of malaria
[25]. As such, specifying two relations, one for a general
material entity and another specifically for vaccines, was
warranted.

Based on our GSEA analysis, distinctive properties
were identified in the protective antigens of different
Apicomplexan parasites, particularly 7. gondii and P. fal-
ciparum. A strong correlation was found between signal
sequence and Apicomplexan protective antigens (Table 2,
Supplemental Table 2). Signal sequences guide ribo-
somes to the endoplasmic reticulum (ER) and facilitate
cotranslational insertion, leading to the protein’s localiza-
tion from the cytoplasm to the extracellular space [26].
This result suggests that many immunogenic proteins
discovered to date are likely to be secreted proteins or
membrane components. This observation aligns with the
involvement of both secreted proteins and membrane
proteins in the host cell invasion [27] and adaptation pro-
cesses [28] of Apicomplexan parasite. Meanwhile, a large
proportion of P. falciparum protective antigens are mem-
brane proteins with anchored components (Table 2).

The differences in enriched antigen patterns can be
attributed to the variations in the life cycle and host cell
invasion strategies of these parasites. Being able to affect
all warm-blooded animals as intermediate hosts [29], T
gondii has strong invasion and adaptation capabilities to
survive in various host environments that are mainly pro-
vided by the secreted proteins [30, 31]. T. gondii micro-
neme proteins are crucial for the gliding motility of the
parasite and the adhesion of the parasite to the host cell
[30]. T gondii rhoptry proteins affect host cell physiol-
ogy by modulating host cell signaling pathways [31] and
take part in parasitophorous vacuole formation [30], both
of which make the host cell environment more suitable
for parasite survival [31]. Most of the T. gondii rhoptry
proteins are known to be kinases or pseudokinases [31],
which corresponds to our result that multiple 7. gondii
protective antigens are phosphorylation-related. On the
other hand, P falciparum has a much more restricted
host range and a much more complicated life cycle
compared with T. gondii. Different surface proteins are
involved in the attachment of P. falciparum to specific
host cells at different infectious life stages. For example,
P, falciparum circumsporozoite proteins (CSP) cover the
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surface of P falciparum during the developmental life
stages of the parasite [32]. The two conserved motives
of CSP play important roles in sporozoite invasions by
interacting with host cell molecules from mosquito sali-
vary glands and human hepatocytes, respectively [32].
P falciparum merozoite surface proteins (MSPs) are
involved in the initial attachment of P. falciparum mer-
ozoite to the red blood cell (RBC). MSPs form the MSP
complex [33], and the MSP1 at the binding sites interacts
with RBC surface proteins such as glycophorin A (GPA)
and Band 3 [32]. Most MSPs were initially anchored to or
loosely bound to the parasite surface [33], which corre-
sponds to our result that a lot of P._falciparum protective
antigens are membrane proteins or have anchored com-
ponents. Therefore, analysis of these antigen patterns will
help our understanding of parasite vaccine mechanisms
and support further rational vaccine design.

There are many directions in future parasite vaccine
research. One direction is to expand the search for more
antigens and broaden the analysis to encompass parasitic
vaccines as a whole rather than focusing on a specific
subphylum. One current limitation of our GSEA analysis
is the small set of annotated gene IDs available for many
pathogens. As a result, we were unable to map gene IDs
for all protective antigens collected, especially for masti-
gophoran antigens. Additionally, the limited number of
protective antigens found for several parasite species hin-
dered our ability to identify statistically significant terms.
As more parasite vaccines are now advancing through
clinical trials, such as the R21/matrix-M malaria vac-
cine [34], the number of known parasite protective anti-
gens will increase. Furthermore, we are developing new
machine learning or reverse vaccinology methods [35,
36] to support parasite vaccine design. The newly col-
lected and annotated parasite vaccine results will provide
good training data for our method development.

Conclusion

This paper reports our expanded collection of 258 para-
site vaccines against 23 protozoan species, the inclusion
of these vaccines to the Vaccine Ontology (VO), ontolog-
ical modeling of parasite vaccines, and a gene set enrich-
ment analysis for finding features significantly associated
with parasitic vaccine antigens. A novel contribution is
the updated VO design to model and represent parasite
life stages and transmission-blocking vaccines. By inte-
grating the new parasite vaccines into the VO, we were
able to capture the influence of different parasite life
cycles on vaccine development. We also identified gaps in
the representation of parasite diseases and demonstrated
the potential associations between sequence features and
effective parasite vaccine antigens through our gene set
enrichment analysis (GSEA). While this GSEA analysis is
largely limited to apicomplexan vaccines, it still provides
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a source for future investigations. Such GSEA analy-
sis provides results complementary to our VO ontology
modeling. As such, we demonstrate that with our updates
to Vaccine Ontology, we can establish new, meaningful
connections for parasite and vaccine research.
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