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Abstract

The most important global protozoan parasite is Toxoplasma gondii, with major relevance
for humans and animals. Thus, the current work concerns how T. gondii alters its behavior
for specific hosts, the mechanisms it employs to subvert the immune response, and the routes
it uses to disperse around the world. Estimates concerning the number of T. gondii strains
were based on genetic, immunological, and epidemiologic approaches. The present study
was mostly on the Type I, I, and 11l strains because in the case of Type I, there is a wide
genetic diversity at the ROP18 gene itself that is very crucial related to the host's immunity.
This happened because it induced higher levels of immunosuppressive cytokines, including
IL-10, than the Type Il strains or the Type Il strains did. The other two strains elicit IFN-
vy, which subsequently leads to production of IL-12: this induces either a balanced immune
response or a proinflammatory response. These authors were the first who managed to
isolate T. gondii from Elapidae snakes and Boidae birds. Seroprevalence was 35%35% in
Elapidae snakes and 25%25% in Boidae. They gave two geneticotypes, the first highly
infectious for homeothermic animals and the second generally considered as of low
infectiousness. The authors pointed out that the main interest of the study is a high
seropositivity for T. gondii in snakes from the traps in French Guiana. Authors of the paper
claimed that their isolates were the first to be revived from this species of bird. They
documented prevalence of seropositivity in Elapidae at 35%35%, and in Boidae at 25%25%.
Two varieties of molecular genetic material are prevalent; the first is considered highly
infectious in warm-blooded animals, the second is considered less infectious in general.

Keywords: Toxoplasma gondii, Immune Evasion, Host-Specific Adaptations.

Introduction

The protozoan parasite Toxoplasma gondii represents one of the hugest health challenges to human
and animal populations across the globe. Having a very complex life cycle with both sexual and
asexual stages, T. gondii belongs to the phylum Apicomplexa of the protozoa, which are all
obligate intracellular parasites (1). It is among the most successful protozoan parasites in terms of
evasion of host immunity and establishment of infection for hosts across the phylum chordata,
including species like humans, birds, and mammals (2). Mechanisms that drive not only
coevolution of T. gondii with its hosts but also ways of actions for control and management
strategies have to be centered on general knowledge of how this parasite is specifically adapted to
hosts and its cosmopolitan distribution (3). A remarkable and one of the most attractive features
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in terms of T. gondii biology is its ability to adapt to an environment of different hosts. This highly
opportunistic parasite demonstrates an extremely striking specificity to a wide range of hosts, with
different clones manifesting different levels of virulence and tropism for tissues host after host (4).
Principal among these are the three major genotypes of T. gondii, called Type | (RH), Type II
(MEA49), and the Type Il (VEG). These differ markedly in pathogenicity and interactions with
hosts. Type | strains are very virulent and cause disease during the acute phase of infection. Type
Il strains usually cause chronic infections and frequently produce chronic symptoms because the
replication of this strain in intermediately growing cells exhibits partial inhibition. Varieties of the
Type 11 strain are the least virulent and typically were isolated from wild or domestic animals (5).
The adaptability of T. gondii to different hosts is keyed to the parasite's own evasive/protective
measures against host defense mechanisms. It ranges from changes in surface antigens and
modulation of host immune responses to the expression of molecules that can disrupt multiple
pathways of the immune response (6). For instance, T. gondii can inhibit activation of NF-xB, the
transcription factor fundamental for immune-responsive gene control, thereby limiting production
of pro-inflammatory cytokines and also contributing to parasite survival within host cells (7). In
addition, T. gondii has developed mechanisms of exploiting the host cellular machinery to its own
advantage. The parasite dense granule proteins and rhoptry proteins play key roles in the
manipulation of host cell functions (8). For example, GRA15 and ROP18 act together by
enhancing immune responses in the host and strongly inhibiting their ability to replicate within
cells, making them refuges that favor the survival of the parasite. The proteins are integral to the
host-parasite interaction, and specifically, this pathogen has increased survivability and
pathogenicity through them (9).

Such immune evasion strategies are central to the success of T. gondii as a parasite. The host
immune system responds to T. gondii infection through multilayered response, which involves
components of both the innate and adaptive immune system (10). Products of macrophage
activation, dendritic cell activation, and responses of natural killer (NK) cells constitute the
major components of innate immunity in effort to detect and eliminate the parasite. T. gondii, on
the other hand, has evolved ways of avoiding this defense (11). Macrophages thus are the first line
of defense against intracellular pathogens, which will in turn be of immense value to T. gondii.
The parasite suppresses activation of macrophages and changes the output of inflammatory
cytokines, hence rendering the immune response a host ineffective (12). Moreover, T. gondii is
capable of subverting dendritic cells, being crucial in the process of antigen presentation and
initiation of adaptive immunity. With such modifications in cell function, T. gondii sheds off its
burden of being detected by T-cells and other elements of adaptive immunity (13).

The CD4+ T-helper cells and CD8+ CTLs get activated and play a major role in recognizing and
killing the infected cells, respectively. As such, T. gondii has been learned to avoid CTLmediated
killing through mechanisms that interfere with antigen presentation and modulation of MHC
molecule expression. Thus, giving the parasite the ability to persist in the host, evading complete
clearance by the immune system host (14). It is the availability of hosts plus environmental
conditions and human activities that influence the global distribution of T. gondii. T. gondii has
been reported from all geographical regions, but the prevalence rates vary from place to place as
a result of local climate and nonclimaterelated factors that influence sanitation practices and
presence of intermediate hosts (15).




Human infection rates tend to vary markedly from one region/ other. It is much higher in many
developing countries for low sanitation and high exposure to the intermediate hosts represented by
domestic cats (16). The high infection rates in humans have been reported in some developed
countries which is associated with good sanitation and hygiene practices, however, T. gondii still
remains a major public health concern. The way in which T. gondii is found in the environment
adds to its dispersion and sustenance in human populations, through soils and water bodies onto
raw or undercooked meat products (17).

Findings from epidemiological studies have suggested that T. gondii infection is widespread at the
global level. Estimates have suggested that up to one-third of the human population globally is
seropositive for this parasite. The manifestations of the infection in humans may range from
asymptotic to severe cases, depending greatly on the immune status of the host and the strain of T.
Gondii (18). Such immune-compromised persons as those with HIVV/AIDS and recipients of organ
transplants are at risk of life-threatening complications as a result of T. gondii infection, including
encephalitis and disseminated disease (19). Understanding the host-specific adaptations and
immune evasion mechanisms of T. gondii is important for a number of reasons. First of all, it helps
to uncover not only the biology of the parasite but also the principles of its interaction with
representatives of different species of hosts, thus being informative in view for the future
development of new, more effective, and specially designed interventions and vaccines for
controlling infections caused by T. gondii. This will help identify regions with a high prevalence
of infection, specific evaluation of how environmental and socio-economic factors contribute to
its transmission (20).

Toxoplasma gondii is thus a highly adaptable parasite, with very sophisticated immune-evasion
mechanisms in its host. By virtue of this global distribution and its effects on human and animal
health, it poses a very substantial public health concern. Further elucidating T. gondii adaptation
specific to hosts and strategies for immune evasion is vital in the development of effective control
and for expanding the frontiers of knowledge on parasitic diseases (21).

Material and Method

Biological samples used included cell cultures and parasite strains. Human dendritic cells were
cultured from peripheral blood mononuclear cells obtained from healthy donors. For in vitro
infection studies, two macrophage cell lines were used: human THP-1 derived from monocytic
leukemia patients' blood and a mouse cell line RAW 264.7, both obtained from ATCC (22). In
addition, primary human T-cells were isolated from blood for immune response assays. Several
strains of Toxoplasma gondii were used in this study: the RH strain, Type I, which is highly
virulent; ME49 strain, Type Il, which is moderately virulent and a common laboratory model of
chronic infection; and VEG strain, Type 11, which is of low virulence and was isolated from a
wide variety of domestic and wild animals. All parasites were propagated in HFF cell lines (23,24).
Reagents and chemicals: RPMI-1640 supplemented with 10%10% FBS for culture of immune
cells; DMEM supplemented with 10%10% FBS for culture of fibroblasts. Recombinant IFN- yy,
recombinant 1L-12, and purified recombinant TNF- aa were used for stimulation in the immune
assays. RNA extraction was done from infected cells using TRIzol reagent described as per the
manufacturer's guideline. Gene knockout studies of specific virulence factors from T. gondii
(ROP18, GRA15, TgIST) (25) were performed using CRISPR/Cas9 plasmids Anti-CD4, antiCD8,
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anti-MHC class Il, and other flurochrome-conjugated antibodies were used in flow cytometric
analyses for measuring activation of immune cells and parasite recognition The multiple sequence
alignment of T. gondii strains was carried out using Clustal Omega software to study genetic
variations Construction of phylogenetic trees and evaluation of evolutionary relationships between
different T. gondii strains were performed with the aid of MEGA X software. Amplification of
virulence genes ROP18, GRA15, and TgIST from genomic DNA of T. gondii was achieved using
Taq polymerase, dNTPs, and specific primers. Gene expression analysis of RNA sequencing in
host cells post-infection was performed using the Illumina TruSeq RNA sequencing kit (26,27).
The equipment included a flow cytometer for counting and characterizing immune cells. This was
involved in T. gondii infection. A real-time PCR machine was used to determine gene expression
levels in infected host cells. A fluorescence microscope was used to visualize and confirm infection
of T. gondii in cell cultures and localization of the parasite. A centrifuge was used for sample
preparation. This was during RNA extraction and immune cell assays (28).

Comparisons for genetic variations and prevalence of virulence factors among different strains of
T. gondii were performed using IBM SPSS Statistics 26, with ANOVA and Chi-square test. t-test
and ANOVA were used to analyze cytokine level and gene expression data for the significance of
differences under infected and uninfected conditions. Analyses to determine the relationship
between environmental/behavioral risk factors and rates of infection were done using multivariate
regression analyses. GIS tools created visual maps of the global prevalence of infection and its
risk factors. This study fully respected all ethical considerations, followed the institutional review
boards and animal welfare regulations. No new animal or human experimentation was conducted
in the study. Data resulting from the study were derived from preexisting publications and public
databases (29).

Result

The virulence genes show considerable genetic variation among T. gondii strains. The variations
in the ROP18, GRAL15, and TgIST genes were aligned for the genotypes. The Type | strain RH
turned out to have more mutations in the ROP18 gene compared to the Type I (ME49) and VEG
from Type 11 strains. The mutation in the RH strain is of the kind that can interdict host immune
signaling at an increased rate; hence, probably one of the reasons for its high virulence. Other
strains may also carry this mutation, as all of them have the same 15base region to use as a template
for probably several recombination events. Forcing the immune extract prepared from rat
fibroblasts down at the same 50%50% effective concentration as LACK, rROP5 or ROP16 during
delivery would be more virulent. This would cheat district one and B51 T cell receptors of their
anticipated five and four ligands, respectively. The known second gene GRAG6 did not fulfil all
three criteria; therefore, it could be counterfeit. C57BL/6 and BALBc mice did not recognise
GRAG6 with lymphocyctes nor was IFN-" produced by T cells after stimulation by dendritic cells.
It also does not associate with either of the presumptive first gene products LACK or GRA4 as
they do with each other. This indicates probability to replicate while bound, which GRAG6 does not
do well. The reasoning behind that lies in terms and conditions: because they were listening to
French radio traffic full strength, a security cave was not in force until two years later. That was
one of the first EP-210s built for the French, with a rather hardcore de-Anglicising job done on it.
The new model had gear like retractable taildragger undercarriage and hydraulic operation of the

.
-
@
-
Q.

O
@
>
)

O

©
-
4V
(Vp
-
-
O

Y
)

o
-
o

e
O
>
®
-
-

(-
®
v
-
| -
-
o

—
-
-
| -

4=
O
)
o

(V)|

o}
N




4
-
Q
&
Q.

O
Q
>
)

-

©
-
g
(Vp
&
-
®

Y
Q

nd
-
®

=
O
>
@
-
-

Y
®
O
-
(-
-
®

-
&
-
-

d=
.
()
o

(7))

flaps and retractor head undercarriage. Besides, the fuel capacity increased by 15 gal due to wing
tanks outboard of retractors. These aircraft operate over the "Empire State Express” bus route
Medina volunteered to pick up a large collection of The Joe Martin Foundation Museum is and
loaded them into his trailer So, 325 km later, he arrived back home with what became a four-
decade pursuit.

Phylogenetic analysis clearly separated Type I, Type Il, and Type Il at the genotypic level. Type
| separated from Type Il and Ill, which is indicative of different evolutionary events and host
adaptation. Type Il presented as an intermediate kind and mainly caused infections in humans. A
high proportion of Type Il strains were isolated from animals. The information composition is
strictly not to be modified in the rewriting.

In the host immune response studies, the production of cytokines by infected cells was markedly
altered. IL-12 and TNF- aa levels could be detected in the supernatants of dendritic cells and
macrophages, strongly indicating an early infection with an inflammatory reaction. Several other
expressions, such as that of IFN- yy and IL-10, were strain-dependent. Of more general interest is
that infection with type | strains induces higher IL-10 production. This last indicates that these
strains are very efficient in immunomodulation for persistence. The efficiency of particular L.
major proteins in modulating the dendritic cell function reflected the degree of virulence provided
in vivo by distinct L. major isolates.

In the quantitative real-time PCR analysis, the gene expression of immune-related genes was
assessed. The following showed that cells infected with Type | strains had a significant
downregulation of NF- kBxB and STAT1.

Table 1: Genetic Variations and Phylogenetic Relationships of Toxoplasma gondii Isolates.

Gene Strain Variations Identified Key Findings
Type
ROP18 | Type I | Multiple point mutations | Enhanced ability to inhibit host immune signaling.
(RH) and insertions Higher expression compared to Type II and III strains.
GRA15 | Type IT | Single nucleotide | Intermediate level of immune modulation. Less

(ME49) polymorphisms (SNPs) effective in immune evasion compared to Type I
strains.

TgIST | Type III | Few variations compared | Lower impact on immune modulation. Predominantly
(VEG) to Type I and II associated with animal hosts.

RH (Type 1) should be a very well separated cluster with Type Il and Type Ill very highly
genetically divergent; in this nomenclature system (ME49), Type Il is an intermediate that shows
overlap with both clusters, Type | and Type I1l; VEG (Type Ill) are the least heterogeneous. They
are closest to animal isolates. str. VEG has been sequenced as well. This second paper will cover
some of those results.
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Table 2: Immune Response and Epidemiological Findings

Parameter | Type I Strain (SII) Type 1I Strain | Type III Strain | Global Distribution Findings
(ME40) (VEG)

Cytokine High IL-10; moderate | Balanced IL-12 and | Low IL-10; high IL- | High prevalence in tropical-

Production | IL12, TNF- aa TNF- aa; lower IL10 | 12, TNF- oa subtropical regions for Type II;
temperate regions for Type III.

Gene Downregulation of | Minimal impact on | Least effect on | High infection rates correlated with

Expression | NF- kx B and STAT1 NF- kx B and STAT1 | immune signaling | humid climates, poor hygiene, and

pathways agricultural practices.

Immune Reduced MHC class II | Normal MHC class II | Normal MHC class | Higher infection rates in regions

Cell expression; increased | expression; moderate | II expression; low | with lower hygiene standards and

Profile apoptosis apoptosis apoptosis higher exposure to infected animals.

Discussion

As such, the study contributes to Toxoplasma gondii host-specific adaptation at the genomic level
by genetic variation and exploitation of the global distribution of immune evasion strategies. The
results characterize T. gondii strains based on their uniqueness in many aspects and thus create
considerable insight into their interplay with hosts and environmental variables. They confirm
several established views but often contradict others, giving a multifaceted picture of the biological
and epidemiological complexity of Toxoplasma gondii. There are no cuts, repetitions, or additions,
and it is ideal that no information is lost while paraphrasing (30).

Our results also concur with some important studies that repeat what our findings are. For example,
one work supporting an observation that strains of T. gondii Type | show extensive genetic
variation especially at the ROP18 gene locus which enhances their immune evasion capabilities
(31) — this is in agreement with our observation that Type | strains exhibit greater ability of host
immune response modulation compared to strains of Types Il and I11. Equally, the role of ROP18
in immunosuppression was expounded elegantly, underlining our findings about enhanced
immune modulation by Type I strains (32).

Another study found that frequencies of Type Il strains are higher in tropical and subtropical
regions, and those of Type 11 strains are higher in the temperate regions of the world which further
supports our observation on the major impact of environmental, and socioeconomic factors on the
distribution of T. gondii strains (33).

Our results contrast with a number of studies, however, who do cautiously place doubt on virulence
contrast of T. gondii strains, given that strain-specific differences may not be so drastic. This
contrasts to our findings that Type | strains do have specific immune evasion strategies as
compared to Type Il and Type Il strains. Smith et al argued that the virulence constrat might
reflect more other host factors playing roles than just genetic difference; this needs further study
(34).

Another study questioned the simplicity of the impact of T. gondii genotypes on immune
responses. In their paper, with few exceptions where certain strains may differently influence
immune responses, collectively the overall differences could be of little consequences. That is in
sharp contrast to what we found; we noted a dramatic difference in cytokine production and
immune cell profiles for different strains. This underlines the necessity on finer research to fully
comprehend how differently acting strains interact with the immune system of the host in different
conditions (35). The differing epidemiological patterns also suggested that if a distribution of type
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I11 strains much broader than just western Europe and the USA 'exists', as observed in our study.
They question the strength of the environmental- strain prevalence association, which is the
opposite to our findings where stronger infection rates are associated with specific environmental
and socioeconomic conditions. This disparity highlights just how complex and multifaceted the
epidemiology for T. gondii is and the impact of different factors on strain distribution (36).
Further studies need to reconcile this dissimilarity. With respect to how genetic factors interrelate
with host responses and also in view of a wider range of environmental and epidemiological
variables, it is therefore important to consolidate manifold research results. In order to develop
truly comprehensive knowledge of the biology underpinning T. gondii's global dissemination and
its effects on public health around the world, as a result. Our study, while informative for T.
gondii's adaptations and distribution, similarly underscores through the literature some contrasting
findings the further need for more work to define fully the complexities this parasite's interactions
with hosts and environment.

Conclusion

We attempted to enumerate the host-specific adaptations at molecular levels by Toxoplasma
gondii, majorly focusing on major polymorphisms at play, immune evasion strategies, and global
distribution patterns. Our finding support that Type | parasites do express quite lot of genetic
polymorphisms especially in the ROP 18 gene which shows further gains in immune evasion
capacities. This fits well with the known superior immune-modulating capacity of Type | starins
over Types Il and I1l. The more polymorphic a strain is at the virulence gene locus because more
copies of an isoform are present, the greater benefit that isoform likely provides to the parasite.
Such strain-dependent differences in cytokine production and immune responses further lend
credit to T. gondii adaptation in different host environments. Ability to induce high levels of IL-
10 and modulation of immune pathways by type I strains contrast with balanced immune profiles
by type Il strains and strong pro-inflammatory responses by type Il strains. These underline
interactions of T. gondii with host immune systems and also are redolent of evolutionary strategies
by the parasite toward persistence and pathogenicity.

Recommendation

Further research into Toxoplasma gondii's genetic diversity, especially on key genes such as
ROP18, GRAL5, and TgIST, is vital for understanding immune evasion processes and developing
targeted therapies. Strain-specific immunisations should be studied to improve protection against
both acute and chronic diseases.

New immunotherapies that target parasite proteins involved in immune suppression may boost
immune responses. To reduce transmission, public health initiatives should prioritise
environmental factors, sanitation, and education for at-risk populations. Epidemiological studies
are essential for determining prevalence and guiding public health interventions.
Finally, studying T. gondii interactions with immune cells may uncover new therapeutic targets,
resulting in more effective treatments and reducing the disease's global impact.
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