
 

Immune response to Toxoplasma gondii at the choroid plexus and 

the immunomodulatory impact of the neuropeptide PACAP 

Thesis 

for the degree of 

doctor rerum naturalium 

(Dr. rer. nat.) 

approved by the Faculty of Natural Sciences of 

Otto von Guericke University Magdeburg 

By: M. Sc. Caio Andreeta Figueiredo

Born on 04.03.1989 in São Paulo, Brazil 

Examiner: Prof. Dr. rer. nat. habil. Ildiko Rita Dunay 

Prof. Dr. med. habil. Ulrike Seifert.  

Submitted on: 20.01.2023 

Defended on: 17.08.2023 



 PREAM BLE  

 I 

PREAMB LE 

The work presented here is a cumulative dissertation based on the following scientific publications of the 

author: 

Publication 

1 

FIGUEIREDO, C.A., Steffen, J., Morton, L., Arumugam, S., Liesenfeld, O., Deli, M.A., 

Kroger, A., Schuler, T., and Dunay, I.R. (2022). Immune response and pathogen invasion at 

the choroid plexus in the onset of cerebral toxoplasmosis. J Neuroinflammation 19, 17 

DOI: 10.1186/s12974-021-02370-1 

Publication 

2 

FIGUEIREDO, C.A., Dusedau, H.P., Steffen, J., Gupta, N., Dunay, M.P., Toth, G.K., 

Reglodi, D., Heimesaat, M.M., and Dunay, I.R. (2019). Immunomodulatory Effects of the 

Neuropeptide Pituitary Adenylate Cyclase-Activating Polypeptide in Acute Toxoplasmosis. 

Front Cell Infect Microbiol 9, 154. 

DOI: 10.3389/fcimb.2019.00154 

Publication 

3 

FIGUEIREDO, C.A., Dusedau, H.P., Steffen, J., Ehrentraut, S., Dunay, M.P., Toth, G.K., 

Reglodi, D., Heimesaat, M.M., Dunay, I.R. (2022). Pituitary Adenylate Cyclase-Activating 

Polypeptide (PACAP) alleviates T. gondii infection-induced neuroinflammation and neuronal 

impairment. J Neuroinflammation 19, 274. 

DOI: 10.1186/s12974-022-02639-z 

  



 ABST RACT   

 II 

AB STRACT 

Toxoplasma gondii (T. gondii) is a highly successful parasite able to cross all biological barriers of 

the body. The parasites invade through the intestinal epithelium the body, where they cause acute infection, 

thereafter they cross the borders of the central nervous system (CNS), entering the brain and inducing 

neuroinflammation. 

Previous studies have described the critical involvement of the CNS borders during T. gondii 

invasion and the development of neuroinflammation. While many studies have focused on the blood-brain 

barrier (BBB), the contribution of the choroid plexus (CP), the main structure forming the blood-

cerebrospinal fluid (CSF)-barrier (BCSFB) has remained largely unknown. In this present study, confocal 

imaging of immuno-stained brain sections, tissue whole mount preparations, and determination of T. gondii 

gDNA levels were applied to reveal that CP is infected by T. gondii. In addition, flow cytometric and gene 

expression analysis showed that CP elicits an immune response prior to the BBB. Moreover, imaging and 

gene expression of tight junctions (TJ) in CP and primary cultured CP epithelial cells indicate a loss of 

function and integrity of the BCSFB, which was confirmed by in vivo FITC-dextran permeability assay 

[Publication 1]. 

Generally, albeit the elicited immune response during infection is essential for parasite control, 

continuous activation and recruitment of immune cells to infected organs entail tissue damage and cause 

detrimental alterations to their function. To mitigate these alterations, this study additionally set out to 

investigate the effects of the neuropeptide PACAP upon acute [Publication 2] and chronic T. gondii 

infection [Publication 3], as PACAP has shown immunomodulatory and neuroprotective properties in 

other disease models. Here, the infection of mice with GFP-reporter parasites indicate that PACAP 

displayed anti-parasitic activity, and further in vitro assays showed that this is an immune cell-mediated 

effect rather than a direct elimination of the parasites. Overall, flow cytometric and gene expression analysis 

showed that PACAP treatment reduced immune cell infiltration, activation, and cytokine production in the 

periphery and in the CNS. Additionally, a cross-talk between PACAP and neurotrophin signaling pathways 

was suggested to affect the immune as well as the nervous systems, and to promote neuroprotection during 

T. gondii infection. 

Altogether, those findings reveal a close interaction between T. gondii infection at the CP and the 

impairment of the BCSFB function, indicating that infection-related neuroinflammation is initiated in the 

CP. Moreover, this study highlights the beneficial effects of PACAP application upon acute and chronic 

toxoplasmosis, providing new insights into the potential use of neuropeptides to counteract infection-

induced inflammation. 
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INTRODUCTION  

Toxoplasma gondii  infe ction 

The protozoan parasite Toxoplasma gondii was first described and titled in 1908 by Nicolle and 

Manceaux as a bow (Greek: toxon)-shaped (Greek: plasma) parasite in a gundi, a North African rodent 

(Ctenodactylus gundi), and at the same time discovered by Splendore in Brazil (Dubey, 1996). It is an 

obligate intracellular parasite and belong to phylum Apicomplexa > class Conoidasida > subclass Coccidia 

> order Eucoccidiorida > suborder Eimeriorina > family Sarcocystidae > genus Toxoplasma. It is the only 

specie of its family, although shares the Apicomplexa phylum with parasites of medical and veterinary 

importance e.g., Plasmodium, Eimeria, Isospora, Cyclospora, Babesia, Cryptosporidium, Theileria, 

Sarcocystis and Hammondia. The infection by T. gondii is determined by three parasite stages with 

crescent-shaped forms and approximately 5µm long and 2µm wide: a fast dividing invasive form called 

tachyzoite, a slowly dividing form called bradyzoite present in tissue cysts, and the sporozoite, an 

environmental stage protected inside an oocyst (Robert-Gangneux and Darde, 2012).  

The infection caused by T. gondii, namely toxoplasmosis, is a worldwide zoonotic disease with 

approximately 30% of the world’s human population chronically infected (Pappas et al., 2009). It is present 

with especially high seroprevalence rates in Latin America (50 to 80%) and in tropical African countries 

(Robert-Gangneux and Darde, 2012). The transmission incidence in the human population is mostly linked 

to low hygiene and culinary habits since the infection mainly occurs via ingestion of oocysts shed by felines 

in contaminating water, food or dust, and consumption of meat products infected with viable tissue cysts 

from infected intermediate hosts, including livestock animals (Jones and Dubey, 2012; VanWormer et al., 

2013). 

In immunocompetent humans, T. gondii infection usually is asymptomatic or causes only flu-like 

mild symptoms, rarely requiring medical intervention (Joynson and Wreghitt, 2001). Tachyzoites are 

rapidly suppressed by the healthy immune system, consequently converting into resistant bradyzoites and 

persisting within long-lived tissue cysts in muscles and the CNS (Montoya and Liesenfeld, 2004). In 

immunocompromised individuals, e.g., AIDS patients or immunosuppressed transplanted patients, tissue 

cysts can reactivate and lead to toxoplasmic encephalitis (TE), which is fatal if left untreated (Dunay et al., 

2018; Luft and Remington, 1992). Still, immunocompetent adults can manifest clinical diseases, mainly 

ocular toxoplasmosis, one of the most frequently identified causes of uveitis (Weiss and Dubey, 2009). 

Studies have shown that toxoplasmosis is one of the most damaging zoonotic diseases, leading to the loss 

of 2-8 million disability-adjusted life years (DALYs) (Smith et al., 2021; Torgerson and Macpherson, 

2011), which is a time-based measure of overall disease burden used by the World Health Organization 

(WHO). 
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Inflammation and immune  re s pons e  to T. gondii infe ction 

The infection cycle takes place first within the intestine, after the ingestion of tissue cysts or 

oocysts. First, the digestion by gastric enzymes releases infecting forms of parasites in the stomach of the 

intermediate host, penetrating the enterocytes, and differentiating into tachyzoites. This fast-replicating 

form infects and replicates, potentially, inside any kind of nucleate cell (Robert-Gangneux and Darde, 

2012). 

After oral ingestion, parasites reach and transmigrate the intestinal epithelial barrier composed of 

the mucus layer, the glycocalyx of the enterocytes, and the tight junctions (TJs) between intestinal epithelial 

cells (Delgado Betancourt et al., 2019). The transmigration mechanisms are not fully elucidated, although 

studies in rodent models have proposed three different pathways: 1) paracellular transmigration, in which 

parasites move through intercellular junctions without disturbing barrier integrity; 2) direct infection of 

enterocytes, followed by intracellular replication and cellular burst; 3) Trojan horse mechanism in which 

immune cells are infected and molecularly hijacked by the parasite to facilitate invasion and spread of 

infection throughout the organism (Delgado Betancourt et al., 2019). Once established in the small intestine, 

parasites undergo several asexual replicative rounds inside the enterocytes. To survive intracellularly, T. 

gondii resides inside of a membranous structure called parasitophorous vacuole (PV), which is essential to 

create an intracellular microenvironment that allows the sequestration of host nutrients and efficient 

proliferation. Once disrupted, the parasite can no longer survive inside of the host cell (Kim et al., 2012), 

and therefore targeting the PV is the main strategy used by host cells to eliminate intracellular parasites. 

While the number of parasites expands, the infection reaches the underneath lamina propria and 

Peyer’s patches (intestinal lymphoid tissue), encountering resident immune cells such as macrophages, 

dendritic cells (DCs), and innate lymphoid cells (ILCs), as well as T and B cells Figure 1 (Sasai and 

Yamamoto, 2019). At first, macrophages and DCs directly phagocytose opsonized parasites and apoptotic 

infected cells. Additionally, the direct anti-parasitic response is simultaneously followed by cellular 

recognition of parasite by-products (e.g., proteins and nucleic acids) and tissue damage molecules from 

infected cells. Accordingly, the profiling-like proteins of T. gondii are recognized by Toll-like receptors 

(TLRs)-11 and TLR12 and induce the production of interleukin (IL)-12 and IL-6 by macrophages and DCs 

(Koblansky et al., 2013). Of note, although critical to T. gondii response in mice, in humans no TLRs that 

recognize profilin-like proteins have been found (von Bernuth et al., 2008). For instance, human TLR7 and 

TLR9 have been shown to recognize the RNA and DNA from T. gondii, and TLR2 and TLR4 seem to 

recognize parasitic glycosylphosphatidylinositols (GPI) and induce the production of tumor necrosis factor 

(TNF) by macrophages (Andrade et al., 2013; Debierre-Grockiego et al., 2007). Currently, it is suggested 

that in humans multiple other pathways are involved in the recognition of T. gondii and initial cytokine 

production. 
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 Further on, this recognition of local infection triggers an amplified immune cell activation, which 

includes high production of chemokines (e.g., C-C motif chemokine ligand 2 (CCL2) and C-X-C motif 

chemokine 2 (CXCL2)) and further recruitment of Ly6Chi inflammatory monocytes, Ly6G+ neutrophils, 

granulocytes, NKs and DCs to the infected villi of the small intestine (Dunay et al., 2008; Muller and 

Randolph, 1999). Together, both resident and recruited cells produce a pool of local proinflammatory 

cytokines (TNF, IL-1β, IL-6, IL-12, and interferon-gamma (IFN-γ)), orchestrating parasite clearance and 

the subsequent adaptive immune response by B and T cells. During the initial infection, the production of 

IL-12 has been shown to be crucial to the anti-parasitic response (Gazzinelli et al., 1994; Khan et al., 1994). 

Mainly secreted by macrophages and DCs, IL-12 induces the proliferation of NK cells and T cells (CD4+ 

and CD8+), activation of their cytotoxic activity, and large production of IFN-γ.  IFN-γ is the ultimate 

mediator of host resistance to T. gondii (Gazzinelli et al., 1993; Suzuki et al., 1988). During infection, 

important initial IFN-γ producers are T cells, NK cells, type 1 ILCs (ILC1s), and neutrophils (Biswas et al., 

2017; Lopez-Yglesias et al., 2021; Steffen et al., 2022).  

The key role of IFN-γ in the control of T. gondii infection relies on its downstream molecular 

signaling involving the stimulation of hundreds of genes that orchestrate the proliferation and 

differentiation of immune cells, and the overall cell-autonomous immune response (Pittman and Knoll, 

2015). In macrophages, IFN-γ promotes the intensive production of antimicrobial reactive oxygen species 

(ROS), and nitric oxide (NO) via the inducible NO synthase (iNOS) which is also expressed by Ly6Chi 

inflammatory monocytes (Green et al., 1990). The intensive and continuous production of ROS and NO 

eliminate parasites, but eventually cause massive tissue destruction (Dupont et al., 2012). 

Moreover, IFN-γ crucial importance is the stimulation of genes involved in cell-autonomous 

immune response, a cell-intrinsic defense system present in hematopoietic and non-hematopoietic cells.  

Two group members of this system are particularly important for the control of intracellular parasite 

replication: the immunity-related GTPases (p47GTPases, also called IRGs) and the guanylate binding 

proteins (p65GTPases, also called GBPs). In the group of IRGs, immunity-related GTPase family M 

member-1 (IRGM1) and IRGM3 (also called IFN-γ-induced GTPase (IGTP)) coordinate the active 

disruption of the PV in infected cells, and their genetic ablation in mice caused the high inability to control 

T. gondii infection (Henry et al., 2009). Furthermore, GBP1,2,3,5 and 7 have also been shown to be 

involved in PV disruption, as genetic ablation of the entire cluster of GBPs resulted in intact PVs and 

increased parasite burden (Yamamoto et al., 2012). Nonetheless, T. gondii has evolved to partially escape 

cell-autonomous responses by secreting proteins e.g., rhoptry bulb protein (ROP)-5, -18 to interfere with 

PV targeting and destruction by IRGs and GBPs Figure1 (Delgado Betancourt et al., 2019). 

While infection further expands locally, the adaptive immune response mediated by CD4+ and 

CD8+ T cells is initiated. These cells can directly recognize different parasite secretory antigens and will 

encounter innate immune cells locally or upon traffic to lymphoid tissues, to perform antigen presentation 

and clonal expansion (Sturge and Yarovinsky, 2014; Tsitsiklis et al., 2019). After the acute phase of 

infection, CD4+ and CD8+ T cells become the main producers of IFN-γ. Of note, in the C57BL/6 mouse 
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model of infection, IFN-γ is predominantly released by CD4+ rather than CD8+ T cells (Sturge and 

Yarovinsky, 2014). Although crucial for parasite control, high local levels of IFN-γ, TNF and NO cause an 

intense inflammatory damage of the intestine, which characterizes a distinct T. gondii immunopathology in 

mice, and has established T. gondii as an important model pathogen for the study of Th1 immunity (Burger 

et al., 2018). Moreover, apart from IFN-γ production, CD8+ T cells exert cytotoxic activity to specifically 

kill infected cells via MHC-I recognition, and this process is highly dependent on the genetic background 

of the MHC-I haplotype of the host (Suzuki et al., 1994; Suzuki et al., 2010). 

Finally, an intensive immune response to eliminate T. gondii leads to an overall reduction of 

parasite burden but eventually imposes parasitic mechanisms of escape and survival. One of them is the 

hijacking of migratory immune cells present at the site of infection. It has been shown that these infected 

cells develop a hypermigratory behavior contributing to parasite spread into immunologically restricted 

regions, such as the CNS (Lambert et al., 2006; Ueno et al., 2015). Additionally, fast-replicating tachyzoites 

convert to bradyzoites, the resistant parasite form which persists in tissue cysts and characterizes the 

establishment of chronic infection. At this point, the parasite can already be found invading the CNS. 

 

Figure 1. Intestinal T. gondii invasion and initial immune response. 

Parasites reach the small intestine and transpose the intestinal epithelium to reach the lamina propria (1) 

via paracellular transmigration, (2) by infection of enterocytes and cell lysis, and (3) by hijacking immune 

cells. Once in the lamina propria, parasites can further bolster their spread by hijacking immune cells via 

(4) intracellular secretion of ROP5/18 and consequent inhibition of cell-autonomous defense. Still, 

parasitic secreted antigens such as profilin (5) can be detected via TLR11/12 inducing the release of IL-

12 and TNF, for example, by macrophages. Adapted from Delgado Betancourt et al., 2019 

  



 INT RODUCT ION   

 5 

Ce re bral infe ction and ne uroinflammation 

The acute phase is followed by the latent chronic stage, where the encysted parasites hide from the 

immune system in immune-privileged sites such as the CNS. The cysts remain during the lifetime of the 

host within infected neurons, potentially leading to altered neuronal function that contributes to behavioral 

and neuropsychiatric diseases. Importantly, in immunocompromised patients, the latent parasite cysts are 

the cause of reactivated disease that progresses to uncontrolled parasite replication, immune cell infiltration 

in the brain, and lethal TE when left untreated (Montoya and Liesenfeld, 2004; Munoz et al., 2011; Parlog 

et al., 2015). TE or T. gondii-infection-induced neuroinflammation has been studied in C57BL/6 mouse 

genetic background, which have a different allele in the MHC-I locus (H-2b haplotype) (Suzuki et al., 1994). 

For this reason, those animals develop a lethal chronic progressive neuroinflammation, with high parasite 

loads and extensive inflammation (Brown and McLeod, 1990; Schluter and Barragan, 2019). 

Once parasites reach the brain by crossing the CNS barriers, they potentially invade all cell types 

encountered. In this context, T. gondii has been shown to readily invade murine cerebral endothelial cells, 

astrocytes, and microglial cells in in vivo and in vitro setups (Forrester et al., 2018). However, neurons are 

the preferred host cells in the CNS, as they show extensive interaction with parasites, and moreover shown 

to harbor tissue cysts (Cabral et al., 2016). This parasite predilection for neurons still remains poorly 

understood, but several studies suggest that T. gondii persists in neurons because these cells are unable to 

clear intracellular parasites. One of the studies supporting this hypothesis observed a lack of MHC-I 

expression by infected neurons, which were not recognized by cytotoxic CD8+ T cells (Salvioni et al., 

2019). In contrast, a recent study showed that neurons are able to elicit cell-autonomous defense upon IFN-

γ exposure, a process considered inexistent before in those cells, allowing partial intracellular elimination 

of T. gondii  (see Figure 2) (Chandrasekaran et al., 2022; Figueiredo and Dunay, 2022). 

The infection of hematopoietic and non-hematopoietic cells of the CNS triggers a local pro-

inflammatory immune response with the release of TNF, IL-1β, IL-6, and NO by activated resident 

microglia and astrocytes (Blanchard et al., 2015; Fischer et al., 1997). Early activation and accumulation 

of resident leukocytes, i.e., ILC1s, in the brain contributes to the initial production and release of IFN-γ 

(Steffen et al., 2022). Additionally, a rapidly invaded neutrophil subset has shown to be another early source 

of IFN-γ in the brain (Biswas et al., 2017). Consequently, IFN-γ signaling activates cell-autonomous 

mechanisms of intracellular parasite elimination and stimulates intense overall production of chemokines 

such as CXCL9 and CXCL10 (Bhandage et al., 2019). These chemokines, in addition to astrocyte-produced 

CCL2, orchestrate the recruitment of peripheral Ly6G+ neutrophils, Ly6Chi inflammatory monocytes, NK 

cells, DCs, CD4+ and CD8+ T cells to the brain (Matta et al., 2021). Particularly, Ly6Chi inflammatory 

monocytes have been shown to be crucial to the control of cerebral toxoplasmosis, as they produce IL-1α, 

IL-1β, IL-6, TNF, and anti-parasitic ROS and NO (Biswas et al., 2015). Their recruitment into the brain 

was shown to be dependent on the expression of adhesion molecules, particularly P-selectin glycoprotein 

ligand 1 (PSGL-1), and on the expression of the C-C motif chemokine receptor type 2 (CCR2) which 

recognizes brain levels of CCL2 (Benevides et al., 2008; Biswas et al., 2015). Moreover, the spatiotemporal 
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analysis revealed that monocytes accumulated within the vascular lumen before entering the parenchyma, 

and were found next to T. gondii clusters with a consistent pattern of infiltration (Schneider et al., 2019). 

Importantly, the beneficial contribution of monocytes to cerebral infection was further observed when 

ILC1s and Ly6G+ neutrophils were absent, resulting in impaired monocyte recruitment and increased 

parasite burden (Steffen et al., 2022).  

 

Figure 2. Neuronal cell autonomous immune response targets T. gondii. 

 (A) Steady-state neurons expressing IFN-γ receptor; (B) T. gondii infection in neurons allow parasite 
intracellular development, especially in case of a parasite strain resistant to murine IRG-dependent 
mechanisms; (C) The presence of IFN-γ promotes elevated expression of total and phosphorylated 
STAT1 levels, which induce expression of components from the IRG system (e.g., IRGA6, IRGM1/3) 
that accumulate at the parasite vacuole for its elimination. The direct involvement of MHC I expression 
and recognition by CD8+ T cells still needs to be clarified. Schematic picture created with 
BioRender.com, from Figueiredo and Dunay, 2022  

The early recruitment of initial immune cells is complemented by a subsequent infiltration of CD4+ 

and CD8+ T cells. Those cells become the main mediators of parasite control by sustained production of 

IFN-γ, and the cytotoxic perforin-dependent activity of CD8+ T cells. This latter parasite-specific cytotoxic 

mechanism has shown to be dispensable for the control of acute infection but critical for long-lasting 

parasite control in the CNS (Salvioni et al., 2019).  In resistant murine models of T. gondii infection (mice 

of NMRI, BALB/c, B6.C H-2d background), this feature is intact, and animals develop a chronic latent 
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infection with low inflammation. In a susceptible C57BL/6 mouse model, this cytotoxic mechanism is 

impaired, as differences in the MHC-I locus do not allow recognition of certain secreted T. gondii antigens, 

and the animals will not further control parasite replication, eventually succumbing with high levels of 

inflammation (Schluter and Barragan, 2019). 

Many aspects of the anti-parasitic immune response to T. gondii are equivalent in the CNS and the 

intestine, including high levels of inflammatory damage and pathology (Dupont et al., 2012; Suzuki, 2020). 

However, in the brain, persistent infection establishes an ongoing neuroinflammation that can remain 

lifelong and is able to modify neuronal function and synapses.  In this case, experimental infection models 

have shown that T. gondii neuroinflammation and chronic infection can alter the levels of several 

neurotransmitters like dopamine, gamma-aminobutyric acid (GABA), glutamate, and their corresponding 

receptor signaling pathways. Simultaneously, these changes were found to be followed by loss of synapses, 

reduction of neuronal dendritic spines, decreased synapse density, and an overall altered synaptic protein 

composition (e.g., postsynaptic scaffolding protein Shank3 and postsynaptic density protein 95 (PSD-95)) 

(Blanchard et al., 2015; Carrillo et al., 2020; French et al., 2019; Lang et al., 2018; Parlog et al., 2015). In 

addition, albeit essential for parasite control, the distinct and constant high levels of IFN-γ in the brain can 

contribute to modifying CNS function, as IFN-γ is involved in dendritic remodeling (Monteiro et al., 2016), 

synaptic stripping by activation of microglia (Di Liberto et al., 2018), and proliferation of neuronal 

precursors (Sun et al., 2010), therefore potentially disrupting neurogenesis and promoting 

neurodegeneration (Monteiro et al., 2017). Consequently, neurological and behavior alterations upon T. 

gondii infection have been found in rodents and humans (Castano Barrios et al., 2021; Flegr, 2007; Kannan 

and Pletnikov, 2012; Xiao et al., 2009). The seroprevalence for the parasite was associated with altered 

cognitive functions and several neuropsychiatric conditions, including depression, suicidal and bipolar 

behavior, and schizophrenia (Arling et al., 2009; Berrett et al., 2017; Sutterland et al., 2015; Torrey et al., 

2012; Zhu, 2009). Regardless of countless scientific evidence, the relationship between CNS T. gondii 

infection and its influence on human neuropsychiatric conditions is still not completely clear. 
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Figure 3. CNS infection by T. gondii and neuroinflammation 

Schematic overview of the T. gondii-induced neuroinflammatory response. (1)  T. gondii parasites invade 
the CNS borders to infect brain parenchyma. The infection causes activation, cytokine and chemokine 
production by (2) astrocytes and (3) microglia, triggering the accumulation of (4) activated innate cells as 
ILC1s, Ly6G+ neutrophils, Ly6C+ inflammatory monocytes, macrophages, and DCs. Subsequently, (5) 
adaptive immune response by CD4+ and CD8+ T cells intensifies IFN-γ production and parasite elimination 
by cell-autonomous host defense factors and cytotoxic activity. To evade immune recognition, T. gondii 
forms cysts within neurons, a hallmark of (6) chronic infection, which is associated with impaired 
neurogenesis, synaptic imbalance and behavioral alterations. Adapted from Matta et al., 2021. 
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CHAPTER 1  –  IMMUNE RESPONSE TO T.  GONDII  AT THE CHOROID 

PLEXUS 

Ce ntral ne rvous  s ys te m barrie rs  

The biological barriers of the CNS encase the brain and the spinal cord, serving regulatory and 

protective mechanisms to guarantee a homeostatic and fully functional microenvironment for neuronal 

cells. They regulate the movement of immune cells and molecules derived from the dynamic milieu of the 

bloodstream, assuring to shield the CNS from infections and detrimental inflammation (Engelhardt et al., 

2017; Matta et al., 2021). Although the main focus of this chapter is on the CP and the BCSFB, it is 

fundamental to understand the other CNS barriers due to their interdependence and simultaneous 

involvement in neuroinflammation (see Figure 3). 

 

Figure 4. The main CNS barriers 

(A) The BBB with non-fenestrated endothelial cells expressing TJs, pericytes, astrocytic endfeet, and 
cellular projections of glia cells and neurons. (B) The BCSFB, mainly composed of the choroid plexus with 
highly secretory epithelial cells in contact with the CSF, the fenestrated capillaries, and local immune cells 
e.g., epiplexus cells. (C) The meningeal barrier with dura mater, arachnoid and pia mater, creating the sub-
arachnoid space. Adapted from Demeestere et al., 2015.  
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Blood-brain barrier 

The BBB is the most studied biological barrier between the peripheral blood and the CNS 

parenchyma. Over the years, the understanding of the BBB has evolved from being a simple physical barrier 

to the functional combination of physiological properties possessed by the endothelial cells that limit the 

permeability of blood vessels (Profaci et al., 2020). The BBB is mainly comprised of non-fenestrated 

endothelial cells that express tight junction proteins (TJs) and transport-carrier-systems, lying in direct 

contact with the bloodstream. The endothelial cell layer is additionally sealed by pericytes, astrocytic 

endfeet, and cellular projections of glial cells and neurons. Collectively, these cells form the neurovascular 

unit, the block-builders of the BBB. Although providing an interface between the brain and the blood, the 

BBB does not have the properties of an immunological niche compared to the meningeal and the CP 

interface (Croese et al., 2021). Still, upon signals of tissue stress and inflammation, circulating leukocytes 

adhere to activated endothelial cells and transpose the BBB, a process mediated by selectins like E- and P-

selectin and their corresponding ligands on leukocytes (Feustel et al., 2012). 

Loss of BBB function and its properties have been reported in neuroinflammatory diseases, such 

as multiple sclerosis (MS), epilepsy, stroke, and CNS infections. The disruption of the BBB causes ion 

dysregulation, edema, and enhanced neuroinflammation, resulting in neuronal dysfunction and neuronal 

degeneration. Although the term “breakdown” implies physical damage, any changes in the physiological 

properties of the BBB and its transport systems can significantly shape the CNS environment (Profaci et 

al., 2020). The BBB is also responsible for shielding the CNS from pathogen invasion, although some of 

them developed mechanisms to overcome this protection, transpose it, and cause cerebral infection.  

Meningeal barrier 

Three meningeal membranes ensheath the brain and the spinal cord. Anatomically, the most outer 

membrane is the dura mater, which possesses fenestrated capillaries that lack a barrier function hence 

allowing an unrestricted entry of blood-derived components within the dura mater, e.g., immune cells, 

cytokines, and pathogens (Engelhardt et al., 2017; Rua and McGavern, 2018). Next, the arachnoid mater is 

closely attached to the inner surface of the dura mater and the external surface of the underneath layer, the 

pia mater, creating the subarachnoid space (SAS) through which the CSF flows. Being the most internal 

meningeal layer, the pia mater lies directly on top of the glia limitans, constituted by a thin layer of 

extracellular-matrix (ECM) components and cell-protrusion endings at the surface of the CNS parenchyma 

(Rua and McGavern, 2018). 

Advanced studies of the meningeal barriers have shown that based on their unique immunological 

landscape, they participate in a variety of brain functions, such as neuronal development (Siegenthaler and 

Pleasure, 2011), neuronal firing (Alves de Lima et al., 2020), neuronal connectivity (Filiano et al., 2016), 

and homeostatic behavior of mice (Siegenthaler et al., 2009). Indeed, meningeal layers harbor different 

immune cells, such as monocytes, neutrophils, DCs, B and T cells, NKs, mast cells, eosinophils, ILCs, and 

macrophages (Van Hove et al., 2019). Of note, some of these cells are suggested to be originated not from 
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the bloodstream but from the bone marrow present in the skull (Brioschi et al., 2021; Cugurra et al., 2021). 

Moreover, meningeal barriers are exploited as an early gateway for CNS pathogens e.g., HIV, Zika virus, 

and Trypanosoma brucei, and can support acute and chronic inflammatory responses associated with 

significant neurological damage (Rebejac et al., 2022; Rua and McGavern, 2018). In this regard, local 

meningeal macrophages (MM) have been recently considered the “guardians” of brain integrity. First, they 

reacted to peripheral challenges such as lipopolysaccharide (LPS), and lymphocytic choriomeningitis virus 

(LCMV), leading to a transient infection and activation of the meninges in the case of LCMV. Second, 

specific genetic ablation of components of the interferon type I response (e.g., STAT1 and interferon (alpha 

and beta) receptor (IFNAR)) on MM resulted in extensive viral spread into the CNS, with infection of 

several meningeal areas, that led to fatal meningitis (Rebejac et al., 2022). 

Choroid plexus and the Blood-cerebrospinal fluid barrier  

Located within the four brain ventricles, the CP is a highly vascularized secretory tissue responsible 

for the production of the CSF. The CP is a villous and selective organ formed by adjacent epithelial cells 

anchored to a basal lamina, and its inner core contains fibroblast-like stromal cells and resident immune 

cells surrounding a dense vascular network formed by fenestrated endothelial cells. Choroidal epithelial 

cells are tightly interconnected by intercellular tight junctions (TJs), which form at the most apical part of 

the lateral space between neighboring cells. They are formed by a combination of transmembrane proteins, 

such as claudins and occludins that are connected to actin filaments of the cytoskeleton through scaffold 

cytoplasmic proteins, such as zona occludens 1 (ZO-1).  Besides assuring cell polarity, those TJs are 

actively involved in the formation of a paracellular barrier that restrains free diffusion of ions, molecules, 

and cells at cell-cell junctions. In fact, claudins are the main ones responsible for controlling paracellular 

permeability and are classified into two main groups. Barrier-forming claudins are responsible for sealing 

the paracellular space, while the channel-forming claudins allow the selective passage of electrolytes and 

small solutes, and therefore, they determine the level of permeability of the BCSFB to components derived 

from the blood  (Castro Dias et al., 2019). The specific repertoire of expressed claudins at the BCSFB and 

the way these proteins dimerize with each other between adjacent CP epithelial cells is what determines the 

specific and intrinsic barrier property of the BCSFB (Ghersi-Egea et al., 2018). Moreover, CP epithelial 

cells display specific transport systems, for example, the efflux ATP-binding cassette (ABC) transporters 

and solute carrier (SLC) transporters. Other additional regulatory functions of the CP include the 

modulation of sex hormones (Marques et al., 2017) and catabolite detoxification (Strazielle et al., 2004). 

Together, TJs and transporter systems control the molecular and cellular composition of the CSF (Castro 

Dias et al., 2019; Ghersi-Egea et al., 2018). 

In addition, the CP is a unique neuro-immune interface that has been shown to actively integrate 

signals between the brain parenchyma and the periphery to regulate CNS immunity (Baruch, M Schwartz 

2014). Alterations or even disruption of the CP epithelium in response to stressful events, such as CNS 

infection, trauma, and inflammation, have detrimental effects on barrier permeability compromising the 
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BCSFB functions (Engelhardt and Sorokin, 2009). BCSFB breakdown has been implicated in 

neurodegenerative diseases, such as Alzheimer's disease (AD) (Brkic et al., 2015; Demeestere et al., 2015; 

Rosenberg, 2009; Vandenbroucke, 2016; Vandenbroucke et al., 2012) and during infection-induced 

inflammation (Gorle et al., 2018; Vandenbroucke et al., 2012). Often, BCSFB breakdown indicates the 

involvement of the matrix metalloproteinases (MMPs) in the modification of ECM proteins and TJs at the 

CP. Moreover, unique changes on the CP have been examined in mitochondrial disorders (e.g., Kearns-

Sayre syndrome) (Spector and Johanson, 2010), MS and experimental autoimmune encephalomyelitis 

(EAE) (Rodriguez-Lorenzo et al., 2020), schizophrenia (Kim et al., 2016), and sepsis (Marques et al., 2009). 

Moreover, recent studies have described that the BCSFB serves as a hotspot for direct pathogen infiltration 

into CNS, such as bacteria, viruses, fungi, and parasites (Lauer et al., 2018). 

T. gondii invas ion of CNS: B B B  and Choroid ple xus  involve me nt 

Despite the CNS being shielded from peripheral infections and inflammation, T. gondii parasites 

are able to overcome these protective barriers and invade the CNS. Previous studies have proposed different 

mechanisms of parasite invasion, including (1) active paracellular migration of free parasites, (2) 

transmigration of hypermotile infected leukocytes, defined as the “Trojan horse” mechanism, and (3) 

infection and replication of parasites within brain endothelial cells (Barragan and Sibley, 2002; Bhandage 

et al., 2020; Coombes et al., 2013; Courret et al., 2006; Konradt et al., 2016; Lachenmaier et al., 2011; 

Olafsson and Barragan, 2020; Ueno et al., 2015). Still, more recent studies have shown contrasting findings 

that kept the mechanisms of parasite invasion under debate. One of them described that parasitized immune 

cells, despite their enhanced motility, do not transpose endothelial layers efficiently (Drewry et al., 2019). 

In contrast, a more complex study using intravital 2-photon microscopy revealed that infected immune cells 

shuttle T. gondii within brain blood vessels and within the brain  (Schneider et al., 2022). When compared 

to extracellular parasites on their own, infected cells showed enhanced dissemination of infection within 

the brain. In addition, the proposed hypermotility induced by parasite hijacking did not occur in the brain, 

as T. gondii-infected cells traveled more slowly inside brain blood vessels than non-infected cells 

(Schneider et al., 2022). 

Besides the decisive involvement of the BBB in the parasite invasion, another barrier and potential 

interface for pathogen interaction within the CNS is the CP and the BCSFB itself. Data concerning the 

contribution of the CP to T. gondii invasion and subsequent neuroinflammation are controversial and 

incomplete. For example, the analysis of postmortem samples from immunodeficient patients with cerebral 

toxoplasmosis identified the CP as a site of infection (Falangola and Petito, 1993). On the contrary, models 

of reactivated TE indicate no evidence for the involvement of CP in systemic parasitic dissemination 

(Dellacasa-Lindberg et al., 2007; Schluter and Barragan, 2019). Moreover, after studies unveiled that the 

CP shapes brain function and plasticity via immunological control of the CNS (Schwartz and Baruch, 

2014), no further studies were conducted to elucidate the contribution of the CP to T. gondii infection. 
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Aim of this  Study 

The focus of the study was to investigate the actual involvement of the CP in the invasion and 

immune response during the onset of cerebral infection caused by T. gondii. Alterations in the BCSFB are 

often associated with neurological diseases and neurodegeneration, which are also associated with cerebral 

T. gondii infection. Due to the fundamental role of the CP to shape CSF composition, brain function, and 

immunological control of the CNS, the interaction of T. gondii with the BCSFB and its consequences on 

infection-induced neuroinflammation were further evaluated. 
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Re s ults  –  Publication 1 

The data indicate that in the onset of infection, endothelial cells in the CP were initially infected by 

T. gondii and became activated prior to BBB endothelial cells recognized by MHC-II upregulation. 

Additionally, the CP elicited an early local immune response with upregulation of IFN-γ, TNF, IL-6, and 

host-defense factors, as well as swift expression of CXCL9 chemokine, compared to the brain 

microvasculature. Consequently, distinct TJ disturbances were found in the CP of infected mice. These 

effects were associated with the upregulation of MMP-8 and MMP-13 in infected CP in vivo, which was 

further confirmed by in vitro infection of primary CP epithelial cells. Notably, early barrier damage and 

functional loss were detected by increased BCSFB permeability to FITC-dextran in vivo, which was 

extended over the course of infection. Together, these data reveal that T. gondii infection at the CP is 

detrimental to BCSFB function and integrity, indicating the initiation of neuroinflammation upon cerebral 

toxoplasmosis. 

 

Figure 5. Graphical abstract - Publication 1. 

Immune response and pathogen invasion at the choroid plexus in the onset of cerebral toxoplasmosis.  (1) 
Naive CP shows epithelial cells interconnected with TJs of the claudin family and scaffold ZO-1 proteins 
to established a functional paracellular barrier. (2) Upon T. gondii infection, parasites reach the CP from 
the vasculature, and infect endothelial cells and resident leukocytes. (3) Presence of T. gondii in the CP 
stroma causes disturbance of TJ structure. (4) Parasites establish a replicative niche in endothelial cells, and 
are believed to not survive inside of CP epithelial cells and resident CP-BAMs due to cell autonomous host 
defense factors. (5) Compared to the BBB, CP endothelial cells show early activation by MHC-II 
expression, signaling to recruitment of peripheral immune cells via CXCL9. Local immune response at the 
CP involves production of IFN-γ, TNF, IL-6, the chemokine CCL2, and the proteinases MMP-8 and MMP-
13. (6) Consequently, paracellular TJs are disturbed, and barrier function is compromised, allowing 
inflammatory cytokines, parasites and immune cells to traffic between blood and CSF. Created with 
Biorender.com 
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CHAPTER 2  –  THE NEUROPEPTIDE PACAP  UPON T.  GONDII  INFECTION 

The  ne urope ptide  PACAP 

PACAP (Pituitary adenylate cyclase-activating polypeptide) was discovered together with many other 

hypothalamic hormones in the 1980s from the extract of ovine hypothalamic tissue, and currently it 

accumulates over 30 years of scientific studies (Denes et al., 2019). PACAP remained highly conserved 

during its evolution, being structurally identical in many species from tunicates to mammals. Together with 

secretin and vasoactive intestinal peptide (VIP), PACAP belongs to the glucagon superfamily (Sherwood 

et al., 2000). In nature, PACAP exists in two biologically active forms, the full-length PACAP1-38 

representing about 90% of total natural frequency, and the form PACAP1-27 with shorter C-terminal 

(Kovacs et al., 2021). PACAP1-38 (or PACAP38, for simplicity, referred to as PACAP from now on) is a 

38-amino acid of amphipathic structure, with a preponderance of arginine (R) and lysine (K) basic residues 

(see Figure 5). This high polycationic nature and its helical conformation set PACAP as a cell-penetrating 

peptide, and also suggest potential antimicrobial effects (Zasloff, 2021).  

 

Figure 6. The neuropeptide PACAP38 

(A) Molecular structure of PACAP38 (PDBID: 2D2P). (B) Amino acid sequence of PACAP38, with basic 
residues in blue and acidic residues in red. Adapted from (Liao et al., 2019). 

 PACAP has been described to be widely expressed in the CNS of mammals, and therefore it is classified 

as a neuropeptide (Hirabayashi et al., 2018; Szabo et al., 2021). According to recent annotations in the 

Human Protein Atlas program database, single-cell RNA-sequencing analyzes have shown expression of 

PACAP (encoded by Adcyap1 gene) mostly by granulocytes and excitatory neurons, and to a lesser extent 

(10 fold) by specific epithelial cells and fibroblasts, T cells, microglia, and plasma cells (database, 2022; 

Karlsson et al., 2021). PACAP employs its biological activity through binding to three widely distributed 

G protein-coupled receptors (GPCRs) i.e., PAC1R, VPAC1R, and VPAC2R (Soles-Tarres et al., 2020), 

which  triggers a series of intracellular signaling pathways, culminating in the production of cyclic 

adenosine monophosphate (cAMP) (Langer, 2012; Vaudry et al., 2009). Of note, PACAP receptors are 

present not only on the plasma membrane but also within the nucleus and mitochondria. The higher 

intracellular abundance of some PACAP receptors is believed to explain why PACAP shows a “bell shape” 

curve of actions, where a concentration threshold is needed to activate intracellular receptors (Yu et al., 
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2013). Because PACAP has a small size, it can be artificially synthesized by solid phase strategy and then 

explored in many different experimental setups in vivo and in vitro. Notably, PACAP penetrates the BBB 

entering the CNS via specific peptide transporter system-6 (PTS-6), showing the highest influx ratio from 

blood to CNS among other peptides of the glucagon superfamily (Dogrukol-Ak et al., 2004). In fact, 

PACAP has an intracerebral transfer rate 6 times faster than morphine (Banks et al., 1993). However, its 

application as a drug still faces many challenges common to other natural peptides, such as poor metabolic 

stability and rapid blood clearance (Bourgault et al., 2011). Still, many promising strategies have been 

applied to improve PACAP properties and obtain a clinical therapeutic drug (Erak et al., 2018). 

The  dual and ambiguous  role  of PACAP 

Immunomodulatory properties 

PACAP has been described to strongly modify inflammation and clinical symptomatology in 

different rodent models of inflammatory diseases (Abad et al., 2006; Toth et al., 2020). PACAP receptors 

have different affinities for PACAP, with PAC1R possessing the highest affinity (Pozo et al., 1997). In 

addition, the receptors are differently expressed among immune cells; for example, PAC1R and VPAC1R 

are constitutively expressed by monocytes, peritoneal macrophages, and microglia, while T cells do not 

express PAC1R. VPAC2R is rarely detected under steady-state, but it is induced in T cells, monocytes and 

macrophages upon inflammation. Notably, microglia do not express VPACR2 in steady-state, nor upon 

inflammatory stimulation (Delgado et al., 2004; Delgado et al., 1996b). In addition, the expression of 

VPACR1 and VPACR2 was found in type 2 ILC (ILC2s) (Nussbaum et al., 2013), and were implicated in 

the resolution of inflammation (Delgado, 2016; Talbot et al., 2015). 

As an immunomodulator, PACAP exerts a dual role in regulating innate immunity depending on 

the activation status of the cells and their environment. Several studies reported that PACAP is a potent 

mediator for both innate and adaptive immunity, primarily assuming an anti-inflammatory role. Exposure 

to PACAP inhibits the pro-inflammatory response of macrophages, such as the production of TNF (Delgado 

et al., 1999) and IL-6 (Martinez et al., 1998a), as well as the chemokines CCL2, CCL3, and CCL5 (Delgado 

et al., 2003). Additionally, PACAP treatment leads to the polarization of T helper cells to a type 2 (Th2) 

phenotype (Delgado, 2003). It also promotes the development of tolerogenic DCs and favors the generation 

of regulatory T cells (Tregs), suppressors of immune responses (Delgado et al., 2005). In contrast, PACAP 

was able to stimulate the phagocytic activity, adhesion, and mobility of resting macrophages as well as the 

release of free radicals and IL-6 (Delgado et al., 1996a; Garrido et al., 1996; Martinez et al., 1998b), 

altogether highlighting PACAP-dependent immunomodulation as a crucial mechanism for pathogen 

elimination. 
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Overall, the immunomodulatory properties of PACAP are considered ambiguous, transiting from 

inhibition to stimulation, pro-inflammatory and anti-inflammatory, depending on the experimental 

conditions and cell types (Abad and Tan, 2018), and therefore they request further investigation. 

Neuroprotective properties 

PACAP has shown neuroprotective potential in several neurological disorders. In experimental 

models of Parkinson’s disease (PD), PACAP exerted anti-apoptotic and anti-autophagic effects in 

dopaminergic neurons, and prevented behavioral alterations (Lamine-Ajili et al., 2016; Maasz et al., 2017). 

In AD models, administration of PACAP also showed an anti-apoptotic effect, associated with increased 

expression of Aβ-degradation enzymes and improved cognitive function of the treated transgenic animals 

(Rat et al., 2011). In Huntington’s disease (HD) model, PACAP reduced the formation of mutant huntingtin 

aggregates and promoted hippocampal expression of brain-derived neurotrophic factor (BDNF) (Cabezas-

Llobet et al., 2018). Finally, upon traumatic brain injury, PACAP exerted antioxidative effects, prevented 

apoptosis, increased BDNF levels, and stimulated axonal growth (Shioda and Nakamachi, 2015).  Despite 

these beneficial effects observed in animal models, clinical studies targeting PACAP signaling mainly 

addressed nociception (i.e., pain) upon different conditions, such as nephrotic syndrome, cluster headache, 

migraine, and major depression (Denes et al., 2019; Dominguez-Moreno et al., 2022).  

As previously mentioned, the neuromodulatory properties of PACAP were shown to be involved 

with the signaling of the neurotrophin BDNF, promoting neuronal survival and synaptic plasticity (Frechilla 

et al., 2001). The family of neurotrophins comprises of four secreted proteins characterized by their ability 

to modulate survival, differentiation, and apoptosis of neurons (Bothwell, 2016). BDNF, nerve growth 

factor (NGF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4) exert their functions by binding to 

tropomyosin-regulated kinase (Trk) receptors (TrkA, TrkB, TrkC), and the p75 neurotrophin receptor 

(p75NTR). Interestingly, neurotrophin receptors were shown to be transactivated by PACAP in human 

monocytes, triggering their activation (El Zein et al., 2008; El Zein et al., 2007; El Zein et al., 2006; El Zein 

et al., 2010). Together, a growing body of evidence proposes an intertwined interaction among PACAP, 

neurotrophins, and immune cells. In this context, a recent report highlighted the effect of neurotrophin 

signaling via p75NTR, which consisted in the alteration of innate immune cell activation and modification 

of the structural plasticity of neurons (Dusedau et al., 2019). Therefore, the modulatory effect of PACAP 

on immune cells via neurotrophins added another complicated and unexplored path in the interface of the 

nervous and immune system, which requires further exploration.   

  



 CHAPT ER 2 –  THE NEUROPEPT IDE PACAP  UPON T.  GONDII INFECT ION   

 36 

PACAP and infe ctious  dis e as e s  

Associated with the ability of PACAP to modulate innate immune cells, it was proposed that 

PACAP could also directly affect pathogens. Anti-parasitic effects of PACAP were first described against 

the protozoa Trypanosoma brucei (T. brucei), which is the causative agent of African sleeping sickness. 

The study showed a membrane-lytic effect in parasites, attributed to the amphipathic and cationic structure 

of PACAP, establishing a close association with autophagy and apoptosis-like cell death (Delgado et al., 

2009). Based on these findings but also considering the structural features of PACAP, other studies 

proposed that it could act as a broad spectrum antimicrobial peptide and that increased expression of 

PACAP during the course of a viral or bacterial infection suggested a strong relation with immune response 

(Debbabi et al., 2018; Lugo et al., 2019; Starr et al., 2018). More recently, a study used bioinformatics tools 

to scan a peptide database for the probability of inducing deformation in bacterial membranes and found 

PACAP among the most promising candidates. Experimentally, the study confirmed the antimicrobial 

activity of PACAP against gram-positive and gram-negative bacterial species and against Candida albicans 

(Lee et al., 2021). 

Besides the protozoan T. brucei, PACAP was investigated as a therapeutic approach for 

experimental intestinal inflammation caused by T. gondii. Upon exogenous administration of synthetic 

PACAP, the acute inflammation and the extra-intestinal sequelae were diminished, although no effects on 

parasite burden were detected (Bereswill et al., 2019; Heimesaat et al., 2014). So far, those studies have 

used T. gondii infection to obtain a model for intestinal inflammation, restricting their spectrum of analysis  

regarding the overall infection itself. Accordingly, many other implications of PACAP treatment during T. 

gondii infection were still left unexplored. Moreover, T. gondii infection in the brain establishes an ongoing 

neuroinflammation and modifies neuronal function and synapse composition (Blanchard et al., 2015; 

French et al., 2019; Lang et al., 2018; Parlog et al., 2014). As no current therapy is able to completely 

eliminate the parasites from the CNS, new therapeutic strategies are necessary and must combine the 

reduction of infection-induced neuroinflammation and prevention of neuronal death and synaptic 

dysfunction (Dunay et al., 2018). 

Aim of the  Study 

This part of the study set to elucidate the impact of exogenous PACAP administration throughout 

the infection with T. gondii. First, the effects of PACAP on the innate immune response and parasite 

elimination were explored during peripheral acute infection [Publication 2]. Next, the beneficial impact of 

PACAP and its modulation of neuroinflammation was evaluated during chronic cerebral infection 

[Publication 3]. 
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Re s ults  

Publication 2 

Upon acute peripheral T. gondii infection, exogenous administration of PACAP resulted in the 

reduction of inflammatory monocyte and neutrophils recruitment to the peritoneal cavity and increased the 

expression of MHC-II by peritoneal DCs. By infecting mice with GFP-reporter parasites, PACAP-treated 

animals showed a reduction of infected cells among the peritoneal myeloid populations. In these cells, 

increased transcriptional levels of the cell-autonomous host defense factors IRGM1 and IRGM3 were 

detected, indicating enhanced anti-parasitic activity of PACAP. This effect was further examined in vitro, 

where an immune cell-mediated effect of PACAP was uncovered, rather than direct damage to the parasites. 

Next, utilizing an in vitro phagocytosis assay, PACAP enhanced the phagocytic capacity of macrophages 

while increasing their surface expression of F4/80. Adding to this anti-parasitic effect, the neuropeptide 

attenuated the transcriptional levels of pro-inflammatory mediators in vivo, such as IFN-γ, TNF, IL-6, 

CCL2, and iNOS, while upregulating the gene expression of its own receptors VPAC1R and VPAC2R. 

Furthermore, PACAP-treated animals displayed increased transcriptional levels of BDNF in peritoneal 

cells and diminished expression of the p75NTR by Ly6Chi inflammatory monocytes, pointing towards the 

fundamental contribution of PACAP to neurotrophin signaling in immune cells. 

 

Figure 7. Graphical abstract - Publication 2 

Immunomodulatory effects of PACAP upon acute T. gondii infection. PACAP treatment upon experimental 
acute peripheral infection resulted in reduced immune cell recruitment to the peritoneal cavity and reduced 
expression of pro-inflammatory mediators. PACAP reduced the parasite burden in treated mice and 
modulate the different aspects of monocytes, macrophages and dendritic cells, pointing out the immune 
cell-mediated anti-parasitic activity. This effect was associated with increased phagocytic capacity, 
upregulation of cell-intrinsic host defense factors, and modulation of neurotrophin signaling on immune 
cells. Created with Biorender.com  
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Publication 3 

Upon chronic T. gondii cerebral infection, application of PACAP resulted in ameliorated brain 

inflammation and pathology, indicated by a reduced number of inflammatory foci and apoptotic cells.  

Importantly, suppression of brain inflammation did not trigger uncontrolled parasite burden. More 

specifically, this effect was followed by reduced recruitment of peripheral myeloid cells to the brain, such 

as Ly6Chi inflammatory monocytes. PACAP-treated animals also displayed reduced microglia activation 

that was measured by MHC-II expression, and diminished production of iNOS, TNF and IL-1β by 

microglial cells. Accordingly, PACAP administration resulted in reduced transcriptional levels of pro-

inflammatory mediators, and the chemokines CCL2, CXCL9 and CXCL10 in infected brains. In contrast 

to the effect on myeloid cells, PACAP did not affect the recruitment of T cells to the brain, but it diminished 

IFN-γ production by CD4+ T cells. In addition, PACAP administration simultaneously improved neuronal 

health, as transcriptional levels of BDNF were increased while levels of p75NTR were downregulated. 

Notably, PACAP altered the expression of transporters involved in the brain synaptic composition, favoring 

a less dysfunctional neuronal network of glutamatergic and GABAergic signaling, which is specifically 

affected during T. gondii-induced neuroinflammation. 

 

Figure 8. Graphical abstract - Publication 3 

The neuropeptide PACAP alleviates T. gondii infection-induced neuroinflammation. PACAP treatment of 
chronically infected mice reduced infiltration of peripheral myeloid cells, and their inflammatory mediators 
between cytokines and chemokines. Specifically, PACAP affect monocytes and microglia expression of 
MHC-II, and their production of iNOS and IL-1β. While cerebral T cells numbers were not altered, PACAP 
reduced IFN-γ production by CD4+ T cells. Adding to the immunomodulatory effects, PACAP promoted 
neuronal health, as indicated by upregulation of BDNF and TUBB3, and the altered expression of synaptic 
transporters from glutamatergic and GABAergic signaling that were affected upon cerebral toxoplasmosis. 
Created with Biorender.com 
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FINAL DISCUSSION 

Choroid Ple xus  and T. gondii infe ction 

Parasite invasion at the CP 

The pivotal role of the CP in the orchestration of neuroinflammation became evident in recent years 

(Baruch et al., 2013; Kunis et al., 2015; Schwartz and Baruch, 2014; Shechter et al., 2013), and distinct 

pathogens have been described exploiting the CP as a novel gateway into the CNS (Lauer et al., 2018). 

Although, as a gateway for T. gondii, only a few studies have explored the CP rather than the BBB 

(Falangola and Petito, 1993). Here, Publication 1 demonstrated that T. gondii was found in the CP at the 

onset of infection, opposing previous studies on reactivated TE models, where no evidence for the 

involvement of the CP in T. gondii dissemination was detected (Dellacasa-Lindberg et al., 2007; Schluter 

and Barragan, 2019). Whether parasites are able to translocate from blood to the CSF via CP and further 

infect CSF-inundated areas (e.g., brain, spinal cord) is still not fully disclosed. In fact, a previous study 

described the extent of infection within the spinal cord during chronic toxoplasmosis, suggesting that 

parasites translocate into the CSF while the infection progresses (Mohle et al., 2014). Currently, the lack of 

tools to selective block one or another barrier (i.e., BCSFB or BBB) presents a major challenge to unveiling 

their respective contributions to the parasite invasion. In the present study, described in details in 

Publication 1, CP infection resulted in structural alterations of the CP epithelial TJs and increased the 

permeability of the BCSFB. Previous evidence indicates that alterations in this barrier allow immune cells  

and inflammatory mediators to enter the CNS and enhance neuroinflammatory diseases (Fleischer et al., 

2021). Accordingly, the detrimental effects of T. gondii infection on the BCSFB integrity is probably one 

of the initial steps in the development of neuroinflammation. From this point on, parasitic spread increases 

while the disease evolves, for example, through the circulation of infected leukocytes that can transpose the 

BBB and CP. In this regard, at 7dpi time point, a higher parasite burden was detected in the brain 

microvessels (BMV) rather than the CP, which likely indicates parasite shuttling to the small CNS 

capillaries, and confirms findings recently published by others (Drewry et al., 2019; Schneider et al., 2022). 

The reduced parasite burden in the CP at this time point could probably be explained by the development 

of the CP’s local immune response. 

CP local immune response 

The activation of the CP vasculature presented in the Publication 1 may contribute to the 

orchestration of the anti-parasitic immune response at early time points of the infection. The choroidal 

endothelial cells upregulated the expression of MHCII prior than brain endothelial cells and microglia, 

suggesting that the CP vasculature plays a prompt role in antigen presentation and interaction with DCs and 

T cells. Of note, BBB endothelial cells have been described to serve as a replicative niche for T. gondii 

invasion of the CNS (Konradt et al., 2016), but whether activated endothelial cells (from CP or BBB) can 

control intracellular parasite replication in vivo is still unknown. Further on, the increased expression of the 
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intercellular adhesion molecule 1 (ICAM-1) detected in the infected CP suggests local recruitment of 

immune cells. 

In the face of early detection of CD45+ cells associated with T. gondii in the CP, Publication 1 

hypothesizes that a transient burden of extracellular parasites in the blood likely reach the CP interface, 

infecting the choroidal endothelial cells and challenging the resident stromal macrophages and epithelial 

cells. Accordingly, infection at the CP elicited early and local immune response at the BCSFB, with 

expression of pro-inflammatory cytokines, cell-intrinsic host defense factors, and leukocyte trafficking 

molecules. IFN-γ, TNF, and IL-6 were upregulated in the CP of infected mice, suggesting not only an 

immune cell-derived response but also implying the involvement of choroidal epithelial cells in this 

response, as in vitro culture of those cells responded to T. gondii in the absence of immune cells. This 

indicates a direct anti-parasitic, pro-inflammatory response of the CP epithelial cells. It is still unknown 

whether endothelial and epithelial cells of the CP have different responses to T. gondii infection and whether 

this could explain preferences for parasite targeting (epithelial vs. endothelial cells) at the BCSFB. 

Moreover, whether immune cells found in the CP are resident and/or recruited from the peripheral 

circulation remains to be clarified. In vivo, the fact that in Publication 1 CXCL9 gene expression was more 

elevated in the CP rather than in BMV could, additionally, suggest the recruitment of specific immune cells 

into the brain via the CP during cerebral infection (Ochiai et al., 2015). For example, a previous study has 

shown that the CP served as an educative gateway for the recruitment of inflammatory immune cells, which 

in the CSF acquired an inflammation-resolving phenotype before infiltrating the CNS parenchyma 

(Shechter et al., 2013). Thus, the CP emerged as a crucial interface for early pathogen interaction within 

CNS borders, likely promoting damage recognition, antigen presentation and immune cell recruitment. 

BCSFB dysfunction 

Dysfunctional BCSFB is part of the pathophysiological process leading to increased 

neuroinflammation (Demeestere et al., 2015). BCSFB permeability is mainly determined by the 

paracellular barrier established by TJs between the epithelial cells of the CP, specifically the TJs containing 

claudins anchored by ZO-1 scaffold protein to the actin cytoskeleton. In Publication 1, claudin-2 was found 

to be downregulated and overall structurally disorganized between CP epithelial cells, and together with 

ZO-1 alterations, could explain the increased BCSFB permeability upon infection. Accordingly, those 

alterations in the CP have also been described in EAE and LPS-induced sepsis model (Marques et al., 2009; 

Shrestha et al., 2014). Interestingly, infection of the BCSFB by Trypanosoma brucei has indicated direct 

parasite interactions with claudins between CP epithelial cells, although the mechanisms of how they induce 

TJ opening is still not known (Mogk et al., 2014a; Mogk et al., 2014b). Whether there is a direct and active 

interaction of T. gondii with TJ of the CP is still to be defined. Likely, MMPs are involved in TJ disruption, 

as increased transcriptional levels of the MMP-8 and MMP-13 were found in vivo in isolated infected CP 

and in vitro in CP epithelial cultures after T. gondii infection. Previously, these proteinases have been 

implicated in BCSFB breakdown in neurodegenerative diseases and bacterial meningitis (Leppert et al., 
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2000; Rosenberg, 2009), and have been associated with TJ dysregulation (Vandenbroucke et al., 2013; 

Vandenbroucke et al., 2012).  

Moreover, the alterations found in the CP and the increased BCSFB permeability likely relate to 

neuronal alterations, as the CSF composition drastically changes. For example, besides the abundant 

entrance of inflammatory cytokines and immune cells present in the blood, CP and CSF modifications of 

composition (e.g., hormones, neurotransmitters, neurotrophins, and metabolic waste) have been associated 

with neuropsychiatric and neurodegenerative disorders such as dementia, AD, schizophrenia and HD (Stopa 

et al., 2018). Previous reports indicate that neuronal alterations are present during chronic toxoplasmosis 

(Dusedau et al., 2019; French et al., 2019; Lang et al., 2018; Parlog et al., 2015). The detrimental 

modifications in CP and the BCSFB depicted in Publication 1 might contribute to progressive neuronal 

impairment, as increased BCSFB permeability to FITC-dextran was extended throughout the chronic phase 

of infection. Thus, substantial changes in the CP architecture and permeability have detrimental 

implications for the molecular and cellular composition of the CSF and may contribute to increased 

neuroinflammation and subsequent neuronal damage during toxoplasmosis. 

PACAP tre atme nt and T. gondii infe ction 

PACAP: Inflammation and anti-parasitic effects  

The work presented here hypothesized that the application of the neuropeptide PACAP might 

modulate the behavior of myeloid-derived mononuclear cells and potentially contribute to the resolution of 

the infection and parasite elimination. In line with previous reports, the results from Publication 2 and 

Publication 3 reinforced the previously described anti-inflammatory effect of PACAP, such as the 

reduction of pro-inflammatory cytokines and chemokines (Abad et al., 2003; Abad et al., 2001; Abad et al., 

2002; Azuma et al., 2008; Delgado et al., 2001; Martinez et al., 2002; Tan et al., 2009). In fact, the 

recruitment of immune cells and their production of pro-inflammatory mediators are essential for parasite 

elimination, regardless of tissue damage and functional loss. In this present study, administration of 

exogenous PACAP showed to reduce levels of IFN-γ, which is crucial for T. gondii control and intracellular 

parasite elimination via cell-autonomous host defense factors. Although this effect would suggest a negative 

outcome on systemic parasite control in treated animals, the opposite was observed. In Publication 2, 

PACAP reduced systemic parasite burden and increased the transcriptional levels of host defense factors 

IRGM1 and IRMG3 directly in isolated immune cells from infected animals. The same cells subsets also 

displayed increased transcriptional levels of VPAC1R and VPAC2R, suggesting that these PACAP 

receptors are involved in the anti-parasitic response mediated by PACAP treatment and maybe a positive 

feedback loop. To confirm that PACAP induced elimination of intracellular T. gondii, animals were 

infected with GFP-reporter parasites and treated with PACAP the same way as before. Similarly, treated 

animals showed a reduced percentage of infected myeloid immune cells. Moreover, in vitro experiments 

with PACAP from Publication 2 indicated an enhanced phagocytic capacity of macrophages. At last, in 

the face of previous studies suggesting antimicrobial effects induced by features of PACAP’s structure, a 
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possible direct anti-parasitic effect of PACAP was assessed. No direct effect of PACAP on T. gondii 

parasites was detected in vitro. In conclusion, the anti-parasitic effect of PACAP was mediated by immune 

cells, likely via VPAC1R and VPAC2R binding that enhanced the expression of host defense factors and 

their phagocytic capacity. Therefore, PACAP was able to counteract excessive detrimental inflammation 

and promote parasite elimination. 

In Publication 3, the experimental approach of PACAP administration was focused on the effects of 

the neuropeptide in the brain during chronic cerebral T. gondii infection. As depicted before, PACAP 

exerted a potent anti-inflammatory effect and reduced the recruitment and activation of myeloid cells in the 

brain. Additionally, PACAP decreased microglia production of iNOS, TNF, and IL-1β and further resulted 

in diminished IFN-γ production by CD4+ T cells. Together, this immunomodulation of PACAP has raised 

concerns as previously depicted in Publication 2: from one side, PACAP reduced local brain pathology, 

but on the other, it could trigger uncontrolled parasite replication. Surprisingly, parasite burden and stage 

conversion in the brain, but also in other peripheral organs, remained unaltered upon PACAP treatment, 

despite reduced levels of IFN-γ. Together, in Publication 2, the parasite burden was reduced, and in 

Publication 3 parasite burden was not altered; one explanation for divergent results would rely on the 

ability of T. gondii to circumvent immune recognition. Upon chronic infection, tachyzoites might escape 

the immune response by converting into bradyzoites, forming cysts within the brain. The persistency of 

intracellular parasites is likely linked to their ability to impair the action of the IRGs host defense factors, 

e.g., IRGM1 and IRGM3. Possibly, the stimulation of these factors by PACAP treatment, as seen in 

Publication 2 is no longer effective for the infected cells in which the parasites have already successfully 

interfered with these IRGs during cerebral infection. To cause this interference, one strategy used by T. 

gondii is to inoculate rhoptry bulb proteins (ROPs) in the host cell. For example, ROP5, ROP17, and ROP18 

cause phosphorylation and degradation of the IRGs, avoiding their accumulation in the PV and parasite 

elimination (Sasai and Yamamoto, 2019). Altogether, T. gondii elimination by PACAP is likely mediated 

by cell-autonomous defense factors and will be dependent on the ability of parasites to counteract those 

defense factors and avoid intracellular elimination. How the anti-parasitic effects of PACAP and the 

parasite evasion mechanisms are interconnected is still not understood. Therefore, future studies using 

genetically ablated models for IRGs or specific blocking agents for host defense factors would help to 

clarify this finding. 

Moreover, the overall restraining effect of PACAP treatment on microglia, myeloid and T cells in the 

infected brain suggested that an excessive immune response is present, as parasite control and parasite stage 

conversion remained unaffected. This excessive immune response, markedly of a pro-inflammatory profile, 

probably is a compensatory mechanism to the inability of this mouse model (C57BL/6) to effectively 

suppress brain inflammation. The genetic background of these animals has differences in the MHC-I locus, 

which impairs the recognition of the secreted T. gondii antigenic protein GRA6. As a consequence, the 

cytotoxic activity of CD8+ T cells is impaired, and animals will eventually succumb to high levels of brain 

inflammation (Schluter and Barragan, 2019). Therefore, PACAP treatment mediated the beneficial 
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reduction of severe brain pathology caused by the excessive immune response, ameliorating CNS tissue 

damage. 

PACAP and BDNF/p75NTR in immune cells 

The results presented here indicate that PACAP receptors would participate in neurotrophin signaling, 

specifically regarding BDNF and the neurotrophin receptor p75NTR in immune cells. In this regard, BDNF 

can be produced by different immune cells and even modulate cytokine production, chemotaxis of 

monocytes and enhance their phagocytic activity (Hashimoto et al., 2005; Kruse et al., 2007; Samah et al., 

2008; Vega et al., 2003). The p75NTR is a receptor that binds to all neurotrophins, and mediates cell survival 

and migration. It can act as a co-receptor for the neurotrophins Trk receptors, enhancing their specificity 

and selectivity of them for the correlated neurotrophins. In fact, p75NTR has high affinity by neurotrophin 

precursors, which can antagonize the effect of mature neurotrophins (Chao, 2003). Because PACAP 

receptors are GPCRs, after PACAP binding their signaling can cause transactivation of Trk receptors (Chao, 

2003). Specifically, TrkA and TrkB are the main receptors for NGF and BDNF, respectively, and they were 

found to be activated by GPCR ligands in the absence of those neurotrophins (Rajagopal et al., 2004). 

Considering that VPAC1R and VPAC2R were found upregulated upon T. gondii infection and that PACAP 

significantly influenced the behavior of myeloid cells, a possible explanation may be found in the 

transactivation of neurotrophin receptors by PACAP. 

In Publication 2 and Publication 3, no alterations were detected in transcriptional levels of TrkA and 

TrkB. In contrast, in Publication 2, PACAP treatment increased levels of BDNF in immune cells, and the 

receptor p75NTR showed reduced surface expression on Ly6Chi inflammatory monocytes. In Publication 3, 

PACAP treatment resulted in an observation: increased BDNF and reduced p75NTR transcriptional levels in 

total brain homogenates. Previous report highlights that p75NTR is upregulated in myeloid cells and 

microglia but not on lymphocytes during cerebral T. gondii infection (Dusedau et al., 2019). From one side, 

PACAP can bind to its receptors on myeloid cells and increase their expression of BDNF. In addition, the 

binding to VPAC1R and/or VPAC2R can transactivate the Trk receptors, associated or not with p75NTR, 

and trigger their intracellular signaling linked to BDNF, reinforcing it. On another side, PACAP-mediated 

reduction of p75NTR on monocytes may alter their interaction with neurotrophins. Studies using antagonists 

of p75NTR have observed reduced recruitment of inflammatory monocytes after traumatic brain injury, 

further strengthening the link of neurotrophins and immune cell migration (Lee et al., 2016). Moreover, 

previous data indicated the accumulation of pro-BDNF in the brain upon T. gondii infection (Dusedau et 

al., 2019). Probably a reduced expression of p75NTR suggests the reduced influence of pro-neurotrophins 

on Ly6Chi monocytes with a beneficial effect on the resolution of inflammation. In fact, both suggested 

mechanisms are possibly contributing to the immunomodulation of myeloid cells. Yet, the remaining 

questions are: 1) Is this receptor transactivation occurring upon PACAP treatment? 2) How does p75NTR 

modulation take place and may alter the behavior of myeloid cells and their interaction with neurotrophins? 

3) How much of this interaction is influenced by pro-neurotrophins that are also expressed upon 
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inflammation, triggering antagonistic signaling pathways? Further studies of myeloid cells upon PACAP 

treatment shall consider the phosphorylation status of Trk receptors and the use of agonists/antagonists for 

PACAP and neurotrophins to better understand those interactions. Finally, another relevant aspect of being 

considered is the influence of BDNF signaling in the evasion of apoptosis by immune cells. It was 

previously described that BDNF binding to TrkB-expressing T cells leads to their protection from apoptosis 

upon EAE (Frota et al., 2009). The constant presence of activated immune cells in the brain parenchyma is 

especially important during chronic neuroinflammation, as depicted in diseases such as MS (Wang and 

Tian, 2021), but also in chronic cerebral toxoplasmosis. To what degree this interaction of PACAP, immune 

cells and neurotrophins promotes neuronal protection vs persistence of inflammation still needs to be 

evaluated. Taken together, the data gathered here indicate that PACAP treatment is able to modulate the 

behavior of myeloid cells upon T. gondii infection, possibly with the involvement of BDNF and p75NTR. 

PACAP, neuroinflammation and synaptic dysfunction 

Synaptic alterations in the brain have an intimate relation with neuronal health, in particular upon 

chronic neuroinflammation. During the onset of brain infection, local neuroinflammation is fundamental 

for pathogen recognition and elimination. However, it also entails damage to neuronal tissue in short- and 

long-term (Farmen et al., 2021). Prolonged activation and recruitment of immune cells into the CNS induces 

the release of cytotoxic ROS and NO, which ultimately trigger apoptosis of neurons promoting neuronal 

degeneration (Herrup and Yang, 2007; Lyman et al., 2014). 

The main, but not unique, drivers of this cytotoxic response are microglia, macrophages, and 

recruited immune cells (Becher et al., 2017). In Publication 3, the administration of PACAP resulted in an 

overall anti-inflammatory effect with a reduced number of inflammatory cuffs. Specifically, the reduced 

number of F4/80+ cells in the cortex revealed by histology supports the depicted reduction of CD11b+Ly6Clo 

monocyte-derived macrophages detected by flow cytometry. Of note, the remaining F4/80+ cells apparently 

increased F4/80 expression in the cortex and additionally on the meninges (pia mater), suggesting an 

increased phagocytic activity after PACAP administration. In Publication 2, in vitro PACAP treatment 

increased F4/80 expression and phagocytic capacity of macrophages, supporting those findings upon 

cerebral infection. Moreover, the meningeal barriers can serve as a gateway for CNS pathogens, and the 

meningeal macrophages (MM) have been shown to be crucial for the control of CNS viral infections (Rua 

and McGavern, 2018). Thus, further studies might explore not only the modulation of MM by PACAP but 

also explore their contribution to T. gondii neuroinflammation. 

Further on, in Publication 3, PACAP treatment induced less infiltration of inflammatory 

monocytes and reduced microglial production of iNOS, TNF and IL-1β. Consequently, reduced 

neuroinflammation showed to impact parenchymal cell death, as PACAP further leads to a diminished 

number of apoptotic cells in infected brains. Indeed, PACAP increased levels of β-III-tubulin (TUBB3), a 

cytoskeleton component of neurons. As chronic T. gondii infection causes a loss of structural complexity 

of axons and dendrites (Parlog et al., 2014), the effects of PACAP point towards neuronal protection. Often, 
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the use of anti-inflammatory drugs describes the attenuation of neuronal degeneration and neurological 

symptoms in the context of bacterial meningitis (de Gans et al., 2002). However, upon cerebral 

toxoplasmosis, this approach can be critical for parasite control, leading to unresolved TE (Dunay et al., 

2018). Here, PACAP showed to reduce T. gondii neuroinflammation without affecting parasite control. In 

fact, PACAP has shown a potent anti-apoptotic effect, mainly via PAC1R binding, directly inhibiting the 

caspase-dependent mitochondrial apoptotic pathway (Ohtaki et al., 2006). 

Ultimately, neuronal health implies the preservation of a functional synaptic network. In previous 

studies, the inflammatory milieu induced by chronic T. gondii infection was detrimental to synaptic protein 

composition, mainly downregulating components of the glutamatergic neurotransmission pathway (Lang 

et al., 2018). In Publication 3, PACAP increased transcriptional levels of the excitatory amino acid 

transporter 2 (EAAT2) and vesicular glutamate transporter 1 (VGLUT1) both implicated in glutamate 

transport. Particularly, glutamate is a potent excitatory neurotransmitter, and its excessive accumulation in 

the CNS induces neuronal apoptosis cascade, characterizing a noxious effect called excitotoxicity (Verma 

et al., 2022). This neurotoxicity is reported among many models of neurodegenerative diseases, e.g., MS, 

amyotrophic lateral sclerosis (ALS), and epilepsy. It is highly suggested to occur upon cerebral 

toxoplasmosis, as the accumulation of extracellular glutamate in T. gondii-infected brains was detected 

(David et al., 2016). Modulation of the glutamatergic pathway suggests that PACAP can counteract 

glutamate excitotoxicity. Still, different cell types can be involved in this regulation, as the expression of 

PAC1R, the main PACAP receptor, is quite ubiquitous in the CNS. Moreover, the reduction of 

inflammation, and specifically, the use of neutralizing antibodies to reduce IFN-γ levels has been shown to 

ameliorate glutamatergic synaptic alterations, despite of detrimental consequences for parasite control 

(French et al., 2019). 

Collectively, PACAP has shown a pleiotropic neuroprotective effect, ranging from: 1) reduction of 

inflammation, 2) reduction of apoptosis, 3) modulation of neurotrophin signaling, and 4) modulation of 

synaptic composition. Therefore, PACAP demonstrated beneficial effects upon T. gondii-induced 

neuroinflammation. Further studies shall focus on the modulatory mechanisms of the neuropeptide PACAP 

on specific cell types - glial, immune cells and neurons -, and how these modulations would contribute to 

ameliorate neuronal impairment and promote neuroprotection upon cerebral infection. 
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FINAL CONCLUSION 

This present work demonstrated the involvement of the CP, and the beneficial immunomodulatory 

impact of the neuropeptide PACAP on T. gondii infection. The CP showed to be initially infected early in 

the onset of the infection. Alongside with CP endothelial cells, immune cells were also targeted by the 

parasite, inducing a rapid inflammatory response with loss of BCSFB integrity and functionality. This 

response was likely driven by TJ disturbances within CP epithelial cells and by the activity of MMPs. Thus, 

the dysfunctional BCSFB may initially enhance and further contribute to T. gondii-induced 

neuroinflammation. 

Concerning the neuropeptide PACAP, this study indicates that the PACAP application ameliorated 

overall inflammation in the periphery and in the CNS by reducing immune cell infiltration, activation, and 

cytokine production, particularly by myeloid cells. PACAP also showed an immune cell-mediated anti-

parasitic activity, with enhanced phagocytic capacity. In addition, the results demonstrate the involvement 

of PACAP in neurotrophin signaling through the modulation of the immune response. Simultaneously, 

PACAP reduced neuroinflammation and modified neuronal dysregulation, promoting neuroprotection 

during cerebral T. gondii infection. 

Altogether, the CP has emerged as an important CNS barrier actively involved in T. gondii 

infection, which opens new perspectives for diagnostic and therapeutic approaches. Notably, PACAP 

unveiled an exclusive role in neuro-immune interactions through providing neuroprotection and beneficial 

immunomodulation overcoming T. gondii infection. 
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LIST OF AB B REVIATIONS 

ABC ATP-binding cassette 

AD Alzheimer's disease 

AIDS Acquired immunodeficiency syndrome 

ALS Amyotrophic lateral sclerosis 

ATP Adenosine triphosphate 

BBB Blood-brain barrier 

BCSFB Blood-cerebrospinal fluid barrier 

BDNF Brain-derived neurotrophic factor 

BMV Brain microvessels 

cAMP Cyclic adenosine monophosphate 

Casp3 Caspase 3 

CCL2 C-C motif chemokine ligand 2 

CCL3 C-C motif chemokine ligand 3 

CCL5 C-C motif chemokine ligand 5 

CCR2 C-C motif chemokine receptor type 2 

CD Cluster of differentiation 

CNS Central nervous systems 

CP Choroid plexus 

CP-BAMs Choroid plexus border-associated macrophages 

CSF Cerebrospinal fluid 

CXCL10 C-X-C motif chemokine 10 

CXCL2 C-X-C motif chemokine 2 

CXCL9 C-X-C motif chemokine 9 

DALYs Disability-adjusted life years 

DCs Dendritic cells 

DNA Deoxyribonucleic acid 

EAAT2 Excitatory amino acid transporter 2 

EAE Experimental autoimmune encephalomyelitis 

EC Endothelial cells 

ECM Extracellular matrix 

FITC Fluorescein isothiocyanate 

GABA Gamma-aminobutyric acid 

GBPs Guanylate binding proteins 

GDP Guanosine diphosphate 

GFP Green fluorescent protein 

GPCRs G protein-coupled receptors 

GPI Glycosylphosphatidylinositols 

GTP Guanosine triphosphate 

HD Huntington’s disease 

HIV Human immunodeficiency virus 

ICAM-1 Intercellular adhesion molecule 1 

IFN Interferon 

IFNAR Interferon (alpha and beta) receptor 

IGTP Interferon gamma-induced gtpase 

IL Interleukin 
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ILCs Innate lymphoid cells 

iNOS Inducible NO synthase 

IRGM1 Immunity-related gtpase family M member-1 

IRGM3 Immunity-related gtpase family M member-3 

IRGs Immunity-related gtpases 

LCMV Lymphocytic choriomeningitis virus 

LPS Lipopolysaccharide 

MHC Major histocompatibility complex 

MM Meningeal macrophages 

MMPs Matrix metalloproteinases 

MS Multiple sclerosis 

NGF Nerve growth factor 

NKs Natural killer cells 

NO Nitric oxide 

NT-3 Neurotrophin-3 

NT-4 Neurotrophin-4 

p75NTR P75 neurotrophin receptor 

PACAP Pituitary adenylate cyclase-activating polypeptide 

PD Parkinson’s disease 

PRRs Pattern recognition receptors 

PSGL-1 P-selectin glycoprotein ligand 1 

PTS-6 Peptide transporter system-6 

PV Parasitophorous vacuole 

RNA Ribonucleic acid 

ROP Rhoptry bulb protein 

ROS Reactive oxygen species 

SAS Subarachnoid space 

Shank3 SH3 and multiple ankyrin repeat domains 

SLC Solute carriers 

STAT1 Signal transducer and activator of transcription 1 

TCR T cell receptor 

TE Toxoplasmic encephalitis 

Th2 T helper type 2 

TJs Tight junctions 

TLR Toll-like receptors 

TNF Tumor necrosis factor 

Tregs Regulatory T cells 

Trk Tropomyosin regulated kinase 

TUBB3 Beta-III-tubulin 

VGLUT1 Vesicular glutamate transporter 1 

VIP Vasoactive intestinal peptide 

WHO World health organization 

ZO-1 Zonula occludens-1 
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