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Malaria killed an estimated of 437,000 people last year, most of them children. While 

there is a vaccine nearly licensed, it only induces limited and short-lived protection. A major 
problem in the development of an effective vaccine is the poor understanding of the mechanisms 
that generate protective immunity. In malaria, IFN-γ+ CD4 T cell responses, called T helper type 
1 (Th1), are necessary to control acute parasite growth. On the other hand, IL-21+ T follicular 
helper (Tfh) cells are essential for generating high-affinity antibodies for parasite clearance. 
Whereas the transcription factors Bcl6, Blimp-1, and STAT3 regulate the development of Tfh 
cells, T-bet and STAT4 direct the commitment of Th1 cells. Since our understanding of the 
regulation of adaptive protective responses against malaria is poor, the present dissertation aimed 
to study the development of CD4 T cell responses using the murine parasite Plasmodium 
chabaudi, which models chronic human malaria immunology and pathology. First, we show that 
the CD4 T cell response against malaria consists mostly of a newly described Th1-like Tfh 
hybrid population. We demonstrated that these cells express both T-bet and Bcl6 in the nucleus 
and survive into the memory pool. Second, we used Bcl6, Blimp-1 and STAT3 T cell-specific 
conditional knock out (TKO) mice to study their roles in the generation of the Th1-like Tfh 
subset. We found that the Bcl6/Blimp-1 axis regulates the expression of the Tfh chemokine 
receptor CXCR5, but only Blimp-1 deficiency increased the proportions of Th1-like Tfh cells. 
STAT3 TKO mice had more IFN-γ+ Th1 memory cells, and were protected from reinfection. 
Since persistent immune stimulation can promote Tfh development, we treated mice at day 3 
post infection with the antimalarial mefloquine (MQ) to reduce immune stimulation early in our 
system. This early MQ treatment resulted in a great expansion of IFN-γ+ Th1 cells and a great 
reduction of Th1-like Tfh cells. In conclusion, our studies have provided vital information 
describing the adaptive immune responses during chronic malaria infection. Moreover, our data 
has identified several molecules for future studies to help the rational development of a much-
needed vaccine.   
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CHAPTER 1: INTRODUCTION 

MALARIA  

Current status and control efforts  

Malaria is one of the most prevalent diseases around the world with approximately 216 

million people infected in 2016.  Most cases are found in sub-Saharan Africa (1). Malaria 

generally results in an uncomplicated febrile disease, but it some instances it progresses into 

severe malaria resulting in death. Tragically, children aged 2 to 10 years old are the population 

with the highest infection rate. Five plasmodium species that can cause malaria have been 

identified in humans: P. falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi. In 2016, 

there were an estimated 445,000 deaths due to malaria, and the vast majority of these deaths 

were due to P. falciparum infections (99%). The Global Technical Strategy (GTS) for Malaria of 

the World Health Organization (WHO) aims to reduce the malaria incidence and mortality rates 

globally by 90% by 2030. Moreover, they hope to eliminate malaria from at least 35 countries in 

which malaria was evident in 2015. Even though this goal seems difficult to achieve, in 2015, 17 

countries eliminated malaria (defined as zero indigenous cases for 3 years or more). In 2016, 

Kyrgyztan and Sri Lanka were certified and added to this list by the WHO. Therefore, there is 

great hope that this target will be met. 

 

In the year 2000, the leading world organizations recognized malaria as a worldwide 

health disaster. As a result, the Roll Back Malaria initiative and the United Nations Millennium 

Development Goals (MDGs) set a goal to control malaria in sub-Saharan Africa. Currently, the 
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total funding for malaria control and elimination was estimate at US$2.7 billion, with the United 

States of America being the largest funder. As previously reported, the main interventions for 

malaria control are insecticide-treated bed nets (ITNs), indoor residual spraying (IRS), and 

treatment of clinical cases with artemisinin-based combination therapy (ACT). Unfortunately, 

the emergence of resistance to artemisinins and insecticides is putting at risk the current success 

over malaria; therefore there is an urgent need to develop an effective vaccine to employ in 

conjunction with these other interventions.  

 

Malaria vaccine efforts 

 

Many efforts have been made to control malaria. The current vaccine agenda primarily 

targets the pre-erythrocytic stages of the parasite. This approach is intuitive as it aims to stop 

sporozoites from reaching the liver. A key protein for invasion of hepatocytes is the 

circumsporozoite protein (CSP), which is highly expressed on the sporozoite surface. Currently 

there is a licensed malaria vaccine, RTS,S/AS01. Unfortunately, recent studies show the vaccine 

confers partial protection that wanes over time (2). RTS,S aims to elicit a strong humoral 

response against CSP; thereby, stopping sporozoite invasion of the liver. Other vaccine efforts 

include immunization with radiation-attenuated Plasmodium falciparum sporozoites (PfSPZ) 

delivered through mosquito bites (3); intravenous inoculation of purified, radiation-attenuated 

PfSPZ (4-6); or inoculation of infectious PfSPZ by mosquitoes to volunteers under 

chemoprophylactic treatment using the anti-malarials chloroquine or mefloquine (7, 8). All of 

these approaches have achieved significant protection in controlled human malaria infection 

(CHMI) studies; however, the immune correlates of protection have not been clearly defined yet. 
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To date, high titers of antibodies against CSP and polyfunctional (IFN-γ+TNF+IL-2+) CD4 T cell 

responses are the strongest correlates of protection to the RTS,S vaccine, but there is no cut off 

that is predictive of protection (9-11). Therefore, understanding the molecular determinants for 

the generation of polyfunctional T cell populations could help the rational development of an 

effective vaccine. 

 

THE LIFE CYCLE OF PLASMODIUM PARASITE 

Despite the high prevalence of malaria, immunity to malaria clinical symptoms can be 

achieved in the field. However, naturally acquired immunity is reached only after repeated 

exposure, and sterile immunity is never achieved (12, 13). Repeated infection promotes 

continued immunity to clinical disease, and emigration out of endemic areas can reduce 

protection from disease acquired over years (14-16). This is similar to concomitant immunity, 

where chronic infection maintains protection, and it is also observed in many other parasitic 

infections (17-20). Effective malaria immunity relies on both humoral and cellular immune 

responses (21, 22). However, mechanisms of regulation of these responses are poorly 

understood. Differences exist between the adaptive response to liver and blood stages of 

Plasmodium infection. Therefore, we have to take in consideration the life cycle of the 

Plasmodium spp, and the possible immune mechanisms for control and elimination of the 

parasite in vivo. 

 

The life cycle of Plasmodium spp. parasites involves two hosts: humans and female 

mosquitos of the genus Anopheles (Fig. 1.1). Overall, the parasite life cycle can be divided into 
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three stages: Pre-erythrocytic (liver stage), erythrocytic, and the mosquito life cycle. During a 

blood meal, the mosquito probes the skin injecting saliva that contains anti-coagulants and 

vasodilators to increase the chances of encountering a blood vessel. Through this process, 15 to 

200 of the sporozoite form of the Plasmodium parasite, which resides in the mosquito salivary 

gland, are deposited under the skin (23, 24). Using gliding motility, the sporozoites reach a blood 

vessel and enter systemic circulation to travel to the liver [Fig. 1.1A, (25)].  In the malaria mouse 

model Plasmodium berghei, the estimated time for sporozoites to reach the liver after being 

deposited into the skin is 30 minutes to three hours (26). Inside the hepatocytes, the sporozoites 

develop and multiply into the schizont form, which is composed of thousands of merozoites [Fig. 

1.1B, (27, 28)]. The liver stage is asymptomatic and it is thought of more as an amplification 

stage that takes between 2 to 9 days in the case of P. falciparum. Eventually, through signals that 

still remain unknown, merozoites are released into the bloodstream in a merosome (Fig. 1.1C). In 

the bloodstream, merozoites invade erythrocytes where they develop asexually through ring, 

trophozoite, and schizont stages (Fig. 1.1D). Each schizont contains between 8 and 32 

merozoites, which are released from erythrocytes synchronously  (every 48 hours in the case of 

P. falciparum) causing the classic symptoms of malaria disease. Some parasites will develop 

intraerythrocytically into male and female gametocytes, which are taken up by the mosquito 

during the next blood meal [Fig. 1.1 E, (29)]. One point in the life cycle that can be targeted for 

malaria control is the migration of sporozoites from the skin to the liver, or their differentiation 

and division in hepatocytes. Another vulnerability of the Plasmodium parasite is during the 

erythrocytic stage, which leads to clinical symptoms and also transmission to a mosquito. 

Finally, other efforts focus on blocking transmission by preventing uptake of gametocytes by 

mosquitos. 
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Figure 1.1 The life cycle of Plasmodium parasites. A) Malaria infection begins with the 
intradermal injection of Plasmodium sporozoites from the mosquito salivary gland during a 
blood meal. B) Sporozoites reach the systemic circulation enabling them to access the liver, 
where they undergo schizogony. C) After a period of incubation, tens of thousands of merozoites 
are released into the bloodstream. D) In the bloodstream, merozoites infect red blood cells. All 
clinical malaria symptoms are evident during this asexual erythrocytic stage. E) Some 
intraerythrocytic parasites will develop into male and female gametocytes, which are taken up by 
the mosquito during the next blood meal.  
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MALARIA DISEASE AND MOUSE MODELS 

Clinical Symptoms of malaria  

Clinical symptoms of malaria are driven by massive synchronous rupture of red blood cells and 

parasite escape into the bloodstream. In general, the presentation of malaria disease resembles 

many common viral infections with patients experiencing fever, headache, chills, myalgias, 

arthralgias, and fatigue. This leads to a significant number of false diagnoses (30). Plasmodium 

infection of healthy adults has been used as an experimental approach to study the immune 

response and test vaccine efficacy. Short-term infection with chloroquine sensitive P. falciparum 

and cure upon PCR positivity has been used since 1985 (31) and it has provided important 

information regarding malaria clinical manifestations (32). From a retrospective study of 

eighteen different challenge trials between 1985 and 1992, malaria symptoms are first shown 

from 6 to 23 days after the exposure to an infected-mosquito bite. The frequency of these 

symptoms increases after parasites are detectable in peripheral blood using a thick blood smear. 

Individuals that have not been previously exposed to P. falciparum will show parasite in their 

blood by microscopy 11 days on average after exposure, at which point they received 

antimalarial treatment (33-35). Malarial fever was also used as a cure for neurosyphilis before 

penicillin and data from these infections was also carefully curated showing chronicity of P. 

falciparum for up to a year.  

 

The duration of Plasmodium infections 

In endemic areas, children are constantly exposed to different strains of Plasmodium 

parasites. Younger children (below the age of 5 years old) are the ones at the highest risk of 
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developing the severe form of disease, which could result in death. However, with recurrent 

infections, their chance of falling in a life-threatening episode is significantly reduced. 

Eventually protection from clinical symptoms, such as fever, is greatly reduced. However, in 

endemic areas, parasite can be detected in asymptomatic children. Parasite numbers in these 

children are very low, which supports the idea that malaria is a persistent infection. This should 

be considered different than chronic infection, where typically the pathogen is found at higher 

number accompanied by clinical symptoms (36, 37). Epidemiological studies done in Asar 

village in eastern Sudan, where malaria transmission is restricted to the rainy season that lasts 2 

to 3 months, showed that some people shift from symptomatic to asymptomatic infections after 

treatment, but remain infected (38). Using genetic analysis it was confirmed that the genotypes 

of diverse clones can coexist within single individuals, but most importantly, these infections can 

sustain the generation of gametocytes supporting transmission prevalence in the area (39). These 

observations support the current paradigm that clinical immunity precedes acquisition of 

immunity against the parasite.  

 

Studying immunity to malaria in humans 

 

The first studies that allowed for the description of immunity against Plasmodium 

infections come from the neurosyphilis patients who were treated with malaria back in the early 

1900s. Dr. Wagner-Jauregg made the observation that there was a correlation between 

improvements for patients with psychosis after feverish episodes. This observation led him to 

speculate whether it would be favorable to induce fever using infectious agents as a therapy for 

patients with psychosis. Later on he was able to identify that patients with “General Paralysis of 
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the Insane” (GPI), a severe neuropsychiatric disorder developed late during syphilis infection 

due to chronic meningoencephalitis, were the population that responded the best to the treatment. 

After trying streptococci from erypsipelas, tuberculin, and dead staphylococci, he used tertian 

malaria as therapy. The treatment consisted of blood transfusion from malaria-infected patients 

followed up by the administration of the anti-malarial quinine bisulphate after seven to twelve 

“attacks of fever”. In 1927 Dr. Wagner-Jauregg was bestowed Honorary Membership in the 

German Society for Psychiatry and the Nobel Prize (40). One important piece of data obtained 

from this era is in the case of patients that had recurrent neuropsychiatric episodes. When they 

were treated again with tertian malaria, they did not develop high fever episodes. This suggests 

that immunity to malaria clinical symptoms can be achieved after one exposure. 

 
Several groups are able to study natural infection in malaria-endemic areas (35). These 

studies will vary depending on the differences between transmission patterns (sporadic, seasonal, 

or year-round), transmission intensity (low or high), and mosquito breeding, among others. 

These types of studies allow using the healthy preinfection subjects as their own control. This 

approach helps to elucidate immune parameters or profiles that will correlate with protection, or 

even to determine if acute or persistent malaria infections modulate immune responses 

differently. These research models, in combination with animal models, have shown immense 

potential to helps us understand malaria immunity. Sterilizing immunity to the malaria parasite 

can be induced in animal models [mice, nonhuman primates (41, 42)] and humans (3) using 

attenuated-irradiated sporozoites. Sterilizing immunity can also be achieved using genetically 

attenuated parasites (43) or by inoculation of infectious P. falciparum by mosquitoes to 

volunteers under chemoprophylactic treatment using the anti-malarial chloroquine (8). 

Chloroquine only targets blood-stage parasites; therefore, both of the previously mentioned 
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approaches allow for exposure to full parasites from the skin to the liver stage, but only transient 

and minimal exposure to blood-stage parasite. Thus far, studies using exposure to sporozoites 

have shown to be effective only to re-challenge with homologous parasites, an event that would 

rarely happen in endemic areas (44).  

 

Plasmodium chabaudi as a malaria mouse model 

 

 Currently, there are many plasmodium parasites available that can infect rodents. As 

previously mentioned, all the malaria symptoms are shown during the blood stage. Different 

species of malaria parasite have different life cycles, which results in particular pathology 

developments (Table 1). Furthermore, the immune responses elicited by these infections have 

clear differences. For example, Plasmodium chabaudi chabaudi (AS) is a synchronous parasite 

like P. falciparum. Moreover, both of these parasites invade normocytes and reticulocytes (45). 

This is important, as the host cell preference of infection for the rodent malaria parasites 

influences heavily their virulence. In the case of non-lethal P. yoelii 17XNL, the infection is 

acute in wild type (WT) mice and it only infects reticulocytes.  However, the lethal strain P. 

yoelii 17XL, which is closely related to P. yoelii 17XNL, has no restriction in the range of 

erythrocytes it infects, resulting in faster and higher parasitemia (46).  P. chabaudi-infected red 

blood cells (iRBCs), unlike those infected with other rodent Plasmodium parasites, sequester in 

different organs by adhering to endothelial cells, and causes RBCs rosetting by adhering to 

uninfected RBCs (45, 47-50). In P. falciparum, parasite sequestration and RBCs rosetting have 

been related to the development of cerebral malaria (51, 52). However, P. chabaudi does not 

sequester in the brain (53), but it induces cerebral edema and hemorrhage in IL-10 deficient mice 
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(54).  Recent studies have demonstrated that exacerbated neuroinflammation in these mice 

correlates with development of cerebral malaria behavioral symptoms (55).    

 

 

 

 

 

 

Table 1. 1 Life-cycle characteristic of the main rodent malaria parasites 

 

The overall symptomatology observed during P. chabaudi infection in C57BL/6J mice is 

shown in Figure 1.2. As in humans, most of these symptoms can be linked to systemic 

inflammation driven by the parasite. One difference is that mice infected with P. chabaudi 

develop hypothermia instead of fever. Anemia is another key feature of malaria in individuals 

that is very similar in P. chabaudi. Anemia in humans is cause by several mechanisms, such as 

death of infected erythrocytes, suppression of erythropoiesis, elimination of uninfected RBCs by 

phagocytosis, and dyserythropoiesis (56). This process has been shown to be similar in P. 

chabaudi infection (57, 58). Importantly, both IFN-γ and TNF-α can inhibit renewal of 

hematopoietic stem cells during systemic inflammatory responses (59). However, in 

Mycobacterium avium infection, a chronic bacterial infection, IFN-γ can help to maintain 

hematopoietic stem cells as a reservoir of immune effector cells (60). One study showed that 

IFN-γ Knock Out (KO) mice infected with a low dose (104 iRBCs) of P. yoelii 17XNL had 

significantly lower parasitemia during the early stages of infection (61). They found that in the 

Parasite Liver Stage (h) Synchrony in blood Persistency 

P. c. chabaudi 52-53 Synchronous Persistent 

P. berghei ANKA 50 Asynchronous Acute 

P. y. Yoelii 17XNL 43-50 Asynchronous Acute 
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absence of IFN-γ there was a great reduction in the percentage of reticulocytes (70% in WT vs 

20% in IFN-γ KO), which is the preferred cell to infect by the parasite. These results suggest that 

IFN-γ has a role in malaria infection beyond an immune inflammatory cytokine. Moreover, these 

results indicate that P. yoelii 17XNL mouse malaria infection might be in a disadvantage as a 

model to study malaria. 

 

Figure 1.2 Overview of P. chabaudi pathology in C57BL/6J mice. Wild Type 
C57BL/6J mice survive a P. chabaudi infection using 105 iRBCs dose intraperitoneally. A) 
Spleens from naive (uninfected) and infected C57BL/6J mice at day days 5, 7, and 9 (p.i.) are 
shown. Splenomegaly is a characteristic of P. chabaudi infection. B) Parasitemia curve is shown 
in a log scale for 3 mice as percentage of infected red blood cells over total red blood cells 
(%iRBCs). Circulating parasite is measured using Giemsa-stained thin blood smears. Parasitemia 
peaks aroun days 8-10 p.i. After a recrudescence period around day 30 p.i, parasitemia falls to a 
sub-patent level (for up to 2 more months) detectable by blood transfer into a naive mouse. 
Infected mice gradually loose C) weight and D) temperature after the peak of infection (days 10-
11 p.i.). These parameters return to normal as parasite clearance is accomplished. 

 

P. chabaudi pathology severity, as P. falciparum, depends on both host (62-64) and 

parasite genetics (65). For example, in P. chabaudi the percentage of parasitemia depends on 
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several factors, such as sex, mouse strain, and nutritional status. Parasitemia in male A/J mice is 

higher (closer to 60%) when compared to the resistant strain C57BL/6 (30-40%).  In human 

malaria, host genetic factors that correlate with protection are pyruvate kinase (PK) deficiency, 

Glucose-6-Phosphate deficiency, Sickell cell anemia, Thalasemias, Duffy blood group antigens, 

among others (66).  In mice, the regions containing genetic markers related to susceptibility or 

resistance are named chabaudi resistance (Char) loci (67, 68). In the case of parasite genetics, 

different strains differ in characteristics such as erythrocytic manipulation and cell adhesion (69 , 

70). In P. falciparum, variant surface antigens (largely divided into the multigene families rif, 

stevor, and var) have been extensively related to disease severity (71). In the case of rodent 

malaria, the multigene families are called pir genes (72), and depending on the species acquire a 

specific nomenclature (i.e. cir in P. chabaudi). In P. chabaudi, a study showed that passage of 

the parasite once through mosquitoes changed the expression of a single cir gene, which resulted 

in decreased virulence (73) suggesting that the multigene families have a similar role in virulence 

than in P. falciparum. 

 

Blood-stage immune responses in humans are comparable to the one observed in P. 

chabaudi mouse malaria infection (12). T and B cell responses are pivotal to control parasite 

growth and pathology during this stage (74). The main role of B cells in human malaria is to 

reduce parasite numbers, demonstrated by transfer of purified IgG from malaria-immune adults 

to children with ongoing malaria infection (75, 76). In the case of P. chabaudi, B cell-deficient 

mice are able to control primary acute infection but unable to eliminate parasite during the 

chronic phase (77). CD4 T cells are important for survival in P. chabaudi infection. 

Immunodeficient mice can be rescue from lethal blood-stage P. chabaudi infection by CD4 T 
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cell transfer (78). In both P. falciparum and P. chabaudi infections, the blood-stage induces a 

response characterized by IFN-γ production by natural killer (NK) cells, γδ T cells, and αβ T 

cells (79-81). Importantly, in both infections Th1 cells, and not T regulatory (Treg) cells, are the 

main source of the immunoregulatory cytokine IL-10 (82, 83). In conclusion, P. falciparum and 

P. chabaudi share many aspects in pathology, parasite immune evasion genetics, and elicited 

immune mechanisms. 

 

Figure 1.3 CD4 T cells play a major role in Plasmodium chabaudi infection. P. 
chabaudi infection shares many aspects with P. falciparum infection, such as the 
importance of CD4 T helper responses in immuno-pathology during the blood-stage. Here 
we show a cartoon depicting the parasitemia curve during blood-stage P. chabaudi 
infection (red line). During the first week after infection, P. chabaudi expands 
exponentially. Peak parasitemia is reached around day 8-10 p.i. At this time, IFN-γ+ Th1 
cells are crucial to control parasite growth. Around day 10-12 p.i, after the peak 
parasitemia, we observe the IFN-γ-mediated pathology characteristic of malaria infection. 
At this time Th1 cells are extremely important to control the immune-pathology since they 
are the main producers of the immune-regulatory cytokine IL-10. After the peak, IL-21+ 
Tfh cells and malaria-specific antibodies are required to achieve parasite clearance. 
However, parasitemia is not cleared, but reduced to sub-patent levels and it can last for up 
to 3 months at this levels. 

 

IMMUNITY TO MALARIA 
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The early stages 

 

Albeit malaria immunity from natural infection can be generated, it decays rapidly with 

removal from endemic areas (84, 85). These observations suggest that continuous exposure to 

the parasite is required to confer immuno-protection, but the mechanisms driving this response 

are still unknown. In humans, infection at the skin and liver stages is considered 

immunologically silent, as no signs of inflammation are triggered during these stages (86). This 

idea is supported by the observation that naturally acquired immunity is inefficient at 

neutralizing the parasite at the skin or liver stages. Moreover, the skin (87) and liver (88) are 

inherently immunoregulatory, which could be exploited by the parasite. Guilbride and colleagues 

conducted an unbiased meta-analysis of nearly 2000 malaria vaccine studies suggesting that 

Plasmodium-specific regulatory T cells (Tregs) are induced during skin vaccination, which could 

result in increased immune tolerance to sporozoites and the following blood stage infection (89).  

In mice, Tregs and dendritic cells (DCs) migrate to the skin within 30 min post-inoculation of 

Plasmodium sporozoites through a mosquito bite (90). Importantly, migratory DCs show 

downregulation of MHC-II and the co-stimulatory molecule CD86, suggesting a tolerogenic 

response. Some studies have shown a modulatory effect on DCs by P. falciparum in vivo and in 

vitro (91, 92).  

 

A large body of literature has addressed the role of DCs in malaria and relevant findings 

regarding their role in CD4 development have been made (93-95). RBCs infected with P. 

chabaudi can activate DCs in vivo and in vitro, although there is evidence that there is a “turn-

around” from inflammatory DCs to immunoregulatory DCs as infection progresses (94, 96, 97). 
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Plasmodium parasites can active Antigen Presenting Cells (APCs) through many mechanisms, 

such as iRBCs (98), free parasites in the blood stream, and parasite products (99). The 

Plasmodium parasite contains activators of Toll-like receptor 2 (TLR2) and TLR9 (100, 101). 

The parasite can trigger these responses by glycosylphosphatidylinsitol (GPI) anchors and DNA 

trapped in the metabolic byproduct hemozoin (102, 103). However, infection of TLR2 KO, 

TLR4 KO, TLR6 KO, and TLR9 KO mice with P. chabaudi showed no differences when 

compared with WT mice (104). Nevertheless, MyD88 deficient mice had impaired production of 

TNF-α and IFN-γ and had less malaria symptoms (body weight and temperature loss). 

 
The role of monocytes during bacterial and viral infections, autoimmunity, and cancer 

has been widely studied, while their role in protozoan parasitic infections have been less 

characterized (105). Innate cells from the monocyte lineage play a crucial role during malaria 

infection. Dendritic cells (DCs), monocytes, and macrophages sense and respond to several 

signals in infected red blood cells (iRBC) and other parasite products (106). The role of 

monocytes has been more elusive than DCs, mostly due to the heterogeneity of their responses, 

as well as their phenotypical similarities with macrophages (107). The contribution of monocytes 

to protection and modulation of adaptive immune responses in malaria is still under debate (108). 

Monocytes, and not resident macrophages, have been shown to be able to restrict parasite growth 

by antibody-dependent cell inhibition (ADCI) (109-111). Monocytes originate from bone 

marrow precursors and depending on their exposure to growth factors, cytokines, and microbial 

products, they can differentiate into macrophages or dendritic cell populations in the tissue (112). 

In Plasmodium chabaudi infection, CD11bhighLy6C+ monocytes recruited to the spleen produce 

reactive oxygen intermediates (ROI) and phagocytize parasites (113). Ccr2 KO mice, where 
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monocyte migration from bone marrow is impaired, showed uncontrolled parasitemia after the 

peak of infection. Importantly, adoptive transfer of CD11bhighLy6C+ cells rescued the mice from 

this phenotype. 

 

The erythrocytic stage 

 

The most obvious mechanisms that elicit an immune response during the blood stage are 

free merozoites and iRBCs. Since red blood cells lack the antigen presenting apparatus (MHC-I 

or -II), it is expected that humoral responses are the most important immune defense mechanism. 

However, it is well established that CD4 T cells mediate proper humoral responses (74, 78).  

 
In malaria endemic areas, children acquire resistance to life-threatening malaria at the age 

of five years old (16). After this, children remain susceptible to malaria clinical outcomes, such 

as fever and anemia, until they reach adulthood. Clinical immunity is achieved late in life and 

disease is basically controlled by inflammatory signals, immunoregulatory responses, and 

acquisition of an extensive anti-plasmodium antibody repertoire (22).  In malaria, fever and other 

symptoms are a results of proinflammatory responses directed by cytokines such as IL-1β, IL-6, 

IL-8, IL-12(p70), IFN-γ, and TNF (114-116). However, this inflammatory response is also 

responsible for early parasite control. In some cases, excessive inflammatory signals can result in 

fatal or severe malaria, and this is related to individuals with very low or no exposure at all to the 

parasite (117). However, individuals that are constantly exposed in endemic areas will develop 

blood-stage infections that result in mild febrile episodes or no symptoms at all. This idea that 

constant exposure confers protection from clinical symptoms is supported by early studies in 
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humans, showing that risk of developing febrile episodes decreases with each parasite infection 

(118). In P. chabaudi infection, TNF and IFN-γ production are greatly increased at the peak of 

infection [from days 5 to 10 post infection (p.i.)] and IFN-γ deficient mice die at the peak of 

infection (119). The anti-inflammatory cytokines IL-10 and Transforming Growth Factor (TGF)-

β regulate this proinflammatory condition, and both cytokines are required for mice survival 

(120, 121). Cross-sectional studies in malaria endemic areas have shown that higher ratios of 

pro- over anti-inflammatory responses correlate with severe disease (114, 122). Moreover, a 

study used a systems biology approach to determine that PBMCs from children in a malaria 

endemic area had a pro-inflammatory response when exposed to iRBCs. However, following 

natural malaria infection, their PBMCs response to iRBCs shifted to a more anti-inflammatory 

response, characterized by IL-10 and TGF-β production (123). These findings suggest that 

children re-exposed to P. falciparum acquire a more immunoregulatory response presenting an 

explanation to the acquisition of clinical immunity in the field. Nevertheless, it remains unknown 

if these mechanisms are just another way of immunoregulation by the parasite to establish 

persistent infection without killing the host. 
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Figure 1.4 Immune players at the different stages of Plasmodium spp. life cycle. A) During 
the skin stage the infection is clinically silent with no clear evidence that immunity can be 
achieved during naturally infection in the field. However, other immunization procedures, such 
as live-attenuated sporozoites, have shown to reduce sporozoite migration from the skin to the 
liver. The sporozoite blockage is mediated by antibodies, which require CD4 T cell help. B) As 
in the skin, the liver stage in humans is clinically silent. No sterilizing immunity is achieved in 
the field. Nevertheless, live-attenuated sporozites can induce sterilizing immunity at this stage. 
This immunity relies on CD8+ and CD4+ T cell responses; effective production of inducible 
nitric oxide synthase (iNOS) and nitric oxide (NO) by innate immune cells, and IFN-γ-producing 
natural killer (NK) cells, NKT cells, and γδ T cells. C) Malaria clinical symptoms are observed 
during the blood-stage. During this stage, both innate and adaptive immune responses are readily 
detected. The most important effector response during this stage is CD4-mediated antibody 
responses. NK, NKT, γδ T cells also play a role. Macrophages and monocytes help to clear 
infected red blood cells and free merozoite through the production of iNOS and NO. A few 
parasites will differentiate into sexual gametocytes, which are taken up by a mosquito in the next 
blood meal. (adapted from Langhorne et. al. 2008(12)) 
 

T CELL MEDIATED IMMUNITY 

 

Defining CD4 T cell subsets 

 Adaptive immune responses are involved in protection and elimination of Plasmodium 

parasites at all the stages of the parasite life cycle. Generation of long-lived humoral responses 
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against sporozoites could, in theory, stop their migration and block liver infection. In mouse 

studies, elimination of pre-erythrocytic parasites requires mainly CD8 T cells that produce IFN-γ 

that mediate elimination of infected hepatocytes (124). During the erythrocytic stage, B cells and 

antibodies are extremely important in eliminating the parasite (125). It is well established that 

CD4 T cells can “help” at all these stages.  Memory B cells can be generated to many pre-

erythrocytic antigens such as, Circumsporozoite protein (CSP), liver-stage antigen 1 (LSA1), and 

sporozoite threonine-asparagine-rich protein (STARP) (126-128). Importantly, malaria-specific 

CD4 T cells against pre-erythrocytic antigens can be generated after immunization (129) and 

natural infection (130). CD4 T cells can contribute to CD8 responses against liver stages (131-

134); however, CD8 T cells are thought to be mainly primed in the skin-draining lymph node 

after the sporozoite infection (135). It is possible that CD4 T cells specific to pre-erythrocytic 

antigens are generated in the same way, providing a scenario where they provide help to liver-

stage specific CD8 T cells responses.  

  

 In the 1980s, Mossmann and Coffman proposed that CD4 T helper cells could acquire 

one of two possible final and stable fates: either an IFN-γ-producing T helper 1 (Th1) phenotype, 

which was necessary to control intracellular pathogens, or an IL-4-producing T helper 2 (Th2) 

phenotype, which mediated immunity against helminths and provided help to B cells for 

antibody production (136). For years this Th1/Th2 paradigm was the rule of CD4 differentiation 

in the mist of infection. To support this idea, each subset depended in the expression of lineage-

defining transcription factors (T-bet for Th1, GATA3 for Th2) and the overexpression of these 

“master regulators” forced the differentiation of naive T cells into each one of the lineages (137-

139). This model of CD4 differentiation was not strange to malaria researchers. In P. chabaudi, 
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P. berghei, and P. yoelii infections, it was widely recognize that the acute phase of infection was 

characterized by IFN-γ production (140-142). The same results were found in P. falciparum 

(143) in accordance with Th1 responses being triggered by intracellular parasites. Moreover, it 

was described in P. chabaudi a noticeable shift in the response from Th1 to Th2 promoting the 

antibody production required for complete parasite clearance (141). This whole concept of stable 

and terminally differentiated CD4 T cells made sense form the point of view that memory T cells 

had to “remember” to respond appropriately to specific insults. 

 

Even though this dualistic view of CD4 T cell differentiation benefited the studies of 

immunological responses against pathogens, it suffered when new subsets were discovered. The 

discovery of T regulatory (Treg) cells and its master regulator the forkhead transcriptional 

repressor, Foxp3 (144, 145), demonstrated that naive cells could acquire an immunoregulatory 

phenotype. The next lineage to be discovered was characterized by its signature cytokine IL-17; 

therefore named T helper 17 (Th17), and its own master regulator, the orphan retinoid receptor, 

RORγt (146, 147). T follicular helper (Tfh) cells are yet another CD4 T subset with a defined 

function, to help B cell maturation and antibody isotype class-switch through its signature 

cytokine IL-21 (148, 149). Tfh cells have their own master regulator, Bcl6 (150, 151). It has 

been extensively reported that in the absence of Bcl6, B cell responses are greatly affected, with 

no development of Germinal Centers (specialized regions within secondary lymphoid organs that 

are required for proper B cell activation) (152, 153). An interesting fact is that Bcl6 is a 

transcriptional repressor and not a transcriptional activator, such as T-bet or GATA3. Bcl6 

directs Tfh differentiation by direct interaction and inhibition of genes that direct the 

differentiation of the other subsets (154, 155). Therefore, it is still a debate if the Tfh phenotype 



32 

is a true lineage comparable to Th1 or Th2, or a default state of differentiation for naive CD4 T 

cells that are in close interaction with B cells (148, 156, 157). 

 

 

Figure 1.5 CD4 T helper differentiation lineages. In vitro studies helped defined the initial 
subsets Th1 and Th2. However, the plasticity of CD4 T cells in their cytokine production 
insinuated that CD4 lineages might not be as stable as previously thought. (adapted from O’shea 
2010 (158)) 
 

CD4 T cell plasticity 

 

The concept of “T cell plasticity” is becoming more common as new technology is use to 

study immune responses. Multicolor flow cytometry, mass cytometry (CyTOF), highly multiplex 

single cell qPCR, and Next Generation Sequencing (NGS), among others, have increasingly been 

used in immunology shedding light into the nature of T cell differentiation (159). Once thought a 

Th2 cytokine, IL-10 now has been identified in Th1 cells (160). It is fairly common to find 

“alternative” Th17 cells that co-produce IL-17 and IFN-γ (161). In vivo Th1 polarization using 

intracellular bacterial or viral pathogens only resulted in 80%-90% of T cells becoming 
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“committed” to the Th1 lineage (demonstrated by only producing IFN-γ) (162). Importantly, 

CD4 memory T cells that maintained their plasticity conferred protection against Mycobacterium 

tuberculosis infection, suggesting a beneficial role for plasticity in vivo.  

 

Tfh cells can produce IFN-γ or IL-4 pending on the nature of the infection (163). This 

finding raises questions: Are Tfh capable of acquiring Th1, Th2, and possibly Th17 cytokine 

profiles? Or is the Tfh phenotype a property that Th1, Th2, and possibly Th17 can acquire? 

Weinstein et al. recently addressed these questions by creating an IL-21-IL-4 dual-reporter 

mouse (164). In a series of elegant experiments, they demonstrated that Tfh cells progressively 

went from IL-21- to IL-4-producing T cells during a helminth infection. Interestingly, Tfh cells 

localization, cytokine production, and surface ligand expression differentiated their capability to 

modulate GC formation. IL-21+IL-4- Tfh cells facilitated selection of high-affinity B cell clones, 

while IL-4+IL-21- Tfh cells enabled B cell differentiation to antibody-secreting plasma cells. 

These results highlight that cytokine expression determines unique roles on Tfh cells. Moreover, 

it is possible that immune responses against infectious agents do not result in one stable cytokine 

expression, but that flexible cytokine production is required to mount a proper and efficient 

immune response. Nevertheless, if T cell plasticity is a phenomenon that occurs at the single cell 

level or at the population level remains to be determined. 

 

The idea that T cell subsets can loose or gain different cytokines pending on the duration 

and quality of immune stimulus can be seen as logical. In the context of chronic infections, IFN-

γ+T-bet+Foxp3- Th1 cells are the main producers of IL-10 (82, 165, 166). Successful elimination 

of a persistent infection might require a strong and prolonged inflammatory response. Therefore, 
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having self-regulating IL-10+ Th1 cells could be beneficial to limit damage to the host. However, 

it is possible that this immunoregulatory mechanism is exploited by the pathogen to cause 

persistence in the host. The concept that might be harder to fit within the theory of fixed T helper 

lineages is the expression of more than one master regulator. This situation is true in the case of 

Foxp3+T-bet+ Tregs during acute L. monocytogenes bacterial infection (167), T-bet+GATA3+ 

Th1/Th2 hybrid T cells during persistent parasitic H. polygyrus and S. mansoni helminth 

infections (168), and T-bet+Bcl6+ Th1/Tfh hybrid T cells during persistent parasitic P. chabaudi 

and T. gondii infection  (169, 170). Therefore, flexibility in expression of cytokines and lineage-

determining factors in helper T cells in vivo is more common than previously recognized. The 

mechanisms that control this plasticity are elusive; however, T helper hybrid phenotypes seemed 

to be characteristic of persistent infections (168, 169). 

 

Th1 cells in malaria infection 

  

IFN-γ+ Th1 cells, directed by the transcription factor T-bet, have been shown to be crucial 

in controlling the acute phase of the erythrocytic stage of Plasmodium spp. rodent infections 

(119, 171-174). Both, IFN-γ+ effector CD4+ T cells and IFN-γ+ effector memory CD4+ T cells 

confer partial protection from P. chabaudi infection (175). Importantly, in human malaria 

protection from reinfection has been correlated with IFN-γ-mediated responses (176). One 

possible mechanism for the IFN-γ induced protection in malaria infection is priming the innate 

immune responses for parasite clearance during re-challenge (177). This mechanism has been 

observed in a model of systemic L. monocytogenes as well (178). In this study, vaccination with 

attenuated bacteria generated memory T cells that quickly secreted IFN-γ upon challenge with 
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live bacteria.  This study showed that this rapid IFN-γ-mediated response instructs innate cells to 

become potent effector cells to control pathogen growth. In that study, IFN-γ from both CD4+ 

and CD8+ memory T cells was important to activate innate cells. However, in the case of P. 

chabaudi it remains to be determined whether IFN-γ from CD4, CD8, or both is required for 

protection from reinfection. One study proposed that PD-1 mediates the loss of anti-parasitic 

function of CD4+ and CD8+ T cells in P. chabaudi (179). Less than 70% of PD-1 KO mice did 

not developed chronic phase parasitemia and these results correlated with increased IFN-γ+ CD4+ 

and CD8+ T cells. Unexpectedly, 100% of PD-1 KO mice developed chronic malaria when CD8 

T cells were depleted suggesting a role for this population during chronic infection. 

 

The innate immune signals that control the differentiation of Th1 are still been elucidated. 

In P. berghei ANKA mouse malaria infection, type I interferon (IFN) signaling inhibited the 

development of IFN-γ+T-bet+ Th1 cells and IFN-αR1 deficient mice were able to control parasite 

growth (180). The effect of type I IFN signaling was specifically on CD8- DCs population (93). 

Importantly, the same results were found in healthy volunteers infected for the first time with P. 

falciparum (181). Moreover, type I IFNs promoted the development of IL-10+ Th1 cells. Other 

groups have found that T-bet deficient mice, which is necessary for the differentiation of Th1 

cells, had less IFN-γ+ Th1 cells and less cerebral pathology during P. berghei ANKA infection 

(174). However, mice succumbed to infection due to uncontrollable parasite growth. In acute P. 

yoelii 17XNL mouse malaria infection, T-bet deficiency resulted in better parasite control (182). 

In this infection, IFN-γ CD4 responses did not change but antibody responses were drastically 

changed, with no detectable IgG2a and increased IgG1. These last results insinuate that P. yoelii 

acute malaria infection control depends more on antibody responses than IFN-γ-mediated 
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responses. The cytokine IL-27 has been shown to be detrimental for Th1-mediated pathology in 

P. berghei NK65 mouse malaria model (183, 184). T cells from mice deficient of IL-27Rα 

(WSX-1 KO mice) had more T-bet and IFN-γ expression, and were hyper-responsive to IL-12 

activation (184). Overall, CD4+ T cells are expose to a complex signaling environment that 

promotes and regulates Th1 differentiation. 

 

IL-10 producing Th1 cells  

 

As in many other persistent infections, Plasmodium spp infection promotes the 

differentiation IL-10+ Th1 cell (165, 166, 169). These cells are referred to as IL-10+ Th1s or 

Tr1s, and their phenotype is IL-10+IFN-γ+CD25-T-bet+FoxP3+ (160). In P. falciparum, the CD4 

response is characterized by the co-secretion of IFN-γ and IL-10 (185). The expression of IL-10 

by Th1 cells decreases with age in children in endemic areas, allowing the expansion of IFN-

γ+IL-10- CD4 T cells, which correlates with parasite control (186). Moreover, IFN-γ+IL-10+ Th1 

cells are more prevalent in children with uncomplicated malaria than in children with severe 

malaria (83). The importance of this population has been demonstrated by infection of IL-10 

deficient mice with P. chabaudi that succumbed to the infection during the peak due to 

uncontrolled inflammatory responses (120, 121). In P. chabaudi, the production of IL-10 by Th1 

cells is directed by IL-27 and Blimp-1 (82, 187). In P. falciparum, IFN-γ+IL-10+ CD4 T cells 

express high levels of T-bet and Blimp-1, suggesting a similar transcriptional control than the 

ones observed during P. chabaudi infection.  
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In other persistent infections it has been demonstrated that Blimp-1 controls the 

development of IL-10+ Th1 cells (188, 189), suggesting a common transcriptional control during 

persistent infection. However, the control of IL-10 in T cells is fairly complex. In Th1 in vitro 

systems, IL-10 production requires STAT4 activation by IL-12 signaling and ERK2 MAP kinase 

activation through high sustained T Cell Receptor (TCR) activation (190). Other report showed 

that IL-21 induces IL-10 secretion by Th1 cells in vitro (191). Other group showed that IL-27 

(through the expression of the transcription factor c-maf), the cytokine IL-21, and the 

costimulatory receptor ICOS can induce IL-10 production in Th1 cells (192). In vitro 

experiments have demonstrated that IL-27 can also induce the transcription factor aryl 

hydrocarbon receptor (AhR) that works in concert with relies to promote IL-10 production in 

Th1 cells (193). IL-27 and IL-21 seem to be involved in the control of IL-10 production in 

humans with visceral leishmaniasis (VL) (194). Antigen-specific IL-10+ Th1 cells from VL 

patients can augment their IL-10 production by the addition of recombinant human IL-21. In 

CD8+ T cells it has been shown that IL-27 can induce Blimp-1-dependent IL-10 expression 

(195). But Th1 cells are not the only CD4 subset that can acquire IL-10. Th17 cells can secrete 

IL-10 under the control of IL-27 and IL-6 that signal through the transcription factor STAT3 

(196). Similarly, a recent study has shown that in Th1 cultures, IL-12- and IL-27-dependent 

STAT1 and STAT3 signaling can promote epigenetic modifications in the il10 gene (197). 

Together, these studies demonstrate a very complex control of immunoregulatory Th1 cells. It is 

important to understand what are the signals that control their generation, as they are crucial to 

control malaria pathology. 

 

Th2 cells in malaria infection 
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 The role of IL-4+ Th2 responses is less clear than the role of IFN-γ+ Th1 cells. In P. 

falciparum, IL-4+ CD4+ T cells specific to a small semi conserved area of the Duffy biding-like 

domain (DBL)α-domain of the variant surface antigen Plasmodium falciparum erythrocyte 

membrane protein 1 (PfEMP1) correlated with protection from future malaria episodes. In P. 

yoelii mouse malaria infection, IL-4+ CD4+ T cells have been shown to be necessary to secure 

the survival of effector and memory CD8+ T cells induced by irradiated attenuated sporozoites in 

the liver stage (131, 132).  

 

 The beginning of the erythrocytic phase of P. chabaudi infection is clearly marked by a 

Th1 response. This response is followed by a B cell help response that mediates the generation of 

malaria-specific antibodies for parasite control during the chronic phase. This change in type of 

CD4 help was thought to be a shift from inflammatory Th1 to antibody promoting Th2 cells 

(141), and B cells regulated the shift (198, 199). Moreover, it was described a correlation 

between IL-4+ CD4 T cells and the production of specific antibodies in individuals that achieved 

immunity by natural infection (200). Together, these results suggested that Th2 responses were 

responsible to promote humoral responses against Plasmodium spp. However, the frequencies of 

IL-4+ CD4 T cells within the population that was able to provide B cell help were very low 

(141). Furthermore, infection of IL-4 deficient mice with P. chabaudi did not affected 

significantly malaria-specific IgG responses (201). Therefore, the proposed Th1/Th2 biphasic 

CD4+ T cell response during malaria infection did not fully explained the shift from 

inflammatory to humoral oriented adaptive immune response.  

 



39 

T follicular helper cells in malaria 

 

 The generation of long lasting protective antibody responses relies on the formation of 

GCs within secondary lymphoid organs. When a naive B cells encounter antigen for the first 

time, they can differentiate into either short-lived plasma cells (PCs) or GC B cells. PCs secrete 

the first wave of low affinity antibodies that help control infection, while GC B cells will 

undergo somatic hypermutation generating high affinity Immunoglobulin (Ig). These GC B cells 

will eventually differentiate into PCs and migrate to the bone marrow, or memory B cells that 

circulate until reencounter with their cognate antigen. The development of GC requires the help 

of the specialized CD4 T cells named T follicular helper (Tfh), defined by CXCR5 expression 

(202) and IL-21 production (149).  

 

In P. falciparum, antibodies play a critical role in protection. Several studies have 

demonstrated that passive immunization with purified IgG antibodies from malaria-immune 

individuals to children can reduce parasite load and pathology (75, 76). However, in malaria 

endemic areas it takes time to acquire a large repertoire of antibodies (125). There are mainly 

two reasons why this happens: 1) it takes time to be exposed to a large number of P. falciparum 

clones and/or 2) there is an inefficient generation of memory B cell responses against the 

parasite. Furthermore, chronic malaria exposure in endemic areas has been correlated with the 

generation of “atypical” memory B cells (203, 204), which express high amounts of inhibitory 

molecules and exhibit poor effector function (205, 206). It is possible that dysregulated Tfh 

responses could affect B cell responses. Indeed, therapeutic in vivo blockade with anti-PD-L1 

and anti-LAG-3 resulted in increased Tfh cells and improved humoral responses that resulted in 
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better parasite control in P. yoelii infection (207). In the same model, stimulation of the 

costimulatory molecule OX40 using agonistic antibodies improved CD4+ T and B cell responses 

improving antiparasitic immunity (208). Furthermore, treatment with anti-CTLA4, an immune 

inhibitory protein on T cells, blocked the interference of Tregs with the Tfh-B cell interaction 

resulting in improved parasite control and cross-species protection (209). These results suggest 

that interventions targeting host immune mechanisms might be feasible and beneficial to 

improve malaria control. 

 

Tfh responses are extremely important during mouse malaria infection. Recent research 

from Dr. Jean Langhorne’s laboratory, suggest that Tfh, and not Th2, cells drive the protective 

antibody responses in P.chabaudi. In a series of elegant experiments, Perez et al. demonstrated 

that IL-21, the Tfh signature cytokine, is required to control parasite growth during the chronic 

phase (211). The main producers of IL-21 are CD4 T cells, and the peak of IL-21 expression is 

right at the peak of parasite growth (around day 8 p.i.). They identified that IL-21+ CD4 T cells 

expressed CXCR5, PD-1, and Bcl6; therefore, they defined them as Tfh cells. However, these 

cells also expressed IFN-γ and IL-10, and they expanded greater than 14-fold and 60-fold in their 

percentages and numbers upon P. chabaudi infection at the peak. This is surprising because P. 

chabaudi infection is characterized by a late development of malaria-specific IgG responses that 

are detectable 30 days p.i. This data suggests that either Tfh cells are unable to help B cells at the 

peak or that P. chabaudi infection hinders Tfh function at the peak. Mice deficient of Bcl6, the 

lineage determining factor of Tfh, only in T cells (Bcl6 TKO) are unable to control chronic 

parasitemia (212). Nevertheless, IL-21-receptor KO and Bcl6 TKO mice controlled peak 

parasitemia similar to WT, demonstrating that the control of acute parasite growth is Tfh 
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independent. However, IL-21-receptor KO mice failed to reduce parasitemia beyond day 15 p.i. 

reaching up to 50% iRBCs, while Bcl6 TKO mice were able to maintain parasitemia below 1%. 

Importantly, Bcl6 TKO mice had IL-21+ CD4 T cells, suggesting that the effect of IL-21 is not 

restricted to Tfh-dependent B cell responses. We have demonstrated that IL-21+IFN-γ+CXCR5+ 

Th1-like Tfh cells arise in the absence of Bcl6 during P. chabaudi infection, suggesting this 

population do not belong to the classical Tfh lineage (169). These findings are discussed in 

Chapter 2 of this thesis.  

 

Regulatory controls of Tfh and Th1 flexibility 

 

There are several reports showing that in the context of persistent infection CD4+ T 

helper cells can acquire a mixed Th1/Tfh phenotype. A comparison between acute LCMV 

Armstrong (Arm) and chronic LCMV Clone 13 (Cl13) infection demonstrated that the later 

promoted CD4 differentiation away from Th1 (213). Importantly, CD4 memory T cells from 

chronic LCMV Cl13 infection expressed more Tfh-related genes, such as Bcl6 and CXCR5. It 

was previously described that viral persistency could redirect CD4+ T cells from a Th1 to a Tfh 

phenotype and this shift was the result of prolonged TCR stimulation (214). This relationship 

between Th1 and Tfh phenotypes was also observed in vitro, where naive CD4+ T cells early 

during Th1 differentiation under high IL-12 concentrations express many Tfh markers (170). 

Furthermore, a study proposed a mathematical model were constant TCR stimulation inhibited 

IL-12Rβ2 expression; and therefore, T-bet maintenance hindering Th1 development (215). The 

role of TCR signaling in CD4 differentiation was studied in the context of duration of TCR 

stimulation. Using a series of peptides with different kinetic behaviors in regards the TCR-
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peptide(p):MHC dissociation time, Tubo et al. showed that longer TCR-p:MHC “dwell time” 

favored Tfh differentiation, while shorter dwell time resulted in Th1 development (216). Another 

aspect to take in consideration is the metabolism of T cells. One group reported that IL-2 

mediated activation of mTORc1, a metabolic regulator, was both necessary and sufficient to shift 

the differentiation of CD4+ T cells from Tfh to Th1 (217). Many signals that are common to 

inflammatory conditions seem to play a role in the development of Th1 and Tfh cells. The signal 

transducer and activator of transcription 3 (STAT3) has been shown to promote Tfh 

differentiation (218, 219), while type I interferon signaling can inhibit Tfh and promote Th1 

differentiation (219). One study showed that in vitro co-culture of salmonella-infected human B 

cells with naive CD4 T cells induced the co-expression of Th1 (T-bet and IFN-γ) and Tfh (Bcl6, 

IL-21, and CXCR5) genes in the T cells (220). Importantly, it has been shown that T-bet and 

Bcl6 can bind to each other and behave like a protein complex (221, 222). In this complex, Bcl6 

is unable to bind to its target genes, since it interacts with T-bet through its DNA-binding zinc 

finger. However, T-bet interacts with Bcl6 through its C-terminal domain, leaving its DNA-

biding domain free. Nevertheless, the repressor domain of Bcl6 is still functional and it is 

“adopted” by T-bet (221). These sets of data show the complex regulation between Th1 and Tfh 

differentiation, and many of these aspects have been corroborated during mouse malaria 

infection. 

 

The signals that control the differentiation of Th1 and Tfh in malaria are still been 

discovered. In P. berghei ANKA severe mouse malaria infection, infection-mediated 

inflammation inhibits GC formation and Tfh differentiation (223). Moreover, Tfh cells co-

express Th1-related markers, such as T-bet and CXCR3. We found the same results in P. 
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chabaudi infection (169). Interestingly, deletion of T-bet or blockade of IFN-γ and TNF together 

restored the formation of GC and Tfh differentiation (223). In P. falciparum, a population of 

CXCR3+CXCR5+PD-1+ Th1-like Tfh cells has been identified (224). Importantly, this 

population is preferentially activated during acute infection in children. These cells were shown 

to be Th1 polarized, since they express T-bet and produce IFN-γ upon restimulation. Moreover, 

CXCR3+ Th1-like Tfh cells were less efficient in stimulating B cell activation ex vivo and 

promoted the differentiation of naive B cells to T-bethi atypical B cells (225). This findings 

support vaccine strategies that promote CXCR3- Tfh cells to improve protection. Nevertheless, in 

attenuated whole-parasite vaccines, protection seems to be mediated by generation of protective 

CD4+ T cells, IFN-γ, and nitric oxide (NO) rather than malaria-specific antibodies (226, 227). A 

recent study showed that the ATP sensor P2X7 promotes Th1, while inhibiting Tfh 

differentiation, suggesting a role of metabolic byproducts in CD4+ T cell differentiation in 

malaria (228). Metabolism plays a role in CD4+ T differentiation in P. chabaudi infection, as 

suggested by the fact that inhibition of fatty acid synthesis at day 3 p.i. increases the generation 

of effector T cells reducing parasitemia at the peak (229).  

 

There is also a role of innate immune signals in the differentiation of Th1/Tfh cells in 

malaria.  Recently it has been shown in P. yoelii 17XNL infection that mice deficient in the 

pattern recognition receptor cyclic GMP-AMP synthase (cGAS) have increased parasitemia, 

decrease type I IFN, and decrease Tfh and B cell responses (231). IFN regulatory factor 3 (IRF3) 

deficient mice infected with P. chabaudi had less Th1, more Tfh cells, and increased IgG 

antibodies (232). However, the effect of IRF3 seems to be intrinsic to B cells since uninfected 

mice had increased GC B cells without changes in the CD4+ T cell populations. All together, 



44 

these results suggest that in order to develop an effective vaccine against malaria a balance 

between Th1 and Tfh memory responses should be considered as an objective. 

 

 

Figure 1.6 Th1 and Tfh polarization during blood-stage Plasmodium spp. infection. The 
signals that shape the differentiation of CD4+ T cells during malaria infection are complex and 
not fully understood. In the case of P. chabaudi mouse malaria infection, CD8- DCs present 
malaria antigens to naive CD4+ T cells. A previous report demonstrated that there is change in 
the DC population from pro-inflammatory to anti-inflammatory as the infection progress (230). 
Naive T cells are exposed to many different cytokines, inflammatory (red) and immuno-
regulatory (blue), that can direct them to either IFN-γ+IL-10+ Th1 or IL-21+ Tfh cells. However, 
recent reports have shown that a Th1-like Tfh population is predominantly generated during 
malaria infection (169, 211, 223, 224). The signals that direct the differentiation of Th1-like Tfh 
cells remain unknown. The possible signals that have not been tested yet are in green. Moreover, 
it remains to be tested if Th1 or Tfh cells can acquire this Th1-like phenotype. 
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OBJECTIVES OF THIS DISSERTATION 

 

 CD4+ T cell subsets can acquire a stable lineage characterized by the expression of a 

determined transcription factor, the production of signature cytokines, and the expression of 

specific surface markers. However, plasticity of CD4+ T cells is also a possibility. In the context 

of P. chabaudi persistent mouse malaria infection, to what extend is beneficial to achieve a 

stable lineage or to maintain T helper flexibility, and what are the CD4+ T helper populations 

that correlate with protection is still unresolved. Thus, it is important to determine the molecular 

orchestrators of CD4+ T helper cells in vivo. Knowing that IFN-γ+ Th1 cells are crucial for the 

control of acute parasitemia in P. chabaudi infection, the development of Th1 cells in vivo will 

be examined in Chapter 2 using an IFN-γ reporter mouse. Previous reports have shown that there 

is a shift from Th1- to Th2- mediated immune responses in P chabaudi. Now we are aware that 

the previously described Th2 responses are most likely Tfh. However, no studies have address if 

the Th1 cells generated during the acute phase change their phenotype once they survive into the 

memory phase, or if new T helper cells arise during the chronic phase with a Tfh phenotype. 

This subject will be study by adoptive transfer experiments of CD4+ T cells during P. chabaudi 

infection. 

 

 The molecular control of CD4+ T cells is complex. During malaria infection, CD4+ T 

cells express many transcription factors that are involved in T cell differentiation. Using T cell-

specific Knock Out (TKO) mice, we will study in Chapter 3 the role of Bcl6 (Tfh master 

regulator), Blimp-1 (Tfh repressor), and STAT3 (Tfh promoter) in the differentiation of CD4+ T 

helper cells in vivo. We analyze in detail the adaptive immune responses in these mice, and 



46 

determined if the deletion of this transcription factor affected parasite control and protection 

from reinfection. Collectively, this dissertation aims to increase our knowledge regarding 

protective adaptive immune responses to persistent malaria infection. Understanding the 

molecular control of protective immune responses may aid in the development of a much needed 

malaria vaccine. 
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CHAPTER 2: IFN-γ  AND IL-21 DOUBLE PRODUCERS ARE 

NOT BCL6-DEPENDENT IN PLASMODIUM CHABAUDI AND 

SURVIVE INTO THE MEMORY PHASE1 

 

Introduction 

 

Immunity against intracellular pathogens, such as the blood-stages of the rodent malaria 

parasite Plasmodium chabaudi, requires both antibodies and Th1-type responses (74, 233). This 

rodent parasite shares many traits with human malaria parasites, such as P. falciparum, and 

generates immunity that parallels that observed in human malaria (50). The CD4 T cell response 

starts with strong IFN-γ production, which reduces the initial parasite growth, followed by a 

marked change in the response to promote antibody and B cell involvement. This is critical 

because antibody is required for complete parasite clearance (141). CD4 T cells isolated from P. 

chabaudi infected mice on day 40 and cultured for two weeks with parasite antigen lose their 

IFN-γ production capacity, but gain the ability to generate IL-4 and provide help to B cells, 

suggesting that they are not of pure Th1 lineage (141). 

 

The transition from Th1 to antibody promoting T cells in response to P. chabaudi is 

likely regulated by B cells, as T cells from infected B cell deficient (µMT) mice produce more 

IFN-γ and less IL-4, and become inefficient to help antibody formation (198). Furthermore, 

                                                
1 Published in PLoS ONE 10(12):e0144654. https://doi.org/10.1371/journal.pone.0144654. Copyright © 2015 
Carpio et al. 
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during the early phases of this infection there is a switch in the type of antigen presenting cells, 

which reduces IFN-γ production (94). This change in T cell function includes acquiring the 

ability to secrete the regulatory cytokine IL-10, and the antibody-promoting cytokine IL-21 (82, 

211). This response seems appropriate to achieve an adequate balance between parasite control 

and immunopathology. Despite this controlled regulation, serum IFN-γ and IFN-γ+ T cells 

correlates with resistance to P. falciparum in African children (123, 176). Therefore, 

understanding the generation of IFN-γ-producing memory T cells is important for the rational 

creation of a malaria vaccine. 

 

It was recently reported that IL-21 generated by IFN-γ+IL-10+ T cells is critical to 

generate antibodies that control chronic infection and re-infection (211). This new data suggests 

that the earlier reported switch from IFN-γ+ Th1 immunity relates to an increase in CXCR5+IL-

21+ T follicular helper cells (Tfh) (234). Indeed, a recent study in Malian children uncovered that 

CXCR5+PD-1+CXCR3+ Th1-like Tfh cells are the predominant response against acute malaria. 

Importantly, these Th1-like Tfh cells were unable to mount an optimal antibody response, albeit 

produced the highest levels of IL-21 (224). Th1 cells are the major source of IL-10 during this 

infection, as in other chronic parasitic infections, and it is induced by IL-27 (82, 165, 166, 235). 

Importantly, IL-27 can also induce IL-21 (192), and promote Tfh development (236). The 

transcriptional regulation of IL-21 expression in T cells is not clearly defined and may involve 

Bcl6, as well as Maf and STAT3 (151, 237, 238).  

 

IL-21 has a pivotal role in B cell differentiation and germinal center formation, but can 

also have effects on T cell biology, including inhibition of IFN-γ production (239). However, 
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this finding may be limited in scope as CD4 T cells cultured in vitro under Th1 polarizing 

conditions can produce significant levels of IL-21 (237). Conversely, although IL-21 is the 

signature cytokine of the Tfh subset (149), these cells can simultaneously express other 

cytokines, including IFN-γ, depending on the nature of the cytokine milieu (163). For example, 

experiments using an influenza infection model in IL-21 reporter mice showed that CXCR5+PD-

1+IL-21+ Tfh cells can express IFN-γ, IL-10, and T-bet (240). Therefore, it is not clear whether 

the unusually large amount of IL-21 observed in this chronic infection is made by Tfh- or Th1-

lineage derived cells, and if they are able to survive into the memory phase. 

 

Herein, we investigated IFN-γ-producing effector T cells elicited during P. chabaudi 

infection for molecular evidence of Th1 commitment, and their ability to generate IFN-γ+IL-21+ 

memory T cells. Using an Ifng/Thy1.1 reporter mouse, we observed that a majority of IFN-γ+ T 

cell responders expressed several Tfh markers. In line with previous findings (211, 224), the 

dominant IFN-γ+ Teff population identified was CXCR5+, and these cells produced high levels 

of IFN-γ, in addition to IL-10 and IL-21. An IFN-γ+CXCR5hiPD-1hiIL-21+ GC Tfh population 

was also observed. The CD4+IFN-γ+ effector T cells also expressed both T-bet and the Tfh 

lineage-promoting transcription factor Bcl6. As expected, deficiency of Bcl6 regulated the 

CXCR5hiPD-1hi GC Tfh subset. On the other hand, Bcl6 did not regulate the CXCR5+IL-21+IFN-

γ+ population. We also studied IL-10 deficient mice, which have increased T-bet and IFN-γ in T 

cells to promote Th1 development. We found that in response to P. chabaudi infection, these 

mice generated increased levels of both CXCR5+IL-21+IFN-γ+ T cells and IFN-γ+ GC-Tfh. 

During the memory phase, we found that IFN-γ+ T cells at day 60 post-infection were able to 

produce IL-21. Adoptive transfer of CFSE-labeled IFN-γ+ T cells revealed that T-bet and IFN-γ 
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expression are only maintained by cell division in the memory phase. Together, these findings 

suggest that a heterologous T helper memory cell population is critical to the malaria immune 

response because it maintains both cellular and humoral immunity through IFN-γ, IL-21, and 

CXCR5, and regulates pathology via IL-10. Importantly, this subset is not dependent on Bcl6 

suggesting is not of the Tfh lineage. These results have significant implications for our 

understanding of the protective responses against malaria, and intend support the development of 

effective vaccines to control and prevent malaria. 

 

Materials and Methods 

Animals and infections 

C57BL/6J (B6), B6.SJL-PtprcaPepcb/BoyJ (CD45.1) and B6.129P2-Il10tm1Cgn/J (IL-10 deficient) 

were purchased from The Jackson Laboratory (Bar Harbor, ME), and CD4-Cre+ mice from 

Taconic (Hudson, NY). Ifng/Thy1.1 Knock-In and Ifng/Thy1.1 BAC-In mice were a kind gift of 

Casey Weaver (University of Alabama, Birmingham, AL). Bcl6fl/fl x CD4-Cre mice (241) 

(Indiana University School of Medicine, Indianapolis, IN) were bred at UTMB. The floxed allele 

was genotype by PCR using the primers for the 3’ loxP site: forward 5’-TCACCA 

ATCCCAGGTCTCAGTGTG-3’; reverse 5’-CTTTGTCATATTTCTCTGGTTGCT-3’. All mice 

were maintained in our specific pathogen free animal facility with ad libitum access to food and 

water. Mice 6–12 weeks old were infected with 105 Plasmodium chabaudi chabaudi (AS) 

courtesy of Jean Langhorne (MRC NIMR, London, UK) infected erythrocytes i.p. Parasites were 

counted in thin blood smears stained with Giemsa (Sigma, St. Louis, MO) by light microscopy 

(121). 
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Animal Care Statement 

All animal experiments were carried out in compliance with the protocol specifically approved 

for this study by the University of Texas Medical Branch Institutional Animal Care and Use 

Committee. 

 

Flow Cytometry and Imaging Flow Cytometry 

Single-cell suspensions from spleens were made in HEPES buffered Hank’s Balanced Salt 

Solution (Gibco, Lifetechnologies, Grand Island, NY), incubated in red blood cell lysis buffer 

(eBioscience, San Diego, CA), and stained in PBS 2% FBS (Sigma, St. Louis, MO) and 0.01% 

sodium azide with anti-CD16/32 (2.4G2) supernatant (BioXcell, West Lebanon, NH) followed 

by combinations of FITC–, PE–, PerCP-Cy5.5, PE/ Cyanine 7 (Cy7), Allophycocyanin 

monoclonal antibodies (all from eBioscience, San Diego, CA), CD127-PE/Cy5, CD44-Brilliant 

Violet 785 (BV785), CXCR3 BV421 (Biolegend, San Diego, CA), CXCR5-Biotin 

(BDbioscience, San Jose, CA) followed by either Streptavidin-eFluor 450,–PE or–BV650. For 

experiments using KI and Bcl6fl/flCD4Cre mice, CXCR5 staining was performed using rat anti-

mouse purified CXCR5 (BDbioscience, San Jose, CA) for 1 hour at 4°C followed by 30 min 

incubation with biotin conjugated AffiniPure Goat anti-rat (H+L) (Jackson Immunoresearch, 

West Grove, PA) followed by Streptavidin (242). For intracellular staining, total cells were 

stimulated for 2 h with PMA (50 ng/mL), ionomycin (500 ng/mL), and Brefeldin A (10 µg/mL) 

in complete Iscove’s Media (cIMDM) (all from Sigma), 10% FBS, 2mM L-glutamine, 0.5 mM 

sodium pyruvate, 100 U penicillin, 100 µg streptomycin, and 50 µM2-ME (all from Gibco, 

Lifetechnologies). Cells were fixed in 2% paraformaldehyde (Sigma), permeabilized using 

Permeabilization buffer (Perm, eBioscience) and incubated for 40 minutes with anti-IFN-γ-FITC 
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(XMG1.2), IL-10-PE (JES5-16E3), T-bet-efluor 660 (eBio4B10, eBioscience), or Bcl6-Alexa 

Fluor 488 (K112-91). 

 

For IL-21 staining, cells were incubated for 40 minutes with recombinant mouse IL-21R-Fc 

chimera (1 µg, R&D systems, Minneapolis, MN) in Perm and washed twice, followed by 30 min 

with Alexa Fluor 647 F(ab')2 goat anti-human IgG (0.3 µg, Fcγ Specific, Jackson 

ImmunoResearch, West Grove, PA) in Perm buffer. After three washes in FACS buffer, cells 

were collected on a LSRII Fortessa in the UTMB Flow Cytometry and Cell Sorting Core Facility 

using FACSDiva software (BDbiosciences, San Jose, CA) and analyzed in FlowJo version 9.7 

(TreeStar, Ashland, OR). Compensation was performed in FlowJo using single stained 

splenocytes (using CD4 in all colors). In adoptive transfer figures, data from 3–4 mice is 

concatenated to achieve sufficient cell numbers for presentation and Boolean gating analysis, 

after each mouse was analyzed and averages and SEM calculated. Nuclear co-localization of T-

bet and Bcl6 was collected using ImageStream MARKII and analyzed with IDEAS1 

ImageStream (EMD Millipore, Seattle). For Boolean gating analysis, the distribution of used 

markers was analyzed with 

SPICE 5.35 software (243). 

 

Cell Sorting and Microbead Purification 

Splenic CD4+ T cells from uninfected mice were enriched using EasySep biotin Selection Kit 

(STEMCELL, Vancouver, Canada) and a cocktail of biotinylated anti-CD8α (55–6.7), B220 

(RA3-6B2), CD11b (MI/70), CD11c (N418), F4/80 (BM8) and Ter119 (all from eBioscience). 

Enriched T cells were then Naïve (CD44loCD25-) sorted with anti-CD4-FITC, CD44-
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Allophycocyanin- Cy7, and CD25-PE (all eBioscience) on a FACSAriaI with FACDiva software 

(BDbiosciences). Thy1.1+CD4+ T cells were isolated via direct magnetic bead separation 

(Miltenyi Biotec, San Diego, CA) after CD4+ T cell enrichment. Cells were washed and 

resuspended in calcium- and magnesium-free PBS at 107 cells/mL before incubation with 5 

µMCell Trace Violet (CTV, Invitrogen) for 10 minutes at 37°C with shaking, then quenched 

with FCS. After washing, 2x106 cells were transferred into each mouse i.p. 

 

Real Time PCR 

RNA from Thy1.1+CD4+ T cells was extracted (RNeasy, Qiagen, Valencia, CA) and treated with 

DNAse (DNAse I, Invitrogen), adjusted to 40–100 ng/µL and reverse transcribed in a final 

volume of 20 µL (High capacity reverse transcription kit (Applied Biosystems, Grand Island, 

NY). Between 2–40 ng of reverse transcribed RNA was amplified using iTaq Universal SYBR 

Green Supermix (Bio-Rad, Hercules, CA) with the following primer pairs: bcl6, forward, 5’ 

CCGGCACGCTAGTGATGTT 3’, reverse, 5’ TGTCTTATGGGCTCTAAACTGCT 3’, and 

qSTAR qPCR primer pairs (Origene, Rockville, MD) against tbx21 (MP216689), prdm1 

(MP211365), eomes (MP204243). The level of expression was determined by the comparative 

threshold method (2-ΔΔCT) compared to naïve (CD44loCD25-) CD4 T cells from uninfected 

BAC-In mice as a calibrator sample and the 18s ribosomal RNA (rp18s) gene as a reference gene 

for normalization. Samples were collected using a ViiA7 Real-Time PCR system (Applied 

Biosystems). 

 

Statistics 
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Statistical analysis was performed in Prism (GraphPad, La Jolla, CA) using Student’s t-test one-

tail or two-tail when indicated. p<0.05 was accepted as a statistically significant difference. 

 

Results 

 

Kinetics of Th1 differentiation in response to P. chabaudi infection 

 

P. chabaudi malaria infection reaches maximal parasitemia by day 9 and persists at low 

levels for up to three months (244). To investigate Th1 differentiation during P. chabaudi 

infection, we used IFN-γ reporter (Ifng/Thy1.1 knock-in, KI) mice, where the Thy1.1 reporter 

gene is expressed transiently during active transcription of Ifng (245). Direct ex vivo analysis of 

splenocytes by flow cytometry on day 9 post-infection (p.i.) revealed a small Ifng/Thy1.1+ CD4+ 

T cell population (average of 2.41%, Fig 2.1A). The majority of these Thy1.1+CD4+ T cells had 

an IL-7Rα negative (96.6% CD127-), effector phenotype (Fig 2.1B). Similar expansion kinetics 

were observed for all Teff and Ifng/Thy1.1+ effector T cells along with parasite levels, which all 

peaked at day 9 p.i. (Fig 2.1C). 

 

Fig 2.1. IFN-γ-producing effector cells expand and contract with kinetics similar to 
parasitemia. Ifng/Thy1.1 Knock-In (KI) mice were infected with P. chabaudi infected RBC 
(iRBC). Splenocytes were harvested and analyzed by flow cytometry on various days post-
infection (p.i.) and (A) were gated on CD4+Ifng/Thy1.1+, shown at day 0 and 9 p.i. Average 
percentages from three animals are shown on plots. (B) CD4+Ifng/Thy1.1+ (as gated in A) 
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showing CD4+CD127- effector gate (red box) and Thy1.1+CD127- effector gate (blue box) at day 
9 p.i. (C) Total numbers of CD4+ effector T cells and CD4+Ifng/Thy1.1+ T cells (as gated in B) 
per spleen overlaid with parasitemia curve (%infected RBCs/total RBCs). Data are representative 
of eight independent experiments with three animals per time point. Error bars represent SEM. 
 

In order to investigate the degree of Th1 differentiation of IFN-γ+ cells during the effector 

phase of the response, we measured expression of Th1 markers on CD4 T cells at timepoints 

leading up to the peak of P. chabaudi infection. We used T-bet, the master regulator of Th1 

differentiation, as a marker of Th1 commitment, since high levels of this transcription factor are 

expressed in Th1 cells fully committed to making IFN-γ. On day 5 p.i, minimal effector cells 

were detectable and most of the Ifng/Thy1.1+ cells expressed T-bet (average, 79%) above that of 

the T-bet isotype control. Further, 55% of the cells were above fluorescence minus one (FMO) 

multi-color staining control for CXCR3, the IFN-γ-induced homing receptor for inflamed tissues 

(Fig 2.2A). An average of 47% of Thy1.1+CD4+T-bet+ T cells co-expressed CXCR3 on day 5 

p.i. On day 7 p.i, Teff appeared Th1-like, with 95% of Thy1.1+CD4+ T cells expressing T-bet 

and an average of 70.4% of Thy1.1+ cells co-expressing CXCR3. However, at day 9 p.i, we 

observed a downregulation of T-bet in Ifng/Thy1.1+ CD4 T cells, accompanied by a significant 

downregulation of CXCR3. However, the downregulation of CXCR3 has been reported to be 

required for proliferation in CD8 T cells in the red pulp, suggesting this may be independent of 

IFN-γ production (246). Runx3, a chromatin-remodeling factor critical for commitment to IFN-γ 

production by Th1 cells (247), also peaked on day 7, and was downregulated in Ifng/Thy1.1+ 

CD4 T cells by day 9 (Fig 2.2A and 2.2B). This data is summarized in Fig 2.2C by Boolean 

gating analysis of the Th1 phenotype of the Ifng/Thy1.1+ CD4 T cell population through the peak 

of P. chabaudi infection. We found that on day 5 p.i, 16% of the Thy1.1+CD4+ T cells 

coexpressed T-bet, CXCR3, and Runx3 with a similar percentage on day 7; on day 9, only 0.5% 
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of the Thy1.1+CD4+ T cells maintained the expression of these three markers. These results 

indicate the generation of a strong Th1 response by day 7 p.i, characterized by the expression of 

Tbet, CXCR3, Runx3, and the production of IFN-γ. However, this is followed by T-bet 

downregulation, and decreased CXCR3 and Runx3 by day 9 p.i, despite a continued increase in 

the number of IFN-γ-producing T cells. 

 

 

 

Fig 2.2. Expression of markers of Th1 differentiation is reduced at the peak of IFN-γ 
production. Ifng/Thy1.1 KI mice were infected with P. chabaudi iRBC, and splenocytes were 
analyzed. (A) Contour plots show expression of CXCR3, T-bet, and RUNX3 gated on 
CD4+Ifng/Thy1.1+ on days 5, 7, and 9 post-infection. The numbers depicted on the plots are 
average percentages. Gates were drawn using fluorescence minus one (FMO, CXCR3) or isotype 
(Tbet, Runx3) controls for each day, as shown to the left. (B) Bar graphs showing percentages of 
CXCR3, T-bet, and Runx3 positive cells in Thy1.1+ Teff population on each day. Data is 
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summarized in (C) pie charts of Boolean gating analysis of all possible combinations of 
CXCR3+, Runx3+, and T-bet+ within CD4+Ifng/Thy1.1+ effector T cells. Ifng/Thy1.1+ T cells 
expressing all three Th1 markers are shown in black. Two markers are shown in dark grey, and 
one marker is indicated by light grey. Data are representative of three independent experiments 
with three animals per time point. Statistical significance was obtained using Students t test. 
Error bar represents SEM; *p < 0.05, **p < 0.01, ns = not significant. 
 

IFN-γhiCXCR5+ effector T cells are the main source of IL-21 and IL-10 in P. chabaudi 

infection 

 

Upon investigation of responsive T cells in this infection, we observed a dramatic 

increase in CXCR5, ICOS, and SLAM. Given the presumed predominance of Th1 cells at this 

timepoint (141), we investigated expression of several Tfh markers on Ifng/Thy1.1+ effector T 

cells. Surprisingly, at day 7 p.i, Ifng/Thy1.1+ and Ifng/Thy1.1- effector T cells expressed 

comparable levels of CXCR5 and BTLA (B and T Lymphocyte Attenuator), while expression of 

Blimp-1, ICOS, and SLAM was higher on Ifng/Thy1.1+ (Fig 2.3A). This unusual profile suggests 

that these IFN-γ producers also have some features of Tfh cells. To differentiate Tfh and GC Tfh 

cells, we used CXCR5, the chemokine receptor that determines localization to B cell areas in 

lymphoid tissue; and PD-1, which is highly expressed on GC-Tfh (248). Despite a majority of 

PD-1int Teff, as observed in the CD4 response to chronic M. tuberculosis (249), we detected both 

CXCR5hiPD-1hi (GC Tfh) cells and CXCR5+ (Tfh) cells within the Ifng/Thy1.1+ effector T cell 

population on day 7 p.i. (Fig 2.3B). After gating on these populations, we found that IL-21 

production by CXCR5+ Ifng/Thy1.1+ effector T cells was greater than in the Ifng/Thy1.1- Teff 

(Fig 2.3C and 2.3D). 
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Fig 2.3. The Ifng/Thy1.1+ T cell population expresses Tfh markers. Splenocytes from day 7 
p.i (A) C57Bl/6J mice were analyzed for expression of CXCR5, Blimp-1, ICOS, SLAM, and 
BTLA in naïve (CD44loCD127+, grey), IFN-γ+ (black line), and IFN-γ- (dotted line) effector T 
cells (CD127-) as determined by intracellular cytokine staining. Bar graphs show mean 
fluorescence intensity (MFI). (B) Contour plots of PD-1 and CXCR5 from Ifng/Thy1.1 knock-in 
(KI) mice effector T cells (CD4+CD127-, as shown in Fig 2.2) are gated on naïve T cells from 
uninfected, Ifng/Thy1.1+, and Ifng/Thy1.1- mice. Bar graph shows percentages of Ifng/Thy1.1+/—

subsets out of total effector T cells. (C) Contour plot of IL-21 and CXCR5 expression. (D) 
Percentages of IL-21 within effector subsets. (E) Histogram showing Bcl6 expression in CXCR5-

IL-21+ (C, red box), CXCR5+IL-21+ (C, blue box), and CXCR5+IL-21- (C, green box) subsets 
relative to naïve and Ifng/Thy1.1- GC Tfh T cells. Bar graph shows average MFI of Bcl6 staining 
shown for each subset. (F) Contour plots for IFN-γ, IL-21 and IL-10 by intracellular cytokine 
staining in C57Bl/6J splenocytes day 7 p.i. Data are representative of four independent 
experiments with 3 mice per group. Statistical significance was obtained using Students t test. 
Error bar represents SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant. 
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Quantifying the fraction of IL-21 in the three populations, shown in Fig 2.3B, revealed 

that CXCR5+IFN-γ+ cells generated the most IL-21. These levels were even greater than that 

produced by CXCR5hiPD-1hi GC Tfh cells and CXCR5- effector cells (Fig 2.3D). Moreover, the 

mean fluorescence intensity (MFI) of IL-21 in Ifng/Thy1.1+ effector T cells was slightly higher 

(average, 611) than the Ifng/Thy1.1- population (536, p<0.05). Given the similarity of the Th1 

cells to Tfh, we measured expression of Bcl6, the Tfh lineage-determining transcription factor, in 

the Ifng/Thy1.1+ and IL-21 or CXCR5 expressing populations shown in Fig 2.3D at day 7 p.i. 

(Fig 2.3E). All Ifng/Thy1.1+ effector subsets expressed a higher level of Bcl6 than naïve 

(CD44loCD127+) CD4 T cells, but lower than Ifng/Thy1.1- CXCR5hiPD-1hi GC Tfh. Intriguingly, 

we also found that the majority of IL-21 producers also made IFN-γ and IL-10 (Fig 2.3F), and 

only the IFN-γhi Th1 cells produced both IL-21 and IL-10. 

 

Bcl6 T cell deficiency abolishes CXCR5+ Germinal Center T follicular helper cells, but not 

CXCR5+IL-21+IFN-γ+ T cells 

 

Bcl6 is the primary transcription factor that determines Tfh cell lineage (151). However, 

in Th1 cultures, Bcl6 has been shown to be driven by IL-12 and to oppose expression of IFN-γ 

by direct association with T-bet (222). Therefore, we examined the co-expression and 

localization of Bcl6 and T-bet, and tested the correlation of Bcl6 and T-bet expression with Ifng, 

as well as the requirement of Bcl6 to generate T cell populations making IL-21 or expressing 

CXCR5. To enrich the Ifng+ cells for imaging flow cytometry analysis, Ifng/Thy1.1+ cells were 

purified from infected Ifng/Thy1.1 Knock-In reporter animals on day 7 p.i. Ifng/Thy1.1hi and 

Ifng/Thy1.1lo populations were gated (Fig 2.4A) and expression of Bcl6 and T-bet was quantified 
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(Fig 2.4B). We observed a correlation between high expression of Thy1.1 to high T-bet or low 

Bcl6. Using the bright detail similarity score, which compares the brightness of two probes in the 

image, and DAPI to stain the nucleus, we observed both T-bet and Bcl6 in the nucleus of 

Thy1.1+ effector (CD127-) T cells (Fig 2.4C). However, in some cells both T-bet and Bcl6 could 

also be detected in the cytoplasm. This has been previously reported for T-bet (250). 

 

Fig 2.4. Level of T-bet in the nucleus correlates with Ifng/Thy1.1 expression. Ifng/Thy1.1 
BAC-In reporter mice were infected with P. chabaudi and splenocytes were analyzed on day 7 
post-infection. After positive selection of Thy1.1 cells, cells were stained for surface CD4, 
CD127, and Thy1.1 (yellow), followed by intracellular staining for Bcl6 (green) and T-bet (red). 
Just before analysis, nuclei are stained with DAPI (purple), and analyzed by imaging flow 
cytometry. (A) Histogram showing Ifng/Thy1.1 expression is gated on single focused cells. Cells 
were gated on CD4+CD127- Teff and (B) expression of Bcl6 and T-bet was measured within 
Ifng/Thy1.1 high and low gates as shown in (A). (C) Representative images of individual cells 
from imaging flow cytometry. Bright Field (BF) and DAPI/Bcl-6/T-bet merged images are 
shown. Statistical significance was obtained using Students t test. Error bar represents SEM; *p 
< 0.05, **p < 0.01. 
 

As low levels of T-bet coincides with low Bcl6 expression and correlates with reduced 

Ifng/Thy1.1 expression, we tested the role of Bcl6 in induction of the mixed Th1 and Tfh 

phenotype observed here. We infected Bcl6fl/flCreCD4 T cell-specific KO (TKO), where the Zn 

finger-encoding exons of the Bcl6 gene are flanked with loxP sites and deleted specifically from 

all CD4+ T cells, as previously verified (241). This domain of Bcl6 is involved in both DNA 

binding, and the protein-protein interaction with T-bet (222, 251). Therefore, the potential Bcl6-
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mediated regulation of Th1 lineage loci and binding to T-bet are both deficient. As Bcl6 TKO 

mice do not make Germinal Center B cells (241), which are likely to be essential for clearance of 

P. chabaudi (198, 211), we sorted naïve CD4 T cells (CD44loCD25-) from Bcl6 TKO mice 

(CD45.2), labeled them with the CFSE analog cell trace violet (CTV), and adoptively transferred 

them into CD45.1 congenic mice, followed by P. chabaudi infection (Fig 2.5A). Both groups of 

recipients exhibited a similar course of parasitemia (data not shown), and were expected to 

make antibodies normally. On day 7 p.i, responding CTV-CD45.2+ effector T cells were 

identified and the Bcl6- versus wild type-derived cells were characterized and compared (Fig 

2.5B). As expected, Bcl6 deficient T cells did not generate CXCR5hiPD-1hi GC Tfh cells (Fig 

2.5C). While the frequency of CXCR5+ effector T cells did not change between groups, we did 

observe a decrease in the MFI of CXCR5 on the Bcl6 TKO T cells (Fig 2.5D). However, Bcl6 

deficiency had no effect on IFN-γ or IL-21 production (Fig 2.5E). Although we observed a 

decrease in IFN-γ-IL-21+ cells in this experiment, this effect was not repeatable. There was no 

change in IFN-γ+IL-10+ effector T cells in the TKO cells either (Fig 2.5F). Because both groups 

of recipients are wild type, cell numbers followed the same trends shown here as percentages. 

Overall, these data demonstrate that Bcl6 deficiency in T cells reduces GC Tfh formation, as 

previously described (241). However, Bcl6 deficiency had no effect on the IFN-γ+IL-10+IL-21+ 

effector T cells, indicating that these cells are not derived from the Bcl6-dependent Tfh lineage. 

This was surprising, given that IFN-γ cells express so many markers indicative of Tfh. 
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Fig 2.5. Bcl6 controls generation of GC Tfh, but not cytokine profile, in responding effector 
cells. (A) Naïve (CD44loCD25-) CD4 T cells (2x106) from either Bcl6fl/fl CD4Cre (Bcl6 TKO) or 
Bcl6fl/fl (WT) were labeled with cell trace violet (CTV) and adoptively transferred into Ly5.1 
(CD45.1) congenic mice, followed by P. chabaudi infection. On day 7 post-infection, 
splenocytes were harvested and stained with (B) CD4, CD45.2, CTV, (C, D) PD-1, CXCR5, (E) 
IFN-γ, IL-21, and (F) IFN-γ, IL-10. (B) Plots showing the gating on responding 
CD4+CD45.2+CTV- T cells. (C) Graph shows percentages for individual recipients of effector T 
cell subsets. No CD45.2+ CXCR5hiPD-1hi GC Tfh cells were detected in any recipient of Bcl6 
cKO T cells. (D) Bar graph shows CXCR5 MFI of CD4+CD45.2+CTV- donor cells. (E) Plots and 
bar graph of average IFN-γ and IL-21 cytokine producers in the responding donor cells 
(CD45.2+CTV-) in recipients of WT and Bcl6 cKO T cells. (F) Dot plot showing intracellular 
cytokine staining. Data are representative of three independent experiments with 4–5 animals per 
group. Numbers within plots represent mean percentages. Statistical significance was obtained 
using Students t-test. Error bars represent the SEM; *p < 0.05, ***p < 0.001, ns = not significant. 
 

In order to determine if these cells are regulated by IL-10, which downregulates IL-12 

(120, 252), we infected IL-10 deficient mice. On day 7 of infection, as expected, effector T cells 

from IL-10 deficient animals showed an increase in the percentage of CXCR3+T-bet+ Th1 cells 

within the IFN-γ+ effector T cell gate with no difference in cell numbers (Fig 2.6A and data not 

shown). As IL-12Rβ2 is required for reinforcement of Th1 differentiation (137), we determined 
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that the proportion and number of IL-12Rβ2+IFN-γ+ effector T cells was significantly increased 

in the IL-10 deficient mice (Fig 2.6B). Along with this augmented CXCR3+T-bet+IL-12Rβ2+ 

Th1 phenotype, we observed an increase in the production of IFN-γ single-producers and IFN-γ-

IL-21 double-producers, with a significant overall increase in IL-21 production in the IL-10 KO 

Teff (Fig 2.6C). Interestingly, this phenotype was also accompanied by an increase in cells with 

the CXCR5hiPD-1hi GC Tfh phenotype within the IFN-γ-producing effector T cells, but not 

within the IFN-γ- subset (Fig 2.6D). As infection and splenomegaly is similar in IL- 10 deficient 

and wild type (WT) animals, cell numbers follow the same trends shown. These results suggest 

that IL-10 regulates generation of both IL-21+IFN-γ+ and IFN-γ+ GC Tfh cells. Collectively, 

these data suggest that IL-21, known to be essential for generation of a protective B cell response 

in P. chabaudi, is highly produced by Th1 cells. 

 

Fig 2.6. IL-10 regulates generation of both IL-21+IFN-γ+ and IFN-γ+ GC Tfh cells. Wildtype 
(WT) and IL-10 deficient mice (IL-10 KO) were infected and 7 days later splenocytes were 
analyzed by intracellular staining. Contour plots and bar graphs from IL-10 KO and WT controls 
showing expression of (A) CXCR3 and T-bet, and (B) IL-12Rβ2 in the IFN-γ+ Teff (CD127-) 
population; (C) IFN-γ and IL-21 in all Teff, and (D) PD-1 and CXCR5 in the IFN-γ+ Teff 
population. Data are representative of two independent experiments with 3–4 animals per group. 
Statistical significance from Students t-test. Error bars represent the SEM; *p < 0.05, **p < 0.01, 
***p < 0.001), ns = not significant. 
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T-bet+ IFN-γ+ T cells decay in the effector to memory transition, but are promoted by 

chronic infection 

 

We have previously shown that the chronic phase of infection with P. chabaudi generates 

memory-phenotype specific CD4 T cells, and maintains excellent protection from re-infection. 

We have proposed that this improved immunity during chronic infection is mediated by 

TNF+IFN-γ+IL-2- Th1 cells, as production of these cytokines depends on the chronic infection 

(175, 244). Furthermore, both protection and IFN-γ production decay in P. chabaudi (82, 141, 

177). Although Th1 memory in this infection is not fully understood, it appears unlikely to be 

fully committed to make IFN-γ upon restimulation, especially without continuous stimulation. 

Therefore, we investigated markers of Th1 commitment on Ifng+ cells later in infection using a 

different reporter system. In Ifng/Thy1.1 BAC-In mice, cells with an accessible Ifng locus can be 

identified by prolonged expression of Thy1.1 because of an SV40 intron/polyA tail downstream 

of the Thy1.1 insert that stabilizes mRNA expression (245). We infected Ifng/Thy1.1 BAC-In 

mice with P. chabaudi, harvested splenocytes on day 60 p.i, and analyzed expression of Th1 

markers in Ifng/Thy1.1+ CD4 T cells. We identified Ifng+ memory T cells as CD4+ Ifng/Thy1.1+ 

CD44hiCD127+ on day 60 p.i, and observed that they all expressed CXCR3, but only 14% 

expressed T-bet (Fig 2.7A) above the isotype control baseline. The transcription factors Runx3 

and Eomesodermin (Eomes) were also undetectable by flow cytometry in the memory Th1 cells 

(data not shown). Interestingly, the Tfh chemokine receptor CXCR5 was expressed on a 

significant subset of the Ifng/Thy1.1+ memory T cells (average of 12%), though Bcl6 was not 

detectable (Fig 2.7A). However, Ifng+ CXCR5+ and T-bet+ populations did not overlap 

significantly. As imaging flow cytometry is more sensitive than conventional flow cytometry, we 



65 

analyzed Thy1.1+ T cells harvested from BAC-In mice 60 days p.i. by imaging flow cytometry to 

detect Bcl6 and T-bet (Fig 2.7B). Similar to effector T cells, Ifng/Thy1.1hi memory cells 

displayed higher levels of T-bet than Ifng/Thy1.1lo cells. On the contrary, while expression of 

Bcl6 was detectable, it did not change in Ifng/Thy1.1hi cells. Representative images of Thy1.1hi 

and Thy1.1lo cells showing Bcl6 and T-bet expression are shown in Fig 2.7C. Real-time PCR 

confirmed expression of both Bcl6 and T-bet (tbx21) in the memory population (Fig 2.7D). 

Notably, we also detected prdm1 (Blimp-1) mRNA, suggesting that Bcl6 fails to completely 

repress its target genes at the memory stage. Interestingly, CD8 effector memory cells also 

express Blimp-1 [44]. Eomes mRNA was slightly decreased in the day 60 cells compared to 

naïve controls. 

 

Fig 2.7. IFN-γ+ CD4 memory T cells maintain CXCR5 expression, but little T-bet. BAC-In 
mice were infected and splenocytes were analyzed by flow cytometry on day 60 post-infection. 
(A) CD4+Ifng/Thy1.1+ memory (CD44hiCD127+, green box, gate set on CD4+) T cells were gated 
and expression of CXCR3, T-bet, CXCR5, and Bcl6 was measured. Numbers represent mean 
percentages. (B, C) Surface staining of CD4+ T cells with CD4, CD44, CD127, and Thy1.1 
(yellow) was followed by intracellular staining with Bcl-6 (green), T-bet (red), and nuclei with 
DAPI (purple). Cells were analyzed by imaging flow cytometry. (B) Histogram showing 
expression of Ifng/Thy1.1 on single focused cells. Bar graphs show MFI of Bcl6 and T-bet within 
Thy1.1 gates (C) Representative images of individual Ifng/Thy1.1 high and low cells showing 
Bcl6 and T-bet expression and localization in relation to the DAPI stained nucleus. Bright field 
(BF; left) and DAPI (nucleus)/Bcl6/T-bet merged images also shown (right). (D) Real time PCR 
analysis of bcl6, tbx21, prdm1, and eomes of CD4+Thy1.1+ sorted T cells. Results were 
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normalized to control gene rp18s. RNA from FACS Sorted naïve (CD44loCD25-) cells from 
uninfected, aged-matched BAC-In mice was used as control. Data are representative of three (A) 
and one (B, C, D) independent experiments with 3–4 animals per group. Statistical significance 
shown using Students t-test. Error bars represent the SEM;*p < 0.05, **p < 0.01, ns = not 
significant. 
 

In order to investigate whether the cumulative T-betlo memory cells observed in the 

previous experiment are derived from IFN-γ+ effector T cells, we adoptively transferred 

Ifng/Thy1.1+ effector T cells (99.7% purity) from Ifng/Thy1.1 BAC-In animals on day 7 p.i. into 

infection-matched CD45.1 recipients, as illustrated in Fig 2.8A. At day 60 p.i., we collected 

recipient splenocytes and analyzed the CD45.2+ (formerly Thy1.1+) memory cell phenotype by 

flow cytometry. Surprisingly, we observed that the majority of the cells that were transferred 

from day 7 infected donors, had downregulated Thy1.1 by day 60 p.i (>94%, Fig 2.8B). The loss 

of Ifng/Thy1.1 expression suggests a less accessible Ifng locus, and was accompanied by a 

significant decrease in CXCR3 and T-bet expression in Ifng/Thy1.1- cells (Fig 2.8C). However, 

the Ifng/Thy1.1+ T cells maintained both CXCR3 and T-bet expression, suggesting a stronger 

Th1 phenotype in this small fraction of the recovered cells. When cells transferred at day 7 were 

labeled with CTV, we observed that by day 60 p.i. an average of 78% of the transferred cells had 

divided more than six times. Essentially only these cells included Ifng/Thy1.1+ cells and 

contained the highest levels of T-bet (Fig 2.8D). Taken together, these findings suggest that Th1 

commitment, as defined by T-bet expression, is maintained by division in this infection. 

Interestingly, after ex vivo restimulation we found that a significant fraction of effector cells that 

survived into the memory phase still co-produced IFN-γ and IL-21 at day 60 p.i. (Fig 2.8E). 

These data suggest that the mixed Th1/Tfh population entered the memory pool, and that 

maintenance of IFN-γ production and T-bet expression by Th1 cells is linked to further parasite-

driven proliferation. 
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Fig 2.8. IFN-γ+ memory cells co-produce IL-21, and Ifng-accessibility and T-bet are 
maintained by division during chronic malaria infection. (A) BAC-In mice (CD45.2) were 
infected and at day 7 post-infection, CD4+Ifng/Thy1.1+ T cells were purified, CTV labeled, and 
adoptively transferred into infection-matched CD45.1 recipients. At day 60 post-infection, 
splenocytes were analyzed by flow cytometry. (B) Dot plot and bar graph shows expression of 
Ifng/Thy1.1 in recovered donor cells. (C) Contour plots gated on CD4+CD45.2+ show expression 
of CXCR3 and T-bet in recovered Ifng/Thy1.1+ and Ifng/Thy1.1- populations. Bar graph shows 
T-bet MFI. (D) Ifng/Thy1.1 and T-bet within the CTV- maximally divided cells. Bar graph shows 
T-bet MFI in each division (E) IFN-γ and IL-21 expression ex vivo in CD4+CD45.2+ donor cells. 
Data are representative of two independent experiments with 3–4 mice per experiment. 
Statistical significance shown using Students t-test. Error bars represent SEM; *p < 0.05, ***p < 
0.001. 
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Discussion 

 

The mechanisms of concomitant immunity, which is defined as protection from 

reinfection during persistent infection, are poorly understood. In acute parasitic infection, fully 

committed Th1 cells can be generated (162, 253). However, in chronic parasitic infection, T cells 

in the memory phase require IL-12 for continuous IFN-γ production, which suggests that a lack 

of intrinsic commitment to IFN-γ production is promoted by chronic antigen stimulation (254-

256). Here, in a model of malaria infection that lasts for up to 90 days (244), we studied 

commitment to IFN-γ production by effector CD4 T cells and their phenotype in the memory 

phase. The present data demonstrate that during the effector response to P. chabaudi infection, 

responding IFN-γ-producing T cells do not maintain a robust Th1 (T-bet+CXCR3+Runx3+) 

phenotype. Instead, Teff in this infection consist largely of IFN-γ+ Tfh-like cells that only 

maintain expression of IFN-γ and T-bet into the memory phase with proliferation. Weak 

maintenance of the Th1 phenotype into the memory phase was evident as only 6% of adoptively 

transferred IFN-γ+ Teff maintained Ifng-accessibility, T-bet, and CXCR3 expression. 

Importantly, Bcl6, IL-21, and CXCR5 expression persisted in the IFN-γ+ cells as well. Our data 

showing a loss of T-bet expression in the absence of proliferation supports evidence that IFN-γ+ 

T cells decay over time after exposure to malaria, correlating with the documented loss of 

immunity with time observed in animals (82). This is also reported in humans with reduced 

parasite-exposure upon emigration from endemic areas (14). Therefore, maintenance of IFN-γ 

production by Th1 memory cells in malaria depends on antigen or cytokines generated by 

chronic infection, as in other parasitic infections (177, 254-256). This data highlights the 

challenge of classifying these protective Th1 cells as effector, long-lived effector, or long-lived 
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effector memory T cells, despite some evidence supporting each of these conclusions (175, 257-

259). Studies of T cell immunity in chronic viral infection suggest that the landscape of the T cell 

response to chronic infection includes IFN-γ+IL-21+ multifunctional cytokine producers and T 

helper cell phenotype plasticity (211, 213, 260-263). Fahey et al. have shown that prolonged 

TCR stimulation during a persistent viral infection can re-direct Th1 cells towards the Tfh 

lineage in a TCR-dependent manner (214), however, they did not investigate expression of IL-21 

in this context. 

 

Here, we confirm that IL-10 and IL-21 are both produced by IFN-γ+CXCR5+ T cells 

(211). This suggests that the IFN-γ+IL-10+ double-producing Teff population previously shown 

to protect animals from pathology in P. chabaudi and P. yoelli, are the same population that also 

enhance the B cell response via IL-21 (82, 211). IL-21 has been shown to be critical for isotype-

switched antibody production and parasite clearance in this infection (211). We also show that in 

addition to CXCR5, IFN-γ+IL-10+IL-21+ T cells express the Tfh markers Bcl6, ICOS, BTLA, 

and SLAM. However, we have now shown that generation of the majority of IL-21 producers is 

Bcl6-independent, suggesting that they are not of the Tfh lineage. The IFN-γ+IL-21+ cells are 

also increased in an IL-10 deficient environment, which promotes Th1 development. 

Interestingly, IFN-γ+ GC Tfh cells were increased in this context as well. This data suggests that 

the majority of the Teff in P. chabaudi infection are Th1-type cells that express many of the 

markers of Tfh, and may be similar to those defined in chronic LCMV as “exhausted” due to 

reduced homeostatic proliferation (213), which is also a feature of effector memory T cells 

(Tem) (264). Maintenance of Tem has also been shown to depend on ICOS (265). Previous 

studies demonstrated a phenotypic overlap between Th1 and Tfh cells during Toxoplasma gondii 
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infection, where Tbet expression was required for downregulation of IL-21 and CXCR5 to 

achieve Th1 commitment (170). 

 

We also observed a separate, very small population of IFN-γ+ cells that expressed high 

levels of CXCR5 and PD-1, generated IL-21, and were regulated by Bcl6, thus, confirming their 

GC Tfh lineage. The B cell response to P. chabaudi begins with a strong extrafollicular antibody 

producing cell response and IgM, followed by a delayed specific IgG response. While IL-21 and 

CXCR5, widely considered Tfh-related molecules, are both predominantly expressed by IFN-γ+ 

cells in this infection, this population is not regulated by Bcl6. Importantly, both types of 

multifunctional T cell populations (IFN-γ+CXCR5+ and IFN-γ+IL-21+) entered the memory pool. 

For this reason, the memory cell population likely maintains T helper function through the 

expression of IL-21 and CXCR5. Some surviving cells showed improved maintenance of Ifng-

locus accessibility, and expressed T-bet, but this correlated with extensive division after the 

effector phase. Importantly, the majority of memory T cells that maintained IFN-γ expression 

produced higher levels of IL-21 ex vivo, as well. 

 

While there is a predominantly Th1 cytokine profile in CD4 T cells in healthy rural 

African individuals who are exposed frequently to malaria (266), these T cells also express high 

levels of IL-10 and IL-21. Interestingly, both cytokines are co-expressed with IFN-γ, though the 

three together were not tested in the human studies. In children with acute P. falciparum 

infection, increased plasma IL-21 levels correlated with IgG1 and IgG3 antibodies and the 

development of clinical immunity (267). In Plasmodium spp, IL-10 is induced in Th1 cells by 

IL-27 (82, 183). Moreover, a previous study has shown that IL-21 can also be induced through 
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this pathway (192), suggesting a mechanism for the generation of these multi-cytokine 

producers. In other types of chronic diseases, IFN-γ-producing cells are also the major source of 

IL-21 (240, 268, 269), although, in those studies the cells were also CXCR5+PD-1hi. In a study of 

chronic LCMV, CD4 T cells had a weak Th1 transcriptional profile compared to those from 

acute infection. Moreover, none of the other T helper lineages were favored in these T cells, 

suggesting increased plasticity in the face of chronic infection (213). This chronically stimulated 

population also made IFN-γ and TNF-α, as well as IL-10 and IL-21. Importantly, in chronic 

LCMV infection, IL-21 is required to prevent CD8 exhaustion sustaining effector activity (260, 

261, 263), however, its effect on chronic CD4 responses is less clear (82, 270, 271). 

 

Bcl6 is considered the lineage-defining transcription factor of the Tfh subset [22]. Bcl6 

regulates Th subset differentiation by inhibiting Th1, Th2, Th17, and Treg transcription factors 

and cytokine genes (272). However, Tfh cells can acquire cytokine profiles and maintain the 

master regulatory transcription factors of other Th subsets, such as IFN-γ, IL-4, or IL-17, 

suggesting flexibility in this less committed subset (163). This data suggests a new paradigm 

where Tfh cells co-express Bcl6 and also another lineage-defining transcription factor so that the 

function of CD4 T cells avoid terminal differentiation and remain responsive to chronic infection 

producing cytokines. While CXCR5hiPD1hi GC Tfh cells, which can make IL-21, differentiate in 

a Bcl6-dependent manner [25], Tfh markers are not solely controlled by Bcl6. For example, IL-

21 production by Tfh cells is controlled by STAT3 and c-Maf (273), and c-Maf can also induce 

CXCR5 expression (238). Furthermore, IFN-γ production by CD4 T cells from Bcl6 TKO mice 

in response to sheep red blood cells was not affected (241). It is interesting to note that in vitro 

Th1 differentiation induces IL-21 production without expression of CXCR5 (237). In agreement 
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with this data, we found that only the IFN-γ+CXCR5hiPD-1hi GC Tfh population was regulated 

by Bcl6. Therefore, the CXCR5+ Tfh-like phenotype found in IFN-γ+ cells is likely to be a 

consequence of Bcl6-inducing cytokines (such as IL-6, IL-21 or IL-27) or B:T cell interactions 

involving ICOS, which is also highly upregulated on all effector cells in this infection, and is 

reported to promote Tem survival (265). 

 

The majority of IL-21 was produced by the IFN-γ+CXCR5+ T cell subset in accordance 

with Peréz-Mazliah (211). Infection of IL-10 KO animals results in increased Th1 polarization 

(120), however, the proportion of the CXCR5hiPD-1hi GC Tfh subset within the IFN-γ+ 

population also increased significantly in these animals. This suggests that IL-10 also regulates 

the CXCR5hiPD-1hiIFN-γ+ GC Tfh phenotype. Additionally, there is precedence for IL-10 

regulating CXCR5hiBTLAhi Tfh cells (274). 

 

In summary, memory T cells in this infection show poor maintenance of Ifng/Thy1.1 

expression in the BAC-In reporter animals. This was accompanied by low T-bet expression, and 

continuous expression of IL-21 and Bcl6. This conclusion was presaged by previous work in this 

infection that indicated poor Th1 commitment, as measured by IL-4 production and help for 

malaria-specific antibody by T cells late in infection (198). Interestingly, T-bet is not essential 

for IFN-γ production in Plasmodium yoelii infection, and actually inhibits parasite killing (174, 

182). Therefore, we propose that the mixed Th1/Tfh phenotype reported here may actually be a 

beneficial response. Indeed, plasticity in T cells has been shown to benefit the host in 

tuberculosis infection (182, 275), and this mechanism is still being investigated. Our data is 
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relevant for the understanding of protective responses required for development of effective 

protective vaccines to control malaria pathology. 
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CHAPTER 3: TRANSCRIPTION FACTOR STAT3 REGULATES 
DIFFERENTIATION OF T HELPER 1 MEMORY CELLS IN 

PERSISTENT MOUSE MALARIA INFECTION 
 

Introduction 

 

Of the Plasmodium species that are currently used to study malaria infection in laboratory 

mice, P. chabaudi is unique in that it is synchronous, does not have a red blood cell maturation 

stage preferences, and causes persistent infection, as does P. falciparum, which can persist for a 

year or more (38, 50). An increased ratio of IFN-γ to IL-10 correlates with resistance to 

reinfection in malaria endemic areas (176). While the initial response to P. chabaudi is IFN-γ 

production, this is quickly downregulated, corresponding with production of antibodies (141). 

CD4 T helper (Th) cells promote host survival and reduction of the peak of P. chabaudi (78, 

276). It is thought that IFN-γ+ Th1 cells promote parasite phagocytosis controlling peak 

parasitemia (119), followed by IL-21+ T follicular helper (Tfh) cells required to help B cell 

responses for complete parasite clearance (234). In acute infections and in vitro systems, Th1 and 

Tfh subsets have been defined independent of each other, however, there is flexibility between 

both subsets (262). In P. chabaudi infection, one hybrid T helper subset produces both, IFN-γ 

and IL-21 (169, 211). Moreover, these hybrid Th1-like Tfh cells are the main source of the 

immuno-regulatory cytokine IL-10. A recent study in a malaria endemic area showed that Th1-

like Tfh cells preferentially expand during acute malaria infection (224). This hybrid phenotype 

has been described in other chronic infections as well, and it has been identified as a 

“dysfunctional” T helper cell (165, 170, 213).  
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There is a great interest in understanding the differentiation of T helper cells in malaria 

infection and their role in disease outcome. In acute P. yoelii infection, OX-40 agonistic antibody 

treatment resulted in increased proportions of IFN-γ+T-bet+ Th1 cells, which improved early 

parasite control (208). However, they found no differences in the proportions of Tfh cells or 

Germinal Center generation. They showed that treatment with recombinant IFN-γ constrained T-

cell mediated humoral responses, which resulted in poor parasite control after the peak. Using P. 

berghei ANKA, a lethal malaria mouse model, another group showed that severe inflammatory 

signals and T-cell-intrinsic T-bet expression inhibit Tfh differentiation and humoral responses 

(223). They restored Tfh responses by using lethally irradiated parasites (iPbA) or treating mice 

with anti-IFN-γ together with anti-TNF antibody starting at day 1 post-infection (p.i.). 

Importantly, drug-cured mice on day 5 p.i, did not have the same phenotype as iPbA-infected 

mice suggesting that CD4 T cell dysregulation is established earlier during disease. Importantly, 

T-bet Knock Out (KO) mice infected with P. berghei ANKA have dramatically increased 

parasite burden than WT mice reinforcing the importance of Th1 responses in malaria (174).  

 

The molecular control of Th1 and Tfh cell differentiation involves many transcription 

factors (262). T-bet is the Th1 master regulatory transcription factor (137), and Th1 cells express 

CXCR3 and IL-12Rβ2 (277). The Tfh cell lineage-determinant transcription factor is Bcl6 (150, 

151). Tfh cells are identified as CXCR5highPD-1high T cells. However, Bcl6 is also expressed in 

IL-12-driven Th1 cells (170). Bcl6 also has been shown to oppose expression of IFN-γ (170, 

222). Another molecule necessary for Tfh development is STAT3 (278). The cytokines IL-12, 

IL-27, IL-6, and IL-21, signal via STAT3 and can promote Tfh, while inhibiting Th1 

differentiation (170, 184, 219, 279). Blimp-1 has been shown to inhibit both Tfh and Th1 
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differentiation, via Bcl6 and T-bet, respectively (150, 280) and in the context of chronic 

infection, Blimp-1 also controls IL-10 production by Th1 cells (188, 189). Therefore, we 

investigated the roles f Bcl6, Blimp-1, and STAT3 in the development of Th1-like Tfh cells 

during persistent malaria infection. 

 

Persistent infection has been shown to be capable of directing T cells away from the Th1 

to the Tfh phenotype (214, 215, 281). It has been shown that increased antigen dose and duration 

of stimulation directs the divergence of naive cells into Tfh rather than Th1 phenotypes in acute 

L. monocytogenes infection (216). We show that duration of P. chabaudi infection beyond 3 

days leads to CD4 T cell dysfunction during malaria infection. To investigate the transcriptional 

regulators of IFN-γ+IL-21+ Th1-like Tfh cells during persistent malaria infection, we infected 

Bcl6 (Bcl6fl/flCD4cre), Blimp-1 (prdm1fl/flCD4cre), and STAT3 (STAT3fl/flCD4cre) T-cell specific 

Knock Out (TKO) mice and determined the effects on IFN-γ+IL-21+ T cells. Bcl6 TKO animals 

showed a dramatic decrease in generation of CXCR5int T cells, while Blimp-1 TKO had slightly 

more, with only small effects on the cytokines. Infection of STAT3 TKO mice generated a 

significantly lower proportion of IFN-γ+IL-21+ Teff, and CXCR5int T cells. Differences were 

seen in primary parasitemia of STAT3 TKO, and they were completely protected from 

reinfection. Importantly, memory T cells generated in the STAT3 TKO showed a more 

committed IFN-γ+IL-21-T-bethi Th1 phenotype that correlated with protection from reinfection. 

We found that Bcl6, Blimp-1 and STAT3 work in concert to guide the differentiation of these 

cells with STAT3 as a key player regulating the cytokine plasticity of memory T cells in malaria. 

Understanding the molecular control of protective T cells against such disease might aid in the 

rational development of effective vaccines. 
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Materials and methods 

 

Animals and infections 

C57BL/6J (B6), B6.129S1-Stat3tm1Xyfu/J (STAT3fl/fl), and B6.129-Prdm1tm1Clme/J (Blimp-1fl/fl) 

mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and bred to B6.Cg-Tg 

(CD4-Cre)1Cwi N9 mice from (Taconic Hudson, NY). Bcl6fl/fl x CD4-Cre mice (Indiana 

University School of Medicine, Indianapolis, IN) were bred at UTMB. Six to twelve weeks old 

animals of both sexes were used for all the experiments. The floxed allele for STAT3fl/fl mice 

was genotype by PCR using the primers: forward 5’-TTGACCTGTGCTCCTACAAAAA-3’; 

reverse 5’-CCCTAGATTAGGCCAGCACA-3’. The floxed allele for Blimp-1fl/fl mice was 

genotype by PCR using the primers: forward 5’-CAATGCTTGTCTAGTGTC-3’; reverse 5’-

AGTAGTTGAATGGGAGC-3’. The floxed allele for Bcl6fl/fl mice was genotype by PCR using 

the primers for 3’ loxP site: forward 5’-TCACCAATCCCAGGTCTCAGTGTG-3’; reverse 5’-

CTTTGTCATATTTCTCTGGTTGCT-3’. The cre gene was genotype by PCR using the 

primers: forward 5’-CGATGCAACGAGTGATGAGG-3’; reverse 5’-

GCATTGCTGTCACTTGGTCGT-3’. All mice were maintained in our specific pathogen free 

animal facility with ad libitum access to food and water. Mice were infected i.p. with 105 (or 107 

for reinfection) Plasmodium chabaudi chabaudi (AS) infected red blood cells (iRBCs), courtesy 

of Jean Langhorne (Francis Crick Institute, London, UK). Parasites were counted by light 

microscopy of thin blood smears stained with Giemsa (Sigma, St. Louis, MO). In some 

experiments, mice were treated with mefloquine hydrochloride (MQ, 4mg/kg body weight, 

Sigma, St. Louis, MO) by oral gavage daily for 4 days, staring on day 3 post-infection (p.i.). In 
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some experiments mice were treated three times every other day starting 10 weeks p.i. with 50 

mg/kg body weight per animal of Chloroquine (Sigma, St. Louis, MO) in Saline (Sigma). 

 

Animal Care Statement 

All animal experiments were carried out in compliance with the protocol specifically approved 

for this study by the University of Texas Medical Branch Institutional Animal Care and Use 

Committee. 

 

Flow Cytometry 

Single-cell suspensions from spleens were made in HEPES buffered Hank’s Balanced Salt 

Solution (Gibco, Lifetechnologies, Grand Island, NY), incubated in red blood cell lysis buffer 

(eBioscience, San Diego, CA), and stained in PBS + 0.5% BSA + 0.1% sodium azide + 2% 

Normal Mouse Serum (NMS) and 2% FBS (Sigma, St. Louis, MO) followed by rat anti-mouse 

purified CXCR5 (BDbioscience, San Jose, CA) for 1 hour at 4°C, followed by 30 min incubation 

with biotin conjugated AffiniPure Goat anti-rat (H+L) (Jackson Immunoresearch, West Grove, 

PA) for 30 min at 4°C followed by Streptavidin-eFluor 450, –PE or –Brilliant Violet 650 

(BV650), and combinations of FITC–, PE–, PerCP-Cy5.5, PE/ Cyanine 7 (Cy7), 

Allophycocyanin monoclonal antibodies (all from eBioscience, San Diego, CA), CD127-

PE/Cy5, CD44-Brilliant Violet 785 (BV785). For B cell staining we used B220-PE/Cy5, MHC-

II(I-A/I-E)-APC, CD38-PE, GL-7-FITC (all from eBioscience, San Diego, CA). For intracellular 

staining, total cells were stimulated for 2 h with PMA (50 ng/mL), Ionomycin (500 ng/mL), and 

Brefeldin A (10 µg/mL) in complete Iscove’s Media (cIMDM) (all from Sigma), 10% FBS, 

2mM L-glutamine, 0.5 mM sodium pyruvate,, 100 U/ml penicillin, 100ug/ml streptomycin, and 
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50 µM 2-β-Mercaptoethanol (ME) (all from Gibco, Lifetechnologies). Cells were fixed in 2% 

paraformaldehyde (Sigma), permeabilized using Permeabilization buffer (10X Permeabilization 

buffer, eBioscience) and incubated for 40 minutes with anti-IFN-γ- Brilliant Violet 605 (BV605, 

XMG1.2), IL-10-PE (JES5-16E3), T-bet-efluor 660 or -PerCP-Cy5.5 (eBio4B10, eBioscience), 

Bcl6-Alexa Fluor 488 or –PE (K112-91), and/or Blimp-1-Alexa Fluor 647 (6D3, BDbioscience). 

For IL-21 staining, cells were incubated for 40 minutes with recombinant mouse IL-21R-Fc 

chimera (1 µg, R&D systems, Minneapolis, MN) and washed twice in Perm buffer, followed by 

30 min with Alexa Fluor 647 goat anti-human IgG F(ab')₂ (0.3 µg, Fcγ-specific, Jackson 

ImmunoResearch, West Grove, PA) in Perm buffer. After three washes in FACS buffer, cells 

were collected on a LSRII Fortessa in the UTMB Flow Cytometry and Cell Sorting Core Facility 

using FACSDiva software (BDbiosciences, San Jose, CA) and analyzed in FlowJo version 9.4.11 

(TreeStar, Ashland, OR). Compensation was performed in FlowJo using single stained 

splenocytes (using CD4 in all colors). 

 

ELISAs 

Serum samples were obtained on days 7, 14, and 35 p.i. by bleeding mice from the tail vein 

under a heath lamp. Nunc-Immuno Plates (MaxiSorp™) were coated with whole freeze-thaw 

parasite lysate (transfer from N2(l) to 37°C, 4-5 times). Plates were blocked with 2.5% BSA + 

5%FCS in PBS. Bound antibody was detected using Alkaline Phosphatase (AP)-conjugated goat 

anti-mouse IgM (Sigma) and IgG (Oncogene Research Product, La Jolla, CA), which was 

revealed with a 1 mg/ml 4-Nitrophenyl phosphate disodium salt hexahydrate (PNPP, Sigma) 

solution. Plates were analyzed with a FLUOstar Omega plate reader (BMG Labtech, Cary, NC). 
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Statistics 

Statistical analysis was performed in Prism (GraphPad, La Jolla, CA) using Student’s t-test.  p < 

0.05 was accepted as a statistically significant difference, * p ≤0.05, **p  ≤0.01, **p ≤0.001. For 

pie comparison, statistical analysis was performed in SPICE software 

(http://exon.niaid.nih.gov/spice/) version 5.35. 

 

Results 

 

P. chabaudi-specific CD4 effector T cells upregulate Th1- and Tfh-related genes 

 

To determine the functional phenotype of CD4 effector (CD44hiCD127-) T cells (Teff) at 

the peak of infection, we infected C57Bl6/J mice with P. chabaudi and determined the 

expression of Th1 and Tfh markers by flow cytometry at day 7 and 9 p.i. in splenocytes (Fig. 

1A,B).  CD4 Teff at day 7 and 9 p.i. expressed CXCR5, IL-21 and IFN-γ (Fig. 1A). In 

accordance with the previously described features of the Teff population in P. chabaudi (169, 

211) and based in the co-expression of T-bet, IFN-γ, IL-21, CXCR5, and Bcl6, we defined Th1-

like, Tfh-like, and Th1-like Tfh cells (Fig. 1B). Boolean gating analysis showed a significant 

difference between the phenotypical distribution of CD4 Teff at day 7 and 9 p.i. At day 7 p.i, the 

majority of Teff showed a Th1-like Tfh phenotype (light gray slices in the pie). The proportion 

of Th1-like cells (black slices in the pie) was more on day 7 than day 9 p.i. The proportion of 

Tfh-like cells (dark gray slice of the pie) had a discrete increase on day 9 p.i.  Moreover, T-bet  
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Figure 3.1. T helper gene expression profile during P. chabaudi infection is Th1 and 
Tfh related. A-C) C57BL/6J mice were infected with 105 iRBC. Splenocytes were harvested 
and analyzed by flowcytometry. A) Histograms show CXCR5, IL-21 and IFN-γ expression in 
effector CD4+ T cells (CD44hiCD127-, Teff) cells at days 7 (gray line) and 9 (black dotted line) 
p.i, and naive (gray filled line). Bar graphs shows average percentage positive of CXCR5, IL-21 
and IFN-γ at days 7 (white bars) and 9 (black bars) p.i. B) Pie graphs showing subsets from 
Boolean gating analysis of all possible combinations of T-bet, IFN-γ, IL-21, CXCR5, and Bcl6 at 
days 7 and 9 above (cut off 0.5%). C) Histograms show T-bet, Bcl6, GATA3, and RORγt 
expression in Teff cells at days 5 (gray line), 7 (gray dotted line), and 9 (black dotted line) p.i, 
and naive (gray filled line). Bar graphs shows average MFI of T-bet, Bcl6, Gata3 and RORγt at 
days 5 (light gray), 7 (dark gray), and 9 (black) p.i. D) B5 TCR-Tg mice were infected with 105 
iRBC and splenocytes were purified into Teff (CD44hiCD127-CD62L-CD27+) from day 8 p.i. 
and effector memory (CD44hiCD127-CD62L-CD27+) CD4+ T cells (Tem) from day 60 p.i. and 
naive T cells (CD44loCD25-) from uninfected mice and subject to transcriptomic analysis of T 
helper profiling genes. Relative expression is shown as relative expression of Teff over naive 
(black bars) or Tem over naive (white bars) of Th1-, Tfh- related genes, and other transcription 
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factors directly from microarray. Microarray was repeated twice on biological replicates. 
Statistical significance was obtained using Students t test and Pie comparison in SPICE software. 
Error bar represents SEM; *p < 0.05, ** p < 0.01, *** p < 0.001, n.s. = not significant. 

 

expression increased from day 5 to day 7 p.i; however, it was downregulated at day 9 p.i, never 

reaching T-bet hi levels described in full Th1 differentiation. Bcl6 expression increased from day 

5 to day 9 p.i. We found no differences in the expression of the Th2 determining transcription 

factor, GATA3, or Th17 determining factor, RORγt, at any of the studied timepoints compared 

to naive (CD44loCD25-) T cells. The Teff and T effector memory (Tem) gene profile (GEO 

accession number GSE89555) suggests features of genes expressed by both Th1 and Tfh subsets, 

with only AhR from other subsets, despite a documented lack of IL-17 or IL-22 (Fig. 1D). As 

previously reported (187), Teff cells also expressed il10 and prdm1, which encodes for Blimp-1 

(Fig. 1D). These results indicate that persistent malaria infection promotes Th1 and Tfh 

differentiation and that these phenotypes are maintained into the memory phase. 

 

Duration of stimulus regulates Th1-like Tfh differentiation   

 

Generation of IFN-γ+IL-21+ CD4 T cells has been documented in several persistent 

infections (170, 213) suggesting that their derivation is due to prolonged stimulation. Therefore, 

we tested if limiting the duration of stimulation by shortening the period of infection would 

regulate the generation of Th1-like Tfh cells. P. chabaudi-infected animals were treated with the 

antimalarial drug Mefloquine (MQ) starting at day 3 or 5 p.i. (Fig. 2). Previous studies have 

determined that MQ itself has no effect on immune responses in mice at this dose (282). We 

found that MQ treatment day 3, but not day 5, p.i. significantly reduced the proportions of 

CXCR5+ Teff (NTx, 40.2% ± 2.173; +MQ, 22.3% ± 2;   45% reduction, Fig. 2A). Day 3 MQ  
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Figure 3.2. Mefloquine treatment starting at day 3 p.i, but not at day 5, results in Th1 Teff. 
C57BL/6 mice were infected with 105 iRBC and one group was given mefloquine (+MQ) by oral 
gavage on days 3-6 p.i, other group was given MQ on days 5-6 p.i, and other group was left 
untreated (NTx). Splenocytes were harvested and analyzed by flowcytometry at day 7 p.i. 
Contour plots show expression of A) PD-1 and CXCR5, and B) IFN-
γ and IL-21 in effector (CD44hiCD127-) CD4+ T cells (Teff). Bar graphs shows percentages out 
of total Teff and numbers of A) CXCR5-, CXCR5+, CXCR5hiPDhi (GC Tfh), and B) IFN-γ+IL-
21-, IFN-γ+IL-21+, and IFN-γ-IL-21+ subsets. C) Bar graph showing percentages of subsets from 
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Boolean gating analysis of all possible combinations of CXCR5, IFN-γ and IL-21 subsets of NTx 
(black bars) and +MQ (white bars) groups. D) Parasitemia (%infected RBCs/total RBCs) curve 
from NTx (black filled circles) and day 3 MQ treated (open circles) groups. Arrows depict 
treatement days. E) Day 7 p.i. parasitemia of NTx and day 5 MQ treated groups. Data 
representative of 3 (day 3 treatment) or 1 (day 5 treatment) experiments with two to four animals 
per group. Statistical significance was obtained using Students t test. Error bars represent SEM; 
*p < 0.05, ** p < 0.01, *** p < 0.001, n.s. = not significant. 
 

treatment decreased the overall cytokine production of Teff cells. Moreover, only treatment 

starting at day 3, but not day 5, p.i. led to a dramatic increase in the percentages of IFN-γ+IL-21-  

Th1-like and a reduction of IFN-γ+IL-21+ Th1-like Tfh cells (Fig. 2B). We used the markers 

CXCR5, IFN-γ and IL-21 to conduct a more comprehensive phenotypical analysis of Teff at day 

7 p.i. (Fig. 2C). The boolean analysis indicated that day 3 MQ treatment reduced the proportions 

of CXCR5+IL-21+IFN-γ+ Th1-like Tfh by 80% (NTx, 32.4% ± 1.760; +MQ, 6.763 ± 0.903) and 

increased by 270% the proportions of IFN-γ+CXCR5-IL-21- Th1-like cells (NTx, 5.46% ± 0.699; 

+MQ, 20.38 ± 1.726) compared to continuously infected animals. MQ treatment d3-d7 p.i. 

resulted in undetectable parasite by day 7 p.i. (Fig. 2D), while MQ treatment d5-d7 p.i. reduced 

parasitemia to 0.24 ± 0.03% iRBCs at day 7 p.i. (Fig. 2E). These results show that the stimuli 

driving the hybrid Th1-like Tfh cell phenotype is determined before day 5 of infection. These 

results support the hypothesis that extended stimulation by infection reduces Th1 cytokine 

commitment, a phenomenon first identified in chronic LCMV as dysfunction (213). 

 

Bcl6 controls Germinal Center T follicular helper cell formation 

 

To test the role of Bcl6 in the differentiation of Th1-like Tfh cells, we infected 

Bcl6fl/flCD4Cre (Bcl6 TKO) and Bcl6fl/fl (WT) control animals with P. chabaudi. As previously 
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shown, Bcl6-deficient T cells were unable to developed into PD-1hiCXCR5hi fully differentiated 

Germinal Center T follicular helper cells (GC Tfh), and the proportion and numbers of CXCR5+ 

Pre-Tfh-like Teff significantly decreased at day 7 p.i. (Fig. 3A) (169, 212). The percentages of 

IFN-γ+IL-21+ Teff did not change significantly; however, the numbers of IFN-γ+IL-21+ Th1-like 

Tfh cells decreased in Bcl6 TKO (29% reduction; WT, 2.21 x106 ± 0.076x106; Bcl6 TKO, 

1.57x106 ± 0.153x106; Fig. 3B). CXCR5+/int T cells have been shown to be pre-Tfh-like in P. 

berghei ANKA infection, as they can make GC Tfh in IRF4 deficient recipients (223). The 

proportion of IFN-γ+IL-21- Th1-like cells increased moderately, though the total number 

remained the same. Bcl6 deficiency resulted in the reduction of IL-21+IFN-γ- Tfh-like cells (45% 

reduction; WT, 25.2% ± 2.234; Bcl6 TKO, 13.87 ± 1.184; Fig. 3B) and CXCR5+IL-21+IFN-γ- 

Teff (67% reduction; WT, 19.3% ± 1.57; Bcl6 TKO, 6.373 ± 0.86) without affecting the Th1-

like Tfh cell populations (Fig. 3C). No significant differences in parasitemia were observed 

between Bcl6 TKO and WT animals during the early stage; however, Bcl6 TKO mice were 

unable to completely eliminate parasite in later stages, as previously reported (Fig. 3D)(212). 

Previously, we have shown that T-bet is downregulated from day 7 to day 9 p.i, despite the fact 

day 9 is the peak of IFN-γ+ Teff expansion (169). T-bet expression was maintained in Teff from 

day 7 to day 9 p.i. from Bcl6 TKO animals (Fig. 3E) suggesting that co-expression of Bcl6 and 

T-bet in Th1like Tfh cells drives the decrease of T-bet. Bcl6 deficient T cells had lower CXCR5 

and IL-21 expression, but similar levels of IFN-γ than WT (Fig. 3E). Overall, these results 

confirm that Bcl6 absolutely controls the development of fully differentiated GC Tfh cells during 

P. chabaudi infection, but only partially regulates development of CXCR5+/int pre-Tfh cells. We 

showed this previously on adoptive transfer of CD4 T cells from Bcl6 TKO (169).  
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Figure 3.3. Bcl6 deficiency reduces GC Tfh differentiation in persistent malaria infection.  
Bcl6fl/flCD4Cre (TKO) and Bcl6fl/fl (WT) animals were infected with 105 iRBC. Splenocytes were 
harvested and analyzed by flowcytometry at day 7 post-infection (p.i.). Contour plots show 
expression of A) PD-1 and CXCR5, and B) IFN-γ and IL-21 in Teff. Bar graphs shows 
percentages out of total Teff and cell numbers of A) CXCR5-, CXCR5+, CXCR5hiPDhi (GC Tfh), 
and B) IFN-γ+IL-21-, IFN-γ+IL-21+, and IFN-γ-IL-21+ subsets. C) Bar graph showing percentages 
of subsets from Boolean analysis of all possible combinations of CXCR5, IFN-γ and IL-21 
within WT (black bars) and Bcl6 TKO (white bars) Teff. D) Parasitemia curve of WT (black 
filled circles) and Bcl6 TKO (open circles) animals. E) Histograms show expression of CXCR5, 
IL-21, and IFN-γ from day 7 p.i, and T-bet, and Blimp-1 from day 9 p.i. in Teff cells from WT 
(gray line), Bcl6 TKO (black dotted line) and naive (gray filled line) T cells. Bar graphs shows 
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average MFI of show CXCR5, IL-21, IFN-γ, T-bet, and Blimp-1 of WT (black bars) and Bcl6 
TKO (white bars). Data representative of 3 experiments with three animals per group. Statistical 
significance was obtained using Students t test. Error bar represents SEM; *p < 0.05, ** p < 
0.01, n.s. = not significant. 
 

However, here we extend our findings showing that infected Bcl6 TKO mice have slightly more 

IFN-γ+IL-21- Th1-like and less IL-21+IFN-γ- Tfh-like Teff cells. These results show that Bcl6 

regulates cytokine production in persistent malaria infection. 

 
 
Blimp-1 negatively regulates the differentiation of CXCR5 on Th1-like Tfh cells 

  

Blimp-1 is a direct transcriptional repressor of Bcl6, and consequently antagonistic to the 

GC Tfh program (150). Therefore, we studied the role of Blimp-1 in Th1-like Tfh cell 

differentiation using prdm1fl/flCD4Cre (Blimp-1 TKO) and prdm1fl/fl (WT) animals during P. 

chabaudi infection. Blimp-1 deficiency resulted in a modest but significant increase in the 

percentage of CXCR5+ Teff (Fig. 4A,D). The numbers of CXCR5- Teff were decreased in 

Blimp-1 TKO mice, while the CXCR5+ Teff and GC Tfh population remained unchanged. We 

observed a decrease in the proportions of IFN-γ+IL-21- Teff in Blimp-1 TKO Teff and an 

increase in the fraction of IFN-γ+IL-21+ Teff cells (Fig. 4B). The numbers of these populations 

followed the same trend; however, they did not reach statistical significance. We conducted the 

same analysis done in Figure 3C, revealing that the proportion of Th1-like Tfh Teff was 

significantly increased in Blimp-1 TKO animals (Fig. 4C). As expected, T-bet and Bcl6 

expression was increased in Blimp-1 deficient T cells at day 7 p.i. (Fig. 4D). Moreover, Blimp-1 

deficient T cells had increased expression levels of CXCR5 and IFN-γ (Fig. 4D). Blimp-1 has 

been shown to regulate IL-10 production in Th1 cells during chronic LCMV and T. gondii  
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Figure 3.4. Blimp-1 deficient effector T cells preferentially differentiate into Th1-like Tfh 
cells.  Blimp-1fl/flCD4Cre (TKO) and Blimp-1fl/fl (WT) animals were infected with 105 iRBC. 
Splenocytes were harvested and analyzed by flowcytometry at day 7 post-infection (p.i.). 
Contour plots show expression of A) PD-1 and CXCR5, and B) IFN-
γ and IL-21 in Teff. Bar graphs shows percentages out of total Teff and numbers of A) CXCR5-, 
CXCR5+, CXCR5hiPDhi (GC Tfh), and B) IFN-γ+IL-21-, IFN-γ+IL-21+, and IFN-γ-IL-21+ 
subsets. C) Bar graph showing percentages of subsets from Boolean analysis of all possible 
combinations of CXCR5, IFN-γ and IL-21 within WT (black bars) and Blimp-1 TKO (white 
bars) Teff. D) Histograms show expression of CXCR5, IL-21, and IFN-γ, T-bet, and Bcl6 from 
day 7 p.i. in Teff cells from WT (gray line), Blimp-1 TKO (black dotted line) and naive (gray 
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filled line) T cells. Bar graphs shows average MFI of CXCR5, IL-21, IFN-γ, T-bet, and Blimp-1 
of WT (black bars) and Blimp-1 TKO (white bars). E) Histogram showing IL-10 expression by 
Blimp-1 TKO (dotted line), WT (gray line) Teff, and naive (gray filled line) cells. Bar graphs 
shows percentages out of total Teff and numbers of IL-10+ Teff. F) Day 7 p.i. parasitemia of WT 
(black bars) and Blimp-1 TKO (white bars) animals. G) Survival curve of WT (black circles), 
Blimp-1 TKO (open circles) and IL-10 KO (filled gray triangles) mice. Data representative of 3 
experiments with three to four animals per group. Statistical significance was obtained using 
Students t test. Error bar represents SEM; *p < 0.05, ** p < 0.01, *** p < 0.001, n.s. = not 
significant. 
 

infections (188, 189). IL-10 production by Teff was reduced by 80% in Blimp-1 TKO animals 

suggesting that IL-10 in the IFN-γ+IL-21+ Teff is regulated by Blimp-1 as reported for Th1 cells 

(Fig. 4E; (189)). We found no differences in parasitemia between Blimp-1 TKO and control 

animals at day 7 p.i (Fig. 4F). However, Blimp-1 TKO animals succumbed to infection starting 

at day 8 p.i. similar to IL-10 KO mice (Fig. 4G ;(120)). In summary, Blimp-1 negatively 

regulates the development of IFN-γ+IL-21+CXCR5+ Teff during persistent malaria infection. 

 

STAT3 T cell-specific deficient mice have reduced generation of Th1-like Tfh cells 

 

STAT3 promotes the GC Tfh phenotype (218, 236, 283) and it is recognized as a critical 

regulator of differentiation and function of T cells (278). IL-6 signaling through STAT3 has been 

shown to be important for Bcl6 induction and IL-2Rα downregulation in CD4 T cells during 

LCMV infection (283). IL-2 signaling through STAT5 induces the expression of Blimp-1 

inhibiting Tfh differentiation (284, 285). Therefore, we hypothesized that STAT3 deficiency 

would result in reduced generation of Th1-like Tfh cells as well. To test this hypothesis, we 

infected STAT3fl/flCD4Cre (STAT3 TKO) and STAT3fl/fl (WT) animals with P. chabaudi and 

analyzed splenocytes at day 7 p.i. by flowcytometry.  
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Figure 3.5. STAT3 regulates Th1-like Tfh differentiation.  STAT3fl/flCD4Cre (TKO) and 
STAT3fl/fl (WT) animals were infected with 105 iRBC. Splenocytes were harvested and analyzed 
by flowcytometry at day 7 p.i. Contour plots show expression of A) PD-1 and CXCR5, and B) 
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IFN-γ and IL-21 in Teff. Bar graphs shows percentage out of total Teff 
and numbers of A) CXCR5-, CXCR5+, CXCR5hiPDhi (GC Tfh), and B) IFN-γ+IL-21-, IFN-γ+IL-
21+, and IFN-γ-IL-21+ subsets. C) Bar graph showing percentages of subsets from Boolean 
gating analysis of all possible combinations of CXCR5, IFN-γ, and IL-21 within WT (black bars) 
and STAT3 TKO (white bars) Teff. D) Contour plots show expression of CXCR5 and T-bet in 
Teff. Bar graph shows percentages of CXCR5+T-betlo and CXCR5-T-bethi subsets in Teff. E) 
Histograms show expression of CXCR5, IL-21, and IFN-γ, T-bet, Blimp-1 and Bcl6 from day 7 
p.i. in Teff cells from WT (gray line), STAT3 TKO (black dotted line) and naive (gray filled 
line) T cells. Bar graphs shows average MFI of CXCR5, IL-21, and IFN-γ, T-bet, Blimp-1 and 
Bcl6 of WT (black bars) and STAT3 TKO (white bars). F) Parasitemia curve and Percentage 
Temperature and Weight loss of WT (black filled dots) and STAT3 TKO (open circles) animals. 
Data representative of 3 experiments with three to four animals per group. Statistical significance 
was obtained using Students t test. Error bar represents SEM; *p < 0.05, ** p < 0.01, n.s. = not 
significant. 
 

STAT3 deficienct T cells showed reduced CXCR5 expression, and the fraction of CXCR5+ T 

cells compared to WT at day 7 p.i. (Fig. 5A,E). We found no significant differences in 

proportions of GC Tfh or numbers at this timepoint. STAT3 deficiency also resulted in an 

increased proportion of IFN-γ+IL-21- Th1-like cells, while reducing the percentages of IFN-γ+IL-

21+ and IFN-γ-IL-21+ Teff (Fig. 5B). STAT3 deficiency in T cells significantly decreased the 

fraction of IFN-γ-IL-21+CXCR5+ Tfh cells (Fig. 5C). Furthermore, the fraction of IFN-γ+IL-

21+CXCR5+ Th1-like Tfh cells was decreased, as well. We observed an inverse correlation 

between T-bet and CXCR5 expression in response to P. chabaudi, which was skewed towards T-

bet expression in STAT3 TKO mice, as demonstrated by an average increase of 80% (WT, 25.95 

± 2.343; STAT3 TKO, 46.95 ± 3.15) in the CXCR5-T-bethi population (Fig. 5D). STAT3 

deficient Teff cells had more T-bet and Blimp-1 protein at day 7 p.i, but Bcl6 expression was not 

affected (Fig. 5E). Moreover, STAT3 deficient T cells had less CXCR5 and IL-21, but the levels 

of IFN-γ expression were the same as WT (Fig. 5E). Parasitemia was better controlled in STAT3 

T cell deficient mice than WT animals (Fig. 5F). STAT3 TKO mice had an earlier drop in body 

temperature, but similar weight loss than WT. We found no differences in parasitemia at the later 
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stage of infection. The shift towards Th1 in STAT3 deficient animals indicates that STAT3 

regulates the differentiation of Th1-like Tfh cells during P. chabaudi infection. 

 

Control of Th1-like Tfh cell differentiation by Bcl6, Blimp-1, and STAT3 is stronger in 

acute infectious stimulation 

 

The functions of Th1 and Tfh determining transcription factors are largely understood 

from experiments in vitro and in acute infection. As the Th1-like Tfh phenotype is promoted by 

infection longer than 3 days, we tested the effect of deficiency in the transcriptions factors Bcl6, 

Blimp-1 and STAT3 in T cells during P. chabaudi infection, comparing Teff cytokines induced 

by persistent infection with those from infection shortened by MQ treatment. TKO animals were 

infected and one group was treated with MQ starting at day 3 p.i. and T cell intracellular 

cytokines were measured at day 7 p.i. (Fig. 6). In the case of Bcl6 TKO mice, the generation of 

both IFN-γ+IL-21- Th1-like and hybrid IFN-γ+IL-21+ Th1-like Tfh Teff were only significantly 

increased in the short infection (Fig. 6A). Rather than Bcl6 driving hybrid T cell cytokine 

production, this suggests that Bcl6 actually acts to limit this phenotype. In the case of Blimp-1 

TKO, IFN-γ+IL-21- Th1-like decreased and IFN-γ+IL-21+ Th1-like Tfh increased only in 

persistent P. chabaudi infection (Fig. 6B). In STAT3 TKO animals, the biggest change was that 

IFN-γ+IL-21- Th1-like cells were increased compared to WT (Fig. 6C). This effect was less in 

Teff from infected and treated compared to untreated mice. There was a significant decrease in 

IFN-γ+IL-21+ Th1-like Tfh in persistent and acute infection in STAT3 TKO compared to WT 

animals, suggesting that STAT3 regulates Th1-like Tfh in P. chabaudi infection.  
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Figure 3.6. Bcl6, Blimp-1, and STAT3 have different regulatory effects on Teff during 
Short stimulus duration. TKO and WT animals were infected with 105 iRBC. One group was 
given mefloquine (+MQ) by oral gavage on days 3-6 p.i. and other group was left untreated 
(NTx). Splenocytes were harvested and analyzed by flowcytometry at day 7 p.i. Contour plots 
show expression of IFN-γ and IL-21 in Teff. Bar graphs shows average of fold change 
(%TKO/%WT) in a log2 scale of percentages of IFN-γ+IL-21- and IFN-γ+IL-21+ Teff from NTx 
(black bars) and +MQ (white bars) from A) Bcl6 TKO, B) Blimp-1 TKO, and C) STAT3 TKO 
mice. Data representative of 1 (C) and 2 (A, B) experiments with two to three animals per group. 
Statistical significance was obtained using Students t test. Error bar represents SEM; *p < 0.05, 
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** p < 0.01, n.s. = not significant. † p < 0.05, †† p < 0.01 are statistical comparison of WT and 
TKO animals within NTx and +MQ groups. 
 

The decrease in percentage of IFN-γ+IL-21+ Th1-like Tfh cells during MQ treatment in STAT3 

deficient T cells was significantly more than in persistent infection. This could be due to the role 

of TGF-β (286). Together, these results suggest that the role of Bcl6, Blimp-1, and STAT3 on 

regulation of IFN-γ and IL-21 expression is different depending on the duration of stimuli. 

 

STAT3 TKO mice have more Th1 memory cells and are protected from reinfection  

 

Giving the strong increase of Th1-like cells in STAT3 TKO mice, we re-infected STAT3 

TKO animals to test for protection. As mice in these experiments did not clear infection, they 

were treated with the anti-malarial Chloroquine (CQ) at 10 weeks p.i, as shown in experimental 

schematic Fig. 7A. Previous reports have demonstrated that CQ treatment is effective in 

eliminating low levels of P. chabaudi as in chronic infection (287). STAT3 TKO mice controlled 

secondary infection dramatically with low to not detectable iRBCs as early as day 3 post re-

infection (p.r, Fig. 7B). WT mice showed significantly higher parasitemia that peaked around 

day 4 p.r. but was controlled by day 7 p.r. The relative concentration of P. chabaudi-specific 

IgM was not affected in STAT3 TKO; however, IgG was significantly less at day 35 p.i. in 

STAT3 TKO compared to WT (Fig. 7C). In addition, GC B cells (B220+MHC-IIhiCD38intGL-

7hi) at days 20 and 55 p.i. were quantitated by flow cytometry. The proportions of GC B cells 

were significantly reduced in STAT3 TKO mice at both timepoints (Fig. 7D, data not shown).  
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Figure 3.7. STAT3 deficient T cells preferentially differentiate into Th1 memory cells in 
persistent malaria infection and STAT3 TKO mice are protected from reinfection. STAT3 
TKO and WT animals were infected with 105 iRBC. Splenocytes were harvested and analyzed 
by flowcytometry at day 55 p.i. A) Scheme describing the experimental approach for reinfection 
experiment. B) Parasitemia curve from WT (black filled circles) and STAT3 TKO (open circles) 
animals after reinfection. C) Bar graphs showing IgM (left graph) and IgG (right graph) 
antibodies specific for a lysate of P. chabaudi-infected red blood cells determined by ELISA. 
Antibody units (AU) were calculated based on the P. chabaudi-specific antibody levels of a 
hyper-immune standard plasma defined as 1000U. D) Contour plots show expression of CD38 
and GL-7 in activated B cells (B220+MHC-IIhi) at day 20 p.i. in WT and STAT3 TKO mice. Bar 
graph shows percentages of Germinal Center B cells (CD38intGL-7hi) from WT (black bars) and 
STAT3 TKO (white bars) at days 20 p.i. E) Contour plots show expression of IFN-
γ and IL-21 in memory (CD49dhiCD44hiCD11ahiCD127+) CD4+ T cells (Tmem). Bar graphs 
shows percentages out of total Tmem of IFN-γ+IL-21-, IFN-γ+IL-21+, and IFN-γ-IL-21+ subsets 
from WT (black bars) and STAT3 TKO (white bars) mice. F) Bar graph showing percentages of 
subsets from Boolean gating analysis of all possible combinations of CXCR5, IFN-γ, and IL-21 
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in WT (black bars) and STAT3 TKO (white bars) Tmem. G) Histogram showing T-bet 
expression in Tmem  from WT (dotted black line) and STAT3 TKO (gray line) animals, and 
naive (CD49dloCD44loCD11aloCD127+, gray filled line) cells at day 55 p.i. Bar graphs shows 
average MFI of T-bet in Tmem from WT (black bars) and STAT3 TKO (white bars) mice at day 
55 p.i. Data representative of 1 experiment with four to five animals per group. Data in B is 2 
combined experiments with 7-8 mice per group. Statistical significance was obtained using 
Students t test. Error bar represents SEM; *p < 0.05, ** p < 0.01, *** p < 0.001, n.s. = not 
significant. 
 

To determine if the changes caused by STAT3 deficiency in T cells observed at the peak of 

infection were maintained into the memory phase, we recovered antigen-experienced memory T 

cells (Tmem, CD49dhiCD11ahiCD44hiCD127hi) from infected STAT3 TKO and WT animals at 

day 55 p.i. CD11a and CD49d have been reported to be co-expressed on T cells in a TCR-

stimulation dependent manner, and retained by memory T ells (288). Indeed, STAT3 deficient 

Tmem had higher fraction of IFN-γ+IL-21- Th1-like cells (Fig. 7E). Boolean analysis revealed 

that STAT3 TKO mice generated significantly more CXCR5-IL-21-IFN-γ+ Th1 memory cells 

(Fig. 7F). While there were some CXCR5+IFN-γ+ T cells, the proportion of CXCR5+IFN-γ+IL-

21+ Th1-like Tfh cells was low at day 55 p.i. and we did not find significant differences between 

the TKO vs WT animals. Supporting increased Th1 cell survival, T-bet expression was higher in 

STAT3 deficient Tmem (Fig. 7G). These data suggest that STAT3 regulates the differentiation 

of Th1 memory cells in persistent malaria infection and that STAT3 deficiency in T cells confers 

protection from reinfection independently of malaria-specific antibody. 

 

Discussion 

 

The classical view of T helper differentiation relies on the idea of “master regulators” 

controlling stable T helper programs. However, there is plasticity in CD4 T cell differentiation 
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(158, 277, 289) particularly during persistent infection (213). Prolonged antigenic stimulation 

directly affects T cell differentiation (281). Acute LCMV and Listeria infections induce a stable 

Th1 memory phenotype (ref-Lm, SS Way, ref for LCMV). However, chronic LCMV, 

Leishmania, and T. gondii infections skewed the T cell responses away from T-bet expression 

and Th1 cytokines, and favor the expression of GATA3 and Bcl6 along with markers of other T 

helper subsets (165, 170, 213). Uninterrupted TCR stimulation during Th1 differentiation in vitro 

leads to inhibition of IL-12Rβ2 and T-bet expression, compared to termination of antigen 

signaling, resulting in inhibition of Th1 commitment (215). Long antigen stimulation also 

promotes IL-10 production from Th1 cells (290). CD4 T cell responses in adults from malaria 

endemic areas have a phenotype skewed to Th1, with high proportions of IFN-γ, IL-10, and IL-

21 CD4 T cell producers (266). In chronic LCMV infection, IL-21 production by CD4 T cells is 

essential to ensure a CD8 T cell effector activity and survival (260). Unfortunately, neither of 

these studies addressed the generation of IFN-γ+IL-10+IL-21+ triple producing CD4 T cells. P. 

chabaudi infection lasting more than three days drives differentiation of Th1-like Tfh cells over 

committed Th1 (Fig. 2), and this is controlled by continuous stimulation, as treatment of 

infection promoted more IFN-γ+IL-21- Th1-like cells.  

 

Importantly, many of the effects on Tfh differentiation previously reported in Bcl6, 

Blimp-1, and STAT3 TKO mice, were not observed during persistent infection. Our results 

suggest that Bcl6 drives hybrid T cell cytokine production in acute conditions, which supports 

reports of Bcl6 inhibition of T-bet, inhibiting IFN-γ expression in vitro (221, 222), and in fact, T-

bet protein was increased in Bcl6 TKO Teff (Fig. 3E). This data supports the report that Bcl6 and 

IL-21 expression in in vitro Th1 differentiation is transient, due to increasing T-bet; however, it 
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suggests that the IFN-γ+IL-21+ Th1-like Tfh in this persistent infection may be regulated in 

another way. However, T-bet expression is increased in all of theses transcription factor KO T 

cells, suggesting that T-bet expression does not strongly regulate production of IFN-γ in this 

infection. This is supported by studies in Tbx21 deficient animals where levels of IFN-γ are not 

dramatically changed in P. yoelii infected T-bet KO (182). Blimp-1 deficiency increased the 

proportions of IFN-γ+IL-21+ Th1-like Tfh only in persistent stimulation (Fig. 6B), suggesting an 

inhibitory effect of Blimp-1 on Th1-like Tfh phenotype in persistent stimulation. This effect may 

be independent of its inhibition of Bcl6, as it is not opposite to the effects seen in T cells from 

Bcl6 deficient animals. Blimp-1 and STAT3 deficiency did not regulate the fraction of GC Tfh 

dramatically, as previously shown (150, 219), however this may be due to the delayed 

appearance of GCs in this infection. STAT3 deficiency also did not decrease Bcl6 expression as 

seen in other systems (219), though Blimp-1 deficiency did. STAT3 can promote Bcl6 

expression in cooperation with Ikaros family transcription factors (291), or inhibit Bcl6 (292); 

however STAT3 TKO did not have different levels of Bcl6 in this infection (Fig. 5E). 

 

There is a close relationship between the Tfh and Th1 programs (262), partly because 

Bcl6 can modulate Th1 differentiation by direct interaction with T-bet, leading to Bcl6-mediated 

repressor activity on T-bet-driven genes, such as IFN-γ (221, 222). Bcl6 deficiency reduces the 

unusual CXCR5+ Pre-Tfh-like subset by 50%, as observed on transfer of these cells (169), 

suggesting that the requirement is intrinsic to the T cells. We have shown that Bcl6 and Blimp-1 

coordinately regulate the expression of CXCR5, while only Bcl6 regulates GC Tfh production in 

persistent malaria infection. The effects observed inthe absence of Blimp-1 most likely are not 

dependent on IL-10 signaling, as IL-10 KO mice greatly favored IFN-γ+IL-21- Th1-like cells 
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(169), while Blimp-1 TKO mice had the opposite effect promoting IFN-γ+IL-21+ Th1-like Tfh 

cells (Fig. 4C).  

 

IL-10+ Th1 cells are a hallmark of persistent infections (82, 166) and Blimp-1 has been 

identified as a major controller of this phenotype (165, 188). CD4 T cells from children living in 

areas with high malaria transmission co-produce IFN-γ and IL-10, and these cells are positive for 

T-bet and Blimp-1 while IFN-γ+IL-10- T cells are not (186). In P. chabaudi infection, IL-27 

promotes this IFN-γ+IL-10+ phenotype (82). Our results confirm that Blimp-1 controls IL-10 

production in Teff, as in P. yoelii (187), suggesting a model where IL-27 and Blimp-1 work in 

concert to control the generation of IL-10+ Th1 cells. As IL-21 is produced by the same IFN-γhi T 

cells that make IL-10, it is intriguing that the mechanisms that regulate IL-21 expression are so 

different. This is particular so given that the main functions of IL-21 are in regulation of B cell 

function, which IL-10 also does (ref). However, the role of IL-10 in malaria pathology regulation 

is more critical (120). It is not known if there is a role of IL-21 in promoting CD4 T cell 

responsiveness in chronic infection, as in CD8 (260, 261, 263). 

 

The balance of Th1 and Tfh programs is controlled by multiple overlapping cytokine 

programs, such as the lvels of IL-2 and IL-12 or IL-27 present during priming (262). Many 

cytokines that regulate T cell differentiation during malaria infection signal through STAT3, 

including IL-6, IL-10, and IL-27 (183, 196, 278). STAT3 has been shown to be required for the 

differentiation of Tfh cells during acute viral infection in mice (219). Moreover, humans with 

STAT3-deficient mutations have reduced Tfh cell generation (293). We have not determined the 

cytokine(s) responsible for the STAT3 phenotype observed here, as inhibition of any of these 
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three cytokines did not change T cell cytokine production detectably (data not shown). STAT3 

deficiency reduced the proportion of CXCR5+IFN-γ+IL-21+ Th1-like Tfh and increased IFN-

γ+IL-21- Th1-like cells suggesting it plays a regulatory role inhibiting Th1 differentiation. This 

effect was maintained into the memory phase, resulting in STAT3 deficient T cells developing 

preferentially into IFN-γ+IL-21- Th1 memory cells (Fig. 7 F, G). STAT3 TKO animals showed 

earlier development of pathology than WT mice (Fig. 5F), the major cytokines regulating T cell 

induced pathology in P. chabaudi are IL-10 and TGF-β (121). We did not see any change in IL-

10 production in STAT3 TKO mice (data not shown), suggesting that T cell intrinsic STAT3 is 

not what regulates IL-10 production, at least inchronic infection. Similarly to Bcl6 and Blimp-1, 

STAT3 deficiency resulted in increased T-bet expression in T cells, which suggests overlapping 

mechanisms for tight control of T-bet during chronic infection. The most compelling result of 

our studies is that re-directing T cell differentiation from a Th1-like Tfh to a more conventional 

Th1 phenotype was sufficient to improve protection from reinfection (Fig. 7B). This data 

suggests that the hybrid Th1-like Tfh phenotype, of the majority of the Teff generated in 

response to P. chabaudi, but not P. yoelii, is maladaptive, though further studies will be required 

to establish their functionality in controlling parasitemia, pathology and B cell help. More studies 

need to be performed to fully understand the full molecular network governing the differentiation 

of CD4 T cells during persistent infections. 

 

In conclusion, we have shown that the persistence of P. chabaudi induces Th1-like Tfh 

cells, and that multiple transcription factors working in concert regulate various aspects of 

thisphenotype. The most striking is that STAT3, as T cell-specific STAT3 deletion, promotes the 

differentiation of Th1 memory cells. T cell-specific STAT3 deficiency clearly resulted in less 
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malaria-specific antibodies, and better protection from reinfection, suggesting that stable 

production of IFN-γ from T cells reduces parasitemia quickly upon reinfection. The crucial role 

of IFN-γ in controlling parasitemia is consistent with studies of human malaria, as well as earlier 

studies of animal models (119, 176, 177). In addition, vaccine strategies that induce both 

antibodies and IFN-γ from T cells promote protection from re-infection (10, 294). It is important 

to note that while antibodies are required for parasite clearance, protection from reinfection to 

malaria in mice and human can be antibody-independent (294, 295). These results critically 

identify a unique role for transcription factors acting in concert to regulate Th subset 

differentiation in response to persistent infection, which is different from that in acute 

stimulation. A better understanding of the molecular differentiation of the immune response to 

persistent stimuli is critical to development of improved vaccination strategies for prolonged 

infections.  
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CHAPTER 4: SUMMARY AND DISCUSSION 

 

 The previous chapters (2 and 3) have been presented as independent manuscripts. The 

results and conclusion for each chapter are presented within each chapter. In this section, I will 

present a broader view of the results and how they complement and integrate with each other. 

Moreover, I will present some unpublished data that hopefully will help to expand the impact of 

the previous results and increase the relevance of these findings in the context of malaria 

infection. Finally, I will present future research directions that can rest on the results presented in 

the current thesis.  

 
THE CD4 TEFF RESPONSE TO P. CHABAUDI INFECTION 
 

Previously in P. chabaudi infection it has been described a noticeable shift in the CD4 T 

cell response from a Th1 to a Th2 response, which coincides with the concept of antibody 

production requirement for complete parasite clearance (141). In P. yoelii and P. berghei ANKA 

mouse malaria models, CD4 T cells co-express the Th1 and Tfh chemokine receptors CXCR3 

and CXCR5, respectively (296). In P. chabaudi and P. berghei ANKA models, CD4 T cells co-

express the Th1 and Tfh lineage-determining transcription factors T-bet and Bcl6 (137, 150, 151, 

169, 223). Therefore, this hybrid phenotype could be defined by IFN-γ and IL-21 co-production, 

CXCR3 and CXCR5 co-expression, and/or T-bet and Bcl6 co-expression. Early during the acute 

phase, we find CD4 T cells that express many different levels and combinations of Th1 and Tfh 

markers (Fig 3.1). The production of IFN-γ is not restricted to Th1 cells (210). The epigenetic 

control of the Ifng locus involves many cis elements that allow for other Th subsets, besides Th1, 

to acquire IFN-γ production when needed (297). We used multicolor flow cytometry and 
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Boolean gating analysis to compare the overall phenotype of CD4 T cells responses during the 

acute phase (day 7 p.i.) of P. chabaudi versus acute LCMV Arm infection (Fig. 4.1). We 

observed a very different response to P. chabaudi characterized by CXCR5+IFN-γ+IL-21+ Teff. 

This population was completely absent in acute LCMV infection. We showed in chapter 2 that 

the population of T-bet positive cells is decreased from day 7 to day 9 (Fig 2.2), suggesting a 

control over Th1 differentiation as parasite growth reaches its maximum. This idea of T-bet 

control, as a control of Th1 responses, could be an immuno-regulatory mechanism to limit Th1-

mediated pathology during malaria infection. Another possibility is that the parasite dampens the 

Th1 response as a mechanism to ensure persistence. Indeed, studies have demonstrated that 

Plasmodium spp. express an ortholog of macrophage migration inhibitory factor (PMIF) that can 

interfere with the development of CD4 T cell responses (298, 299). More studies need to be done 

to determine if the parasite produces effector molecules that directly shape CD4 T cell 

development. 

 

Fig 4.1. P chabaudi induces a characterist CXCR5+IFN-γ+IL-21+ T CD4 Teff 
response. C57Bl/6J mice were infected with 105 iRBCs or 2x105 LCMV Arm PFU i.p. A) At 
day 7 and B) 8 p.i. we recovered splenocytes and performed a multicolor flow cytometric 
analysis to determine the phenotype of CD4 Teff responses. CD4 Teff from P. chabaudi 
infection preferentially differentiated into CXCR5+IFN-γ+IL-21+ Th1-like Tfh cells, while this 
population was not present in LCMV infection. Data is representative of one experiment with 3 
animals per group.  
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The impact of Th1 responses in P. chabaudi infection might be stronger than previously 

thought. STAT3 deficient T cells preferentially differentiated into Th1 cells (Fig. 3.5). 

Moreover, STAT3 TKO mice showed peak temperature losses as early as day 9 p.i. (Fig. 3.5). 

This pathology phenotype makes sense in a disease where pathology is greatly driven by Th1 

responses (119, 121). STAT3 TKO mice had lower parasitemia at day 10 and 14 p.i. suggesting 

that increasing IFN-γ+ Th1 responses can improve parasite control after the peak. Th1-like 

responses have been shown to be extremely beneficial in murine models of malaria. A recent 

study has demonstrated that Th1-like Ly6C+ Tmem cells generated in P. yoelii exhibit functional 

features of Tfh cells and provide robust B cell help upon reinfection (296). Moreover, in vitro 

generated Th1 cells using dead P. yoelii parasite, conferred sterile immunity to immunodeficient 

mice independent of antibody responses (300). In P. chabaudi infection, T effector memory 

(Tem) cells with Th1 characteristics correlate with protection (175). However, uncontrolled Th1 

responses can lead to disease (120). Infection of IL-10 deficient mice with P. chabaudi can lead 

to symptoms and behavior of cerebral malaria (55), suggesting that Th1 responses might be 

involved in the development of this syndrome. Therefore, understanding the development of 

CD4 responses to malaria might be beneficial to create treatments for patients in the field. 

 

HUMORAL CONTROL BY CD4 T CELLS DURING P. CHABAUDI 
INFECTION 
 

In P. berghei ANKA, T-bet and IFN-γ inhibit Tfh responses (223). These results have 

lead to the idea that Th1-polarizing cytokine responses to malaria are detrimental for Tfh 

development; and therefore, inadequate to achieve proper humoral responses (301). However, we 
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found that mice treated with the anti-malarial MQ had more IFN-γ Th1-like responses and more 

GC B cells as early as day 7 p.i. (Fig. 4.2). Furthermore, our data demonstrates that tilting the 

balance from Th1-like Tfh to a more Th1-like correlates with protection from reinfection (Fig. 

3.7). STAT3 deficiency in T cells affected GC B cell differentiation (Fig. 3.7). Nevertheless, a 

significant reduction in malaria-specific antibodies did not impaired protection from reinfection. 

On the contrary, STAT3 deficient mice were protected from reinfection, while WT mice had 

detectable parasite after rechallenge (Fig. 3.7). Previous studies suggest that sterile immunity to 

malaria can be achieved even in the absence of detectable malaria-specific antibodies (294). 

Furthermore, previous studies have shown that in P. chabaudi infection protection from 

reinfection can be antibody-independent (295). Previous studies have suggested that IFN-γ  and 

Nitric oxide responses contribute to human and rodent malaria immunity (176, 302-304). IFN-γ 

seems to be required during protection from reinfection to maintain a priming of innate immune 

responses (177). This mechanism might be extrapolated to other infection, such L. 

monocytogenes, where IFN-γ production was required for the rapid activation of monocytes, 

macrophages, and dendritic cells for pathogen clearance (178). In malaria, Tem Th1 cells are 

maintained by chronic infection (175), which would explained why in the field constant malaria 

exposure is protective. 

 

Fig. 4.2. Day 3 Mefloquine (MQ) treatment restores Germinal Center B cell responses. 
C57Bl/6J mice were infected with 105 iRBCs and one group was treated with the anti-malarial 
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mefloquine (MQ) from day 3 p.i. Splenocytes were recovered on day 7 p.i. MQ treatment 
resulted in increased proportions of IFN-γ+ Th1-like cells (Fig. 3.2) and more CD38intGL-7hi GC 
B cells. Data is representative of three experiments with 2-3 animals per group. Statistical 
significance from Students t-test. Error bars represent the SEM; **p < 0.01, ***p < 0.001. 

 

In human and mouse malaria infection, CD4 T cells mainly develop into Teff that co-

produce IFN-γ, IL-10, and IL-21 (169, 211, 224). This subset is inefficient to provide proper 

humoral responses, which might lead to parasite persistence. It is understood from previous 

experiments that antibodies are extremely important for parasite control. Transfer of purified IgG 

from immune adults to infected children resulted in a dramatic reduction in parasite load in the 

blood (75, 76). Unfortunately, the large genome and genetic mutation rate of the Plasmodium 

spp. parasites make really challenging to predict which proteins are the ones eliciting this 

protection. IgG1 and IgG3 are thought to be the main antibodies driving parasite control, since 

these two subclasses have shown to be good opsonins and mediators of Antibody-dependent cell-

mediated cytotoxicity (ADCC). However, antibodies also help with neutralization, inhibition of 

parasite sequestration in peripheral organs, and re-entry into red blood cells. Bcl6 promotes the 

differentiation of Tfh cells by direct inhibition of genes that promote other T helper subsets, such 

as T-bet (Th1), Gata3 (Th2), and RORγt (Th17) (155). The character of Tfh cells seems to be 

more plastic than the other T helper subsets, and it is possible for Tfh cells to co-produce 

signature cytokines of other T helper subsets (163). Hence, classifying T cells as of the Tfh 

lineage in vivo has shown to be challenging (305).  One of the novel finding in chapter 2 

(confirmed in chapter 3) was that Bcl6 was not required for the generation of CXCR5+IFN-γ+IL-

21+ Teff cells. As expected, Bcl6 deficiency resulted in complete elimination of Germinal Center 

(GC) Tfh cells (212). The chemokine receptor CXCR5 guides T cells into the follicles by 

interaction with CXCL13. In the follicles, T cells encounter follicle B cells, which reinforces the 
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upregulation of Bcl6 and; consequently, the Tfh phenotype. It is then possible that the role of 

Bcl6 in T cell differentiation during malaria infection to be closely related to direction of T cells 

into the follicles (306). As expected, Blimp-1 deficiency had opposite results than Bcl6 

deficiency in CXCR5 expression, but we did not find differences in GC Tfh formation. This 

result could be explained by the fact that in P. chabaudi infection there are no detectable GCs at 

day 7 p.i. (307), and B:T interactions are necessary for the progression of T cells into GC Tfh 

cells (164). However, Bcl6 TKO mice were able to control parasite growth to some extend 

during the chronic phase, regardless of their inability to generate GC B cells  (Fig. 4.3). 

Conversely, IL-21 receptor deficient mice have uncontrolled parasite growth after the peak 

(212). These results emphasize that IL-21 signaling is more critical than GC formation for 

parasite control during the chronic phase. However, it is important to emphasize that GC 

formation is essential for parasite control during the chronic phase. This is demonstrated in Fig. 

3.3D and Fig. 4.3D, where we can see that Bcl6 TKO mice are unable to maintain low parasite 

levels and generate GC structures. Other groups have shown the same results (212) and have 

shown that Bcl6 TKO mice do not have detectable levels of IgG in plasma reinforcing the idea 

that GC organization is required for isotype class-switch.  

 

Tmem from chronically infected Bcl6 TKO mice had higher proportions of IFN-γ+IL-21+ 

Th1-like Tfh cells and T-bet expression (Fig. 4.3). It remains to be determined if the amount of 

persistent parasitemia plays a role in the maintenance of the Th1-like Tfh phenotype. In chronic 

LCMV infection, IL-21 production by CD4 T cells is required for survival and maintenance of 

CD8 T cells and control of persistent infection (260, 261, 263). Although IL-21 by itself has 

minimal effect on CD8 T cell proliferation, it has been shown to synergize with either IL-7 or IL-
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15 to promote proliferation and IFN-γ production. Surprisingly, CD8 T cells can also produce 

IL-21 in an IL-27-dedendent fashion resulting in autocrine induction of granzyme B production. 

It might be possible that IL-21 in malaria infection has a role beyond support for B cell 

maturation and isotype class-switching. One study has shown that CD8 T cell responses are 

important to control parasite growth during the chronic phase (179). Therefore, more studies 

need to be done to address the role of IL-21 on CD8s during P. chabaudi infection, and its role in 

persistent parasite growth. 

 

Fig. 4.3. Bcl6 TKO mice have more IFN-γ+IL-21+ Th1-like Tfh proportions during the 
chronic phase. Bcl6fl/flCD4Cre (Bcl6 TKO) or Bcl6fl/fl (WT control) mice were infected with 105 
iRBCs and splenocytes were recovered on day 55 p.i. Bcl6 TKO mice had more parasite load 
during the chronic phase (Fig. 3.3) and A,C) higher proprotions of IFN-γ+IL-21+ Th1-like Tfh 
cells and B) more T-bet expression. D) As expected, Bcl6 TKO mice were not able to mount GC 
B cell responses. Data is representative of one experiment with 3-4 animals per group. Statistical 
significance from Students t-test. Error bars represent the SEM; **p < 0.01, ***p < 0.001, ns = 
not significant. 
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In Figure 4.4, we summarize the big picture regarding regulation of adaptive immune 

responses based on the results presented in the current thesis. We propose that P. chabaudi 

infection induces the differentiation of Th1-like, Tfh-like, and Th1-like Tfh cells, been the later 

favored over the other two. This response will result in a delayed formation of GCs and the 

production of malaria-specific IgG antibodies. However, this infection confers poor protection 

from reinfection. In the absence of STAT3 signaling, CD4 T cells preferentially differentiate into 

Th1-like instead of Th1-like Tfh cells. This immune response will result in the formation of GCs, 

but they are smaller than in WT mice. As a result, STAT3 deficient mice have diminished 

malaria-specific IgG antibodies. As expected, extrafollicular antibody responses (IgM) are not 

affected by this. Nevertheless, upon re-challenge the STAT3 TKO mice had significantly lower 

levels of parasitemia, corroborating that IFN-γ memory responses correlate with protection from 

reinfection (176, 294). However, it still remains to be clarified that IFN-γ is the solely 

responsible for this protection. Moreover, we have not elucidated which cell population is the 

main source of IFN-γ. 

 

Fig 4.4. Proposed model for regulation of T cell responses in the absence of STAT3 and its 
relationship with protection. 
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THE CONTROL OF CD4 DIFFERENTIATION DURING P. CHABAUDI 

INFECTION 

In chapter 3, we discuss in detail the effects of Bcl6, Blimp-1, and STAT3 deficiency on 

CD4 T cell differentiation during P. chabaudi infection. In general, we concluded that Bcl6 and 

Blimp-1 oppose to each other in regards CXCR5 regulation. However, both of them control T-

bet expression in the same way. Blimp-1 controls IL-10 production; and therefore, it is crucial 

for host survival. STAT3 controls T-bet expression the same as Bcl6 and Blimp-1. In the absence 

of STAT3, CD4 Teff expressed lower levels of CXCR5 and IL-21 at day 7 p.i. However, at day 

55 p.i the expression of IL-21 was invariant in STAT3 deficient T cells, while the production of 

IFN-γ was increased. Importantly, T-bet expression was higher in STAT3 deficient memory T 

cells. These results let us to propose a model of the molecular control of CD4 T cell 

differentiation during P. chabaudi infection.  
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Fig 4.5 Proposed model of the molecular control of CD4 differentiation during persistent 
malaria infection. Persistent malaria infection preferentially expands CXCR5+IFN-γ+IL-21+ 
Th1-like Tfh cells. Under MQ treatment at day 3 p.i, the CD4 T cells differentiate mainly into 
CXCR5-IFN-γ+IL-21- Th1-like and CXCR5+IFN-γ-IL-21+ Tfh-like cells. During persistent 
malaria infection, Bcl6 and Blimp-1 control the expression of CXCR5. Bcl6 and STAT3 regulate 
IL-21 and IFN-γ production. Blimp-1 controls IL-10 production. Bcl6, Blimp-1, and STAT3 
regulate T-bet expression. The cytokines that signal through STAT3 to control the differentiation 
Th1-like Tfh cells remain unknown. 

 
 
We propose that persistent malaria infection preferentially expands Th1-like Tfh 

cells. In our studies, changes in CD4 differentiation by MQ-mediated parasite elimination  was 

only effective in treatment starting at day 3 p.i. Treatment starting at day 5 p.i. had no effect on 

CD4 T cell differentiation (Fig. 3.2). In P. berghei ANKA model, day 5 antimalarial treatment 

did not rescue Tfh and humoral responses (223). Therefore, there seems to be an early check 

point were the immune system is shifted from regular Th1 and Tfh responses to a Th1-like Tfh 

response. If this mechanism is solely control by the parasite or a host survival mechanism 

remains to be determined. However, the dysregulation of CD4 responses seems to be a feature of 

persistent infections and not exclusive to Plasmodium spp. infections (165, 166, 170, 213, 308).  

 

All the transcription factors that we studied downregulated T-bet expression. We found 

that Bcl6 expression was required to downregulate T-bet expression at day 9 p.i. (Fig. 3.3). 

Moreover, Bcl6 deficiency resulted in a discrete, but significant, increase in IFN-γ+IL-21- Teff, 

suggesting Bcl6 is involved in controlling Th1-related genes in Teff cells during persistent 

malaria infection. The control of the Tfh program by Bcl6 is extremely complex, and it involves 

many other transcriptions factors, such as AP-1 (154). Previous studies have demonstrated that 

Bcl6 and T-bet can bind to each other forming a complex that regulates Th1-related genes 

expression (221, 222). We used Imaging flow cytometry and Ifng/Thy1.1 reporter mice to 
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demonstrate that at day 7p.i. CD4 T cells express both T-bet and Bcl6 in the nucleus (Fig. 2.4). 

Furthermore, Bcl6 expression correlated with Ifng/Thy1.1lo T cells. We observed Bcl6 protein in 

the cytoplasm of T cells as well, but if Bcl6 outside of the nucleus has a function has not been 

defined. Interestingly, we did not see a significant difference in the proportions of IFN-γ+IL-21- 

Teff when Bcl6 TKO or WT T cells were transferred into WT recipients (Fig 2.5). This could 

represent a need for B:T interaction that is likely to occur less in the Bcl6 TKO, or may be due to 

the smaller number of cells recovered. There is a role for B:T interaction in CD4 T cell 

differentiation. Previous studies have shown that the “shift from Th1 to Th2” in P. chabaudi 

requires B cells (198). STAT3 TKO mice had reduced numbers of GC B cells but the effect on 

CD4 T cell differentiation was different than Bcl6 TKO mice. Therefore, there is also an intrinsic 

role for these transcriptions in T cell development. However, we cannot rule out an extrinsic 

effect mediated by other cell populations at the moment. Tregs (FoxP3+CD4+ T cells) are 

recognized as an important component of the response against malaria. However, there are 

contradictory results regarding their role during infection. Treg depletion has a different effect 

pending on the type of mouse malaria parasite used, the timing of depletion, and the mouse 

background (83). A recent study showed that depletion of FoxP3+ T cells (using foxp3-DTR 

mice) during non-lethal P. yoelii was beneficial only at day 9 p.i. Depletion at days 0 and 2 p.i. 

resulted in the death of the infected mice (209). On the other hand, IL-10+FoxP3+ Tregs were 

shown not to be required for protection from severe disease in P. chabaudi infection (82). It is 

clear that IL-10 is required for survival during Plasmodium spp.i infection since IL-10 deficient 

mice succumb to infection (54, 120,121). It seems to be that IL-10 helps to survival by 

controlling TNF-mediated pathology, since TNF blockade rescued IL-10 deficient mice from 

dying (120). A newly defined subset of Tregs, T follicular regulatory T cells (Tfr), which reside 
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in the GC has been shown to be impactful during P. yoelii infection (209). Tfr cells can be 

identify by the expression of neuropilin-1 (NRP-1) are have high CTLA-4 expression. Anti-

CTLA-4 treatment during the T helper cell “hiatus” in P. yoelii infection resulted in improved 

humoral responses, accelerated parasite control and partially rescued the susceptible BALB/c 

mouse strain. Importantly, IL-10 blockade during the same window did not affected the T helper 

cell response. Moreover, the majority of human studies do suggest that the Treg population 

expands with plasmodium infections and lower frequencies of Tregs are associated with 

improved disease outcome.  

 

While Blimp-1 inhibits Bcl6-promoted GC Tfh differentiation (150), it actually inhibits 

tbx21 expression in CD4 and CD8 T cells (280, 309). Conversely, Blimp-1 TKO animals had 

less IFN-γ+IL-21- Teff and the fraction of IFN-γ+IL-21+ Th1-like Tfh cells was significantly 

increased. These results are surprising, since previous reports have shown that Blimp-1 binds 

directly to a distal regulatory region of the ifng gene and at various sites of the tbx21 gene, 

repressing the Th1 program (280). We did find more T-bet protein in Blimp-1 deficient T cells, 

supporting a repressive role of Blimp-1 on Th1 commitment in malaria persistent infection. Bcl6 

expression was also increased in Blimp-1 TKO mice; therefore determining if the effect of 

Blimp-1 is direct or indirect on T-bet is not clear. However, T-bet expression was increased in 

Blimp-1 deficient T cells earlier than Bcl6 deficient T cells (day 7 vs day 9 p.i.) suggesting that 

Blimp-1 effect on T-bet is independent of Bcl6. An increase in Bcl6 could also result in less IFN-

γ production due to the inhibitor Bcl6/T-bet complex. 
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It is well accepted that T helper differentiation depends on the stable expression of 

transcription factors that direct the acquisition of chemokines and signature cytokines. 

Nevertheless, more studies are showing that CD4 lineages can be flexible either at the CD4 

population level or single cell level (158, 277, 289). This seems to be particularly true during 

persistent infections (213). Cytokines and costimulation play an important role directing the 

expression of the “master regulators” (289). Many cytokines that regulate T cell differentiation 

during malaria infection, such as IL-6, IL-10, IL-27, and IL-12, signal through STAT3 (170, 183, 

196, 278). In general, STAT3 signaling affects CD4 T cell differentiation. IL-6 and IL-23 

signaling through STAT3 play a critical role in Th17 differentiation (278). STAT3 induces the 

expression of the lineage-defining transcription factor RORγt, and regulates the production of IL-

17A, IL-17F and IL-21, which promotes RORγt expression in an autocrine fashion. Importantly, 

STAT3 has been shown to promote Th17 differentiation by inhibition of tbx21 (Th1), gata3 

(Th2), and foxp3 (Treg) expression. Under Th2 conditions, murine STAT3 deficient T cells have 

diminished IL-4, IL-5, and IL-13 production, and less gata3 expression. These effects are likely 

due to direct control by STAT3, which has been shown to directly bind to the Th2-related genes 

gata3, batf, and cmaf. STAT3 deficiency has a great effect on Tfh differentiation. Autosomal 

dominant hyper-IgE syndrome (AD-HIES) patients, who carry heterozygous mutations in stat3, 

have great reduction in circulating Tfh cells. CD4 T cell from AD-HIES patients are unable to 

differentiate in vitro into IL-21+ Tfh-like cells. Murine STAT3 deficient T cells are ineffective to 

acquire the Tfh phenotype in vivo due to impaired IL-6, IL-21 and/or IL-27 signaling. The 

reduction of Th1-like Tfh cells in STAT3 TKO mice suggests that one or more of these 

cytokines might play a role in their differentiation. It is well accepted that STAT3 regulates IL-

21 production in T cells, especially in Th17 cells (310). The role of STAT3 on Tfh 
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differentiation is more complex. Early reports showed that STAT3 was required for Tfh 

differentiation through IL-21 signaling (218). Recent studies in LCMV corroborated a role in 

STAT3 signaling for proper Tfh and humoral responses (219). Moreover, people with functional 

mutations in STAT3 results in humoral defects (293). However, other groups have shown that 

STAT3 deficiency might be only required to secure the Tfh program once it is achieved (283). 

IL-6 can signal through STAT1 to induce a quick upregulation of Bcl6 and CXCR5 expression. 

In our model, STAT3 regulated T-bet expression and cytokines (Fig 3.5). STAT3 deficient T 

cells at the peak produced less IL-21, but similar amounts of IFN-γ. Conversely, STAT3 

deficient Tmem cells produced more IFN-γ, but similar amounts of IL-21, when restimualted ex 

vivo. The role of STAT3 on Tmem development is not limited to cytokines production. Previous 

studies have demonstrate a role for STAT3 in functional maturation of CD8 T cells (311), as 

well as a requirement for survival of CD8 T cell during persistent infection (260, 261, 263). A 

recent study using IL-12 and IL-27 (a Th1 inflammatory condition in vitro system) showed that 

STAT3 deficient IFN-γ+ T cells have less IL-10 expression (197). Nevertheless, in our studies 

STAT3 deficiency did not eliminate completely the development of Th1-like Tfh cells, revealing 

that other molecular controllers might be at play. For example, the transcription factor c-Maf can 

activate IL-21 production in CD4 T cells (312) and its activation is IL-27 dependent (192). IL-12 

can induce IL-21 production in a STAT4-dependent manner (170), and Tfh differentiation of 

naive human CD4 T cells in vitro is induced by IL-12 (313). Mores studies need to be done to 

fully understand what are the key role players in CD4 T cell differentiation during malaria 

infection. Importantly, the results obtained might be extrapolated to other persistent infections. 

Understanding the molecular control of protective adaptive immune responses is important and 
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necessary, as it can aid in the development of novel treatment and the rational development of 

vaccine strategies. 

 

IMPLICATIONS OF THE CURRENT THESIS FOR VACCINE 

DEVELOPMENT 

 Malaria elimination requires the development of an effective vaccine. Many groups 

around the globe are making great progress on different new concepts for malaria vaccination 

(Table 4.1). One of the main problems with malaria vaccine development is the difficulty in 

maintaining long-lived immune protection after immunization. The immune response to malaria 

is complex. Despite repeated infections in endemic areas, sterilizing immunity is hardly 

achieved. However, clinical immunity can be achieved, but only after repeated infections and 

later in life. Therefore, it is vital for malaria vaccine development to understand the immune 

response induced by vaccination and to refine the correlates of protection from infection or 

reinfection. Antibodies are the golden standard to predict protection (117).  Nevertheless, malaria 

exposure is associated with the generation of atypical memory B cells that are ineffective in 

effector functions and Th1-polarized Tfh cells that are poor B cell helpers (224). Recent studies 

have shown that CTLA-4 blockade during the T cell “hiatus” results in increased CD4 and B cell 

memory responses that confer protection in malaria mouse models (209). These results suggest 

that modulating the immune responses is a feasible approach to induce protection in malaria.  
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4. 1 Current malaria vaccine development efforts under clinical trials 

 

The results presented in Chapter 3 suggest that STAT3 signaling within T cells during P. 

chabaudi infection regulates the differentiation of Th1 memory cells. Improving Th1 memory 

formation resulted in protection from reinfection. However, antibody responses declined in 

STAT3 T cell deficient mice when compared to WT. The importance of these findings resides in 

the fact that improving Th1 memory formation, despite a decrease in antibody responses, 

correlated with protection from reinfection. The current most advanced malaria vaccine, RTS,S, 

uses an adjuvant that promotes Th1 differentiation. It might be an option to add STAT3 

inhibitors to the current vaccine regimen and determine if this would improve long-lasting 

protection. However, there is a chance that promoting Th1 memory formation could be 

troublesome. There is great risk on inducing strong proinflammatory responses through 

vaccination. Beyond the fact that strong IFN-γ-mediated responses could lead to a “cytokine 

storm”, studies have indicated that IFN-γ and T-bet can inhibit Tfh responses, which are required 

for antibody isotype class switch (223). Conversely, CD4 T cells from T-bet deficient mice 

infected with P. chabaudi have almost no IFN-γ production and are unable to control parasite 

Vaccine candidate Parasite stage Vaccine classification Status 
PfSPZ vaccine Pre-erythrocytic Whole organism (radiation attenuation) Phase II 

GAP vaccine Pre-erythrocytic Whole organism (genetic attenuation) Phase I 

RTS,S Pre-erythrocytic Subunit Phase IV 

CVac Pre-erythrocytic Whole organism (chemical attenuation) Phase I 

PfRH5 Blood stage Subunit Phase I 

Pfs25 Mosquito stage Subunit Phase I 

Pfs230 Mosquito stage Subunit Phase I 
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growth during the chronic phase. These results suggest that Th1 responses are important for 

humoral responses. It would beneficial to start a more rigorous immunophenotype profiling of 

protective T cell responses against malaria. These approaches could bring a new perspective to 

vaccine development for other diseases as well. 

 

CONCLUDING REMARKS 

 

 The current dissertation was aimed to understanding the development of protective CD4 

T cell responses against P. chabaudi persistent malaria infection. Our results have revealed that a 

classic Th1, followed by a conventional Tfh, response, does not characterize the differentiation 

of CD4 T cells in malaria. The majority of the CD4 T cells responding to malaria infection are 

characterized by an IL-21+IFN-γ+CXCR5+CXCR3+ Th1-like Tfh phenotype. Our studies have 

revealed that the acquisition of this phenotype depends on infections longer than 3 days, as MQ 

treatment on day 5 p.i. did not affected the phenotype of CD4 T cells. Nevertheless, persistent 

infection maintains T-bet and IFN-γ expression, suggesting a mechanism for improved 

protection during chronic infection. Finally, we have identified three major transcription factors 

that work in concert to regulate the generation of these cells. Our data points to STAT3 as a key 

role player in the regulation of Th1 memory formation in persistent malaria infection. STAT3 

deficient Tmem cells had higher T-bet and IFN-γ expression. Importantly, these Th1 Tmem cells 

correlated with protection from reinfection. Our data suggest that immune modulation might be a 

feasible route to improve malaria control, and it points to Th1 memory cells as a candidate goal 

for vaccine strategies. 
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FUTURE DIRECTIONS 

 Many questions remain regarding the nature and function of hybrid Th1/Tfh cells. Is this 

a new CD4 T cell subset or a phase of differentiation of the CD4 population during persistent 

malaria infection? Are IFN-γ+IL-21+ CD4 T cells beneficial for parasite or pathology control? Or 

both? What are other molecules controlling the differentiation of these cells? We can use IL-

21/IFN-γ double reporters to address many of these questions. Cell sorting of IL-21/IFN-γ 

populations could help us address the main differences between these populations by Next 

Generation Sequencing studies or adoptive transfer of these cells into infection-matched and 

uninfected recipients. It would extremely beneficial to develop an in vitro system that promotes 

the differentiation of these. This approach would provide a great tool to conduct more 

mechanistic studies.   
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