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Abstract 
The host immune response elicited during parasitic infections involves the 

release of potent pro-inflammatory cytokines. While essential for mediating 

parasite clearance, these pro-inflammatory cytokines cause tissue damage that 

are responsible for many disease symptoms associated with parasitic infections. 

The negative effects of pro-inflammatory cytokines are controlled by anti-

inflammatory cytokines. The balance between pro- and anti-inflammatory 

immune responses are regulated by different mechanisms that restrict the 

activation of effector cell populations, such as the expression of co-inhibitory 

receptors, the expansion of immunoregulatory cell populations and/or 

reprogramming of cells to produce anti-inflammatory cytokines. In some cases, 

these regulatory mechanisms are activated prior to control of infection and can 

suppress the development of host anti-parasitic immunity, thus preventing the 

establishment of long lasting immunity and promoting persistence of infection. 

These events, in turn, can have major consequences for disease outcome. In the 

case of Plasmodium infection, immunoregulatory mechanisms that are 

established in the host at a young age have been attributed to the diminished 

efficacy of malaria vaccines when tested in endemic settings. With Leishmania 

infection, immunoregulatory pathways have been proposed to cause visceral 

leishmaniasis (VL) and increase the likelihood of developing a complication of 

chronic L. donovani infection called post-kala-azar dermal leishmaniasis (PKDL). 

As such, a better understanding about the immunoregulatory mechanisms that 

develop during parasitic infections could have positive implications in the area of 

vaccine development and the use of immunotherapy to enhance host anti-

parasitic immunity.  

Given the importance of the innate immune system in priming, influencing 

and regulating adaptive immune responses, we first examined the role of group 

1 innate lymphoid cells (ILCs) during Plasmodium infection. Group 1 ILCs have 

been termed the innate counterparts of T helper (Th)1 cells. The indispensable 

role of Th1 cells during Plasmodium infection led us to hypothesize that IFNγ-

producing group 1 ILCs play an important role in the host immune response 

against Plasmodium infection. In this study, we showed that group 1 ILCs were 

rapidly lost during the early stages of Plasmodium infection in humans and mice. 

Additionally, our results indicated that ILCs are redundant in the anti-parasitic 
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immune response against Plasmodium parasites. These findings are consistent 

with a recent report proposing the redundancy of ILCs in human adults. 

Next, we changed our focus to CD4+ T cells. CD4+ T cells isolated from the 

peripheral blood of VL patients expressed distinct molecular signatures, 

compared with 30 days after anti-parasitic drug treatment. A mouse model of L. 

donovani infection allowed us to investigate differences in CD4+ T cells in a state 

where parasites were cleared effectively (in the liver), and in instances when 

dysregulated CD4+ T cell responses caused parasite persistence (in the spleen). 

Our results showed characteristic molecular signatures of splenic and hepatic 

CD4+ T cells that distinguished these cells, even in naïve mice. We defined three 

molecular signatures of CD4+ T cells: a core, chronic and resolving signature, 

and interrogated the key molecules and pathways associated with each 

signature. Finally, we identified natural killer cell granule protein 7 (NKG7) as a 

molecule within the chronic signature for further characterisation and testing as a 

potential therapeutic target. 

Changes in the expression of NKG7 at the transcript level have been 

observed in a number of studies. However, to our knowledge, its role in immune 

cell responses has not been investigated. Using a membrane reporter mouse, we 

showed that the expression of Nkg7 transcripts in naïve mice was restricted to 

NK cells. However, in vitro polarisation of CD4+ T cells with IL-27 induced Nkg7 

expression in a dose dependent manner. Conversely, we found that transforming 

growth factor (TGF)β suppressed IL-27-mediated expression of Nkg7. While 

expression of Nkg7 has been associated with many cytotoxic molecules, we 

found no evidence of Nkg7 being a marker of any specific CD4+ T cell subset, 

including recently described cytotoxic CD4+ T cells. Characterisation of Nkg7 

expression in immune cell subsets indicated that CD4+ T cells comprised a 

significant proportion of Nkg7-expressing cells during L. donovani infection. 

Confocal immunofluorescence (IF) microscopy showed the localisation of CD4 

and Nkg7 co-expressing cells in hepatic granulomas, highlighting their close 

proximity to infected Kupffer cells. We also found that Nkg7-deficient mice 

displayed increased parasite burdens and lower serum IFNγ, TNF, and MCP-1 

levels, compared to wild-type control animals. This identified a novel protective 

role for NKG7 during L. donovani infection. Finally, we identified Mincle (encoded 

by CLEC4E) as a potential binding partner for NKG7 using computational 

methods. 
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Overall, the results reported in this thesis identify and characterise novel 

mechanisms of immune regulation during parasitic infections. A better 

understanding of the functions of these regulatory molecules and pathways will 

contribute to our knowledge of anti-parasitic immunity and identify new molecules 

that can be manipulated to improve CD4+ T cell responses. These findings may 

help to develop better immunotherapies and vaccines to treat and protect against 

parasitic infections, respectively, as well as have broader applications beyond the 

context of parasitic infections. 
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1.0 General introduction 
 

1.1 Parasitic diseases 
Malaria and neglected tropical diseases (NTDs) pose a risk to over 1 billion 

people and are a substantial global economic burden [1, 2]. The vision to end the 

epidemics of acquired immune deficiency syndrome (AIDS), tuberculosis, 

malaria, and NTDs by 2030, as part of the United Nations’ (UN) Sustainable 

Development Goals outlined in 2015 [3], has accelerated the search for vaccines 

and drugs in these areas. NTDs include Leishmaniasis [1], which like malaria, is 

caused by infection with a protozoan parasite. These parasites typically thrive in 

tropical regions and are transmitted by vectors that survive in economically 

disadvantaged regions of the world [4].  

The treatment of parasitic diseases with anti-parasitic compounds, alongside 

vector control methods, have paved the way towards making eradication a reality 

[5]. However, the emergence and spread of parasite resistance towards current 

treatment options, which have compromised the efficacy of these treatments, 

have propelled the need for vaccines and new drug candidates [6]. In other cases, 

recent events such as climate change and the rise in population mobility have 

propagated vector-borne diseases [7, 8], necessitating the development of more 

efficient treatment and control methods. While efforts focused on the 

development of anti-parasitic compounds have been successful, vaccine 

development has proven to be more challenging given the differences in the 

immune response of subjects from developed nations, who participate in vaccine 

development trials, to that of patients in developing countries that require these 

vaccines [9]. 

As such, a better understanding about the development and maintenance of 

immunity both in response to primary infection and in long-term memory 

responses are essential in vaccine discovery efforts. Additionally, research 

aiming to discover mechanisms of the immune system that regulate these 

responses will be beneficial in elucidating novel immune targets that can be 

developed not only for use in prevention and treatment strategies against 

parasitic diseases, but also in the context of autoimmune conditions, cancer, and 

inflammatory disorders. 
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1.2 Malaria 
Malaria is caused by infection with the protozoan parasite Plasmodium and most 

significantly affects the lives of children in developing countries within sub-

Saharan Africa [10]. Six species of Plasmodium cause malaria in humans: P. 

falciparum, P. vivax, P. malariae, P. ovale curtisi, P. ovale wallikeri, and P. 

knowlesi [11]. Of these, infection with P. falciparum is the most lethal, causing 

cerebral malaria and other severe malaria syndromes such as anaemia and 

respiratory distress [12]. 

Recently, a vision to eliminate malaria has been pronounced by the World 

Health Organisation (WHO) and the Bill and Melinda Gates Foundation [13]. 

Investments and strategies to make this vision a reality are concentrated on 

addressing a number of challenges, one of which is the development of vaccines 

that will protect against malaria [14]. Research priorities outlined in this area 

include those that improve our knowledge of the host immune response with an 

emphasis on measuring correlates of immunity, characterising immune 

mechanisms involved in host protection, development of long-term immunity and 

immunological memory, and the impact of existing immunity on vaccine efficacy 

[14]. 

The Plasmodium life cycle can be divided into three stages: the vector, liver, 

and blood stages (Figure 1.2.1A, B, and C) [15]. During the vector stage, 

Plasmodium parasites are taken up during a blood meal and replicate in the mid-

gut of the female Anopheles mosquito (Figure 1.2.1A). These parasites are then 

transmitted to a mammalian host in the form of sporozoites, which infect 

hepatocytes, starting the liver stage of infection (Figure 1.2.1B). Plasmodium 

parasites replicate in the liver and are released as merozoites that invade 

erythrocytes in the blood stage (Figure 1.2.1C). The blood stage of Plasmodium 

infection is characterized by the asexual reproduction of parasites within 

erythrocytes where they develop through ring, trophozoite, and schizont stages. 

The blood stage causes all clinical symptoms associated with malaria, including 

mild symptoms such as fever and chills [15], as well as more serious 

complications such as anaemia–caused by the rupture of schizonts from their 

host erythrocytes and clearance of both infected and uninfected erythrocytes by 

the host immune system–cerebral malaria, respiratory distress, and multi-organ 

failure [16]. A proportion of parasites commit to sexual development during the 

blood stage and emerge as gametocytes, which are taken up by female 
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Anopheles mosquitoes during a blood meal, thus completing the life cycle 

[reviewed in 17]. 
 

 
Figure 1.2.1 Host immune responses during the stages of Plasmodium 
infection and immunomodulatory strategies. The illustration depicts the 

vector (A), liver (B), and blood (C) stage of Plasmodium infection, and illustrates 

the immune cells that play a role at each stage. Immunomodulatory strategies 

are also summarised. Figure published in Kumar, Ng [18]. Permission obtained 

from Springer Nature, license number: 4351130071093. 

 

1.2.1 Immunity against malaria 
Each stage of Plasmodium infection triggers multiple immune mechanisms 

that attempt to limit the spread of infection and protect the host. These 

mechanisms involve the activation of all facets of the immune system including 

antigen presenting cells (APCs) and natural killer (NK) cells of the innate 

immune system, and T helper (Th), cytotoxic T (Tc), and antibody-producing 

B cells of the adaptive immune system. 

 APCs, specifically dendritic cells (DCs) and macrophages, have been 

shown to be essential in the sustained presentation of Plasmodium antigens 

in the liver, which in turn, promote the proliferation of CD8+ Tc cells [19]. The 

role of CD40:CD40L interactions in mediating APC-driven expansion and 

differentiation of effector CD8+ Tc cells has been proposed, whereby 

production of chemokines involved in lymphocyte recruitment was impaired in 
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the absence of CD40 on APCs [20]. Additionally, CD40-deficient DCs in the 

liver expressed reduced levels of the major histocompatibility complex (MHC)II 

and the co-stimulatory molecule CD86, resulting in impaired activation of CD4+ 

Th1 cells, which consequently compromised the production of the pro-

inflammatory cytokine IFNγ [20]. However, host protection during the liver 

stage of infection has been mainly attributed to CD8+ Tc cells, and long-term 

protection associated with the development of these cells into a tissue-resident 

memory (Trm) phenotype, able to rapidly produce the cytotoxic molecule 

Granzyme B, and the pro-inflammatory cytokines interferon (IFN)γ and tumour 

necrosis factor (TNF)  [21, 22]. Additionally, innate-like T cells such as γδ T 

cells and natural killer T (NKT) cells have been proposed to play a role in 

protection during the liver stage of Plasmodium infection, with the former being 

able to mediate protection in the absence of conventional TCRβ+ cells [23-25]. 

Nevertheless, NKT cells have also been reported to be redundant in protecting 

mice against P. berghei (strain: NK65) liver stage infection [26]. 

 The majority of our knowledge about the host immune response towards 

Plasmodium infection, especially in humans, is focused on the blood stage 

where clinical symptoms in the host can develop. Immunity against 

Plasmodium parasites during blood-stage infection relies on effective Th1 cell 

responses involving the production of pro-inflammatory cytokines [27-29]. 

Additionally, a subset of CD4+ T cells called T follicular helper (Tfh) cells serves 

to activate B cells and promote antibody-mediated immunity [30, 31]. Recent 

studies have proposed distinctions within the Tfh cell subset. During severe 

malaria, IFNγ promotes the preferential development of Th1-like Tfh cells that 

exhibit an impaired ability to induce B cell responses, compared to Th2-like Tfh 

cells [32, 33]. CD4+ T cells also play a role in regulating excessive production 

of pro-inflammatory cytokines, which can cause tissue damage [29, 34, 35]. 

This immunoregulatory role is mediated through the production of IL-10 by 

Foxp3+ regulatory T (Treg) cells [36-39] and Foxp3- IFNγ-producing type I 

regulatory (Tr1) cells [40-42]. However, the induction of these regulatory 

mechanisms in patients from disease endemic settings has been postulated to 

contribute to the reduced efficacy of vaccines observed in malaria endemic 

settings, compared to results achieved in healthy volunteer studies in non-

endemic settings [reviewed in 9, 41, 43]. 
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 Immunity against malaria in people from endemic settings is attributed to 

the development of a long-lived antibody response during repeated encounters 

with Plasmodium parasites over time [44]. The development of short- or long-

lived antibodies has been shown to be influenced by factors such as age and 

antigen-specificity [45, 46] with the ability to generate long-lived antibody 

responses increasing with age. Additionally, antibodies generated against the 

P. falciparum antigen merozoite surface protein (MSP)2 were more short-lived 

compared to those that were specific for other antigens tested [45]. Antibodies 

generated by B cells, mediate clearance of parasites through opsonisation and 

phagocytosis, complement activation, or through antibody-dependent cell 

cytotoxicity [47-49]. Opsonisation of Plasmodium merozoites, leading to 

phagocytosis, was reported to be primarily mediated by the antibody 

subclasses IgG1 and IgG3, that were specific to MSP2 and MSP3 [50]. 

Additionally, Plasmodium circumsporozoite protein (CSP)-specific antibodies 

isolated from people living within malaria endemic regions are capable of fixing 

complement, mediating the activation of the classical pathway of the 

complement system [51]. Activation of the classical pathway has been 

attributed specifically to fixation of the complement factors C1–C4, with fixation 

of the complement factor C1q alone adequately promoting antibody-mediated 

complement-dependent inhibition of merozoites [48]. The activation of the 

complement system subsequently interferes with the invasion of P. falciparum 

parasites, and promotes lysis of merozoites [48]. The development of 

functional antibodies that activate the complement cascade is one of the key 

mechanisms actively investigated in the context of vaccine development [52]. 

Finally, antibodies mediate the clearance of Plasmodium parasites through 

antibody-dependent cell cytotoxicity, which is dependent upon the binding of 

Fc molecules on antibodies to Fc-γ-receptor (FcγR) molecules [49]. In vitro 

studies have identified NK cells as the mediator of antibody-dependent cellular 

cytotoxicity against P. falciparum [49, 53]. A recent study subsequently 

reported that NK cell-mediated lysis of pRBCs was induced by human 

antibodies specific for the P. falciparum antigens PfEMP1 and RIFIN, which 

are expressed on the surface of infected erythrocytes [53]. 
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1.2.1.1 Innate and innate-like T cells in Plasmodium infection 
NK cells were first associated with immunity against P. falciparum in the 

early 1980s [54]. NK cell-mediated cytotoxicity against P. falciparum-

infected erythrocytes was initially described [55], with NK cell production of 

granzyme B shown to be mediated by the expression of host-derived heat 

shock protein (Hsp)70 [56]. However, by the 1990s, conflicting reports about 

the importance of NK cell activation and cytotoxicity in Plasmodium-infected 

individuals, as well as experimental models of malaria, were published [57-

60]. Instead, the role of NK cells in mediating protection during Plasmodium 

infection was attributed to IFNγ and TNF production [57, 61], induced by 

APCs [62-64]. In vitro co-culture assays using PBMCs from malaria naïve 

volunteers indicated that NK cells produced IFNγ against P. falciparum-

infected erythrocytes when in direct contact [65, 66]. Nevertheless, 

heterogeneity in the NK cell cytokine response was described in these 

studies and further investigated [67]. Additionally, the ability of human NK 

cells to clear P. falciparum in a humanised mouse model has also been 

reported [68]. Many studies in experimental mouse models of malaria have 

shown that IFNγ production by NK cells early during Plasmodium infection 

is dependent on T cell-derived IL-2, and IL-12 production by monocytes and 

DCs [57, 69-71]. This observation is consistent with results from human 

studies [72, 73].  

Other innate lymphoid populations have also been reported to influence 

protection and/or pathology during Plasmodium infection. These include 

invariant natural killer T (iNKT) cells and mucosal-associated invariant T 

(MAIT) cells that express invariant T cell receptor chains [74]. Studies have 

shown an increase in NK marker-expressing T cells and proposed an anti-

malarial role for NKT cells during the liver stage of P. yoelii (strain: 17XNL) 

and P. berghei (strain: NK65) infection in mice injected with the NKT cell 

activating agent α-galactosylceramide (α-GalCer) [75]. Nevertheless, one 

report showed that these cells did not express the invariant chain Vα24 in 

P. falciparum-infected patients [76]. In another study, NK1.1+ T cell receptor 

(TCR)αβ+ CD4+ cells that emerged during P. chabaudi infection stained 

negative for the CD1d-α-GalCer tetramer, suggesting that they were not 

invariant NKT (iNKT) cells [77]. MAIT cells on the other hand, were shown 

to decrease initially in African volunteers infected with P. falciparum in a 
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controlled human malaria infection (CHMI) study, with little evidence of 

activation or effector function early during blood-stage infection [74]. 

However, the frequency of MAIT cells increased above baseline levels at 

day 168 post-infection. 

 The role of γδ T cells has also been investigated in the context of 

Plasmodium infection since the mid-1990s [78]. Studies suggest that γδ T 

cells contribute significantly to the early production of IFNγ, in response to 

P. falciparum-infected erythrocytes from malaria naïve donors [79]. This 

observation was verified in vivo where γδ T cells and αβ T cells emerged as 

the dominant IFNγ-producing subsets during experimental P. falciparum 

infection [80]. Intriguingly, this study also suggested that γδ T cells were 

capable of immunological memory. In line with these observations in P. 

falciparum infection, Weidanz and colleagues [81] have shown that γδ T 

cells produced IFNγ during P. chabaudi infection in mice and suggested that 

these cells were the key early mediators of protection instead of NK cells or 

NKT cells. 

Recently, innate lymphoid cells (ILCs) have been intensively studied in 

various disease settings [82-86]. Multiple studies have reported the 

similarity between the ILC subsets and CD4+ Th cell subsets based on the 

transcription factors that drive their development, and their cytokine 

production profiles [87, reviewed in 88]. In this regard, group 1, 2, and 3 

ILCs were dubbed the innate counterparts of Th1, Th2, and Th17 cells, 

respectively. The role of ILCs during Plasmodium infection remains unclear. 

However, given the importance of Th1 cells in conferring protection and their 

potential roles in pathology [27-29], it is reasonable to hypothesize that 

group 1 ILCs contribute to disease outcome following Plasmodium infection. 

 

1.3 Visceral leishmaniasis (VL) 
Leishmaniasis is an NTD caused by Leishmania parasites that occurs in either 

visceral or cutaneous forms, depending on the infecting species [7, 89]. Visceral 

leishmaniasis (VL) occurs following transmission of L. donovani or L. infantum 

from a female phlebotomine sand fly into a mammalian host during a blood meal 

[90]. Leishmania parasites infect and reside in host macrophages [91] and their 

growth is usually controlled by the release of potent pro-inflammatory cytokines, 

such as IFNγ and TNF [92, 93]. These cytokines mediate parasite clearance by 
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promoting the generation of reactive oxygen and nitrogen intermediates (ROI and 

RNI, respectively) within the host cell [94, 95]. In most cases, the development of 

effective anti-parasitic immune responses during infection with VL-causing 

Leishmania species prevents the development of disease and promotes 

asymptomatic or subclinical infection [96]. For instance, reports from India and 

Nepal show that only ~10% of L. donovani infections resulted in symptomatic VL 

[96]. However,  a minority of infections result in the development of chronic 

infection, and some of these can further develop into a complication termed post-

kala-azar dermal leishmaniasis (PKDL) [reviewed in 97]. A major factor 

responsible for disease development is thought to be the emergence of 

immunoregulatory mechanisms mainly involving the release of the anti-

inflammatory cytokine IL-10 that suppresses anti-parasitic immune responses 

[98-100]. 

 

1.3.1 The role of CD4+ T cells in controlling parasite growth during 
Leishmania infection 
CD4+ T cells play a critical role in the host immune response during Leishmania 

infection. Th1 cells represent the principal effector cell subset, mediating 

protection through the release of pro-inflammatory cytokines [101, 102]. 

Recently, Th1 cells were found to produce IL-10 under transcriptional 

regulation by Blimp-1 during L. donovani infection [103] (Figure 1.3.1.1). These 

Tr1 cells are defined as CD3+ TCRβ+ CD4+ Foxp3- IFNγ+ IL-10+ and reported 

to be the primary producers of IL-10 during L. donovani infection [103-105]. 

While Th1 cells and their production of IFNγ is crucial to elimination of 

Leishmania within phagocytes [106], the excessive production of pro-

inflammatory cytokines results in tissue damage [107]. While IL-10 serves to 

counter these detrimental side-effects of pro-inflammatory cytokines, a bias 

towards anti-inflammatory cytokine production renders the host susceptible to 

parasite persistence and hence, chronic infection [108]. As such, maintaining 

the balance between pro- and anti-inflammatory cytokine production is crucial 

and dysregulation of CD4+ T cell responses during infection can lead to 

disease, as well as complications such as PKDL [reviewed in 97, 109]. 
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Figure 1.3.1.1 Transcriptional regulation of IL-10 production in T helper 
(Th)1 cells. This diagram summarises the transcriptional elements involved in 

initiating interleukin (IL)-10 production in Th1 cells, which suppresses anti-

parasitic immunity and leads to parasite persistence. Interactions between 

dendritric cells (DC) that have encountered parasite antigen, and naïve CD4+ 

T cells, induce the production of IL-12. IL-12 has been shown to polarise naïve 

CD4+ T cells into Th1 cells that produce the cytokines interferon (IFN)γ and 

tumour necrosis factor (TNF) to facilitate parasite clearance. DCs are also 

capable of producing IL-27 which promotes the transcription of Blimp-1 

(encoded by Prdm1). The transcriptional regulator Blimp-1, in combination with 

c-Maf and aryl hydrocarbon receptor (AhR), activates the transcription of IL-10 

(encoded by Il10) within Th1 cells. The production IFNγ and IL-10 is a hallmark 

of these regulatory Th1 cells, termed T regulatory (Tr)1 cells, that promote 

parasite persistence through the immuno-suppresive role of IL-10. Adapted 

from [110]. 
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 A recent publication investigated the transcriptional profile of splenic 

mononuclear cells and described a mixed effector–regulatory phenotype 

involving an enrichment in T cell activation and inhibition pathways in an 

experimental model of chronic L. donovani infection in hamsters [111]. 

However, the molecular mechanisms that promote potent anti-parasitic CD4+ 

T cell responses that control infection, and those implicated in the development 

of dysregulated CD4+ T cell responses that result in chronic disease, have not 

been thoroughly described.  

 
1.3.1.1 Modulating CD4+ T cells to improve immune responses during 
Leishmania infection 
CD4+ T cells interact with APCs that present Leishmania antigens on major 

histocompatibility complex (MHC)II molecules [112]. The binding of the T 

cell receptor (TCR) on the surface of CD4+ T cells to the MHCII:peptide 

complex, accompanied by appropriate co-stimulatory signals, results in the 

activation of naïve CD4+ T cells [113]. These naïve CD4+ T cells are then 

polarised into various CD4+ T effector and regulatory cell subsets, based on 

the cytokine signals they receive (Figure 1.3.1.1.1) [114-117].  
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Figure 1.3.1.1.1 CD4+ T cells polarise into various T helper (Th) cell 
subsets. The illustration shows some of the Th cell subsets that CD4+ T 

cells can differentiate into, based on the cytokine signals they receive 

antigen presenting cells (APCs), which is represented by a dendritic cell 

(DC) in the figure. CD4+ T cells are capable of differentiating into Th1, Th2, 

and Th17 effector cells that play a role in protecting the host against 

parasites, helminths, and fungi respectively, amongst other functions. In 

other cases, CD4+ T cells polarise into regulatory T (Treg) cell subsets that 

produce anti-inflammatory cytokines such as interleukin (IL-10). Finally, 

CD4+ T cells have also been shown to polarise into T follicular helper (Tfh) 

cells that promote antibody-mediated responses towards bacteria. 
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In addition to differences in cytokine profiles, effector and regulatory 

CD4+ T cells also express distinctive surface molecules. Often, these 

molecules are co-inhibitory receptors that ultimately diminish effector 

function [118, reviewed in 119] (Figure 1.3.1.1.2). A form of immunotherapy, 

termed immune checkpoint blockade, aims to interfere with the interaction 

between these co-inhibitory receptors and their ligands in conditions where 

T cell responses are sub-optimal, thus restoring T cell effector function [120-

122]. Such methods have been tested in parasitic infections [111, 112], and 

while experimentally viable, applicability in patients has not been practical 

to date, especially in view of cost and immune-mediated adverse events 

caused by uninhibited pro-inflammatory cytokine responses [reviewed in 

123]. Therefore, the prospects of adopting immunotherapy as a mode of 

treatment for parasitic infections requires not only cheaper drugs, but also 

the identification of target molecules that are restricted to dysregulated 

CD4+ T cell populations. 
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Figure 1.3.1.1.2 Activation and inhibitory signals between CD4+ T cells 
and antigen presenting cells (APCs). This illustration shows the activation 

and inhibitory interactions between CD4+ T cells and APCs such as 

macrophages (MΦ) and dendritic cells (DC), and the co-stimulatory 

(indicated in green) and co-inhibitory (indicated in orange) molecules that 

mediate these interactions. The + symbol indicates activation signals while 

the – sign indicates inhibitory signals. Additionally, cytokines can also have 

stimulatory (indicated in blue) or inhibitory (indicated in purple) effects. 

Figure published in [124].  

 

1.4 Aims and hypotheses 
Based on our existing knowledge of anti-parasitic immunity, the following 

hypotheses were formulated for testing to extend our knowledge about the roles 

of immune cells that play a part in host immunity during parasitic infections, as 

well as to understand the mechanisms underlying ineffective host immune 

responses and to uncover strategies that can be used to improve host immunity: 

 

• Group 1 ILCs are important in the early phase of Plasmodium infection 

and contribute to anti-parasitic immunity through the prototypical Th1 cell 

cytokine: ΙFNγ. This hypothesis will be tested by addressing the following 

aims: 

o To quantify group 1 ILCs in the blood of subjects infected with P. 

falciparum as part of controlled human malaria infection (CHMI) 

studies. 

o To measure and characterise group 1 ILCs in the spleen and liver 

of mice during P. chabaudi chabaudi AS (PcAS) infection. 

o To determine if group 1 ILCs play a role in the host immune 

response against PcAS infection in genetically-modified mice. 
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• CD4+ T cells from the spleen and liver of L. donovani-infected mice 

express distinct molecular signatures that determine their contribution to 

protection and/or pathology. This hypothesis will be tested by addressing 

the following aims: 

o To identify the immune-related genes that are differentially-

expressed in CD4+ T cells isolated from the peripheral blood 

mononuclear cells (PBMCs) of visceral leishmaniasis (VL) patients. 

o To determine if there are differences in the transcriptional profiles 

of CD4+ T cells isolated from the spleen and liver of L. donovani-

infected mice. 

o To define a core molecular signature that is common between CD4+ 

T cells isolated from L. donovani-infected human blood, mouse 

spleen, and mouse liver. 

o To define common genes that are differentially-expressed in CD4+ 

T cells isolated from L. donovani-infected human blood and mouse 

liver that may contribute to the concomitant immunity following L. 

donovani infection. 

o To define common genes that are differentially-expressed in CD4+ 

T cells purified from L. donovani-infected human blood and mouse 

spleen that may be responsible for dysregulated CD4+ T cell 

responses associated with VL. 

o To identify molecules that can be targeted in dysregulated CD4+ T 

cells to improve disease outcome. 

 

• Natural killer cell granule protein 7 (NKG7) is a surface molecule 

expressed by CD4+ T cells that can be targeted to control inflammation. 

This hypothesis will be tested by addressing the following aims: 

o To characterise the expression of Nkg7 on different immune cell 

subsets. 

o To characterise the expression of Nkg7 by Th cell subsets in vitro. 

o To determine if Nkg7 is a marker for any specific CD4+ T cell subset 

following L. donovani infection. 

o To characterise the expression of Nkg7 by different immune cell 

subsets during the course of L. donovani infection. 
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o To ascertain if Nkg7 contributes to the immune response during L. 

donovani infection. 

o To identify potential binding partners for NKG7 by computational 

analyses. 
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2.0 Methodology 
 
2.1 Materials 
The resources, equipment, and software used to generate data included in this 

thesis are summarised in Appendix 1: Tables of Resources and Equipment. 

 
2.2 Ethics statement for the involvement of human subjects 
The involvement of human subjects was in line with recommendations from the 

Helsinki declaration where written informed consent was obtained from all 

participants. Where participants were under 18 years of age, written informed 

consent was sought from their legal guardian. Ethical approval was provided by 

the ethical review board of Banaras Hindu University (BHU), Varanasi, India 

(Dean/2011-12/289) and the human ethics committee of QIMR Berghofer 

Medical Research Institute (Human Research Ethics Committee reference 

number P1411). 

 

2.3 Mice 
Female mice between 6-12 weeks old were used. C57BL/6J (wildtype; WT) mice 

were purchased from the Walter and Eliza Hall Institute (WEHI; Kew, VIC, 

Australia). All mice were housed under pathogen-free conditions at the QIMR 

Berghofer Medical Research Institute Animal Facility (Herston, QLD, Australia). 

Experimental use was in accordance with the “Australian Code of Practice for the 

Care and Use of Animals for Scientific Purposes” (Australian National Health and 

Medical Research Council) and approved by the QIMR Berghofer Medical 

Research Institute Animal Ethics Committee (Herston, QLD, Australia; approval 

number: A02-633M, A02-634M, or A1707615M). 

 

2.4 Genotyping 
Mice were ear-tagged, and tissue was collected into 40μl of QuickExtract™ DNA 

Extraction Solution (Epicentre, Madison WI, USA). To extract DNA, samples were 

incubated at 65°C for 6 minutes, vortexed, and incubated at 98°C for 2 minutes. 

All mice were genotyped by polymerase chain reaction (PCR), which was 

performed using the GoTaq® Flexi DNA Polymerase (Promega, Madison WI, 

USA). DNA oligos were custom made by Sigma-Aldrich® (St. Louis MO, USA). 

PCRs were run on a Bio-Rad T100TM Thermal Cycler (Bio-Rad Laboratories, 
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Hercules CA, USA). PCR products were visualized on a 3% (w/v) agarose 

(Sigma-Aldrich®) gel made up with 1x Tris Acetate-Ethylenediaminetetraacetic 

acid (EDTA) buffer (Sigma-Aldrich®), with RedSafeTM Nucleic Acid Staining 

Solution (Scientifix, South Yarra, VIC Australia) added at 1:1000 dilution. All 

samples were run alongside the GeneRuler 100bp DNA ladder (Thermo 

ScientificTM, Thermo Fisher Scientific, Waltham MA, USA) during gel 

electrophoresis. 

 
2.5 Leishmania infection in mice 
L. donovani (LV9; MHOM/ET/67/HU3) was originally isolated from a patient in 

Ethiopia in 1967 [125] and maintained by passage in B6.Rag1-/- mice. Passage 

mice were euthanised and the spleen was excised into 5ml of sterile Roswell Park 

Memorial Institute Medium 1640 (RPMI1640; Gibco™, Life Technologies, 

Carlsbad CA, USA) + 100μg/ml penicillin–streptomycin (PS; Gibco™, Life 

Techonologies); RPMI/PS) medium. The excised spleen was homogenised using 

a glass tissue grinder and the cell suspension was centrifuged in an Eppendorf 

Centrifuge 5810 R (Fisher ScientificTM, Thermo Fisher Scientific) at 115g for 5 

minutes at room temperature (RT), with brake off. The supernatant was 

transferred to a new tube, and the pellet discarded. The supernatant was 

centrifuged at 1960g for 15 minutes at RT. The supernatant was discarded, and 

the pellet was incubated for 5 minutes in 1ml of red blood cell lysing buffer Hybri-

Max™ (Sigma-Aldrich®), following which, sterile RPMI/PS was added, and the 

parasites centrifuged at 1960g for 15 minutes at RT. After discarding the 

supernatant, sterile RPMI/PS was added to the pellet and the centrifugation step 

was repeated at 1960g for 15 minutes at RT. After discarding the supernatant, 

the parasite pellet was re-suspended in sterile RPMI/PS. The parasite 

suspension was taken up through a 26G x ½” needle on a 1ml syringe (Terumo® 

Medical, Somerset NJ, USA) and dispensed repeatedly until a homogenous 

suspension was achieved. 2µl of the parasite suspension was loaded onto a 

Thoma cell counting chamber (Weber Scientific International, West Sussex, U.K.) 

and parasites were counted in the 4 x 4 grid in triplicate. An average count was 

used to determine the number of parasites/ml using the following equation: 

 
𝑎𝑣𝑒𝑟𝑎𝑔𝑒

16 	× 	2	 ×	10, = 𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑒𝑠/𝑚𝑙 
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Parasites were diluted to a final concentration of 1 x 108 parasites/ml in sterile 

RPMI/PS. Each mouse received 2 x 107 parasites in 200μl, injected intravenously 

(i.v.). 

 

2.6 Preparation of spleen single cell suspensions 
Mice were sacrificed by CO2 asphyxiation. A mid-sagittal incision was made on 

the abdominal cavity. The spleen was excised, weighed, and collected into 

RPMI/PS medium. Spleens were mechanically passed through an 

EASYstrainer™ 100μm cell strainer (Greiner Bio-One, Kremsmunster Austria) 

using the back of a 5cc/ml syringe plunger (Terumo® Medical). Cells were 

resuspended in RPMI/PS and centrifuged at 350g in an Eppendorf Centrifuge 

5810 R (Fisher ScientificTM, Thermo Fisher Scientific) and lysed by incubating in 

Red Blood Cell Lysis Buffer Hybri-Max™ (Sigma-Aldrich®) for 7 minutes at RT. 

Cells diluted in Dulbecco’s Phosphate Buffered Saline (DPBS) (1X) (Gibco™) 

and Trypan Blue Stain (Invitrogen™) were counted using Countess™ Cell 

Counting Chamber Slides on the Countess II FL (both from InvitrogenTM), as per 

manufacturer’s protocol. 

 

2.7 Preparation of liver single cell suspensions 
Mice were sacrificed by CO2 asphyxiation. A mid-sagittal incision was made on 

the abdominal cavity. The liver was perfused via the hepatic portal vein with 1x 

phosphate-buffered saline (PBS). The excised liver was weighed and collected 

in 1% (v/v) FBS in PBS and mechanically passed through an EASYstrainer™ 

100μm cell strainer (Greiner Bio-One) using a 10cc/ml syringe plunger (Terumo® 

Medical). The homogenized liver was washed twice in 1x PBS by centrifuging at 

390g in an Eppendorf Centrifuge 5810 R. Hepatocytes were separated from 

leukocytes using a 33% (v/v) Percoll™ Density Gradient Media (GE Healthcare, 

Little Chalfont, U.K.) and centrifugation at 575g for 15 minutes at RT with the 

brake off. Red Blood Cell Lysing Buffer Hybri-Max™ (Sigma-Aldrich®) was added 

to the leukocyte pellets and incubated for 7 minutes at RT. This was followed by 

a single wash in 1x PBS as described above. Cells diluted in DPBS (1X) 

(Gibco™, Life Technologies™) and Trypan Blue Stain (Invitrogen™), then 

counted using Countess™ Cell Counting Chamber Slides on the Countess II FL 

(both from InvitrogenTM), as per manufacturer’s protocol. 



 

 19 

 

2.8 Quantifying parasite burdens in murine spleen or liver 
Where indicated, parasite burden was quantified from spleen and liver impression 

smears stained in Giemsa (Sigma-Aldrich®). The number of amastigotes per 

1000 host nuclei were counted under x1000 magnification using a light 

microscope (Olympus CX31; Olympus Life Science, Shinjuku, Tokyo, Japan) and 

multiplied by the organ weight (g) to derive Leishman-Donovan Units (LDU). 

 

2.9 Determining the parasite burden in murine spleen or liver tissue by real 
time quantitative polymerase chain reaction (RT-qPCR) 
A piece of tissue approximately 10-20mg was taken from the liver and spleen of 

each mouse post-mortem using a dermal curette blade. Tissue was collected into 

150μl of QuickExtract™ DNA Extraction Solution (Epicentre, Madison WI, USA) 

and incubated at 65°C for 30 minutes, vortexed, and incubated at 98°C for 16 

minutes to extract DNA. The amount of DNA in each sample was quantified using 

the Qubit® dsDNA High Sensitivity (HS) Assay Kit on a Qubit® 2.0 or Qubit® 4 

Fluorometer (both by Invitrogen™) as per manufacturer’s instructions. Samples 

were diluted to 20ng/µl (spleen) or 7.5ng/µl (liver) in UltraPure™ DNase/RNase-

Free Distilled Water (Invitrogen™). A reaction master mix containing L. donovani 

kinetoplast DNA (kDNA) minicircle-specific primers and a TaqMan probe (5’-

FAM-labelled reporter dye) (primer set 4 described in [126]) (both by Integrated 

DNA Technologies (IDT), Singapore), and another reaction master mix 

containing the mouse Gapdh TaqMan probe (Thermo Fisher Scientific) was 

prepared using the GoTaq® Probe qPCR Master Mix (Promega, Madison WI, 

USA) according to manufacturer’s instructions. A total reaction volume of 10µl 

containing 6µl of reaction master mix and 4µl of template DNA was run using the 

manufacturer’s recommended program settings for the GoTaq® Probe qPCR 

Master mix on a QuantStudio 5 Real-Time PCR System (Applied Biosystems®, 

Foster City CA, USA). Parasite burden was determined as a fold-change in the 

Ct value for L. donovani kDNA minicircle over mouse Gapdh and expressed as 

2-∆CT [127]. 
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2.10 Flow cytometry 
All flow cytometry staining was performed in Falcon® 96-Well Clear Round 

Bottom Tissue Culture (TC)-Treated Cell Culture Microplates (Corning Inc., 

Corning NY, USA). Single cell suspensions were incubated with 50µl of TruStain 

fcX™ (anti-mouse CD16/32; clone: 93) and Zombie Aqua™ Fixable Viability Dye 

cocktail (both from BioLegend, San Diego CA, USA) for 15 minutes at RT. Cells 

were washed once with staining buffer (1x PBS, 0.02% (v/v) FBS, 5mM EDTA, 

0.01% (w/v) NaN3) by centrifuging in an Eppendorf Centrifuge 5810 R (Fisher 

ScientificTM, Thermo Fisher Scientific) at 575g for 1 minutes at 4°C. Samples were 

then incubated with 50µl of a cocktail of fluorescence-conjugated antibodies 

towards surface molecules for 30 minutes. After two washes with staining buffer, 

as described above, samples were incubated with 100µl of fixation buffer from 

either the BD Cytofix™ Fixation Buffer Set (for cells that are subsequently stained 

with antibodies against cytokines) (BD Biosciences, San Diego CA, USA) or the 

eBioscience™ Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher 

Scientific) (for cells that are subsequently stained with antibodies against 

transcription factors) for 20 minutes. Cells were then washed twice with wash 

buffers from the respective kits, by centrifuging at 575g for 1 minutes at 4°C, 

following which, cells were incubated with 50µl of cocktail containing 

fluorescence-conjugated antibodies against intracellular molecules for 35 

minutes. All staining was performed at RT, and samples were incubated in the 

dark. Samples were re-suspended in 1% (w/v) paraformaldehyde (PFA) post-

staining and stored at 4°C before acquisition on a BD LSRFortessa™ (special 

order research product; BD Biosciences) through BD FACSDiva™ v8.0, and 

analysed on FlowJo v10 OSX (FlowJo, LLC, Ashland OR, USA). Graphing and 

statistical analyses were performed on GraphPad Prism 7 (Version 7.0c; 

GraphPad Software, La Jolla CA, USA). A p value ≤ 0.05 was considered 

statistically significant. 

 

 

 

 

 

 

 



 

 21 

2.11 Cytometric bead array (CBA) 
Cytokine levels were assessed using the BD Cytometric Bead Array (CBA) 

Mouse Inflammation Kit or Mouse Th1/Th2/Th17 Cytokine Kit (BD Biosciences) 

as per manufacturer’s instructions. Serum or plasma samples from mouse blood 

was used neat while supernatants were diluted 1:5 in 1x PBS for the detection of 

most cytokines. Supernatants were diluted 1:50 in 1x PBS for the detection of 

IFNγ. CBA data was analysed using the BD™ CBA FCAP Array Software v3.0 

(BD Biosciences). 

 

2.12 Statistical analyses 
Statistical analyses were performed using Prism 7 (Version 7.0c; GraphPad 

Software). p values are shown as *, **, ***, and ****, which represented p < 0.05, 

0.01, 0.001, and 0.0001 respectively. Where possible, the D’Agostino–Pearson 

omnibus normality test was used to test for normal distribution. Non-parametricity 

was assumed in cases where this was not possible. Statistical testing was 

performed using either the Kruskal–Wallis test and Dunn’s multiple comparisons 

test (single variable data), or a regular two-way analysis of variance (ANOVA) 

with multiple comparisons (two-variable data), unless stated otherwise.  
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3.0 Rapid loss of group 1 innate lymphoid cells during blood stage 
Plasmodium infection 
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3.2 Introduction 

3.2.1 The innate immune system 
The immune system is divided into two defense arms; the innate and adaptive 

immune systems. The innate immune system serves as the first line of 

defense, delivering a quick, non-specific protection against invading 

pathogens [reviewed in 128]. This is mediated by the release of cytokines, 

phagocytosis, and induction of apoptosis by antigen presenting cells (APCs), 

phagocytic cells, innate-like T cell subsets and the recently described innate 

lymphoid cells (ILCs) [reviewed in 88, 128, 129]. 

The key difference between the two defense arms lies in the specificity of 

antigen receptors. Members of the innate immune system, such as myeloid 

cells and ILCs, express invariant antigen receptors that do not undergo 

recombination activating gene (RAG)-dependent rearrangement [reviewed in 

129, 130]. Instead, innate cells possess pattern recognition receptors (PRRs) 

that recognise conserved molecular structures [131, reviewed in 132, 133, 

134]. Alternatively, innate lymphocytes sense invading pathogens indirectly 

through cytokines produced by infected cells or activated APCs [reviewed in 

133, 135]. 

The innate immune system subsequently recruits adaptive immune cells 

through their ability to sense and uptake antigens non-specifically, thereby 

allowing a more targeted and long-lasting response to infection [73, 131, 136]. 

Contrary to their innate counterparts, adaptive immune cells present RAG-

dependent rearranged antigen receptors known as T cell receptors (TCRs) 

and B cell receptors (BCRs) on their cell surface [reviewed in 137]. For B cells, 

the recognition of amino acid sequences on foreign molecules, activates 

humoral immunity [138]. In the case of T cells, antigen-specific receptors 

engage with antigen peptides presented by major histocompatibility complex 

(MHC) molecules on APCs, thus activating cell-mediated immunity [139-141].  

CD4+ T cells (Figure 3.2.1.1A) produce pro- or anti-inflammatory cytokines 

that together, in a tightly controlled and balanced manner, creates an 

environment that promotes defense against pathogens [reviewed in 142]. 
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These cells are also capable of being induced into regulatory cells that produce 

anti-inflammatory cytokines that balance the pro-inflammatory cytokine 

production by activated CD4+ T cells [reviewed in 110]. In addition, CD8+ T 

(cytotoxic or killer) cells (Figure 3.2.1.1B) are poised to recognize antigens on 

infected cells, subsequently killing these cells via the release of cytotoxic 

molecules and cytokines [143, 144]. 

 

 
Figure 3.2.1.1 Innate lymphoid cells (ILCs) mirror CD4+ T cell subsets. 
CD4+ T helper (Th) cells are classed into three subsets (A). CD8+ T cells 

represent cytotoxic/killer T cell subsets (B). The cytokine profiles of innate 

lymphoid cell (ILC)1s, ILC2s, and ILC3s, mirror those of Th1, Th2, and Th17 

cell respectively (C). ILCs can also be defined as killer ILCs (D) or helper-like 

ILCs (E). Adapted from [88]. Permission obtained from Springer Nature, 

license number: 4406511467746.  

 



 

 25 

The traditional separation of the immune system into innate and adaptive 

arms has recently been challenged by the discovery of ILCs and recognition 

of the roles played by innate lymphocytes, that include natural killer (NK) cells, 

natural killer T (NKT) cells, and γδ T cells [reviewed in 128]. Although these 

cells lack antigen receptors (in the case of ILCs) or the diversity of antigen 

receptors (in the case of innate-like T cell subsets), giving them an innate-like 

phenotype, their ability to facilitate effector functions akin to Th cells, in addition 

to memory-like functions, make them similar to adaptive cells (Figure 3.2.1.1C) 

[reviewed in 88, 130, 136, reviewed in 145, 146]. Furthermore, a study by 

Viant, Fenis [147] has shown that NK cell activity is regulated by the expression 

of MHC I molecules in surrounding tissue, a feature characteristic of adaptive 

immune cells. While the role of adaptive immune cells has been widely studied 

in protozoan parasitic infections such as malaria and leishmaniasis, far less is 

known about the role of ILCs and innate-like T cell subsets in these infections 

[148, 149]. 

 

3.2.2 Innate lymphoid cells (ILCs) 
ILCs have been implicated in the protection, as well as pathology of numerous 

bacterial, viral, parasitic, and inflammatory diseases [84, 148-151]. In a 

keystone review by Spits, Artis [129], it was suggested that ILCs be 

categorised under three overarching groups according to their transcription 

factor dependence and cytokine secretion profiles, reflecting the categorisation 

of Th cells. In this respect, group 1 ILCs are dependent on the transcription 

factor T-bet and produce the classical Th1 cell cytokine IFNy. Group 2 ILCs 

have a requirement for GATA3 and produce Th2 cell cytokines such as IL-4, 

IL-5, and IL-13. In contrast, group 3 ILCs rely on the transcription factor RORγt 

and produce the Th17-associated cytokines IL-17A and IL-22. Recently 

however, it has been proposed that ILCs, like T cells, be further classed as 

either killer ILCs or helper-like ILCs (Figure 3.2.1.1D and E) [reviewed in 88]. 

Killer ILCs denote NK cells, which are made up of different subsets. Of 

particular interest, NK cells have recently been found to include liver tissue-

resident natural killer (trNK) cells in addition to conventional NK (cNK) cells 

[reviewed in 88, 152]. These cells can be distinguished by expression of 

CD49a and TNF-related apoptosis-inducing ligand (TRAIL) in the former, and 

CD49b (DX5) [152, 153]. In addition, while cNK cell development is dependent 
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on the transcription factors eomesodermin (Eomes) and T-bet, trNK cells have 

been shown to be dependent only on T-bet [154]. Although it has been argued 

that trNK cells may be a subset of NK cells [152], others have proposed that 

these CD49a+ trNK cells are ILC1s [87, reviewed in 88]. In support of this, it 

has been suggested that NK cells possess cytotoxic abilities through the 

release of granules, making them more similar to CD8+ T cells, while ILC1s 

facilitate cytolytic functions through TRAIL, like Th1 cells [88]. Furthermore, a 

transcriptome analysis of ILCs by Robinette, Fuchs [87] showed that liver trNK 

cells (CD3- CD19- CD49a+) possessed a core ILC signature, while cNK cells 

did not. Studies have also shown that these cells are capable of being double 

producers of the pro-inflammatory cytokines IFNγ and TNF, similar to Th1 cells 

[reviewed in 88, 152]. 

In general, ILC2s mediate protection or cause inflammation-related 

diseases in the skin and lungs, in addition to being associated with protection 

during micronutrient deficiency and fat metabolism [84, 136, 155-158]. 

Conversely, group 3 ILC subsets are reported to mediate gut immunity and 

have been implicated in gut-associated inflammatory diseases such as 

inflammatory bowel disease (IBD) and colitis [159-161]. ILC1s, however, 

remain the least characterised ILC subset in terms of development and 

function. Nevertheless, ILC1s have been shown by Klose, Flach [148] to 

protect against the protozoan parasite Toxoplasma gondii through the 

production of IFNγ and TNF.  

Recently, ILC2s have been proposed by Besnard, Guabiraba [149] to 

mediate protection against experimental cerebral malaria caused by 

Plasmodium beghei ANKA (PbA), supporting potential roles for ILCs in 

protozoan parasite infections. Furthermore, NK cells have been shown to play 

key roles in the immune response towards Plasmodium [67, 73, 162] and 

Leishmania [163] infections. 

 

3.2.3 Innate-like T cell subsets 
Innate-like T cell subsets consist of lymphoid cells that characteristically 

express invariant T cell antigen receptors known as PRRs that recognise 

peptides, lipids, and metabolites [reviewed in 135, reviewed in 164, 165, 166]. 

These cells include γδ T cells, NKT cells, and mucosal-associated invariant T 

(MAIT) cells, that are postulated to bridge the gap between the innate and 
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adaptive immune systems [165, reviewed in 167, reviewed in 168]. Like ILCs, 

these innate T cells rapidly produce IFNγ in addition to other cytokines that 

resemble those produced by Th cells [reviewed in 169]. Through the release 

of these pro-inflammatory cytokines, innate-like T cell subsets have been 

implicated in both protection and pathology during Plasmodium and 

Leishmania infection.  

Weidanz, LaFleur [81] reported the importance of γδ T cells in the immune 

response towards P. chabaudi infection in mice. A study by Jagannathan, Kim 

[170] reported that γδ T cells proliferated and conferred anti-parasitic immunity 

in children, but their frequencies in circulation were reduced upon repeated 

infections with P. falciparum. This decline in circulation correlated with 

suppression of pro-inflammatory cytokine production by these cells, and 

consequently a reduction in symptoms associated with malaria. Additionally, 

an association of γδ T cells and their pro-inflammatory cytokines with severe 

malaria has also been reported [171]. γδ T cells were also reported to produce 

IFNγ	and TNF	during L. donovani infection in humans [172]. 

Soulard, Roland [173] observed that NKT cells in the liver and spleen of P. 

yoelii-infected mice were capable of producing IFNγ and TNF; however, a 

subset of these NKT cells had a nonessential role in controlling infection, with 

Taniguchi, Tachikawa [174] reporting similar observations. Nonetheless, 

Muxel, Freitas do Rosario [77] suggested the protective role of splenic NKT 

cells through the production of IFNγ during P. chabaudi infection. Additionally, 

it was earlier reported that NKT cell IFNγ production during P. berghei ANKA 

infection caused in an increase in splenic B cell numbers, resulting in 

splenomegaly [166]. 

The role of NKT cells and their production of IFNγ during human VL were 

shown by Rai, Thakur [175], and evidence of protective and pathology-

associated NKT cells in L. donovani infection was recently proposed by 

Kumari, Jamal [176]. In the latter study, although pathogenic NKT cells 

producing anti-inflammatory cytokines were found to migrate towards the site 

of L. donovani infection, it was suggested that a pro-inflammatory cytokine-

producing NKT cell subset might mediate protection when in contact with 

infected cells. 
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3.2.4 Significance 
As advancements in immunotherapy are being made for diseases such as 

cancer, it is starting to become apparent that harnessing the power of the 

human immune system can be equally beneficial in the fight against parasitic 

infectious diseases. This is especially important given the rise of parasite 

resistance towards existing chemotherapy options. 

However, the potential of boosting the immune system to fight diseases 

requires an extensive knowledge about the roles that each member plays, and 

the synergy and relationships between these members in the context of 

diseases. This includes more recently characterized, and less understood cells 

such as group 1 ILCs and innate-like T cell subsets that have been shown to 

produce both pro- and anti-inflammatory cytokines during various infections. 

In addition, identifying similarities and differences in the mechanisms 

regulating the functions of these cells may allow selective targeting of specific 

cell subsets to limit pathology and tissue damage associated with such 

diseases, while promoting anti-parasitic immunity.  

The importance of innate-like T cell subsets such as γδ T cells and MAIT 

cells, during Plasmodium infection, has been previously reported [74, 81]. In 

addition to this, NK cells, which are now classified as a ILC subset, have been 

shown to play a role against P. falciparum, in vitro [65, 66] and in a humanised 

mouse model infected with P. falciparum [68]. Finally, the vital role of Th1 cells 

in the adaptive immune response against Plasmodium [28, 29] indicates the 

likelihood that group 1 ILCs, which possess functional similarities to Th1 cells, 

play a significant role during the innate stage of Plasmodium infection. 

 

3.3 Publication 
[Please refer to the next page.] 
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Supplementary Figure 1  
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4.0 Molecular signatures of CD4+ T cells during visceral leishmaniasis (VL) 
 

4.1 Introduction 
Th1 cells are the principal effector cells mediating protective anti-parasitic 

immunity during L. donovani infection [92, 99, 101]. Effective immune responses 

involve the production of pro-inflammatory cytokines that create an inflammatory 

environment, inducing mechanisms involved in parasite clearance [92-95, 177]. 

The release of pro-inflammatory cytokines, although crucial to the anti-parasitic 

response, is complicated by tissue damage that can arise from excessive pro-

inflammatory cytokine production [178]. Previous studies have shown that 

splenomegaly in mice is a result of underlying splenic tissue damage as a result 

of excessive pro-inflammatory cytokine production essential to parasite clearance 

[103, 107]. The production of IL-10 can suppress the pathological effects of pro-

inflammatory cytokines during L. donovani infection [103]. However, increased 

IL-10 levels have also been associated with impaired anti-parasitic responses 

that promote disease progression and chronic infection [98, 100, 179]. As such, 

the balance between pro- and anti-inflammatory cytokine responses are vital for 

determining disease outcome. To date, the molecules and pathways associated 

with an effective anti-parasitic CD4+ T cell response and control of parasite 

growth, and those relating to dysregulated CD4+ T cell responses causing chronic 

infection, remain poorly defined. The experimental model of L. donovani infection 

in C57BL/6J mice presents a unique opportunity to understand the molecular 

differences that exist in both cases. Parasite burdens are organ-specific at day 

56 post-infection (p.i.), where liver parasite burdens are controlled, while splenic 

parasite burdens are elevated [180, reviewed in 181, 182].  

This chapter aimed to define the transcriptional signatures associated with 

effective and dysregulated CD4+ T cell responses using a meta-analysis of CD4+ 

T cells isolated from L. donovani-infected humans and mice. Briefly, we 

compared the transcriptomic signatures of CD4+ T cells sorted from L. donovani-

infected human PBMCs, mouse spleen, and mouse liver, to obtain a core 

transcriptional signature that was common between all tissues examined and the 

two host species. Using the unique biphasic phenotype in mice, we also identified 

a CD4+ T cell signature associated with chronic infection (common in CD4+ T 

cells from VL patients and mouse spleen) and resolving infection (common in 
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CD4+ T cells from VL patients and mouse liver). During this analysis, we identified 

natural killer cell granule protein 7 (NKG7) as a novel molecule involved in 

inflammatory CD4+ T cell responses and demonstrated its role in anti-parasitic 

immunity. 

 

4.2 Methodology 
4.2.1 Mice 
C57BL/6J (wildtype; WT) mice were purchased from the Walter and Eliza Hall 

Institute (WEHI; Kew, VIC, Australia). All other mice were bred in house. 

Monomeric red fluorescent protein (mRFP)-expressing mice under the control 

of Foxp3 (C57BL/6-Foxp3tm1flv/J) [183] were used to distinguish Foxp3-

expressing regulatory T (Treg) cells from conventional CD4+ T cells (Tconv). 

 

4.2.2 Isolation of CD4+ T cells from human peripheral blood mononuclear 
cells (PBMCs) 
Blood was obtained from symptomatic patients who were diagnosed with VL 

at the Kala-azar Medical Research Center (Muzaffapur, Bihar, India). Patients 

were diagnosed either through the detection of amastigotes in splenic aspirate 

smears by microscopy, or by using a rk39 (L. donovani antigen) dipstick test. 

Approximately 5ml of blood was collected from each patient on the day of 

admission (day 0) and 30 days after treatment with AmBisome (Gilead 

Sciences, Inc., Foster City CA, USA) (day 30) in a BD Vacutainer® Lithium 

HeparinN (LH) 170 I.U. Plus Blood Collection Tubes (BD Biosciences). Blood 

was layered over Ficoll-Paque™ PLUS (GE Healthcare) to isolate PBMCs. 

PBMCs were counted using a haemocytometer (Pacific Laboratory Products, 

Blackburn VIC, Australia). CD4+ T cells were enriched by magnetic activated 

cell sorting (MACS) using the anti-human CD4 MicroBeads (Miltenyi Biotec, 

Bergisch Gladback, Germany) according to manufacturer’s instructions. 
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4.2.3 Isolation of mouse spleen and liver CD4+ T cells by fluorescence 
activated cell sorting (FACS) 
CD4+ T cells were isolated by MACS using the CD4+ T cell isolation kit, mouse 

(Miltenyi Biotec) according to manufacturer’s instructions. The flow through, 

containing enriched CD4+ T cells were stained with propidium iodide (Sigma-

Aldrich®), monoclonal anti-mouse fluorescein isothiocyanate (FITC)-

conjugated TCRβ (H57-597) and allophycocyanin (APC)-conjugated CD4 

(GK1.5) (both from BioLegend) and sorted on the BD FACSARIA II (Becton 

Dickinson). CD4+ T cells were identified as TCRβ+ CD4+. After sorting, cells 

were stored in buffer RLT (QIAGEN®, Hilden, Germany) at -80°C. 

 

4.2.4 Microarray 
FACSTM-sorted mouse spleen and liver CD4+ T cells, stored in buffer RLT, 

were homogenised in QIAshredder columns prior to RNA extraction using the 

RNeasy Mini Kit (All from QIAGEN®) according to manufacturer’s instructions. 

Each replicate within the liver CD4+ T cell group consisted of 5 pooled samples.  

Samples were run using the Mouse Whole-Genome (WG)-6 v2.0 Expression 

BeadChip Kit (Illumina, San Diego CA, USA). Quality control was assessed 

using the Lumi package [184], run on R (https://www.r-project.org/). Differential 

gene expression was analysed using Limma [185]. 

 

4.2.5 RNA-sequencing (RNA-seq) 
Cells were homogenised in QIAshredder columns prior to RNA extraction 

using the RNeasy Mini Kit (both from QIAGEN®) according to manufacturer’s 

instructions. Total RNA extracted was treated with the RNA-free DNase Set 

(QIAGEN®). mRNA was isolated using the NEBNext® Poly(A) mRNA Magnetic 

Isolation Module (New England Biolabs Inc., Ipswich MA, USA). Libraries were 

prepared using the NEBNext® UltraTM RNA Library Prep Kit for Illumina® (New 

England Biolabs Inc., Ipswich MA, USA). Libraries were quantified using the 

KAPA Library Quantification Kit (Roche Sequencing, Pleasanton CA, USA) 

and RNA integrity number (RIN) obtained using the RNA 6000 Pico Kit (Agilent 

Technologies, Santa Clara CA, USA). Expression profiling was performed by 

50bp single-end mRNA-sequencing with a read-depth of ~10M reads, on the 

Illumina HiSeq platform (performed by the Australian Genome Research 

Facility (AGRF), Parkville VIC, Australia). 
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4.2.6 Bioinformatics analysis 
RNA-seq data was processed on the Galaxy platform (https://galaxy-

qld.genome.edu.au/galaxy/) [186]. Quality control was performed using 

FastQC [187]. Reads were mapped to the reference genome (GRCh38/hg38) 

using Spliced Transcripts Alignment to a Reference (STAR) [188] and Cufflinks 

[189] was used for transcript assembly and estimating reads per kilobase of 

transcript per million mapped reads (RPKM). Where applicable, Cuffmerge 

was used to merge multiple transcript assemblies [190]. HTseq was used to 

transform mapped reads to count data, based on the GENCODE release 24 

annotation [191], that was used an input for downstream analysis [192].  

EdgeR [193] run on R [194] was used to generate a list of differentially-

expressed genes from the RNA-seq dataset. Briefly, the transcript with the 

highest read count for each gene was retained. Further filtering was performed 

by the elimination of genes with < 1 count-per-million (cpm) in more than 2/3rd 

of samples. The effective library size was determined using the default trimmed 

mean of M-value (TMM) normalisation based on which, counts were 

normalised. Testing for differential expression was performed using gene 

counts fitted to a negative binomial generalised log-linear model. Genes with 

a false discovery rate (FDR) > 0.05 and an absolute log2 fold-change > 0 were 

considered to be differentially-expressed, unless stated otherwise. 

k-means clustering was performed using the eclust function within the 

factoextra package [195] with the following parameters: FUNcluster = 

“kmeans”, k.max = 10, nstart = 25, and nboot = 100. 

Upstream regulators for genes of interest were identified using Ingenuity 

Pathway Analysis (IPA; QIAGEN®). In addition to drugs that were predicted on 

IPA, genes of interest were submitted to the Drug-Gene Interaction Database 

(DGIdb) [196] to identify currently available drugs. The International Mouse 

Strain Resource (IMSR) [197] was used in search of transgenic or knockout 

mouse strains that are available for each target gene. Localisation of target 

genes were determined by functional annotation based on data from Gene 

Ontology: Cellular Component [198, 199] using the Database for Annotation, 

Visualisation and Integrated Discovery (DAVID; v6.8 Beta, National Institute of 

Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH), 

Maryland, U.S.A) [200, 201]. Graphs were plotted using Prism 7 (Version 7.0c; 

GraphPad Software). 
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4.2.7 Ingenuity Pathway Analysis (IPA) 
Gene symbols, log2 fold-change (logFC), and false discovery rate (FDR) from 

each data set was used as an input into IPA (version 43605602; QIAGEN®). 

Where there was a concatenation of genes that overlapped between two or 

more datasets, the logFC and FDR values for the human CD4+ T cell dataset 

was used. Initial interrogation of each dataset was performed using default 

values and parameters set on IPA. In contrast, examination of the pathways 

involved in the core, chronic, and resolving gene signatures were restricted to 

molecules and/or relationships experimentally observed in H. sapiens or M. 

musculus and specifically in immune cells. 

 

4.2.8 Fluorescence-activated cell sorting (FACS) 
Tconv (Foxp3-) and Treg (Foxp3+) cells were sorted by FACS from the spleen 

and liver of female Foxp3-RFP+/+ mice. CD4+ T cells were isolated by MACS 

using the anti-mouse CD4+ T cell isolation kit (Miltenyi Biotec) according to 

manufacturer’s instructions. The flow through, containing enriched CD4+ T 

cells were stained with Zombie Aqua and monoclonal anti-mouse fluorescein 

isothiocyanate (FITC)-conjugated TCRβ (H57-597) and allophycocyanin 

(APC)-conjugated CD4 (GK1.5) (all from BioLegend) and sorted on the BD 

FACSARIA III (Becton Dickinson). Tconv cells were identified as TCRβ+ CD4+ 

RFP- while Treg cells were identified as TCRβ+ CD4+ RFP+. After sorting, cells 

were stored in buffer RLT (QIAGEN®) containing β-mercaptoethanol (as per 

manufacturer’s instructions; Sigma-Aldrich®) at -80°C. 

 

4.2.9 Real time quantitative polymerase chain reaction (RT-qPCR) 
Foxp3+ and Foxp3- cells sorted from naïve or infected Foxp3-RFP+/+ mice were 

stored in buffer RLT and homogenised in QIAshredder columns (both from 

QIAGEN®). RNA was extracted using the RNeasy Mini Kit (QIAGEN®) 

according to manufacturer’s instructions. The concentration of RNA (ng/μl) and 

sample purity (260/280 ratio) was measured using the NanoDrop 2000 UV-Vis 

Spectrophotometer (Thermo Fisher Scientific). Extracted RNA was reverse 

transcribed to complementary DNA (cDNA) using the High-capacity cDNA 

Reverse Transcription Kit (Applied Biosystems®) as per manufacturer’s 

instructions. QuantiTect Primer Assays (specific for M. musculus B2m, Hprt, 

Nkg7; QIAGEN®) were used with the GoTaq qPCR Master Mix (Promega 
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Corporation) in a final reaction volume of 10𝜇l containing 1μl of template cDNA. 

RT-qPCR was performed in Hard-Shell® 384-Well Plates, thin wall, skirted, 

clear/clear (Bio-Rad, Hercules CA, USA), sealed with Microseal® ‘B’ PCR Plate 

Sealing Film, adhesive, optical (Bio-Rad) on the QuantStudio 5 Real-Time 

PCR System (Applied Biosystems®). Relative quantification was performed 

using the comparative CT method relative to the average of two internal control 

genes: B2m and Hprt. 

For human samples, CD4+ T cells were enriched by MACS using the anti-

human CD4 MicroBeads (Miltenyi Biotec) according to manufacturer’s 

instructions. RNA was then extracted, and reverse transcribed to cDNA as 

previously described [103]. RT-qPCR for NKG7 was performed on an ABI 

Prism® 7500 real-time PCR system (Applied Biosystems®) using the TaqMan® 

Gene Expression Assay (Assay ID: Hs01120688_g1; Applied Biosystems®). 

Relative quantification was performed using the comparative CT method [127] 

relative to 18S ribosomal RNA (rRNA). 

 

4.3 Results 
4.3.1 Distinct gene signatures of CD4+ T cells in visceral leishmaniasis 
(VL) patients before and after treatment 
We also aimed to identify differences in the gene expression profiles of CD4+ 

T cells from VL patients (n = 9) during infection compared to 30 days after 

treatment with Ambisome®. Differential gene expression analysis produced 

5784 genes that effectively clustered samples into their respective groups 

(infected (D0) or day 30 post-treatment (discharged; DIS)) (Figure 4.3.1.1A). 

These genes were then filtered using the Gene Ontology (GO) term “Immune 

Response” to identify genes that are known to be associated with immunity 

(Figure 4.3.1.1B). Upregulated genes in this list included those encoding 

cytokines, chemokines, and cytotoxic molecules, including IL10, IFNG, GZMB, 

and CCL4, and those encoding inhibitory molecules, such as LAG3, CTLA4, 

and ICOS. Given the limitations in assessing the mechanisms associated with 

these molecules in vivo, subsequent experimentation was performed using 

mouse models (Section 4.3.2 to 4.3.7). To maintain human relevance, genes 

identified to be differentially expressed in this dataset, was used to prioritise 

genes of interest amongst those that were differentially expressed in mice 

following L. donovani infection. 



 

 50 

 
Figure 4.3.1.1 CD4+ T cells from visceral leishmaniasis patients show 
distinct molecular signatures during infection compared to 30 days after 
treatment. The heat map shows 5784 differentially-expressed genes between 

CD4+ T cells from patients infected with L. donovani (D0) and samples from 

the same patients (paired) at day 30 post-treatment with Ambisome® 

(discharged; DIS). The waterfall plots indicate differentially-expressed genes 

that come under the Gene Ontology (GO) term “Immune Response” where 

blue indicates genes that were downregulated, and red indicates genes that 

were upregulated during infection relative to 30 days after treatment.  The x-

axis shows log2 fold-change (log2FC). 
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4.3.2 Parasites are controlled in the liver, but not in the spleen 
L. donovani-infected mice harbor parasites in the spleen, liver, and bone 

marrow. In order to understand the efficacy of the host immune response in 

mice infected with L. donovani, we measured changes in parasite burden and 

organ weights in the spleen and liver at days 6, 14, 21, 28, and 55 p.i. in 

C57BL/6J (WT) mice (Figure 4.3.2.1). We observed an acute infection in the 

liver with parasite burden peaking at day 14 p.i. (Figure 4.3.2.1, top). Liver 

parasite burdens gradually decreased after day 14 p.i., and at day 55 p.i. were 

barely detectable, although sterile cure was never observed. Liver weights 

increased at the peak of infection at day 14 and were highest at day 28 p.i., 

when parasite burdens declined. Conversely, we observed a gradual increase 

in splenic parasite burden that peaked at day 28 p.i. and was largely 

maintained until day 55 p.i. (Figure 4.3.2.1, bottom). Splenic weights followed 

a similar trend with increasing weights from days 14-28 p.i., and no reduction 

at day 55 compared to day 28 p.i..  

The difference in the capacity of the immune response against L. donovani 

has previously been attributed to distinct immunoregulatory mechanisms in the 

spleen and liver of L. donovani-infected mice [180, reviewed in 181]. The 

persistence of parasites in the spleen of L. donovani-infected mice, 

accompanied by a breakdown in tissue structure associated with excessive 

infection-induced inflammation has been postulated to be indicative of 

dysregulated CD4+ T cell responses in the spleen [112, 202]. 
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Figure 4.3.2.1 Parasites are controlled in the liver but not in the spleen. 
The black line and points on the graphs show parasite burdens in the liver (top) 

and spleen (bottom) from naïve mice (day 0), and L. donovani-infected mice 

at days 6, 14, 21, 28, and 55 post-infection (p.i.). The grey lines indicate liver 

(top) and spleen (bottom) weights. n = 5 biological replicates per time point. 

Statistical significance is represented with black * for parasite burdens and 

grey * for organ weights relative to day 0, where ** p < 0.01 and *** p < 0.001. 

Statistical significance was determined using the Kruskal–Wallis test and 

Dunn’s multiple comparisons test for each measure. Data is representative of 

2 independent experiments. 
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4.3.3 Differential transcriptional signatures of CD4+ T cells in the spleen 
and liver of L. donovani-infected mice 
Quantification of parasite burden by RT-qPCR revealed distinct phenotypes in 

the spleen (n = 5 biological replicates per group) and liver (n = 4 replicates in 

the naïve group that consisted of pooled samples; 5 biological replicates in the 

infected group) during the course of infection (Figure 4.3.2.1). Given the 

importance of CD4+ T cell responses during L. donovani infection [101, 203], 

we investigated the molecular signatures of CD4+ T cells sorted from the 

spleen and liver of naïve and infected mice at day 56 p.i.. k-means clustering 

successfully identified 4 clusters corresponding to the infected liver (cluster 1, 

LA), naïve spleen (cluster 2, SN), naïve liver (cluster 3, LN), and infected 

spleen (cluster 4, SA) (Figure 4.3.3.1A). In general, all samples from the same 

group (LN, LA, SN, and SA) clustered together with the exception of three 

samples. The naïve liver (LN) group formed a tighter cluster potentially due to 

the pooling of cells from multiple mice within each replicate (see Section 4.2.4). 
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Figure 4.3.3.1 Unique CD4+ T cell gene signatures in the spleen and liver 
of mice infected with L. donovani. The graph shows four clusters generated 

by k-means clustering (A). These clusters correspond to the four sources of 

CD4+ T cells: naïve liver (LN), infected liver (LA), naïve spleen (SN), and 

infected spleen (SA). The heat map depicts gene expression data for all 

samples that were filtered based on genes differentially-expressed between 

CD4+ T cells from the infected liver and infected spleen (B). Supervised 

clustering was used to group samples based on their CD4+ T cell sources. 
 

 

 

 



 

 55 

Differential gene expression was determined between CD4+ T cells from the 

infected liver and spleen to identify genes that might influence the contrasting 

ability of CD4+ T cells from each source to control infection (Figure 4.3.2.1). 

Gene expression values for all samples, including CD4+ T cells from naïve liver 

and spleen, were then filtered based on these differentially-expressed genes 

and visualised on a heat map (Figure 4.3.3.1B). Distinct gene expression 

patterns were observed in CD4+ T cells from the infected liver and spleen 

where genes upregulated in one group were down regulated in the other and 

vice versa. However, it was interesting to note that even in CD4+ T cells from 

the naïve liver and spleen, the expression of genes that distinguished CD4+ T 

cells from the infected liver and spleen, were unique to the site from which 

CD4+ T cells were sorted. The inherently distinct molecular signature of CD4+ 

T cells in the liver and spleen were retained at day 56 p.i. with L. donovani, 

where most differentially expressed genes in the naïve state were either further 

up- or downregulated, consistent with their initial direction of differential 

expression. 

 

4.3.4 The identification of three gene signatures associated with CD4+ T 
cells during visceral leishmaniasis (VL) 
To further investigate the differences in gene signatures of CD4+ T cells in the 

mouse liver and spleen that might contribute to the unique phenotypes 

observed, differentially-expressed genes in CD4+ T cells from human PBMCs 

(Figure 4.3.4.1A) were compared to that of CD4+ T cells from mouse liver and 

spleen (Figure 4.3.4.1B and C). The rationale for this was that differentially-

expressed genes in CD4+ T cells from human PBMCs that overlapped with 

those that were differentially-expressed in CD4+ T cells from mouse liver, likely 

contributed to effective control of parasites. Conversely, differentially-

expressed genes that were common between CD4+ T cells from human 

PBMCs and mouse spleen were responsible for excessive inflammation, and 

thus, could be modulated to either increase efficacy of parasite clearance, or 

reduce the damaging pathological effects caused by hyperinflammation. 

Comparisons of the 1816, 2748, and 5784 differentially-expressed genes in 

CD4+ T cells from the spleen, liver, and PBMCs respectively (Figure 4.3.4.1D), 

revealed three molecular signatures that were defined based on the 

overlapping datasets that were found (Figure 4.3.4.1E).  
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The first of these was a core signature which encompassed 150 

differentially-expressed genes that were common between CD4+ T cells 

isolated from all three tissue sources, and across two mammalian host species 

(Figure 4.3.4.1E). The mouse model of VL provides a unique opportunity to 

assess two stages of disease. Figure 4.3.2.1 shows the difference in parasite 

burden in the mouse spleen and liver over time during L. donovani infection. 

In the spleen, parasite burdens were maintained at day 56 p.i. when CD4+ T 

cells were isolated. This was indicative of impaired parasite clearance and 

chronic infection, and the development of disease-suppressing immunity was 

evident in the form of hyper-inflammation [reviewed in 181, 204]. In contrast, 

parasite growth in the liver at day 56 p.i. was controlled, reflecting the 

development of effective anti-parasitic immunity. Based on these two different 

outcomes of infection, two other molecular signatures were identified. The 

resolving signature of CD4+ T cells contained genes that overlapped in the 

mouse liver and human PBMCs (Figure 4.3.4.1E), while genes that were 

similarly upregulated or downregulated in CD4+ T cells from the mouse spleen 

and human PBMCs formed the chronic signature. As seen in the Venn diagram 

in Figure 4.3.4.1E, 258 and 153 differentially-expressed genes represented 

the resolving and chronic signatures of CD4+ T cells, respectively, during L. 

donovani infection. These molecular signatures are further described in 

Sections 4.3.5, 4.3.6, and 4.3.7.  

 

 



 

 57 

 
Figure 4.3.4.1 Identification of gene signatures associated with CD4+ T 
cells during L. donovani infection. Human CD4+ T cells were purified by 

magnetic-activated cell sorting (MACS) from peripheral blood mononuclear 

cells (PBMCs) during infection (day 0) and 30 days after treatment (day 30). 

RNA was extracted and subjected to RNA-seq to determine gene expression 

(A). Mouse CD4+ T cells were sorted from the liver (B) and spleen (C) of naïve 

and infected (day 56 post-infection (p.i.)) wild-type (C57BL/6J) mice. Gene 

expression levels were assessed by whole genome microarray. 1816, 2748, 

and 5784 differentially-expressed genes were found between the infected and 

non-infected state in CD4+ T cells from the spleen, liver, and PBMCs, 

respectively (D). The Venn diagram depicts the number of differentially-

expressed genes that overlap between the spleen, liver, and PBMCs, or any 

two of these combinations (E). 
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4.3.5 The core signature of CD4+ T cells during visceral leishmaniasis 
(VL) 
Within the core signature, 97 genes were upregulated during L. donovani 

infection, and of these, 30 genes had a logFC > 1.0 in the human PBMC 

dataset (Figure 4.3.5.1A). Among the top upregulated genes were those that 

encoded for molecules previously reported to be influential in the host immune 

response, including IL10 [98, 108, 205-207], IFNG [98, 206], LAG3 [121], and 

CTLA4 [208, 209]. Another notable gene that was found to be upregulated was 

BIRC5, which encodes the anti-apoptotic protein survivin that although has not 

been investigated in the context of host immune responses towards parasites 

and is a tumour associated gene [210], was recently described to sustain HIV-

1-infected CD4+ T cells [211]. 

Pathway analysis of the 150 genes, both up- and downregulated within the 

core dataset, revealed an increase in Protein Kinase A (PKA) signaling, but a 

decrease in IL-7, IL-9, JAK/Stat, and NF-κB signalling pathways (Figure 

4.3.5.1B). Notably, activation of the Th1 cell pathway overall was found to be 

reduced, which upon further investigation, could be attributed to the down-

regulation of PIK3R3 and JAK1, and the up-regulation of SOCS3, IL10, 

HAVCR2, but inconsistent with the predicted reduction of the Th1 cell pathway-

associated cytokine IFNG. 

Upstream regulator analysis revealed 11 molecules with a predicted 

activation state i.e. with an absolute z-score of ≥ 2 (Figure 4.3.5.1C). IL15 was 

predicted to be activated (activation z-score = 2.863). As expected, the 

molecules that were predicted to be positively regulated by IL-15: CCL4, 

GAPDH, HAVCR2 (encodes the inhibitory molecule Tim-3), IFNG, and IL10, 

were upregulated in our datasets, and the molecules that were predicted to be 

negatively regulated: IL7R, PIK3R3, and SELL (encodes the protein CD62L), 

were downregulated in our datasets (Figure 4.3.5.1D). IL-15 has been reported 

to play a role in triggering the production of IFNγ by CD4+ T cells [212-214], 

however, a more recent article has shown that conventional IL-15 signalling 

alone, in the absence of IL-2 signalling and as opposed to trans-presentation 

of IL-15 (coupled with its receptor on a second presenting cell), promoted a 

more T follicular helper (Tfh)-like molecular signature [215]. This could in part 
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explain the predicted reduced activation of the Th1 cell pathway in the core 

signature. 
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Figure 4.3.5.1 The core transcriptional signature of CD4+ T cells during 
visceral leishmaniasis (VL). The waterfall plot shows 30 upregulated genes 

(false discovery rate (FDR) < 0.05, log2 fold-change (logFC) > 1.0 in the human 

peripheral blood mononuclear cell (PBMC) dataset; and FDR < 0.05, logFC > 

0 in the mouse spleen and mouse liver datasets) from genes commonly 

differentially-expressed in CD4+ T cells from the mouse spleen, mouse liver, 

and human PBMCs. Degree of differential expression is indicated by the 

logFC, where logFC value is representative of the following comparisons: 

infected versus naïve (mouse) or post-treatment (human) samples (A). Up- 

and downregulated genes that were commonly differentially-expressed in 

CD4+ T cells from the mouse spleen, mouse liver, and human PBMCs were 

used in pathways analysis. FDR and logFC values from the human PBMC 

dataset were used as observation values in pathways analysis. The graphs 

show pathways that are predicted to be activated (positive z-score) or reduced 

in activation (negative z-score) (p value < 0.05) (B). Only pathways with an 

absolute z-score > 0 are shown. Upstream regulators with a predicted 

activation state are shown along with their activation z-scores (C). The 

molecules regulated by IL15 and CTLA4 are shown in (D). 

 

Among the upstream regulators with predicted activation states, CTLA4 was 

the only gene that was also a differentially-expressed gene within the core 

signature. However, while CTLA4 was increased in expression during 

infection, it was predicted to be reduced in activation based on the elevated 

expression of molecules such as IFNG, IL10, and LAG3, which are usually 

inhibited by CTLA4 (Figure 4.3.5.1.D). The up-regulation of CTLA4 expression 

along with the co-stimulatory molecule CD28 has been described on activated 

T lymphocytes [216]. Both CD28 and CTLA4 share CD80 and CD86 (B7) 

binding partners on APCs [217]. Nevertheless, the effects of CTLA4-B7 versus 

CD28-B7 interaction were distinct, where the former elicited a suppressive 

effect on activated T lymphocytes by interfering with the interaction between 

CD28 and B7 [217-221]. Thus, although CTLA4 was upregulated during 

infection, its effects are predicted to be suppressed, taking into consideration 

the expression of other differentially-expressed genes in the core signature. 
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4.3.6 The resolving signature of CD4+ T cells during visceral 
leishmaniasis (VL) 
The resolving signature comprised 258 genes that were differentially-

expressed in CD4+ T cells purified from the PBMCs of VL patients, and in CD4+ 

T cells isolated from the livers of L. donovani-infected mice (Figure 4.3.4.1E). 

Upregulated genes with a logFC > 0.5 are shown in Figure 4.3.6.1A. These 

top upregulated genes include JUN and FOS, which encode the proteins c-

Jun and c-Fos respectively. Together, c-Jun and c-Fos combine to form the 

transcription factor activator protein 1 (AP-1) [222]. The largest network 

containing both up- and downregulated genes from the resolving signature is 

shown in Figure 4.3.6.1B. Canonical Th1 genes that have been shown to be 

play an important role in the immune response during L. donovani infection 

were not found in the resolving signature but instead, made up the core 

signature. This indicated that these genes, including IFNG and IL10 were 

central in the immune response both in the hyperinflammed environment in the 

mouse spleen, and in the context where effective parasite control is observed 

in the mouse liver at day 56 p.i..   

Multiple signaling pathways were found to be upregulated, however, it was 

interesting to note that activation pathways that are imperative to CD4+ T cell 

effector function and proliferation: IL-2 signaling [223-225], PKCθ signalling in 

T lymphocytes [226-228], and CD28 signalling in T helper cells [229, 230], 

were predicted to be downregulated (Figure 4.3.6.1C). Two upstream 

regulators with an absolute z-score ≥ 1 were identified; TREM1 and TLR9 

were given z-scores of 1.414 and -1.387, respectively.  
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Figure 4.3.6.1 The resolving gene signature of CD4+ T cells during 
visceral leishmaniasis (VL). The resolving gene signature contains genes 

that were commonly differentially-expressed (false discovery rate (FDR) < 0.05 

in CD4+ T cells isolated from human peripheral blood mononuclear cells 

(PBMCs) and mouse liver. The waterfall plot shows upregulated genes in this 

signature (FDR < 0.05, log2 fold-change (logFC) > 0.5 in the mouse liver 



 

 63 

dataset; FDR < 0.05, logFC > 0 in the human PBMC dataset (A). Up- and 

downregulated genes that were commonly differentially-expressed in CD4+ T 

cells from the mouse liver and human PBMCs were used in pathways analysis. 

FDR and logFC values from the human PBMC dataset were used as 

observation values in pathways analysis. The largest network containing both 

up- and downregulated genes from the resolving signature is depicted (B). 

Degree of up or down-regulation indicated by the red or blue shade reflects 

the logFC in CD4+ T cells isolated from VL patients. Activated (positive z-score) 

and suppressed (negative z-score) pathways (p value < 0.05) are visualised in 

(C). Only pathways with a predicted z-score, and an absolute z-score > 0 are 

shown. 

 

4.3.7 The chronic signature of CD4+ T cells during visceral leishmaniasis 
(VL) 
The chronic transcriptional signature of CD4+ T cells was defined as genes 

that were differentially-expressed in CD4+ T cells isolated from the PBMCs of 

VL patients and from L. donovani-infected mouse spleens where parasite 

burden persisted at day 56 p.i., and excluded genes showing differential 

expression in mouse liver cells (Figure 4.3.4.1E). 153 genes formed the 

chronic signature. Among these, 49 were upregulated, 30 of which had a logFC 

> 0.5 and are shown in Figure 4.3.7.1A. These top upregulated genes included 

familiar molecules such as the transcription factors ID2 and IRF1, as well as 

RORA and ICOS. The largest network formed by the relationship between 

genes in this signature were centred around the transcription factors IRF1, 

IRF8, ID2 (all upregulated), FOXP3, and ID3 (both downregulated) (Figure 

4.3.7.1B). 

The IRF1 gene encodes the transcription factor Interferon Regulatory Factor 

(IRF)-1, which is a crucial mediator of CD4+ T cell polarisation into Th1 cells 

[231-233]. Early studies suggested that the role of IRF-1 in promoting Th1 cell 

polarisation was extrinsic to CD4+ T cells. However, IFNγ-activated CD4+ T 

cells were later reported to express IRF-1, which bound to the promoter of the 

canonical Th2 cell cytokine IL-4 and acted as a transcriptional repressor [234]. 

IRF-1 was also shown to be involved in the early induction of IFNγ production 

and directly regulated the expression of IL-12Rβ1 in CD4+ T cells [235].  
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In addition to suppressing IL-4 expression, IRF-1 transcriptionally repressed 

Foxp3 expression in a direct manner under IFNγ stimulation [236, 237]. This 

resulted in a decrease in CD4+ CD25+ Treg cells. Conversely, stimulation with 

Transforming Growth Factor (TGF)β, which is known to polarise CD4+ T cells 

into Foxp3+ Treg cells [238], resulted in decreased IRF-1 expression and 

binding to the Foxp3 promoter. This was consistent with observations in the 

chronic signature where IRF1 was upregulated and FOXP3 downregulated 

(Figure 4.3.7.1B). 
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Figure 4.3.7.1 The chronic molecular signature of CD4+ T cells during 
visceral leishmaniasis (VL). The chronic molecular signature included genes 

that were commonly differentially expressed (false discovery rate (FDR) < 

0.05) in CD4+ T cells from human peripheral blood mononuclear cells (PBMCs) 

and mouse spleen. The waterfall plot shows the most upregulated genes in 

the chronic signature (where FDR < 0.05, log2 fold-change (logFC) > 0.5 in the 
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mouse spleen dataset; and FDR < 0.05, logFC > 0 in the human PBMC 

dataset) (A). Up- and downregulated genes that were commonly differentially-

expressed in CD4+ T cells from the mouse spleen and human PBMCs were 

used in pathways analysis. FDR and logFC values from the human PBMC 

dataset were used as observation values in pathways analysis. The figure 

depicts the largest network within the chronic signature and illustrates the 

relationship between differentially-expressed genes (B). Degree of up or down-

regulation indicated by the red or blue shade reflects the logFC in CD4+ T cells 

isolated from VL patients. The graphs indicate pathways that are activated 

(positive z-score) or suppressed (negative z-score) (p value < 0.05) (C). Only 

pathways with a predicted z-score, and an absolute z-score > 0 are shown. 

Upstream regulators predicted to be activated or reduced (z-score > 0) are 

shown (D). The downstream molecules regulated by the most activated or 

most reduced upstream regulators are visualised (E). 

 

IRF8 encodes the transcriptional regulator IRF-8, which was initially 

investigated in the context of dendritic cell (DC) development and function 

[239-241]. However, recent studies have associated a reduction in IRF-8 [242], 

mediated by the transcription factor JunB [243], to the differentiation of Th17 

cells [244]. Conversely, the expression of IRF-8 is proposed to be critical for 

Th9 cell development [245] and related to the expansion [246] and acquisition 

of a Th1 cell-like suppressive function in Treg cells [247, 248]. The importance 

of IRF-8 in the differentiation of Th17 cells has been challenged by another 

study reporting IRF-8 up-regulation in all in vitro activated subsets of CD4+ T 

cells [249]. Moreover, IRF-8 expression was sustained beyond T cell activating 

conditions in Th1 and Treg cell subsets, but not in Th2, Th9, and Th17 cells. 

In the same study, intrinsic IRF-8 deficiency in CD4+ T cells did not induce 

differences in disease severity compared to WT CD4+ T cells in a T cell 

adoptive transfer model of colitis [249]. This suggested that the role of IRF-8 

was extrinsic to CD4+ T cells and mediated by APCs such as DCs.  

Nevertheless, our observation of IRF8 up-regulation in CD4+ T cells in the 

chronic signature is potentially interesting in light of existing studies that have 

implicated IRF8 in multiple chronic inflammatory diseases [250, 251]. In the 

context of parasitic infections, Irf8 has been reported to promote pathology in 
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experimental cerebral malaria during P. berghei infection, through regulation 

of the pro-inflammatory cytokines IL-12p40 and IFNγ [34]. 

The genes ID2 and ID3, which encode the E protein inhibitors Id2 and Id3, 

respectively, are reported to be expressed during T cell development [252] and 

have been shown to regulate the development of thymocytes into either CD4+ 

or CD8+ T cells [253, 254]. However, both inhibitors have been proposed to 

function in a similar manner to each other and are suggested to compensate 

for one another. Studies have since shown that Id2 promotes Th1 cell 

development over Tfh cells by sustaining the increased expression of IL-2Rα, 

while Id3 promoted Tfh rather than Th1 cell differentiation [255]. 

Pathway analysis indicated the up-regulation of genes typically involved in 

the production of nitric oxide and reactive oxygen species in macrophages: 

NFKBIE, MAP3K8, IRF8, and IRF1, in B cell receptor signalling: SHC1, 

NFKBIE, MAP3K8, and PPP3CC, and in PI3K/AKT signalling: SHC1, 

HSP90B1, NFKBIE, CDKN1A, and MAP3K8 (Figure 4.3.7.1C). Nevertheless, 

since our datasets were obtained from gene expression profiling of CD4+ T 

cells, it would be interesting to investigate the pathways involving these genes 

in the context of CD4+ T cells. The only pathway predicted to be downregulated 

with a z-score > 0 was phospholipase C signalling, which included the genes 

SHC1, ARHGEF18, ARHGEF11, and PPP3CC. 

Based on the gene expression within the chronic signature, two upstream 

regulators were predicted to be activated, and 3 upstream regulators predicted 

to be suppressed (z-score > 1; Figure 4.3.7.1D). Notably, TLR9, which was 

predicted to be suppressed in the resolving signature (predicted z-score of -

1.387; Section 4.3.6) was predicted to be activated in the chronic signature 

(predicted z-score of 1.342). Within the resolving signature, the suppression of 

TLR9 was predicted based on the expression of EGR1, IL2RA, OAS2, and 

PRDM1, while in the chronic signature, the activation of TLR9 was predicted 

on the basis of CCNA2, CCR7, IFITM1, IRF1, and XBP1 expression. The 

molecules within the chronic signature that are regulated by STAT3 and 

PTGER4, the most activated and suppressed upstream regulators 

respectively, are shown in Figure 4.3.7.1E. 
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4.3.8 The identification of natural killer cell granule protein 7 (encoded by 
NKG7) as a CD4+ T cell marker of chronic infection 
The identification of target genes that can be manipulated therapeutically to 

improve CD4+ T cell responses was focused on genes from the chronic 

molecular signature described in Section 4.3.7. The selection of target genes 

was guided by several pre-determined absolute or preferential qualitative 

criteria where genes identified for further characterization were: 

 

• Upregulated in the chronic signature (absolute) 

• Those that localized to the cell membrane (preferential) 

• Not likely to be associated with crucial cell cycle or survival pathways 

(absolute) 

• Validated at the transcript level in other published gene expression 

datasets as expressed by CD4+ T cells or validated by RT-qPCR as 

differentially-expressed only in conventional CD4+ T cells in the mouse 

spleen at day 56 p.i. (absolute) 

• Novel transcripts not previously studied in the context of Th1 cells 

(absolute) 

 

First, a cellular map was created to visualise the cellular component 

ontology (Gene Ontology (GO): CC) associated with each gene that was 

upregulated in the chronic signature (Figure 4.3.8.1). The rationale behind our 

focus on upregulated genes was the likelihood of being able to therapeutically 

or experimentally manipulate upregulated genes (via methods such as 

blocking, inhibiting, or depleting), compared to genes that were 

downregulated. Based on localisation to the cell membrane, NKG7 was 

identified as a potential target gene candidate for further characterisation. 
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Figure 4.3.8.1 The cellular localisation of upregulated genes in the 
chronic signature of CD4+ T cells during visceral leishmaniasis (VL). The 

cellular compartment ontology (Gene Ontology: Cellular Compartment) for 

each upregulated gene within the chronic signature of CD4+ T cells is depicted 

in the illustration. Gene of interest is indicated. 

 

The change in NKG7 expression was validated by RT-qPCR in Foxp3- 

conventional T (Tconv) and Foxp3+ regulatory T (Treg) cells isolated from the 

spleen and liver of L. donovani-infected mice at day 56 p.i, and from naïve 

mice (Figure 4.3.8.2A). Nkg7 was upregulated at day 56 p.i., compared to 

naïve cells (baseline) in all subsets assessed. Nevertheless, the up-regulation 

of Nkg7 at day 56 p.i., relative to baseline, was highest in splenic Tconv cells 

with a mean difference (average of 𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑	2;<=> − 𝑛𝑎𝑖𝑣𝑒	2;<=>	values for all 

replicates in each group) of 0.3807, compared to splenic Treg cells (mean 

difference: 0.1914), liver Tconv cells (0.1063), and liver Treg cells (0.2323). It 

was also interesting to note that Nkg7 transcripts were readily expressed at an 
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elevated level in liver Tconv cells compared to splenic Tconv cells in the naïve 

state. Although Nkg7 was validated to be most differentially-expressed in 

splenic Tconv cells by RT-qPCR, the expression of Nkg7 in naïve liver Tconv 

cells were approximately 6-fold higher than in naïve spleen T conv cells (Figure 

4.3.8.2A). This is consistent with our observations in Section 4.3.3 that CD4+ 

T cells in the spleen and liver have unique transcriptional profiles even in the 

naïve state. Next, we validated the up-regulation of NKG7 at the transcript level 

in circulating CD4+ T cells from VL patients. The quantification of NKG7 

transcripts relative to 18S rRNA showed that the expression of NKG7 was 

increased in VL patients compared to endemic control (EC) samples (Figure 

4.3.8.2B). 

 

 
Figure 4.3.8.2 Validation of increased NKG7 expression in CD4+ T cells 
during visceral leishamiasis (VL). The graphs indicate the expression of 

NKG7 at the transcript level relative to the geometric mean (geomean) of 

expression for the housekeeping genes B2m and Hprt in (A), or the expression 

of 18S ribosomal ribonucleic acid (rRNA) in (B). Relative expression was 

measured in CD4+ Foxp3- T cells (Tconv) and Foxp3+ regulatory T (Treg) cells 

isolated from the spleen and liver of naïve (grey circles) and infected (black 

squares; day 56 post-infection (p.i.)) mice in (A) and in CD4+ T cells isolated 

from the peripheral blood mononuclear cells (PBMCs) of endemic control (EC; 

grey circles) samples or visceral leishmaniasis (VL; black circles) patient 

samples. p values were determined using a two-way analysis of variance 

(ANOVA) with multiple comparisons in (A) and the Mann–Whitney test in (B), 

and are indicated by *, **, ***, and ****, which represent p < 0.05, 0.01, 0.001, 

and 0.0001 respectively. 
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4.4 Discussion 
CD4+ T cells that produce IFNγ upon activation have been established as the 

principal effector cell population during the immune response against L. donovani 

infection [92, 101, 256]. The release of IFNγ by these Th1 cells creates a pro-

inflammatory environment that activates APCs and stimulates their production of 

reactive oxygen and nitrogen intermediates (ROI and RNI, respectively) [106, 

177]. This results in the killing of Leishmania parasites within the phagosome of 

APCs [95]. 

While the production of pro-inflammatory cytokines such as IFNγ and TNF is 

crucial for controlling parasite burden, excessive levels of pro-inflammatory 

cytokines lead to a hyperinflammatory environment resulting in tissue damage 

and chronic infection [204, 257]. The secretion of anti-inflammatory cytokines, 

most notably IL-10, by regulatory cells, serves to counter the damaging effects of 

pro-inflammatory cytokines [109, 203]. Most L. donovani infections in humans 

stimulate an effective anti-parasitic immune response characterised by high 

levels of antigen-induced IFNγ that results in a long-term ability to control parasite 

growth [96, 258, 259]. Nevertheless, individuals who are either effectively treated 

for disease or remain asymptomatic, almost never achieve sterile cure [reviewed 

in 260]. This is termed “concomitant immunity”. In other instances, individuals 

apparently cured of disease can develop a post-treatment chronic infection that 

can progress into a severe complication called post-kala-azar dermal 

leishmaniasis (PKDL) [97]. The persistence of infection is associated with 

increased levels of IL-10 that have been suggested to suppress anti-parasitic 

immunity [100, 104,  reviewed in 261]. In line with this, we identified a distinct 

transcriptional profile for CD4+ T cells in VL patients that contained genes 

previously implicated in host protection and regulation of the immune response 

during parasitic infections. These included IL10 [100], IFNG [259], LAG3 [121], 

GZMB [262], and CTLA4 [209] (upregulated), and TNFSF14 [263], CD40LG 

[264], KLRG1 [265], and IL6R [266] (downregulated). Further characterisation of 

the molecules encoded by these genes, in patient samples, is currently ongoing. 

Experimental models of L. donovani infection in genetically-susceptible mice 

recapitulate both acute and chronic disease in the liver and spleen, respectively 

[180, reviewed in 181, 182]. The acute infection in the liver is resolved and 

actively subdued by antigen specific Th1 cells through the production of IFNγ and 

TNF [180]. Conversely, the spleen harbours an elevated parasite burden 
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indicative of chronic infection, with evidence of dysregulated CD4+ T cells that 

either contribute to hyper-inflammation or excessive inhibition of the immune 

response [180]. The latter is proposed to be mediated by increased secretion of 

IL-10 or inhibitory receptor expression by CD4+ T cells [99, 112, 179]. Based on 

these distinct phenotypes, we performed a meta-analysis of our human PBMC-, 

mouse spleen-, and mouse liver-derived CD4+ T cell transcriptomic datasets to 

define three distinct signatures for CD4+ T cells involved in the immune response 

during L. donovani infection. This strategy allowed for the identification of genes 

signatures, relevant to circulating CD4+ T cells in patients, that might either 

contribute to a dysregulated immune response leading to parasite persistence, 

or to the effective control of parasites. Given the comparison between cells 

isolated from human blood and mouse tissues, this study is limited to identifying 

genes that are dominant in both circulating CD4+ T cells and potentially tissue-

resident CD4+ T cells, whilst neglecting the identification of genes that are 

exclusive to tissue-resident CD4+ T cells found in the sites of infection, such as 

the spleen, in both human and mice. However, the identification of these gene 

signatures will allow future studies to validate the expression of genes of interest 

in splenic aspirates obtained from VL patients. 

A recent study aiming to characterise splenic CD4+ T cells in an experimental 

model of chronic progressive VL in hamsters has proposed a mixed 

effector/regulatory phenotype for CD4+ T cells [111]. To this effect, we defined a 

chronic signature containing genes that were differentially-expressed in CD4+ T 

cells isolated from human PBMCs and mouse spleen (but not mouse liver) during 

L. donovani infection. We hypothesized that genes within this signature were 

associated with a dysregulated CD4+ T cell phenotype and were involved either 

in suppressing the immune system, thus contributing to chronicity of infection, or 

implicated in promoting the hyperinflammatory environment characteristic of the 

spleen [180]. Control of parasite burden is mediated by an effective Th1 cell 

response [259], the identification of Th1-polarising genes, notably IRF1, in the 

chronic signature, indicated an environment that favoured the development of 

Th1 cells. However, a recent study has also demonstrated a critical role of IRF1 

in promoting the development of T regulatory 1 (Tr1) cells that have a suppressive 

function [267]. Therefore, the persistence of parasites in the mouse spleen can 

be attributed either to exacerbated inflammation leading to a dysregulated 

immune response, as indicated by the upregulation of IRF8, or to the suppressive 
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effects of Tr1 cells that are promoted by the upregulation of IRF1. Future studies 

aim to characterise the expression of both IRF8 and IRF1 in patient samples and 

in mouse models. 

In addition to IRF1, analysis of upstream regulators identified TLR9, 

previously shown to be Th1 cell-promoting in P. yoelii [268] and L. major [269] 

infection, to be suppressed in the mouse liver but activated in the mouse spleen.  

A previous study has reported the ability of DNA from L. major parasites to 

activate dendritic cells (DCs) through TLR9 [269]. Currently, there is no evidence 

to suggest a role for TLR9 in the induction of Tr1 cell development. However, a 

recent study has shown that the engagement of TLR9 on CD4+ T cells, by its 

ligand ODN2216 (a synthetic TLR9 agonist), resulted in an increase of 

suppressive cytokines such as TGF-β and IL-10 [270]. This supports that 

possibility that the persistence of parasites in the mouse spleen can be attributed 

to the presence of suppressive molecules. 

From the chronic signature, we identified NKG7 as a potential target gene of 

interest for further characterisation based on its up-regulation only in CD4+ T cells 

isolated from the mouse spleen and human PBMCs, but not mouse liver during 

VL. Additionally, the increased expression of NKG7 during disease was validated 

by RT-qPCR. NKG7 was predicted to be expressed on the cell membrane, based 

on GO:CC terms and not known to be associated with vital pathways associated 

with cell survival, making it a prime target for therapeutic purposes. More 

importantly, while changes in the expression of NKG7 has been reported in 

numerous studies [271-274], its role has not been investigated in any immune 

cell, including Th1 cells, potentially due to the lack of reagents and tools specific 

to NKG7. Thus, using newly developed tools, in vitro assays, experimental 

models of L. donovani infection, and computational methods, we next 

investigated the role of NKG7 during VL and its potential as a therapeutic target.  
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5.0 Characterising natural killer cell granule protein 7 (NKG7) as a target for 
controlling inflammation 
 

5.1 Introduction 
Natural killer cell granule protein 7 (NKG7; also known as granule membrane 

protein of 17kDa (GMP-17)) was first described as a transmembrane cell surface 

protein [275]. NKG7 messenger RNA (mRNA) is expressed by human natural 

killer (NK) cells [275, 276], γδ T cells [275, 277], and several conventional T 

(Tconv) cell subsets [275, 278-280]. Since its discovery, studies on NKG7 have 

been limited, although its expression by cytotoxic cells and localisation on the 

granule vesicle membrane of NK cells suggests a role associated with cytotoxic 

effector functions [281-284]. Despite our lack of knowledge on the functions of 

NKG7, it is regarded as an immune-related gene and has often been reported as 

differentially-expressed at the transcriptional level in various immunological and 

disease settings. Additionally, NKG7 expression has been identified as a 

potential biomarker for transplant tolerance, Tourette’s syndrome, and most 

recently, response to cancer immunotherapy [272, 285-289]. Here, we 

summarise available information on the roles of NKG7 in the immune system.  

 

5.1.1 The NKG7 gene and protein 
NKG7 was first identified in 1990 by Houchins and colleagues [290] as an NK 

cell-specific gene, not expressed in B and T cell lines. NKG7 expression on 

NK cells was increased after activation, an observation confirmed by others 

[276, 290].   

NKG7 encodes a 148 amino acid (aa) protein [275], which includes a 

hydrophobic domain and signal sequence cleavage site at the NH2-terminus, 

as well as a cytoplasmic domain at the COOH-terminus, resembling that of a 

type-I integral membrane protein. Interestingly, the predicted extracellular 

domain of NKG7 contained six regions that possessed sequence features 

characteristic of T cell antigen epitopes predicted to aid the binding to class I 

or II MHC molecules. Furthermore, the predicted intracellular domain of NKG7 

contained several residues that could potentially serve as phosphorylation 

sites [275]. 

Another study published around the same time, described a 40kDa TIA-1 

protein (p40-TIA-1) expressed on cytotoxic lymphocytes, and a potentially 
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related 15kDa major granule-associated protein (p15-TIA-1) [291]. In a follow-

up study, Medley, et al., reported p15-TIA-1 isolated from NK cells had an 

identical amino acid sequence to NKG7 and granulocyte-colony-stimulating 

factor (GCSF)-induced gene 1 protein (GIG-1) purified from GCSF-treated 

mononuclear cells [284]. On this basis, Medley, et al., proposed that NKG7 be 

renamed as granule membrane protein of 17kDa (GMP-17). However, it is now 

known that p15-TIA-1 is derived from the carboxy-terminal of p40-TIA-1 and is 

encoded by the TIA1 gene located on chromosome 2 [291]. The gene 

encoding NKG7 is located on chromosome 19 [275], negating the possibility 

that p15-TIA-1 and NKG7 are the same protein. Comparison of TIA-1 and 

NKG7 proteins revealed distinct amino acid sequences. However, the amino 

acid sequence for GMP-17 published by Medley, et al., [284] was consistent 

with that of NKG7 and not TIA-1, suggesting an error in their protein 

identification. 

Medley, et al., predicted NKG7 to contain four transmembrane domains 

based on its amino acid sequence [284]. This was consistent with results from 

the prediction of transmembrane regions and orientation (using TMpred) 

performed on the human and mouse amino acid sequences of NKG7 (Figure 

5.1.1.1) [292].  

Additionally, the strongly preferred model for both human and mouse 

NKG7 suggested the N-terminus being inside the cell. Considering this, protein 

structure prediction revealed a model of NKG7 that consisted of four alpha 

helices coinciding with the transmembrane regions, and two extracellular loops 

that could act as potential targets for an antibody towards NKG7 (Figure 

5.1.1.2). A rabbit anti-human NKG7 polyclonal antibody (pAb) developed by 

Atlas Antibodies and used in the Human Protein Atlas (available from 

www.proteinatlas.org) to determine the localisation of NKG7 in a U-2 OS 

(osteosarcoma) cell line by immunofluorescence, was immunogenic against 

one of these extracellular loops (sequence 113-132) [293].  
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Figure 5.1.1.1 Prediction of transmembrane regions and their 
orientation. Graphs show the predicted transmembrane regions of the 

human (A) and mouse (B) NKG7 protein. Graphs were generated using the 

TMpred Server (https://embnet.vital-it.ch/software/TMPRED_form.html) 

[294]. 

A 

B 
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Figure 5.1.1.2 Predicted protein structure for NKG7. The model shows the 

predicted protein structure for NKG7 with the extracellular portions of human 

and mouse NKG7 highlighted in green and purple, respectively. The predicted 

protein structure for NKG7 was generated using Iterative Threading ASSEmbly 

Refinement (I-TASSER) (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) 

[295-297]. 

 

Immunoelectron and immunofluorescence microscopy revealed that 

NKG7 was localised on the membranes of cytotoxic granules in NK cells and 

target cell-induced NK cell degranulation promoted the translocation of the 

protein from the cytotoxic granule membrane to the plasma membrane [284, 

293]. However, the identity of the protein investigated in this work was not 

clear, as described above. Since then, transcription of a gene homologous to 

GMP-17 in rat NK cells, CD8+ T cells, and a mast cell line has been described 

[298]. 

Although the localisation of NKG7 on granule membranes has been 

described, its function has yet to be characterised. Nonetheless, a report 

published in 2001 identified the Lim2 gene, which encodes the lens fibre cell 
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intrinsic membrane protein (MP19), as a neighbouring gene to Nkg7 in mice 

[299]. Intriguingly, MP19 was found to be structurally homologous to NKG7. In 

this study, the authors note that MP19 played a major role in lens fibre cell 

structure or communication and speculate that MP19 and NKG7 originated 

from a single primordial gene that resulted in expression in distinct tissue 

types, but with potentially similar functions. 

 

5.1.2 NKG7 as a clinical biomarker 
Many studies have reported the expression of NKG7, either at the gene or 

protein level, on several cell populations during various diseases. One of the 

earliest of these studies identified cytotoxic cells by staining for GMP-17 

(NKG7) in human renal allografts and concluded that GMP-17 was a 

component of cytotoxic granules [300]. The authors proposed a role for 

cytotoxicity in acute renal allograft rejection due to the increase in mononuclear 

cells expressing GMP-17 in cases of acute cellular rejection. Of interest, most 

of the GMP-17+ lymphocytes were also CD8+, while the remaining were CD4+ 

or CD14+, representing either cytotoxic T (Tc) cells, T helper (Th) cells or 

monocyte/macrophages, respectively. Additionally, NKG7 was also identified 

in renal allografts in a different study aiming to identify a peripheral blood 

transcriptional biomarker panel associated with operational renal allograft 

tolerance [272]. Consistent with these findings, various other groups have 

reported increased expression of NKG7 associated with allograph rejection of 

different tissues [301, 302]. In line with this, NKG7 was included as part of an 

11-gene qPCR panel termed the “common immune response module” that 

predicted acute rejection in various engrafted tissues [302]. Amongst these 11 

genes, NKG7 was one of 7 genes that significantly predicted the risk of 

progressive interstitial fibrosis and tubular atrophy (pIFTA) by gene expression 

modelling. Additionally, an increase in NKG7 expression amongst Tc cells has 

been proposed as a predictive marker of early-phase IgA nephropathy 

progression [303, 304]. 

In contrast to this proposed relationship between increased NKG7 

expression, cytotoxicity and graft rejection, NKG7 was shown to be 

upregulated in cells isolated from the peripheral blood of a tolerant patient 

group (compared to non-tolerant and control groups), post-allogeneic 

hematopoietic cell transplantation, alongside genes such as IFNG (encodes 
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IFNγ), LAG3, GZMH, EOMES, and TBX21 (which encodes the Th1 

transcription factor T-bet) [305]. In support of this association, a study in mice 

assessing the roles of T-bet and IFNγ in T cells during graft-versus-host 

disease (GVHD), reported lower expression of Nkg7 in T-bet-deficient T cells 

and a corresponding reduction in their ability to induce tissue damage in 

GVHD, compared to wild-type mice [273]. 

 NKG7 has also been associated with different cancers. During T cell 

lymphoma, where increased production of Th2 cytokines is evident, NKG7 and 

TBX21 were both identified as Th1-specific genes and were downregulated in 

CD4+ T cell populations [306]. Consistent with conserved roles for NKG7 

across mammalian species, NKG7 was part of 15 genes that were upregulated 

in two metastatic cell lines isolated from canine lung metastases, compared to 

their primary adenocarcinoma cell line isolated from the canine mammary 

gland [307]. 

NKG7 was also reportedly downregulated in synovial fluid mononuclear 

cells, compared to peripheral blood mononuclear cells, in enthesitis-related 

arthritis patients [308]. Intriguingly, NKG7 and GZMB were reported to be 

amongst upregulated genes that discriminated patients with Tourette’s 

Syndrome from controls [289, 309]. 

 

5.1.3 NKG7 in CD4+ T helper (Th) cells 
NKG7 mRNA has been identified as a differentially-expressed gene in multiple 

datasets involving Th cells [310, 311]. Studies that sought to characterise 

genes involved in Th1 and Th2 commitment identified NKG7 to be associated 

with the differentiation of both CD4+ T cell subsets [271]. The polarisation of 

CD4+ T cells into Th2 cells by IL-4 resulted in the expression of NKG7 mRNA 

in Th2 cells, at approximately 6 hours post-incubation with IL-4. IL-12, which 

promotes polarisation of CD4+ T cells into Th1 cells, subsequently induced 

NKG7 mRNA in Th1 cells at 2 days of incubation, to the same level as IL-4 did 

in Th2 cells. The expression of NKG7 peaked in Th1 cells after 3 days of 

polarisation. Since then, subsequent studies have confirmed the correlation 

between NKG7 and Th1 cells, with NKG7 being associated with the Th1-

specific genes, TBX21 and IFNG [280, 306, 312].  

Studies aiming to define the role of T-bet in the differentiation of Th1 cells 

determined, via a chromatin immunoprecipitation (ChIP) assay, that T-bet 
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binds directly to the NKG7 promoter in humans and mice [278, 280, 313]. In 

one study, Nkg7 was found to be downregulated in Th1 cells from T-bet-

deficient mice, compared to wild-type Th1 cells [313]. In another study, Nkg7 

expression was found to be upregulated in WT T cells, compared to T-bet-

deficient T cells, when incubated with IFNγ and α-CD3 and α-CD28 mAbs 

[278]. Additionally, an identical phenotype was seen when cells were 

incubated with 	𝛼CD3 and 𝛼CD28 plus IFN-𝛽 . In both cases, Nkg7 was 

upregulated 72 hours post-incubation, and not evident at 6 and 24 hours after 

cell culture. This was consistent with a previous study reporting the induction 

of NKG7 transcripts 2 days after polarisation with IL-12, and peak expression 

in Th1 cells after 3 days [271]. Early expression studies associating NKG7 with 

activated human T cells showed that NKG7 expression increased with α-CD3 

and α-CD28 mAb stimulation (compared to unstimulated Th1 cells) [280]. 

Intriguingly, PRF1, which encodes for the cytotoxic molecule perforin, was also 

reported to be directly regulated by T-bet. Cytotoxic CD4+ T cells have 

previously been reported, although they are not well characterised [314-317]. 

Zaunders, et al., described antigen-specific CD4+ T cells with a cytotoxic 

profile, expressing NKG7, granzyme A, and granzyme B at the protein level, 

during human immunodeficiency virus (HIV)-1 infection [314]. In line with this, 

a recent study reported that cytomegalovirus infection promoted the expansion 

of virus-specific CD4+ T cells expressing a similar profile to the cytotoxic CD4+ 

T cells previously described [318]. Although studies have not compared the 

expression of NKG7 at the gene and protein level between all Th subsets, a 

report by Plank, et al., describing Th22 cells as being distinct from Th17 cells, 

noted the Nkg7 transcript was upregulated in mouse Th22 cells, relative to 

Th17 cells [311]. As reported in other studies, this was accompanied by 

upregulation of cytotoxic molecules such as Gzmb, Gzma, and Gzmc. In 

addition to T-bet, Nkg7 has also been shown to be a direct target of STAT4, 

but not STAT6 in mice, with the expression of Nkg7 and its epigenetic 

modification (marked by H3K4me3) reduced in STAT4-deficient Th1 cells 

[319]. 

Other studies have reported the expression of NKG7 in regulatory T cells. 

A study reported increased Nkg7 transcription in activated mouse CD25+ CD4+ 

T cells (natural regulatory T (Treg) cells), compared to activated CD25- CD4+ 

T cells [320]. In addition, transduction of CD25- CD4+ T cells with Foxp3 
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induced Nkg7 expression. Recently, however, Bhairavabhotla and colleagues 

associated greater upregulation of NKG7 mRNA with conventional T cells 

(relative to Treg cells) in human blood [310]. This discrepancy might a result 

of the site-specific differences in Treg cells where the former study identified 

an upregulation of Nkg7 in tissue-derived Treg cells isolated from mouse 

spleen and thymus, while the latter study analysed the expression of NKG7 in 

circulatory T cells isolated from human blood. Regardless, further studies to 

determine if NKG7 is directly regulated by the canonical Treg cell transcription 

factor Foxp3 should be conducted to understand the potential role of NKG7 in 

Treg cells. In another study identifying genes that were differentially-expressed 

in IL-27-polarised mouse type 1 regulatory (Tr1) cells, compared to non-

polarised CD4+ T cells (Th0), the Nkg7 transcript was shown to be upregulated 

in Tr1 cells [279]. As observed previously, Nkg7 was upregulated with Tbx21 

and Prf1. Furthermore, Nkg7 and Prf1 transcript levels were found to be 

downregulated in IL-27-polarised cells from Irf1-deficient mice and unchanged 

in IL-27-polarised cells from Batf-deficient mice. These results indicate that 

IRF1 plays a key role in mediating Nkg7 and Prf1 transcription when induced 

by IL-27 during Tr1 cell development. 

 

5.1.4 Significance 
NKG7 has been identified in a number of Th cell transcriptional data sets in 

several different diseases in humans and mice. Additionally, other immune cell 

subsets, including NK cells, CD8+ Tc cells, γδ T cells, and Treg cells, have 

been reported to express NKG7. Although many studies have noted increased 

expression of NKG7 on immune cells following activation, there remains a 

significant gap in our understanding about the role of this molecule in disease. 

Early studies reporting the sequence, structure, cellular expression and 

localisation of NKG7 have a number of inconsistencies that need to be 

addressed.  

To date, reagents to study NKG7 have been limited. However, advances 

in technologies such as flow cytometry, next generation sequencing, 

microscopy and clustered regularly interspaced short palindromic repeats 

(CRISPR)/Cas9-mediated gene editing, along with the availability of various 

transgenic and gene-deficient mice will allow a better understanding of the role 

of NKG7 in immunity and enable a better appreciation of its potential as an 
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immune modulator and/or clinical biomarker. A major gap in our knowledge is 

the lack of understanding about steady-state and altered expression and 

localisation of NKG7 on immune cell subsets during inflammation. The 

development of transgenic mice expressing the Cre recombinase enzyme 

under the control of the Nkg7 promoter has been completed and will allow the 

above studies to be conducted in steady state, as well as during disease. 

Additionally, CRISPR/Cas9-mediated approaches will allow manipulation of 

NKG7 expression in primary human T cells, while examination of immune 

responses in NKG7-deficient mice will enable the role of NKG7 in infection and 

immunity to be determined. Other valuable tools for this work will be 

monoclonal antibodies against human and mouse NKG7 for both detection 

and functional studies. Given the strong association of NKG7 expression with 

various regulatory immune cells, this molecule may represent a novel 

immunoregulatory molecule with potential applications in a range of diseases. 

 

5.2 Methodology 
5.2.1 Mice 
C57BL/6J mice expressing the cre recombinase under the control of the Nkg7 

promoter (B6J.Nkg7-cre) were generated by the Melbourne Advanced 

Genome Editing Centre (MAGEC) at the Walter and Eliza Hall Institute (WEHI) 

using CRISPR/Cas9 mediated gene editing. Briefly, based on methods 

previously described [321], the single guide (sg)RNA (sequence: 

CATGGAGCCCTGCCGGTCCC) was used to induce double stranded breaks 

in the Nkg7 locus to stimulate homologous recombination and a targeting 

vector containing ~2kb homology arms [322] was used to introduce the cre 

recombinase coding sequence. 

Forward (ACGACCAAGTGACAGCAATG) and reverse 

(GCTAACCAGCGTTTTCGTTC) primers to detect the cre recombinase 

sequence were used to screen viable pups for integration of the targeting 

vector by polymerase chain reaction (PCR). A 301bp amplicon was detected 

where the cre recombinase sequence was present. F0 mice expressing the 

cre sequence were selected for backcrossing that resulted in heterozygous F1 

mice. The PCR described above was used to screen F1 mice for the cre 

sequence. Further validation by long-range PCR was performed to verify 

correct positional integration of the targeting vector.  
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B6J.Nkg7-cre mice were crossed to mT/mG (B6.129(Cg)-

Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J) mice [323] once to generate an Nkg7 

reporter strain (Nkg7-cre.mT/mG). B6N.Nkg7-/- (Nkg7tm1.1(KOMP)Vlcg) mice were 

generated by the University of California Davis (UC Davis, Davis CA, USA) as 

part of the trans-NIH Knockout Mouse Project (KOMP) and obtained from the 

KOMP Repository (http://www.komp.org/). 

 

5.2.2 Bioinformatics 
Gene names were entered into STRING v10.0 [324] to identify protein-protein 

interactions based on the gene neighborhood, gene fusion, gene occurrence, 

gene co-expression, experiments, and annotated pathways, resulting in a 

combined score. For genes without known protein tertiary structures, the 

human amino acid sequence and topology was obtained from neXtProt (Beta) 

[325] or the Universal Protein Resource (UniProt) [326]. The human amino 

acid sequence was then submitted to the National Center for Biotechnology 

Information (NCBI) Conserved Domain Search [327, 328] to identify conserved 

domains and their protein superfamilies. Transmembrane helix prediction was 

performed using TMpred (https://embnet.vital-

it.ch/software/TMPRED_form.html) [294].  

Protein structure predicted using Iterative Threading ASSEmbly 

Refinement (I-TASSER) (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) 

[295-297]. The protein structure which was the highest ranked threading 

template used in the modelling of the human and mouse sequences was the 

mouse claudin-19 in complex with the C-terminal fragment of Clostribium 

perfringens enterotoxin (PDB ID code 3X29). The models with the highest C-

scores were chosen for display, and corresponded to values of 0.15 and 0.51 

for the human and mouse proteins respectively. The C-score represents the 

confidence in the model; values are typically in the range -5 to 2, and higher 

values correspond to models with higher confidence. 

NKG7 binding partners were identified by searching the Human Reference 

Protein Interactome Mapping Project (HuRI) database 

(http://interactome.baderlab.org/; Center for Cancer Systems Biology (CCSB), 

Dana-Farber Cancer Institute, Boston MA, USA) for proteins that were 

experimentally validated using the yeast two-hybrid (Y2H) method to interact 

with NKG7 (on-going project; unpublished) [329]. Cellular localisation of NKG7 
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binding partners were obtained by functional annotation based on data from 

Gene Ontology (GO): Cellular Component (CC) [198, 199]. The list of 33 

experimentally-validated PPIs was used as an input into the Database for 

Annotation, Visualisation, and Integrated Discovery (DAVID; v6.8 Beta, 

National Institute of Allergy and Infectious Diseases (NIAID), National 

Institutes of Health (NIH), Maryland, U.S.A) [200, 201]. 

 

5.2.3 In vitro polarisation of naïve CD4+ T cells 
Splenic mononuclear cells suspensions were stained with 30μl of a master mix 

containing Zombie Aqua and TruStain fcX anti-mouse CD16/32 (both from 

BioLegend) for 15 minutes at room temperature. Cells were washed once as 

described in Section 2.6 and stained in 30μl of master mix containing 

monoclonal anti-mouse CD90.2 (PerCP-Cy5.5, 53-2.1), CD4 (Brilliant Violet 

605, GK1.5), CD25 (PE-Cy7, PC61), CD44 (Alexa Fluor 700, IM7), and CD62L 

(PE, MEL-14) (all from BioLegend) for 30 minutes at room temperature. After 

two washes, cells were resuspended in staining buffer without sodium azide 

(1x PBS, 0.02% (v/v) FBS, 5mM EDTA) and naïve cells were purified by 

fluorescence activated cell sorting (FACS) on the BD FACSARIA III (Becton 

Dickinson). Naïve CD4+ T cells were identified as Zombie Aqua-, CD90.2+, 

CD4+, CD25-, CD44-, CD62L+. 

 100μl of LEAF™ Purified α-mouse CD3ε (clone:145-2C11; BioLegend; 

4μg/ml, diluted in DPBS (1x) (Gibco™)) was added to each well of a 96-well U 

bottom plate and incubated either for 2 hours in a 37°C incubator or overnight 

at 4°C to coat the wells. Following this, the purified anti-mouse CD3ε was 

discarded and 100μl of 2x polarisation cocktails (Table 5.2.3.1, previously 

described in [330]) prepared in mouse T cell media (10% FBS (Gibco™), 

0.05mM β-mercaptoethanol (Sigma-Aldrich®), 1x non-essential amino acids 

(Gibco™), 100U/ml penicillin and 100μg/ml streptomycin (penicillin–

streptomycin; Gibco™), in Dulbecco’s Modified Eagle Medium (DMEM) 

containing 4.5g/L D-Glucose, L-Glutamine, and 110mg/L (1mM) Sodium 

Pyruvate (Gibco™)) were added to the respective wells. 2 x 105 naïve CD4+ T 

cells were seeded per well, in duplicate, and left to incubate at 37°C in 5% CO2 

for 72 hours. 
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 At 72 hours, 50μl of supernatant was collected and stored at -20°C for 

analysis by cytometric bead array. Cells in duplicate wells were pooled for flow 

cytometry staining. 

 

Table 5.2.3.1 Composition of in vitro polarisation cocktails 
Condition Composition Company Clone Concentration (1x) 

Th0 α-CD28 BioLegend* 37.51 2μg/ml 
rmIL-2 BioLegend* - 20ng/ml 

Th1 

α-CD28 BioLegend* 37.51 2μg/ml 
rmIL-2 BioLegend* - 20ng/ml 
rmIL-12 (p70) BioLegend* - 10ng/ml 
α-IL-4 BioLegend* 11B11 10μg/ml 

Th1 + rIL-27 

α-CD28 BioLegend* 37.51 2μg/ml 
rmIL-2 BioLegend* - 20ng/ml 
rmIL-12 (p70) BioLegend* - 10ng/ml 
α-IL-4 BioLegend* 11B11 10μg/ml 
rmIL-27 BioLegend* - 100ng/ml 

Tr1 
α-CD28 BioLegend* 37.51 2μg/ml 
rmIL-2 BioLegend* - 20ng/ml 
rmIL-27 BioLegend* - 100ng/ml 

Th2 

α-CD28 BioLegend* 37.51 2μg/ml 
rmIL-2 BioLegend* - 20ng/ml 
rmIL-4 BioLegend* - 40ng/ml 
α-IFNγ BioLegend* XMG1.2 10μg/ml 

Th17 

α-CD28 BioLegend* 37.51 2μg/ml 
rmIL-2 BioLegend* - 20ng/ml 
rmIL-6 BioLegend* - 20ng/ml 
rmIL-1β eBioscience# - 10ng/ml 
rmIL-23 eBioscience# - 10ng/ml 
rm-TNF eBioscience# - 10ng/ml 
rm-TGFβ BioLegend* - 1ng/ml 
α-IFNγ BioLegend* XMG1.2 10μg/ml 
α-IL-4 BioLegend* 11B11 10μg/ml 

Tr1 + TGFβ 

α-CD28 BioLegend* 37.51 2μg/ml 
rmIL-2 BioLegend* - 20ng/ml 
rmIL-27 BioLegend* - 100ng/ml 
rm-TGFβ BioLegend* - 0.5μg/ml 

Based on methods previously described in [330]. Th, T helper; Treg, regulatory 

T cell; α, purified monoclonal anti-mouse; rmIL, recombinant mouse 

interleukin; * BioLegend, San Diego CA, USA; # eBioscience, Thermo Fisher 

Scientific, Waltham MA, USA 
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5.2.4 Confocal Immunofluorescence (IF) microscopy 
Confocal microscopy was performed on 7µm frozen liver sections. Tissue was 

fixed in 4% (w/v) PFA for two hours before overnight incubation in 30% (w/v) 

sucrose and embedding in Tissue-Tek® Optimal Cutting Temperature (OCT) 

Compound (VWR Chemicals, Radnor PA, USA). Following cutting, sections 

were stored frozen until use. Sections were air dried then rehydrated in tris-

buffered saline with Tween 20 (TBS-T; 0.1 M TRIS-HCl/0.15 M NaCl/0.001% 

Tween20 in MilliQ) and incubated in BCM Sniper (Biocare Medical, Pacheco 

CA, USA) diluted 1:10 in TBS-T, for 30 min. Following this, sections were 

incubated in Alexa Fluor 647-conjugated anti-mouse CD4 (RM4-5, BioLegend, 

0.5mg/ml) diluted 1:100 in Van Goh Yellow (Biocare Medical) for 1 hr at RT. 

Sections were washed in TBS-T after each incubation step. Sections were 

then incubated in DAPI (Sigma-Aldrich) diluted 1:20,000 in PBS for 10 minutes 

at RT. Finally, sections were mounted in ProLong™ Gold Antifade 

(Invitrogen™) and cover-slipped. Images were acquired on a Zeiss 780-NLO 

laser-scanning confocal microscope (Carl Zeiss Microscopy GmbH, Jena, 

Germany). 

 

5.3 Results 
 

5.3.1 NKG7 is associated with cytotoxic molecules 
Nkg7 transcripts have been reported to be differentially-expressed by various 

immune cell populations in many contexts (summarised in Sections 5.1.2 and 

5.1.3). Nevertheless, the specific conditions that induce NKG7 expression, its 

roles and functional mechanisms, and its binding partners have not been 

studied. STRING was used to identify protein-protein interactions indicated by 

text mining, co-expression, protein homology, gene co-occurrence, 

information from curated databases, or experimental evidence [324].  

NKG7 was found to be associated with GZMA and GZMB in both humans 

and mice (Figure 5.3.1.1). These genes encode the cytotoxic molecules 

granzyme A and granzyme B, which are serine proteases released by NK cells 

and CD8+ Tc cells to trigger apoptosis of target cells [331]. Additionally, NKG7 

was related to the gene TBX21 that encodes the Th1 cell canonical 

transcription factor, T-bet (Figure 5.3.1.1) [280], in accordance with a previous 

study demonstrating the binding of T-bet to the Nkg7 promoter in Th1 cells 
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[332]. Together, the protein-protein interaction network derived from existing 

information suggested a role for NKG7 in the context of the cytotoxic immune 

response and in Th1 cells. 

 

 
Figure 5.3.1.1 NKG7 is associated with cytotoxic molecules. The STRING 

protein-protein interaction network illustrates the associations between NKG7 

and other molecules that are derived by text mining, experimentation, from 

curated databases, or through co-expression, protein homology, or gene co-

occurrence in humans and mice. 

 

5.3.2 Nkg7 is primarily expressed by natural killer (NK) cells in naïve mice 
The differential expression of NKG7 at the transcript level has been recognised 

in various whole exome and whole transcriptome datasets performed to 

elucidate other mechanisms in several immune settings (Section 5.1.2). 

However, few studies have attempted to specifically characterise the 

expression of Nkg7 in naïve animals and during disease. This might be in part 

due to the scarcity of reagents such as monoclonal antibodies (mAbs). To date, 

the identification NKG7 is restricted to techniques such as real-time qPCR 

using commercially available primers, or western blotting and immune 

fluorescence using a polyclonal antibody (pAb) developed as part of the 

Human Cell Atlas project. These techniques are not amenable to projects 

involving the characterisation of multiple cell subsets in numerous samples in 

a single run. Hence, we contracted the services of the Melbourne Advanced 

Genome Editing Centre (MAGEC) to develop a mouse line expressing the cre 

recombinase under the Nkg7 promoter (B6.Nkg7-cre) (Figure 5.3.2.1A). 
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Figure 5.3.2.1 Natural killer (NK) cells express Nkg7 in the naïve state. 
The diagram shows the insertion of a sequence encoding the cre recombinase 

after the start codon of Nkg7 to generate the C57BL/6J background Nkg7-cre 

mouse (B6.Nkg7-cre) (A). The illustration depicts the crossing between 

B6.Nkg7-cre and B6.membrane tdTomato/membrane GFP (mT/mG) mice to 

generate the Nkg7 reporter strain (Nkg7-cre x mT/mG) (B). The histogram 

shows expression of green fluorescent protein (GFP) in NK cells from naïve 

Nkg7-cre+/- x mT/mG mice (Cre+) and the absence of the GFP signal in NK 

cells from naïve Nkg7-cre-/- x mT/mG litter mate control mice (Cre-) (B). t-

distributed stochastic neighbour embedding (tSNE) plots illustrate the 

expression of the immune cell markers NK1.1, TCRβ, CD4, and CD8, as well 

as GFP by splenic mononuclear cells from a naïve mouse (C). The expression 

intensity of each marker is denoted by the accompanying scale where red 

indicates maximum expression and blue indicates minimum expression. 

 



 

 89 

B6.Nkg7-cre mice were crossed to B6.membrane tdTomato/membrane 

green fluorescent protein (GFP) mice to generate a reporter mouse line (Nkg7-

cre x mT/mG) in which cells undergoing transcription of Nkg7, and hence the 

cre recombinase, would be marked by the expression of GFP on the cell 

membrane. Hence, GFP was used as a surrogate marker for Nkg7 expression. 

This reporter mouse line was validated by assessing the expression of Nkg7 

by natural killer (NK) cells in a naïve reporter mouse. As expected, NK cells 

from cre+ mice expressed high levels of GFP while the GFP signal was absent 

in the littermate cre- control mice (Figure 5.3.2.1B). 

Multi-parameter flow cytometry analysis of splenic mononuclear cells from 

a naïve cre+ reporter mouse was performed to assess the expression of Nkg7 

in NK cells, CD4+ T cells, and CD8+ T cells at baseline levels. The expression 

of Nkg7 was found to be almost exclusively restricted to NK cells, coupled with 

a small frequency of CD8+ T cells (Figure 5.3.2.1C). Conversely, CD4+ T cells 

did not express Nkg7 in the naïve setting. 

 

5.3.3 Nkg7 is expressed under T helper (Th)1 and induced T regulatory 
(Tr)1 cell polarisation conditions, but suppressed under regulatory T 
(Treg) cell polarisation conditions 
Previous publications have reported Nkg7 to be among the upregulated genes 

in CD4+ T cells polarised under Th1 conditions [271, 280]. Furthermore, a 

recent publication indicated the upregulation of Nkg7 among a list of 

differentially-expressed genes in naïve CD4+ T cells polarized under Tr1 

conditions [267]. In order to validate the Nkg7-cre x mT/mG strain, we sorted 

naïve CD4+ T cells (CD90.2+ CD4+ CD25- CD44- CD62L+) from splenic 

mononuclear cells and polarised them under Th0, Th1, Th1 + rIL-27, Tr1, Th2, 

Th17, and Treg conditions (Section 5.2.3). 

Generic T cell activation signals mediated by α-CD3 + α-CD28 + rIL-2 

resulted in 0.86% GFP+ cells (Figure 5.3.3.1). In line with previous publications 

[267, 271, 280], we observed an increase in GFP+ population in Th1 but not 

Th2 cell polarising conditions (5.93% vs. 0.23%), and an even further increase 

in Tr1 cell polarising conditions (24.6%). Addition of rIL-27 to Th1 cell 

conditions produced the highest frequency of GFP+ cells at 30.1%. 

Interestingly, the addition of TGFβ to Tr1 cell conditions reduced the frequency 
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of GFP+ cells to 1.30%, suggesting that TGFβ suppressed Nkg7 expression 

either in a direct or indirect manner (Figure 5.3.3.1). 

 

 
Figure 5.3.3.1 Nkg7 is expressed by CD4+ T cells polarised under T helper 
(Th)1 and T regulatory (Tr)1 cell conditions. The representative flow 

cytometry plots show the expression of green fluorescent protein (GFP) by live 

CD4+ T cells isolated from the spleens of Nkg7 x membrane 

tdTomato/membrane GFP (Nkg7.mT/mG) mice and polarised in media only 

(control), purified monoclonal anti (α)-CD3 + α-CD28 + recombinant interleukin 

(rIL)-2, Th1 (rIL-12 + α-IL-4 + α-CD3 + α-CD28 + rIL-2), Th1 + rIL-27 (rIL-12 + 

α-IL-4 + rIL-27 + α-CD3 + α-CD28 + rIL-2), Tr1 (rIL-27 + α-CD3 + α-CD28 + 

rIL-2), Tr1 + TGFβ (rIL-27 + recombinant Transforming Growth Factor (rTGF)β 

+ α-CD3 + α-CD28 + rIL-2), Th2 (rIL-4 + α-interferon (IFN)γ + α-CD3 + α-CD28 

+ rIL-2), and Th17 (rIL-6 + rTGFβ + rIL-23 + rIL-1β + recombinant Tumor 

Necrosis Factor (rTNF) + α-interferon (IFN)γ + α-IL4 + α-CD3 + α-CD28 + rIL-

2) conditions. Numbers on the bottom right of each plot reflect the frequency 

of the GFP+ population. Data is representative of 3 independent experiments, 

each with n = 1 biological replicate. 
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5.3.4 rIL-27 promotes Nkg7 expression, while TGFβ reduces Nkg7 
expression in a dose-dependent manner 
An upregulation in Nkg7 expression in CD4+ T cells, induced by rIL-27, has 

been observed in a previous study identifying differentially-expressed genes 

in CD4+ T cells polarized under Tr1 cell conditions [267]. However, whether 

Nkg7 expression is directly affected by IL-27 is not known. Conversely, we 

investigated if Nkg7 expression is directly impacted by varying levels of TGFβ. 

Our findings show that titration of rIL-27 into cell cultures resulted in a dose-

dependent increase in GFP expression (Figure 5.3.4.1A and B). Conversely, 

titration of TGFβ into cell cultures in the presence of 100ng/ml rIL-27 caused a 

dose-dependent decrease in GFP expression. Interestingly, even when added 

at 1000 times less TGFβ (0.05ng/ml) than the regular concentration 

(0.05μg/ml) was added to Tr1 cell cultures, GFP expression was still markedly 

supressed (Figure 5.3.4.1B).  
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Figure 5.3.4.1 IL-27 induces Nkg7 expression and TGFβ suppresses Nkg7 
expression in a dose-dependent manner. Flow cytometry plots show the 

expression of green fluorescent protein (GFP) by live CD4+ T cells isolated 

from the spleens of Nkg7 x membrane tdTomato/membrane GFP 

(Nkg7.mT/mG) mice and polarised with varying amounts of either rIL-27, or 

recombinant Transforming Growth Factor (TGF)β (A). The line graph shows 

percentage of the GFP+ population in cell cultures (B). Data is representative 

of one experiment, where n = 1 biological replicate. 

 

5.3.5 NKG7 is not a marker for induced T regulatory (Tr)1 or cytotoxic 
CD4+ T cells 
Given the association between NKG7 and NK cells [275, 276, 290], we 

hypothesised that NKG7 was a cell surface marker expressed by the recently 

described cytotoxic CD4+ T cells [317]. We were also interested in determining 

whether NKG7 could be exclusively expressed by Tr1 cells given the ability of 

rIL-27, which promotes the polarisation of CD4+ T cells into Tr1 cells, to induce 

Nkg7 expression in a dose-dependent manner (Section 5.3.4). To investigate 

this, we polarised naïve CD4+ T cells under Tr1 conditions and compared the 

expression of IFNγ, IL-10, CD107a, and Granzyme B after 4 hours of 

restimulation with PMA and ionomycin in the presence of Monensin, between 

the GFP- and GFP+ populations (Figure 5.3.5.1A). While there seemed to be 

a small increase in IFNγ and IL-10 expression in the GFP+ population, Tr1 

(IFNγ+ IL-10+) cells were not enriched in the GFP+ population (Figure 

5.3.5.1A). In a similar manner, expression of CD107a and granzyme B was 

not exclusively expressed by the GFP+ population (Figure 5.3.5.1A). The 

distribution of Tr1 cells across both GFP- and GFP+ populations was confirmed 

by the co-expression of LAG3 and CD49b, two previously-reported [333] 

surface markers for Tr1 cells (Figure 5.3.5.1B). 
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Figure 5.3.5.1. NKG7 is not a cell surface marker for induced T regulatory 
(Tr1) or cytotoxic CD4+ T cells. Flow cytometry plots show the expression of 

IFNγ and IL-10 (top) and CD107a and Granzyme B (bottom) by green 

fluorescent protein (GFP)- and GFP+ populations in CD4+ T cells from the 

spleens of Nkg7 x membrane tdTomato/membrane GFP (Nkg7.mT/mG) mice 

polarised under Tr1 cell conditions and restimulated with phorbol 12-myristate 

13-acetate (PMA) and ionomycin in the presence of monensin (A). LAG3 and 

CD49b expression is also shown (B). Data is representative of one experiment, 

where n = 1 biological replicate. 
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5.3.6 Nkg7 is expressed by natural killer (NK) cells, CD8+ T cells, CD4+ T 
cells, and natural killer T (NKT) cells during L. donovani infection 
We next aimed to characterise the role of Nkg7 in vivo using the visceral 

leishmaniasis (VL) mouse model. First, we assessed changes in the frequency 

of GFP expression at days 13, 28, and 58 in Nkg7.mTmG mice infected with 

L. donovani (Figure 5.3.6.1A). Consistent with our observations by RT-qPCR 

(Section 4.3.8), GFP expression was twice as high in liver mononuclear cells 

compared to splenic mononuclear cells (geometric mean 19.23% vs. 9.24%) 

in the uninfected mice (naïve). The GFP+ population in both the spleen and 

liver of uninfected mice consisted primarily of NK cells and CD8+ T cells, 

although NKT cells also made up a substantial portion of GFP+ cells within the 

naïve liver. As infection progressed, it was interesting to note that a gradual 

overall increase in GFP expression was observed in the liver, but not the 

spleen. Nevertheless, CD4+ T cells, which are essential mediators of the host 

immune response during VL, made up an increasingly substantial portion of 

the GFP+ population as infection progressed from day 13 to 28 p.i.. At day 58 

p.i., the relative proportion of GFP+ CD4+ T cells was reduced, compared to 

day 28 p.i., but they still remained one of the major GFP expressing cell 

populations. 

We also looked within each cell subset to determine changes in frequency 

of GFP+ cells (Figure 5.3.6.1B). As previously mentioned, majority of NK cells 

expressed GFP in the naïve state (Section 5.3.2). However, the frequency of 

GFP+ NK cells in the spleen (Figure 5.3.6.1B top) decreased significantly while 

remaining comparatively stable in the liver (Figure 5.3.6.1B bottom). In 

contrast, GFP+ expressing CD4+ and CD8+ T cells increased as infection 

progressed, with the frequency of GFP+ CD4+ T cells peaking at day 28 p.i. in 

both the spleen and liver, while the frequency of GFP+ CD8+ T cells peaked at 

day 58 p.i.. The frequency of GFP+ NKT cells in both organs remained largely 

unchanged.  
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Figure 5.3.6.1. Nkg7 is primarily expressed by natural killer (NK) cells, 
CD8+ T cells, CD4+ T cells, and natural killer T (NKT) cells during L. 
donovani infection. The timeline indicates the time points during L. donovani 

infection when Nkg7 x membrane tdTomato/membrane green fluorescent 

protein (GFP) (Nkg7.mT/mG) mice were sacrificed to assess the relative 

proportions of key immune cell subsets within the GFP+ population. The 

geometric mean frequency of the GFP+ cell population is represented by the 

area of the pie chart and indicated either above (spleen) or below (liver). The 

size of the sections within the pie chart reflects the proportion of the cell 

subsets indicated, within the GFP+ population (A). The frequency of GFP+ cells 

within each lymphoid cell subset in the spleen (top row) and liver (bottom row) 

was also measured (B). Statistical significance was determined using the 
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Kruskal-Wallis test with Dunn’s multiple comparisons test. * indicates p value 

and error bars represent mean ±  standard error of mean (SEM). Data is 

representative of one experiment, where n = 3 biological replicates per time 

point. 

 

Given the increase in GFP-expression by CD4+ T cells at day 28 p.i., liver 

sections were stained and visualised by confocal IF microscopy at this time 

point to determine the tissue localisation of CD4 and GFP co-expressing cells. 

Microscopy images indicated that GFP expression was not exclusive to CD4-

expressing cells, as expected from our flow cytometry results (Figure 5.3.6.1). 

However, we observed CD4–GFP co-expressing cells within hepatic 

granulomas, indicating their presence around infected Kupffer cells (Figure 

5.3.6.2). 
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Figure 5.3.6.2 CD4+ GFP+ cells localise to liver granulomas during L. 
donovani infection. Staining of liver sections obtained from L. donovani-

infected Nkg7 x membrane tdTomato/membrane green fluorescent protein 

(GFP) (Nkg7.mT/mG) mice at day 28 post-infection (p.i.) with fluorescence-

conjugated monoclonal anti-mouse CD4 reveal localisation of CD4 and GFP 

co-expressing cells in liver granulomas. White arrows indicate co-localisation 

of CD4 and GFP. Image was taken at a magnification of 40x and is 

representative of one experiment with n = 3 biological replicates. 
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5.3.7 NKG7 plays a critical role in the inflammatory response during L. 
donovani infection 
To investigate the role of NKG7 in vivo, WT (C57BL/6N) and Nkg7-deficient 

(B6N.Nkg7-/-) mice were infected with L. donovani and spleen and liver 

weights, spleen and liver parasite burdens, and serum cytokine levels were 

measured at days 0, 14, 28, and 56 p.i.. Nkg7-deficient mice recorded lower 

liver weights at day 56 p.i. compared to WT mice (Figure 5.3.7.1A) and 

increased parasite burden at this time point (Figure 5.3.7.1B). Additionally, 

parasite burdens were significantly increased in the spleen at day 28 p.i., and 

at all time points in the liver (Figure 5.3.7.1B). Serum pro-inflammatory 

cytokine levels (IFNγ, ΤΝF, and monocyte chemoattractant protein (MCP)-1) 

were significantly decreased in Nkg7-deficient mice compared to that in WT 

mice at day 14 p.i., suggesting a role for NKG7 in the generation or secretion 

of pro-inflammatory cytokines and as such, in the inflammatory response 

during L. donovani infection (Figure 5.3.7.1C).  
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Figure 5.3.7.1 Nkg7-deficiency results in an impaired immune response 
at day 14 post-infection with L. donovani. The line graph shows changes in 

organ weights (A) and parasite burden expressed as Leishman-Donovan Units 

(LDU) (B) in the spleen and liver of C57BL/6N (wild-type; WT) and B6N.Nkg7-

/- (Nkg7-deficient) mice. The line graphs in (C) shows the levels of the pro-

inflammatory cytokines interferon (IFN)γ, tumour necrosis factor (TNF), and 
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monocyte chemoattractant protein (MCP)-1. Statistical significance was 

determined using a two-way analysis of variance (ANOVA) with multiple 

comparisons. p value is indicated where * p < 0.05, ** p < 0.01, *** p < 0.001, 

and **** p < 0.0001. Error bars represent mean ± standard error of mean 

(SEM). Data is representative of one experiment, where n = 3 or 4 biological 

replicates per strain, per time point. 

 

5.3.8 Identification of NKG7 binding partners 
To begin elucidating the mechanism by which NKG7 influences pro-

inflammatory cytokine production, we attempted to identify proteins that might 

interact with NKG7 either in a receptor–ligand manner or as binding partners 

that form a heterodimer. To this end, we explored data generated in the Human 

Reference Protein Interactome Mapping Project (HuRI; Center for Cancer 

Systems Biology (CCSB), Dana-Farber Cancer Institute, Boston MA, USA) 

[329], that has been experimentally validated using yeast two-hybrid (Y2H) 

screening assays. Thus far, 33 proteins have been validated as binding 

partners for NKG7 (Figure 5.3.8.1A). The cellular localisation of each binding 

partner was determined using GO:CC analysis and visualised on a cellular 

map (Figure 5.3.8.1B). Notably, most proteins were either exclusively 

predicted to be expressed on the cell surface or expressed on the cell 

membrane as well as in organelles and vesicles. Few binding partners were 

predicted to be excreted by cells. 

In order to identify potential protein interactors that couple with NKG7 to 

form heterodimers, we determined if these binding partners were differentially-

expressed within CD4+ T cells in our dataset that interrogated transcriptional 

differences in peripheral blood CD4+ T cells obtained from VL patients 

(described in Section 4.3.1). We hypothesised that genes encoding protein 

interactors that are differentially-expressed within CD4+ T cells in our dataset 

were likely to couple with NKG7 within the same cell. In this regard, we 

identified the genes AMIGO1, MUC1, CD53, EBP, CLEC2D, SLC18A2, 

AGTRAP, TMEM80, and STX1A to be differentially-expressed. Of these, the 

most upregulated gene was MUC1 (logFC = 1.28) and the most downregulated 

gene was AMIGO1 (logFC = -1.13). This set of genes were enriched with those 

that encoded proteins expressed both on the cell surface as well as 

intracellularly (Figure 5.3.8.2A). 
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Figure 5.3.8.1 NKG7 binding partners and their cellular localisation. The 

network shows 33 proteins that were experimentally validated to interact with 

NKG7 by the Human Reference Protein Interactome Mapping Project (A). The 

cellular map indicates the cellular localisation of these protein interactors using 

information from cellular component ontology (Gene Ontology (GO): Cellular 

Component (CC)) (B). 
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A previous study performed transcriptomic analysis on splenic mononuclear 

cells and splenic macrophages from L. donovani-infected Golden Syrian 

hamsters (Mesocricetus auratus) at day 28 p.i. [111, 334]. This experimental 

model of VL models human disease in terms of chronicity and pathology [335, 

reviewed in 336]. We interrogated these datasets to identify genes encoding 

NKG7 binding partners whose differential-expression were not restricted to 

CD4+ T cells. 8 genes encoding NKG7 binding partners were found to be 

differentially-expressed in spleen tissue isolated from L. donovani-infected 

hamsters, and these localised to both the cell membrane as well as 

intracellularly (Figure 5.3.8.2B). These genes included those that were also 

found to be differentially-expressed in human peripheral blood CD4+ T cells 

such as CD53 and AGTRAP, alongside CD79A, CLEC4E, CLSTN3, MSR1, 

STOM, and TMEM88. Of these, the most upregulated was CLEC4E (logFC = 

4.80), while TMEM88 was the most downregulated (logFC = -2.12). We 

hypothesize that the molecules differentially-expressed in splenic 

mononuclear cells from L. donovani-infected hamsters, are likely to engage 

with NKG7 in a receptor–ligand manner on the surface of interacting cells. 

CD4+ T cells are known to mediate their protective function during L. 

donovani infection thorough interaction with APCs such as macrophages 

[112]. Therefore, we identified NKG7 binding partners that were differentially-

expressed in splenic macrophages isolated from L. donovani-infected 

hamsters. Notably, two of the 6 differentially-expressed molecules identified in 

splenic mononuclear cells were also differentially-expressed specifically in 

splenic macrophages. These genes were MSR1 (logFC = -0.99) and CLEC4E 

(logFC = 1.38). Based on GO:CC analysis, these molecules were predicted to 

localise to the cell membrane, and in the case of MSR1, also secreted (Figure 

5.3.8.2C). The predicted function of these molecules based on information 

summarised on the Universal Protein Resource (UniProt) [326], is summarised 

in Table 5.3.8.1. 
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Figure 5.3.8.2 The cellular localisation of NKG7 binding partners that are 
differentially-expressed during L. donovani infection. The cellular maps 

indicate the location of genes encoding NKG7 protein-protein interactors (PPI). 

The genes highlighted in green, orange, and purple, represent genes that were 

differentially-expressed (differentially-expressed genes; DEG) in peripheral 

blood CD4+ T cells obtained from visceral leishmaniasis (VL) patients, in the 

spleen of L. donovani-infected hamsters, and in macrophages isolated from 

the spleen of L. donovani-infected hamsters. Cellular localisation was 

determined by Gene Ontology: Cellular Component (GO:CC) analysis. 

 

 

 

 

 



 

 104 

Table 5.3.8.1 NKG7 binding partners and their predicted function 
Protein Predicted function 

AMIGO1 

Promotes growth and fasciculation of neurites from cultured 
hippocampal neurons. May be involved in fasciculation as well as 
myelination of developing neural axons. May have a role in regeneration 
as well as neural plasticity in the adult nervous system. May mediate 
homophilic as well as heterophilic cell-cell interaction and contribute to 
signal transduction through its intracellular domain. Assembled with 
KCNB1 modulates the gating characteristics of the delayed rectifier 
voltage-dependent potassium channel KCNB1. 

MUC1 
The alpha subunit has cell adhesive properties. Can act both as an 
adhesion and an anti-adhesion protein. May provide a protective layer 
on epithelial cells against bacterial and enzyme attack. 

CD53 
Required for efficient formation of myofibers in regenerating muscle at 
the level of cell fusion. May be involved in growth regulation in 
hematopoietic cells (by similarity). 

EBP Catalyses the conversion of Delta(8)-sterols to their corresponding 
Delta(7)-isomers. 

CLEC2D 

Receptor for KLRB1 (CD161) that protects target cells against natural 
killer cell-mediated lysis. Inhibits osteoclast formation. Inhibits bone 
resorption. Modulates the release of interferon-gamma. Binds high 
molecular weight sulfated glycosaminoglycans. 

SLC18A2 

Involved in the adenosine triphosphate (ATP)-dependent vesicular 
transport of biogenic amine neurotransmitters. Pumps cytosolic 
monoamines including dopamine, norepinephrine, serotonin, and 
histamine into synaptic vesicles. Requisite for vesicular amine storage 
prior to secretion via exocytosis. 

AGTRAP 

Appears to be a negative regulator of type-1 angiotensin II receptor-
mediated signalling by regulating receptor internalisation as well as 
mechanism of receptor desensitization such as phosphorylation. 
Induces also a decrease in cell proliferation and angiotensin II-
stimulated transcriptional activity. 

TMEM80 - 

STX1A 

Plays a role in hormone and neurotransmitter exocytosis (by similarity). 
Potentially involved in docking of synaptic vesicles at presynaptic active 
zones. May mediate Ca(2+)-regulation of exocytosis acrosomal reaction 
in sperm. 

CD79A 

Required in cooperation with CD79B for initiation of the signal 
transduction cascade activated by binding of antigen to the B-cell 
antigen receptor complex (BCR) which leads to internalization of the 
complex, trafficking to late endosomes, and antigen presentation. Also 
required for BCR surface expression and for efficient differentiation of 
pro- and pre-B-cells. Stimulates SYK autophosphorylation and 
activation. Binds to BLNK, bringing BLNK into proximity with SYK and 
allowing SYK to phosphorylate BLNK. Also interacts with and increases 
activity of some Src-family tyrosine kinases. Represses BCR signaling 
during development of immature B-cells. 

CLEC4E 

C-type lectin that functions as a cell-surface receptor for a wide variety 
of ligands such as damaged cells, fungi, and Mycobacteria. Plays a role 
in the recognition of pathogenic fungi, such as Candida albicans. The 
detection of mycobacteria is via trehalose 6,6'-dimycolate (TDM), a cell 
wall glycolipid. Specifically recognizes alpha-mannose residues on 
pathogenic fungi of the genus Malassezia. Recognizes SAP130, a 
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nuclear protein that is released by dead or dying cells. Transduces 
signals through an ITAM-containing adapter protein, Fc receptor gamma 
chain/FCER1G. Induces secretion of inflammatory cytokines through a 
pathway that depends on SYK, CARD9 and NF-kappa-B. 

CLSTN3 

May modulate calcium-mediated postsynaptic signals. Complex 
formation with APBA2 and APP, stabilizes APP metabolism, and 
enhances APBA2-mediated suppression of beta-APP40 secretion due 
to the retardation of intracellular APP maturation. 

MSR1 

Membrane glycoproteins implicated in the pathologic deposition of 
cholesterol in arterial walls during atherogenesis. Two types of receptor 
subunits exist. These receptors mediate the endocytosis of a diverse 
group of macromolecules, including modified low-density lipoproteins 
(LDL) (PubMed:2251254). Isoform III does not internalize acetylated 
LDL (PubMed:9548586). 

STOM Regulates ion channel activity and transmembrane ion transport. 
Regulates ASIC2 and ASIC3 channel activity. 

TMEM88 

Inhibits the Wnt/beta-catenin signaling pathway. Crucial for heart 
development and acts downstream of GATA factors in the pre-cardiac 
mesoderm to specify lineage commitment of cardiomyocyte 
development. 

ATP, adenosine triphosphate; BCR, B-cell antigen receptor complex; TDM, 

trehalose 6, 6’-dimycolate; LDL, low-density lipoproteins; - No predicted 

function. Predicted functions derived from the Universal Protein Resource 

(UniProt) database [326]. 

 

CLEC4E encodes for the C-type lectin domain family 4 member E, a 

membrane-bound pattern recognition receptor (PRR) also known as the 

macrophage-inducible C-type lectin (Mincle) [337]. Mincle is linked to the 

immunoreceptor tyrosine-based activation motif (ITAM)-containing adaptor 

molecule: Fc receptor gamma (FcR)γ [338]. Upon binding to microbial-derived 

glycolipids and pathogen associated molecular patterns (PAMPs) [339, 340], 

Mincle signals through FcRγ, triggering the release of pro-inflammatory 

cytokines [338]. To date, only one host-derived ligand has been reported to 

interact with Mincle. The histone deacetylase complex subunit SAP130, 

released by late-stage apoptotic or necrotic cells was shown to bind to Mincle, 

promoting neutrophil recruitment and cytokine production [338]. 

To examine if NKG7 could potentially bind to Mincle, we aligned the human 

NKG7 sequence with that of human SAP130 using the Basic Local Alignment 

Search Tool (BLAST®; BLASTP 2.8.0+: 

https://blast.ncbi.nlm.nih.gov/Blast.cgi) [341]. Two of the 7 alignments 

generated were of particular interest given their low Expect value, 0% gaps, 

and 100% residues with positive values, with the latter indicating either 
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identical amino acids or substitutions of amino acids with similar chemical 

properties [342] (Figure 5.3.8.3A). Based on topology information from UniProt 

[326] and the prediction of the human NKG7 membrane-spanning regions and 

orientation using the TMpred Server (https://embnet.vital-

it.ch/software/TMPRED_form.html) [294] (Figure 5.3.8.3B), both alignments 

coincided with the extracellular regions of human NKG7. Additionally, these 

regions of SAP130 were found to be highly conserved in humans and mice, 

although the corresponding alignments in NKG7 were relatively less 

homologous (Figure 5.3.8.3C). These findings allow us to postulate that NKG7 

might be a ligand for Mincle and that this interaction is mediated by residues 

on the extracellular loops of NKG7. Nevertheless, whether the binding of 

SAP130 to Mincle is mediated by these same residues remains unknown.  
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Figure 5.3.8.3 NKG7 contains regions that align with SAP130. Alignment 

of the human NKG7 sequence with that of SAP130 using the Basic Local 

Alignment Search Tool (BLAST®) [341] reveals two alignments of interest (A). 

The structure of NKG7 is predicted by the TMpred Server (https://embnet.vital-

it.ch/software/TMPRED_form.html) [294] to be made up of 4 transmembrane 

helices, two extracellular loops, and one intracellular peptide (B). Residues 

within the regions that align between NKG7 and SAP130 are conserved in 

humans and mice (C). 
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5.4 Discussion 
We previously identified NKG7 as a potential therapeutic target (Section 4.3.8). 

NKG7 was enriched in CD4+ T cells isolated from the spleen, which is a hyper-

inflamed environment in L. donovani-infected mice. NKG7 expression was also 

upregulated in peripheral blood CD4+ T cells from patients infected with L. 

donovani (Section 4.3.7). Intriguingly, RT-qPCR validation revealed that although 

NKG7 was not differentially-expressed in hepatic CD4+ T cells in L. donovani-

infected mice when differential gene expression analysis was performed on our 

microarray dataset, expression of NKG7 prior to infection (naïve state) was 

markedly elevated relative to the expression in splenic CD4+ T cells (Section 

4.3.8). 

In this chapter, we sought to discover the role of NKG7, which to our 

knowledge has not previously been studied. We also aimed to investigate the 

potential of NKG7 as a therapeutic target to regulate inflammation during L. 

donovani infection. The lack of tools specific to NKG7 necessitated the 

development of a genetically-modified mouse line expressing the cre 

recombinase under the control of the Nkg7 promoter. This mouse line was then 

crossed to a membrane reporter mouse to generate an Nkg7 expression reporter 

that allowed us to characterise the expression of Nkg7 both in vitro and in vivo.  

Speculation on the role of NKG7 was based on transcriptomic datasets that 

associate NKG7 with expression of cytotoxic molecules and Th1 cell-associated 

molecules. We found that although Nkg7 was primarily expressed by NK cells in 

the steady state, polarisation of naïve CD4+ T cells with recombinant IL-27 

induced Nkg7 expression in CD4+ T cells in a dose-dependent manner. Previous 

studies have demonstrated the up-regulation of transcripts that encode perforin 

and granzymes in IL-27-polarised Th cells [118, 267]. Thus, we initially 

hypothesized that Nkg7 was a marker for cytotoxic Th cells, which has been 

recently shown to be dependent on the IL-27 associated transcription factor 

Blimp-1 [343, 344]. However, in vitro IL-27 polarised Th cells that transcribed 

Nkg7 (GFP+) expressed similar patterns of IFNγ, IL-10, granzyme B, and the 

degranulation marker CD107a [345] as GFP- cells. Thus, our data suggests that 

at least in vitro, the expression of Nkg7 does not define IFNγ+ IL-10+ Tr1 cells or 

cytotoxic Th cells. 
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Previous transcriptomic examination of genes differentially-expressed by 

human Foxp3+ regulatory T cells (Treg) and conventional T cells (Tconvs) have 

indicated the downregulation of NKG7 in Tregs, compared to Tconvs [310]. TGFβ 

signalling induces the development of Foxp3+ Tregs [346]. In line with previous 

studies, the addition of TGFβ to IL-27 polarisation conditions resulted in a dose-

dependent decrease in Nkg7 transcription. Collectively, our in vitro data suggests 

that IL-27 induced the transcription of Nkg7 while TGFβ suppressed expression. 

Next, we assessed changes in Nkg7 transcription by key immune cell 

populations in L. donovani-infected mice at days 14, 28, and 58 p.i.. We observed 

that while NK cells were the main Nkg7-expressing cells, L. donovani infection 

triggered a decrease in the proportion that transcribed Nkg7. Overall transcription 

of Nkg7 peaked at day 28 p.i. in the spleen and liver. At this time point, CD4+ and 

CD8+ T cells, as well as CD11bhi Ly6Cint monocytes made up the majority of Nkg7 

expressing cells. Confocal IF microscopy showed the localisation of CD4 and 

GFP (surrogate for Nkg7 transcription) co-expressing cells in liver granulomas at 

day 28 p.i., indicating the presence of NKG7+ CD4+ T cells in the inflammatory 

structure surrounding infected Kupffer cells. 

Using a systemic Nkg7-deficient mouse, we identified a role for NKG7 in the 

regulation of pro-inflammatory cytokine production during L. donovani-infection. 

Nkg7-deficiency resulted in significantly reduced serum IFNγ, TNF, and MCP-1 

levels at day 14 p.i. that corresponded with significantly increased parasite 

burdens in the liver. However, it is still unclear whether NKG7 influences the 

production of these pro-inflammatory cytokines in a direct or indirect manner. We 

initially hypothesized a regulatory role for NKG7 given its up-regulation in the 

mouse spleen, a tissue usually associated with chronic infection and 

dysfunctional anti-parasitic CD4+ T cell responses. Regardless, our findings that 

NKG7 plays a role in the pro-inflammatory cytokine response that is key to 

controlling parasite burden, is supported by the elevated transcript levels 

observed in naïve liver Tconv cells that remain increased at day 56 p.i. (Section 

4.3.8). 

By employing computational methods, we identified a plausible mechanism 

by which NKG7 influences pro-inflammatory cytokine production. Firstly, we 

identified the receptor Mincle, typically expressed by APCs [reviewed in 347], as 

a potential receptor for NKG7. CLEC4E, which encodes Mincle, was found to be 

upregulated in splenic macrophages in L. donovani-infected hamsters [111, 334]. 
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Y2H assays performed as part of the Human Reference Protein Interactome 

Mapping Project (HuRI) [329] validated the interaction between NKG7 and 

Mincle. Although Mincle has been shown to bind PAMPs, studies have identified 

the late-stage apoptosis protein SAP130 as a host-derived ligand for Mincle [338] 

that induces the production of pro-inflammatory cytokines. Alignment of the 

human SAP130 and NKG7 protein sequence revealed two highly similar 

sections. Using topology and membrane prediction results, we determined that 

each of these sections formed part of the two extracellular loops of NKG7. Based 

on its structure, NKG7 is likely to interact with its receptor or ligand on an 

opposing cell through one, or both, of these loops. Nevertheless, the interaction 

between NKG7 on T cells and Mincle on APCs, and its role in regulating cytokine 

production during L. donovani infection has to be experimentally validated. 

While we identified NKG7 as a gene of interest and potential therapeutic 

target from the chronic signature, we ultimately discovered a role for NKG7 in the 

pro-inflammatory cytokine response that was evidently important for the control 

of parasite burden in the spleen and liver. Nevertheless, these findings have 

important implications in disease settings involving exacerbated inflammation, 

such as auto-immune diseases where a suppression of pro-inflammatory 

cytokine production is a therapeutic strategy. In some of these diseases, NKG7 

has been shown to be upregulated at the transcript level [308, 348], thus 

highlighting the need for further characterisation of NKG7 as a therapeutic target.  

  



 

 111 

6.0 General discussion 
CD4+ T cells are key players in the host immune response during parasitic 

infections [27, 28, 102, 232]. Their capacity to produce IFNγ is imperative for 

parasite clearance [92]. The studies within this thesis were conceptualised to 

define novel mechanisms of immune regulation during parasitic infections.   

In the past decade, an innate cell population, innate lymphoid cells (ILCs), 

has been actively studied in the context of various diseases [86, 87, 149]. ILCs 

have been termed the innate counterparts of Th cells given their similarities in 

transcriptional requirements during development, and their cytokine production 

profiles. Hence, we sought to determine if group 1 ILCs, the innate counterparts 

of Th1 cells, played a role in disease outcome during Plasmodium infection. We 

hypothesized that group 1 ILCs were rapidly activated in early infection and 

played a role in controlling parasites through their production of IFNγ. This was 

incorrect. We observed a decrease in group 1 ILCs during P. falciparum and 

PcAS infection, which we found to be partially caused by apoptosis. A similar 

decrease in NK cells, a subset of group 1 ILCs, was also reported in another 

study [74]. Additionally, depletion of group 1 ILCs by various means did not 

reduce or exacerbate parasitemia in P. chabaudi-infected mice. Based on our 

observations, we conclude that although group 1 ILCs resemble Th1 cells, these 

cells play a limited role in the immune response during Plasmodium infection. 

This is in line with a recent publication demonstrating the redundancy of ILCs in 

the presence of their adaptive counterparts in humans [349]. Our findings also 

indicate a significant decrease in the frequency of IFNγ-producing MAIT cells at 

day 7 p.i. human PBMCs obtained as part of a CHMI study, which corroborated 

the findings of a recent study that reported the limited effector function at day 9 

p.i. in CHMI volunteers [74]. 

The potency of the inflammatory response and the tissue damage induced 

during anti-parasitic immune responses necessitate the activation of 

immunoregulatory molecules and pathways [107, 350]. Extracellular and 

intracellular mechanisms of immune regulation are known to control CD4+ T cell 

responses. Extracellular signals include the production of IL-27 by dendritic cells 

(DCs) that induce IL-10 production by CD4+ T cells [207], the induction of Tr1 

cells [40, 351], as well as activation of  Ly6Chi inflammatory monocytes [352], and 

production of exogenous DC-derived IL-10 [353]. Conversely, intracellular 

pathways typically involve the up-regulation of co-inhibitory molecules that 
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mediate immunosuppressive signals [111, 121, 354, 355]. While a balance 

between pro- and anti-inflammatory cytokine responses is needed, the immune 

response during parasitic infections is often skewed towards immunoregulation 

which inhibits the development of sterile immunity and can promote the 

establishment of chronic infection [41, 179, 261]. In such cases, therapeutic 

agents and strategies that interfere with these regulatory pathways can 

successfully restore effective anti-parasitic responses [98, 99, 112, 121, 356].  

The experimental mouse model of L. donovani infection in C57BL/6J mice is 

characterised by resolving infection in the liver and chronic, uncontrolled infection 

in the spleen [180, reviewed in 181, 182]. Using this to our advantage, we 

combined transcriptomic datasets of CD4+ T cells isolated from the mouse spleen 

or liver, with an RNA-seq dataset of CD4+ T cells isolated from the PBMCs of VL 

patients to define and cross-examine three molecular signatures: the core, 

resolving, and chronic CD4+ T cell signatures. The core signature included genes 

that have been extensively studied in CD4+ T cell responses during L. donovani 

infection. We identified Il15 as a positive regulator of the core signature, and 

CTLA4 as a negative regulator. Analysis of the resolving signature revealed that 

upon resolution of infection, pathways associated with T cell activation were 

downregulated. This may reflect a tissue environment where infection has been 

controlled and homeostatic mechanisms have been re-established. Future 

studies will interrogate this dataset to help establish the mechanisms contributing 

to concomitant immunity in the mouse liver [180, reviewed in 181], as this may 

have important implications in understanding the immune mechanisms that 

control infection in asymptomatic individuals living in disease endemic settings. 

This may include the use of genetically-modified mice lacking novel genes 

identified as part of the resolving signature to investigate if the loss of these genes 

results in exacerbated parasite burden. Lastly, we evaluated the chronic 

signature and identified NKG7 as a gene of interest, which we initially selected 

for characterisation as a therapeutic target.  

Our findings revealed a role for NKG7 in the regulation of pro-inflammatory 

cytokine production. Using a reporter mouse, we determined that Nkg7 was 

expressed almost exclusively by NK cells in naïve mice. In vitro Th cell 

polarization assays revealed IL-27 and TGFβ as positive and negative regulators 

of Nkg7 expression, respectively, and showed that their effects on Nkg7 were 

dose-dependent. Upon infection with L. donovani, the frequency of NK cells 
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expressing Nkg7 was diminished while the proportion of Tconv cells expressing 

Nkg7 increased. Overall Nkg7 expression peaked at day 28 p.i. in both the spleen 

and liver, with Th cells, Tc cells, and CD11bhi Ly6Cint forming the majority of this 

population. At this time point, confocal IF microscopy showed the localisation of 

CD4 and Nkg7 co-expressing cells within liver granulomas. Using a mouse model 

systemically deficient in Nkg7, we showed that Nkg7 deficiency resulted in a 

reduced ability to control parasite burden, which was evident by a significant 

increase in liver parasite burden. This was also accompanied by decreased 

serum levels of the pro-inflammatory cytokines IFNγ, TNF, and MCP-1. Although 

contradictory to our initial hypotheses, RT-qPCR quantification of Nkg7 

transcripts in liver Tconv cells demonstrated increased expression in the naïve 

state (relative to spleen Tconv cells) and showed that transcript levels remained 

increased in this cell population at day 56 p.i. when infection had largely resolved. 

This indicates a plausible role for Nkg7 in concomitant immunity in the liver, where 

its inflammation promoting properties may be essential in the active suppression 

of parasite growth. Finally, we employed computational methods to interrogate 

existing datasets to identify a binding partner for NKG7 during L. donovani 

infection. Our results suggest that Mincle, a PRR encoded by the gene CLEC4E, 

might be a receptor for NKG7 in this context. To date, only one host-derived 

ligand, SAP130, has been described for Mincle. Alignment of the protein 

sequences for SAP130 and NKG7 revealed two sections, each localised to the 

two extracellular loops of NKG7, that were homologous. However, studies have 

not determined if these sections on SAP130 are responsible for its interaction 

with Mincle. Nevertheless, in addition to the interaction between Mincle and 

NKG7 being experimentally validated by the Human Reference Protein 

Interactome Mapping Project (HuRI), further studies are needed to confirm the 

interaction between these proteins during L. donovani infection, and if so, 

establish whether the disruption of this interaction results in a similar phenotype 

to that observed in Nkg7-deficient mice. These will include in vitro and ex vivo 

experiments that employ the use of readily-available Fc-conjugated Mincle 

proteins to confirm binding between Mincle and NKG7, and the use of 

commercially-available blocking antibodies to disrupt the interaction between 

Mincle and NKG7 in in vitro cultures of antigen presenting cells (APCs) and T 

cells. 
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Although our results suggest that the use of antagonistic therapeutic agents 

targeting NKG7 during parasitic infections might be detrimental, the therapeutic 

potential of this approach may be useful in other settings where disease is 

associated with dysregulated inflammation [302, 308]. Given that NKG7 

transcripts have been found to be differentially-expressed in various inflammatory 

contexts [274], further characterisation of NKG7 and development of strategies 

to target this molecule for therapeutic purposes should remain a focus. Notably, 

the detrimental role of NKG7 can be assessed in widely-used experimental 

models of inflammation including dextran-sodium sulfate (DSS)-induced colitis, 

lethal P. berghei ANKA infection, and in antibody-induced arthritis (CAbIA) where 

disease is associated with an increase in pro-inflammatory cytokines [357, 358, 

reviewed in 359]. 

Overall, the findings in this thesis show that despite being innate counterparts 

of Th1 cells and their ability to produce IFNγ, group 1 ILCs play a limited role in 

determining the outcome of Plasmodium infection. Our focus on CD4+ T cells in 

Leishmania infection revealed distinct molecular signatures underlying CD4+ T 

cell responses associated with resolving infection and chronic infection. Finally, 

we identified NKG7 as a potential molecular target for modulating inflammation 

during disease.  
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Appendix 1: Table of Resources and Equipment 
 

Adapted from Key Resources Table STAR Methods, Cell Press (Marcus, E., A 

STAR Is Born. Cell, 2016. 166(5): p. 1059-1060). 

Reagent/Resource Source Identifier 
Associated 
methodology 
section 

Antibodies and Tetramers 

α-mouse NK1.1 Monoclonal 
Antibody (clone: PK136)  

BioXCell, West 
Lebanon NH, 
USA 

Cat#BE0036 Section 3.3 
Methods 

Alexa Fluor® 647-conjugated 
α-human PLZF (clone: R17-
809) 

BD Biosciences, 
San Diego CA, 
USA 

Cat#563490 Section 3.3 
Methods 

Alexa Fluor® 647-conjugated 
α-mouse CD4 (clone: RM4-5) 

BioLegend, San 
Diego CA, USA Cat#100530 Section 5.2.4 

Alexa Fluor® 700-conjugated 
α-human CD3ε (clone: 
UCHT1) 

BD Biosciences Cat#557984 Section 3.3 
Methods 

Alexa Fluor® 700-conjugated 
α-human CD56 (NCAM; clone: 
HCD56) 

BioLegend Cat#318316 Section 3.3 
Methods 

Alexa Fluor® 700-conjugated 
α-mouse/human CD44 (clone: 
IM7) 

BioLegend Cat#103026 Section 5.2.3 

Alexa Fluor® 700-conjugated 
α-mouse CD62L (clone: MEL-
14) 

BioLegend Cat#104426 Section 3.3 
Methods 

APC-conjugated α-human 
CD127 (IL-7Ra; clone: 
A019D5) 

BioLegend Cat#351316 Section 3.3 
Methods 

APC-conjugated α-mouse 
CD4 (clone: GK1.5) BioLegend Cat#100412 Section 4.2.3, 

4.2.8 

APC-conjugated α-mouse 
CD253 (TRAIL; clone: N2B2) 

eBioscience, 
Thermo Fisher 
Scientific, 
Waltham MA, 
USA 

Cat#17-5951-80 Section 3.3 
Methods 

APC-Cy7-conjugated α-human 
CD8α (clone: SK1) BioLegend Cat#344714 Section 3.3 

Methods 
APC-Cy7-conjugated α-human 
CD25 (clone: BC96) BioLegend Cat#302614 Section 3.3 

Methods 
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APC-Cy7-conjugated α-mouse 
NK1.1 (clone: PK136) BioLegend Cat#108724 Section 3.3 

Methods 
Biotin-conjugated α-mouse 
CD3ε (clone: 145-2C11) BioLegend Cat#100304 Section 3.3 

Methods 
Biotin-conjugated α-mouse 
CD5 (clone: 53-7.5) BioLegend Cat#100604 Section 3.3 

Methods 
Biotin-conjugated α-mouse 
CD19 (clone: 6D5) BioLegend Cat#115504 Section 3.3 

Methods 
Brilliant Violet 421™ α-human 
IFNγ (clone: 4S.B3) BioLegend Cat#502532 Section 3.3 

Methods 

Brilliant Violet 421™-
conjugated Human α-GalCer-
loaded-CD1d PBS44 Tetramer 

Dr. Daniel Pellicci 
and Prof. Dale 
Godfrey, 
Department of 
Microbiology and 
Immunology, The 
University of 
Melbourne, VIC, 
Australia  

N/A Section 3.3 
Methods 

Brilliant Violet 605™ α-human 
CD19 (clone: HIB19) BioLegend Cat#302244 Section 3.3 

Methods 
Brilliant Violet 605™ α-human 
CD69 (clone: FN50) BioLegend Cat#310938 Section 3.3 

Methods 
Brilliant Violet 605™ α-human 
TCR Vα7.2 (clone: 3C10) BioLegend Cat#351720 Section 3.3 

Methods 
Brilliant Violet 605™ α-mouse 
CD4 (clone: GK1.5) BioLegned Cat#100451 Section 5.2.3 

BUV395-conjugated rat α-
mouse CD45 (clone: 30-F11) BD Biosciences Cat#564279 Section 3.3 

Methods 
eFluor® 660-conjugated α-
human/mouse T-bet (clone: 
eBio4B10) 

eBioscience, 
Thermo Fisher 
Scientific 

Cat#50-5825-82 Section 3.3 
Methods 

FITC-conjugated α-human 
CD14 (clone: HCD14) BioLegend Cat#325604 Section 3.3 

Methods 
FITC-conjugated α-human 
CD19 (clone: HIB19) BioLegend Cat#302206 Section 3.3 

Methods 
FITC-conjugated α-human 
CD34 (clone: 561) BioLegend Cat#343604 Section 3.3 

Methods 
FITC-conjugated α-human 
CD161 (clone: DX12) BD Biosciences Cat#556080 Section 3.3 

Methods 
FITC-conjugated α-human 
CD123 (clone: 6H6) BioLegend Cat#306034 Section 3.3 

Methods 
FITC-conjugated α-human 
TCRα/β (clone: IP26) BioLegend Cat#306706 Section 3.3 

Methods 
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FITC-conjugated α-human 
TCRγ/δ (clone: B1) BioLegend Cat#331208 Section 3.3 

Methods 
FITC-conjugated α-mouse 
CD49b (clone: DX5) BioLegend Cat#108906 Section 3.3 

Methods 
FITC-conjugated α-mouse 
TCRβ (clone: H57-597) BioLegend Cat#109206 Section 4.2.3, 

4.2.8 

Goat anti-mouse IgG 
biotinylated affinity purified 
polyclonal antibody 

R&D Systems™, 
Bio-Techne, 
Minneapolis MN, 
USA 

Cat#BAF007 Section 3.3 
Methods 

InVivoMAb Polyclonal Rat α-
mouse IgG BioXCell Cat#BE0094 Section 3.3 

Methods 
LEAF™ Purified α-mouse 
CD3ε (clone: 145-2C11) BioLegend Cat#100331 Section 5.2.3 

LEAF™ Purified α-mouse 
CD28 (clone: 37.51) BioLegend Cat#102112 Section 5.2.3 

LEAF™ Purified α-mouse IFN-
γ BioLegend Cat#505827 Section 5.2.3 

LEAF™ Purified α-mouse IL-4 
(clone: 11B11) BioLegend Cat#504108 Section 5.2.3 

PE-conjugated α-human CD56 
(clone: HCD56) BioLegend Cat#318306 Section 3.3 

Methods 
PE-conjugated α-human 
TCRγ/δ (clone: B1) BioLegend Cat#331210 Section 3.3 

Methods 
PE-conjugated α-mouse 
CD49a (clone: HMa1) BioLegend Cat#142604 Section 3.3 

Methods 
PE-conjugated α-mouse 
CD62L (clone: MEL-14) BioLegend Cat#104408 Section 5.2.3 

PE-Cy5-conjugated 
Streptavidin BioLegend Cat#405205 Section 3.3 

Methods 
PE-Cy7-conjugated α-human 
CD127 (IL-7Ra; clone: 
A019D5) 

BioLegend Cat#351320 Section 3.3 
Methods 

PE-Cy7-conjugated α-human 
IFNγ (clone: 4S.B3) BD Biosciences Cat#557844 Section 3.3 

Methods 
PE-Cy7-conjugated α-mouse 
CD25 (clone: PC61) BioLegend Cat#102016 Section 5.2.3 

PE-Cy7-conjugated α-mouse 
CD335 (NKp46; clone: 
29A1.4) 

BioLegend Cat#137618 Section 3.3 
Methods 

PerCP-Cy5.5-conjugated α-
human CD4 (clone: RPA-T4) BioLegend Cat#317428 Section 3.3 

Methods 
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PerCP-Cy5.5-conjugated α-
mouse CD90.2 (Thy-1.2; 
clone: 53-2.1) 

BioLegend Cat#140322 Section 5.2.3 

TruStain fcX™ (anti-mouse 
CD16/32) Antibody (clone: 93) BioLegend Cat#101320 

Section 2.10, 
3.3 Methods, 
5.2.3 

Biological Samples 

Patient JDF-442 L. donovani-
infected and 30 days after 
treatment 

Kala-azar 
Medical 
Research Center 
(Muzaffapur, 
Bihar, India) 

X442CD4D0 
and 
X442CD4DIS 

Section 4.2.2 

Patient JDF-449 L. donovani-
infected and 30 days after 
treatment 

Kala-azar 
Medical 
Research Center 
(Muzaffapur, 
Bihar, India) 

X449CD4D0 
and 
X449CD4DIS 

Section 4.2.2 

Patient JDF-495 L. donovani-
infected and 30 days after 
treatment 

Kala-azar 
Medical 
Research Center 
(Muzaffapur, 
Bihar, India) 

X495CD4D0 
and 
X495CD4DIS 

Section 4.2.2 

Patient JDF-496 L. donovani-
infected and 30 days after 
treatment 

Kala-azar 
Medical 
Research Center 
(Muzaffapur, 
Bihar, India) 

X496CD4D0 
and 
X496CD4DIS 

Section 4.2.2 

Patient JDF-499 L. donovani-
infected and 30 days after 
treatment 

Kala-azar 
Medical 
Research Center 
(Muzaffapur, 
Bihar, India) 

X499CD4D0 
and 
X499CD4DIS 

Section 4.2.2 

Patient JDF-514 L. donovani-
infected and 30 days after 
treatment 

Kala-azar 
Medical 
Research Center 
(Muzaffapur, 
Bihar, India) 

X514CD4D0 
and 
X514CD4DIS 

Section 4.2.2 

Patient JDF-515 L. donovani-
infected and 30 days after 
treatment 

Kala-azar 
Medical 
Research Center 
(Muzaffapur, 
Bihar, India) 

X515CD4D0 
and 
X515CD4DIS 

Section 4.2.2 
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Patient JDF-516 L. donovani-
infected and 30 days after 
treatment 

Kala-azar 
Medical 
Research Center 
(Muzaffapur, 
Bihar, India) 

X516CD4D0 
and 
X516CD4DIS 

Section 4.2.2 

Patient JDF-518 L. donovani-
infected and 30 days after 
treatment 

Kala-azar 
Medical 
Research Center 
(Muzaffapur, 
Bihar, India) 

X518CD4D0 
and 
X518CD4DIS 

Section 4.2.2 

Chemicals 

2-Mercaptoethanol Sigma-Aldrich®, 
St. Louis MI, USA Cat#M6250 Section 5.2.3 

Agarose Sigma-Aldrich® Cat#A9539 
SIGMA Section 2.4 

AmBisome® (Amphotericin B) 
Gilead Sciences, 
Inc., Foster City 
CA, USA 

N/A Section 4.2.2 

Background Sniper 
Biocare Medical, 
Pacheco CA, 
USA 

SKU BS966 Section 5.2.4 

BD GolgiPlug™ Protein 
Transport Inhibitor (Containing 
Brefeldin A) 

BD Biosciences Cat#555029 Section 3.3 
Methods 

BD GolgiStop™ Protein 
Transport Inhibitor (Containing 
Monensin) 

BD Biosciences Cat#554724 Section 3.3 
Methods 

DAPI, for nucleic acid staining Sigma-Aldrich® Cat#D9542 
SIGMA Section 5.2.4 

Diphtheria Toxin from 
Corynebacterium diphtheriae Sigma-Aldrich® Cat#D0564 Section 3.3 

Methods 

Dulbecco’s Phosphate 
Buffered Saline (DPBS) 

Gibco™, Life 
Technologies, 
Carlsbad CA, 
USA 

Cat#14190250 Section 2.6, 
5.2.3  

Ficoll-Paque™ PLUS 

GE Healthcare, 
Little Chalfont, 
Buckinghamshire, 
U.K. 

Cat#17-1440-03 Section 3.3 
Methods, 4.2.2 

GeneRuler 100bp DNA Ladder 

Thermo 
Scientific™, 
Thermo Fisher 
Scientific 

Cat#SM0241 Section 2.4 

Giemsa stain, modified Sigma-Aldrich® Cat#GS-500 Section 2.8 
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Hoechst 33342 (bisbenzimide 
H 33342 trihydrochloride) 
(Cas#23491-52-3) 

Sigma-Aldrich® Cat#B2261 Section 3.3 
Methods 

Ionomycin calcium salt from 
Streptomyces conglobatus Sigma-Aldrich® Cat#I0634-1MG Section 3.3 

Methods 
MEM Non-Essential Amino 
Acids Solution (100X) 

Gibco™, Life 
Technologies Cat#11140050 Section 5.2.3 

Paraformaldehyde 
MP Biomedicals, 
Santa Ana CA, 
USA 

Cat#02150146.
5 

Section 3.3 
Methods, 5.2.4 

Penicillin–Streptomycin 
(10,000 U/ml) 

Gibco™, Life 
Technologies Cat#15140122 

Section 2.5, 
3.3 Methods, 
5.2.3 

Percoll™ Density Gradient 
Media 

GE Healthcare, 
Little Chalfont, 
U.K. 

Cat#GE17-
0891-01 SIGMA 

Section 2.7, 
3.3 Methods 

Phorbol 12-myristate 13-
acetate (PMA) Sigma-Aldrich® Cat#P8139-

1MG 
Section 3.3 
Methods 

ProLong™ Gold Antifade 
Mountant Invitrogen™ Cat#P36930 Section 5.2.4 

Propidium Iodide Solution Sigma-Aldrich® Cat#P4864-
10ML Section 4.2.3 

QuickExtract™ DNA 
Extraction Solution 

Epicentre, 
Madison WI, USA Cat#QE09050 Section 2.4, 

2.9 
Red Blood Cell Lysing Buffer 
Hybri-Max™ Sigma-Aldrich® Cat#R7757 Section 2.5, 

3.3 Methods 

RedSafe™ Nucleic Acid 
Staining Solution 

Scientifix, South 
Yarra VIC, 
Australia 

Cat#21141 Section 2.4 

Sodium Chloride (0.9% [w/v]) 
for irrigation 

Baxter 
Healthcare, 
Deerfield IL, USA 

Cat#AHF7123 Section 3.3 
Methods, 5.2.4 

Syto® 84 Orange Fluorescent 
Nucleic Acid Stain 

Invitrogen™, 
Carlsbad CA, 
USA 

Cat#S11365 Section 3.3 
Methods 

Tissue-Tek® Optimal Cutting 
Temperature (OCT) 
Compound 

VWR Chemicals, 
Radnor PA, USA Cat#4583 Section 5.2.4 

Tris Acetate-EDTA Buffer Sigma-Aldrich® Cat#T9650 
SIGMA Section 2.4 

Trypan Blue Stain (0.4%) for 
use with Countess™ 
Automated Cell Counter 

Invitrogen™ Cat#T10282 
Section 2.6, 
2.7, 3.3 
Methods 
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TWEEN® 20, Viscous liquid, 
Low-peroxide, Low-carbonyls  Sigma-Aldrich® Cat#P6585 

Sigma-Aldrich Section 5.2.4 

UItraPure™ 1 M Tris-HCl 
Buffer, pH 7.5 Invitrogen™ Cat#15567027 Section 5.2.4 

UltraPure™ DNase/RNase-
Free Distilled Water Invitrogen™ Cat#10977015 Section 2.9 

Van Gogh Diluent Biocare Medical SKU PD902 Section 5.2.4 
Commercial Assays and Services 
Expression Profiling (50bp 
single-end mRNA sequencing 
with a read-depth of ~10 
million reads) on the Illumina® 
HiSeq Platform 

Australian 
Genome 
Research Facility 
(AGRF), Parkville 
VIC, Australia 

mRNA 
sequencing Section 4.2.5 

Commercial Kits 

Agilent RNA 6000 Pico Kit Agilent 
Technologies Cat#5067-1513 Section 4.2.5 

BD Cytofix/Cytoperm™ 
Fixation/Permeabilization 
Solution Kit 

BD Biosciences Cat#554714 Section 2.10 

BD Cytometric Bead Array 
(CBA) Mouse Inflammation Kit BD Biosciences Cat#552364 Section 2.11 

BD CBA Mouse Th1/Th2/Th17 
Cytokine Kit BD Biosciences Cat#560485 Section 2.11 

CD4 MicroBeads, Human 

Miltenyi Biotec, 
Bergisch 
Gladbach, 
Germany 

Cat#130-045-
101 Section 4.2.2 

CD4+ T Cell Isolation Kit, 
Mouse Miltenyi Biotec Cat#130-104-

454 
Section 4.2.3, 
4.2.8 

CellEvent® Caspase-3/7 
Green Flow Cytometry Assay 
Kit 

Molecular 
Probes®, Life 
Technologies 

Cat#C10472 Section 3.3 
Methods 

EasySep™ Mouse Biotin 
Positive Selection Kit 

STEMCELL 
Technologies™, 
Vancouver, 
Canada 

Cat#18556 Section 3.3 
Methods 

eBioscience 
Foxp3/Transcription Factor 
Staining Buffer Set 

eBioscience, 
Thermo Fisher 
Scientific 

Cat#00-5523-00 Section 2.10, 
3.3 Methods 

FITC Annexin V Apoptosis 
Detection Kit I BD Biosciences Cat#556547 Section 3.3 

Methods 
GoTaq® Flexi DNA 
Polymerase 

Promega, 
Madison WI, USA Cat#M8295 Section 2.4 
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GoTaq® Probe qPCR Master 
Mix Promega Cat#A6102 Section 2.9 

GoTaq® qPCR Master Mix Promega Cat#A6001 Section 4.2.9 

High-capacity cDNA Reverse 
Transcription Kit 

Applied 
Biosystems®, 
Foster City CA, 
USA 

Cat#4368814 Section 4.2.9 

KAPA Library Quantification 
Kit 

Roche 
Sequencing, 
Pleasanton CA, 
USA 

Kit Code 
KK4824 
Cat#079601400
01 

Section 4.2.5 

Mouse Whole-Genome (WG)-
6 v2.0 Expression BeadChip 
Kit 

Illumina, San 
Diego CA, USA 

Cat#BD-201-
0202 Section 4.2.4 

NEBNext® Poly(A) mRNA 
Magnetic Isolation Module 

New England 
Biolabs Inc., 
Ipswich MA, USA 

Cat# NEB 
#E7490 Section 4.2.5 

NEBNext® Ultra™ RNA Library 
Prep Kit for Illumina® 

New England 
Biolabs Inc. 

Cat# NEB 
#E7530S/L Section 4.2.5 

QIAshredder QIAGEN®, 
Hilden, Germany Cat#79654 Section 4.2.4, 

4.2.5, 4.2.9 
Qubit® dsDNA High Sensitivity 
(HS) Assay Kit Invitrogen™ Cat#Q32854 Section 2.9 

RNase-Free DNase Set QIAGEN® Cat#79254 Section 4.2.5 

RNeasy Mini Kit QIAGEN® Cat#74104 
Section 4.2.3, 
4.2.4, 4.2.5, 
4.2.9 

Zombie Aqua™ Fixable 
Viability Kit BioLegend Cat#423102 

Section 2.10, 
3.3 Methods, 
4.2.8, 5.2.3 

Deposited Data/Publicly-available Databases, Datasets, Platforms, and Servers 

Database for Annotation, 
Visualisation and Integrated 
Discovery (DAVID), v6.8 Beta 

National Institute 
of Allergy and 
Infectious 
Diseases 
(NIAID), National 
Institutes of 
Health (NIH), 
Bethesda MD, 
USA 

https://david.ncif
crf.gov/ 

Section 4.2.6, 
5.2.2 

Drug-gene Interaction 
Database (DGIdb) 

Griffith Lab, 
McDonnell 
Genome Institute, 
Washington 

http://www.dgid
b.org/ Section 4.2.6 
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University, St. 
Louis MO, USA 

Galaxy Australia Genomics Virtual 
Laboratory (GVL) 

https://galaxy-
qld.genome.edu
.au/galaxy/ 

Section 4.2.6 

GENCODE Release 24 
Annotation 

GENCODE 
Project 

https://www.gen
codegenes.org/r
eleases/24.html 

Section 4.2.6 

Gene Ontology (GO): Cellular 
Component 

Gene Ontology 
Consortium 

http://www.gene
ontology.org/ 

Section 4.2.6, 
5.2.2 

Human Reference Protein 
Interactome Mapping Project 
(HuRI) 

Center for Cancer 
Systems Biology 
(CCSB), Dana-
Farber Cancer 
Institute, Boston 
MA, USA 

http://interactom
e.baderlab.org/ Section 5.2.2 

International Mouse Strain 
Resource (IMSR) 

Mouse Genome 
Informatics, The 
Jackson 
Laboratory, Bar 
Harbor ME, USA 

http://www.find
mice.org/ Section 4.2.6 

Iterative Threading ASSEmbly 
Refinement (I-TASSER) 

Zhang Lab, 
Broad Institute, 
Cambridge MA, 
USA  

https://zhanglab
.ccmb.med.umic
h.edu/I-
TASSER/ 

Section 5.1.1, 
5.5.2 

Knockout Mouse Project 
(KOMP) Repository 

University of 
California Davis, 
David CA, USA 

http://www.kom
p.org/ Section 5.2.1 

National Center for 
Biotechnology Information 
(NCBI) Conserved Domain 
Search 

National Center 
for Biotechnology 
Information 
(NCBI) 

https://www.ncbi
.nlm.nih.gov/Str
ucture/cdd/wrps
b.cgi 

Section 4.2.6, 
5.2.2 

neXtProt (Beta) 

Swiss Institute of 
Bioinformatics 
(SIB), Lausanne, 
Switzerland 

https://www.nex
tprot.org/ 

Section 4.2.6, 
5.2.2 

STRING v10.0 to 10.5 STRING 
Consortium 

https://string-
db.org/ 

Section 4.2.6, 
5.2.2 

TMpred Server SIB 

https://embnet.v
ital-
it.ch/software/T
MPRED_form.ht
ml 

Section 5.2.2 

Universal Protein Resource 
(UniProt) 

UniProt 
Consortium 

https://www.uni
prot.org/ Section 5.2.2 
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Disposables 

1cc/ml Tuberculin Syringe 
Terumo® Medical, 
Somerset NJ, 
USA 

Cat#SS-01T Section 2.5 

5cc/ml Syringe Terumo® Medical Cat#SS-05S Section 2.5 
10cc/ml Syringe Terumo® Medical Cat#SS-10S Section 2.7 
26G x ½” Needle Terumo® Medical Cat#NN-2613R Section 2.5 
BD Vacutainer® Lithium 
HeparinN (LH) 170 I.U. Plus 
Blood Collection Tubes 

BD Biosciences Cat#367526 Section 3.3 
Methods, 4.2.2 

Corning® cell strainer, size 
100μm Sigma-Aldrich® Cat#CLS43175

2 
Section 3.3 
Methods 

Countess™ Cell Counting 
Chamber Slides Invitrogen™ Cat#C10228 

Section 2.6, 
2.7, 3.3 
Methods 

EASYstrainer™ 100μm 
Greiner Bio-One, 
Kremsmunster, 
Austria 

Cat#542000 Section 2.5, 
2.6 

Falcon® 96-well Clear Round 
Bottom Tissue Culture (TC)-
Treated Cell Culture 
Microplates 

Corning Inc., 
Corning NY, USA Cat#353077 Section 2.10, 

5.2.3 

Hard-Shell® 384-Well Plates, 
thin wall, skirted, clear/clear 

Bio-Rad 
Laboratories, 
Hercules CA, 
USA 

Cat#HSP3801 Section 4.2.9 

Microseal® ‘B’ PCR Plate 
Sealing Film, adhesive, optical Bio-Rad Cat#MSB1001 Section 4.2.9 

Equipment 
ABI Prism® 7500 Real-Time 
PCR System 

Applied 
Biosystems® Cat#4351105 Section 4.2.9 

Bio-Rad T100™ Thermal 
Cycler Bio-Rad Cat#1861096 Section 2.4 

Countess II FL Automated Cell 
Counter Invitrogen™ Cat#AMQAF10

00 

Section 2.6, 
2.7, 3.3 
Methods 

Counting Chamber 
BLAUBRAND® Neubauer 
Improved, w/o Clips, Double 
Ruled 

BRAND® GMBH 
+ CO KG, 
Wertheim, 
Germany 

Cat#717805 Section 4.2.2 

Counting Chamber, Thoma-
New Double Net Ruling 

ProSciTech 
(PST), Kirwan 
QLD, Australia 

Cat#SV170 Section 2.5 
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Eppendorf Centrifuge 5810 R 

Fisher 
Scientific™, 
Thermo Fisher 
Scientific 

Cat#05-413 Section 2.5 

FACSARIA™ II BD Biosciences 
Special order 
research 
product 

Section 4.2.3 

FACSARIA™ III BD Biosciences 
Special order 
research 
product 

Section 4.2.8, 
5.2.3 

FACSCanto™ II BD Biosciences 
Special order 
research 
product 

Section 3.3 
Methods 

LSRFortessa: 5 laser 
configuration BD Biosciences 

Special order 
research 
product 

Section 2.10 

NanoDrop 2000 UV-Vis 
Spectrophotometer 

Thermo Fisher 
Scientific Cat#ND-2000 Section 4.2.9 

Olympus CX31 Biological 
Microscope 

Olympus Life 
Sceince, 
Shinjuku, Tokyo, 
Japan 

Model#CX31 Section 2.8 

QuantStudio 5 Real-Time PCR 
System 

Applied 
Biosystems® Cat#A28570 Section 2.7 

Qubit 2.0 Fluorometer Invitrogen™ Cat#Q32866 Section 2.7 
Qubit 4 Fluorometer Invitrogen™ Cat#Q33226 Section 2.7 

Zeiss 780-NLO Laser-
Scanning Confocal 
Microscope 

Carl Zeiss 
Microscopy 
GmbH, Jena, 
Germany 

Model#LSM 780 Section 5.2.4 

Experimental Models 

Mouse: B6.Rag1-/-: B6.129S7-
Rag1tm1Mom/J 

Peter Mombaerts, 
Howard Hughes 
Medical Institute, 
Massachusetts 
Institute of 
Techonology, 
Cambridge MA, 
USA 

JAX Stock#: 
002216 

Section 2.5, 
3.3 Methods 

Mouse: B6J.Nkg7-cre 

Melbourne 
Advanced 
Genome Editing 
Centre (MAGEC), 
The Walter and 

Commissioned  Section 5.2.1 
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Eliza Hall Institute 
(WEHI), Parkville 
VIC, Australia 

Mouse: B6N.Nkg7-/-: 
Nkg7tm1.1(KOMP)Vlcg 

Generated at the 
UC Davis and 
obtained from the 
Knockout Mouse 
Project (KOMP) 
Repository 

Project ID 
VG11445 Section 5.2.1 

Mouse: C57BL/6J: C57BL/6J WEHI, Kew VIC, 
Australia 

Category 1: 
C57BL6: Stock 

Section 2.3, 
3.3 Methods, 
4.2.1 

Mouse: Foxp3 x mRFP: 
C57BL/6-Foxp3tm1flv/J  

Richard Flavell, 
Section of 
Immunobiology 
and Howard 
Hughes Medical 
Institute, Yale 
University School 
of Medicine, New 
Haven CT, USA 

JAX Stock #: 
008374 

Section 4.2.1, 
4.2.8, 4.2.9 

Mouse: iDTR: C57BL/6-
Gt(ROSA)26Sortm1(HBEGF)Awai/J 

Ari Waisman, 
Johannes 
Gutenberg 
University of 
Mainz, Mainz, 
Germany 

JAX Stock#: 
007900 

Section 3.3 
Methods 

Mouse: mT/mG: B6.129(Cg)-
Gt(ROSA)26Sortm4(ACTB-

tdTomato,-EGFP)Luo/J 

Liqun Luo, 
Howard Hughes 
Medical Institute, 
Stanford 
University, 
Stanford CA, 
USA 

JAX Stock #: 
07676 Section 5.2.1 

Mouse: Ncr1-iCre: 
Ncr1tm1.1(icre)Viv 

Eric Vivier, 
Centre 
d’Immunologie de 
Marseille-Luminy, 
Université de la 
Méditerranée, 
Marseille, France 

EMMA ID: EM: 
05625 

Section 3.3 
Methods 

Leishmania donovani: LV9; 
MHOM/ET/67/HU3 - - Section 2.5 

Plasmodium chabaudi: P. 
chabaudi chabaudi AS (PcAS) - - Section 3.3 

Methods 
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Media 
Dulbecco’s Modified Eagle 
Medium (DMEM), high 
glucose, pyruvate 

Gibco™, Life 
Technologies Cat#11995073 Section 5.2.3 

Fetal Bovine Serum, certified, 
US origin 

Gibco™, Life 
Technologies Cat#16000044 Section 3.3 

Methods, 5.2.3 
Roswell Park Memorial 
Institute Medium (RPMI)1640 
Medium 

Gibco™, Life 
Technologies Cat#11875119 

Section 2.5, 
2.6, 2.7, 3.3 
Methods 

Oligonucleotides/Recombinant DNA 
DNA Oligo: 
ACGACCAAGTGACAGCAAT
G 

- - Section 5.2.1 

DNA Oligo: 
CCCGGCCCTATTTTACACC
A (Standard Desalting) 

Integrated DNA 
Technologies 

DNA Oligo: 
kDNA Reverse 
[126] 

Section 2.9 

DNA Oligo: 
GCTAACCAGCGTTTTCGTTC - - Section 5.2.1 

DNA Oligo: 
GGGTGCAGAAATCCCGTTC
A (Standard Desalting) 

Integrated DNA 
Technologies, 
Singapore 

DNA Oligo: 
Kinetoplast 
DNA (kDNA) 
Forward [126] 

Section 2.9  

Hs01120688_g1: Human 
NKG7 

Applied 
Biosystems® Cat#4331182 Section 4.2.9 

L. donovani FAM probe: /56-
FAM/ACCCCCAGT/ZEN/TTC
CCGCCCCG/3IABkFQ/ 
(HPLC Purification) 

Integrated DNA 
Technologies 

PrimeTime® 
qPCR 5’ 
nuclease 
probes: L. 
donovani FAM 
[126]  

Section 2.9 

Mm99999915_g1: Mouse 
Gapdh  

Thermo Fisher 
Scientific Cat#4331182 Section 2.9 

QuantiTect Primer Assay 
Mm_B2m_2_SG QIAGEN® Cat#QT011495

47 Section 4.2.9 

QuantiTect Primer Assay 
Mm_Hprt_1_SG QIAGEN® Cat#QT001667

68 Section 4.2.9 

QuantiTect Primer Assay 
Mm_Nkg7_1_SG QIAGEN® Cat#QT002596

09 Section 4.2.9 

Single guide (sg)RNA: 
CATGGAGCCCTGCCGGTCC
C 

- - Section 5.2.1 

Peptides and Recombinant Proteins 
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Mouse IL-1 beta Recombinant 
Protein 

eBioscience, 
Thermo Fisher 
Scientific 

Cat#BMS332 Section 5.2.3 

Mouse IL-23 Recombinant 
Protein 

eBioscience, 
Thermo Fisher 
Scientific 

Cat#14-8231-63 Section 5.2.3 

Mouse TNF alpha 
Recombinant Protein 

eBioscience, 
Thermo Fisher 
Scientific 

Cat#14-8321-63 Section 5.2.3 

Recombinant Mouse IL-2 
(carrier-free) BioLegend Cat#575404 Section 5.2.3 

Recombinant Mouse IL-4 
(carrier-free) BioLegend Cat#574304 Section 5.2.3 

Recombinant Mouse IL-6 
(carrier-free) BioLegend Cat#575704 Section 5.2.3 

Recombinant Mouse IL-12 
(p70) (carrier-free) BioLegend Cat#577004 Section 5.2.3 

Recombinant Mouse IL-27 
(carrier-free) BioLegend Cat#577404 Section 5.2.3 

Recombinant Mouse TGF-β1 
(carrier-free) BioLegend Cat#763104 Section 5.2.3 

Software and Packages 

Basic Local Alignment Search 
Tool (BLAST®) NCBI 

https://blast.ncbi
.nlm.nih.gov/Bla
st.cgi  
BLASTP 2.8.0+ 

Section 5.10 

BD CBA FCAP Array Software 
v3.0 BD Biosciences Cat#652099 Section 2.11 

BD FACSDiva™ v8.0 BD Biosciences Cat#657774 Section 2.10 

Circos Table Viewer v0.63-9 Martin Krzywinski 
http://mkweb.bc
gsc.ca/tablevie
wer/ 

Section 4.2.6 

Cufflinks 
Cole Trapnell 
Lab, University of 
Washington 

https://cole-
trapnell-
lab.github.io/cuff
links/ 

Section 4.2.6 

Cuffmerge 
Cole Trapnell 
Lab, University of 
Washington 

https://cole-
trapnell-
lab.github.io/cuff
links/cuffmerge/ 

Section 4.2.6 

EdgeR Bioconductor 

https://biocondu
ctor.org/packag
es/release/bioc/
html/edgeR.html 

Section 4.2.6 
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FastQC Simon Andrews 

https://github.co
m/s-
andrews/FastQ
C 

Section 4.2.6 

FlowJo v10 OSX 
FlowJo, LLC, 
Ashland OR, 
USA 

Release 10.4.2 Section 2.10 

HTSeq Simon Anders 
https://github.co
m/simon-
anders/htseq 

Section 4.2.6 

Ingenuity Pathway Analysis 
(IPA), version 43605602 QIAGEN® Cat#830102 Section 4.2.6 

Limma Bioconductor 

https://biocondu
ctor.org/packag
es/release/bioc/
html/limma.html 

Section 4.2.6 

Lumi Bioconductor 

https://www.bioc
onductor.org/pa
ckages/release/
bioc/html/lumi.ht
ml 

Section 4.2.6 

Prism 6 
GraphPad 
Software, La Jolla 
CA, USA 

Prism 6 for Mac 
OS X, Version 
6.0h 

Section 3.3 
Methods 

Prism 7 GraphPad 
Software 

Prism 7 for Mac 
OS X, Version 
7.0c 

Section 2.10, 
2.12 

R The R Project 

https://www.r-
project.org/ 
run on Mac OS 
X 

Section 4.2.6 

RStudio RStudio, Boston 
MA, USA 

https://www.rstu
dio.com/ 
run on Mac OS 
X 

Section 4.2.6 

Spliced Transcripts Alignment 
to a Reference (STAR) Alexander Dobin 

https://github.co
m/alexdobin/ST
AR 

Section 4.2.6 

 

 


