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Tipping the balance in favor of Th1 response, either by experimental manipulation of type 
1 cytokines or in models of co-infection with Th1 response inducing pathogens, leads to 
impaired protective type 2 immunity in nematode infections. Furthermore, inbred mice 
lines with an inherent Th1 bias display poor Th2 responsiveness and poor control of GI 
nematodes. A previous work from our group reported a rise in Th2/1 hybrid cells, which 
solely contribute to entire parasite specific IFN-g pool upon early supplementation with 
rIFN-g in H. polygyrus infection. The expansion of Th2/1 cells further led to poor parasite 
control in susceptible C57BL/6 mice (Affinass et al., 2018).  
In light of the findings on memory phenotype (MP) T cells which increase in an age-
dependent manner and rapidly release IFN-g upon IL-12 triggers (Kawabe et al., 2017), we 
asked if the rise in age correlated with more Th2/1 cells and therefore, poor parasite 
control on account of increased proportions of IFN-g competent cells in older mice. 
Working primarily with BALB/c mice displaying high resistance to the H. polygyrus 
infection, we assessed if age-dependent or experimentally induced differences in IFN-g 
availability altered the resistance phenotype of the mice.  
The specific aims of the study are as follows: 

- To address if the proportion of Th2/1 cells generated upon H. polygyrus infection 
differed depending on host age. 

- To assess if early blocking of type 1 cytokines leads to impaired instruction of Th2/1 
cells and promotes resistance.   

- To assess if early IFN-g treatment skews the balance in favor of Th2/1 cells and 
promotes susceptibility in the otherwise resistant line. 

- To assess if the differential susceptibility between C57BL/6 and BALB/c lines 
correlates with the differences in Th2/1 proportions determined by the intrinsic IFN-
g availability. 

- To assess if the susceptible phenotype of C57BL/6 mice is contingent to the higher 
intrinsic IFN-g availability.  
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2.1 CD4+ T helper cells: differentiation, function, and regulation 
2.1.1 Immune system: an overview 
Immune system is a complex network of cells and molecules capable of differentiating 
self from non-self and eliminating harmful substances and infectious micro-organisms. 
Immune system is broadly divided between innate and adaptive systems. Innate immune 
system is evolutionarily conserved, forms the first line of defense, and acts rapidly against 
intruding microbes. However, innate immunity is non-specific and remains independent 
of the nature of invading pathogen. Innate response triggers adaptive immunity, which is 
specialized, more precise, long-lasting, and capable of ‘memorizing’ infectious agents. 
The adaptive immunity comprises of humoral response conveyed by B cells and 
antibodies and cell-mediated response driven by T cells. T cells predominantly include 
helper CD4+ T cells and cytotoxic CD8+ T cells which mediate effector functions via 
cytokine production or direct killing of infected cells.  
 
2.1.2 CD4+ T cells: lymphopoiesis and activation 
CD4+ T helper cells form a critical branch of cell-mediated adaptive immunity. These 
professional cytokine producing cells are crucial in aiding antibody production by B cells, 
recruitment of effector cells to the site of infection and enhancing cytotoxic features of 
innate cells (Zhu, 2018; Zhu & Paul, 2008).  
CD4+ T cells derive from hematopoietic stem cells which differentiate into T cell 
progenitors in the bone marrow. These precursor cells migrate to thymus where they 
maturate into functional T cells. The developmental process predominantly involves T cell 
receptor (TCR) gene rearrangement and selection of precursor cells for survival 
(Luckheeram et al., 2012). T cell receptor comprises of ab or gd chains which interact with 
peptide MHC complex on antigen-presenting cells (APCs). TCR is linked with CD3 
coreceptors which provide T cell activation signals (Luckheeram et al., 2012; Rudolph et 
al., 2006). The T cell precursors are selected for survival based on their affinity for self-
antigen. The cells with very high or very low affinity for self-peptide MHC complex are 
killed by negative selection and death by neglect, whereas the cells with TCR binding to 
self-peptide MHC complex with an intermediate affinity survive (Klein et al., 2014; 
Luckheeram et al., 2012).  
Recognition of foreign antigen because of the interaction of TCR with peptide-MHCII 
complex is the primary requisite for activation after mature T cells have left the thymus. 
MHCII is expressed by B cells, macrophages and dendritic cells (DC), of which DC are 
the most important activator of T cells (Jenkins et al., 2001). Next to TCR and CD3 
activation, the delivery of costimulatory signals is necessary for CD4+ T cell activation. 
CD28 is an important co-stimulatory receptor expressed on T cells and interacts with 
ligands CD80 (B7-1) and CD86 (B7-2) expressed on DC (Luckheeram et al., 2012). The 
TCR activation further initiates a cascade of signaling pathways resulting in the 
proliferation of naïve CD4+ T cells and their subsequent differentiation into effector T cells 
of specific lineages(Luckheeram et al., 2012). The fate of differentiating CD4+ T helper 
cells depends on various factors including strength of TCR signal, the nature of antigen 
presenting cells, the type of costimulatory molecules and, importantly, the cytokines in 
the surrounding milieu (Lemos et al., 2003; Luckheeram et al., 2012; Oosterwegel et al., 
1999; Ruterbusch et al., 2020; Tao et al., 1997; Zhu, 2018; Zhu & Paul, 2008)  
 
2.1.3 Classification of CD4+ T helper cell lineages 
CD4+ T helper cells are broadly classified into the following subsets: 
Th1 cells: The differentiation of Th1 cells is conveyed by the cytokines IL-12 and IFN-g 
(Fig. 1). IL-12 is released by APCs after sensing microbial signals and activates STAT4 
in differentiating T helper cells(C. Hsieh et al., 1993; Kaplan et al., 1996; Thierfelder et al., 
1996; Trinchieri & Sher, 2007), whereas IFN-g is produced by Th1 cells among other 
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sources including CD8 T cells and NK cells and acts via STAT1 to promote Th1 
differentiation (Afkarian et al., 2002; Lighvani et al., 2001). The master transcription factor 
implied in Th1 lineage commitment is T-bet (T box transcription factor) which directly 
regulates IFN-g production (Szabo et al., 2000, 2002). T-bet expression is regulated by 
IFN-g as well as IL-12 (Afkarian et al., 2002; Lighvani et al., 2001; Y. Yang et al., 2007). The 
main function of Th1 cells is to protect against intracellular bacterial, viral and protozoan 
infections (Mosmann & Coffman, 1989; Paul & Seder, 1994). Th1 response however, can 
contribute to the development of delayed type hypersensitivity and turn pathologic (Prete, 
1992). IFN-g released by Th1 cells contributes to the enhanced phagocytosis by innate 
mononuclear cells (Murray et al., 1985).  
Th2 cells: IL-4 promotes the differentiation of Th2 cells (Fig. 1) by activating the 
transcription factor STAT6 (Kaplan et al., 1996; Shimoda et al., 1996; Takeda et al., 1996; 
Zhu et al., 2001). STAT6 is an important signal transducer in Th2 differentiation which 
promotes the upregulation of the transcription factor GATA-3 (GATA-binding protein-3) 
(Luckheeram et al., 2012). GATA-3 is the master regulator of Th2 differentiation pathway 
(Pai et al., 2004; D.-H. Zhang et al., 1997; W. Zheng & Flavell, 1997; Zhu et al., 2004). GATA-
3 deficiency in CD4+ T cells results in the abrogation of Th2 commitment (Pai et al., 2004; 
W. Zheng & Flavell, 1997; Zhu et al., 2004). GATA-3 binds to the promoters of genes 
associated with Th2 cytokines and is crucial for their production in differentiating as well 
as committed Th2 cells (Pai et al., 2004; Tanaka et al., 2011; Wei et al., 2011; Yamashita et 
al., 2002; W. Zheng & Flavell, 1997). GATA-3 further induces the proliferation of Th2 cells 
(Wei et al., 2011; W. Zheng & Flavell, 1997). Of note, pathways other than IL-4/STAT6 
signaling also contribute to the development of Th2 cells. Activation of STAT5 by IL-2 
promotes the differentiation of Th2 cells in vitro (Cote-Sierra et al., 2004; Yamane et al., 
2005; Zhu et al., 2003). TSLP is another cytokine implicated in differentiation of Th2 cells 
by acting on dendritic cells (Ito et al., 2005; Liu, 2006; B. Zhou et al., 2005).  
Functionally, Th2 cells are protective against extracellular parasites but however, also 
contribute to the development of asthma and allergic disorders(Mosmann & Coffman, 1989; 
Paul & Seder, 1994; Prete, 1992; Sokol et al., 2009). The principle cytokines released by 
Th2 cells are IL-4, -5, -9 and -13 (Luckheeram et al., 2012).  IL-4 is essential for the class 
switch and production of IgE by B cells (Kopf et al., 1993). IL-4 also mediates the release 
of active molecules including histamine and serotonin from innate cells (Zhu & Paul, 2008). 
IL-4 further contributes to the pro-inflammatory response by inducing the production of 
IL-6, GM-CSF and adhesion molecules (Doucet, 1998). IL-5 is importantly involved in the 
recruitment of eosinophils (Coffman et al., 1989). IL-13 is protective in driving the expulsion 
of GI nematodes as mentioned below and drives pathologic response in individuals with 
allergic asthma (Doran et al., 2017; Marone et al., 2019; Urban et al., 1998; Wynn, 2003).   
Th17 cells: TCR activation in presence of TGF-b and IL-6 results in the differentiation of 
Th17 cells(Bettelli et al., 2006; Mangan et al., 2006; Veldhoen et al., 2006). The master 
transcription factor regulating Th17 lineage fate is RORgt induced by STAT3 activation by 
IL-6/-21/-23 (Ivanov et al., 2006; Korn et al., 2009; X. O. Yang et al., 2008; Zhu & Paul, 2008). 
Th17 cells provide protective immunity against extracellular bacteria and fungi (Weaver et 
al., 2006; Zhu & Paul, 2008). The effector cytokines produced by Th17 cells are IL-17A, IL-
17F, IL-21 and IL-22 (Zhu & Paul, 2008). IL-22 promotes the inflammatory response in 
skin and involved in protective immunity in certain bacterial infections (Aujla et al., 2008; 
Liang et al., 2006; Y. Zheng et al., 2007, 2008).   
Regulatory T (Treg) cells: 
Regulatory T cells can be classified as induced Tregs (iTregs) which are generated in 
response to antigen presentation and natural Tregs (nTregs) which are FoxP3+ cells 
released from thymus as a separate lineage (Chen et al., 2003; Luckheeram et al., 2012). 
iTregs are polarized in response to TGF-b in absence of pro-inflammatory cytokines 
(Bettelli et al., 2006; Chen et al., 2003). The main transcriptional regulator of Treg 
differentiation is FoxP3 which is induced by TGF-b (Chen et al., 2003; Yoshimura & Muto, 
2010). FoxP3 is critical for the differentiation and function of Tregs (Fontenot et al., 2003; 
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Wan & Flavell, 2007; Williams & Rudensky, 2007; H. Yagi et al., 2004). Tregs produce IL-10, 
TGF-b and IL-35 (Zhu & Paul, 2008) and are importantly implied in maintenance of self-
tolerance and regulating effector responses. Manipulation of the frequencies and 
functional activity of Tregs has beneficial effects in autoimmunity, allograft rejection, 
tumors and chronic infections (Joffre et al., 2008; Zhu & Paul, 2008). 
Follicular T helper (Tfh) cells: 
Tfh cells are different from other subsets of conventional T effector cells. The main 
function of Tfh cells is to aid the development of antigen-specific humoral immunity by 
supporting the differentiation of B cells into plasma cells, promoting antibody production, 
Ig class switching and generation of memory B cells (Breitfeld et al., 2000; Luckheeram et 
al., 2012; Vinuesa et al., 2005; Zhu, 2018). The master transcriptional regulator of Tfh 
differentiation is Bcl6 (Nurieva et al., 2008, 2009; Vogelzang et al., 2008). Tfh cells are 
categorized into IFN-g producing Tfh1 cells, IL-4 producing Tfh2 cells and IL-10 producing 
Tfh10 cells.  
 

 
 
Fig. 2.1. Differentiation of naïve CD4+ T cells into diverse T helper lineages  
Naïve CD4+ T cells are activated upon TCR: peptide MHCII interaction and further 
differentiate into Th1, Th2, Th17, Treg and Tfh cells depending on the cytokine milieu. IL-
12 and IFN-g promote T-bet+ IFN-g producing Th1 cells, IL-4 promotes GATA-3+ IL-4, -5, 
13 producing Th2 cells. IL-6, -21, -23 with TGF-b promote RORgT+ IL-17a, -17f, -21, 22 
producing Th17 cells. FoxP3+ Tregs are induced in response to TGF-b and produced IL-
10, -35 and TGF-b. Bcl6+ Tfh cells are induced in response to IL-6 and IL-21 and 
differentiate into IFN-g producing, IL-4 producing or IL-10 producing subsets.  
 
2.1.4 Cross-regulation between T helper cell lineages 
An important step of Th lineage commitment is an active suppression of differentiation 
into alternative lineages. Such cross-inhibition may occur by direct interaction between 
master transcription factors, competition for DNA-binding sites and transcriptional control 
of cytokines and other critical regulators (Zhu, 2018; Zhu & Paul, 2008).  
T-bet, the master transcriptional regulator of Th1 lineage inhibits endogenous Th2 
differentiation program and represses the expression of Th2-related genes (Zhu et al., 
2012). T-bet downregulates GATA-3 expression and function, thereby preventing the 
commitment to Th2 program and ensuring the differentiation and commitment of Th1 cells 
(Hwang, 2005; Usui et al., 2006; Zhu et al., 2012). T-bet expression by retroviral gene 
transduction in polarized Th2 cells results in their conversion to Th1 cells associated with 
increased IFN-g production and repressed IL-4 and IL-5 expression (Szabo et al., 2000). 
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T-bet is also involved in the silencing of IL-4 gene in Th1 cells (Djuretic et al., 2007).  Next 
to T-bet, IL-12 inhibits Th2 differentiation by suppressing IL-4 production in vivo (McKnight 
et al., 1994). Furthermore, IFN-g suppresses the proliferation of Th2 cells (Oriss et al., 
1997). IFN-g is also required for suppression of IL-4 production by primed Th1 cells, 
thereby stabilizing Th1 lineage commitment (Y. Zhang et al., 2001). IFN-g induced 
transcription factor STAT1 represses activation of STAT6 and inhibits IL-4 induced cell 
proliferation (Yu et al., 2004).  
Similarly, GATA-3 is reported to exert suppressive effects on Th1 differentiation and 
function. GATA-3 expression in differentiating Th1 cells leads to downregulation of STAT4 
further leading to suppressed IFN-g production (Usui et al., 2003). Conditional deletion of 
GATA-3 permits the differentiation of Th1 cells in an IL-12/ IFN-g independent manner (R. 
Yagi et al., 2010; Zhu et al., 2004). Furthermore, IL-4 inhibits IFN-g production and diverts 
the differentiating Th1 cells towards Th2 lineage in a STAT6 dependent manner (Wurtz, 
2004).  
Besides Th1-Th2 cross-regulation, TGF-b, the polarizing cytokine for Tregs and in 
combination with IL-6 for Th17 cells, inhibits Th2 development by repressing GATA-3 
(Gorelik et al., 2000).  T-bet represses the development of Th17 cells by inhibiting the 
transcription of RORgt (Lazarevic et al., 2011). Th17 differentiation is also suppressed by 
IFN-g and IL-4 (Harrington et al., 2005; Park et al., 2005). Th17 and Treg lineages also 
mutually suppress each other due to antagonistic effects between the key transcription 
factors (X. O. Yang et al., 2008; L. Zhou et al., 2008).  
 
2.1.5 CD4+ T helper cell heterogeneity and plasticity 
Despite the substantial evidence of mutual cross-inhibition between different Th subsets, 
transcription factors of these supposedly dichotomous lineages are often co-expressed, 
challenging the idea of fixed, noninterchangeable Th subsets (Brucklacher-Waldert et al., 
2014; Zhu, 2018). The revised paradigm of Th differentiation therefore suggests that CD4+ 
T helper cells are not permanently imprinted but exhibit potential of altering their 
expression programs according to the need of immune response (Bluestone et al., 2009; 
Brucklacher-Waldert et al., 2014). CD4+ T helper cells may acquire a heterogenous 
phenotype by expressing transcription factors of multiple lineages and exhibiting 
functional properties of each lineage. Alternatively, Th cells of a particular lineage may 
undergo a complete switch to an alternate cell fate while extinguishing the features of 
previous lineage. The heterogeneity and plasticity of CD4+ Th cells is useful in 
maintaining the balance between tolerance and inflammation (Brucklacher-Waldert et al., 
2014).  
T helper cell plasticity is more frequently observed in Th17 and Treg cells compared to 
other T cell subsets (L. Zhou et al., 2009). In absence of TGF-b, Th17 cells under the 
influence of IL-12 and IL-23 upregulate IFN-g via STAT4/T-bet signaling pathway (Lee et 
al., 2009). Th17 cells generated in a model of bacterial-induced intestinal inflammation 
convert into ex-Th17 cells with extinguished IL-17 production and upregulated IFN-g 
expression after passing an intermediary IL-17A+ IFN-g+ stage (Morrison et al., 2013). 
Th17 cells also acquire an anti-inflammatory phenotype by transdifferentiating into Tregs 
which highlights their therapeutic potential in inflammatory disorders (Gagliani et al., 2015). 
Additionally, Th17 cells are also capable of acquiring Tfh phenotype further aiding in high-
affinity IgA release (Hirota et al., 2013).  Tregs acquire a Th2-like phenotype and contribute 
to impaired oral tolerance in a model of food allergy (Noval Rivas et al., 2015). A subset of 
Tregs with unstable FoxP3 expression convert into ‘exFoxP3’ T cells with an inflammatory 
phenotype and potential implications in autoimmunity (X. Zhou et al., 2009). Tregs are also 
reported to switch towards Th17 as well as Tfh phenotype owing to their instability and 
plasticity (Tsuji et al., 2009; Xu et al., 2007). Similarly, Leishmania major specific Th1 cells 
cultured with IL-4 extinguished IFN-g production and upregulated IL-4 and IL-10 
expression (Mocci & Coffman, 1995). Apart from cells completely switching their 
phenotype, heterogenous T helper cell populations displaying the features of more than 

15

  Literature 



 

one lineage are often reported. These include T-bet/RORgt co-expressing Th1/Th17 cells, 
IL-4+IL-17+ Th17/Th2 cells, IL-17+FoxP3+ Treg/Th17 cells and T-bet+GATA-3+ Th2/1 
hybrid cells (Califano et al., 2014; Hovhannisyan et al., 2011; Morrison et al., 2013; Peine et 
al., 2013). The current work is majorly focused on the regulation and functional properties 
of Th2/1 hybrid cells.  
 
2.1.6 Heterogenous T-bet+ GATA-3+ Th2/1 hybrid cells 
Despite the extensive evidentiary support of Th1 – Th2 cross-inhibition, the synergy 
between Th1 and Th2 signaling is importantly manifested by the existence of Th2/1 hybrid 
cells, which co-express intermediate levels of key transcription factors T-bet and GATA-
3 and produce moderate levels of IFN-g and type 2 cytokines IL-4, -5 and -13 (Affinass et 
al., 2018; Bock et al., 2017; Peine et al., 2013). The intermediary features of Th2/1 cells 
further manifest in the attenuated immunopathology conveyed by these cells in models of 
type 1 and type 2 inflammation. The phenotype of Th2/1 cells is highly stable as 
restimulation of differentiated Th2/1 cells under Th1 or Th2 polarizing conditions results 
in quantitative modulation of Th1 or Th2 features, while neither phenotype is entirely 
extinguished (Peine et al., 2013). The Th2/1 cells can be generated in vitro upon 
stimulation with polarizing cytokines IFN-g, IL-12 and IL-4 and are naturally induced in 
vivo in response to infections by parasites Schistosoma mansoni, Strongyloides ratti and 
Heligmosomoides polygyrus in murine hosts and Strongyloides stercolaris in human hosts 
(Affinass et al., 2018; Bock et al., 2017; Peine et al., 2013). Th2/1 cells in H. polygyrus 
infected mice are identified as the main source of parasite-specific IFN-g. Mice with 
defective IFN-g signaling display diminished proportions of Th2/1 cells. Whereas early 
supplementation with IFN-g results in increased Th2/1 bias and stronger parasite-specific 
IFN-g production. The bias in favor of Th2/1 cells and increased parasite-specific IFN-g is 
associated with poor control of the infection in the susceptible C57BL/6 mice (Affinass et 
al., 2018).  
 
2.2 Th2 response in GI nematode infections 
2.2.1 Heligmosomoides polygyrus – model for chronic helminthiasis 
Chronic GI helminth infections are a global burden heavily impacting humans as well as 
livestock. Heligmosomoides polygyrus, a natural mouse parasite has been successfully 
modeled in laboratory settings. Primary infections with H. polygyrus can be tolerated for 
several months by susceptible mice. This is in contrast to the GI nematode models 
Nippostrongyloides brasiliensis and Trichinella spiralis which are cleared in the span of 
2-3 weeks. The long-term patency of H. polygyrus renders it to be a suitable model for 
studying chronic human helminthiasis (Behnke et al., 2009; Johnston et al., 2015; Reynolds 
et al., 2012).   
H. polygyrus has a direct life cycle, i.e., the entire lifespan of the parasite is spent in a 
single host. The parasite is introduced by oral gavage in laboratory settings, whereas in 
natura, the parasite is taken up by fecal ingestion or from the host fur while grooming 
(Hernandez & Sukhdeo, 1995; Johnston et al., 2015; Reynolds et al., 2012).   The ingested 
larvae exsheath in the stomach and later migrate to the duodenum and invade the sub-
mucosal layer. The larvae localize to the intestinal walls by day 3 post infection. After 
undergoing two developmental molts, the larvae mature into adult worms and emerge 
back into the intestinal lumen at about 8 days post infection. The worms loop around 
intestinal villi, mate and produce eggs which hatch in the environment after being excreted 
with the feces. The larvae undergo two developmental molts to form L3 larvae capable of 
infecting the rodent hosts (Behnke et al., 2009; Johnston et al., 2015; Reynolds et al., 2012). 
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Fig. 2.2. Life cycle of Heligmosomoides polygyrus  
The parasite eggs hatch into larvae in the environment. The larval development 
undergoes from L1 to L3 stage before they are taken up by the host. The infective L3 
larvae are ingested orally by the rodent host. The L3 larvae invade the small intestinal 
sub-mucosa at day 3 post infection. The larvae undergo development into L4 and L5 
stages and ultimately into adult worms, which emerge back into the intestinal lumen at 
day 8 post infection. The worms produce eggs which are excreted in the feces starting at 
day 10 post infection.   
 
2.2.2 Immune response in GI nematode infections 
Epithelial cells form the first contact with the invaded larvae. The activation of intestinal 
epithelium is critical for the generation of protective immunity (Zaph et al., 2007). Mice 
lacking tuft cells – specialized chemosensory cells in intestinal epithelium, display poor 
control of GI nematode N. brasiliensis whereas tuft cell hyperplasia induced by IL-4 and 
IL-13 results in the expulsion of the parasite (Gerbe et al., 2016; von Moltke et al., 2016). 
The activated epithelial cells release cytokines IL-25, IL-33 and thymic stromal 
lymphopoietin (TSLP) which strongly intercommunicate to activate the innate type 2 
immunity (Sorobetea et al., 2018). IL-25 is released primarily by tuft cells which is 
necessary for the optimum clearance of GI nematodes (Fallon et al., 2006; Pei et al., 2016). 
Similarly, early supplementation with IL-33 promotes parasite expulsion in T. muris 
infected mice (Humphreys et al., 2008).  
The innate responders in nematode infection are necessary for the initiation of adaptive 
immunity as well as driving terminal expulsion mechanisms. These primarily involve 
ILC2s, basophils, mast cells, eosinophils, neutrophils, macrophages and hematopoietic 
progenitor cells (Inclan-Rico & Siracusa, 2018). ILC2 are innate counterparts of Th2 cells 
which are critical for the early instruction of Th2 effector cells in N. brasiliensis infection 
and are also implied in the generation of Th2 memory (Halim et al., 2016; Oliphant et al., 
2014).  Basophils form a rare population at steady state which expand following helminth 
infection. The role of basophils in nematode infection is context dependent. While 
dispensable in case of certain nematode infections basophils are known to provide 
protective immunity against T. spiralis and T. muris (Inclan-Rico & Siracusa, 2018).  
Mast cells are tissue residing granulocytes activated in response to IL-3, IL-9, IL-33 and 
TSLP. The activated mast cells degranulate and release effector molecules which 
promote the parasite expulsion by M2 polarization, smooth muscle contraction, increased 
intestinal permeability and mucus production (Inclan-Rico & Siracusa, 2018). Mast cells 
are critical players in the expulsion of nematodes H. polygyrus and T. muris (Sorobetea et 
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al., 2018). Alternative activation of macrophages is a hallmark of helminth infection and is 
characterized by the elevated expression of Ym-1, RELM-a, IL-4Ra, CD206 and 
arginase-1 (Reynolds et al., 2012). Alternatively activated macrophages are crucial in 
generating protective immunity against challenge H. polygyrus infection and are also 
possibly involved in mediating smooth muscle contraction necessary for the expulsion of 
N. brasiliensis (Anthony et al., 2006; Zhao et al., 2008). 
Next to the innate immune cells, B cells are also crucially involved in anti-nematode 
responses. B cells promote the expansion of effector and memory Th2 cells and generate 
protective class switched and affinity maturated antibodies in mice infected with H. 
polygyrus (Wojciechowski et al., 2009). B cells are also involved in generating protective 
immunity in T. muris infected mice mounting a mixed Th1/Th2 response to the infection 
(Sahputra et al., 2019). IgG is the major class-switched antibody mediating protective 
immunity against H. polygyrus, while IgA and IgE have minor or no effects. Transfer of 
serum with higher parasite specific IgG1 activity leads to the generation of protective 
immunity in H. polygyrus infected mice (Reynolds et al., 2012). 
The terminal mechanisms involved in the worm expulsion involve enhanced mucus 
production, release of neutralizing mediators, hyperproliferation of epithelial cells and 
enhanced intestinal peristalsis (Sorobetea et al., 2018). Goblet cells are specialized cells 
in intestinal epithelium primarily involved in secretion of mucus, which is suggested to 
interfere with the helminth establishment in the intestinal niches and feeding of small 
intestine. Goblet cell hyperplasia is a hallmark of intestinal helminth infections. Besides 
mucus production, goblet cells release anti-microbial factor RELM-b which is critical for 
the expulsion of N. brasiliensis and H. polygyrus (Herbert et al., 2009; Marillier et al., 2008; 
Sharpe et al., 2018).     
 
2.2.2.1 Importance of CD4+ T cell response 
Nematode infections elicit a strong Th2 response characterized by the expression and 
release of cytokines IL-3, -4, -5, -9 and -13 (Reynolds et al., 2012; Yasuda & Nakanishi, 
2018). IL-4 is paramount for conferring protective immunity against primary as well as 
challenge infection with H. polygyrus. IL-13 is involved in protection against challenge H. 
polygyrus infection while IL-5 is considered dispensable (Urban et al., 1991).  
CD4+ T cell responses are highly critical for the efficient type 2 protective immunity. H. 
polygyrus infected SCID (T and B cell deficient) mice and athymic nu/nu mice displayed 
increased parasite load associated with compromised goblet cell hyperplasia and Muc2 
expression (Hashimoto et al., 2009). Adoptive transfer of CD4+ T cells confers resistance 
to otherwise fully susceptible SCID mice in a T. muris infection model (Else & Grencis, 
1996). Thymus deprived mice exhibit higher morbidity due to trichiniasis and display 
longer persistence of parasite. Congenitally athymic mice infected with N. brasiliensis 
displayed lifelong inability to clear the worm infection (Jacobson & Reed, 1974). 
Thymectomized mice are unable to generate protective immunity to primary T. muris 
infection, an effect reversed upon injection of mLN lymphocytes and thymocytes (Wakelin 
& Selby, 1974).  
 
2.2.2.2 T cell response in human helminthiasis 
Infections with soil-transmitted helminths (STH) are a major health and economic burden 
in low to middle income countries. The long-living parasites benefit from their ability to 
immunomodulate host responses. Infections in natural systems dramatically differ from 
laboratory settings. For instance, wild mice experiencing more antigenic exposure display 
higher immune activation and more diverse repertoire of effector cells compared to lab 
mice. Furthermore, infections in nature occur in a repeated and variable dose as opposed 
to the single bolus infection in laboratory. Various approaches including rewilding of 
laboratory mice as well as employing trickle infections are employed to efficiently model 
STH in wild settings. The parasite infection in natura does not ensure sterilizing immunity 
to subsequent challenges, instead the infection persists throughout the lifetime due to 
inadequate development of protective immunity (Colombo & Grencis, 2020). Th2 immunity, 
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however, has a functional consequence in human helminthiasis as seen by negative 
correlations between IgE and type 2 cytokines with infection intensity in Trichuris trichura 
and Ascaris lumbricoides infections respectively (Faulkner et al., 2002; Turner et al., 2003). 
Furthermore, PBMC derived IL-5 in infected cohort is positively correlated with resistance 
to reinfection post deworming in a model of human necatoriasis (Quinnell et al., 2004). T 
cell memory formed after high dose of STH infection provides protective immunity against 
secondary infections (Colombo & Grencis, 2020).  
 
2.2.3 Regulation of anti-nematode Th2 response by Th1 cytokines  
2.2.3.1 Cross-inhibition by Th1 cytokines and type 1 infections 
Several studies have reported the inhibitory effects of Th1 cytokines on the type 2 
immunity in nematode infections. Mice deficient in NLRP3 inflammasome harboring 
diminished levels of type 1 cytokine IL-18 display strong protective type 2 response in T. 
muris infection (Alhallaf et al., 2018). IL-18 is also negatively correlated with production of 
Th2 cytokines IL-10 and IL-13 and parasite expulsion in the context of T. spiralis infection 
(Helmby & Grencis, 2002). Effective Th2 immunity to H. polygyrus is impaired by IL-12 
produced by CD103+ migratory DCs (Everts et al., 2016). Exposure to IL-12 in resistant 
mice infected with T. muris impairs parasite control and promotes chronicity (Bancroft et 
al., 1997). IL-12 suppresses Th2 responses generated upon schistosome egg inoculation 
in an IFN-g dependent manner (Oswald et al., 1994). T. spiralis infected mice exposed to 
IL-12 display increased larval and worm burden and poor induction of Th2 response 
(Helmby & Grencis, 2003). BALB/c mice infected with N. brasiliensis display reduced 
eosinophilia and impaired parasite control upon exposure to IFNs. In a model of mixed 
type 1 and type 2 inflammation, IFN-g confines the niches of ILC2 and Th2 cells leading 
to ameliorated mortality associated with type 1 pathogen Listeria monocytogenes (Cautivo 
et al., 2022).  
Co-infections or preceding infections with type 1 response inducing pathogens also 
diminish the effective type 2 immunity in nematode infections. Infection with protozoan 
Toxoplasma gondii resulted in dramatic decline in Th2 response in mice co-infected with 
H. polygyrus or N. brasiliensis (Ahmed et al., 2017; Liesenfeld et al., 2004). Similarly, Th2 
responses are compromised by type 1 cytokines IFN-g and IL-12 in a helminth/ 
plasmodium co-infection model resulting in impaired protective immunity against the 
helminth H. polygyrus (Coomes et al., 2015).   
 
2.2.3.2 Differential resistance across inbred mice lines 
The default Th differentiation program differs in inbred mice lines from different genetic 
backgrounds. T cell activation in vitro under neutral conditions leads to varying degrees 
of Th1 phenotype in cells from BALB/c and B10.D2 mice in accordance with their in vivo 
Th responses to Leishmania infection (C. S. Hsieh et al., 1995). The difference in Th1 
responsiveness between the two strains is correlated with the maintenance of IL-12Rb2 
chain and STAT4 signaling in B10.D2 but not BALB/c mice (Güler et al., 1997). Similarly, 
resistance to H. polygyrus infection differs considerably across mice lines where BALB/c 
mice are more resistant than the fully susceptible C57BL/6 mice. The resistance 
phenotype correlates with the higher sustenance of IL-10 and IL-4 production, activation 
of innate cells including ILC2 and alternatively activated macrophages, broader range of 
specificity of antibody responses and granuloma formation. Resistant strains further 
display poorer IFN-g production in response to HES stimulation compared to more 
susceptible strains (Filbey et al., 2014).  
 
2.3 Memory phenotype CD4+ T cells  
Under homeostatic conditions, CD4+ T cells comprise of naïve and memory T cells, which 
are further divided between pathogen-specific memory and non-specific memory 
phenotype (MP) T cells. MP cells develop independent of foreign antigen exposure as 
these are seen in germ-free, antigen-free and specific pathogen-free mice. MP cells 
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derive from peripheral naïve precursors in TCR and CD28 dependent manner and 
proliferate rapidly in steady state.   
MP cells are present right at the birth and continue to increase in an age-dependent 
manner. MP cells comprise of a T-bethi subset which is induced in response to IL-12 
produced by CD8a+ type 1 DCs in TLR-MyD88 dependent and foreign-antigen 
independent manner. These cells release IFN-g in an innate IL-12 dependent fashion and 
contribute to early protective response in the context of T. gondii infection (Kawabe et al., 
2017, 2020).   
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3.1 MATERIAL 
3.1.1 Laboratory equipment 
Table 3.1 List of laboratory equipment and suppliers 
Equipment Supplier 
CASEY cell counter TT Innovatis, Roche, Mannheim, Germany 
Cell incubator Thermo Scientific, Schwerte, Germany 
Centrifuge 5810/5810R Eppendorf, Hamburg, Germany 
Centrifuge 5454R Eppendorf, Hamburg, Germany 
FACSAriaTM III cell sorter BD Bioscience, San Jose, CA, USA 
FACSCantoTM II flow cytometer BD Bioscience, San Jose, CA, USA 
Lamina flow Scanlaf, Mars Safety 2 LaboGene, Lynge, Denmark 
Lamina flow Heraeus LB-732-C Thermo Scientific, Boston, MA, USA 
Microscope (camera) Leica ICC50 HD Leica Microsystems, Wetzlar, Germany 
Microscope (compound) Leica DM750 Leica Microsystems, Wetzlar, Germany 
Pipette adjustable (10-1000 μl) Eppendorf, Hamburg, Germany 
Pipette multichannel 
(20 – 200 µl) 

Brand, Wertheim, Germany 

Temperature regulator for 
FACSAriaTM III 

Thermo Fisher Scientific, Boston, MA, USA 

Vacuum pumping unit, PC 
3004 

Vario Vacuubrand, Wertheim, Germany 

VortexGenie 2 Scientific Industries, Bohemia, NY, USA 
Waterbath Lauda-Brinkmann, Delran, NJ, USA 
Waterbath shaker Brunswick Innova 3100 Eppendorf, Hamburg, Germany 

 
3.1.2 Laboratory plasticware 
Table 3.2 List of laboratory plasticware and suppliers 
Plasticware Supplier 
Cell strainers BD Bioscience, San Jose, CA USA 
Eppendorf tubes  Eppendorf, Hamburg, Germany 
Falcon tubes Greiner bio-one, Frickenhausen, Germany 
Flat-bottomed 6-well plates Costar, Corning Inc., Corning, NY, USA 
Flat, round and V-bottomed 96-
well plates 

Costar, Corning Inc., Corning, NY, USA 

Flow cytometry tubes Sarstedt, Nümbrecht, Germany 
Petridishes Eppendorf, Hamburg, Germany 
Pipette tips (10 - 1000 μl) Greiner bio-one, Frickenhausen, Germany 
Steripettes (10 - 50 ml) Costar, Corning Inc., Corning, NY, USA  
Syringes (1 - 10 ml) Braun, Melsungen, Germany 
Transfer pipettes Sarstedt, Nümbrecht, Germany 

 
3.1.3 Reagents 
Table 3.3 List of reagents and suppliers 
Reagent Supplier 
BSA AppliChem, Darmstadt, Germany 
DNase I Sigma-Aldrich, Steinheim, Germany 
DTE Sigma-Aldrich, Steinheim, Germany 
Ethanol AppliChem, Darmstadt, Germany 
EDTA AppliChem, Darmstadt, Germany 
FACS lysis solution BD Bioscience, San Jose, CA, USA 

21

3. MATERIAL AND METHODS 



 

Fixation/Permeabilization 
concentrate and diluent 

eBioscience, San Diego, CA, USA 

FCS PAN Biotech, Aidenbach, Germany 
FCS HY Clone GE Healthcare, South Logan, UT, USA 
Gentamycin AppliChem, Darmstadt, Germany 
HEPES PAN Biotech, Aidenbach, Germany 
IC Fixation buffer eBioscience, San Diego, CA, USA 
Isofluorane Abbott, Ludwigshafen, Germany 
Isopropanol Carl Roth, Karlsruhe, Germany 
L-glutamine PAN Biotech, Aidenbach, Germany 
Penicillin/Streptomycin  PAN Biotech, Aidenbach, Germany 
Percoll GE Healthcare, Uppsala, Sweden 
Permeabilization buffer (10x) eBioscience, San Diego, CA, USA 
Sodium bicarbonate (NaHCO3) Carl Roth, Karlsruhe, Germany 
Sodium carbonate (Na2CO3)   Carl Roth, Karlsruhe, Germany 
Sodium pyruvate PAN Biotech, Aidenbach, Germany 
TL Liberase Roche, Basel, Switzerland 
Water, Millipore Millipore, Darmstadt, Germany 
Water, molecular biology grade AppliChem, Darmstadt, Germany 

 
3.1.4 Growth factors, inhibitors and stimulators 
Table 3.4 List of growth factors, inhibitors and stimulators and their suppliers 
Growth factor/ inhibitor/ 
stimulator 

Supplier 

GM-CSF Peprotech, Hamburg, Germany 
Brefeldin A eBioscience, San Diego, CA, USA 
Ionomycin Sigma-Aldrich, Steinheim, Germany 
PMA eBioscience, San Diego, CA, USA 

 
3.1.5 Cytokines and neutralizing antibodies for in vivo administration 
Table 3.5 List of cytokines and neutralizing antibodies and their suppliers 
Cytokine/ antibody Supplier 
rIFN-g Peprotech 
Ultra-LEAFTM Purified anti-mouse IL-12/23 p40 (C17.8) Biolegend 
Ultra-LEAFTM Purified anti-mouse IFN-g(XMG1.2)  Biolegend 

 
3.1.6 Buffers and media 
Table 3.6 List of buffers and media and their suppliers 
Buffers/ media Supplier 
HBSS PAN Biotech, Aidenbach, Germany 
PBS PAN Biotech, Aidenbach, Germany 
RPMI 1640 PAN Biotech, Aidenbach, Germany 

 
3.1.7 Single cell preparation 
Table 3.7 List of buffers and media used in single cell preparation 
Buffers/ media Composition 
CMF (Ca, Mg-free)  HBSS (w/o Ca2+ and Mg2+) 

2% FCS 
10mM HEPES 
25mM NaHCO3 

CMF/DTE CMF 
8% FCS (final 10%) 
0.154 mg/mL DTE 
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HBSS/EDTA HBSS 
10% FCS 
15mM HEPES 
5mM EDTA 

HBSS/HEPES HBSS 
15mM HEPES 

RPMI, complete RPMI 1640 
10% FCS 
2mM L-glutamine 
100U/mL penicillin + 100U/mL streptomycin 

RPMI, complete (siLP)  
 

RPMI (w/o NaHCO3) 
5% FCS 
15mM HEPES 
100ug/mL gentamycin 

RPMI, digest complete RPMI siLP 
0.1mg/mL TL liberase 
0.1mg/mL DNase I 

RPMI, fecundity analysis RPMI 1640 
200U/mL penicillin + 200U/mL streptomycin 

RPMI, serum free RPMI 1640 
100U/mL penicillin + 100U/mL streptomycin 

RPMI, wash RPMI 1640 
1% FCS 
100U/mL penicillin + 100U/mL streptomycin 

 
3.1.8 Flow cytometry (buffers) 
Table 3.8 List of buffers used in flow cytometry 
Buffers Composition 
FACS buffer PBS 

1% BSA 
2mM EDTA 

FACS buffer (for storing 
sampled blood) 

PBS 
1% BSA 
5mM EDTA 

Lysis solution 1-part 10x FACS lysis solution + 9-part water 
Fixation/ Permeabilization 
buffer 

1-part Fixation/permeabilization concentrate + 3-part 
Fixation/ permeabilization diluent 

IC Fixation buffer, working 1-part IC Fixation buffer + 1-part water 
Permeabilization buffer 1-part Permeabilization buffer (10x) + 9-part water 

 
3.1.9 Flow cytometry (antibodies, dyes and other reagents) 
Table 3.9 List of antibodies used in flow cytometry  
Antibody Clone Color conjugate 
CD4 RM4-5 Alexa 700 

Brilliant Violet 510 
PerCP 

FoxP3 FJK-16s PE-eFluor610 
eFluor 450 
Alexa 488 
PerCP-Cy5.5 

T-bet 4B10 PE 
GATA-3 TWAJ eFluor 660 
IFN-g XMG1.2 eFluor 450  

Alexa 700  
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PE-eFluor610 
IL-4 BVD6-24G2 Biotin 
IL-13 eBio13A Alexa 488 
CD154 MR1 Biotin 
CD44 IM7 PerCP 
CD62-L MEL-17 APC-eFluor780 
RELM-a  Biotin 
F4/80 BM8 eFluor 450 
Siglec-F E50-2440 PerCP-Cy5.5 

 
Table 3.10 Dyes, secondary conjugates and blocking antibodies used in flow 
cytometry 
 Clone Color conjugate 
Fixable Viability Dye -- eFluor 780 

eFluor 506 
Streptavidin -- PE  

PE-Cy7  
APC 

FcgRII/III blocking antibody 93 -- 
  
3.1.10 Software 
Table 3.11 List of software used and companies. 
Software Company 
Adobe Illustrator Adobe Systems Incorporated, San Jose, USA   
FlowJo Tree Star, Ashland, OR USA 
GraphPad Prism GraphPad Software, San Diego, USA 

 
3.2 METHODS 
 
3.2.1 Infection model, in vivo treatments, and samplings 
3.2.1.1 Ethics statement 
All experiments performed in this study are compliant with National Animal Protection 
Guidelines and approved by German Animal Ethics Committee for the protection of animals 
(Licence no. G0176/16, G0113/15). 
 
3.2.1.2 Mice and parasites 
Male and female C57BL/6 and BALB/c mice of different age groups were purchased from 
Janvier, St. Berthevin, France. Mice were housed under standard SPF conditions in 
individually ventilated cages (IVCs). The H. polygyrus life cycle was maintained by serial 
passage in C57BL/6 mice.  
 
3.2.1.3 H. polygyrus infection 
Mice were infected with 200 H. polygyrus (H.p.) L3 larvae. The L3 larvae maintained at 
4°C were collected, counted, and adjusted for 225 larvae in a volume less than 200 µl. 
The infection dose per mouse (225 L3) was aliquoted in separate test tubes. The L3 larvae 
were administered by oral gavage with the help of gavage needle and 1 ml syringes. To 
terminate the experiment, mice were first anesthetized by isoflurane inhalation and later 
sacrificed by performing cervical dislocation.  
 
3.2.1.4 In vivo treatments 
Mice were treated with recombinant cytokine IFN-g at the dose of 2,5 µg, twice a day, 
from days 0-4 post infection. In vivo cytokine neutralizing antibodies aIFN-g (XMG1.2) and 
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aIL-12 (C17.8) were given at the dose of 0,5 mg on days 0, 3 and 6 post infection. All the 
treatments were administered by intraperitoneal injections using U-40 1 ml insulin syringes.  
 
3.2.1.5 Intermediate blood and fecal sampling 
Intermediate blood sampling was performed without anesthesia, where blood was collected 
from submandibular vein using lancets. At the time point of dissection, blood was collected 
from orbital sinus under general anesthesia with the help of glass capillary tubes. The blood 
was stored in tubes containing FACS buffer until further processing. 
The feces were sampled by placing the mice in glass beakers for some minutes until they 
defecated. Fecal pellets (2-3) were collected and used for parasite egg counting or stored for 
additional assays. 
 
3.2.2 Parasitological assays 
3.2.2.1  L4 migration assay 
L4 migration assay was performed at day 6 post infection. A segment of duodenum of approx. 
2-3 cm in length was cut from freshly retrieved small intestine and tied at both the ends without 
disturbing the luminal contents. Individual segments were cultured in serum free RPMI in 6-
well plates at 37°C, 5% CO2. After 4 h, the larvae egressed out in the medium and those still 
present in the tissue segment were counted separately under the microscope. The larval 
egress was determined by calculating the percentage of egressed larvae from the total larvae 
present in the tissue segment before starting the culture.  
 
3.2.2.2 Parasite egg counting from feces. 
Parasite egg numbers in the feces were estimated using floatation technique. Briefly, 
fecal pellets were soaked in 1 ml water and homogenized using a glass rod. The fecal 
material was diluted using 6 ml of saturated solution of NaCl. The sample was taken into 
McMaster counting chamber and the number of eggs were determined under microscope. 
The number of eggs per gram of feces was determined by the formula: 
 

Eggs	per	gram	feces =
7 ∗ 6,67 ∗ Egg	count

Weight	of	feces	(in	grams)
 

 
3.2.2.3 Adult worm counting  
Adult worms were counted at day 14 or day 28 post infection. The freshly isolated small 
intestine was opened by cutting along the length of the intestine. The adult worms were 
collected using forceps into NaCl containing Petri dishes. The total number of adult worms 
isolated from the small intestinal lumen were counted under the microscope with the help 
of glass pipette.  
 
3.2.2.4 Female worm fecundity analysis 
To determine the fecundity of individual female worms, eight female worms (where 
possible) were collected and placed in individual wells in 96-well flat-bottomed plate 
containing 200 µl RPMI with 200 U/ml penicillin and 200 U/ml streptomycin. The female 
worms were cultured for 24 h at 30°C and 5% CO2. After the culture period, the media 
was resuspended well to gain a uniform suspension of the eggs. A fourth of the total 
media was immediately collected into a separate 96-well plate and the number of eggs 
were counted under the microscope. The total number of eggs was estimated by 
extrapolating the number of eggs counted in the smaller volume.  
 
3.2.3 Assessment of immunological parameters 
3.2.3.1 Preparation of single cell suspensions 
Spleen and mLN 
The spleen and mLN were isolated and collected in cold wash RPMI. The spleen was cut 
into smaller pieces. The organs were meshed and forced through 70 µm cell strainer using 
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wash RPMI. The cell suspension was centrifuged at 300xg, 10 min, 4°C. The spleen cells 
were resuspended in cold erylysis buffer and incubated for 2 min on ice to lyse 
contaminating erythrocytes. The erylysis was stopped by adding complete RPMI. The 
cells were centrifuged and finally both spleen and mLN cells were resuspended in 
complete RPMI. The cells were counted using CASEY cell counter and adjusted to 
desired concentration.  
Small intestinal lamina propria 
The small intestine was retrieved and placed in Petri dishes containing cold CMF buffer. After 
cutting off Peyer’s patches, the intestine was opened by cutting across the length. The 
intestinal contents including mucus, faecal material, and worms in case of infected mice were 
removed. Worms were collected in NaCl solution if needed. The intestine was washed thrice 
in HBSS/HEPES buffer, cut into pieces of 1 cm, and stored in HBSS/DTE buffer (20 ml). The 
small intestinal pieces were placed in an incubator/ shaker at 200 rpm, 15 min, 37°C. The 
material was transferred into HBSS/EDTA buffer (20 ml) followed by vigorous shaking on a 
highspeed shaker for 15 min, RT. The intestinal pieces were rinsed in RPMI to remove EDTA 
and placed in RPMI digest medium (10 ml) at 37°C. This was followed by incubation at 200 
rpm, 30 min, 37°C. The intestinal pieces were then vortexed to disrupt and homogenize the 
tissues into single cell suspensions. The cells were forced through 20G needle through 70 µm 
cell strainer and washed twice with HBSS/HEPES buffer. Cells were layered on a Percoll 
gradient and centrifuged. The lamina propria cells were collected from 40/70% interface. The 
cells were washed once and resuspended in complete RPMI (0,5 – 1 ml) and counted using 
CASEY cell counter.    
 
3.2.3.2 Isolation of lymphocytes from peripheral blood 
Blood (2-3 drops) was collected in tubes containing FACS buffer (1 ml). The samples 
were centrifuged at 340xg, 2 min, RT. Following the careful aspiration of supernatant, the 
pelleted blood was resuspended in FACS lysis solution (1-part 10x FACS Lysis solution 
+ 9-part water) and incubated for 2 min, RT to lyse erythrocytes. The lysis was stopped by 
adding excess volume of FACS buffer. The cells were centrifuged, and lymphocytes were 
resuspended in FACS buffer for subsequent staining procedures. 
 
3.2.3.3 Generation of bone marrow derived dendritic cells 
Mouse tibia and femur bones were harvested and placed in cold wash RPMI. The tips of 
the bones were cut, and the marrow was flushed with wash RPMI using 27G needle and 
forced through 70 µm cell strainer. The cell suspension was centrifuged at 300xg, 10 min, 
4°C. The erythrocytes were lysed by resuspending the cells in lysis buffer and placing on 
ice for 5 min. The lysis was stopped by adding excess volume of complete RPMI. The 
cells were washed once, resuspended in complete RPMI, and adjusted to 0.5-0.6 millions/ 
ml. The cell suspension was transferred in Petri dishes and GM-CSF (20 ng/ml) was 
added. After 3 days, 10 ml of fresh complete RPMI containing GM-CSF (20 ng/ml) was 
added to each Petri dish. The cells were harvested at day 7 post isolation.    
 
3.2.3.4 Detection of parasite specific CD4+ T cell responses 
Dendritic cells generated as described earlier were loaded with 5-10 μg/ml of adult H. 
polygyrus excretory/secretory products (HES). The cells were incubated at 37°C, 5% CO2 for 
5-6 h. The freshly isolated spleen and mLN cells were added to the HES pulsed dendritic cells 
followed by a brief spinning at 300 rpm, 30 sec, 4°C to allow the cells to form contact with 
dendritic cells. After 2-3 h of incubation in conditions as earlier, Brefeldin A (3 μg/ml) was 
added. The cells were incubated overnight at 37°C, 5% CO2 followed by intracellular staining. 
 
3.2.3.5 Polyclonal stimulation for detecting intracellular cytokines 
The cells were stimulated with PMA and Ionomycin (1 µg/ml each) and incubated at 37°C, 5% 
CO2 for 4 h. After the first 30 min of incubation, Brefeldin A (3 µg/ml) was added to the cells to 
inhibit the release of intracellular cytokines. 
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3.2.3.6 Cell staining for flow cytometry     
Surface staining 
The cells in complete RPMI were transferred to 96-well V-bottomed plate and washed with 
FACS buffer to remove the traces of culture medium. The cells were resuspended in surface 
staining mix comprising of FcgRII/III blocking antibody (1:40), fixable viability dye (1:1000) and 
antibodies against the target surface markers in FACS buffer. The cells were incubated at 4°C 
in dark for 15 min. After washing once with FACS buffer, the cells were acquired on the flow 
cytometer or used for intracellular staining as needed.  
Intracellular staining (transcription factors) 
After staining surface markers as described, the cells were resuspended in 
fixation/permeabilization buffer (80 µl) and incubated at RT in dark for 30 min. The cells were 
washed twice with permeabilization buffer. The intracellular staining mix containing antibodies 
against target transcription factors in permeabilization buffer was added to the cells followed 
by incubation at 4°C in dark for 30 min. The cells were washed twice with permeabilization 
buffer and kept as pellets on ice until acquisition on flow cytometer.   
Intracellular staining (cytokines) 
Post surface staining, the cells were fixed using IC fixation buffer (100 µl) and incubated at RT 
in dark for 30 min. The fixed cells were stained as described earlier and acquired on flow 
cytometer.  
 
3.2.3.7 Flow cytometric analysis 
The lymphocytes were gated based on their size and granularity in FSC/SSC region. The 
doublets were excluded from the gated lymphocytes using FSC-A/FSC-H parameters. The 
dead cells were gated out by eliminating DCE+ cells. The CD4+ T cells were identified in the 
live cells and assessed for T-bet/GATA-3 or IFN-g/ IL-4/IL-13 expression as needed.  
 
3.2.3.8 Statistical analysis  
Statistical analyses were performed using GraphPad Prism Software. Normality was 
determined using Shapiro–Wilk test. Based on the normality analysis, ordinary one-way-
ANOVA and Tukey's multiple comparisons test or Kruskal–Wallis test and Dunn's multiple 
comparison test was performed in case of more than two groups. Comparisons of two groups 
were performed with an unpaired t test or Mann–Whitney test. Correlation analysis was 
performed using Pearson or Spearman correlation depending on the normality tests. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001. 
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4.1 IFN-g rises in an age-dependent manner in naïve and H.p. infected BALB/c mice. 
4.1.1 IFN-g competent cells increase with age in uninfected BALB/c mice. 
IFN-g is identified as a cardinal factor driving the in vitro generation of Th2/1 cells which 
breaks the dominance of IL-4 over IL-12 signaling (Peine et al., 2013). A previous study 
from our group reported that the differentiation of Th2/1 cells following H.p. infection is 
importantly regulated by IFN-g (Affinass et al., 2018). Increased Th2/1 bias is further 
associated with impaired parasite control in susceptible C57BL/6 mice. As MP T cells, 
which develop independent of foreign antigenic exposure and rapidly release IFN-g upon 
IL-12 stimulus are reported to rise in an age-dependent manner, it is conceivable that 
older mice with more MP T cells at steady state are predisposed to generate more Th2/1 
cells post H.p. infection and thereby display higher susceptibility. To test this hypothesis, 
we worked with genetically resistant BALB/c mice and compared the IFN-g competence 
and the proportions of steady state T effector/ memory cells (Teff/mem) in mice aged from 
1.5 to 18 months. To assess if IFN-g competence is regulated in an age-dependent 
manner, spleen or siLP-derived lymphocytes were stimulated using PMA/Ionomycin 
followed by intracellular IFN-g detection. Total IFN-g production post polyclonal stimulus 
was progressively increased from 1.5 months to 16 months old mice in both spleen as 
well as small intestine where a two-fold rise was seen in spleen and a ten-fold rise in 
small intestine. The trend was cogently reflected in scatter graphs depicting strong 
positive correlation between IFN-g producing lymphocytes and age of the mice (Fig. 
4.1.1A – B). Upon further deciphering the cells based on CD4 expression, CD4+IFN-g+ 
cells were increased from the youngest (1.5 months) to oldest group (16 months) by a 
factor of five in case of spleen and by a factor of twelve in case of small intestine. 
Accordingly, IFN-g producing cells in CD4+ T cells were positively correlated with the age 
in both the organs. In addition, a positive association between IFN-g production potential 
and the age of the mice was seen in small intestinal CD4- cells. Overall, our findings 
suggest that immune maturation with age resulted in increased potential for non-specific 
IFN-g release in in BALB/c mice.    
 

 

28

4. RESULTS 



 

 
Fig. 4.1.1. IFN-g competent cells increase with age in uninfected BALB/c mice.  
A Contour plots depicting PMA/ionomycin-induced IFN-g expression by CD4+, CD4- and total 
lymphocytes derived from the spleen and small intestinal lamina propria (siLP) of naïve 
BALB/c mice at the age of 1.5, 3, 7 and 16 months. B Graphs depict correlation between the 
percentage of IFN-g+ cells detected in total, CD4+ and CD4- lymphocytes and mouse age. 
Circles correspond to individual mice. Data from multiple independent experiments are pooled 
(n=23-24 mice). P value was determined using Pearson correlation or nonparametric 
Spearman correlation analysis depending on the normality tests. 
 
4.1.2 Rise in age is associated with increased effector/memory like T cells at steady 
state. 
Previous studies have reported that MP T cells, which rapidly release IFN-g in an innate 
fashion accumulate with age in uninfected C57BL/6 mice (Kawabe et al., 2017). As we 
observed the age-dependent rise in IFN-g production post non-specific polyclonal 
stimulus in naïve BALB/c mice, it is conceivable that IFN-g competent MP T cells also 
accumulate in an age-dependent manner in BALB/c mice. To address this possibility, we 
assessed the abundance of CD4+CD44+CD62L- T eff/meM like cells in differentially aged 
naïve BALB/c mice and further identified the T-bet expressing Th1 subset in the gated 
population of Teff/mem like cells. CD44+CD62L- Teff/mem like population in CD4+ T cells 
was indeed more prominent in 5.5 months old compared to 3 months old mice in spleen, 
mLN and small intestine (Fig. 4.1.2). Furthermore, Teff/mem like cells in older age group 
were more enriched in T-bet expressing cells compared to the younger cohort. Hence, 
the rise in age correlated with increased proportions of Th1 Teff/mem like cells at steady 
state in naïve BALB/c mice which may contribute to the observed rapid IFN-g release 
upon polyclonal stimulation.  
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Fig. 4.1.2. Rise in age is associated with increased effector/memory like T cells at 
steady state.  
Left: Contour plots depicting CD44 vs. CD62L expression in CD4+FoxP3- T cells in 
spleen, mLN and small intestine in uninfected BALB/c mice. Right: Corresponding plots 
depicting T-bet vs. GATA-3 expression in CD44+CD62L- T cells.   
 
4.1.3 Age-dependent rise in IFN-g is maintained post H.p. infection. 
H.p. infection induces a strongly polarizing Th2 response in BALB/c mice followed by 
expulsion of adult worms within four weeks of infection (Filbey et al., 2014). To ensure if 
the age-dependent rise in IFN-g is not overrun by robust H.p.-induced Th2 responses in 
BALB/c mice, we evaluated PMA/Ionomycin driven IFN-g release at day 7 post infection 
in the mesenteric lymph node. Mature mice displayed a highly prominent rise in T-bet or 
IFN-g expressing T cells in mLN compared to the younger cohort at day 7 post infection, 
which was even more pronounced compared to the age-dependent rise in uninfected 
controls (Fig. 4.1.3A). Similarly, IFN-g expressing CD8+ T cells were also increased with 
age in naïve mice (Fig. 4.1.3B). Hence, the age-dependent rise in type 1 activity is also 
seen post H.p. infection in BALB/c mice.  
 

 
 
 

30

Results   



 

Fig. 4.1.3. Age-dependent rise in IFN-g is maintained post H.p. infection. 
Contour plots depicting IFN-g producing cells in response to stimulation with 
PMA/Ionomycin in A CD4+Foxp3- T cells and B CD8+ T cells in mLN in mice aged 3 
months (top) and 6 months (bottom). Plots on the left correspond to naïve controls and 
those on the right represent H.p. infected mice at day 7 post infection.  
 
4.2 Mature mice accumulate more Th2/1 cells and display poor parasite control. 
4.2.1 Mature mice display increased frequencies of Th2/1 hybrid cells. 
As IFN-g competence increases in an age-dependent manner in BALB/c mice, we asked 
if the H.p. infected mature mice (5-10 months old) displayed an increased Th2/1 bias 
compared to young adult (1.5-3 months old) mice. Assessing the circulating GATA-3+ T 
cells in blood, increased proportions of T-bet co-expressing cells were seen in mature 
compared to young adult mice at the early stage of infection (Fig. 4.2.1A). The early shift 
towards Th2/1 cells in blood was reflected in the Teff response in small intestine at the 
chronic stage of infection, where mature compared to young adult mice displayed 
increased accumulation of mucosal Th2/1 cells (Fig. 4.2.1B). Systemic Teff response in 
spleen mirrored small intestine in displaying elevated proportions of Th2/1 cells in mature 
compared to young adult mice (Fig. 4.2.1B). Classical Th2 cells expanded post H.p. 
infection in both spleen and small intestine. However, no age-dependent effects on the 
systemic as well as mucosal accumulation of classical Th2 cells were seen (Fig. 4.2.1B). 
Similarly, splenic as well as intestinal Th1 cells were increased in trend with the age of 
the mice (Fig. 4.2.1B). Overall, age-dependent rise in IFN-g correlated with increased 
accumulation of Th2/1 cells in mature compared to young adult mice.  
 

 
Fig. 4.2.1. Mature mice display increased frequencies of Th2/1 hybrid cells. 
A Frequencies of T-bet expressing cells in circulating CD4+GATA-3+ T cells at day 7 and day 
14 post H.p. infection. Data from two independent experiments are pooled (n young adult=11-
12; mature=7-8 mice). B Representative flow cytometry plots depicting T-bet vs. GATA-3 
expression in siLP-derived CD4+FoxP3- T cells at day 28 post H.p. infection. Bar graphs report 
the frequencies of Th2/1, Th2 and Th1 cells in CD4+FoxP3- T cells in siLP (top) and spleen 
(bottom). Data from two independent experiments are combined (n young adult naïve=4; 
mature naïve=5; infected young adult=12; infected mature=7-8 mice). Bars represent mean 
and circles correspond to individual mice. Statistical analysis was performed using unpaired t 
test or Mann-Whitney test in A and one-way ANOVA with Tukey’s multiple comparisons test 
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or Kruskal-Wallis test with Dunn’s multiple comparisons test in B. *p < 0.05, **p < 0.01, ****p 
< 0.0001. 
 
4.2.2 Higher Th2/1 bias in mature mice correlates with poor parasite control. 
Young adult as well as mature mice displayed low worm burden four weeks post infection, 
where some individuals reported complete infection clearance (Fig. 4.2.3B). BALB/c mice 
are expected to clear the infection within four-six weeks (Filbey et al., 2014), which 
suggests that age dependent rise in IFN-g does not alter the expulsion phenotype in the 
resistant strain. However, worms isolated from mature mice displayed higher reproduction 
potential.  Parasite egg shedding in the feces determined over the course of infection was 
elevated in mature mice in the week following the onset of egg deposition (Fig. 4.2.3A). 
Furthermore, the female worms isolated from mature compared to young adult mice at 
chronic stage displayed higher reproduction fitness, as determined by the egg released 
ex vivo in the 24 h culture (Fig. 4.2.3C). Hence, the small intestinal accumulation of Th2/1 
cells in mature compared to young adult mice possibly promoted the maturation of more 
fecund female worms.   
 

 
 
Fig. 4.2.2. Higher Th2/1 bias in mature mice correlates with poor parasite control. 
A Kinetics of fecal egg counts per gram feces over the course of infection in young adult and 
mature mice. Data from one out of two experiments with similar results are shown (n young 
adult=6; mature=4 mice) as mean ± SD. B Adult worm counts at day 28 post infection. Data 
derive from two independent experiments (n young adult=12; mature=7 mice). C Average 
number of eggs produced by individual female worms (typically eight worms per mouse, 
minimum 3) isolated from each mouse at day 28 post infection and cultured for 24 h. Data 
from two independent experiments are shown (n adult=8; mature=6 mice; note that expulsion 
was completed in 4 young adult and 2 mature mice). Bars represent mean and circles 
correspond to individual mice. Statistical analysis was performed using unpaired t test or 
Mann-Whitney test. In A, statistical analysis to compare young adult and mature mice was 
separately performed at each time point.  *p < 0.05, **p < 0.01. 
 
4.2.3 Intestinal IFN-g competence positively correlates with worm fecundity. 
To ascertain if the age-dependent rise in parasite egg production was resulted by the 
increased local IFN-g competence, we correlated the IFN-g producing or T-bet expressing 
CD4+ T cells with average number of eggs released by typically eight female worms 
isolated per mouse. Indeed, IFN-g producing and T-bet expressing CD4+ T cells displayed 
a strong positive correlation with the eggs released by female worms (Fig. 4.2.6A, B), 
thereby suggesting that age-dependent rise in fecundity is in fact associated with 
differential local IFN-g competence.  
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Fig. 4.2.3. Intestinal IFN-g competence positively correlates with worm fecundity. 
Scatter graphs depict the correlation of the percentage of IFN-g+ cells determined after 
PMA/ionomycin stimulation (A) and T-bet expressing cells (B) in small intestinal CD4+ T cells 
with the mean egg counts produced by worms from the same mouse at day 28 post infection.  
Data derive from three-four experiments (n=13-16 mice). Circles correspond to individual 
mice. P value was determined using Pearson correlation or nonparametric Spearman 
correlation analysis depending on the normality tests.  
 
4.2.4 Early Th2 responses in H.p. infected young adult vs. mature mice 
To assess if the early expansion of Th2/1 cells seen in blood at the early stage of infection 
occurred at the expense of classical Th2 cells, we compared the Teff response in 
lymphoid organs at day 6 post infection. Th2 polarization in mLN as well as spleen 
remained comparable between young adult and mature mice (Fig. 4.2.6). However, fewer 
Th2 cells accumulated in small intestine in mature compared to young adult mice. 
Reflective of the Teff responses at chronic stage, mature mice displayed an early rise in 
Th2/1 cells in mLN and spleen. Increased Th2/1 polarization in mLN correlated with higher 
accumulation of Th2/1 cells in small intestine at day 7 post infection. Importantly, the 
findings suggest that the Th2 polarization remained unaffected by the age-dependent rise 
in IFN-g competence. However, fewer Th2 cells home to small intestine in mature 
compared to young adult mice.  
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Fig. 4.2.4. Early Th2 responses in H.p. infected young adult vs. mature mice 
Bar graphs report the frequencies of Th2/1, Th2 and Th1 cells in mLN (top), spleen (mid) 
and small intestine (bottom) in CD4+FoxP3- T cells in young adult and mature BALB/c 
mice. Data from six independent experiments with n=3-10 mice/group are reported as 
mean + SD. Statistical analysis was separately performed between young adult and 
mature naïve mice and between young adult and mature H.p. infected mice using 
unpaired t test or Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
 
4.3 Early blocking of type 1 cytokines leads to increased parasite control. 
Next, we aimed to substantiate if the increased Th2/1 bias and impaired resistance in 
mature mice was indeed resulted by increased IFN-g availability and not a consequence 
of additional physiological or immunological changes associated with the rise in age of 
mice. To address this hypothesis, we treated young adult BALB/c mice (1.5 months old) 
with in vivo cytokine neutralizing antibodies against IFN-g and IL-12 (Fig. 4.3.1A). IL-12 
was blocked next to IFN-g in order to prevent IL-12 induced polarization of IFN-g producing 
Th1 cells (C. Hsieh et al., 1993). Following a weekly blood survey, mice were dissected at 
day 14 post infection.  
 
4.3.1 Early IFN-g/IL-12 blocking leads to restricted generation of Th2/1 cells. 
IFN-g/IL-12 blocked mice displayed selectively diminished frequencies of circulating Th2/1 
cells in blood evident from the early stage of infection (Fig. 4.3.1A). Poor early systemic 
Th2/1 response in blood correlated with reduced accumulation of small intestinal Th2/1 
cells at day 14 post infection in IFN-g restricted mice (Fig. 4.3.1B). IFN-g/IL-12 blocking 
also resulted in diminished proportions of Th2/1 cells in spleen (Fig. 4.3.1C) showing that 
IFN-g/IL-12 blocking had a prominent effect on mucosal as well as systemic sites. H.p. 
infection led to a dramatic rise in small intestinal Th2 cells. However, similar to the 
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observation in young vs. mature mice, IFN-g/IL-12 blocking had no effect on the 
accumulation of small intestinal classical Th2 cells. Splenic and small intestinal Th1 cells 
were not significantly affected by the blocking regimen (Fig. 4.3.1B-C). Hence, early 
restriction of endogenous IFN-g availability resulted in selectively diminished systemic 
and mucosal Th2/1 cells.      
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Fig. 4.3.1. Early IFN-g/IL-12 blocking leads to restricted generation of Th2/1 cells. 
A Experimental scheme: BALB/c mice (1.5 months old) infected with H.p. were treated with 
blocking antibodies against IL-12 and IFN-g (0.5 mg each) at days 0, 3 and 6 and dissected at 
day 14 post infection. Graphs depict the frequencies of Th2/1 and Th2 cells determined in 
CD4+ T cells in peripheral blood on day 0, 7 and 14. Data from three independent experiments 
are shown as mean ± SD. (n naive=2; H.p. ctr=11; aIFN-g/aIL-12=10 mice).  Samples with 
low PBMC counts were excluded. B Representative flow cytometry plots depicting T-bet vs. 
GATA-3 expression in siLP-derived CD4+FoxP3- T cells isolated on day 14 post infection. 
Graphs depict the frequencies of Th2/1, Th2 and Th1 cells in CD4+FoxP3- T cells in siLP (B) 
and spleen (C). Data from three independent experiments are pooled (n naïve=3; H.p. ctr=10-
11; aIFN-g/aIL-12=9-10 mice) in B and C. Samples with poor viability were excluded. Bars 
represent mean and circles correspond to individual mice. Statistical significance was 
determined between infected groups at each time point was performed using unpaired t 
test or Mann-Whitney test in A. Statistical analysis comparing all the groups were reported 
using one-way ANOVA with Tukey’s multiple comparisons test or Kruskal-Wallis test with 
Dunn’s multiple comparisons test in B and C. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
 
4.3.2 Diminished Th2/1 response correlates with higher resistance. 
Diminished proportions of small intestinal Th2/1 cells expectedly coincided with higher 
resistance, characterized by lowered parasite egg shedding in the feces and reduced 
fecundity of female worms isolated from the gut of IFN-g restricted mice (Fig. 4.3.2A, B). 
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Worm burden remained unaffected by the blocking regimen (Fig. 4.3.2C). In summary, 
poor generation of Th2/1 cells because of restricted IFN-g availability contributes to higher 
resistance, which corroborates the IFN-g-Th2/1-susceptibility axis observed when 
comparing young adult vs. mature mice.   
 

 
Fig. 4.3.2. Diminished Th2/1 response correlates with higher resistance. 
A Fecal egg counts determined over the course of infection expressed as mean ± SD. Data 
derive from one out of three experiments with similar results (n H.p. ctr=4; aIFN-g/aIL-12=6 
mice). B Circles report the average fecundity of 8 individual female worms per mouse within 
24 h of culture. Data derive from one out of three independent experiments with similar results 
(n H.p. ctr=4; aIFN-g/aIL-12=6 mice). C Adult worm burden at day 14 post infection. Data from 
two independent experiments are shown (n H.p. ctr=8; aIFN-g/aIL-12=7 mice). Bars represent 
mean and circles correspond to individual mice. Statistical analysis was performed using 
unpaired t test or Mann-Whitney test. Statistical analysis in A between untreated and aIFN-
g/aIL-12 treated mice was separately performed at each time point. *p < 0.05. 
 
4.4 Early exposure to IFN-g promotes Th2/1 cells and leads to poor resistance. 
In addition to restricting early endogenous IFN-g availability, a converse approach was 
performed where young adult BALB/c mice aged 1.5 months were infected with H.p. and 
treated with recombinant IFN-g. The treatment was performed over the first five days of 
infection at the dose of 2.5 µg/mouse administered intraperitoneally twice a day. Following 
the weekly blood survey to determine the phenotype of Teff cells, experiment was 
terminated at day 28 post infection.   
 
4.4.1 Early IFN-g treatment leads to expansion of local and systemic Th2/1 cells 
Early exposure to IFN-g promoted the expansion of Th2/1 cells in blood which was evident 
from the early stage of infection. The expanded Th2/1 cells further increased over time in 
IFN-g treated mice. (Fig. 4.4.1A). The early rise in circulating Th2/1 cells was reflected in 
higher mucosal accumulation of Th2/1 cells at the chronic phase of infection (Fig. 4.4.1B, 
C). Classical Th2 cells were drastically reduced upon IFN-g exposure at the early stage 
of infection (Fig. 4.1.1A). However, the early paucity of Th2 cells was eventually 
compensated as indicated by the comparable levels of Th2 cells in IFN-g treated vs. 
untreated mice at day 28 post infection (Fig. 4.1.1A-C). Th1 cells remained unaffected by 
the exposure to IFN-g (Fig. 4.1.1C). In brief, early exposure to IFN-g promotes the 
expansion and systemic and mucosal accumulation of Th2/1 cells.  
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Fig. 4.4.1. Early IFN-g treatment leads to expansion of local and systemic Th2/1 
cells. 
A Experimental scheme: BALB/c mice (1.5 months old) were infected with H.p. and treated 
with rIFN-g (2.5 µg twice a day) from day 0 to 4 post infection followed by dissection at day 28 
post infection. Graphs report the frequencies of Th2/1 hybrid and Th2 cells in CD4+ T cells in 
blood over the course of infection. Data from two independent experiments are pooled (n 
naïve=3, infected ctr/ rIFN-g treated=6 mice) and depicted as mean ± SD. B Representative 
flow cytometry plots depicting T-bet vs. GATA-3 expression in siLP-derived CD4+FoxP3- T 
cells at day 28 post H.p. infection. C Bar graphs report the frequencies of Th2/1, Th2 and Th1 
cells in siLP CD4+ T cells. Data from two independent experiments are combined (n naïve=4; 
infected ctr/ rIFN-g treated=6 mice). Bars represent mean and circles correspond to 
individual mice. Statistical analysis in A was performed between untreated and IFN-g treated 
mice at each time point using unpaired t test or Mann-Whitney test. Statistical significance was 
determined using one-way ANOVA with Tukey’s multiple comparisons test or Kruskal-Wallis 
test with Dunn’s multiple comparisons test in C. *p < 0.05, **p < 0.01, ****p < 0.0001. 
 
4.4.2 More Th2/1 cells correlate with poor parasite control in IFN-g treated mice. 
Small intestinal milieu populated by increased proportions of Th2/1 cells significantly 
affected parasite fitness in IFN-g treated mice (Fig. 4.4.2). Parasite egg shedding was 
increased right from the beginning of egg deposition and was further maintained at 
significantly higher levels in IFN-g treated compared to untreated mice at majority of 
surveyed time points (Fig. 4.4.2A). While the expulsion phenotype four weeks post 
infection remained unaffected with most individuals displaying very few or no worms in 
both the groups (Fig. 4.4.2B), female worm fecundity in IFN-g treated mice was 
significantly higher than untreated controls (Fig. 4.4.2C). IFN-g treated mice therefore 
reflected mature mice in displaying increased worm fitness. In addition, early exposure to 
IFN-g led to significantly reduced granuloma formation in mice typically displaying 
pronounced granulomatous response post H.p. infection (Filbey et al., 2014). In brief, small 
intestinal accumulation of Th2/1 cells in IFN-g exposed mice correlates with poor 
resistance accounted for by the development of worms with higher reproductive potential.  
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Fig. 4.4.2. More Th2/1 cells correlate with poor parasite control in IFN-g treated mice. 
A Kinetics of fecal egg shedding over the course of infection. Data from two independent 
experiments are shown as mean ± SD (n=6 mice/group). B Adult worm counts at day 28 post 
infection. Data derive from two independent experiments (n=6 mice/group). C Average 
number of eggs produced by individual female worms (typically eight worms per mouse, 
minimum 3) isolated from each mouse. Data from two independent experiments are pooled (n 
untreated infected ctr=5; rIFN-g treated=3 mice). Note that expulsion was completed in one 
infected ctr and three rIFN-g treated mice. D Granuloma count in small intestine at day 28 post 
infection. Data from two independent experiments are reported each performed with n=3 
mice/group. Bars represent mean and circles correspond to individual mice. Statistical 
analysis was performed using unpaired t test or Mann-Whitney test. Statistical analysis in A 
between untreated and IFN-g treated mice was separately performed at each time point. *p < 
0.05, **p < 0.01. 
 
4.5 IFN-g promotes the overall systemic GATA-3+ T cell response 
Interestingly, early exposure to IFN-g, by promoting the expansion of circulating Th2/1 
cells (Fig. 4.4.1), led to the more pronounced accumulation of total GATA-3+ Teff cells in 
blood over the course of H.p. infection compared to untreated infection controls (Fig. 
4.5A). Given the established role of IFN-g as Th1 promoter and suppressor of Th2 
responses as mentioned earlier, the dramatic expansion of GATA-3+ T cells post IFN-g 
exposure was highly confounding. The increased circulating GATA-3+ T cells in blood 
were also reflected by a remarkable rise in percentage as well as absolute numbers of 
total GATA-3+ T cells in spleen of IFN-g treated mice at the chronic stage of infection 
(Fig. 4.5B). The small intestinal accumulation of GATA-3+ T cells however remained 
unaffected post IFN-g exposure (data not shown). Of note, the accumulation of splenic 
GATA-3+ T cells in IFN-g treated mice was essentially contributed by strongly expanded 
IFN-g producing GATA-3+ Th2/1 cells (Fig. 4.5C). Overall, the findings highlight an 
obscured role of IFN-g as a promoter of GATA-3+ responses by specifically driving 
expansion of Th2/1 cells.  
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Fig. 4.5. IFN-g promotes the overall systemic GATA-3+ T cell response. 
A Kinetics of GATA-3+ cells in CD4+ T cells in blood over the course of infection. Data from 
two independent experiments are shown as mean ± SD (n naïve=3, infected ctr/rIFN-
g treated=6 mice). B Representative flow cytometry plots depicting T-bet vs. GATA-3 
expression in CD4+FoxP3- T cells in spleen. Pie charts report the percentage of GATA-3+T-
bet+ Th2/1 cells in CD4+GATA-3+ T cells isolated from the spleen at day 28 post infection. 
The size of the pie charts is adjusted according to the absolute cell count of GATA-3+ cells as 
mentioned. Data derive from two independent experiments (n=6 mice/group). C Left: 
Representative flow cytometry plots depicting IFN-g vs. GATA-3 expression of PMA/Ionomycin 
stimulated splenocytes at day 28 post infection. Right: Bar graph depicts the frequencies of 
GATA-3+IFN-g+ cells in spleen-derived CD4+FoxP3- T cells. Data from two independent 
experiments are shown (n naïve=4; infected ctr/rIFN-g treated=6 mice). Bars represent mean 
and circles correspond to individual mice. Statistical analysis in A was performed between 
untreated and IFN-g treated mice at each time point using unpaired t test. In C, statistical 
significance was determined using one-way ANOVA with Tukey’s multiple comparisons test. 
*p < 0.05, **p < 0.01, ****p < 0.0001. 
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4.6 Differential IFN-g availability dramatically affects the parasite specific (PS) 
responses. 
Next to the overall Teff responses, we further assessed the effect of age-associated and 
experimentally altered IFN-g availability on the phenotype of parasite specific CD4+ T cells 
generated in response to H.p. infection. The parasite specific CD4+ T cells were identified as 
follows:   Spleen or mLN-derived cells were cultured with dendritic cells (DC) pre-loaded with 
H.p. excretory/secretory products (HES). Following an overnight co-culture, parasite specific 
CD4+ T cells upregulated CD40-ligand (CD40-L) in response to TCR activation by HES-
primed DCs. CD40-L+ CD4+ T cells were further assessed for GATA-3/IL-13 and T-bet/IFN-g 
expression in young adult vs. mature, IFN-g restricted or IFN-g exposed mice. 
 
4.6.1 PS IFN-g producing cells rise in an age-dependent manner. 
Assessing the parasite specific responses in differentially aged mice showed that PS cells 
(CD4+CD40-L+) were enriched in GATA-3 expression in mice of all age groups. While PS 
GATA-3 as well as IL-13 expression remained unaffected with age, CD40-L+ cells co-
expressing T-bet were increased in an age-dependent manner (Fig. 4.6.1A, B). Along 
similar lines, IFN-g production from PS cells was dramatically increased with age, where 
9-month-old mice displayed a four-fold rise in PS IFN-g producing cells compared to 1.5-
month-old mice. Hence, age-dependent rise in steady state IFN-g competence correlated 
with skewing of CD40-L+ PS cells towards acquisition of a Th2/1 phenotype and 
increased IFN-g production without altering the expression of Th2-associated parameters.    
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Fig. 4.6.1. PS IFN-g producing cells rise in an age-dependent manner. 
The phenotype of parasite specific CD4+ T cells was determined by stimulating spleen cells 
with BmDCs primed with H.p. excretory/secretory products (HES). A Flow cytometry plots 
depicting selective upregulation of CD40-L by CD4+ T cells derived from chronically infected 
BALB/c mice upon co-culture with HES-primed BmDCs (left). CD4+ T cells of naïve control 
mice (bottom) did not respond to HES-DC stimulation. Plots on the right depict T-bet vs. 
GATA-3 expression (left), IFN-g expression (mid) and IL-13 expression (right) in CD40-L+ 
cells. CD40-L negative cells did not comprise cytokine expressing cells (data not shown). All 
plots were generated by merging the data of three mice per age group. B Graphs report the 
frequencies of IFN-g and IL-13 producing cells determined in CD40-L+ cells of 1.5 months 
(n=12), 3 months (n=9) and 9 months (n=4) old mice as determined in four independent 
experiments. Bars represent mean and circles correspond to individual mice. Statistical 
analysis was performed using one-way ANOVA with Tukey’s multiple comparisons test. ***p 
< 0.001, ****p < 0.0001. 
 
 
4.6.2 Experimental manipulation of early IFN-g availability alters the production of 
PS IFN-g.  
Similar to mature mice, young adult mice transiently exposed to IFN-g displayed a highly 
significant rise in PS IFN-g+ cells, whereas experimental blocking of early type 1 cytokines led 
to a near-complete ablation of PS IFN-g production (Fig. 4.6.2A-B). Of note, IFN-g exposure 
as well as blocking of type 1 signals led to a modest, but significant decline in IL-13 production 
by parasite-specific cells, as opposed to the unaltered phenotype of PS IL-13 producing cells 
in differentially aged mice. Overall, the findings suggest that the phenotype of PS cells in H.p. 
infected mice is highly amenable to the age-associated or even the transient manipulation of 
IFN-g availability during the priming phase of infection. IFN-g poised natural or artificially 
induced milieu in H.p. infection supports the acquisition of Th2/1 phenotype by PS cells. 
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Fig. 4.6.2. Experimental manipulation of early IFN-g availability alters the production 
of PS IFN-g 
The parasite specific CD4+ T cells was identified as mentioned earlier. A Plots report the 
percentages of IFN-g (1st column) and IL-13 producing cells (2nd column) determined in CD40-
L+ cells (left) and CD40-L- cells (right). B Graphs depict the frequencies of IFN-g and IL-13 
producing cells determined in CD40-L+ cells of untreated infection controls (n=7-11), rIFN-g 
supplemented (n=7) and aIL-12/aIFN-g treated mice (n=7) as determined in two to three 
independent experiments. Bars represent mean and circles correspond to individual mice. 
Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparisons 
test. *p < 0.05, **p < 0.01, ****p < 0.0001. 
 
4.7 Increased mucosal IFN-g availability promotes the fitness of developing larvae. 
As the fecundity of adult female worms correlated with IFN-g production by intestinal T cells 
and the small intestinal accumulation of IFN-g competent Th2/1 cells, we hypothesized that 
the inflammatory milieu experienced by the developing tissue-standing larvae may account for 
differences in reproductive potential of the eventually matured adult worms. To address this 
possibility, BALB/c mice (1.5 months old) were infected with H.p. and treated with rIFN-g 
as earlier followed by the dissection at day 6 post infection.  
 
4.7.1 IFN-g treatment leads to an early rise in IFN-g competent Th2/1 cells in small 
intestine. 
Early IFN-g exposure led to expansion of small intestinal Th2/1 cells, identified as T-
bet+GATA-3+, T-bet+IL-4+ or IFN-g+GATA-3+ cells at the early stage of infection (Fig. 
4.7.1A-C). IFN-g treated mice further displayed reduced early accumulation of small 
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intestinal Th2 cells. However, the total GATA-3+ T cells populating the small intestine in 
IFN-g treated mice remained comparable to the untreated controls, as expanded Th2/1 
cells compensated the reduced frequencies of Th2 cells (Fig. 4.7.1A). In line with GATA-
3+ Teff response, IL-4 producing T cells remained unimpaired in IFN-g treated mice (Fig. 
4.7.1B). However, IFN-g treated mice displayed an increased proportion of IFN-g 
producing cells in small intestine essentially due to the expansion of IFN-g producing 
Th2/1 cells (Fig. 4.7.1C). Hence, early supplementation with IFN-g in H.p. infection 
resulted in an IFN-g poised environment in small intestine resulted by the accumulation 
of IFN-g producing Th2/1 cells.  
 

 
Fig. 4.7.1. IFN-g treatment leads to an early rise in IFN-g competent Th2/1 cells in 
small intestine. 
BALB/c mice (1.5 mo) infected with H.p. were treated with rIFN-g (2.5 µg twice a day) during 
the first five days of infection followed by dissection at day 6 post infection. Flow cytometry 
plots (left) and bar graphs (right) depict T-bet vs. GATA-3 expression (A), IL-4 vs. T-bet 
expression (B) and IFN-g vs. GATA-3 expression (C) in siLP-derived CD4+FoxP3- T cells. 
Stacked bars report the percentage of total GATA-3+, IL-4+ and IFN-g+ cells, deciphering 
between T-bet+/- and GATA-3+/- cells as indicated. Cells were stimulated with 
PMA/ionomycin. Data from three independent experiments (n naïve=6; n infected=9-10 
mice/group) are reported as mean ± SD. Statistical analysis was performed using one-way 
ANOVA and Tukey’s multiple comparisons test or Kruskal-Wallis test and Dunn’s multiple 
comparisons test. The statistical significance comparing each sub-population is shown by 
asterisks in the corresponding colors. Black asterisks in C indicate significantly different overall 
frequencies of IFN-g+ producing cells comparing infection controls and IFN-g-treated mice. **p 
< 0.01, ****p < 0.0001.  
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4.7.2 Higher mucosal IFN-g competence correlates with increased capacity of L4 
migration in IFN-g treated mice. 
To assess if the early small intestinal Th2/1 bias in IFN-g treated mice translated to 
differences in the fitness of developing L4 larvae, we adopted a procedure to harvest L4 
larvae from the small intestinal tissue (Ey et al., 1981). Freshly excised proximal small 
intestinal explants were secured at the ends and cultured for four hours to allow the larval 
egress towards abluminal side. The inverted migratory behavior allowed to determine the 
percentage of egressed larvae from the tissue explants retrieved from IFN-g treated vs. 
untreated mice (Fig. 4.7.2A). Significantly higher percentage of L4 larvae were able to 
migrate and fully exit the tissue explants derived from IFN-g treated mice compared to the 
untreated controls (Fig. 4.7.2B). The data hence suggest that the L4 larvae maturating in 
small intestine populated by more IFN-g competent Th2/1 cells exhibit higher fitness 
manifested in increased migration capacity as compared to the larvae developing in small 
intestine of untreated controls.  
 

 
Fig. 4.7.2. Higher mucosal IFN-g competence correlates with increased capacity of 
L4 migration in IFN-g treated mice. 
A Experimental scheme: Freshly isolated proximal small intestinal explants were secured at 
both ends and cultured at 37°C. The number of L4 larvae migrating from the tissue was 
determined at the end of 4 h. Pictures show a freshly prepared small intestinal explant with 
embedded L4 (white arrows); L4 remaining in the tissue after 4h of culture; and partially 
egressed L4 larvae.  B Graph depicts L4 migrated from the tissue within 4h, expressed as the 
percentage of total larvae in the tissue explant. Data from two independent experiments are 
pooled (n=7-8 mice/group). Bars represent mean and circles correspond to individual mice. 
Statistical significance was determined using unpaired t test. ****p < 0.0001. 
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4.8 Susceptible C57BL/6 mice are characterized by higher steady state Th1 
accumulation and extensive generation of Th2/1 cells. 
Inbred mice lines display inherent differences in resistance to H.p. infection where BALB/c 
mice are more resistant than the fully susceptible C57BL/6 mice (Filbey et al., 2014). 
C57BL/6 mice are in fact considered ‘Th1 prone’ in displaying increased pro-inflammatory 
gene expression and M1 polarization associated with higher resistance to Leishmania 
infection, as opposed to BALB/c mice which display Th2 response and M2 polarization 
leading to disease exacerbation (Restrepo et al., 2021). We hence asked if C57BL/6 mice 
accumulate IFN-g competent cells more rapidly at steady state and generate more 
pronounced Th2/1 hybrid responses post H.p. infection. 
4.8.1 More rapid accumulation of Th1 cells is seen at steady state in C57BL/6 mice. 
Comparing the uninfected C57BL/6 and BALB/c mice (mean age of both strains: 1.9 +/- 0.5 
months), the frequencies of Th1 cells, the professional IFN-g producing cells, were 
elevated in C57BL/6 compared to BALB/c mice in lymphoid organs mLN and spleen as 
well as in small intestine (Fig. 4.8.1).  Hence, in line with their reported resistance 
phenotype to H. polygyrus, young adult C57BL/6 mice are skewed towards a higher type 
1 activity compared to the age matched BALB/c mice.  
 

 
 
 
Fig. 4.8.1. More rapid accumulation of Th1 cells is seen at steady state in C57BL/6 
mice. 
A Bar graphs report the frequencies of T-bet+ cells in CD4+ T cells in mLN, spleen and small 
intestine of naïve young adult BALB/c and C57BL/6 mice aged 1.5 months. Data derive from 
three independent experiments (n=6-7 mice/ group). Bars represent mean and circles 
correspond to individual mice. Statistical significance was determined using unpaired t test 
or Mann-Whitney test. **p < 0.01, ***p < 0.001, ****p < 0.0001. 
 
4.8.2 IFN-g competent C57BL/6 mice are populated by more Th2/1 cells post H.p. 
infection compared to BALB/c mice. 
In line with more rapid accumulation of Th1 cells at steady state, C57BL/6 mice harbored 
higher proportions of small intestinal IFN-g producing cells, deciphered between Th1 or 
CD4- cells in naïve uninfected mice (Fig. 4.8.2A). H.p. infected C57BL/6 mice generated 
more Th2/1 cells evidently seen in spleen as well as small intestine at the chronic stage 
of infection (Fig. 4.8.3B-D). Classical Th2 cells were comparable between the two strains. 
More Th2/1 cells in C57BL/6 compared to BALB/c mice contributed to increased 
proportions of overall IFN-g producing cells, next to IFN-g producing Th1 and CD4- cells 
in H.p. infected mice (Fig. 4.8.3A). Overall, the findings suggest that higher IFN-g 
competence translates to more Th2/1 cells at chronic stage of infection in C57BL/6 
compared to BALB/c mice. 
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Fig. 4.8.2. IFN-g competent C57BL/6 mice are populated by more Th2/1 cells post 
H.p. infection compared to BALB/c mice. 
A Bar graphs report small intestinal IFN-g responses by CD4-, Th1 and Th2/1 cells shown 
from one dataset representative for 2-3 experiments as mean ± SD (n=3-6 per infection time 
point). Naïve controls (n=5 and 8) are pooled from four individual experiments. IFN-g 
production was assessed in response to stimulation with PMA/Ionomycin. B Flow cytometry 
plots depicting T-bet vs. GATA-3 expression in CD4+Foxp3- T cells in spleen and small 
intestine at day 35 post infection. Bar graphs report the frequencies of Th2/1, Th2 and Th1 
cells in C spleen and D small intestine. Data from one out of two experiments with similar 
outcome are shown (n naïve=3, infected=5 mice). Bars represent mean and circles 
correspond to individual mice. Statistical analysis was performed using one-way ANOVA 
and Tukey’s multiple comparisons test or Kruskal-Wallis test and Dunn’s multiple comparisons 
test. Significant differences between the mouse lines at a given time point concerning the total 
and cell type-specific IFN-g signals are indicated by (§) and (*), respectively. *p < 0.05, **p < 
0.01, ***p < 0.001. 
 
4.8.3 C57BL/6 mice harboring more Th2/1 cells display poor parasite control. 
In line with the increased generation of Th2/1 cells, C57BL/6 mice displayed poor parasite 
control (Fig. 4.8.3). Fecal egg shedding was elevated in C57BL/6 compared to BALB/c 
mice throughout the course of infection (Fig. 4.8.3A). Furthermore, while most individuals 
expelled the worms by day 35 in case of BALB/c mice, C57BL/6 mice displayed 
significantly higher worm burden (Fig. 4.8.3B). Hence, higher Th2/1 bias in H.p. infected 
C57BL/6 compared to BALB/c mice coincides with poor resistance.  
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Fig. 4.8.3. C57BL/6 mice harboring more Th2/1 cells display poor parasite control. 
A Kinetics of fecal egg shedding in H.p. infected BALB/c and C57BL/6 mice over the course 
of five weeks. Data derive from one out of two experiments with similar results and are reported 
as mean ± SD (n=5 mice/group). B Adult worm counts at day 35 post infection. Data from 
three independent experiments (n=10-11 mice/group) are combined. Bars represent mean 
and circles correspond to individual mice. Statistical analysis was performed using unpaired 
t test or Mann-Whitney test. *p < 0.05, **p < 0.01, ****p < 0.0001. 
 
4.8.4 Early Th2/1 bias in C57BL/6 mice is associated with increased L4 migration 
capacity. 
To assess if the increased egg shedding in C57BL/6 compared to BALB/c mice 
corresponded with the development of fitter larvae, we compared the small intestinal 
responses and the larval migratory behavior in the two strains at day 6 post infection. 
Young adult C57BL/6 mice harbored more small intestinal Th2/1 cells, identified as T-bet 
expressing and IFN-g producing GATA-3+ T cells compared to age-matched BALB/c mice 
at the early stage of infection (Fig. 4.8.4A-B). The type 1 milieu in C57BL/6 mice was 
further accentuated by poor classical Th2 accumulation and generation of more Th1 cells 
compared to BALB/c mice. The higher small intestinal Th2/1 bias in C57BL/6 mice 
correlated with more L4 larvae managing to fully exit the tissue explants cultured ex vivo 
(Fig. 4.8.4C). Hence, early local Th2/1 bias in C57BL/6 compared to BALB/c mice is 
associated with the development of fitter L4 larvae.  
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Fig. 4.8.4. Early Th2/1 bias in C57BL/6 mice is associated with increased L4 
migration capacity. 
A Flow cytometry plots depicting T-bet vs. GATA-3 expression (left) and IFN-g vs GATA-
3 expression in CD4+FoxP3- T cells in small intestine at day 6 post infection. B Bar graphs 
report the frequencies of Th2/1, Th2 and Th1 cells in small intestine in BALB/c and 
C57BL/6 mice at day 6 post infection. Data from two (C57BL/6) or three (BALB/c) 
experiments are reported as mean + SD (n BALB/c naïve=7, C57BL/6 naïve=4; BALB/c 
infected=10, C57BL/6 infected=6 mice). C Quantification of L4 migrated from small intestinal 
tissue explants within 4h, expressed as percentage of the total larvae present in tissue. Data 
from two experiments each performed with four BALB/c and three C57BL/6 mice per group 
are combined. Bars represent mean and circles correspond to individual mice. Statistical 
analysis was performed using one-way ANOVA with Tukey’s multiple comparisons test or 
Kruskal-Wallis test with Dunn’s multiple comparisons test in B and unpaired t test or Mann-
Whitney test in c. ***p < 0.001, ****p < 0.0001.  
 
4.8.5. C57BL/6 mice display higher Th2/1 bias compared to resistant SJL mice. 
The bias in favor of Th2/1 cells in C57BL/6 mice was also observed when comparing the Teff 
responses to SJL mice which display very high resistance and clear the infection within 2-3 
weeks (Filbey et al., 2014) (Fig. 4.8.5). Akin to BALB/c mice, poor IFN-g competence is seen 
in SJL mice (Fig. 4.8.5A) coinciding with impaired accumulation of small intestinal Th2/1 cells 
at early stage of infection (Fig. 4.8.5B). The poor Th2/1 responses correlated with higher M2 
polarization in the peritoneal cavity compared to susceptible C57BL/6 mice (Fig. 4.8.5C). 
Hence, the extent of Th2/1 accumulation is a correlate for susceptibility across mice lines of 
different genotypes.   
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Fig. 4.8.5. C57BL/6 mice display higher Th2/1 bias compared to resistant SJL mice. 
A Graphs report the frequencies of IFN-g producing cells in response to PMA/ionomycin in 
mLN, spleen and small intestine at day 7 post infection. Data derive from one out of two 
experiments with similar results (n=4 mice/strain). B Frequencies of Th2/1 and Th2 cells in 
small intestine. C Frequencies of Ym-1 expressing M2 macrophages in C57BL/6 vs. BALB/c 
vs. SJL mice. Data from two experiments are pooled in B and C (n=8 mice/strain). Bars 
represent mean and circles correspond to individual mice. Statistical analysis was performed 
using one-way ANOVA with Tukey’s multiple comparisons test or Kruskal-Wallis test with 
Dunn’s multiple comparisons test. *p < 0.05, **p < 0.01,***p < 0.001, ****p < 0.0001.  
 
4.8.6 Age-dependent rise in susceptibility is seen in both resistant and susceptible 
strains. 
To determine if the age-associated rise in susceptibility is not an exclusive feature of 
BALB/c mice, we aimed to compare the Teff responses and resistant phenotype in young 
adult (3 months old) and mature (6 months old) BALB/c and C57BL/6 mice. The bias in 
favor of Th2/1 cells, reported by lower Th2 to Th2/1 ratios, was increased in an age-
dependent manner in BALB/c mice (Fig. 4.8.6A). While the differentiation of splenic Th2/1 
cells was comparable in young adult vs. mature C57BL/6 mice, a significant drop in the 
ratios of Th2 to Th2/1 cells was cogently observed in both mLN as well as small intestine 
in mature compared to young adult C57BL/6 mice two weeks post infection (Fig. 4.8.6A). 
Furthermore, the Th2/1 poised small intestinal milieu in mature compared to young adult 
mice corresponded with increased fecundity of female worms observed to a significant 
degree in BALB/c and in trend in C57BL/6 mice (Fig. 4.8.6A). Importantly, similar bias for 
Th2/1 cells in mature BALB/c and young adult C57BL/6 mice correlated with similar egg 
production by female worms, thereby corroborating the reliability of fecundity analysis across 
host genotypes and age groups (Fig. 4.8.6B). In brief, our findings suggest that age-
dependent rise in Th2/1 bias and correspondingly increased parasite fitness is seen in 
resistant BALB/c as well as susceptible C57BL/6 mice. However, the more divergent 
differences seen at the younger age tend to level out in older mice.  
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Fig. 4.8.6. Age-dependent rise in susceptibility is seen in both resistant and 
susceptible strains. 
A Graphs report the ratio of Th2 to Th2/1 cells in mLN, spleen and small intestine at day 14 
post infection. Data from 2-3 individual experiments each performed with 3-5 mice/group are 
pooled. B Mean fecundity of individual female worms within 24 h of culture. Data derive from 
two independent experiments each performed with n=3 mice/group. Bars represent mean and 
circles correspond to individual mice. Statistical analysis was performed using one-way 
ANOVA with Tukey’s multiple comparisons test or Kruskal-Wallis test with Dunn’s multiple 
comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
 
4.9 The susceptible phenotype of C57BL/6 mice is contingent to the early IFN-g 
availability. 
While the susceptible phenotype of C57BL/6 mice strongly correlated with the higher 
steady state Th1 accumulation and generation of significantly more Th2/1 cells post H.p. 
infection, whether the poor resistance was indeed resulted by increased IFN-g availability 
was uncertain. We hence asked if limiting early endogenous IFN-g availability converted 
the immunological phenotype of C57BL/6 mice to that of the BALB/c mice displaying more 
effective response to the infection. To that end, young adult C57BL/6 mice (3 months old) 
infected with H.p. were treated with in vivo neutralizing antibodies against IL-12 and IFN-
g as earlier followed by dissection at day 14 post infection (Fig. 4.9.1A).  
 
4.9.1 Early restriction of IFN-g availability leads to poor Th2/1 response. 
As expected, restricting early IFN-g availability correlated with reduced circulating Th2/1 
cells in blood, while classical Th2 cells, although increased at day 7 in blocked mice, 
reached similar levels as untreated controls by two weeks post infection (Fig. 4.9.1A). 
The Teff phenotype in blood was mirrored in small intestine, characterized by dramatically 
reduced accumulation of Th2/1 cells (Fig. 4.9.1B). As shown earlier, accumulation of 
classical Th2 cells remained unaffected upon blocking IFN-g (Fig. 4.9.1B). Restricting 
early IFN-g availability further led to a trend of reduced Th1 cells in small intestine (Fig. 
4.9.1B). Overall, restricting early IFN-g availability led to significantly impaired mucosal 
accumulation of Th2/1 cells in C57BL/6 mice, confirming the findings in BALB/c mice.  
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Fig. 4.9.1. Early restriction of IFN-g availability leads to poor Th2/1 response. 
A Experimental scheme: C57BL/6 mice (3.5 ± 2 months) infected with H.p. were treated with 
aIL-12 and aIFN-g as described earlier followed by dissection at day 14 post infection. Graphs 
report the kinetics Th2/1 hybrid and Th2 cells in circulating CD4+ T cells over the course of 
infection. Data from two independent experiments are shown as mean ± SD (n naïve=6, n 
infected=4-7 mice/group). B Bar graphs depict the frequencies of Th2/1, Th2 and Th1 cells in 
CD4+FoxP3- T cells derived from small intestine. Data derive from two independent 
experiments (n naïve=4; H.p. ctr=8; aIFN-g/aIL-12=8 mice). Bars represent mean and circles 
correspond to individual mice. Statistical analysis was performed between infected groups 
using unpaired t test or Mann-Whitney test in A. Naïve and infected groups were compared 
using one-way ANOVA with Tukey’s multiple comparisons test or Kruskal-Wallis test and 
Dunn’s multiple comparisons test in B. *p < 0.05, **p < 0.01, ****p < 0.0001. 
 
4.9.2 Early blocking of IFN-g leads to lowered mucosal IFN-g competence. 
Assessing the cytokine profile of Teff cells in small intestine, restricting early IFN-g 
availability led to reduced proportions of IFN-g producing T cells (Fig. 4.9.2). The 
proportions of both IFN-g+ Th1 (GATA-3-) cells and Th2/1 (GATA-3+) cells were halved 
in IFN-g/IL-12 blocked mice. In line with the unaffected small intestinal accumulation of 
classical Th2 cells (Fig. 4.9.1), IL-4 producing T cells remained comparable between IFN-
g restricted mice and untreated controls (Fig. 4.9.2). In brief, early blocking of IFN-g 
significantly impaired the endogenous IFN-g competence of Th1 as well as Th2/1 cells 
populating the small intestine in C57BL/6 mice. 
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Fig. 4.9.2. Early blocking of IFN-g leads to lowered mucosal IFN-g competence. 
Contour plots reporting IFN-g vs. IL-4 expression in CD4+FoxP3- T cells post PMA/Ionomycin 
stimulation. Bar graphs depict IFN-g producing cells in small intestinal CD4+ T cells. One out 
of two experiments with similar outcome is shown (n naïve=2; H.p. ctr=4; aIFN-g/aIL-12=4 
mice). Cells were stimulated with PMA/ionomycin. Bars represent mean and circles 
correspond to individual mice. Statistical significance between two infected groups is 
determined using Mann-Whitney test. *p < 0.05. 
 
4.9.3 Diminished PS IFN-g production seen upon early blocking of IFN-g.  
Assessing the parasite specific cytokine profile in IFN-g/IL-12 blocked mice vs. untreated 
C57BL/6 infection controls, IFN-g release in response to stimulation with parasite-derived 
products was dramatically reduced in mice with restricted IFN-g availability in spleen as 
well as peritoneal cavity (Fig. 4.9.3). The frequencies of CD40-L expressing IL-4 
producing cells however, remained comparable between IFN-g/IL-12 blocked mice and 
untreated controls. Hence, restricting early IFN-g availability leads to diminished levels of 
PS IFN-g producing cells.  
 

 
 
Fig. 4.9.3. Diminished PS IFN-g production seen upon early blocking of IFN-g  
Bar graphs depict IFN-g and IL-4 producing cells in parasite-specific CD4+ T cells in spleen 
and peritoneal cavity. Data derive from two independent experiments (n H.p. ctr=7-8; aIFN-
g/aIL-12=8 mice). Bars represent mean and circles correspond to individual mice. Statistical 
analysis was performed using unpaired t test or Mann-Whitney test. ***p < 0.001, ****p < 
0.0001. 
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4.9.4 Pronounced innate type 2 responses are seen in IFN-g restricted mice. 
The M2 polarization in the peritoneal cavity, determined by the frequencies of RELM-a 
expressing macrophages, was increased in trend in IFN-g restricted mice displaying poor 
Th2/1 bias (Fig. 4.9.4A). Furthermore, the diminished circulating and mucosal Th2/1 cells 
in IFN-g/IL12 blocked mice correlated with elevated systemic and tissue eosinophilia as 
determined by the higher percentage of Siglec-F expressing eosinophils in blood and 
small intestine (Fig. 4.9.4B). Hence, poor IFN-g availability at the priming phase of 
infection correlated with elevated innate type 2 responses in IFN-g/IL-12 blocked mice. 
 

 
 
Fig. 4.9.4. Pronounced innate type 2 responses are seen in IFN-g restricted mice. 
A Bar graphs depict the frequencies of F4/80+RELM-a+ M2 macrophages in live peritoneal 
cells. Data derive from one experiment (n naïve=1; H.p. ctr=4; aIFN-g/aIL-12= 4 mice). B 
Frequencies of Siglec-F+ SSChi eosinophils in blood and small intestine at indicated time 
points reported as bar graphs. Data from two independent experiments are pooled (n naïve=2; 
H.p. ctr=7-8; aIFN-g/aIL-12=8 mice). Bars represent mean and circles correspond to individual 
mice. Statistical analysis was performed using unpaired t test or Mann-Whitney test between 
infected groups in B. *p < 0.05, **p < 0.01. 
 
4.9.5 More efficient parasite control is seen in IFN-g restricted mice. 
Limiting early IFN-g availability did not accelerate the parasite expulsion in C57BL/6 mice 
as determined by comparable adult worm burden in blocked mice vs. untreated controls 
two weeks post infection (Fig. 4.9.5A). However, the impaired accumulation of Th2/1 cells 
in IFN-g restricted mice correlated with increased parasite fitness, evidenced by lower 
fecal egg counts and reduced fecundity of individual female worms (Fig. 4.9.5B-C). 
Hence, increased susceptibility in C57BL/6 mice is indeed associated with the early 
accumulation of IFN-g competent cells which promote the generation of robust Th2/1 
responses in infected mice.  
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Fig. 4.9.5. More efficient parasite control is seen in IFN-g restricted mice. 
A Adult worm burden at day 14 post infection. Data from two independent experiments are 
pooled (n H.p. ctr=8; aIFN-g/aIL-12=8 mice). B Fecal egg counts determined from day 10 – 
13 post infection shown as mean ± SD. Data from two independent experiments are pooled 
(n=8 mice per group) at each time point except day 12 where one experiment with n=4 
mice/group is shown. C Data points depict the mean egg production of 8 individual female 
worms per mouse within 24h of culture. Data from two independent experiments are pooled. 
(n H.p. ctr=8; aIFN-g/aIL-12=8 mice). Bars report the mean, circles represent individual mice. 
Statistical analysis was performed using unpaired t test or Mann-Whitney test. *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001.  
 
4.9.6 Ameliorated small intestinal pathology in IFN-g restricted mice. 
Development of small intestinal granulomas is associated with the graded resistance to the 
H.p. infection. Resistant mice develop extensive macroscopic granulomas while 
granulomatous response is poorer in susceptible lines (Filbey et al., 2014). Reduced small 
intestinal IFN-g competence in blocked mice alongside unimpaired IL-4 production licensed 
the formation of significantly increased numbers of small intestinal granulomas at the site of 
larval invasion (Fig. 4.9.6A-B). Hence, limiting early IFN-g availability in C57BL/6 mice leads 
to the increased Th2 associated small intestinal pathology akin to the response typically 
observed in resistant BALB/c mice.  
 

 
Fig. 4.9.6. Ameliorated small intestinal pathology in IFN-g restricted mice. 
A Representative picture depicting proximal small intestines of one naïve and one H.p. 
infected control mouse alongside two mice that had received IFN-g and IL-12 blocking 
antibodies. Arrows point to the granuloma. B Bar graph reports the small intestinal granuloma 
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count in untreated control and IFN-g/IL-12 blocked mice. Data from two independent 
experiments are pooled (n H.p. ctr=8; aIFN-g/aIL-12=8 mice). Bars represent mean and circles 
correspond to individual mice. Statistical significance was determined using Mann-Whitney 
test. *p < 0.05. 
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5.1 Conclusion  
Our studies report an age-associated rise in homeostatic IFN-g availability in genetically 
resistant mice which translates to increased bias in favor of T-bet+GATA-3+ Th2/1 cells 
post infection with GI nematode H. polygyrus. GATA-3+ Teff response skewed towards 
IFN-g producing Th2/1 cells is further associated with exacerbated control of the 
nematode infection. The findings further add to the current understanding of age-
dependent rise in susceptibility against GI nematodes by reporting that the phenotype of 
poor resistance reportedly correlated with very advanced age is seen much earlier in life 
before mice approach senescence. The findings further demonstrate that in a resistant 
mouse line displaying robust type 2 immunity, endogenous IFN-g is not dispensable for 
the infection outcome, as even the transient episodes of restricted IFN-g availability are 
sufficient to improve parasite control without tangibly affecting the classical Th2 response. 
Poor resistance in artificial settings of elevated IFN-g availability akin to as observed in 
unmanipulated mature mice further authenticated IFN-g in exacerbating parasite control. 
Our data also highlight a method to evaluate larval fitness by estimating the migratory 
potential of tissue-standing larvae. Comparison of resistance profile and local Th2/1 bias 
in mice of difference age groups across inbred lines corroborated the robustness of the 
negative correlation between Th2/1 accumulation and resistance against the parasite. 
Finally, our findings substantiate the implication of IFN-g in driving the susceptible 
phenotype of C57BL/6 mice by reporting higher resistance in the otherwise susceptible 
mice upon restricting early IFN-g availability.  
 
5.2 Perspectives 
As Th2/1 cells persist in the chronic phase of infection when most worms have already 
cleared the worms, it is likely that the functional relevance of Th2/1 cells exists beyond 
modulating the parasite control. Th2/1 cells are earlier reported to ameliorate type 1 as 
well as type 2 immunopathology by presenting attenuated features of either responses 
(Peine et al., 2013). Furthermore, IFN-g itself has been reported as a restraining factor against 
IL-17 mediated immunopathology in S. mansoni infected mice immunized with parasite egg 
antigens (Rutitzky & Stadecker, 2011). Along similar lines, we observed reduced granuloma 
formation and relatively healthy gut in settings of higher Th2/1 bias in IFN-g exposed mice. 
Hence, Th2/1 cells, next to affecting the resistance phenotype, might be additionally 
involved in the optimal operation of tissue repair mechanisms in the nematode infested 
small intestine and act as a safeguard against an overt detrimental type 2 bias.   
Another possibility is that Th2/1 cells might behave as a source of immediate IFN-g release to 
control translocated microbes from the gut lumen. The breaching of intestinal barrier by larvae 
migrating into the small intestine can lead to a leaky gut which might permit the translocation 
of microbes residing in the lumen into the lamina propria and further into circulation. Hence, 
the induction of IFN-g producing Th2/1 cells at the systemic sites might be a way to mitigate 
the harm by the translocated microbes. To investigate this possibility, we plan to quantify the 
microbial DNA by qPCR in spleen and mLN of the H.p. infected mice harboring differential 
Th2/1 proportions. 
Additionally, we observe that IFN-g applied during T cell priming leads to overt accumulation 
of systemic type 2 effector cells. Further work is hence needed to address the mechanism 
underlying the non-classical type 2 promoting effect of IFN-g.  

- Impaired homing to the small intestine: IFN-g treatment may result in poor homing 
of type 2 effector cells to the site of infection, thereby leading to accumulation of GATA-
3+ T cells in blood and spleen. Further work should hence address the impact of 
systemic IFN-g treatment on gut homing marker expression. Current work performed 
in the group also shows that Th2/1 accumulate in the liver next to spleen and blood 
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possibly related to IFN-g driven expression of ligands for CXCR3 expressed by Th2/1 
cells.  

- Increased proliferation of GATA-3+ Teff cells: IFN-g may induce excessive 
proliferation of GATA-3+ Teff cells thereby leading to their increased numbers. 
However, our preliminary data on Ki67 expression in GATA-3+ T cells in IFN-g treated 
mice do not support this hypothesis.  

- Preferential survival of IL-4 producing cells: IFN-g driven accumulation of GATA-
3+ T cells may also result due to preferentially increased survival of IL-4 competent T 
cells. IFN-g is known to drive increased numbers of IL-4+ CD4+ T cells due to either 
their selective survival or the preferential death of non-IL-4 producing cells (Bocek et 
al., 2004). Hence, it is possible that IFN-g selectively induces pro-survival programs in 
GATA-3+ T cells, possibly by modulating intrinsic apoptotic machinery or inhibiting 
activation induced cell death, hence leading to their over-representation in BALB/c 
mice.  

- Preferential cell death of non-IL-4 producing cells: Alternatively, IFN-g may initiate 
cell death in non-IL-4 producing cells, thereby freeing up empty niches for the 
generation of more GATA-3+ T cells. The pro- or anti-survival effects may further be 
conveyed directly by IFN-g, or indirectly by IFN-g-driven modulation of cytokines 
implicated in cell survival including IL-2, IL-4, IL-7 and IL-15. The experiments to 
address whether IFN-g promotes cell survival in our model and to identify the 
underlying mechanistic basis are currently in progress.  

Of note, while classical Th2 responses are unimpaired in long run in IFN-g treated vs. 
untreated mice, IFN-g has a cogent suppressive effect on the early induction of classical Th2 
cells. Previous studies have shown that IFN-g negatively regulates antigen processing and 
presentation by APCs (O’Neil et al., 1999; Ozawa et al., 1996; Rongcun et al., 1998). The 
capacity to induce proliferative responses in CD4+ T cells is also reduced in dendritic cells 
exposed to IFN-g (Rongcun et al., 1998). Furthermore, IFN-g is reported to restrict the 
expression of the surface marker CD1a on DCs, which is recognized by NK1+ T cells to 
release high levels of Th2 polarizing cytokine IL-4 (Bendelac et al., 1996; Rongcun et al., 
1998). Hence, defective machinery of APCs, poor induction of proliferative responses and 
reduced CD1a expression by DCs are potential mechanisms underlying poor classical Th2 
induction in IFN-g treated mice, which require further investigation.   
Finally, as the natural infections are not very reflective of lab-based mice inoculated with 
a standard larval dose under monitored conditions and are further confounded by 
numerous factors as reported earlier, further work aims to address the IFN-g-Th2/1-
susceptiblity axis in Ascaris infected pigs which provide an excellent model of in natura 
infections. Ascaris infected pigs display elevated type 1 activity in the form of increased 
IL-12, STAT-4, IL-18 and IFN-g expression and further harbor IFN-g producing cells in the 
Ascaris-responsive T cell pool (H. Dawson et al., 2009; H. D. Dawson et al., 2005; Ebner et 
al., 2017). Experiments to evaluate the significance of IFN-g+IL-4+ Th2/1 cells in 
modulating the susceptible phenotype of Ascaris infected pigs are currently under 
investigation.   
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The current work demonstrates that the age-dependent rise in homeostatic IFN-g 
competence skewed the phenotype of H.p. induced GATA-3+ Teff cells in favor of T-bet 
co-expressing Th2/1 cells and simultaneously undermined the control of nematode 
infection. Working with genetically resistant BALB/c mice, we observed that immune 
maturation with age is associated with higher type 1 activity at steady state manifested in 
the form of more non-specific IFN-g producing lymphocytes and generation of more T-bet 
enriched Teff/mem like cells populating mucosal and lymphatic organs. Age-dependent 
enrichment of IFN-g producing cells in uninfected mice ensued the generation of more 
systemic and mucosal Th2/1 cells in the acute as well as chronic phase of H.p. infection. 
The bias in favor of Th2/1 cells in mature mice allowed the maturation of more fecund 
worms, thereby leading to poor parasite control in the otherwise resistant strain.  
In addition to age-Th2/1-susceptibility axis, the resistance phenotype of inbred mice was 
also traced to the differences in endogenous type 1 activity. Fully susceptible C57BL/6 
mice accumulated Th1 cells more rapidly at steady state and harbored more Th2/1 cells 
post H.p. infection compared to the resistant BALB/c mice. Of note, the age-dependent 
modulation of Th2/1 cells was not confined to BALB/c mice. Susceptible C57BL/6 mice 
displayed a greater bias in favor of Th2/1 cells and allowed the maturation of female 
worms tending towards increased reproduction potential with the rise in age. The 
replicability of the age-dependent differences in Teff response in resistant as well as 
susceptible lines suggest greater implications of age-Th2/1-susceptbility axis in nematode 
infection studies.  
Restricting endogenous IFN-g availability in the priming phase of Th response resulted in 
higher resistance and induction of GATA-3+ Teff response characterized by fewer 
accumulation of Th2/1 cells in BALB/c as well as C57BL/6 mice. Diminished Th2/1 cells 
correlated with further improved resistance in BALB/c mice and augmented the features 
associated with resistant strains in otherwise susceptible C57BL/6 mice. Conversely, 
supplementing early IFN-g availability led to impaired parasite control in resistant BALB/c 
mice and promoted the expansion and small intestinal accumulation of Th2/1 cells as 
seen in mature mice.  
Of note, age-dependent as well as artificial modulation of IFN-g availability led to very 
tangible effects on the phenotype of parasite specific responses as determined by the 
generation of HES-responsive GATA-3+ T cells enriched in T-bet co-expressing cells in 
settings of elevated IFN-g availability and correspondingly diminished PS Th2/1 cells as 
well as parasite specific IFN-g production in IFN-g/IL-12 blocked mice. The higher 
fecundity of worms maturated in the milieu enriched in Th2/1 cells was traced to the 
development of fitter L4 larvae, as determined by their higher migratory potential of the 
tissue-standing larvae in C57BL/6 or IFN-g treated BALB/c mice.  
 
6.1 Age-dependent bias in favor of IFN-g and poor resistance in mature mice 
Earlier studies in C57BL/6 mice have reported spontaneous generation and age-
dependent accumulation of CD44hiCD62Llo Foxp3− MP CD4+ T cells at steady state in 
C57BL/6 mice (Kawabe et al., 2017). A fraction of MP Th1 cells identified by upregulated 
T-bet expression rapidly releases IFN-g in an innate fashion post IL-12 stimulus by APCs 
(Kawabe et al., 2017, 2020). Expanding on these findings, the current study reported 
homeostatic age-dependent rise in IFN-g producing Th1 cells in BALB/c mice genetically 
predisposed towards the induction of robust type 2 responses in in type 2 as well as type 
1 infections (Filbey et al., 2014; Heinzel et al., 1989; C. Hsieh et al., 1993). 
The MP Th1 cells are further reported be protective in type 1 response mandating T. 
gondii infection by rapidly releasing IFN-g in an innate fashion and hence supporting the 
induction of adaptive type 1 immunity (Kawabe et al., 2017). Along similar lines, the 
findings in current studies illustrate that age-dependent rise in IFN-g producing Th1 cells 
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is associated with an impaired development of effective type 2 protective immunity leading 
to poor parasite control in mature compared to young adult nematode infected BALB/c 
mice.  
Previous studies on age-dependent resistance in parasite infection compared young cohorts 
with the mice which approached senescence (age ≥ 1.5 years). In a model of Leishmaniasis, 
susceptible BALB/c mice developed a Th1 profile and displayed higher resistance upon 
approaching senescence (Ehrchen et al., 2004). Along similar lines, innate type 2 features 
including alternative activation of macrophages and mucus production are impaired in aged 
compared to young mice in the context of nematode  infections (Morimoto et al., 2015; 
Sugawara et al., 2011). The bias in favor of IFN-g at the expense of Th2 cytokines resulted in 
poor protective humoral and innate type 2 responses culminating in an age-associated switch 
to susceptibility in senescent mice infected with T. muris, N. brasiliensis and inoculated with 
Schistosoma eggs (Humphreys & Grencis, 2002; Smith et al., 2001). Expanding on these 
findings, our studies demonstrate that age-associated rise in Th1 profile occurs much earlier 
in life before mice enter senescent state. Furthermore, as senescence is characterized by a 
general impairment of immune system (Crooke et al., 2019), the increased susceptibility in 
aged mice is possibly more attributed to the poor type 2 immune activation (Humphreys & 
Grencis, 2002; Smith et al., 2001; Sugawara et al., 2011) as compared to the simultaneous 
rise in Th1 bias. However, mice in the age group of 5-10 months old in our studies are not as 
immunologically far-removed from younger cohorts, which curtails the additional senescence 
associated features which may affect resistance phenotype next to endogenous IFN-g 
availability.  
 
6.2 Cross-inhibition of effective anti-nematode immunity by type 1 cytokines 
In addition to our studies, numerous reports have highlighted the suppressive effects of 
type 1 candidates on the anti-nematode Th2 immunity. Clearance of intestinal nematode 
Trichinella spiralis is accelerated in IFN-g-/- BALB/c mice. In vivo neutralization of IFN-g in 
susceptible AKR mice leads to quicker expulsion of intestinal nematode Trichuris muris (Else 
et al., 1994; Urban et al., 2000). Neutralization of endogenous IFN-g in B cell depleted C57BL/6 
mice leads to a rescued clearance of T. muris worms (Sahputra et al., 2019). IL-12 enhances 
parasite survival and fitness by inhibiting Th2 cytokine expression, IgE and innate type 2 
effector responses in primary N. brasiliensis infection (Finkelman et al., 1994). IL-18 promotes 
delayed parasite clearance associated with reduced mastocytosis and Th2 cytokine 
production in T. spiralis infected mice (Helmby & Grencis, 2002).  
Of note, IFN-g is released by the small intestinal granulomas formed during larval invasion in 
H.p. infected mice (Gentile et al., 2020; Nusse et al., 2018). Furthermore, IL-12 and IL-18 are 
reported to synergistically promote IFN-g production by NK and Th1 cells (Nakanishi, 2018).  
IL-18 released by inflammasome activation is indeed shown to promote IFN-g in the context 
of whipworm infections (Alhallaf et al., 2018). Expression of IL-12 and IL-18 in nematode 
infected mice (Alhallaf et al., 2018; Everts et al., 2016) may well contribute to the priming of 
steady state MP Th1 cells, CD8+ T cells or NK cells for IFN-g release. Hence, the priming of 
more numerous IFN-g competent cells in mature compared to young adult mice may promote 
the generation more vigorous Th2/1 responses eventually resulting in poor parasite control. 
 
6.3 IFN-g availability and Th2/1 bias in inbred mice with differential resistance 
The association of poor resistance with elevated type 1 activity is also seen upon comparing 
inbred mice lines possessing genetic predisposition to differential susceptibility in H.p. 
infection. Susceptible C57BL/6 mice harboring more steady state IFN-g producing cells, 
accumulate more Th2/1 cells coinciding with poor M2 activation compared to resistant BALB/c 
and SJL mice. However, SJL mice are characterized by a rapid and robust antibody responses 
post H.p. infection which possibly suggest a critical role of humoral immunity in regulation of 
their resistance phenotype next to T cell dependent immunity (Lawrence & Pritchard, 1994). 
Importantly, the simultaneous comparison of age dependent Teff profile in the BALB/c vs. 
C57BL/6 mice suggested a progressive rise in Th2/1 bias from young adult to mature BALB/c 
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mice. Mature BALB/c mice displayed comparable Th2/1 dominance as young adult C57BL/6 
mice suggesting that contrasting differences to susceptible mice are leveled out with the rise 
in age of BALB/c mice. The bias in favor of Th2/1 cells further increased and was highest in 
mature C57BL/6 mice. The expected resistance phenotype largely mirrored the GATA-3+ Teff 
profile in the differently aged mice of both strains, thereby suggesting that the IFN-g availability 
either genetically determined or phenotypically altered with age is a robust regulator of GATA-
3 Teff phenotype and the resistance to nematode infection.   
 
6.4 Determination of larval fitness by L4 migration assay 
While the parasite expulsion remained largely unimpaired upon manipulation of Th2/1 
responses in BALB/c mice, female fecundity was a reliable correlate of Th2/1 responses in all 
the experimental regimens. The increased parasite egg production from the earliest time of 
parasite reproduction prompted the hypothesis of development of fitter tissue-standing larvae 
which eventually maturate into more fecund worms. The protocol typically used to harvest L4 
larvae which harnessed the inverted larval migration capacity towards abluminal side (Ey et 
al., 1981) was employed to assess differences in larval fitness as determined by their 
migratory capacity. Indeed, the larvae developing in IFN-g exposed mice exhibited higher 
migratory potential. Importantly, the small intestinal milieu in IFN-g exposed mice was 
characterized by the higher accumulation of Th2/1 cells at the expense of classical Th2 cells, 
suggesting that the local bias in favor of IFN-g producing Th2/1 cells allows the maturation of 
fitter L4 larvae. Furthermore, the IFN-g exposed mice harboring higher small intestinal Th2/1 
accumulation developed significantly poor granulomatous response further suggesting that 
the larvae developing in sufficiency of IFN-g and higher local Th2/1 bias are fitter possibly due 
to poor recruitment of type 2 inflammatory cells involved in granuloma formation.  
 
6.5 Experimental manipulation of early IFN-g availability 
Corroborating the findings in young adult vs. mature mice, blocking early IFN-g/IL-12 
availability led to selective reduction of Th2/1 cells in both the strains. The depletion of Th2/1 
cells led to dramatically reduced PS IFN-g pool in C57BL/6 mice and almost nullified the 
parasite specific IFN-g production in BALB/c mice, suggesting that IFN-g competence of 
parasite specific cells is imprinted in the early stage of infection. Interference with the early 
IFN-g availability leads to further augmentation of type 2 response in both the strains.  
Conversely, supplementation with IFN-g resulted in an enrichment of T-bet co-producing cells 
in PS GATA-3+ cells and a nearly three-fold rise in PS IFN-g producing cells. Importantly, early 
exposure to IFN-g converted the phenotype of young adult BALB/c mice to that observed in 
mature individuals. Akin to mature mice, IFN-g treated mice displayed an increased IFN-g bias 
in T cells responding to parasite products, higher accumulation of circulating and small 
intestinal Th2/1 cells and poor parasite control manifested by higher fecundity of female 
worms. The reproducibility of the Th2/1 biased GATA-3+ Teff response and impaired 
resistance between unmanipulated mature and IFN-g treated young mice further corroborates 
that the age-dependent rise in IFN-g is not merely an parallel phenomenon but indeed a 
contributing factor involved in poor resistance observed in mature compared to young adult 
BALB/c mice.  
 
6.6 Type 2 promoting effect of IFN-g in nematode infection. 
Interestingly, IFN-g exposure by intraperitoneal treatments or the natural age-dependent rise 
in IFN-g does not impair Th2 responses in the long run in H.p. infected BALB/c mice. Although 
the immunologically mature or IFN-g treated young adult mice indeed display an impaired 
accumulation of classical Th2 cells in the small intestine in the first week of infection, the Th2 
cells populating the small intestine of chronically infected mice are comparable between young 
adult vs. mature or untreated vs. IFN-g treated mice. Hence, IFN-g while leads to an early 
delay, does not stably suppress Th2 responses in the context of H.p. infection. In fact, IFN-g 
treated mice display a robust expansion of Th2/1 cells thereby resulting in significantly higher 
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accumulation of systemic GATA-3+ T cells compared to the younger individuals. The 
compatibility of IFN-g signaling with Th2 responses are also previously reported (Bocek et al., 
2004). The authors show that addition of IFN-g neutralizing antibodies in the priming cultures 
of CD4+ T cells resulted in significantly reduced IL-4 producing cells. Similarly, IL-4 production 
by CD4+ T cells derived from IFN-g-/- mice was suboptimal and strikingly increased upon 
exogenous addition of IFN-g. While these findings together with ours highlight a non-classical 
role of IFN-g as a promoter of Th2 response, our findings report the IFN-g driven expansion of 
GATA-3+ T cells in the context of naturally induced immune response to nematode infection 
which has not been previously described.    
 
6.7 Role of IFN-g in ameliorating small intestinal immunopathology 
Besides the resistance phenotype, the extent of IFN-g availability significantly impacted the 
small intestinal pathology manifested in the formation of IL-4Ra-dependent granulomas 
(Jankovic et al., 1999). Stronger and pronounced development of small intestinal granulomas 
is a hallmark of resistant strains which correlates with the expulsion phenotype (Filbey et al., 
2014). Fully susceptible C57BL/6 mice display fewer small intestinal granulomas compared to 
more resistant BALB/c mice (Filbey et al., 2014). Our studies report a significant impairment 
in small intestinal granulomatous response following exposure to IFN-g in BALB/c mice, 
whereas IFN-g deprived milieu was associated with more numerous granulomas in C57BL/6 
mice. Along similar lines, a recent study reported that the conditional ablation of IFN-g 
responsiveness in enteric glial cells correlated with poor resolution of small intestinal 
granulomas in H.p. infection (Progatzky et al., 2021). Furthermore, small intestinal type 1 
signature and IFN-g production around tissue-standing larvae was associated with the 
remodeling of intestinal stem cell niche and NK cell recruitment further leading to tissue repair 
(Gentile et al., 2020; Nusse et al., 2018). Hence, IFN-g signaling by enteric cells is apparently 
critical in preventing tissue damage and promoting repair mechanisms, which possibly 
explains ameliorated small intestinal granulomatous response in settings of higher 
accumulation of IFN-g competent Th2/1 cells in small intestine.  
 
6.8 Implications of our findings on epidemiological systems 
Akin to murine immune system, human counterparts of homeostatic MP T cells are identified 
which act as an innate source of IFN-g and expand in an age-dependent manner (Jacomet et 
al., 2015; Song et al., 2005). While murine MP Th1 cells are shown to expand after birth and 
approach a plateau after six months of age (Kawabe et al., 2017), the age-associated kinetics 
of human MP cells are not detailed beyond the suggestions of positive correlations between 
abundance of memory phenotype CD4+ cells and the age of the individuals (Song et al., 
2005). Interestingly, allelic variations at or near the IFN-g gene locus has been linked with the 
resistance in nematode infected sheep and buffalos (Coltman et al., 2001; Ezenwa et al., 
2010; Sayers et al., 2005), suggesting that IFN-g has an influence on the outcome of infection 
in naturally parasitized populations. 
However, contrary to the genetically resistant inbred mice, the resistance in humans and other 
in natura models develops slowly and remains incomplete throughout the life of an individual 
(Colombo & Grencis, 2020).  The modelling of age dependent resistance in helminth infections 
in nature is further confounded by numerous factors including previous exposure to the 
helminth under study, infection history with other pathogens, variable dose of infection, 
differences in intestinal microbiota, variations in geographical and socio-economic factors 
among others.  
Most epidemiological studies surveying the resistance phenotype in natural helminth 
infections reported a rise in resistance with age. Juvenile rhesus monkeys infected with S. 
mansoni display an increased resistance to the parasite compared to the adult animals (Fallon 
et al., 2003). Similarly, resistance to parasitic nematode A. vasorum increases in an age-
dependent manner from juvenile to adult red foxes (Webster et al., 2017). Subjects in endemic 
areas infected with human whipworm Trichuris trichura displayed a convex infection intensity 
profile where parasite egg shedding increased from four-seven years old children and 
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subsequently declined with the rise in age (Faulkner et al., 2002). Of note, the age-associated 
rise in infection in the ascending half of infection intensity kinetics was associated with 
increased parasite specific IFN-g production which is possibly implicated in the development 
of chronic infection phenotype in older individuals. Furthermore, resistance to infection with 
intestinal nematode Ascaris lumbricoides in hyperendemic regions was increased with age of 
the individuals associated with a corresponding rise in Th2 cytokine production (Turner et al., 
2003).  
On the contrary, the infections with hookworms are associated with an age-dependent rise in 
infection prevalence and intensity. The prevalence of hookworm Necator americanus 
increased in an age-dependent manner and plateaued in subject of 41 years of age or higher 
(Gandhi et al., 2001). Hence, the age-infection intensity profile in epidemiological surveys is 
confounded by the helminth species under study.  
Interestingly, Ascaris infected pigs display elevated levels of IL-12, STAT4 and IL-18 thereby 
indicating a suitable environment for the induction of IFN-g expression by T cells and NK cells 
(H. Dawson et al., 2009; H. D. Dawson et al., 2005). Previous study from our group showed 
that parasite specific T cells pool in Ascaris infected pigs comprises IFN-g producing cells 
(Ebner et al., 2017), suggesting a tangible influence of Th2/1 hybrid cells in context of natural 
GI nematode infections. Along those lines, assessment of IL-4/IFN-g expression by parasite 
specific CD4+ T cells in Ascaris infected pigs are currently under investigation in our group. 
Hence, the maturation of immune system has an ambiguous if not an opposing effect on 
susceptibility to natural helminth infections. However, considering the heterogeneity between 
lab-based and in natura models, the contrasting implications of age on susceptibility to 
helminth infections in the two settings are inevitable. The inbred mice in our studies are in a 
controlled environment with standard diet, no reproduction, and no prior exposure to 
pathogens which highly contrasts with epidemiological models characterized by cross-
sectional variations in genetic conditions, humoral responses, dietary habits, and history of 
preceding infections. Furthermore, the antibody response significantly differs between 
laboratory and epidemiological models for a given helminth. In BALB/c mice, IgE production 
in response to Schistosoma antigens is negatively associated with age (Smith et al., 2001), 
whereas in a model of human schistosomiasis, IgE levels increase with age and correlate with 
increased resistance to re-infections (Hagan et al., 1991). Furthermore, the mice in our studies 
were inoculated with a high dose of parasite larvae, whereas infection doses are rather low 
and variable in a nature-dwelling populations (Gregory et al., 1992). Low dose trickle infections 
are shown to elicit a state of partial resistance due to acquisition of immunity over time (Glover 
et al., 2019) which may further explain the increased resistance in naturally infected older 
individuals. 
The immune system and microbiota of laboratory animals maintained in clean SPF conditions 
were found to significantly differ from mice in barrier-free environment (Hamilton et al., 2020; 
Leung et al., 2018). Wild house mice exhibit enriched microbiota and a higher type 1 signature 
in displaying increased proportions of IFN-g competent Teff/mem cells and more active NK 
cells which possibly correlates with the development of inadequate protective immunity 
observed in wild rodents. Indeed, rewilding of laboratory mice led to poor resistance and a 
mixed Th1/Th2 profile in a model of whipworm infection (Leung et al., 2018). To narrow the 
gaps between lab-based and epidemiological models, trickle infections and rewilding of the 
‘clean’ mice are potential promising approaches that would further allow better mimicking of 
parasite infections in nature.  
Importantly, despite the disparities observed in lab-based vs. wild infection models, it is 
conceivable that resultant IFN-g availability regulated by the combination of genetic 
background and previous infection history next to the age of the individual impacts the 
resistance in natural systems akin to as observed in rather straightforward settings in 
laboratory mice.  

	 	

63

  Discussion 



 

 
Rolle von IFN-g bei der Immunität und Kontrolle gastrointestinaler 
Nematodeninfektionen 

 

64

Infektionen durch Magen-Darm-Nematoden erfordern eine effektive Typ-2 Immunantwort für 
die Beseitigung des Parasiten. Entsprechend der Kreuzregulation der T-
Helferzelldifferenzierung durch molekulare Faktoren, welche die Th1-Differenzierung 
unterstützen, kann eine starke Typ-1-Immunaktivität als Ergebnis von Immunseneszenz, 
spezifischer genetischer Prädisposition oder der Ko-Infektionen mit intrazellulären 
Pathogenen die Ausbildung von Th2-Antworten behindern, was zu einer geringen Resistenz 
gegen Nematodeninfektionen führen kann. Vorherige in vitro und in vivo Studien haben 
gezeigt, dass sich die Differenzierungswege in Th2- beziehungsweise Th1- Zellen nicht 
gegenseitig ausschließen, da T-Helferzellen unter gleichzeitiger Einwirkung der Th1- 
beziehungsweise Th2-polarisierenden Zytokine IFN-g/IL-12 und IL-4 einen Th2/1-
Hybridphänotyp annehmen. Dieser Differenzierungsstatus ist durch die Koexpression von 
GATA-3 und T-bet gekennzeichnet und vorherige Arbeiten haben gezeigt, dass die 
Differenzierung von Th2/1-Hybridzellen auch als natürliche Reaktion auf Infektionen mit 
Darmnematoden vorkommt (Affinass et al., 2018; Bock et al., 2017; Peine et al., 2013).  
Die vorliegende Arbeit zeigt, dass es in gesunden Labormäusen der gegen 
Nematodeninfektionen hoch resistenten BALB/c-Linie mit steigendem Alter zu einer Zunahme 
der IFN-g-Kompetenz kommt. Als Konsequenz dieses Th1-Bias ist die Kontrolle einer 
Nematodeninfektionen beeinträchtigt, wenn BALB/c-Mäuse im Alter von 5-10 Monaten anstatt 
von 2-3 Monaten mit H. polygyrus infiziert werden, was aus der erhöhten Eiproduktion der 
Würmer in älteren Mäusen ersichtlich wird. Die verminderte Resistenz der geht einher mit der 
Anreicherung von Th2/1-Hybridzellen in der Mukosa und mit einem erhöhten Anteil von IFN-g 
produzierenden, parasiten-spezifischen T-Helferzellen.   
Dieser Zusammenhang konnte durch die Blockade von IFN-g in der frühen Phase der 
Immunantwort weiter belegt werden. Dieser Ansatz führte zu einer drastischen Reduktion von 
systemischen und mukosalen Th2/1-Hybridantworten und dem nahezu vollständigen 
Ausbleiben der IFN-g Produktion durch parasiten-spezifische T-Zellen, wodurch die Resistenz 
erhöhte wurde. Wurde jedoch die Verfügbarkeit von IFN-g in der frühen Infektionsphase durch 
Gabe des Zytokins erhöht, so resultierte dies in der starken Expansion von Th2/1 Hybridzellen, 
einer signifikanten Zunahme von IFN-g produzierenden Zellen in der parasiten-spezifischen 
T-Zellpopulation und der verminderten Kontrolle der Parasiteninfektion. Zudem zeigte sich, 
dass die erhöhte Verfügbarkeit von IFN-g die Differenzierung von klassischen GATA-3+ Th2-
Zellen langfristig nicht inhibiert, sondern dass es nach IFN-g-Behandlung von BALB/c Mäusen 
zu einer gesteigerten systemischen Akkumulation von GATA-3+ Zellen kommt. Weiter konnte 
die nach IFN-g Gabe erhöhte Eiproduktion durch die Parasiten mit einer erhöhten Fitness des 
sich im Darm entwickelnden vierten Larvenstadiums nach IFN-g Gabe in Zusammenhang 
gebracht werden. 
Abweichend von der verzögerten, altersbedingten Zunahme der IFN-g-Kompetenz von 
BALB/c Mäusen zeigten Mäuse der C57BL/6-Linie mit einer genetisch veranlagten hohen 
Empfänglichkeit für die H. polygyrus-Infektion bereits als junge Tiere eine Anreicherung von 
Th1-Zellen in Abwesenheit von Infektionen. Nach Wurminfektion resultierte die stärkere Typ-
1 Aktivität der C57BL/6 Linie in der stärkeren Anreicherung von Th2/1-Zellen im infizierten 
Dünndarm und in der geringeren Resistenz im Vergleich zur BALB/c Linie. Diese deutlichen 
Unterschiede zwischen den beiden Mauslinien zeigten sich insbesondere bei jungen Tieren. 
In älteren Tieren glichen sich jedoch die Reaktionen auf die Infektion durch die Zunahme der 
IFN-g Kompetenz und die verstärkte Bildung von Th2/1 Zellen in älteren BALB/c Mäusen an. 
Die Beschränkung der IFN-g Verfügbarkeit in C57BL/6 Mäusen führte zu einer erhöhten 
Resistenz, was die Bedeutung von IFN-g für die unterschiedliche Empfänglichkeit von 
Mauslinien unterstreicht. 

7. ZUSAMMENFASSUNG 



 

Zusammenfassend zeigt diese Studie also eine altersabhängige Abnahme der Typ-2 
abhängigen Immunität gegenüber Nematodeninfektionen durch die spontane Zunahme von 
IFN-g kompetenten Zellen.  
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Infections by gastrointestinal nematodes mandate an effective type 2 response for the parasite 
clearance. In line with the cross-regulatory nature of Th1 lineage specifying factors on the 
differentiation of Th2 cells seen at the molecular level, strong type 1 activity resulted by 
inflammation associated with senescence, specific genetic predisposition and co-infections 
with intracellular pathogens exacerbate the Th2 responses resulting in poor resistance in 
nematode infections. Despite reported cross-regulation, the Th1 and Th2 pathways are not 
mutually exclusive as polarization with IFN-g, IL-12 and IL-4 results in the generation of T-bet 
and GATA-3 co-expressing Th2/1 cells in vitro. Th2/1 cells are also induced naturally in 
nematode infections (Affinass et al., 2018; Bock et al., 2017; Peine et al., 2013).  
In the current study we demonstrate that the IFN-g competence progressively rises with the 
age of uninfected BALB/c mice displaying high resistance to nematode infection. The elevated 
type 1 bias in 5-10 months old compared to 2-3 months old mice resulted in poor parasite 
control manifested by higher female fecundity in the mature cohort infected with H. polygyrus. 
The poor resistance was accompanied by stronger generation and mucosal accumulation of 
Th2/1 hybrid cells and elevated proportions of parasite specific IFN-g producing cells.  
Substantiating the above findings, restriction of IFN-g availability in the priming phase of 
nematode infection led to improved resistance coinciding with sharp reduction in systemic and 
mucosal Th2/1 cells and a near complete absence of parasite specific IFN-g producing cells. 
Conversely, supplementation of early IFN-g availability led to impaired parasite control 
associated with robust expansion of Th2/1 cells and a significant rise in IFN-g producing cells 
in parasite specific T cell pool. Importantly, elevated IFN-g availability did not inhibit classical 
Th2 cells in the long run and rather promoted an accumulation of systemic GATA-3+ Teff cells 
in IFN-g treated BALB/c mice. The increased parasite egg production upon IFN-g treatment 
was traced back to the increased fitness of the L4 larvae maturating in the gut of IFN-g treated 
mice. 
In line with the findings in differently aged mice, C57BL/6 mice genetically predisposed to 
higher susceptibility in H. polygyrus infection more rapidly accumulate Th1 cells at steady state 
compared to resistant BALB/c mice. The elevated type 1 activity in C57BL/6 mice translated 
to greater accumulation of small intestinal Th2/1 cells post infection and poor resistance 
compared to BALB/c mice. However, the stark differences seen between the strains at 
younger age leveled out in older mice due to increased IFN-g competence and increased bias 
in favor of Th2/1 cells in mature BALB/c mice. Restricting IFN-g availability in C57BL/6 mice 
led to increased resistance thereby substantiating the significance of IFN-g in differential 
susceptibility across inbred lines. Overall, our findings report an age-dependent reduction in 
anti-nematode type 2 immunity resulted by steady state accumulation of IFN-g competent 
effector cells in the vertebrate host. 
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