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ABSTRACT

Author: Cortes Selva, Diana, M. PhD

Institution: Purdue University

Degree Received: May 2019
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Intensive study of interleukin-4 for more than three decades has revealed multiple functions of this
cytokine in diverse processes. Nevertheless, the wide distribution of Interleukin-4 suggests the
possibility of unexplored roles. Indeed, in here we present a novel role of I1L-4 for the maintenance
of different populations of stromal cells in peripheral lymph nodes at homeostasis and describe a
role of IL-4 in the expansion of these stromal populations following antigen challenge. In
consequence, IL-4 is fundamental for mounting an appropriate humoral response to a primary
immunization, and absence of this cytokine is detrimental for the development of a Type 2
response. Furthermore, we describe the role of IL-4 in the immune responses of offspring
antenatally exposed to Schistosoma mansoni antigens. Diminished IL-4 production is linked to
reduced cellular T and B cells responses in offspring derived from infected mothers, which is of
critical relevance to understand vaccination failure. Finally, we describe the protective role of
Schistosomiasis infection in atherosclerosis and propose possible mechanism that helps explain
the athero-protection. This will contribute to the discovery of novel pathways inducing protection

from cardiovascular disease and help to identify possible targets for novel treatments.



CHAPTER 1. INTRODUCTION

IL-4 overview
Transcriptional regulation of 1L-4

First discovered in 1982 as a B cell growth factor (Howard et al., 1982), IL-4 is now
considered a pleiotropic cytokine with diverse functions in the regulation of the immune system.
Among its functions, IL-4 promotes Th2 differentiation (Mosmann & Coffman, 1989),
proliferation of different types of hematopoietic and non-hematopoietic populations (Yanagida et
al., 1995), and it has been implicated in the development of allergic and other diseases such as
atopic dermatitis and asthma (Cardoso et al., 2009), as well as in the protection of extracellular
parasites such as helminths. IL-4 is produced by a wide range of immune cells such as basophils,
mast cells, natural Killer (NK) T cells, vy T cells, eosinophils and CD4 T cells. The il-4 promoter,
which consists of 300 base pairs (both in human and mice) has five binding elements, known as
PO to P4, that harbor binding sites for the transcription factor, Nuclear Factor of Activated T- cells
(NFAT). NFAT dephosphorylation by the phosphatase calcineurin is necessary for NFAT binding
to specific sequences. Also, NFAT is essential to assemble NF-«k3 p65, c-Maf, RNA polymerase
Il and Brahma related gene 1 (Brgl) at the regulatory site of il-4 (Kock et al., 2014) Moreover,
the promoter region of il-4 contains region of high affinity for Activating protein -1 (AP-1), which
allows cooperative binding of NFAT and AP-1. AP-1, a heterodimer composed of basic leucine
zipper (bZIP) factors such as Fos, Jun families or activating transcription factor (ATF2) and JDP
subfamilies. AP-1 regulation is mostly achieved by regulation of the abundance and activity of
AP-1 proteins as well as by regulation of their stability (Karin, Liu, & Zandi, 1997) In addition to

AP-1 and NFAT, factors such as c-maf, STAT-6, GATA-3, Jun B, NF-kB can also regulate the
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activity of the il-4 promoter region. Nevertheless, in order to produce sufficient levels of
endogenous IL-4, regulation of the distal elements in the il-4 locus is also required. Lee GR at al.
reported that GATA-3, a zinc finger DNA binding protein, regulates enhancer elements such as
the intergenic DNase | hypersensitive site (HSS) and the intronic enhancer (IE) to activate IL-4
expression and thus, it functions as locus control region (LCR). (G. R. Lee, Fields, & Flavell,
2001).

Downstream, the IL-4 signaling pathway is dependent of the activation of Signal
Transducer and Activator of Transcription (STAT) 6. Upon binding of IL-4 to the IL-4R, STAT-
6 molecules are tyrosine phosphorylated, dimerize and translocate to the nucleus to start gene
transcription. Alternatively, IL-4R binding leads to phosphorylation of Insulin Receptor Substrate
(IRS)3, which recruits the tyrosine phosphatase PTP2, the adapter protein Grb2, among others to

cause downstream effects (White, 1996).

IL-4 Receptor

The IL-4 Receptor (IL-4R) comprises two different kinds of receptors: Type | and Type II.
Type | consists of IL-4Ra and the common gamma chain subunit of the IL-2R. It is expressed by
most hematopoietic and endothelial populations, and it has been reported to be expressed in the
brain (Ul-Hag, Naz, & Mesaik, 2016). Meanwhile, the type Il receptor is comprised of IL-4Ra and
IL-13Ral, which can bind IL-4 and IL-13, which constitutes the reason both cytokines have
overlapping biological functions. IL-4Ra, also known as CD124, is broadly expressed in
hematopoietic and non-hemopoietic cells (Park, Friend, Grabstein, & Urdal, 1987) and is a
member of the hematopoietin receptor superfamily. On the other hand, the yc chain subunit
(CD132) is a 60 kDa protein with a more restricted expression pattern, vastly expressed in

hematopoietic cells but absent in other mesenchymal cells (Wery-Zennaro, Letourneur, David,
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Bertoglio, & Pierre, 1999). In addition to IL-4, yc receptor is also shared by IL-2, IL-7, IL-9, IL-
15, and IL-21(Overwijk & Schluns, 2009). Binding of IL-4 to the type Il receptor occurs first in
the IL-4Ra chain, with very high affinity (Kd = 20-300 pM) and is followed by recruitment of the
IL-13Ral. The IL-13Ral (CD213al) is 65-70kDa protein that shares 76% homology in mice and
humans and binds to IL-4 with low affinity and it has been associated with different functions
which include parasite clearance in the intestine (Sun et al., 2016) and macrophage differentiation

into an alternative activated phenotype (Dhakal et al., 2014).

Cellular sources of 1L-4
Basophils

Basophils were the main producers of IL-4 in a Nippostrongylus brasiliensis infection, and
basophils were localized in the liver and lung, and to a reduced extent, in spleen but not in the
lymph nodes during infection. Importantly, IL-4 was also expressed at steady state in the liver,
suggesting that in some parasitic infections, basophils are the main non-T producers of IL-4 (Min
et al., 2004). Furthermore, 1L-3, IL-18 and IL-33 induce basophils to produce IL-4 in vitro. In
addition, basophil derived IL-4 was required for Th2 responses to protease allergens (papain) and
ovalbumin (OVA) (Voehringer, Shinkai, & Locksley, 2004; Yoshimoto et al., 2009). Mature
human basophils, when previously primed with 1L-13, can produce IL-4 upon crosslinking of IgE
receptor (Brunner, Heusser, & Dahinden, 1993). In addition, Mitre and collaborators showed that
in human filarial infections (Wuchereria bancrofti, Brugia malayi, Onchocerca volvulus, and Loa
loa), when PBMC (peripheral blood mononuclear cells) from infected donors and uninfected
donors were incubated with BmAg (Brugia malayi antigen), the basophils from filaria-infected
donors released more IL-4 in comparison to the controls, even though similar population of

basophils was present in both groups. Moreover, the frequency of basophils producing IL-4
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correlated with the percentages of antigen-specific histamine (Mitre, Taylor, Kubofcik, & Nutman,

2004)

Eosinophils

In an infection model of Cryptococcosis by Cryptococcus neoformans it was demonstrated
that eosinophils were the innate cell that contributed to Th2 development, nevertheless, eosinophil
derived IL-4 was not sufficient to halt fungal dissemination to the brain (Piehler et al., 2011). In
humans, purified eosinophils derived from peripheral blood were able to express il-4 mMRNA
transcripts and IL-4 protein following stimulation with the calcium ionophore A23187 (Bjerke et
al., 1996). By employing the 4get reporter mice (il-4 allele replaced by a knock in GFP), Chen et
al were able to determine that in an allergic airway inflammation model most of the GFP* (IL-4)

in the lung were eosinophils (93% of the CD4 GFP*)(Chen et al., 2004).

T cells

T lymphocytes are a considerable source of IL-4. Le Gros et al. found that T cells isolated
from the lymph node of mice that were previously injected with IgD produced IL-4 in higher
quantities than control mice after stimulation with anti CD3 and IL-2 (Le Gros, Ben-Sasson, Seder,
Finkelman, & Paul, 1990). IL-4 is produced by ThO and Th2 cells in both mice and humans
(Bullens, Rafig, Kasran, Van Gool, & Ceuppens, 1999). Likewise, IL-4 drives the differentiation
of ThO to Th2 cells. In an allergic model of asthma, effector cell recruitment and goblet cell
hyperplasia were dependent on T -cell derived IL-4, this was determined by employing a
conditional knock-out of IL-4 in T cells in an OVA/alum induced model of allergic inflammation,
when specific depletion of IL-4 in T cells led to defects in IgG1 and IgE production and migration

of eosinophils to the lung (Oeser, Maxeiner, Symowski, Stassen, & Voehringer, 2015).
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Group 2 innate lymphoid cells

Group 2 innate lymphoid cells or ILC2s contribute to the protection from helminth and
help in the regulation of the pathogenesis of allergy, in part due to the early production of type 2
cytokines(Nausch & Mutapi, 2018). Moreover, it was reported by Doherty et al. that upon
stimulation with Leukotriene D4 (LTD4), purified ILC2s in the lungs produce significant amounts
of IL-4, although the functional relevance was still unclear (Doherty et al., 2013). In a
Heligmosomoides polygyrus model ILC2s in the lamina propria were able to secrete large amounts
of IL-4, which were functionally relevant for the differentiation of CD4" Th2 cells (Pelly et al.,

2016).

NK T cells

NKT cells are CD1d dependent cells with roles in autoimmunity, cancer and immune
tolerance (Godfrey & Kronenberg, 2004). Among NK cells, a subset defined as CD4 " NK1.1™ with
a specific TCR expression of Val4 and V8.2 are capable of producing IL-4 upon ligation of the
TCR and independent of TCR ligation by stimulation with IL-18 (Yoshimoto et al., 2003).
Increasing evidence suggests that at steady state, a population of cells defined as INKT cell
precursors can differentiate into NKT 2 cells to secrete large amounts of IL-4. In BALB/c mice,
40% of thymic INKT expressed IL-4 (determined by using BALB/c- KN2 reporter mice,
possessing huCD2 knock-in in both il-4 alleles (Mohrs, Wakil, Killeen, Locksley, & Mohrs, 2005).
Further characterization of these cells determined that most of the IL-4 producers were GATA-3,
PLZF and IRF-4 positive and were defined as NKT2. Ex vivo, huCD2 was observed in NKT2 cell
populations, and these cells were also stimulated by self-ligands (eg. Self-lipids) (Y. J. Lee,

Holzapfel, Zhu, Jameson, & Hogquist, 2013; Yoshimoto, 2018)
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IL-4: Friend or foe? A little bit of both?

Interleukin-4 cytokine is a key factor in promoting T cell differentiation upon T cell
activation by a stimulus. I1L-4 supports T cell differentiation into a T helper (Th) 2 phenotype. In
addition, other cytokines like IL-1, IL-6, and I1L-13 favor a Th2 phenotype while IL-12 and IFN y
favor Th1l polarization. Thus, the Th1l and Th2 dichotomy was established, with IL-4 emerging as
a prototypic Th2 cytokine and INFy as the prototypic Thl cytokine. While Th1l cells produce IL-
2, IFN y and TNF and fight intracellular microbes, such as viruses; Th2 cells secrete IL-4, IL-5,
IL-13 and have been described for their role in parasitic infections, allergy and asthma. A fine
balance between both responses is necessary to maintain adequate immune responses. For
example, atopic subjects (those individuals producing elevated levels of IgE in response to
allergens) have been reported to have aberrant IL-4 production (Parronchi et al., 1992). Moreover,
BALB/c mice, which are skewed towards a Th2 response, are susceptible to the intracellular
pathogen Leishmania major as opposed to C57BL/6 mice, which are skewed to a Th1 response
(Kamala & Nanda, 2009), but upon administration of neutralizing antibody against IL-4 to
BALB/c mice, resistance to the parasite is acquired (Choi & Reiser, 1998). On the other side,
suppression of the pro-inflammatory environment during pregnancy by enhancing the anti-
inflammatory Th2 response by IL-4 is fundamental for successful reproductive outcomes.
Experimental studies have shown that decreased placental levels of IL-4 correlate with
spontaneous abortions and recurrent miscarriages (Chatterjee, Chiasson, Bounds, & Mitchell,
2014), although this effect is most likely not solely dependent on a single cytokine.

It has been proposed that IL-4 also plays a role in autoimmune encephalomyelitis
protection, with IL-4 expression in the infiltrates of recovering EAE rats, suggesting that IL-4

might be involved in the downregulation of pro-inflammatory cytokines and suppression of
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inflammation(Khoury, Hancock, & Weiner, 1992). In studies aimed at the understanding of the
immune response to the helminth Schistosoma mansoni, it has become apparent that IL-4 plays a
beneficial role during schistosomiasis infection, as it protects the host from death caused by
hepatocellular necrosis from hepatotoxins derived from eggs (Brunet, Finkelman, Cheever, Kopf,
& Pearce, 1997). Altogether, these data reveal that IL-4 has both beneficial and detrimental effects
for the host in the immune system, and that a precise regulation of its transcription/expression is
needed to maintain homeostasis. Moreover, as the following chapter will discuss, IL-4 deficiency
leads to peripheral lymph node organization and dysregulation of humoral responses following
challenge with a type 2 antigen (Chapter II), furthermore, it is suggested that maternal
schistosomiasis leads to hypo responsiveness of the offspring immune system, effects that seems

to be mediated by IL-4 (Chapter I11).

Schistosomiasis: Requirements for Interleukin-4

Schistosomiasis is a chronic parasitic disease caused by different species of the genus
Schistosoma, which include S. mansoni, S japonicum, S. hematobium and S. mekongij; it has high
prevalence in the tropics including Sub-Saharan Africa, Brazil, Southeast Asia, among others
(Gray, Ross, Li, & McManus, 2011). It is recognized as one of the top ten infectious disease of
global importance by the World Health Organization due to its high morbidity and mortality in
endemic areas (Ndlovu & Brombacher, 2014). Moreover, the concern of re-infection and
resistance of the parasite to anthelminthic treatments has raised the need to find novel treatments
to tackle the disease. The clinical manifestations of the disease include fever, malaise, fatigue,
diarrhea at early time points, later it develops into hepatosplenic inflammation, obstructive disease
and liver fibrosis (Barsoum, Esmat, & El-Baz, 2013). Schistosomiasis is characterized by an acute

phase, which predominantly is biased to a Thl phenotype, and a chronic phase, with a marked
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switch to Th2 phenotype. These dichotomous responses are both responsible for the different
clinical manifestations in the host, and necessary to contain the immunopathology of the infection,
as studies with nude mice have shown that these mice (lacking T cells) succumb rapidly to the
disease (Byram & von Lichtenberg, 1977). Moreover, the elicited response depends on the
developmental stage of the parasite. In the initial 3-5 weeks following infection there is a release
of IL-12 and IFN-y. This type 1 response decreases at 5-6 weeks post-infection, where there is a
concomitant increase of type 2 cytokines caused by the release of eggs by the female worm. The
type 2 response is characterized by the production of IL-4, IL-5 and IL-13, and marked
eosinophilia and production of Immunoglobulin E (IgE). The granulomatous response is
modulated at 10-12 weeks post infection in a process that has been shown to be dependent on IL-
10 signaling (Fairfax et al., 2012; Pearce & MacDonald, 2002). Interleukin 4 impairment during
schistosomiasis is associated with a deficiency in granuloma formation and hepatic fibrosis.
Together with IL-13, IL-4 induces the alternative activation of macrophages. Interestingly, studies
using IL-4, IL-13 or IL-4/1L-13 deficient mice have shown that although both cytokines contribute
to the Th2 response, in schistosomiasis, 1L-13 deficient rodents had increased survival, while IL-
4 deficient mice had increased mortality, suggesting specific roles of each cytokine during
infection (Fallon, Richardson, McKenzie, & McKenzie, 2000). IL-4 during infection regulates
macrophage alternative activation, which is required to downregulate the type 1 responses and
contribute to survival to the disease. This was demonstrated by using a LysM®"IL-4R7°* mouse
model, which is deficient of IL-4Ralpha specifically in the monocyte/neutrophil lineage. In this
model, the mice presented increased sepsis, liver and gut damage during the acute phase, and
increased Thl responses but diminished IL-4 (and also IL-5, IL-10) was reported, suggesting that

in absence of Th2 responses the host is unable to prevent death from infection (Herbert et al.,
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2004). Furthermore, in S. hematobium infection, IL-4 upregulation correlated with decreased
susceptibility to reinfection by the parasite (Medhat et al., 1998), although this study did not show
causation, and definition of resistant or susceptible state heavily relied on the possibilities of
exposure, which inaccurately estimates the occurrence of actual infection.

Importantly, the immunogenic response to the parasite seems to be directed to the antigens
derived from the eggs, which are composed by a wide variety of glycoproteins that include
IPSE/alpha-1 (IL-4 inducing principle of S. mansoni eggs), omega-1 and kappa-5 (Haeberlein et
al., 2017; Schramm et al., 2006; Schramm et al., 2009). These egg antigens are capable of inducing
IL-4 (IPSE), regulatory B cells (kappa-5), activating human and mouse basophils (IPSE), and
binding IgE (IPSE) to induce a strong Th2 response. Although there are confounding factors
involved during natural infection, immunization studies using schistosome derived egg antigens
have further revealed the importance of IL-4 and Th2 responses in orchestrating the immune

response to the parasite.

Immunoregulatory effects of IL-4 in hematopoietic and non-hematopoietic cells
Effects on hematopoietic cells

Previously described as a pleiotropic cytokine, IL-4 has been shown to regulate the
proliferation of hematopoietic progenitor cells, also acting in combination with other growth
factors as a co-stimulant to colony forming unit-granulocyte, macrophage, erythrocyte,
megakaryocyte (platelet precursor) (Kishi, lhle, Urdal, & Ogawa, 1989; Peschel, Paul, Ohara, &
Green, 1987; Rennick et al., 1987). Originally discovered as a B cell stimulatory factor, I1L-4 also
interacts with T cells, mast cells and macrophages (Paul, 1987; Vazquez, Catalan-Dibene, &

Zlotnik, 2015). In B cells, IL-4 induces proliferation, survival, immunoglobulin isotype switch (to
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IgE and IgG1 in mice and 1gG4 and IgE (Lundgren et al., 1989) in humans), and induces the
expression of MHC class 11 (major histocompatibility complex)(Thieu et al., 2007).

In macrophages, IL-4 orchestrates proliferation of monocyte derived macrophages and
accumulation of resident macrophages in the liver, spleen, and lung. Jenkins et al. have shown that
injection of complexed IL-4 alone can trigger macrophage expansion, shown by BrdU
incorporation and Ki-67 proliferation marker expression following IL-4 complex treatment on day
0 and day 2 (Jenkins et al., 2011). Moreover, IL-4 acts directly on macrophages to induce
proliferation, and this effect relies on the intrinsic expression of IL-4Ralpha by macrophages
(Jenkins et al., 2013).

Macrophages are vital for recognition and uptake of bacteria, lipids, parasitic components,
particles, cellular debris and more. Their phenotype is heterogenous, with classical activated (M1)
and alternatively activated (M2) on either side of the spectrum. This dichotomy affects the cellular
functions of macrophages as well as their transcriptional repertoire. IL-4 (and also IL-13) induces
the alternative activation of macrophages and the expression of Arginase-1, macrophage mannose
receptor (Mrc-1), resistin like molecules (Relm) and chitinase like molecules (Ym1/2) (Gordon,
2003; Martinez, Helming, & Gordon, 2009; Stein, Keshav, Harris, & Gordon, 1992). This
phenotype confers macrophages with the ability to orchestrate critical homeostatic functions like
wound healing and tissue repair through the expression of pro-fibrotic factors like fibronectin,
matrix metalloproteases (MMPs), IL-1 and TGF-B (Bogdan, Paik, Vodovotz, & Nathan, 1992).
IL-4 signaling also modulates fatty acid oxidation and mitochondrial biogenesis, processes
dependent on STAT6 and the induction peroxisome proliferator activated receptor (PPAR), which
has been related to lipid metabolism, obesity, insulin resistance and atherogenesis (Chawla, 2010).

The exact function of PPAR in atherosclerosis is still not clear, with different studies suggesting
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that PPAR expression in macrophages inhibited inflammatory response, therefore attributing a role
in protection against inflammatory disease (C. Jiang, Ting, & Seed, 1998), while other groups have
reported that PPAR expression increases the uptake of oxidized low density lipoprotein
(oxLDL)(Tontonoz, Nagy, Alvarez, Thomazy, & Evans, 1998). Despite many reports, research on
the role of macrophages on metabolism and athero-protection are still needed to fully understand
the role of IL-4 mediated M2 macrophages on metabolic and inflammatory diseases of global
concern.

Finally, AA macrophages participate in the response to allergy and helminth infections. As
previously mentioned, in a rodent model of Schistosoma mansoni, the absence of the IL-4 pathway
in macrophages led to increased mortality rates (Herbert et al., 2004). Moreover, studies utilizing
Schistosoma to study the fibrotic response have reported that M2 macrophages constitute 20-30%
of egg induced cellular granulomatous content in the liver (Hesse et al., 2001), which highlights
the importance of these cells in granuloma regulation, although it is not yet clear the specific role

or mechanism(s) used by M2 macrophages to exert their function (s).

Effects on non-hematopoietic cells

The study of mesenchymal (stromal, non-hematopoietic origin) cells has seen particular
advances in the last few years, which has led to new insights into the function and regulation of
these cells (Keating, 2012). Until recently, it was believed that stromal cells were only necessary
to provide support to hematopoietic cells, describing them as passive cells, but now they have been
identified to be involved in diverse processes that include maintenance of peripheral tolerance,
tumor evasion, fetal- maternal tolerance, and promotion of T regulatory cells via IL-10 (Fayyad-
Kazan, Faour, Badran, Lagneaux, & Najar, 2016; Mattar & Bieback, 2015; Nauta & Fibbe, 2007;

Zhao et al., 2010). It has become clear that mesenchymal cells interact closely with immune cells
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and provide cues to maintain the homeostasis of microenvironments. Likewise, these cells are also
regulated by molecules secreted by immune cells. For example, non-hematopoietic cells express
the type | IL-4 receptor, suggesting that they are modulated by IL-4.

Vicetti Miguel et al. reported that eosinophil-derived IL-4 promotes the expansion of a
population of endometrial stromal cell ex vivo in a mouse model of genital Chlamydia trachomatis
infection, with this dependence mediated by IL-4Ra. Interestingly, mice that had defects in the IL-
4 pathway had more Chlamydia induced endometrial damage compared to wild type mice (Vicetti
Miguel et al., 2017), suggesting a role of this cytokine in the regulation of disease. In vitro
experiments geared to identifying the role of IL-4 in endometriosis have revealed that IL-4
stimulates the phosphorylation of p38MAPK, SAPK/INK, and p42/44 MAPK in endometrial
stromal cells (ESC), and that treatment of ESC with different concentrations of IL-4 significantly
increased ESC cell number. This effect was counteracted by the addition of neutralizing IL-4
receptor (OuYang et al., 2008).

In a model of follicular lymphoma (FL), IL-4 modulated the properties of infiltrating
stromal cells by increasing the secretion of CXCL12 (also known as stromal cell derived factor 1,
fundamental in induction of migration of hematopoietic progenitors and stem cells by interacting
with CXCR4 (Janssens, Struyf, & Proost, 2018)) in mesenchymal precursors. CXCL12 induced
malignant B cell infiltration and adhesion. Overall, IL-4 preferentially induced a VCAM-
1"podoplanin'®CXCL12" phenotype, suggesting that IL-4 indeed contributes to the phenotype of
follicular lymphoma and, as result it could be useful as a target for treatment of FL (Pandey et al.,
2017). Finally, in fibroblasts, IL-4 has been shown to induce type | and type Ill collagen,
fibronectin and glycosaminoglycans secretion as well as ICAM-1 expression (Doucet et al., 1998),

molecules that are essential for the homeostatic role of these cells.
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Regulation and development of lymphoid organs
Secondary lymphoid organs

Secondary lymphoid organs (SLO) orchestrate the adaptive immune response to foreign
antigens, constituting the site where specialized immune cells are primed by antigen encounter
(Randall, Carragher, & Rangel-Moreno, 2008). Secondary lymphoid organs include lymph nodes,
which are strategically distributed in the body, the spleen, Peyer’s patches, tonsils and nasal
associated lymphoid tissue (NALT) (Fu & Chaplin, 1999). Each organ possesses a characteristic
organization with some features shared amongst all SLOs. In general, all SLOs possess T and B
cells that are packaged in a differentiated compartment that fulfills specific functions. SLO
development occurs during embryogenesis or in the early postnatal period. Despite shared
lymphocyte organization, specific molecular cues and cellular interactions are required in each
tissue. For example, lymph nodes (LN) require the interaction of lymphoid tissue inducer (LTi)
cells and lymphoid tissue organizer (LTo) during developmental formation. In peripheral lymph
node and mesenteric lymph node two different organizer populations have been identified (Cupedo
et al., 2004), which suggest a differential signal requirement. In the early stages of the LN
formation, the anlagen is surrounded by endothelial cells and blood vascular endothelial cell that
form the primitive lymph node and serve as precursors of differentiated cells in the LN (Blum &
Pabst, 2006). In mice, specification of lymphatic endothelial cells take place at approximately
embryonic day 10 (E10), this process is followed by the formation of the initial lymphatic
structures (Benezech et al., 2010; van de Pavert & Mebius, 2014). In humans, the initiation of
lymph node formation is similar to mice, with the assembly of endothelial cells forming a lymph

sac at around 8-11 weeks of gestation (Sabin, 1916).
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At approximately E15, the lymphotoxin from LTi cell clusters ligates the lymphotoxin receptor
(LTBR) from LTo, which in turn induces the upregulation of adhesion molecules and chemokines
such as CXCL13, known as a strong chemoattractant for B cells. (Ansel & Cyster, 2001). Besides
B cells, CD3 CD4" IL-7Ro. " that express CXCR5 are also recruited. (Ohl et al., 2003). In a
positive feedback loop mechanism, CXCL13 expression induces lymphotoxin, which is key to
lymphoid formation as shown by studies using LTa, LTP and LTBR deficient mice. These mice
exhibited serious defects in lymphoid organogenesis, demonstrated by almost complete lack of
Peyer’s patches and by the presence of only rudimentary lymph nodes (Banks et al., 1995; Futterer,
Mink, Luz, Kosco-Vilbois, & Pfeffer, 1998; Koni et al., 1997). These studies revealed the
fundamental role of lymphotoxin in lymphoid organogenesis during the first stages of
development, since its absence inhibited lymph node development, and even after lymphotoxin
was restored, the formation of LN could not be re-established.

In the next stages of development, lymphocytes start to flood into the lymph nodes,
stimulated by chemokine expression and the precursors of mesenchymal populations such as
follicular dendritic cells (FDC) downregulate cell specific markers. Although it is not clear how
cells differentiate from precursors cells to differentiated stromal cells, efforts in identifying the
origins of FDCs are underway. Recently, it was suggested that FDC arise from cells that share
similarities with those located in the walls of blood vessels, identical to mural cells that express
the marker platelet derived growth factor receptor B (PDGFR). It is reasoned that FDC do no
express this marker due to loss during maturation, although specific timepoints and mechanism
remain unclear (Krautler et al., 2012).

Kinetic studies of cells in the lymph node have found the first fibroblastic reticulum cells

at around 16 weeks of gestation in humans, highlighting the formation of a T cell zone. Similarly,
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demarcated B cell follicles with closely related CD21 and CD35 FDC are observed (Cupedo, 2011,
Markgraf, von Gaudecker, & Muller-Hermelink, 1982; Westerga & Timens, 1989). In both mice
and humans, the developed lymph node is characterized by a combination of populations of
hematopoietic origins (lymphocytes) and stromal cells. The T cells are in close contact with
fibroblastic reticular cells (FRC) that provide scaffold for lymphocyte migration (Roozendaal et
al., 2009). FRC also secrete chemokines such as CCL19 and CCL21 that help in the regulation of
interaction of T cell and dendritic cells (Siegert & Luther, 2012), while FDC interact with B cells
and retain antigen (Kranich & Krautler, 2016).

Interestingly, in a model of helminth infection, IL-4 induced remodeling of FRC in the
mesenteric lymph node and de novo formation of germinal centers by the IL-4Ra signaling
pathway. In addition, IL-4Ra signaling was required for lymphotoxin expression. (Dubey et al.,
2016). Similarly, a function for IL-4 in the regulation of lymphotoxin was postulated by Gramaglia
et al., who reported that 1L-4 downregulated LTa 3 expression in effector T cells (Gramaglia,
Mauri, Miner, Ware, & Croft, 1999). Nevertheless, it remains unclear whether this effect was direct

and what are other physiological repercussions this finding might have on immune regulation.

IL-4 in pregnancy and during fetal development

Diverse cytokines have been associated to different roles in early stages of pregnancy
including during fetal adhesion, implantation and placental growth (Schafer-Somi, 2003). In
humans, the immunologic recognition of pregnancy is necessary for successful outcomes, and
since decades ago researchers have postulated pregnancy to be a Th2 phenomenon, highlighting
the importance of anti-inflammatory cytokines and immune recognition in the reproductive
process (Wegmann, Lin, Guilbert, & Mosmann, 1993). Furthermore, this Th2 bias is thought to be

of relevance to avoid rejection of half-foreign antigens from the fetus. On the contrary, several
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pro-inflammatory cytokines including TNF, IFNy and TNF-related apoptosis-inducing ligand
(TRAIL) are considered harmful for embryogenesis, implantation and development when
encountered in high concentrations (Hill, Haimovici, & Anderson, 1987; Riley, Heeley, Wyman,
Schlichting, & Moley, 2004) The Th2 bias during pregnancy has been suggested to be induced by
factors originating from the fertilized ovum (Kelemen, Paldi, Tinneberg, Torok, & Szekeres-
Bartho, 1998). Interestingly, there seems to be other factors sustaining the Th2 environment, since
Th2 cytokines (IL-4, IL-5 and IL-10) were detected throughout the three trimesters of pregnancy
(Riley et al., 2004). During this process, IL-4 production was linked, but not limited, to immune
cells, since decidua, amniochorionic membranes, cytotrophoblasts, and both maternal and fetal
endothelial cells were also implicated in its production (Jones, Finlay-Jones, & Hart, 1997; Riley
etal., 2004). Surprisingly, IL-10 and IL-4 double knockout mice were able to complete allogeneic
pregnancies, as long as the mice were maintained under clean conditions (Svensson, Arvola,
Sallstrom, Holmdahl, & Mattsson, 2001). Chatterjee and collaborators determined that anti-
inflammatory cytokines like IL-4 are required to prevent hypertension during pregnancy, as
pregnant IL-4 deficient mice presented increased proteinuria and endothelial dysfunction in
comparison to controls (Chatterjee et al., 2013).Moreover, injection of IL-4 in the mouse model of
spontaneous abortion (CBA/JxDBA/2) decreased the rate of embryo resorption in comparison to
untreated mice (P. J. Jiang, Zhao, Bao, Xiao, & Xiong, 2009) In addition to this, clinical reports
point to decreased levels of IL-4 ( and other type 2 cytokines) in women with recurrent
miscarriages and reproductive failures (Hanzlikova, Ulcova-Gallova, Malkusova, Sefrna, &
Panzner, 2009; Piccinni et al., 1998)In neonates, lack of IL-4 alone did not lead to loss of immune
tolerance, but IL-13 and IL-4 were necessary to induce immune tolerance to foreign antigens

(Inoue, Konieczny, Wagener, McKenzie, & Lakkis, 2001). Altogether, there is still a considerable
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gap in knowledge regarding the factors and cells involved in each steps of pregnancy, the
understanding of the contribution of determined hormones to the regulation of the immune
microenvironment during pregnancy is not well understood, although it has been speculated that

progesterone might be a contributor of a switch from a Th1 microenvironment to a Th2.
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CHAPTER 2. IL-4 PROMOTES STROMAL CELL EXPANSION AND IS
CRITICAL FOR DEVELOPMENT OF ATYPE-2,BUT NOT ATYPE 1
IMMUNE RESPONSE

Modified from: Cortes-Selva, D., Ready, A., Gibbs, L., Rajwa, B., & Fairfax, K. C. (2018). IL-4
promotes stromal cell expansion and is critical for development of a type-2, but not a type 1
immune response. Eur J Immunol. doi:10.1002/¢ji.201847789

Introduction

Secondary lymphoid organs (SLOs) are essential for the development of immune
responses; they are responsible for facilitating pathogen and lymphocyte interactions in order to
mount an efficient anti-pathogen response, and for supplying different immune-modulatory factors
(Junt, Scandella, & Ludewig, 2008; Ruddle & Akirav, 2009). The functions mediated by SLOs
rely heavily on the structural organization of the different microenvironments. The complex micro-
architecture of SLOs is characterized by the cortex (where B cell follicles are located) and
paracortex (containing the T cell zone). In addition, an elaborate network of stromal cells provides
both structural support and regulatory signals that trigger B and T cell migration to their respective
compartments. Among these mesenchymal (stromal) cells, follicular dendritic cells (FDCs)
support B cell survival and proliferation. Previous studies have shown that FDCs produce CXCL13
to attract B cells to the B cell follicle (Klaus, Humphrey, Kunkl, & Dongworth, 1980); where they
also trap immune complexes via the complement receptors CR1 (CD35) and CR2 (CD21) (Reynes
et al., 1985), thus rendering FDCs essential for germinal center (GC) formation and function.
Fibroblastic reticular cells (FRC) have been reported to play an equivalent role in T cell
maintenance and B cell survival (Cremasco et al., 2014; Katakai & Kinashi, 2016). FRCs express
podoplanin (gp38), produce the chemokines CCL19 and CCL21, which promote the migration of

CCRY expressing cells, as well as IL-7 to promote naive T cell survival (Farr et al., 1992; Luther,
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Tang, Hyman, Farr, & Cyster, 2000; Onder et al., 2012), and Baff to promote B cell survival
(Cremasco et al., 2014). Additionally, lymphatic endothelial cells (LEC) secrete CXCL12 and
CCL21 and induce recruitment of dendritic cells to the lymph node (Kedl et al., 2017), and their
activation by Lymphoid Tissue inducer (LTi) cells has been shown to be critical for the initiation
of lymph node development (Onder et al., 2017). Furthermore, it is well established that in lymph
nodes the lymphotoxin (LT) a1p2-LTBR pathway is important for both lymph node genesis and
proper cellular organization during steady state (McCarthy et al., 2006; Ngo et al., 1999; Onder et
al., 2013). Moreover, LT o132 mediates the cross-talk between lymphocytes and mesenchymal-
derived cells, which is required to maintain lymph node homeostasis and antigen induced
expansion (Kain & Owens, 2013; Kumar et al., 2015)

IL-4 is regarded as a pleiotropic cytokine and regulates maturation and survival of B cells,
differentiation of Th2 lymphocytes, polarization of macrophages to the alternatively activated
(M2) phenotype, and immunoglobulin isotype switching to IgG1/IgE in mice and 1gG4/IgE in
humans (Coffman et al., 1986; Mosmann, Bond, Coffman, Ohara, & Paul, 1986; Vitetta et al.,
1985). IL-4 is broadly produced by T cells, mast cells, basophils, eosinophils, and NKT cells
(Brown & Hural, 1997; Pelly et al., 2016; Stetson et al., 2003). IL-4 exerts its function by binding
to type I and type Il receptor. The type | receptor consist of a widely expressed IL-4Ra and a more
constricted common y-chain. IL-4Ra is expressed on T cells, B cells, eosinophils, macrophages,
endothelial cells, fibroblasts and myeloid derived suppressor cells (Heng, Painter, &
Immunological Genome Project, 2008; Nelms, Keegan, Zamorano, Ryan, & Paul, 1999). The
binding of IL-4 to IL-4R initiates a signaling cascade characterized by phosphorylation of activator
of transcription factor-6 (STAT6) and transcription of IL-4 responsive genes (Kammer et al.,

1996). Although IL-4, and IL-13 are considered closely related type 2 cytokines, recent reports
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have shown that only IL-4 is expressed in the lymph node (Liang et al., 2011; Takeda et al., 1996),
which suggests a unique role of IL-4 in these organs. While previous reports on IL-4 have
predominantly focused on its role in a Th2 immune response, the potential role of IL-4 in the
spatial organization of peripheral lymph nodes microenvironments during homeostasis and
antigenic challenge has not been explored.

Given the importance of the IL-4 signaling pathway in T and B cells, and the relevance of
lymph node organization in both innate and adaptive immune responses, this study sought to
explore the role of the IL-4/IL-4Ra. pathway in the maintenance of lymph node (LN) architecture
during both homeostasis and following antigenic challenge. During steady state a lack of IL-4
signaling resulted in a 50-70% reduction in FDCs and LECs and disorganization of B cell zones.
We then asked whether IL-4 was responsible for LN reorganization in response to prototypical
Type 1 (STag) and Type 2 (SEA) antigens. Interestingly, IL-4 was required for SEA induced LN
re-organization, lymphotoxin production and germinal center formation, while STag induction of
these responses was IL-4 independent. Additionally, The IL-4 independent STag response was
shown to be mediated at least partially by IFNy. Finally, we asked if IL-4 is required for the
development of humoral immunity in response to a Tetanus/Diphtheria commercial vaccine.
Strikingly immunization of IL-4Ra deficient mice with tetanus/diphtheria failed to induce anti-
diphtheria 1gG1 while anti tetanus responses were unaffected. Together, our results establish a
previously unexplored role of IL-4 in the maintenance of peripheral lymphoid organ

microenvironments and the induction of adaptive immunity.
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Results

Maintenance of stromal cell networks in peripheral lymph nodes depends on IL-4 signaling

pathway

While IL-4 is a cytokine with pleiotropic functions, (Luzina et al., 2012; Paul, 1991) a
functional role for IL-4 in the maintenance of the microarchitecture in lymphoid organs in
homeostasis has not been explored. Our previous work demonstrated that IL-4 is produced by T
follicular helper cells under both Thl and Th2 inducing conditions (Fairfax et al., 2015). To
explore a potential role of IL-4 in peripheral lymph node organization we first examined lymphatic
endothelial cells (LEC: CD31" PDPN*(Thomas et al., 2012)), since they promote lymph node
organogenesis, from IL-4 deficient mice by flow cytometry. For this purpose, we used the 4get
homozygous (IL-4 GFP reporter mice bred on a BALC/c background (2)), 4get IL-4Ra. deficient
mice, and mice deficient in IL-4 or STAT6 on a C57BL/6J background. We observed significantly
reduced frequency of LEC in mice deficient in multiple components of the IL-4 signaling pathway
on both the BALB/c and C57BL/6J backgrounds (IL-4", 4getIL-4Ro”-and STAT6™), with a 50%
reduction in 4getlL-4R™ mice and 78% and 50% reduction in IL-4" and STAT6” respectively,
compared to wild-type (Figure 2.1) and an effect size (calculated by Cohen’s D) of 1.99, 1.39, and
3.96 in IL47, STAT6”, and 4getlL-4Ra” respectively. Blood endothelial cell (BEC:
CD31+PDPN-) and pericyte (double negative) populations were not significantly altered, while
fibroblastic reticular cells (FRC: PDPN+CD31-) trended towards reduction, but the alterations
were not statistically significant in any of the 3 strains deficient in IL-4 signaling (p=0.07).
Moreover, the observed reduction of LEC was limited to popliteal lymph nodes, as we did not
observe any significant reduction of LEC in mesenteric lymph nodes (Data not shown). The

ImmGen database indicates that LECs have il4ralpha transcripts, and we confirmed that they are
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also surface positive for IL-4Ro. compared to 4getlL-4Ra” mice (Figure 2.4). We then quantified
the gene expression levels of CCL19 and CCL21, which are both secreted by FRC to induce lymph
node entry of lymphocytes, and observed no significant change in fold expression (Figure 2.4).
Next, we evaluated the localization of these stromal cells in the popliteal lymph node using tile
confocal microscopy (Figure 2.2). Lymphatic endothelial cells are characterized in the lymph node
by expression of markers such as pdpn (gp38), CD31, and their location. LEC localize at the
subcapsular sinus and come in contact with subcapsular macrophages (Card, Yu, & Swartz, 2014;
Yeo & Angeli, 2017). LEC then ramify to the cortex and into the T cell zone and connect to the
medulla at the exit of the lymph node. In homeostasis, these cell networks have a distinct structure
characterized by abundant invaginations that are interconnected by several junctions; we analyzed
the distribution of CD31* and PDPN™ endothelial cells and observed a marked mis-localization in
4getlL-4Ro"- compared to wild-type controls. In the lymph node of wild-type mice, CD31" cells
were distributed along the subcapsular sinus, the border of the cortex, and throughout the T cell
zone, consistent with previous reports of their steady-state distribution (Mueller & Germain, 2009;
Tamburini, Burchill, & Kedl, 2014) (Figure 2.2). In contrast, our mice deficient in IL-4Ra
exhibited a collapsed phenotype, with overall less CD31 staining and concentrated clusters of
CD31" cells constrained within the medulla, suggesting a requirement of IL-4 for the localization
of cortical LECs in the inactivated peripheral lymph node. In order to quantify the spatial
distribution of co-stained CD31 and podoplanin, we used analysis of locally bright features (LBF
(Knowles, Sudar, Bator-Kelly, Bissell, & Lelievre, 2006)) (Figure 2.3) and observed that LBF in
WT were localized near the boundaries the Region of Interest (ROI), whereas the IL-4RaKO
trended toward a higher proportion of LBF localized further from the ROI suggesting an altered

distribution in the lymph node. We also stained with ICAM-2, a key cellular adhesion molecule
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involved in lymphocyte recruitment into the lymph node (van Buul, Kanters, & Hordijk, 2007), in
wild-type mice ICAM-2 co-localized with many CD31" structures in the subcapsular and cortex
regions. In contrast, 4getlL-4Ra”" mice have ICAM-2* cells in the collapsed CD31* structures in
the medulla, with many cells also staining positive for PDPN (Figure 2.2). Altered distribution of
LEC populations did not lead to CD4* T cell frequencies, but we did observe reduction in T cell
number in the 1L-4 deficient animals, but not in the STAT6™ or the 4getlL-4Ra” mice (Figure
2.5). High endothelial venules (HEV) are responsible for lymphocyte migration to the lymph node
(Moussion & Girard, 2011). To confirm that disorganization is not driven by a defect in HEV
mediated migration, we analyzed PNAd® HEV and found no alterations to PNAd localization in
4getlL-4Ro”" mice, indicating that the lack of IL-4 signaling does not alter high endothelial

venules (Figure 2.5).

IL-4 signaling is critical for proper follicular dendritic cell positioning in the lymph node

Follicular dendritic cells (FDC) express CXCL13 and capture and present opsonized
antigens to B cells (Aguzzi, Kranich, & Krautler, 2014; El Shikh & Pitzalis, 2012). MFG-E8
(suggested to be identical to FDC marker, FDC-M1) and FDC-M2 (activated C4, (Allen & Cyster,
2008)) are highly expressed in this cell population and in primary and secondary follicles and are
considered specific molecular markers of FDC. In addition, FDC are recognized by antibodies to
the complement receptors CD21 and CD35 (37). In our experiments, we observed a significant
decrease in the frequency and cell numbers of FDC-M2* CD21/35* FDC cells in mice lacking the
IL-4 signaling cascade (IL-47, 4get/IL-4Ra” and STAT67) on both the C57BL/6J and BALB/c
genetic backgrounds (Figure 2.7). As with LECs, the bulk population of FDCs are surface positive
for IL-4Ra (Figure 2.7). As FDCs have previously been reported to maintain B cell area via

CXCL13 (Aguzzi et al., 2014), we investigated the CXCL13 gene expression in peripheral lymph
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nodes of 4getlL-4R” mice, and observed no alterations (Figure 2.7). Using tile confocal
microscopy, we observed clusters of FDC-M2* and CD21/35" cells on the edges of the B cell
zones in 4get homozygous mice, as expected. We also observed B cell follicle mis-localization in
IL-4Ra deficient mice, with B cell follicles localized further from capsule in compared to wild
type (Figure 2.8). B cell follicle mis-localization was not related to change in cell number, as we
observed no significant difference in frequencies or cell number on either the BALB/c or
C57BL/6J background (Figure 2.6). The IL-4Ra deficient mice on the other hand, displayed
distinctly altered localization of FDCs (characterized as FDC-M2* in Fig 2F and CD21/35" in Fig.
2G), with B cells clustering around the aberrantly positioned FDCs. Moreover, we analyzed the
spatial positioning of CD21/35" FDC by quantification of distance to capsule (normalized to the
total area of the LN) and observed significant alterations in the positioning of FDC in the IL-
4RoKO mice in comparison to wild type controls (Figure 2.8). Interestingly, FDCs and B cells
were consistently found clustered together, since bulk CXCL13 expression is unaltered, it suggests
that IL-4 mediated positioning is independent of CXCL13. These data suggest that the stromal-
lymphocyte organizational axis (Bajenoff et al., 2006; Zhou et al., 2003) is compromised in mice
in which the IL-4 signaling pathway is deficient in some of its components, a state which could

potentially lead to a deficiency in the B cell response to antigenic challenge.

Deficiency of 1L-4 correlates with downregulation of lymphotoxin  and lymphotoxin a

gene expression

During homeostasis, the development and regulation of diverse lymphoid tissue
microenvironments is tightly related to expression of lymphotoxin. Mice deficient in LTa, LT,
and LTPR all present defects in lymphoid organogenesis, showing the remarkable dependence of

lymphoid homeostasis on the LTa1B2- LTPR signaling axis (Zindl et al., 2009). In addition, BAFF
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(known as BlyS, TALL-1, TNFSF13B, TNFSF20) is secreted by FRCs and FDCs and also plays
a role in the maintenance of LN architecture by aiding in the viability of B cells (Cremasco et al.,
2014). We investigated whether the disorganization observed in peripheral lymphoid organs could
be due to defects in the LTalB2- LTPR signaling pathway, or BAFF. For this, we first tested the
gene expression of ItFand Ita in mice lacking IL-4Ra or the transcription factor Stat6. Remarkably,
absence of IL-4Ra correlated to significant decrease in both /ta and It gene expression.
Nevertheless, mMRNA expression of baff in the lymph node was unaffected in the absence of IL-
4Ra (Figure 2.9). Similarly, we also tested the gene expression of /z and Ita in popliteal lymph
nodes extracted from C57BL/6J mice, IL-47, and in STAT6” mice; we observed significantly
reduced gene expression of It and Itg, but not baff in the STAT6” and IL-47 animals (Figure
2.9). Furthermore, protein expression of LTS was also down-regulated in IL-4R deficient and
STAT6 knockout mice compared to their respective wild types (Figure 2.9 Panel C). These data
suggest that IL-4 may act in an IL-4R and Stat-6 dependent manner to sustain LTa/p production

but is not involved in regulating BAFF.

IL-4 is required for LN re-organization and GC formation in a Type-2 but not a Type-1

response

The organization and expansion of B and T cells in lymph nodes following antigenic
stimulation is closely related to the complex stromal cell network, (Bajenoff et al., 2006) therefore
we wondered if the disorganization observed in stromal cells from peripheral lymph nodes affected
the adaptive immune response to the parasitic antigens of Schistosoma mansoni (SEA, which
induces a Type 2 response), and Toxoplasma gondii antigen (STag, which induces a Type 1

response).
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To determine whether IL-4 deficiency affected the expansion of T follicular helper cells (defined
as CD4*CXCR5*PD-1%) in peripheral lymph nodes we injected the footpad of IL-47" mice and
C57BL/6 mice with unadjuvanted SEA and STag. Similar to what we have previously published
(Fairfax et al., 2015), immunization with SEA resulted in reduced Tfh in IL-4" (but with no
reduction in Tth cell function as measured by IL-21 production, Figure 2.10) and plasma cells, as
compared to wildtype controls at 8-days post-immunization (Figure 2.10 C). While the lack of IL-
4 did not lead to diminished Tfh or plasma cells following STag immunization (Figure 2.10 A, C).
As expected, IL-47" mice immunized with either SEA or STag had significantly reduced
production of IgG1 (Figure 2.11). Given that Tth cells have been shown to be positional-dependent
cells (Chen, Ma, Zhang, Wu, & Qi, 2015), we investigated the role of IL-4 in the organization of
these cells in the lymph node. We imaged B and T cell zones as well as germinal centers in fresh-
frozen sections of reactive lymph nodes at day 8 post-immunization. Naive IL-4 deficient mice
showed the characteristic disorganization of B cell follicles as observed in Figure 2.8 (Figure 2.12),
with B220 positive cells distributed along the paracortex, cortex and medulla, as well as a loss of
defined B-cell follicles. Mice immunized with SEA also showed a marked disorganization of the
B cell follicles and T cell zone, with B cell clusters appearing throughout the T cell zone and no
apparent organized GL7 positive germinal centers (Figure 2.12), whereas mice immunized with
STag showed organization and germinal center localization similar to the wild type control.
(Figure 2.12 B). The analysis of spatial positioning of B220" cells by quantification of distance to
capsule (normalized to the total area of the LN) showed that IL-4 knockout mice at both steady
state, and immunized with SEA antigens have B cell follicles localized significantly further from
capsule in comparison to wild type, whereas IL-4 knockout mice immunized with STag exhibit

similar localization of B cell follicles from the capsule when compared to wild type controls
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(Figure 2.12 B). Since we identified defects in lymphotoxin expression at steady state in the
absence of IL-4 signaling, we assessed the ability of SEA and STag to induce /z5 and lto. gene
expression in the absence of 1L-4. SEA immunization of 1L-47" mice induced significantly less /8
and /ra. expression as compared to wildtype mice, while STag immunization induced equal
transcripts levels of /28 and Iza in wildtype and I1L-47-animals (Figure 2.12 E), suggesting that there
is an IL-4 independent mechanism for lymph node re-organization during a Type 1 immune

response.

IFNy mediates LEC expansion in the absence of IL-4

Our data indicate that STag immunization is able to induce lymphotoxin production and
lymph node reorganization in the absence of IL-4. Since we have previously shown that STag
induces significantly more IFNy expression than SEA does (Fairfax et al., 2015), we wondered if
IFNy production is the mechanism through which STag is able to stimulate LEC and FDC
expansion and lymph node re-organization independently of IL-4. To examine this possibility, we
administered blocking anti-IFNy mAb or isotype control to 4get and 4getlL-4Ra” mice (4getlL-
4Ra have significantly reduced FDCs and LEC at steady state) beginning at three days before
immunization with STag (Figure 2.13). At day 8 post immunization, isotype control treated STag
immunized 4get and 4get IL-4Ra. 7~ mice have equivalent cell numbers of LECs (Figure 2.13,
p=0.1299) and FDCs (Figure 5C, p=0.3841), suggesting that STag immunization induces
expansion of these populations in 4get IL-4Ro - mice. Anti-IFNy mAb treatment leads to
significantly fewer LECs in 4get IL-4Ra 7~ and in control 4get mice (Figure 2.13 B), indicating
that STag induced expansion of lymphatic endothelial cells is at least partially IFNy-dependent in

the absence of IL-4Ra signaling. Anti-IFNy mAb treatment significantly reduced the frequency
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and number of FDCs in control 4get, but only reduced FDC frequency in 4get IL-4Ro. 7~ mice
(Figure 2.13 C), suggesting that in the absence of IL-4, FDC expansion is not significantly
dependent on IFN-y and that the two stromal cell populations have different requirements for T-

cell derived cytokines.

IL-4 is required for the development of a humoral immune response to tetanus/diphtheria

vaccination

Our experiments with SEA as a model Type 2 antigenic challenge suggested that the
development of type 2 immunity is compromised in the absence of IL-4 signaling. Since the
majority of commercially available vaccines rely on alum as an adjuvant, we sought to determine
if this observation has consequences for the development of humoral immunity to
tetanus/diphtheria. To address this, we immunized 4get (IL-4 GFP reporter mice) and 4getlL-4Ra
" mice s.c. with 1/10 the human dose of tetanus/diphtheria. We have previously established that
the peak of the Tfh cell response (to both Th1 and Th2 antigens (Fairfax et al., 2015)) occurs at
day 8-post immunization, therefore we assessed Tth cell populations and IL-4 secretion at day 8
post-immunization. At this time-point 4getlL-4Ro”" mice have a 60% reduction in the frequency
of Tfh cells and a 70% reduction in GFP* Th2 cells accompanied by a significant reduction in cell
number (Figure 2.14 A and B) compared to wildtype 4get mice. We next explored the B cell
response at day 14 (the peak of the germinal B cell reaction under both Th1l and Th2 conditions).
At this time-point the early loss of Tth cells is accompanied by a 60-70% reduction in germinal
center and plasma cells in tetanus/diphtheria immunized IL-4Ra. deficient mice (Figure 2.14 C and
D). We then examined the stromal cell compartment to see if tetanus/diphtheria is able to expand
the FDC and LEC populations. Immunized 4getlL-4Ra”’" have significant reduction in the

frequency and cell numbers of both LECs and FDCs (p= 0.0093 and p= 0.0217, Figure 2.15)
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compared to immunized 4get control mice. Interestingly, in absence of IL-4, the antibody response
to diphtheria is significantly compromised at both days 8 and 14 post immunization, whereas the
response to tetanus is not (Figure 2.15 A and B), suggesting that diphtheria has a requirement for
IL-4 that is similar to that of SEA. In order to rule out the possibility that impaired Tfh response
and humoral responses resulted from intrinsic defects of IL-4R in these cell populations, we
analyzed the mesenteric lymph node following tetanus/diphtheria immunization and observed no
differences in CD31"PDPN* LEC in IL-4Ra deficient mice in comparison to wild type control.
Figure 2.16).

Together, these data suggest that alum induced cellular and humoral immunity to certain
antigens is compromised in the absence of IL-4 signaling, a finding that correlates to impaired
expansion of certain stromal cell population in the lymph node and has significant translational

implications.

Discussion

IL-4 is known to have critical effector and homeostatic effects on lymphocytes, including
protecting B cells from apoptosis, inducing 1gG1 and IgE production, polarization of CD4* T cells
to a Th2 phenotype. For non-lymphocytes, it has been recently suggested that IL-4 acts directly on
human mesenchymal progenitors and downregulates gp38 on stromal cells lines, acting as a B-cell
extrinsic mechanism to modulate the Tfh/Tfh-like- stroma crosstalk in follicular lymphoma
(Pandey et al., 2017). Given the relevance of lymphocyte and stromal cell population in lymphoid
organs, we sought to determine the function of IL-4 in peripheral lymph nodes. In the lymph node,
IL-4 is recognized primarily as a type 2 cytokine that regulates antibody class-switching. Here we
provide evidence that IL-4 production also functions to maintain peripheral lymph node

architecture in steady state, and drives antigen induced lymph node expansion. Specifically, we



48

found that mice deficient in the IL-4 signaling cascade have an altered distribution of B cell
follicles, with reduced FDCs and LECs both in steady state and following type 2 antigenic
challenge. Our data, from multiple strains of mice deficient in components of the IL-4 signaling
pathway, demonstrate that IL-4 supports lymph node lymphotoxin production in steady state, a
key lymphokine known to be critical for maintaining the lymphocyte-stromal cell axis. To our

knowledge, this is the first report of a role for IL-4 in lymph node homeostasis.

C57BL/6J mice are recognized to have an immune skewing towards IFNy production and
strong type-1 immune responses while BALB/c mice produce more IL-4 and are skewed towards
strong type 2 responses, characteristics that affect susceptibility/resistance to multiple pathogens
(Mills, Kincaid, Alt, Heilman, & Hill, 2000; Sellers, Clifford, Treuting, & Brayton, 2012). This
skewing raised the possibility that IL-4 could have strain specific homeostatic effects. To ensure
the broad applicability of our findings we used mice on both BALB/c and C57BL/6J backgrounds.
IL-4, IL-4Ra, and Stat-6 deficient mice from both genetic backgrounds all have profound
alterations in both the frequency and cell number of LECs, and the positioning of PDPN* and
CD31" structures within the peripheral lymph node (Figure 1B, 1C, 1G). LECs have previously
been reported to be dependent on lymphotoxin 3 receptor during inflammatory lymphangiogenesis
(Furtado et al., 2007), so, our findings that they express IL-4Ra. on their surface, and that 1L-4",
4getlL-4Ro”, and Stat6” mice all have reduced transcripts of both LTa and LT, suggests that
the effects of IL-4 deficiency may be due in part to altered production of these key cytokines.
Helminth infection has been previously shown to induce fibroblastic reticular cell driven de novo
B cell follicle formation in the mesenteric lymph node (MLN) via an IL-4Ra dependent induction

of lymphotoxin (Dubey et al., 2016). Those experiments did not find a defect in MLN lymph node
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organization in IL-4Ra" at steady state, but the authors did not examine peripheral lymph nodes.
We have examined the mesenteric lymph nodes of both IL-4" and 4getIL-4Ro” mice and have
not observed the same disorganization that we have found in peripheral lymph nodes
(Supplemental Figure 1 and data not shown), suggesting that homeostatic cytokine signals are
distinct in different lymphoid organs, as has been previously suggested by other groups. Previous
work has demonstrated that blockade of LTaff/LTBR interactions resulted in spleen and Peyer’s
patch development, but not lymph development (Ettinger, Browning, Michie, van Ewijk, &
McDevitt, 1996). Additional work by Koni et al. showed that complete absence of LT in mice
translates in defective organization of peripheral lymph nodes, but not of mesenteric lymph nodes
(Koni et al., 1997), while Banks et al. observed that LTa deficiency correlated with defective
peripheral lymph nodes and Peyer’s patches, but that some lymph node-like structures were found
in the mesenteric fat (Banks et al., 1995). In addition, Ettinger et al. showed a dose- dependent
effect of blocking of LTPR in splenic development (Ettinger et al., 1996). All of these data suggest
differential signal requirements across secondary lymphoid organs, and that varying levels of
cytokines results in fluctuating effects in lymphoid organization. It is possible that in our model
the downregulation of expression of LT and LTa is not enough to cause a defect in mesenteric or
that other compensatory signal(s) unique to the mesenteric lymph are required. Furthermore,
mesenteric lymph nodes are known to have constitutive germinal centers due in part to signals
from the microbiota (Round & Mazmanian, 2009). Given our data that indicate that STag induced
IL-4 independent lymph node re-organization is at least partially dependent on IFNy (Figure 5A-
C), it is plausible that commensal microbiota induction of cytokines is a mechanism behind the
difference between the MLN and peripheral lymph nodes in steady state. In our model IFNy

blockade with a neutralizing antibody was able to reduce STag induced peripheral lymph node
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LEC expansion, but not FDC expansion, which suggests that while the two cell types have an
equivalent requirement for 1L-4 signaling, they differ in their dependence on IFNy for antigen
induced expansion. This raises the possibility that different stromal cell subsets may be regulated
by different combinations of B and T-cell derived cytokines, a possibility that will be explored in
future work. We also observed profoundly altered localization of B cell follicles in I1L-47 and
4getlL-4R”" mice, an observation that is in agreement with previous reports that K14-VEGFR-3-
Ig mice that lack lymphatic capillaries have disorganized B cell zones in their peripheral lymph
nodes (Thomas et al., 2012), and supports the notion that stromal cells are critically important for
maintaining peripheral lymph node homeostasis and lymphocyte positioning.

Our experiments also revealed a significant decrease in the number of FDC-M2* follicular
dendritic cells in the absence of IL-4 signaling (Figure 2B, C), and even more strikingly, a
profound aberration in their localization within peripheral lymph nodes (Figure 2F, G). In our
model, the decreased number of follicular dendritic cells did not correlate with reduced B cell
numbers in steady state or Baff transcript levels, suggesting that IL-4 influenced FDC activation
or function does not compromise B cell development. It is unclear whether other B cell survival
signals such as Bcl-2 or transcription factors of the NF-kB family, which have been shown as
crucial for B cell (Gerondakis & Strasser, 2003) play a compensatory role in the maintenance of
B cells. Interestingly, the aberrantly located FDCs co-localized with clusters of B220" B cells,
raising the possibility that this FDC mal-positioning drives alterations to B cell follicles, a
possibility that is supported by published data that indicate FDCs and B cells maintain their
positioning via a LTaB-LTBR positive feedback loop (Ansel et al., 2000; Boulianne, Porfilio,
Pikor, & Gommerman, 2012; Mackay, Majeau, Lawton, Hochman, & Browning, 1997).

Nevertheless, the source of LTaf} in these studies remain unknown, and will be the focus of future
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studies. CXCL13 production is not altered in the absence of IL-4, suggesting that the traditional
mechanisms underlying B cell positioning are intact, and supports the possibility that the observed
alterations in positioning are likely driven by inappropriate positioning of stromal cells. The
relative contributions of FDCs versus LECs in governing B cell positioning remains unclear,
however, the data suggest that both of these stromal cell populations are responsive to both I1L-4
(Figures 1 and 2) and lymphotoxin (Chaplin & Fu, 1998; Dubey et al., 2016), and that alterations
to either cell type alters B cell follicle localization. This raises the possibility that LECs and FDCs
work in concert to enforce peripheral lymph node organization.

Overall our data suggest a novel role for IL-4 in maintaining the lymphocyte stromal axis
in peripheral lymph nodes both during steady state, and following antigen induced inflammation.
This is due in part to IL-4 induced production of lymphotoxin-a. and 3, but it is likely that there
are other molecular mechanisms involved in this regulation including a cell intrinsic role for IL-4
signaling in FDCs and LECs, and the mechanistic delineation of the stromal cell intrinsic versus
extrinsic roles of 1L-4 will be the focus of future work. Our work used Stat-6 and IL-4Ro deficient
mice to complement the findings from IL-4 deficient mice. Both of these strains would also be
deficient in responding to IL-13. We looked for IL-13 expression at steady state, but were unable
to detect significant transcripts of il-13 in naive peripheral lymph nodes on any genetic background
(data not shown), While this is not conclusive, it suggests that physiological relevance is unlikely
in our model. Future studies should strive to unequivocally determine the homeostatic role of IL-
13 in the maintenance of stromal cell population in peripheral lymph nodes.

Our experiments found that a commercially available tetanus diphtheria vaccine failed to
induce significant expansion of either FDC of LEC in IL-4Ra deficient mice. Furthermore, when

we examined the cellular and humoral immune response to tetanus/diphtheria, we found that in
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the absence of IL-4 signaling, immunization fails to induce robust Tfh and germinal center
formation and most significantly, fails to induce plasma cell differentiation. This is accompanied
by significantly lower serum anti-diphtheria I1gG1 titers, a finding that is likely to have clinical
consequences. FDCs have previously been shown to important for the maintenance of memory B
cells and long-term humoral immunity (Ahearn et al., 1996; Fang, Xu, Fu, Holers, & Molina, 1998)
(via CD21/35), so these data fit within that paradigm. The inability of IL-4Ra. deficient mice to
undergo lymph node re-organization following immunization with some Th2 antigens is
particularly important because most commercially available vaccines are administered s.c. or i.m.
and would drain to peripheral lymph nodes. The majority of these formulations utilize aluminum
salts as their adjuvants, and these compounds are known induce a strong Th2 response (Brewer,
2006; Lindblad, 2004). The reduction in diphtheria, but not tetanus specific responses suggests
that individual antigens may have an intrinsic requirement for IL-4 induction regardless of the
adjuvant that they are administered with. This possibility has significant implications for
monitoring the efficacy of vaccine formulations with multiple antigens, and for understanding the
molecular basis of immunization failure. A greater understanding of the role of cytokines like IL-
4 and IFNy in lymph node organization/reorganization may lead to rational approaches to promote

long term humoral immunity.

Materials and methods
Mice strains and in vivo treatments

C57BL/6J (WT), C57BL/6J IL-47, C57BL/6J STAT6” 4get homozygous (Jackson
Laboratory), and 4get IL-4Ra”" (gift from Markus Mohrs) were bred in-house under specific
pathogen free (SPF) conditions at Purdue University. All experimental procedures with mice were

approved by the Purdue Animal Care and Use Committee (PACUC). All experimental mice were
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a mix of female and male age-matched mice of approximately 6-8 weeks of age. For immunization
experiments, SEA was prepared from isolated Schistosoma mansoni eggs as previously described
(MacDonald et al., 2002; Taylor, Krawczyk, Mohrs, & Pearce, 2009). STag was prepared from
culture-derived Toxoplasma gondii tachyzoites ((Fairfax et al., 2015) strain ME-49, kindly
provided by William Sullivan). Thirty pg of either SEA or STag were injected s.c. in the rear
footpad and mice were sacrificed 8-days post-immunization. Tetanus/Diphtheria commercial
vaccine (Tetanus and Diphtheria Toxoids Adsorbed, MassBiologics) was injected s.c. in the rear
footpad at ~1/10 the human dose. For IFN-y blockade experiments, 200ug of anti-IFN-y (XMG1.2,
BioXcell (Choi et al., 2015) or isotype control (anti horseradish peroxidase, Clone: HRPN,

BioXcell) was injected both s.c. and i.p. on days -3, 0, 1, 3 and 5.

Enzymatic digestion of popliteal lymph nodes

For flow cytometric analysis, collected pLN were digested with DMEM containing 1mg/ml
of Collagenase D (Sigma) and 0.1 mg/mL DNAse | (Invitrogen) as previously described (Hara et
al., 2012; Ng, Nayak, Schmedt, & Oldstone, 2012). In short, digestion medium was injected in the
center of the nodes and incubated at 37°C for 15 min, with occasional inversion to ensure the
mixing of the contents. The digested nodes were filtered through a 100 um cell strainer and cell
suspensions were washed with 15 mL of DMEM. Following wash with DMEM, cells were
centrifuged (1,500 rpm, 5 min, 4°C), cells were re-suspended to appropriate volume in FACS
buffer (2% fetal calf serum (FCS), 5 mM EDTA in PBS), counted for cell numbers and used for

flow cytometry staining.
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Flow cytometry and antibodies

Surface staining and intracellular staining for single cell suspensions was performed as
previously described (Glatman Zaretsky et al., 2009). Samples were acquired using a BD
FACSCanto Il and analyzed using FlowJo software (TreeStar, v.10.0.6). In brief, intracellular
staining was performed by re-stimulation of cells for 5 h with PMA 50 ng/mL) and ionomycin
(Img/mL) in the presence of brefeldin A (10 mg/mL) as described previously (Everts et al., 2012).
The following antibodies from BD, eBioscience, Bio-Legend, ImmunoKontact) conjugated with
PE, PE-Cy5, PE-Cy7, allophycocyanin, allophycocyanin-Cy7, Pacific blue, or biotin) were used:
CD4 (RM4-5), CD19 (1D3), CD138, (281-2), IgG1 (A85-1), IgD (11-26), CD11c (N418), F4/80
(BM8), GL7 (GL7), CD31 (390), podoplanin (eBIO 8.1.1), FDC-M2 (FDC-M2), CD21/35 (7G6),
PD-1 (J43), CXCR5 (2G8), PNAd (MECA-79). IL-21R/FC chimera (R&D Systems; 596-MR-
100) was used for detection of IL-21-producing cells. Secondary staining was performed using
streptavidin- allophycocyanin or streptavidin allophycocyanin-Cy7. To reduce non-specific
binding, Fc-block (anti-mouse CD16/32 (clone 93)) was used in all flow cytometry experiments.
Flow cytometry experiments were conducted in accordance to the “Guidelines for the use of flow

cytometry and cell sorting in immunological studies”(Cossarizza et al., 2017).

Immunofluorescence microscopy

The entire collected lymph node was placed in Tissue-Tek optimum cutting temperature
compound (OCT) (Thermo Scientific) and immediately frozen in liquid nitrogen. Serial cryostat
sections (10um) were collected, air-dried and fixed in ice-cold 75% acetone/25% ethanol for 5
mins. Tissue was rehydrated in PBS for 10 min and blocked using biotin blocking kit (Vector
Laboratories, according to manufacturer’s instructions) followed by incubation with 1%(v/v) in

PBS of rat and rabbit serum. Immunofluorescence staining was performed overnight at 4°C with
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diluted antibodies in blocking buffer. Secondary staining was performed the following morning
by incubating with specific antibodies for 1 hour at room temperature. Mounting was done using
ProLong anti-fade reagents (Life Technologies) followed by imaging using Leica TCS Sp5 Laser
Scanning Microscopy using tile scan feature with an average grid size of 3x3 taken with a 20x
objective at a resolution of 1024x1024. Image post-processing was done using Fiji is Just ImageJ

software (1.47v).

RNA isolation and g-RT-PCR analysis

Whole collected lymph nodes were homogenized in Trizol™ and RNA isolation was
performed as previously described (Fairfax, Everts, Smith, & Pearce, 2013; Heng et al., 2008).
RNA was used for cDNA synthesis using Superscript Il (Invitrogen) for gPCR analysis. gPCR for
Lt (Assay ID: MmO00434774 gl), Lta (Assay ID: MmO00440228-gH), Baff (Assay ID:
Mm00446347_m1), ccl19 (Assay ID: Mm00839967_g1), ccl21b (Assay ID: Mm03646971 gH)
and cxcl13 (Assay ID: Mm00444533_m1) was performed using Tagman Gene expression assays
with beta actin as the housekeeping gene (Assay ID: Mm02619580_g1). (ThermoFisher) on an

Applied Biosystems StepOne Plus Real-Time PCR System.

Western blot

Total protein was isolated from naive lymph nodes using Tissue extraction Reagent |
(Invitrogen) and diluted in sample buffer. 30 ug of protein was loaded to 15% SDS-PAGE gels
and transferred to nitrocellulose membrane. Membranes were incubated with anti-lymphotoxin 8
antibody (Abcam, ab64835) and B-tubulin antibody (Santa Cruz, clone N-20) overnight and

imaged using Odyssey infrared imaging system from LI-COR Biosciences.
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ELISA

Tetanus- and diphtheria-specific 1gG1 endpoint titers were determined by enzyme-linked
immunosorbent assay (ELISA) using the mAb X56 (BD) and Immulon 4HB plates (Thermo Fisher
Scientific). Plates were coated overnight with tetanus (List Labs) and diphtheria with 2pg/mL/well
at 4°C, blocked with 1% milk and incubated with serial dilutions of sera, followed by incubation
with anti-mouse 1gG1 ads-HRP antibody and ABTS substrate. Plates were read at 405 nm at room

temperature on a BioTek plate reader.

Quantification of Podoplanin/CD31 co-stained areas

To visualize and quantify the spatial distribution of areas co-stained with an antibody
against podoplanin and a label identifying CD31, we used Euclidean distance map (EDM) analysis
of locally bright features (LBF) following the methodology by Knowles et al. (Knowles et al.,
2006). Briefly, the lymph node images were processed to produce a Boolean-and result of
podoplanin and CD31 channel. The resultant greyscale images represent co-stained pixels. The
images were further automatically threshold to LBFs. Separately, a region of interest (ROI)
mapping the boundaries of the lymph nodes were established and converted into binary masks.
The mask images were transformed to 16-bit greyscale EDMs. Finally, the EDM-LBF maps were
created by multiplying the EDM images by the LBF maps. The results encoded the distances to
the boundaries of ROIs as greyscale values. The quantitation was blinded and performed by

two different researchers.

Statistical analysis

Statistical analyses were performed using either a non-parametric Mann-Whitney test,

unpaired Student’s t test or ANOVA, Bonferroni’s multiple comparison test based on the
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distribution of the data. p values < 0.05 were considered statistically significant. Graph generation
and statistical analyses were performed using Prism (GraphPad v5.0). Cohen’s d was calculated
for effect size based on between-group differences by using the means and standard deviation of

two groups. Values >0.8 were considered a large effect (Cohen, 1992).
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Figure 2.1 IL-4 deficiency in peripheral lymph nodes correlates to decreased cellularity of
lymphatic endothelial cells

Popliteal lymph nodes from naive BALB/c and C57BL/6 mice were collected, digested with
collagenase D/ DNAse | and single cells suspensions were analyzed for flow cytometry. (A)
Gating strategy for Fibroblastic reticular cells (FRC), Lymphatic endothelial cells (LEC), Blood
Endothelial Cells (BEC) and Double Negatives (DN). (B) Flow cytometry analysis and cell
numbers in a BALB/c mice (C) Flow cytometry analysis and cell numbers in a C57BL/6
background. Student t-test was used to determine statistical significance *p < 0.05, **p < 0.01.
FACS data shown are concatenated from 3-5 mice per group and experiments were performed 3-
4 times.
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Figure 2.2 Maintenance of endothelial cell organization in peripheral lymph nodes in steady state
requires IL-4 signaling

Popliteal lymph nodes from naive BALB/c and C57BL/6 mice were collected in OCT, frozen
and sliced in 10 micron for confocal microscopy analysis (A) Schematic of lymph node showing
cells of interest in B cell follicles and T cell area (B) Popliteal lymph node cryosections were
stained for ICAM-2, green; CD31, blue and podoplanin, red. Scale bar: 200 um. Arrowhead
denotes CD31+ endothelial cells clusters preferentially localized in the medulla. Confocal
images are representative of three different experiments with 3 mice per group.
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Figure 2.3 Visualization of differences in spatial distribution of co-stained
podoplanin/CD31 locally bright features (LBF).

The LBF color encodes the distance to the Region of Interest (ROI) boundary (white). (A)The
LBFs in the lymph node located close to the perimeter of the ROI (shown as blue, cyan and green)
and the proportion of LBF which are away from the ROI boundary (encoded in yellow, red and
magenta) is shown. (B) Quantification of the LBF density to the normalized distance to the ROI
boundary. Image is representative of >3 mice from two independent experiments.
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Figure 2.4 IL-4 mediated defect in endothelial cell is not dependent on CCL19 or CCL21.

Lymph nodes in steady state requires IL-4 signaling. (A) Expression of IL-4Ra in lymphatic
endothelial cells from popliteal lymph node determined by flow cytometry (B) Relative
expression of CCL21 (C) Relative expression of CCL19 by quantitative PCR, respectively from
naive popliteal lymph nodes normalized to naive 4get (control), bars show mean + SEM.
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Figure 2.5 Lack of IL-4Ra does not affect T and B cell numbers or high endothelial venules in
naive peripheral lymph nodes in BALB/c background.

(A) Frequency and number of B cells by flow cytometry in WT (4get) and 4get IL-4RKO. (B)
Frequency and number of T cells (C) Tile confocal imaging of naive pLN stained with B220
(red), CD4 (green) and PNAd high endothelial venules (HEV)(gray). Scale bar: 200 um. One

representative image from three independent experiments is shown. FACS data depicts

concatenated samples from >3 mice per group from four independent experiments. Bars show
mean £SEM from four independent experiments.
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Figure 2.6 Lack of IL-4Ra does not affect T and B cell numbers or high endothelial venules in
naive peripheral lymph nodes in a C57BL/6 background.

(A) CD19+ expression and B cell numbers in WT, IL-4KOand STAT6KO (B) Frequency and
number of CD4+ T cells in naive popliteal lymph node of WT, IL-4KO and STAT6KO. FACS
data depicts concatenated samples from >3 mice per group from four independent experiments.

Bars show mean £SEM from four independent experiments. Student’s t-test was used to

determine statistical significance, *p < 0.05.
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Figure 2.7 IL-4 is required for maintenance of follicular dendritic cell in peripheral lymph nodes
in steady state. .

Lymph nodes from naive C57BL/6J, IL-4KO, STAT6KO, 4get homozygous and 4get IL-
4RaKO mice were digested with collagenase and smashed through a cell strainer to be analyzed
by flow cytometry or frozen in OCT medium, and tile scans of cryosections were acquired with a

laser scanning confocal microscope. (A) Gating strategy and staining controls. (B) Follicular
dendritic cells (CD21/35" FDC-M2") gated from CD45" obtained from 4get homozygous and
4get IL-4Ra KO popliteal lymph nodes and (C) popliteal lymph nodes of C57BL/6J, IL-4KO,
STAT6KO mice. (D) Expression of IL-4Ra. in follicular dendritic cells from naive popliteal
lymph node. (E) Relative expression of CXCL13 from naive pLNs, normalized to naive 4get
(control) bars show mean + SEM.
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Figure 2.8 IL-4 is required for proper follicular dendritic cell and B cell follicle organization in
peripheral lymph nodes in steady state.

(A) Frozen popliteal lymph node sections from 4get homozygous (control) and 4get IL-4RaKO
mice were stained for B220 (red), CD4 (blue) and FDC-M2 (gray) (B) Sections were stained for
CD21/35 (blue, follicular dendritic cells), B220 (red, B cells) and CD169 (green, subcapsular
macrophages). Asterisk denotes FDC-M2" cells and CD21/35" cells, scale bar: 200 um. (C)
Quantification of the distance of CD21/35" FDC to the LN capsule normalized to the LN
diameter. (D) Quantification of B220" cells from the lymph node capsule and normalized to the
total lymph node area. Bar depicts mean £ SEM.
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Figure 2.9 LT and LTa mRNA levels in peripheral lymph nodes are dependent on the 1L-4
signaling pathway in steady state.

4get homozygous and 4get IL-4RaKO, as well as C57BL/6J and IL-4KO and STAT6KO mice
were sacrificed and popliteal lymph nodes were collected. (A) Relative expression of LT, LTa
and BAFF normalized to beta-actin in 4get homozygous and 4get IL-4RKO mice. (B) Relative

expression of LTa and LT and BAFF in whole popliteal lymph nodes from C57BL/6J and

STAT6-/- and (C) C57BL/6J and IL-4KO mice. (D) LTp protein expression normalized to -
tubulin in WT and 4get ILARaKO mice. (E) LTP protein expression normalized to -tubulin in

WT and STAT6KO mice. Statistical significance was determined by Man-Whitney test *p <
0.05, **p < 0.01. Data points represent individual mice. Quantitative PCR data represents three

different experiments with n>4 mice/group. Western blot data are representative of two

independent experiments with n>4 mice per group.
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Figure 2.10 IL-4 is required for lymph node re-organization and germinal center formation
following immunization with SEA, but not STag antigens.

C57BL/6J and IL-4KO mice were immunized s.c. in the footpad with either SEA or STag and
draining and non-draining lymph nodes collected 8-days post-immunization. Lymph nodes were
used to obtain single cell suspension for flow cytometry or frozen in OCT medium and section
for imaging by confocal microscopy. (A) Frequency of T follicular helper cells (CD4*
CXCR5'PD-1%) in WT mice and IL-4KO from naive or immunized with either SEA or STag.
(B) Expression of IL-21 in TFH* and CD4" cells from WT mice and IL-4KO immunized with
either SEA or Stag. (C) Plasma cells (CD19*" and CD138*) pre-gated on IgD" cells.
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Figure 2.111In absence of IL-4, Type 2, but not Type 1 antigens, fail to induce a humoral
response.

C57BL/6 and IL-4KO of 6-8 weeks of age were immunized with 30pug of S. mansoni antigens or
T. gondii antigens. 8 days post-immunization, draining popliteal lymph nodes were collected to
obtain single cell suspensions and analyzed by flow cytometry. (A) Expression of CD19+ cells

(B cells) gated from lymphocytes, (B) Isotype-switched IgG1(FAS+IgG1+ GC B cells or
Fas—IgG1+ memory B cells) and IgG2a (GC B cells or memory) from B cells. Plots represent
concatenated samples from five independent experiments and >3 mice per group.
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Figure 2.12 Type 1 antigens but not Type 2 antigens can rescue lymph node organization and
lymphotoxin expression.

(A) Cryosections of popliteal lymph node of naive WT (C56BL/6J) and IL-4KO mice stained
with B220 (red) GL7 (gray), CD4 (green), scale bar: 50 um. (B) Frozen sections from SEA
immunized WT (C57BL/6J) and IL-4KO mice stained for B220 (red) GL7 (gray), CD4 (green).
(C) Frozen sections of popliteal lymph nodes from STag immunized C57BL/6J and IL-4KO
mice stained for B220 (red) GL7 (gray), CD4 (green). Scale bar: 50 um. (D) Quantitation of the
distance of B220" expression to the capsule of lymph nodes normalized to lymph node area, bar
show mean = SEM. Data representative from three to five mice per group (E) Relative gene
expression of LTP and LTa (normalized to B-actin) in SEA and STag immunized mice. FACS
data depict concatenated samples and confocal images shown are representative of 3-5 mice.
Data is representative of four independent experiments. Unpaired Student’s t test was used to
determine statistical significance; *p<0.05.



A 4get homozygous: WT

76

il-4 I |
‘ ‘ ‘ ‘ ‘ ' anti-IFNy or Isotype control tx ‘
(Days) -3 0 1 3 5 8  Soluble T.gondil tachyzoites antigens (STag) ‘
4ge\9’tI-4R ! ! Euthanize .
B LEC(PDPN'CD31")
+STag +STag
o
4x10% —— ——
12 —_—
PUE—
54 v
3x10 o R
) —— g€ &)
E] : E4get IL-4R° W .
w 2x10% o - =y
5 s & 2 4get IL-4R
3t = -

1x10°

Isotype anu-lN Y

FDC (CD21/35'FDC-M2")
+STag

+STag

5x10%

4x10°%-
» 5.
i 3x10
Q
S 2x10°%
23

1%10%4

—

[ 4get

ﬂﬁ

Isotype ant-IFN y

x N &
E3 4get IL-4R B1o]

o-lsotype anti-IFN y

e

| Sm—~——— |
%

[=
F 5

1 4get
=2 4get IL-4R"

-Iso!ype anti-IFN y

Figure 2.13 IFN-y promotes Stag induced LEC cell expansion in peripheral lymph nodes in the
absence of IL-4Ra.

4get homozygous and 4get IL-4RaKO mice were immunized s.c. in the footpad with STag and
treated with either anti-IFNy or isotype control. (A) Schematic of Stag immunization and
blocking antibody treatment. (B) Cell numbers of lymphatic endothelial cells (PDPN*CD31%) in
WT and knockout mice after treatment with isotype control or IFNy blocking antibody, bars
shown mean + SEM. (C) Number of follicular dendritic cells (FDC-M2*CD21/35%) from isotype
and IFNy blocking antibody treated WT and knockout mice were analyzed by flow cytometry.
Bars shown mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001 ****p <0.0001 (ANOVA,
Bonferroni’s multiple comparison test). FACS data shown are concatenated from 3-6 mice per
group, results are from two independent experiments
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Figure 2.14 Expansion of endothelial cells and follicular dendritic cells is reduced during
immunization with Tetanus/Diphtheria (TD) in a IL-4Ra. deficient mice.
4get homozygous and 4get IL-4RaKO mice were injected s.c. with 1/10 of the TD (with alum
as adjuvant) dose employed in humans. 8 and 14 days post-immunization reactive peripheral
lymph nodes were collected, digested and filtered through a cell strainer to obtain a single cell
suspension. Cells were stained with surface antibodies and analyzed by flow cytometry. (A)
Expression and cell number of T follicular helper cells (CD4"CXCR5*PD-1") at day 8 from non-
draining and reactive popliteal lymph nodes, bar denotes mean £ SEM (B) expression of IL-4
(GFP+) 8 days post-immunization with Tetanus diphtheria (C) Germinal center
(CD19"GL7*FASY) at day 14, (D) Plasma cells and plasmablasts (CD19%/-CD138") at day 14
post-immunization pre-gated on IgD-.
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Figure 2.15 Expansion of endothelial cells and follicular dendritic cells is reduced during
immunization with Tetanus/Diphtheria (TD) in a IL-4Ra. deficient mice.

Immunization with Tetanus/Diphtheria (TD) fails to induce. (A) Lymphatic endothelial cells
(PDPN+CD31+) at day 8 and (B) Follicular dendritic cells (FDCM2+CD21/35+) pre-gated on
CD45 negative, cell numbers and median fluorescence intensity (MFI), mean £ SEM. (C)
Tetanus specific 1IgG1 antibody titers at days 8 and (D) 14 post immunization. (E) Diphtheria
specific IgG1 antibody titers at days 8 and (F) 14 post immunization. FACS data represents
concatenated samples from >3 mice per group and representative of three independent
experiments for day 14 and two independent experiments for day 8. *p < 0.05, **p < 0.01;

unpaired Student's t-test.
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Figure 2.16 Mesenteric lymph node organization following immunization
with alum-adjuvanted Tenatus/Diphteria.

Mesenteric lymph nodes from 4get (control) and 4get IL-4Ralpha deficient mice were dissected,
collected in OCT as described in the Material and Methods, and frozen. Tile confocal images
from 14 days post immunization were obtained and imaged with a Leica TCS SP5 laser scanning
confocal microscope (A) Frozen mesenteric lymph nodes from wild type (4get) mice were
stained for CD31 (green), podoplanin (PDPN, red) and CD124 (blue). Scale bar: 200 pum.(B)
Frozen MLN section from 4get IL-4R alpha stained with CD31(green), PDPN (red) and
CD124 (blue) Scale bar: 200 um. Images are representative of three experiments with
three mice per group.
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CHAPTER 3. ANTENATAL EXPOSURE TO S. MANSONI ANTIGENS
INDUCES A STATE OF HYPORESPONSIVENESS IN OFFSPRING

Introduction

Schistosomiasis is an infectious disease caused by trematode parasites of the genus
Schistosoma, with S. mansoni, S. hematobium and S. japonicum causing the most human morbidity
(Olveda et al., 2014). The disease affects an estimated 779 million people who are at risk, and 207
million people who are infected annually (Steinmann, Keiser, Bos, Tanner, & Utzinger, 2006).
Among these, the highest prevalence occurs in adolescence and early adulthood (10 to 24 years of
age), (Colley, Bustinduy, Secor, & King, 2014) with a special impact in women of reproductive
age, with 40 millions of them infected. Human studies on schistosomiasis and pregnancy have
previously established a link between maternal infection and low birth weight, as well as,
premature birth and intrauterine growth restriction(Kurtis et al., 2011; McDonald, Pond-Tor, et al.,
2014; Siegrist & Siegrist-Obimpeh, 1992). Moreover, the effects of maternal Schistosomiasis on
the response of offspring to heterologous antigens have shown impaired responses in infant
immunity at 2 years of age, and older, rising the concern that mother’s parasitic status during
pregnancy might render early childhood immunization ineffective for years and even decades post-
immunization (Ondigo et al., 2018). Thus far, decreased responses to bacillus Calmette-Guérin
(BCG) have been shown in children sensitized in utero to Schistosoma hematobium (Malhotra et
al., 1999). Furthermore, children born to mothers infected with S. mansoni presented lower anti-
measles antibody levels (Ondigo et al., 2018). Altogether, these data suggest that populations
where Schistosomiasis is endemic are vulnerable to vaccine failure, and as a consequence,
susceptible to deaths due to preventable infectious diseases. Furthermore, endemic regions may

require an adjusted immunization regimen in order to ensure optimal protection against diseases.
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Similarly, mouse studies have shown reduced protection from BCG vaccine against
Mycobacterium tuberculosis challenge in mice infected with S. mansoni (Elias et al., 2005), while
infection during gestation in offspring has shown increased susceptibility to subsequent S. mansoni
infection (Attallah, Abbas, Dessouky, El-emshaty, & Elsheikha, 2006). Many authors have
described a state of hyporesponsiveness to homologous antigens that has been attributed, in part,
to immune factors acquired from the mother and previous antigen contact (Santos et al., 2010).
Previous sensitization of murine offspring to antigens from mothers infected with other parasitic
infections such as Wuchereria bancrofti and/or Plasmodium falciparum have shown a Th-2 biased
(higher production of il-4 mRNA and IgE antibody) response to diverse antigens when compared
to mice from uninfected mothers (Desowitz, EIm, & Alpers, 1993). However, the effects of
schistosomiasis during pregnancy in the immune response in offspring and to heterologous
antigens remain poorly defined (Friedman, Mital, Kanzaria, Olds, & Kurtis, 2007). S. mansoni
infection elicits host responses that are similar in human and mice, so the murine model of
schistosomiasis is useful to determine the mechanisms by which prenatal infections induce
diminished postnatal immune responses. Moreover, the use of mouse as model is based on the
comparable stages of gestation which includes implantation, placentation and parturition and the
similarity that exists between rodent and human immune cells in the fetal and placental interface
and the pathways regulating the fetus development (Krishnan, Nguyen, & McComb, 2013).

In this study we aim to define the effects of perinatal S. mansoni infection in offspring
during homeostasis and determine whether maternal infection causes a deleterious or beneficial
effect in the response to immunization with heterologous antigens. We have established a novel
experimental murine model of maternal schistosomiasis in IL-4 dual reporter mice. Our data from

this model demonstrate that maternal schistosomiasis reduces primary and memory cellular
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responses to immunization with commercially available tetanus/diphtheria vaccine at diverse

timepoints of the rodent’s lifetime.

Results

Maternal Schistosoma mansoni infection results in in utero egg antigen sensitization and

reduced plasma cell production in offspring

We infected 4get homozygous (IL-4 reporter mice on a BALB/c background) female mice
with a low dose of S. mansoni (35 cercariae) as described in Materials and Methods. At four weeks
post infection (the timepoint where egg production begins) they were paired with a naive KN2
homozygous (IL-4 deficient) male. At 6 weeks post infection females were tested for antibodies
specific to Schistosoma egg antigen (SEA) to confirm infection. Mixed gender and age matched
pups from infected and control uninfected mothers were weaned at 28 days to maximize survival
and lactation period. At 28-35 days old pups were sacrificed for steady state studies or immunized
with adjuvanted commercial vaccine Tetanus/diphtheria. Egg antigen (SEA) specific antibodies
were tested at 35, 90 and 180 days in pups from infected and uninfected mothers (Figure 3.1). As
expected, pups from mocked infected (controls) showed no antigen specific response to SEA at
any of the timepoints. In contrast, pups from infected mothers exhibited anti- SEA IgG1 antibody
at 35, 90 and 180 days of age. In some cases, at 180 days of age, some of the pups exhibited no
detectable anti-SEA 1gG1 (Figure 3.1 A), indicating heterogeneity in the humoral response to egg
antigens. Next, we wondered if the antigen specific antibody was maternal derived or self-derived.
For this, we mated 4getKN2 (infected or uninfected) females and KN2 homozygous males, for a
chance of 50% to obtain KN2 homozygous or 4getKN2. Since KN2 homozygous are deficient of
IL-4, they should have class switching deficiencies. We observed that at 35, 60 and 90 days KN2

homozygous and 4getKN2 had detectable anti SEA IgG1 antibodies (Figure 3.1 B). Interestingly,
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we also observed that at steady state, pups from infected mothers had significantly (p=0.045)

increased number of cell secreting antibody against SEA (Figure 3.1 C).

Maternal S. mansoni infection leads to diminished bulk plasma cells and follicular

dendritic cells at steady state and correlates with reduced steady state plasma cells

In order to determine the consequences of maternal schistosomiasis in offspring during
homeostasis, we analyzed the cellular immune responses in various organs (popliteal lymph node,
hepatic lymph node, spleen and peripheral blood mononuclear cells). We observed that
sensitization in utero to S. mansoni egg antigens correlated to a diminished bulk plasma cell
population at steady state in both popliteal and hepatic lymph node (Figure 3.2), with a reduction
of 42% of plasma cells in popliteal lymph node and 60% reduction of total plasma cell in hepatic
lymph node. Plasma cells require cell extrinsic factors from epithelial cells such as B-cell
activating factor (Baff) (Xu et al., 2007). Baff is secreted by cells such as follicular dendritic cells.
In addition, follicular dendritic cells trap immunocomplexes via Fc and Complement receptors
(Tew, Wu, Fakher, Szakal, & Qin, 2001). Previous observations have established that follicular
dendritic cells (FDC) serve as sites of B cell antigen capture (Suzuki, Grigorova, Phan, Kelly, &
Cyster, 2009), and that persisting antigens trapped by FDC induce somatic hypermutation (Wu et
al., 2008). Since we found that pups born to infected mothers have reduced plasma cells in lymph
nodes, we sought to determine whether this is accompanied by modification in the stromal cell
population of follicular dendritic cells (defined as CD21/35, complement receptor 2 and 1,
respectively and FDC-M2) via tile confocal microscopy. Indeed, in pups from infected mothers a
marked decrease of intensity in the markers for FDC is observed (Figure 3.2 and 3.3). In addition
to reduced intensity of CD21/35 and FDC-M2 in naive peripheral lymph nodes, we also observed

reduced area (Figure 3.2). To confirm the confocal tile scan results, we analyzed lymph nodes by
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flow cytometry and confirmed that offspring born to S. mansoni infected mothers have reduced

frequency and cell number of FDC in peripheral lymph nodes.

Invariant NK T cells are the source of IL-4 in the peripheral lymph node at steady state

We observed reduced Th2 cells at steady state in the lymph node and PBMC of infected
pups in comparison to the pups from infected mothers. We analyzed a diverse pool of cells
including gamma delta T cells, alpha beta T cells, NK, NK T cells and iNKT cells as possible
source of IL-4 in steady state. We observed very little production and secretion of IL-4 in all cells
except for the invariant NK T cells population (Figure 3.4). Moreover, there was a marked decrease
in both production and secretion of IL-4 in the lymph node in offspring from infected mothers,
with a 5 fold reduction in the secretion ability of iINKT cells from pups that were antenatally

exposed to SEA antigens.

Offspring born to infected mothers have reduced Th2 development following primary

immunization with Tetanus/diphtheria

Having confirmed that maternal infection induces changes in the immune response in
offspring at steady state, we wondered whether the immune response to heterologous antigens
could be affected by S. mansoni maternal infection. We immunized 28 to 35 day old 4get/KN2
pups subcutaneously (rear footpad injection) from infected and uninfected mothers with 1/10" of
the human dose of adjuvanted Tetanus/Diphtheria vaccine. At eight days post-immunization we
observed that pups from infected mothers exhibited reduced germinal centers in popliteal lymph
nodes as well as reduced IL-4 production in the draining lymph node (Figure 3.5). Moreover,
offspring born to infected mothers presented significantly reduced IL-4 transcription (Figure 3.5).

As suggested by the confocal tile scans, mice from S. mansoni infected mothers had significantly
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reduced germinal center formation by flow cytometry (Figure 3.7). In addition to reduced
frequency, immunofluorescence analysis of popliteal lymph nodes revealed that germinal center
size was reduced in the draining lymph node of mice born to infected mothers. Subsequently, we
analyzed the T follicular cells (Tfh) and observed a significant reduction of Tfh cells at 8 days
post-immunization in offspring from infected mothers (Figure 3.6). Additionally, we observed a
defect in the memory B cell response (IgG1+ B cells) in the pups from infected mother (Figure
3.7), and also a significant defect in the bulk memory B cell population (CD27+ CD19+ cells)
(Figure 3.7 B and C). This suggests that maternal infection correlates with an adverse response to
heterologous antigens such as diphtheria antigens and tetanus antigens following a primary

immunization.

S. mansoni infection during pregnancy correlates with a weakened offspring’s immune

response 14 days post-immunization

In order to determine the effects of infection at the peak of the antibody response, we
immunized 4get/KN2 pups with adjuvanted Tetanus/Diphtheria. 14 days post-primary
immunization we observed a defect in Tfh cell population (Figure 3.8 A), with a reduced Th2
response (Figure 3.8 B) and decreased plasma cells in pups born to infected mothers (Figure 3.8
C). Maternal infection correlates with decreased production of the cytokine IL-4 visualized by tile
confocal imaging (Figure 3.9). Moreover, these defects correlated with a decreased frequency of
FDC, confirmed by flow cytometry and immunofluorescence (Figure 3.8 D). In addition to
reduced frequency, pups from infected mothers exhibited reduced area of FDC in draining

peripheral lymph nodes.
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Examination of memory B cells in different tissues revealed that the memory B cell
population is significantly decreased in offspring from infected mothers. This reduction could be

detrimental to mount an effective secondary response.

Schistosomiasis during pregnancy alters the memory response to heterologous antigens in

the offspring

Immunological memory is key to a protective immune response. Our previous work has
demonstrated that subcutaneous immunization induces a persistent germinal center that continues
to generate antigen specific B cells at a low level, and that these cells are critical for an accelerated
secondary immune response (Fairfax et al., 2015). Examination of the response to T/D during
maternal schistosomiasis revealed that at 60-90 days post immunization, mice born to infected
mothers exhibited a defect in germinal center persistence (Figure 3.10) accompanied by reduced
Tfh cell frequencies (Figure 3.10). Altered Th2 responses (IL-4 transcription) was also
significantly reduced in pups from infected mothers compared to their uninfected counterparts.
This correlated with a marked defect in CD21/35 expression in stromal (mesenchymal) cells

(Figure 3.11) and overall reduced frequency of FDC in the draining lymph node (Figure 3.11).

Secondary immune responses to Tetanus/Diphtheria vaccines are compromised in pups

born to S. mansoni infected dams

In order to analyze the secondary response in maternal infection, pups were immunized for
the first time 28 to 35 days old. After over 60 days, pups were challenged with a second dose of
adjuvanted Tetanus/Diphtheria vaccine subcutaneously (Figure 3.12). Indeed, in comparison to
pups born to uninfected (controls) mothers, pups from infected dams had reduced germinal center
(Figure 3.12 B). Moreover, FDC were reduced approximately 40% in pups from infected mothers.

Consistent with previous timepoints, fluorescence intensity of complement receptor 1 and 2 (CD35
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and CD21) were reduced in draining peripheral lymph nodes. This was accompanied by decreased
fluorescent intensity of FDC-M2 (Figure 3.12). Interestingly, the reduction in cellular T and B
during a recall response correlated to significant reduction bulk memory B cells (Figure 3.13 A)
and IgG1 memory B cells (Figure 3.13 B) in spleen, which highlights the relevance of the memory

pool for cellular responses during a secondary response.

Discussion

In this study we report the generation of a maternal Schistosoma mansoni infection model
in dual IL-4 reporter mice. Our results indicate that in utero egg antigen sensitization occurs, which
is consistent to what has been published by other authors (Santos et al., 2016) and confers a state
of immune-hyporesponsiveness in the offspring at steady state, this study does not differentiate
between antigen exposure and sensitization occurred through breastfeeding or during gestation;
however, it has been previously suggested that exposure to parasitic antigens either in utero or via
breast milk diminishes the heterologous response (Santos et al., 2016). We observed anti- S.
mansoni egg antigen specific IgG1 (the dominant isotype produced against egg antigens (Fairfax
et al., 2015)) at 35, 90 and 120 days of age in mice from infected mothers and no detectable titers
in mice from uninfected female controls, suggesting passive transfer of maternal antibody.
Moreover, our findings that infected pups have SEA specific antibody secreting cells suggest the
possibility of maternal transfer of cells or the persistence of antigens in the offspring and the
offspring’s intrinsic capacity to produce antigen specific humoral responses. Future work will
determine what proportion of these cells are of maternal versus fetal origin. The placental transfer
of different IgG subclasses has been well documented (Lostal Gracia, Larrad Mur, & Perez
Gonzalez, 1993; Okoko et al., 2001; Pitcher-Wilmott, Hindocha, & Wood, 1980), and 1gG1

antibody elimination half-life is estimated to be 18-21 days (Ryman & Meibohm, 2017).
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Nevertheless, in our model, we observed maternal antibodies in the KN2 homozygous (IL-4
deficient) pups at 35 and 60 days old, suggesting a sustained antibody response to SEA from either
maternal antibodies or cells. The presence of an antigen specific humoral response can potentially
translate to protection, or alternatively, inhibit vaccination induced protection, as is the case for
measles vaccination, in humans and other mammals (Niewiesk, 2014).

Previous reports have documented the presence of profibrotic biomarkers in cord blood
from neonates born to mothers infected with S. japonicum, which was attributed to the fetal
response to schistosome antigens, as the transfer of collagen markers is unlikely (McDonald et al.,
2014). Interestingly, our assessment of the immune response of offspring at steady state revealed
that bulk antibody responses were impaired in offspring from infected mothers in comparison to
their uninfected counterparts. This state correlated to diminished follicular dendritic cell
populations in the peripheral lymph nodes. In addition to this, the area of complement receptor 1
and 2 expressed by FDC in B cell follicles is also reduced at steady state. Collectively, these
findings are consistent with a role for FDCs in the impaired maintenance of plasma cells seen in
offspring from infected mothers. FDC are the stromal cells located in the germinal center that
retain antigen for a long period and bind B cells to prevent apoptosis, and have previously been
demonstrated to be fundamental for maintenance of plasma cells and long-lived memory B cells
(Al-Alwan et al., 2007). Recent work in our laboratory has demonstrated that I1L-4 is required for
FDC maintenance and positioning at steady via induction of lymphotoxin a/f (Cortes-Selva,
Ready, Gibbs, Rajwa, & Fairfax, 2019). In light of that, we sought to determine the cellular source
of steady state lymph node IL-4 production in this model. We found that iNKT cells are the major
producers of IL-4 in control offspring, and that secretion of IL-4 is almost eliminated in offspring

born to infected mothers. This data suggests that the observed defects in FDC numbers and
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stimulatory capacity may be due to insufficient IL-4 during lymph node development and
maturation. Bolstering this is the finding that there is a significant reduction in IL-4 competent
(GFP+) CD4 T cells in the lymph node of these mice. This evidence suggests that prenatal helminth
sensitization has a lasting effect on offspring immunity, and that offspring from mothers that were
infected during pregnancy (Lacorcia & Prazeres da Costa, 2018) could be at a higher risk of
infection with various pathogens due to a defect in homeostatic immunity, which will be the focus
of future studies in our lab.

We further evaluated the immune response following primary immunization with a
commercially available and alum adjuvanted Tetanus/diphtheria vaccine used in clinical settings.
There is extensive evidence in humans of impaired response to immunization (Labeaud, Malhotra,
King, King, & King, 2009; Ondigo et al., 2018), but little is known of the mechanism(s) controlling
this defect. We observed that post primary immunization, the pups from infected mothers exhibit
a defect not only in expansion of FDCs, but also in T follicular helper cells and germinal center
formation. We hypothesize that the combined FDC and Tth deficiency leads to the diminished
response to primary immunization, as well as memory T and B cell responses. Indeed, at 8 days
post immunization, there is a reduction of bulk memory B cells and IgG1" memory B cells, which
could potentially have an impact in the long-term maintenance of humoral immunity necessary for
protection following vaccination.

We also explored the response to immunization at 14 days, which has been determined as
the peak of the humoral response for a number of antigens (Fairfax et al., 2015). Consistent with
our previous observations, germinal center formation in reactive lymph node was impaired in
4get/KN2 pups from infected mothers in comparison to pups from naive mothers. Acute antigen

exposure causes lymphocyte proliferation, which is followed by a pool of quiescent long-lived IL-
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7R* memory cells capable of potent response to challenge with the same antigen. (Seddon,
Tomlinson, & Zamoyska, 2003). We have previously determined that in a type 2 response
secondary TFH cells are generated in large part by recruitment of circulating Th2 memory T cells
(IL-7R*GFP™) back to the lymph node, and that their interaction with memory B cells is critical to
the secondary plasma cell response (Fairfax et al., 2015). In our model of maternal schistosomiasis,
we observed a diminished pool of both populations of IL-7R*GFP*CD4* (memory Th2 cells) and
IL-7R°"GFP*CD4" cells (Th2 effector cells). This was accompanied by a reduction in the
frequencies of Tfh cells and plasma cells, as well as a diminished secretion of IL-4 cytokine in the
reactive lymph node. In addition to the defects observed in T cells, we also observed reduced FDC
frequencies and a reduced bulk memory B cell population. Overall, this indicates that signals
required for mounting a robust adaptive immune response to vaccination were dampened
following prenatal exposure to S. mansoni antigens. However, the specific molecular mechanism
responsible for these defects are still unclear, although our data suggests a role for iINKT cell IL-4
production in FDC maintenance the data is not definitive. Future work will focus on identifying
the specific homeostatic role of INKT cell I1L-4, and the molecular mechanism that underlie bot
INKT cell production of IL-4, and diminished FDC cell function in the context of maternal
infection. There is a body of literature supporting the many effects of the prenatal environment on
inflammatory diseases during adolescence and adulthood, it has been hypothesized that
inflammatory responses and infections during pregnancy might alter epigenetic profiles in the fetus
(Claycombe, Brissette, & Ghribi, 2015). Future studies linking the epigenetics effects of
schistosomiasis infection during pregnancy and immune response in offspring will help elucidate

potential pathways involved in the immune hypo-responsiveness observed in this model.
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One of the key goals of vaccination is to induce an immunological memory that is
protective upon re-challenge with the same antigen (Bevan, 2011; Castellino, Galli, Del Giudice,
& Rappuoli, 2009; Sallusto, Lanzavecchia, Araki, & Ahmed, 2010). Hence, we explored whether
there was a difference between pups from infected and control mothers in the development of a
sustained germinal center and maintenance of memory B and T cell pools. Pups were immunized
and their immunological response was assessed at >60 days post immunization. Surprisingly,
offspring from infected mother mounted a weaker cellular response, with significantly smaller
germinal centers that correlated to significantly reduced long lived Tfh, memory Th2 cells, and
FDCs as well as reduced complement receptor 2/1 (CD21/35) expression. Although there was a
trend for reduction of precursor bulk memory T cells (CXCR5*PD-1") these were not significantly
altered among pups from infected mothers in comparison to pups from uninfected mothers.
Finally, we assessed the secondary response to tetanus/diphtheria and consistently observed a
deficit in the expansion of the secondary Tfh population and FDCs following secondary challenge.
Antigen persistence is known to be critical for maintenance of memory B cells and antigens persist
on FDC as ag-ab complex that are available for ongoing stimulation of B cells, so the consistent
deficiency in FDC populations is of critical importance. In here, we have established a rodent
model of schistosomiasis maternal infection, future studies will focus on the functional capacities
of follicular dendritic cells and T cells to understand the immune deficiencies during primary and

secondary immunizations during maternal sensitization with helminths.
Materials and Methods

Mice strains and in vivo treatments

4get homozygous (114™MK The Jackson Laboratory), KN2 homozygous (I14tm(Cb2)Mmrs

gift from Markus Morhs (Mohrs, Wakil, Killeen, Locksley, & Mohrs, 2005)) and 4get/KN2 were
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bred in-house under specific pathogen free (SPF) conditions at Purdue University. Experimental
procedures involving mice were approved by the Purdue Animal Care and Use Committee
(PACUC). Homozygous 4get females were either infected with a low dose (35 cercariae) of
Schistosoma mansoni or mock infected. Infection was performed by exposing mice percutaneously
to the parasite cercariae for 25 minutes. Infected and uninfected females (as controls) were bred
with naive KN2 homozygous male mice four weeks post-infection and resulting 4get/KN2 pups
were weaned at 28 days old. A mix of age-matched female and male pups either from control or
infected females were sacrificed at 29-35 days old for steady state studies. Other experimental
mice were immunized with 1/10" of the human dose of Tetanus/Diphtheria commercial vaccine
(Tetanus and Diphtheria Toxoids Adsorbed, MassBiologics) sub cutaneous (s.c.) in the rear
footpad and mice were sacrificed at 8, 14, and over sixty (memory) days post-immunization.
Secondary immunizations were performed at over 60 days post primary immunization and mice

were sacrificed 3 days post-secondary immunization.

Isolation of cells and flow cytometry

Cells were isolated from popliteal lymph node (pLN), hepatic lymph node (hLN), whole
blood and spleen. For follicular dendritic cells (FDC) analysis tissues were digested as previously
described ((Cortes-Selva, Ready, Gibbs, Rajwa, & Fairfax, 2018; Hara et al., 2012). Briefly, lymph
nodes were digested at 37°C for 20 minutes, with occasional inversion of the contents and filtered
through 100 pm filters. Single cell suspensions were stained with surface markers and intracellular
staining was performed as previously described (Glatman Zaretsky et al., 2009). Antibodies
conjugated with the following fluorochromes were used: allophycocyanin, allophycocyanin-Cy?7,
Pacific blue, Brilliant Violet, FITC, Phycoerythrin, PE/Cy7, PE/Cy5. The following antibodies

from eBioscience, BD Biosciences, Biolegend were used: CD4 (RM4-5), CD19 (1D3), CD138,
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(281-2), IgG1 (A85-1), IgD (11-26), CD11c (N418), F4/80 (BM8), GL7 (GL7), CD31 (390),
podoplanin (eBI0 8.1.1), FDC-M2 (FDC-M2), CD21/35 (7G6), PD-1 (J43), CXCR5 (2G8), PNAd

(MECA-79) and IL-21R/FC chimera (R&D Systems; 596-MR-100).

Immunofluorescence microscopy

Whole tissue (popliteal lymph node or hepatic lymph node) was collected and placed in
Tissue-Tek optimum cutting temperature compound (OCT) (Thermo Scientific) and frozen in
liquid nitrogen. Serial cryostat sections (10pum) were collected using Leica CM 1850. Sections
were then air-dried and fixed in ice-cold 75% acetone/25% ethanol for 5 mins. Sections were
rehydrated in PBS for 5 to 10 minutes and blocked using biotin blocking kit (\Vector Laboratories)
followed by incubation with 1%(v/v) in PBS of rat and rabbit serum. Staining with appropriate
antibodies was done overnight at 4°C followed by secondary staining for 1 hour at room
temperature. Sections mounting was done using ProLong anti-fade reagents (Life Technologies).
Images were acquired with a Leica TCS Sp5 Laser Scanning Microscopy with an average grid size
of 3x3. Images were taken with a 20x objective at a resolution of 1024x1024. Image post-

processing was done using Fiji is Just ImageJ software (1.47v).

ELISA

Schistosoma mansoni egg antigens (SEA), Tetanus and diphtheria-specific IgG1 endpoint
titers were determined by enzyme-Linked immunosorbent assay (ELISA) using the mAb X56
(BD) and Immulon 4HB plates (Thermo Fisher Scientific) as previously described (Cortes-Selva
et al., 2018). Briefly, plates were coated with 2ug/mL tetanus (List Labs), diphtheria (Sigma) and
SEA. The following morning plates were blocked with 1% milk and incubated with serial dilutions

of primary antibody, followed by incubation with anti-mouse IgG1 ads-HRP antibody (Southern
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Biotech) and ABTS substrate. Plates were read at 405 nm at room temperature on a BioTek plate

reader.

ELISPOT

For ELISPOTS, single cell suspension from spleen were cultured at different dilutions in
complete media for 24 hours in MultiScreen-HA plates (Millipore, Bellerica, MA). The plates
were previously coated with 2 pg/ml of Schistosoma egg antigen. Following 24 hours incubation
with splenocytes, plates were washed and anti mouse IgG1 HRP antibody was applied for 2 hours
at 37 degrees. Bound antibody was detected with AEC Chromogen (Sigma) per manufacturer’s

instructions.

Statistical analysis

Statistical analyses were performed using either a non-parametric Mann-Whitney test,
unpaired Student’s t test or ANOVA, Bonferroni’s multiple comparison test based on the
distribution of the data. p values < 0.05 were considered statistically significant. Graph generation

and statistical analyses were performed using Prism (GraphPad v5.0).
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Figure 3.1 Maternal S. mansoni infection leads to a humoral anti-SEA response in offspring.

(A) anti- Schistosoma mansoni egg antigen (SEA) specific 1gG1 antibody titers in serum of naive
4get/KN2 mice. Born to infected or uninfected mothers. Each point represents an individual
mouse. (B) anti-SEA specific IgG1 antibody titers in naive KN2 homozygous and 4get/KN2
mice born to infected and uninfected mothers. Error bar denotes mean = SEM. (C) anti-SEA

specific 1gG1 secreting cells in splenocytes obtained from naive 4get/KN2 mice at 28-35 days of

age. Significance was determined by Student’s t test.
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Figure 3.2 Maternal S. mansoni infection reduces steady state lymph node plasma and follicular
dendritic cells in 28 days old offspring.

(A) Flow cytometry plots of plasma cells (IgD-CD19+/-CD138+) in popliteal and hepatic lymph
nodes from naive 4get/KN2 born to infected and uninfected mothers. (B, C) Tile confocal
imaging of naive popliteal lymph node of 4get/KN2 mice at 28-35 days of age, scale bar: 200
um. (B) Sections were stained for CD21/35 (blue) FDC-M2 (gray) and B220 (red), (C) Sections
were stained for CD21/35 (red) FDC-M2 (gray) and CD31 (blue) with the respective CD21/35
area quantification. (D) Gating strategy for follicular dendritic cells (FDC) and flow cytometry
analysis of FDC (CD21/35+FDC-M2+) gated from CD45- with number of FDC in popliteal
lymph node from pups od 28-35 days of age.
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Figure 3.3 Effects of maternal Schistosomiasis in offspring immunity. Naive 4getKN2 pups from
infected and uninfected controls were sacrificed at 28-35 days old.

(A) Gating strategy for follicular dendritic cells (FDC) and (B) flow cytometry analysis of FDC
(CD21/35+FDC-M2+) gated from CD45- with number of FDC in popliteal lymph node from
pups od 28-35 days of age. (C) Frequency of GFP+ in naive 4get/KN2 mice. Flow plots were

concatenated samples, with n >3 mice per group and representative of six independent
experiments. Statistical significance was calculated using Student’s t test.
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Figure 3.4 iINKT cells are the main cellular source of IL-4 in peripheral lymph nodes at steady
state maternal S. mansoni infection reduces their secretion of 1L-4 at steady state.

Gating strategy in popliteal lymph nodes for invariant iNKT cell (aGalCer*TCRB* TCRB*DX-
59, ap T cells (TCRB*CD3"), yo T cells (TCRBCD3™), NK T cells (TCRB*DX-5"), NK cells
(TCRP'DX-5%) analyzed by flow cytometry in (A) pups from uninfected mother (B) pups from
infected mother at 28-35 days of age. Flow plots are concatenated of n >3 mice from two
biologically independent experiments.
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Figure 3.5 Schistosomiasis during pregnancy correlates to diminished Germinal center reactions
and IL-4 production in offspring following a primary immunization with alum adjuvanted
Tetanus Diphtheria.

Immunological response 8 days post immunization with an alum adjuvanted tetanus diphtheria
vaccine in offspring of S. mansoni infected mothers or uninfected control mothers 28-35 days
old mice were immunized in the rear footpad with 1/10th of the human dose of an aluminum
adjuvanted Tetanus diphtheria vaccine (A) Tile confocal imaging of 10 microns cryosections of
popliteal lymph nodes stained for HUCD2 (red), GL-7 (gray) and CD4 (green). Scale bar: 200
pm
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Figure 3.6 Reduced Tfh, Th2 effector and Th2 memory response in offspring from infected
mothers.

Flow cytometry analysis from popliteal lymph nodes of (A) T follicular helper cells (PD-
1+CXCR5+, gated from CD4+), (B) Th2 effector (GFP+IL-7R-) and Th2 memory (GFP+IL-
7R+) (C) Frequencies of effector Th2, memory Th2 and Tth cells 8 dpi. Flow plots are
concatenated from n >3 mice from at least two independent experiments. Statistical significance
was calculated using Student’s t test.
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Figure 3.7. Germinal center reactions and memory B cell are reduced in reactive lymph node
following antenatal exposure to S. mansoni antigens.

(A) Flow cytometry of Germinal center B cells (CD19+GL-7+FAS+) (B) Memory IgG1+CD27+
B cells and Memory 1gG2+CD27- B cells (C) Bulk memory B cells (CD27+CD19+) (D) Cell
frequencies of GC B cells and plasma cells (E) Cell frequencies of memory Bulk B cells
Frequency of bulk memory B cell in popliteal lymph node. Confocal microscopy images are
representative of four independent experiments. Flow plots are concatenated from n >3 mice
from at least two independent experiments. Statistical significance was calculated using
Student’s t test.
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Figure 3.8. Pups from infected mothers exhibit reduced GC B cells, Tth and FDC 14 days post
immunization with Tetanus diphtheria.

(A) Tth (PD-1*CXCR5*, gated from CD4") and frequency from draining PLN (B) Th2 effector
(GFP*IL-7R") and Th2 memory (GFP*IL-7R*) from reactive lymph node (C) Plasma cells (IgD"
CD19*"CD138") (D) FDC (CD21/35*FDC-M2*CD45) frequencies. Flow plots and confocal
microscopy data are representative of three independent experiments with n>3 mice per group.
Mean bar denotes + SEM. Statistical analysis was calculated with Student’s t test.
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Figure 3.9. Diminished germinal center expansion and follicular cell are characterize the immune
response of pups from infected mothers 14 days post immunization).

Cryosections of reactive popliteal lymph node stained with CD21/35 (red), GL-7 (green) and
FDC-M2 (blue). Scale bar: 200um.
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Figure 3.10 Cellular T and B responses are reduced in 4get/KN2 offspring from infected mothers
60 days post primary immunization.

4get/KN2 28-35 days old were immunized in the hind footpad as described in the Materials and
Methods, draining popliteal lymph nodes were collected >60 days post primary immunization
(A) GC B cells (CD19"GL-7"FAS™) frequencies (B) Tth (PD-1*CXCR5", gated from CD4")
frequencies. Flow data is concatenated representative of n n>4 mice per group and two
independent experiments. Statistical analysis was calculated with Student’s t test.
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Figure 3.11 Memory T cells, Complement Receptor 1 and 2 and number of Follicular dendritic
cells are impaired in a memory response to Tetanus/Diphtheria.

4get/KN2 28-35 days old were immunized in the hind footpad as described in the Materials and
Methods, draining popliteal lymph nodes were collected >60 days post primary immunization.
(A) Th2 responses (GFP*IL-7R *) (B) Flow cytometry analysis of CD21/35 cell count (C) FDC
(CD21/35*FDC-M2*CD45") frequency. Flow data is concatenated representative of n n>4 mice
per group and two independent experiments. Statistical analysis was calculated with Student’s t
test.
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Figure 3.12. Memory B response is impaired recall immunization in offspring that were exposed
to SEA antigens prenatally.

(A) Schematic of experimental timeline (B) Flow cytometry of GC B cells (CD19*GL-7*FASY),
(C) Tfh (PD-1"CXCR5*, gated from CD4") (D) Follicular dendritic cells (CD21/35*FDC-
M2*CD45") (E) Tile confocal imaging of draining lymph node in response to secondary
immunization with aluminum Tetanus diphtheria, cryosections were stained for CD21/35 (red),
FDC-M2 (gray) and CD31 (blue). Flow data are representative of n>4 mice per group and three
independent experiments. Tile confocal imaging are representative of two independent

experiments.
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Figure 3.13 Memory B cells are required to maintain a secondary response to immunization.

(A) Bulk memory B cells (CD19*CD27") and (B) 1gG1 memory response (IgG1*CD277)
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CHAPTER 4. SCHISTOSOMA MANSONI INFECTION-INDUCED
TRANSCRIPTIONAL CHANGES IN HEPATIC MACROPHAGE
METABOLISM CORRELATE WITH AN ATHERO-PROTECTIVE
PHENOTYPE

Modified from: Cortes-Selva D, Elvington AF, Ready A, Rajwa B, Pearce EJ, Randolph GJ and
Fairfax KC (2018) Schistosoma mansoni Infection-Induced Transcriptional Changes in Hepatic
Macrophage Metabolism Correlate with an Athero-Protective Phenotype. Front. Immunol. 9:2580.
doi: 10.3389/fimmu.2018.02580

Introduction

Macrophages are highly plastic cells with vital functions in host defense and tissue repair
and homeostasis (Sica & Mantovani, 2012). Their distinct functional characteristics depend on
their distribution in different anatomical sites as well as the polarization signals from various tissue
milieu (Gautier et al., 2012; Gordon, 2003; Gordon & Martinez, 2010). Due to their heterogeneity,
a common classification of “classically activated” and “alternatively activated” has been attributed
depending on their characteristic expression markers. While the classically activated macrophages
(M1 macrophages) mediate autoimmunity and protection against different bacteria and viruses,
alternatively activated macrophages (M2 macrophages) have been shown to play a role in wound
healing, the regulation of inflammation, and metabolic functions (Leopold Wager & Wormley,
2014; Martinez & Gordon, 2014). Driven primarily by Toll-like receptor agonists and IFNy, M1
polarized macrophages express inducible nitric oxide synthase (iNOS; Nos2) amongst other genes,
and are pro-inflammatory, whereas M2 macrophages are induced by IL-4 and IL-13 and
differentially express a range of genes including arginase-1 (Argl), resistin like beta (Fizz-1;
Retnla) and Ym1 (Chil3) (Murray & Wynn, 2011). M2 macrophages have previously been shown

to play a role in both the defense against some parasitic infections, as well as the transition to
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chronic helminth infection when immunomodulation and tissue repair is crucial for host survival
(Gause, Wynn, & Allen, 2013). Importantly, they are the predominant macrophage in the liver
during the Th2 dominated immune response to the helminth Schistosoma mansoni. In
schistosomiasis, M2 macrophages are essential for survival of acute infection (Brunet, Finkelman,
Cheever, Kopf, & Pearce, 1997; Herbert et al., 2004) and provide proline, a collagen precursor,
while also aiding in both the development and modulation of fibrosis and liver pathology (Murray
& Wynn, 2011). Recent studies have established that Arginase-1 producing M2 macrophages are
essential for suppressing Th2 driven inflammation and fibrosis (Pesce et al., 2009), and our recent
work identified immune complex-driven production of IL-10 by these macrophages as critical for
immunomodulation in chronic infection (Fairfax et al., 2012). However, knowledge about the
transcriptional profile of distinct macrophage subsets during schistosome infection remains
limited.

Mice infected with S. mansoni serve as a reproducible model for human schistosomiasis.
In both humans and mice, the pathology progresses from an early Thl response into a Th2
dominated one in response to egg deposition in organs such as liver, intestines, and lungs by worm
pairs. Eggs are highly immunogenic and toxic, and the host response to this stimulus leads to
fibrosis and portal hypertension (Wynn, Thompson, Cheever, & Mentink-Kane, 2004). Previous
studies have reported that schistosome infection in both humans and mice correlates with a
significant modulation of lipid metabolism (Martins da Fonseca et al., 2014), lowering the total
cholesterol levels of randomly bred mice and ApoE deficient mice (Stanley, Jackson, Griffiths, &
Doenhoff, 2009), and reducing atherosclerotic lesions in ApoE deficient mice (Doenhoff, Stanley,

Griffiths, & Jackson, 2002). Despite previous observations of the correlation of schistosome
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infection and lipid metabolic changes in both human and murine models, the mechanism by which
S. mansoni exerts protection against cardiovascular disease is not understood.

Here we describe microarray data of the transcriptional profiles of hepatic macrophages in
naive and S. mansoni infected mice that indicate a reduction in the transcriptional heterogeneity of
both Kupffer cells and perivascular macrophages following schistosome infection that suggests a
shared function for these distinct macrophage populations. Surprisingly, a large percentage of the
transcriptional changes observed in macrophages relate to genes involved in cholesterol and
phospholipid metabolism, including ApoCl. These data suggest a pivotal role of hepatic
macrophages in the modulation of lipid metabolism during infection. Furthermore, we confirm the
anti-atherogenic effect of active schistosome infection in an ApoE-/- atherosclerosis mouse model
and postulate that this protection is due in part to significant reductions in serum ApoC1. Finally,
we demonstrate that S. mansoni infection leads to a notable reduction in HFD induced insulin
resistance and identify transcriptional changes to amino acid and glycogen metabolism that are
likely mechanisms for this protection. Altogether, the data suggest an important and unexplored
role of liver macrophages in the regulation of atherosclerosis and insulin sensitivity, a finding that
has significant implications for diabetes, obesity and many other human diseases involving

hyperlipidemia and insulin resistance

Results
S. mansoni infection profoundly alters hepatic macrophage metabolism

While it is widely accepted that hepatic macrophages play a critical role in the pathology
and ultimately the survival of S. mansoni infection, the transcriptional changes that accompany the
response to S. mansoni antigens are not entirely understood. We have previously established 10-

weeks post-infection as a key time-point in immunomodulation where SEA (schistosome egg
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antigen) specific B cells are recruited to the liver, and immune-complex ligation of hepatic
macrophages begins, leading to macrophage IL-10 production (Fairfax et al., 2012). To explore
the transcriptional changes to liver macrophages associated with S. mansoni infection, we first
identified hepatic macrophages (CD45*PI"'Mertk*CD64") and then sorted F4/80 "9 (Kupffer cells)
and F4/80™ (perivascular macrophages) populations from the livers of naive and 10-week old S.
mansoni-infected C57BL/6 mice according to Immgen standard protocols (Gautier et al., 2012;
Heng, Painter, & Immunological Genome Project, 2008) (Figure 4.1). Cytospin examination of
cells from both naive and infected mice confirmed that both populations were macrophages, with
the morphology of F4/80 "" macrophages displaying greater size heterogeneity than the F4/80™
macrophages (Figure 4.1 B).

We compared the gene expression profile of naive Kupffer cells and perivascular
macrophages and found the expected markers for alternative activation (Figure 4.2 A) in addition
to very high transcriptional diversity between these two macrophage populations considering that
they reside in the same tissue environment (Figure 4.2 C). Subsequently, we performed the same
comparison for 10-week post-infection samples and observed that transcript diversity decreases
following S. mansoni infection (Figure 4.2 D), suggesting that Kupffer cells and perivascular
macrophages may have shared functions in response to infection. Additionally, some of the
transcripts that increased in both populations following infection (i.e. Ly6C) were consistent with
both macrophage populations being repopulated by monocytes at this time-point, as recently
described (Girgis et al., 2014; Nascimento et al., 2014). A recent report (Wang & Kubes, 2016)
indicated that in models of sterile liver injury, peritoneal macrophages are recruited to the liver to
aid in tissue repair, we did not, however, detect increases in Gata6 transcripts in our microarrays,

so this paradigm may not apply to S. mansoni infection. We then performed an unsupervised
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visualization of the gene expression profiles before and after S. mansoni infection via principal
component analysis (Figure 4.3). The plot demonstrated that the PC 1 is associated with the
difference between cells from the naive and the 10-week S. mansoni-infected animals, whereas the
PC 2 described the difference between the F4/80"9" and the F4/80™ cells regardless of the infection
status. The ten genes with the highest contribution to PC 1 are Slc7a2, Timd4, FIrt2, F7, Atp6v0d2,
Pdcd1lg2, Argl, Ch25h, ApoC1, and Dhrs9. The ten genes with the highest contribution to PC 2
are Lum, Lox, Dpt, Cd163, Sic7all, Igk-V1, Mgp, Jam2, Emcn, and Arhgap29.The effect sizes
of the differences in the gene expressions represented as two-dimensional Mahalanobis distances
in PC space are 18.83 (naive F4/80™ cells vs. 10-week S. mansoni F4/80™ cells), 35.32 (naive
F4/80M9" cells vs. 10-week S. mansoni F4/80"9" cells). In both cases, the naive vs. infected
differences were statistically significant (Hoteling T2 test, p<107®). Although distances for naive
F4/80M9" vs. naive F4/80™ cells and 10 -week infected F4/80"9" vs. 10-week-infected F4/80'°W
cells were similar (4.40 and 4.09, respectively), the larger variance among naive F4/80™ cells
made the former pair of expressions indistinguishable in the PC space (Hoteling T2 test, p>0.1).
On the other hand, the dissimilarity between the gene expressions identified in the cells from the
infected animals was significant (p=0.004).

Next, we employed the Boolean selection strategies detailed in the methods section to
compare the transcriptional profiles of Kupffer cells and perivascular macrophages from 10-week
infected animals to their naive counterparts, and identified numerous subsets of differentially
regulated genes (Figure 4.4). Subsets 3, 4, and 6 shed light on the putative functional roles of these
two cell types in response to S. mansoni infection. Among 57 genes in the Subset 3
(q_hiNhi_upNint_down)\(qg_int), we located Chr2 (carbonyl reductase 2, involved in arachidonic

acid metabolism), which is significantly (p<0.05) and highly (fold size=20.7) upregulated in
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F4/80M9" but does not demonstrate a statistically significant change in F4/80'™, Alox (p<0.05, fold
size=5.09), and F13al (p<0.05, fold size 20). Additionally, among 932 genes in Subset 4
(q_hiNg_intNint_down)\ (hi_up), which is equivalent to (q_hiNg intNint downNhi_down) and
contains the genes which are significantly downregulated (foldsize <0) in both cell types we found
Adhl, Alb, Aldh2, Apoa2, ApoB, ApoC1l, ApoC3, Cd55, Clecaf, Cregl, Fabp7, Flt4, Gprlle6,
Hmcn1, Hpgd, Marco, Pde7b, Ptprb, Slc16a9, Slc40al, Slco2al, St3gal5, and Stab2. Surprisingly,
this subset contains many genes involved in phospholipid and cholesterol metabolism, as well as
solute transport. Further, we found that Prg4 and Spic belong to a Subset 5 of 795 genes that are
downregulated in both macrophage types, but the downregulation in F4/80™ has not been
statistically significant. The set is designated as (q_hiNint_down)\(g_intuhi_up). 683 genes were
significantly simultaneously upregulated in F4/80™ and F4/80"9" forming a Subset 6 (Figure 4.4
A), (q_hiNg_intNhi_up)\(int_down) = (q_hiNg_intNhi_upNint_up). Among them we identified
Anxal, Arg,1 Atpla3, Ccr2, Cd63, Chi3l3, Chi3l4, Dhrs9, Earll, Egr2, Fcrlb, Fnl, Gda, Mgl2,
Nfil3, Nos2, Pdcdllg2, Retnla, Slc4la2, Slc7a2, and Uck2. This set contains many of the genes
that are known to be hallmarks of alternative activation. Our filtering strategy identified 1167
genes belonging to (q_intNhi_up)\(q_hivint_down), denoted as Subset 7. These genes
demonstrate upregulation in both populations of macrophages; however, the upregulation in
F4/80M9" is not statistically significant. Among them, we found Ccl2, Ccl7, and Ptgs2. Another
interesting subset of 357 genes (q_hiNhi_up)\(q_intuint_down) contained upregulated genes,
which changed in a statistically significant manner in F4/80"%" but not in F4/80™. Ccl12 with a
foldchange of ~15 and Ccl8 with a very high foldchange of 76.6 in F4/80M9" as well as Mfsd6 were
among these genes. Interestingly, there were only three genes in subset 1

(q_hiNg_intNhi_upNint down): Atrnll, Mef2c, Navl, and only 2 genes in subset 2
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(q_hiNg_int)\(hi_upuint_down): Igf2bp2 and Ube2j2 (Figure 4.4), none of these genes had a
particularly high absolute fold-change, further suggesting that both perivascular macrophages and
Kupffer cells have a shared response to S. mansoni infection.

Some genes which were upregulated in both types of macrophages (or downregulated in
both) nevertheless showed substantial differences in the level of regulation, exhibited by a large
disparity in foldchanges. For instance, Rnase4 was upregulated in F4/80M9" and F4/80™; however,
in the first case the observed foldchange was 11, and in the second instance is only 1.6. To further
delineate key differential transcriptional changes, we used the absolute difference between loge-
foldchanges as a direct metric of differential regulation. The top 1-percentile of genes sorted by
this measure contains 67 transcripts (Figure 4.4 C) expressed with logz-foldchange difference
ranging from 2.75 to 1.4. Among them, there are some of the known hallmarks of alternative
activation (in the order of differences) Mgl2 (F4/80"9" foldchange = 35.8, F4/80™ foldchange=
7.5), Retnla (F4/80"9" foldchange = 84.2, F4/80™ foldchange=19.5) as well as Earll, Chi3I3,
Ptprb, Ccr2, Gda, Gprl16, St3gal5, Stab2, Cd63.

These data prompted us to conduct pathway analysis using the Advaita iPathwayGuide to
uncover the pathways that are significantly manipulated by S. mansoni infection. Meta-analysis of
transcriptional changes shared across both hepatic macrophage populations revealed striking
alterations to multiple KEGG pathways, including multiple pathways of inflammation and cellular
metabolism (Figure 4. 5 A), with the KEGG metabolic pathway showing the highest number of
altered genes (Figure 4.5, pathway Bonferroni corrected p value=1.042x10%) We conclude that S.
mansoni infection strongly alters the metabolic potential of liver macrophages. Since the liver is
responsible for regulating many aspects of whole body metabolism (Langhans, 2003; Postic,

Dentin, & Girard, 2004), these alterations may have profound effects on infected individuals.
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Infection reduces ApoC1 production and aortic plaque formation

Schistosome infection in humans (Chen et al., 2013) and mice (Doenhoff et al., 2002;
Hussaarts et al., 2015; Stanley et al., 2009) protects from the development of obesity and
atherosclerosis, but the molecular mechanism(s) that underlies this protection has yet to be fully
uncovered. The transcriptional profile revealed by our analysis suggested that S. mansoni-induced
metabolic alterations to hepatic macrophages could be involved in infection-induced protection
from metabolic diseases. To assess this hypothesis, we employed the ApoE’ model of
hyperlipidemia/atherosclerosis (Nakashima, Plump, Raines, Breslow, & Ross, 1994). ApoE™
mice were fed either a high-fat Western diet (HFD) or normal chow diet for ten days before
infection with S. mansoni, whereas controls were sham-infected. At 10-weeks post-infection we
analyzed CD301 (galactose type C lectin) and CD206 (mannose receptor) expression as markers
of alternative activation. Approximately 40-60% of macrophages from control chow uninfected
were double positive, with the rest being CD206" (Figure 4.6). Infection increased the frequency
of alternative activation to ~80% regardless of diet, suggesting that HFD do not interfere with S.
mansoni induced macrophage polarization. Similar to previous reports (Doenhoff et al., 2002;
Stanley et al., 2009), S. mansoni-infected mice on an HFD diet had significantly lower levels of
plasma cholesterol and smaller aortic sinus plaques than uninfected HFD mice (Figure 4.7 A, B).
Plaques in the aortic sinus of HFD infected mice also contained fewer CD68" macrophages (Figure
4.7 C), suggesting reduced recruitment of monocytes to the plaque, as these macrophages have
been previously shown to be monocyte-derived (Swirski et al., 2006; Tacke et al., 2007). The
transcriptional profile we uncovered in our analysis of schistosome-infected C57BL/6 liver
macrophages (Figures 4.4, 4.5) showed reduced production of multiple apolipoproteins in

macrophages, including ApoC1 (-10.00 log-FC, p=1.35x107°) and ApoC3 (-5.78 log-FC, p=0.006).
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To confirm gene modulation on the ApoE™- model, we assessed the expression of a list of genes of
interest. Importantly, ApoC1 was significantly downregulated in the same manner in both the
C57BL/6 and ApoE™ model. Additionally, a previous report has indicated that ApoC1 production
drives hyperlipidemia and pathogenesis in the ApoE”" model (Westerterp, de Haan, Berbee,
Havekes, & Rensen, 2006), making it a likely candidate for correlation with reduced plaque
formation during infection. To address this possibility, we examined liver transcripts and plasma
levels of ApoCl and found that HFD induces an increase in ApoC1, but this increase is
significantly attenuated by S. mansoni infection (Figure 4.7 D and E). This reduction, in systemic
ApoC1 production, is a component of the postulated mechanism for S. mansoni-related protection

from HFD- induced atherosclerosis.

Patent S. mansoni infection leads to improved glucose tolerance and alterations in hepatic

macrophage amino acid biosynthesis and glucagon signaling pathways

Schistosomiasis has been reported to correlate with lower hemoglobin Alc levels in
populations with a previous history of infection (Chen et al., 2013), as well in a murine model of
obesity (Hussaarts et al., 2015), so we sought to examine glucose tolerance in this model. S.
mansoni induced reductions in serum cholesterol have previously been shown to be egg dependent,
so we assessed glucose sensitivity in a 2-hour glucose tolerance test (GTT) at 5-weeks post
infection (pre-egg laying). We found that pre-patency, S. mansoni infection has no significant
effect on glucose tolerance in normal chow fed mice as measured by area under the glucose
excursion curve (AUC, Figure 4.8). HFD increases blood glucose levels and decreases glucose
tolerance (Figure 4.8 A), while pre-patent S. mansoni infection has no significant effect on this
increase. At the transition to chronic infection (10 weeks post infection), normal chow fed infected

mice have lower fasting glucose levels and significantly improved whole-body glucose tolerance
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(Figure 4.8). HFD significantly impairs glucose tolerance (as compared to chow uninfected
controls), while S. mansoni infection of HFD fed mice restores glucose tolerance to a similar level
as chow uninfected mice (Figure 4.8). This is distinct from what has previously been reported,
where S. mansoni infection of C57BL/6 mice improved glucose tolerance in HFD fed mice, but
not normal low-fat chow fed mice. This difference suggests that there may be strain-specific
differences in the control of glucose sensitivity. Since ApoE” are prone to develop hyperlipidemia
and atherosclerosis spontaneously as they age, it is possible that this propensity underlies the
difference.

We then went back to the microarray pathway analysis and looked for pathway changes
that could be expected to lead to improvement in glucose tolerance based on published reports.
We found that S. mansoni infection significantly alters the biosynthesis of amino acids in Kupffer
cells (Figure 4.8, pathway analysis Bonferroni corrected p value= 0.006), and one of the genes in
that pathway, Psatl, stood out as a candidate for involvement in improving glucose tolerance as
its transcript level is increased in infected C57BL/6 mice (logFC= 5,). The correlation between
modulation of this transcript and infection was confirmed in our ApoE”" model (Figure 4.8 C).
Hepatic psatl transcript levels (measured in total liver RNA) have previously been shown to be
reduced in both genetic and diet-induced models of diabetes, while global overexpression of
PSAT1 improves insulin signaling and sensitivity (Yu et al., 2015). The glucagon signaling
pathway is also significantly altered (Figure 4.8 D, pathway Bonferroni corrected p value= 0.015),
in that pathway, S. mansoni infection decreases pygl expression while also increasing gysl
transcripts. Genetic disruption of PYGL has previously been shown to improve glucose tolerance
in vivo (Kelsall, Rosenzweig, & Cohen, 2009). While GYSL1 is one of two enzymes responsible

for glycogen synthesis, and small molecule induced activation of GYS1 in diabetic mice improves
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glucose tolerance (Nakano et al., 2017). The combined effects of these two alterations would be
predicted to lead to increased glucose tolerance and insulin sensitivity. We then asked whether
gys1 transcripts are similarly altered by S. mansoni infection of HFD fed ApoE” mice. S. mansoni
infection leads to significantly higher gys1 transcripts in the liver tissue of both chow and HFD
fed mice (Figure 4.8 E). Psatl is similarly altered by infection (Figure 4.8 F), with transcripts
significantly higher in S. mansoni infected mice on both chow and HFD, although transcript levels
of HFD infected mice are lower than those of chow infected. These data suggest that the S. mansoni
induced transcriptional changes that were identified via the microarray also occur in the liver tissue
of HFD fed ApoE™ mice, supporting the hypothesis that S. mansoni induced alterations in hepatic
macrophage metabolism are able to influence whole body metabolism and help protect from

pathological changes generally associated with HFD induced metabolic disorders.

Discussion

Overall, our data provide the first complete transcriptional analysis of Kupffer cells and
perivascular macrophages in steady state and chronic S. mansoni infection. These data suggest that
during S. mansoni infection, egg-induced M2 macrophages demonstrate profound alterations to
their metabolic profile, with shifts in the balance of phospholipid and glucose metabolism as well
as increased amino acid metabolism, and that these changes correlate with improvements in whole
body cholesterol and glucose metabolism. While many of these alterations are shared between both
perivascular macrophages and Kupffer cells, there are key genes that are differentially regulated
in the two populations. Cbr2, Alox5, and F13al are all significantly up-regulated in Kupffer cells,
but not in perivascular macrophages. Since Cbr2 and Alox are involved in arachidonic acid
metabolism, it suggests that while both populations are alternatively activated, Kupffer cells

specifically increase leukotriene production in the granuloma. Similarly, F13al has been
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previously implicated in wound healing (Andersson et al., 2015), suggesting the Kupffer cells are
more involved in the process of granuloma formation and resolution. Conversely, Lox is
upregulated in both macrophage populations, but the increase in perivascular macrophages is far
higher (8.3-fold vs. 2.1-fold), suggesting that perivascular macrophages are responding to greater
oxidative stress during S. mansoni infection, a proposition that is supported by their tissue location.
Many of the key markers of M2 activation (Chi3I3, Retnal, Mgl2) have a lower fold upregulation
in perivascular macrophages, a finding that is matched by the frequency of these macrophages that
are CD206"CD301", suggesting that there may be degrees of alternative activation in the liver in
the context of S. mansoni infection. The fact that only 5 genes (Subsets 1 and 2) are truly
differentially regulated (opposite signs of significant fold changes) supports the hypothesis that
after infection Kupffer cells and Perivascular macrophages act to a large degree in unison.
Recent work, using other models of M2 macrophage generation, have indicated that M2
macrophages rely on lipolysis driven fatty acid oxidation (Huang et al., 2014; Vats et al., 2006)
for the generation and maintenance of the M2 state. Our transcriptional analysis of Kupffer cells
and perivascular macrophages suggest similar alterations are induced by chronic S. mansoni
infection, but our data also provide the first evidence that alterations to hepatic macrophage
metabolism either reflect or influence infection-induced alterations to whole body metabolism.
Macrophages are known to be critical sources of apolipoproteins like ApoC1 (Westerterp et al.,
2007; Westerterp et al., 2006), and LPS-induced inflammation has been linked with increased
levels of plasma cholesterol and ApoC1 (Westerterp et al., 2007). Our data indicating that S.
mansoni-induced M2 transcriptional changes reduce both ApoCl production and plasma
cholesterol is in concordance with the established paradigm of M1 and M2 polarization states as

driving opposite pathological states, and with the hypothesis that M2 macrophages play a role in
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the resolution and modulation of atherosclerotic lesions (Chinetti-Gbaguidi et al., 2011; Chinetti-
Gbaguidi, Colin, & Staels, 2015; Roma-Lavisse et al., 2015).

The liver plays a critical role in whole body metabolism through its control of glycogen
metabolism, with glycogen synthase (GYS1) and glycogen phosphorylase (PYGL) acting to
respectively increase and decrease stored glycogen to maintain blood sugar homeostasis. Our
pathway analysis revealed key alterations to both macrophage amino acid and glucagon
signaling/metabolic pathways. We identified key genes (GYS1, PYGL, and PSAT1) from both
pathways that have previously been demonstrated to play a role in glucose tolerance/ insulin
sensitivity in models of obesity and diabetes (Gasa, Clark, Yang, DePaoli-Roach, & Newgard,
2002; Yu et al., 2015) and epidemiological studies (Schalin-Jantti, Harkonen, & Groop, 1992;
Shimomura et al., 1997; St-Onge, Joanisse, & Simoneau, 2001). We hypothesize that the combined
effects of S. mansoni-induced alterations to these three genes are at least partially responsible for
infection-related improvements in glucose tolerance in both chow and HFD fed mice, a proposition
that will be tested in future studies. These data raise the possibility that S. mansoni-induced
polarization of liver macrophages can significantly alter whole body metabolism. While multiple
previous studies in humans (Aravindhan et al., 2010; Chen et al., 2013; Wiria et al., 2015) and
mice (Doenhoff et al., 2002; Hussaarts et al., 2015; Stanley et al., 2009) have indicated that
helminth infections in general, and schistosomes in specific, modulate susceptibility to the
development of metabolic diseases, a molecular mechanism underlying this modulation has not
been identified. We postulate that S. mansoni-induced M2 polarization of hepatic macrophages are
involved in protection from HFD induced hyperlipidemia, atherosclerosis, and glucose
intolerance. Future studies will focus on thoroughly understanding the infection-induced

transcriptional changes to other tissue macrophage populations and the broader monocyte lineage.
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Materials and Methods

Ethics statement

This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. The protocols were
approved by the Institutional Animal Care and Use Committees of Washington University in St.

Louis and Purdue University.

Mice and Parasites

Male C57BL/6J mice were purchased from Jackson Laboratories, ApoE”’ (B6.129P2-
ApoetmlUnc/J) mice were bred at Purdue University. Mice were kept under specific pathogen—
free conditions and male mice were infected at 6 weeks of age. Snails infected with S. mansoni
(strain NMRI, NR-21962) were provided by the Schistosome Research Reagent Resource Center
for distribution by BEI Resources, NIAID NIH. Mice were exposed percutaneously to 90
Schistosoma mansoni cercariae. For experiments using Apoe” mice, animals were transitioned to
HFD (21% milk fat, 0.15% cholesterol; TD 88137 Harlan Teklad) 10 days prior to S. mansoni
infection. Control mice were fed standard rodent chow (2018 rodent chow, Harlan Teklad) and

mice were sacrificed at 10-weeks post-infection.

Macrophage identification and Isolation

Livers were removed from PBS-perfused animals, mashed, and incubated in RPMI
(Mediatech) containing 250 ug/ml Collagenase D (Roche) at 37°C for 60 min. The resulting
suspension was disrupted through a 100 um metal cell strainer, washed, and then red blood cell
lysed with ACK lysis buffer (BD) two times to remove hepatocytes followed by washing. The

resulting pellet was washed and used for sorting. Surface staining with monoclonal antibodies,
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acquisition, and sorting were performed according to Immgen standard protocols
(www.immgen.org). The following mAb (eBioscience, BioLegend, or R&D systems) against
mouse antigens were used as PE, PE-Cy5, PE-Cy7, allophycocyanin (APC), APC-Cy7, Pacific
blue, or biotin conjugates: CD11lc (N418), CD11lb (M1/70), CD45 (30-F11), MHC-II
(M5/114.15.2), F4/80 (BM8), and MERTK (BAF591). Cells were directly sorted from mouse
tissues and were processed from tissue procurement to a second round of sorting into TRizol within

4 h using a Beckton-Dickinson Aria Il instrument.

Microarray analysis, normalization, and dataset analysis

RNA was amplified and hybridized on the Affymetrix Mouse Gene 1.0 ST array by the
Immgen consortium using double-sorted cell populations sorted directly into TRIzol. Data analysis
utilized GenePattern analysis software. Raw data were normalized using the robust multi-array
algorithm, returning linear values between 10 to 20,000. A common threshold for positive
expression at 95% confidence across the dataset was determined to be 120. Differential gene
expression signatures were identified and visualized using the “Multiplot” module of GenePattern

(http://www.broadinstitute.org/cancer/software/genepattern/). Probesets were considered as

differentially expressed with a coefficient of variation less than 0.5 and a p-value < 0.05 (Student’s
T-test). Calculation and visualization of differential gene expression sizes (calculated as loge-
transformed Hedges’ g measures accompanied by 95% confidence intervals and t-test p-values
indicating significance of differences, raw foldchanges, and logz-foldchanges) were performed
using R-language for statistical computing.

To identify important genes (i.e., the genes expressed in a matter suggesting a link to
macrophage class and/or infection status) we used various Boolean selection strategies focusing

on multiple scenarios:


http://www.broadinstitute.org/cancer/software/genepattern/
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1. Genes which are upregulated in F4/80"9" (Kupffer cells) (foldchange > 0), but
downregulated in F4/80™ (perivascular macrophages) (foldchange <0).

2. Genes which are downregulated in F4/80"9" (foldchange <0), but upregulated in F4/80™
(foldchange > 0)

3. Genes which are significantly (Benjamini-Hochberg adjusted p<0.05) upregulated in both
cell types

4. Genes which are significantly (Benjamini-Hochberg adjusted p<0.05) downregulated in
both cell type

5. Genes which differ substantially in the degree of regulation (regardless of the direction of

regulation).

The described Boolean strategies are illustrated in the Venn diagrams in Figure 2A-C. The
following set designations were used in the set notation:

e q_hi = Significantly regulated genes in F4/80"9" cells (BH adjusted p<0.05)

e q_nt = Significantly regulated genes in F4/80™ cells (BH adjusted p<0.05)

e hi_up = Genes upregulated in F4/80"9" cells

e int_up = Genes upregulated genes in F4/80™ cells

e hi_down = Genes downregulated in F4/80"9" cells

e int_down = Genes downregulated in F4/80™ cells

The employed set notation:
e ANB- A ntersect B
e AUB-AunionB

e A\B - A minus B, or A complement B
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The Data (significantly impacted pathways, biological processes, molecular interactions.) were

analyzed using Advaita Bio’s iPathwayGuide (http://www.advaitabio.com/ipathwayguide).

Pathway analysis was performed on logz-transformed data using Bonferroni-corrected p-values.

Data are deposited in GenBank under accession no. GSE37448 as part of the Immgen 2 dataset.

Principle Component Analysis

For unsupervised visualization of the gene expression profiles via principal component
analysis, the gene expression data were constrained to a simplex and transformed using centered
log-ratio transformation. The resultant values were ordered according to their variances, and the
top 0.5-percentile of the genes were selected for the computation of the principal components

(PCs)

Flow cytometric analysis

Livers were perfused with 1X PBS, mashed and digested in DMEM containing 250 pg/ml
Collagenase (Sigma) at 37°C for 30 minutes. The digested livers were then mashed and filtered
through a 100 um metal strainer and digestion was repeated for 15 minutes. Total liver contents
were strained and washed with DMEM. The pellet was lysed with 1X lysis buffer (BD
PharmLyse), quenched, and washed. The resulting cell suspension was used in flow cytometry.
Surface staining was performed using the following mAb against mouse antigens: CD45 (30-F11,
eBioscience), CD301(BioRad), CD206 (C068C2, Biolegend), F4/80 (BM8, Biolegend), mouse
Mer biotinylated (R&D), CD64(X54-5/7.1, BD). Samples were acquired using FACSCanto Il flow

cytometer (BD) and analyzed using Flowjo X 10.0.7r2 (FlowJo LLC, Inc).


http://www.advaitabio.com/ipathwayguide
http://jem.rupress.org/lookup/external-ref?link_type=ddbj%2Fembl%2Fgenbank&access_num=GSE37448&atom=%2Fjem%2F211%2F8%2F1525.atom
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Analysis of atherosclerotic plaques.

At sacrifice, mice were perfused with PBS, and the heart was extracted for plaque
assessment at the aortic sinus. Following fixation in 4% paraformaldehyde, tissue was
cryoprotected in 30% sucrose, embedded in OCT compound (Fisher Scientific), and flash frozen.
Fifteen-micron cryosections were made in the aortic sinus from initiation to termination of the
aortic valve leaflets. Plaque assessment in the aortic sinus was performed as previously described
(Potteaux et al., 2011), and is briefly described as follows. The total plaque was determined by
taking the average of total atherosclerotic plaque from at least five sections at least 60 microns
apart. Macrophage content was determined using CD68 immunofluorescence: average CD68
(BioRad) positive area was assessed from at least five sections at least 60 microns apart.

Quantification of plaque area and area occupied by CD68 was calculated with ImageJ software.

Cholesterol Quantitation

Total cholesterol was measured from plasma as previously described (Potteaux et al., 2011)
using colorimetric assessment methods. In brief, whole blood was collected by mandibular bleed
into EDTA-plasma collection tubes, and the plasma fraction was removed following red blood cell
sedimentation via centrifugation. Plasma samples were stored at -80 °C until use. Total plasma
cholesterol was assessed by manufacturer's protocol (Wako Diagnostics, #999-02601). Values
were calculated from the mean of two replicates from a standard calibration curve. Total plasma

cholesterol was reported as mg per dL.

RNA isolation and g-RT-PCR analysis

Sections of perfused livers were homogenized in Trizol, and RNA isolation was performed

as previously described (Immunological Genome Project, Total RNA isolation with Trizol
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(Fairfax, Everts, Smith, & Pearce, 2013)). RNA was used for cDNA synthesis using Superscript
I (Invitrogen) for gPCR analysis. qPCR was performed using TagMan Gene expression assays
(gys1, CD36, ApoC1, ThermoFisher) or SYBR Green (psatl(Yu et al., 2015), primers forward:
ACG CCA AAG GAG ACG AAG CT and reverse: ATG TTG AGT TCT ACC GCC TTG TC)
on an Applied Biosystems Stepone Plus Real-Time PCR System. Beta-Actin assay number
MmO00607939 s1, GYS1 assay Mm01962575_s1, CD36 assay Mm00432403_m1, ApoC1 assay

MmO00431816_m1. Relative expression was calculated using the 2-4¢t method.

ELISA

ApoC1 plasma concentrations were determined by ELISA using an anti-mouse ApoC1l

ELISA kit as per the manufacturer’s instructions (LSBio).

Statistics

Statistical analyses for non-microarray data were performed using one-way ANOVA, a
non-parametric Mann-Whitney test, or unpaired Student’s t-test depending on the distribution of
the data. P-values < 0.05 were considered statistically significant. Graph generation and statistical

analyses were performed using Prism (GraphPad v7.0) and R-language for statistical computing.
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Figure 4.1. Murine livers contain two distinct macrophage populations.

C57BL/6 male mice were either naive or infected with S. mansoni for the indicated number of
weeks. (A-B) Perfused livers were removed, digested with collagenase for 1 hour, and disrupted
through a metal strainer to create single cell suspensions. Cells were identified by staining for
the indicated markers and sorted on an Aria Il. All populations were sorted two times, with the
second sort going directly into Trizol according to the Immgen protocol. Individual animals were
sorted from multiple litters/infections to achieve 4-5 biological replicates for individual
microarray analysis. (C) Representative cytospins of aliquots from the second sorts of each
macrophage populations were stained with H&E.
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Figure 4.2 S. mansoni infection decrease transcript diversity between Kupffer cells and
perivascular macrophages.

Total RNA was extracted, amplified, and transcript expression determined using whole-mouse
genome Affymetrix Mouse Gene 2.0 ST Arrays through the Immunological genome consortium.
(A) Microarray of relative expression of markers of infection (B) Microarray of differentially
expressed genes in steady state and following infection (C) The number of probes increased by
2-fold with a p value > 0.05 Blue indicates increased expression in F4/80™™ liver macrophages at
steady state, Red indicates increased expression in F4/80" liver macrophages at steady state (D)
The number of probes increased by 2-fold with a p value > 0.05 Blue indicates increased
expression in F4/80™ liver macrophages at steady state, Red indicates increased expression in
F4/80" liver macrophages at 10-weeks post S. mansoni infection.
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Figure 4.3 Principal component analysis of genes associated with the difference from the naive
and the 10-week S. mansoni-infected animals and the difference between the F4/80"9" and the
F4/80™ cells regardless of the infection status.
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Figure 4.4 S. mansoni infection induces profound transcriptional alterations to Kupffer cells and
perivascular macrophages

(A, B) The Boolean strategies described in the methods are illustrated in the Venn diagrams: The
following set designations were used in the set notation:
g_hi = Significantly regulated genes in F4/80high cells (BH adjusted p<0.05)
g_nt = Significantly regulated genes in F4/80int cells (BH adjusted p<0.05)
hi_up = Genes upregulated in F4/80high cells
int_up = Genes upregulated genes in F4/80int cells
hi_down = Genes downregulated in F4/80high cells
int_down = Genes downregulated in F4/80int cells
The employed set notation:
. ANB — A intersect B
. AUB — A union B
. A\B — A minus B, or A complement B
(C) Top 1-perc. differential expression (normalized log2-foldchange) in perivascular and Kupffer
cells

L]
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Figure 4.5 S. mansoni infection induces profound alterations to metabolic pathways in hepatic
macrophages.

(A) Pathways that are significantly altered in both perivascular macrophages and Kupffer cells at
10-weeks post S. mansoni infection (B) Pathways altered in perivascular macrophages (C)
Altered pathways in Kupffer cells.
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Figure 4.6 S. mansoni infection induces alternative macrophage activation even in the presence
of high fat diet.

At 10-weeks post infection, mice were sacrificed. Single cell suspension from perfused liver
were stained with markers of interest and analyzed by flow cytometry using the macrophage
gating strategy depicted in Figure 4.1. Data are concatenated from 5-9 mice per group and
representative of four independent experiments
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Figure 4.7 S. mansoni infection reduces hyperlipidemia, plaque, and macrophage area and well
as systemic ApoC1 production in HFD fed ApoE-/- mice. ApoE-/- male mice were fed HFD or
standard chow diet for 10 days before infection with S. mansoni.

At 10-weeks post infection, mice were sacrificed. (A) Fasting plasma cholesterol measurements.
(B-C) Quantitation of plague and macrophage area (CD68+) from the aortic sinus. (D) QPCR
analysis of ApoC1 in whole liver RNA, data are normalized to Chow infected animals. (E)
Quantitation of ApoC1 in plasma at the time of sacrifice. (F) QPCR analysis of CD36 in whole
liver RNA, data are normalized to Chow infected animals. All data shown are two combined
experiments with 4-8 mice per group in each experiment. The experiment was performed 4
times. Statistical significance was calculated using ANOVA and post-tests.
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Figure 4.8 S. mansoni infection improves glucose tolerance and alters hepatic metabolism

towards glycogen storage and amino acid biosynthesis.

(A) and 10- (B) weeks post infection mice were fasted for 5 hours and then administered an i.v
GTT. (C-D) Perivascular macrophages and Kupffer cells were sorted from naive and 10-week S.

mansoni-infected C57BL/6 mice, RNA was extracted following Immgen protocols and

populations were analyzed using whole-mouse genome Affymetrix Mouse Gene 2.0 ST Arrays.
Significantly up (red) and down (blue) -regulated pathways were identified using Advaita

Corporation iPathwayGuide. (E-F) QPCR analysis of gys1 and psatl in whole liver RNA, data

are normalized to Chow infected animals. Data in A, B, E, and F are two combined experiments

with 4-8 mice per group in each experiment and the experiment was performed 4 times.

Statistical significance was calculated using ANOVA and post-test.



143

CHAPTER 5. SUMMARIZING DISCUSSION

Unexplored role of Interleukins in the modulation of lymphoid organization

In the past few years, a large body of data regarding the multiple functions of interleukins,
and in specific of interleukin-4, have emerged. Elegant experiments have revealed the diverse
functions of IL-4 in immunity, especially in type 2 responses and more recently, in stromal cells.
Lee and coworkers identified a role of 1L-4/I1L-13 signaling in postnatal expansion of PDGFRa
positive mesenchymal cells, as well as in dictating the expansion of adipocytes precursors (Lee et
al., 2015). However, despite a growing body of literature pointing to the requirement of IL-4 for
hematopoietic and non-hematopoietic cell expansion (as discussed in Chapter 2) the role of IL-4
in lymphoid organs, and in lymphoid organization per se have not fully been explored. IL-4 in
secondary lymphoid organs had previously been recognized to support a type 2 B cell response,
and in a model of antigenic challenge with a helminth (H. polygyrus), T follicular helper cells
appeared to be the main producers of IL-4 in the lymph node (King & Mohrs, 2009). Additionally,
using an in vitro lymphatic endothelial cell culture Shin et al. showed that recombinant I1L-4 (and
IL-13) inhibited lymphatic vessels density and function, and in a model of allergic asthma, IL-4
blockade resulted in increased trafficking of antigen (red fluorescent protein- labelled polystyrene
beads) into mediastinal lymph node (Shin et al., 2015). In comparison to these models we also
have observed a need for IL-4 in stromal cell expansion in the peripheral lymph node (Chapter 2)
that depends on the expression of IL-4Ra in these cells. We, as well as other studies (Lee et al.,
2015; Yamada, Yamakawa, Imai, & Tsukamoto, 1997), have confirmed the expression of IL-4Ra
in FDC, LEC and FRC. Yet, in contrast to Shin et al, who observed a negative effect of IL-4 in

lymphoid vessels, we observed that IL-4 is required to maintain the numbers of lymphatic
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endothelial cells in the lymph node, both during homeostasis and following challenge with type 1
or type 2 antigens. One possible explanation to this discrepancy is that our studies are based on ex
vivo analysis on LNs of IL-4Ra deficient mice at steady state, whereas Shin and coworkers did
not explore the effects of IL-4 neutralization during homeostasis in the lymph node, but in a
Matrigel-based cell culture with a single dose of neutralizing antibody. Still, in our model the
effects of IL-4 on FDC, FRC and LEC function and expression of activation markers has not been
explored, and it will be the focus of future studies.

Importantly, in Chapter 2, we described a marked disorganization of the stromal and
lymphocytic compartment, which is of special relevance because many immune cells rely on their
localization and cross-talk with neighboring cells to exert their functions, and in some instances,
these factors dictate their response to therapies (Halama et al., 2009; Valeyev et al., 2010).
Nonetheless, questions still remain, such as what are the specific requirements of IL-4 in each of
these stromal cell populations and how cell specific deficiency of IL-4 impacts the response to
antigens. As part of these future directions, we plan to knock out IL-4Ra in PDGFRp-cre cells to
know how the lack of IL-4/IL-13 pathway affects lymphoid compartmentalization and cellular
response to antigens. PDGFRf+ cells have been previously identified as precursors of follicular
dendritic cells (citation). A caveat to this approach that is worth mentioning, though is that
PDGFRp has also been described as marker for adipocyte precursors (Lee et al., 2015) as well as
in a pericyte like population, also identified as double negative cells in lymphoid organs (D.
Malhotra et al., 2012). This caveat reveals that knowledge of lineage, function, localization as well
heterogeneity of cells of mesenchymal origin remain unclear in the field (Novkovic, Onder, Cheng,
Bocharov, & Ludewig, 2018), which highlights the importance of this study to provide insights

into the mechanistic requirements of secondary lymphoid organs and the cells that compose them.
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Critical signaling pathways in the maintenance of lymph node

Several signaling pathways have been identified in the development and maintenance of
lymphoid organs. In lymph nodes, CLEC-2, a receptor for podoplanin, is essential for late stages
of LN anlage following birth (Benezech et al., 2014). Similarly, RANKL (Receptor activator of
nuclear factor kappa-B ligand, also called TRANCE, OPGL or ODF) is required for the
development of peripheral lymph nodes (Dougall et al., 1999; Hess et al., 2012). BAFF (B
lymphocyte activating factor of the tumor necrosis factor family) is necessary for naive B cell
survival in the marginal zone, dendritic cell maturation ,and formation of a follicular dendritic cell
matrix (Moisini & Davidson, 2009). Additionally, lymphotoxin o and lymphotoxin 3, members
of the Tumor Necrosis Factor (TNF) family are essential for lymph node genesis (McCarthy et al.,
2006; Rennert, James, Mackay, Browning, & Hochman, 1998). Previously, Lundell et al observed
that type | and type Il Interferon can induce BAFF expression in decidual stromal cells (Lundell
et al.,, 2017). In Chapter 2 we described a role of IL-4 in the induction of expression of
lymphotoxin alpha and beta, both at the transcriptional and translational level. Although further
experiments to clarify if this is a direct or indirect regulatory role of IL-4. Moreover, the source of
lymphotoxin in these experiments is unknown and will be the focus of future directions (although
previous work demonstrated that B and T cells are sources in the lymph node). Furthermore, it is
not clear at which point in gestational development the requirement for IL-4 initiates. To explore
this, it would necessary to treat mice with recombinant IL-4 during gestation at different timepoints
to determine if levels of lymphotoxin are recovered. As the mesenteric lymph node has been shown
to be the first to develop in at around 10.5-15.5 gestational days (Spahn & Kucharzik, 2004) it

would be necessary to treat mice early during embryogenesis.
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Suppression of immune response in maternal infection models

Studies of the effects of prenatal exposure to malaria antigens in offspring have revealed
that sensitization in utero leads to a state of immunological anergy that is dependent on IL-10 and
Tregs (I. Malhotra et al., 2009). In addition, vaccine failure has been recognized in various
prospective studies of children that were antenatally exposed to parasitic antigens (Labeaud,
Malhotra, King, King, & King, 2009; D. Malhotra et al., 2012; Ondigo et al., 2018). Additional
studies have shown that in helminth infected mothers, offspring (newborn’s cord) have higher
levels of IL-8, and prenatal exposure also correlated to higher IL-6 and TNF alpha (Olateru-
Olagbegi, Omoruyi, Dada, Edem, & Arinola, 2018). In Chapter 3 we determined that offspring
from S. mansoni infected mothers exhibited reduced levels of IL-4 at steady state and following
immunization with an aluminum adjuvanted tetanus diphtheria vaccine. This reduction correlated
with reduced cellular response of plasma cells and follicular dendritic cells, which are essential for
antigen persistence and maintenance of B cells through its complement receptors CR1 (CD35) and
CR2 (CD21). Moreover, in our model, at steady state the source of IL-4 is invariant NK T cells,
which have been previously associated with production of IL-17 in peripheral lymph node, and a
smaller fraction of NK1.1™ iNKT were capable of producing IL-4 (Doisne et al., 2009). Further
characterization of the LN to determine the signals that are required in offspring to drive adequate
follicular dendritic cells expansion and the possible functional defects of these population would
expand our understanding of the effects that maternal infection confers on offspring. One possible
approach to tackle this question is to perform RNAseq analysis in sorted FDC from multiple pups
from infected and uninfected mothers. This will provide insights into the regulatory/differentiation

pathways that are affected following antenatal exposure to parasites.
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Memory response in mice and humans

One of the ultimate goals with vaccination is the induction of immunological memory,
which is defined as the ability of the immune system to mount rapid responses upon re-exposure
with the same antigen (Bergmann et al., 2013). Evidence that memory B cells arise from GC
reactions come from studies in mice and humans where weak GC translated into impaired somatic
mutation in memory B cells and recall responses (Bergmann et al., 2013; Good-Jacobson &
Shlomchik, 2010; Shlomchik & Weisel, 2012). In comparison to these studies, in Chapter 3, we
show diminished GC formation in pups from infected mother in comparison to the control group
(uninfected pups) which correlates to decreased memory B cell response, both at 8 days and during
recall response at 60 days post immunization. It is still unclear what signals determine the quality,
length, and quantity of the memory response and plasma cell formation in our model. We
hypothesize in Chapter 3 that some of these defects stem from a deficiency in both total numbers
of FDCs, which are required for the formation of an antigen-antibody C3 complex to generate
memory B cells(Klaus & Humphrey, 1977), and a reduction in CD21/35 expression on these cells
(Haas & Tedder, 2005). Added to this, I1L-4 receptor is required to develop protective memory T
cells in a murine model of malaria infection (Morrot, Hafalla, Cockburn, Carvalho, & Zavala,
2005). Importantly, crosstalk of Tfh and B cells is necessary to sustain GC reactions, as 1L-21
derived Tfh induces plasma cells differentiation (Zhang et al., 2018). Furthermore, the rise of Tfh
following a secondary stimulus is dependent on long lasting memory cells and is dependent on the
recruitment of IL-7R+ cells T cells. The enhanced plasmablast development also requires
recruitment from the memory T cells (Fairfax et al., 2015). Additionally, IL-4 in a secondary
response is dependent on memory B cells and naive B cells, but not GC B cells, as depletion of

these populations (by anti-CD20 mADb) led to a reduced Tfh expansion and IL-4 levels in the
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lymph node (Fairfax et al., 2015). In our study we observed decreased IL-4 levels that correlate to
decreased memory T cells, therefore it is possible a combination of I1L-4 deficiency and reduced
follicular dendritic cells cause reduced memory cell populations. More recently, the role of
epigenetic modifications in the regulation of memory responses have been recognized. Expression
of memory markers such as CD38 and CD27 are a consequence of de novo activating histone
modifications (Wu et al., 2018). DNA methylation inhibits plasma cells differentiation and B cell
activation and differentiation into plasma cells (Barwick et al., 2018). Parasitic antigens and
maternal antibodies have been shown to be passively transmitted during breastfeeding (Hanson,
1998; Jackson & Nazar, 2006; Santos et al., 2016); in addition, breastfeeding affects DNA
methylation in the offspring (Hartwig, Loret de Mola, Davies, Victora, & Relton, 2017). Long
term future studies should strive to determine the possible epigenetics modifications in offspring

that were exposed to parasitic antigens antenatally.

Implications of athero-protective Schistosoma-mediated reprograming of macrophages

In Chapter 4 we confirmed the anti-atherogenic effect of schistosomiasis and suggested a
putative mechanism by which Schistosomiasis exerts protection against atherosclerosis.
Previously, Doenhoff et al. reported that mice infected with S. mansoni presented lower total
cholesterol (Doenhoff, Stanley, Griffiths, & Jackson, 2002). Similarly, Da Fonseca reported lower
plasma lipids in patients with hepatosplenic schistosomiasis (Martins da Fonseca et al., 2014).
Moreover, Stanley et al. reported that while S. mansoni eggs had a lowering effect on plasma
cholesterol, adult S. mansoni worms had no effect (Stanley, Jackson, Griffiths, & Doenhoff, 2009).
In Chapter 4 we propose that Schistosomiasis athero-protection is in part, due to metabolic
reprogramming of hepatic macrophages, since the infection causes profound alterations in the

expression of genes within the phospholipid and cholesterol pathways. Furthermore, such effects
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are mediated at least in part by downregulation of apoA1l, apoB, and apoC1. Previously, Westertep
et al showed that overexpression of apoCl correlates with hypercholesterolemia and
atherosclerosis development (Westerterp et al., 2007). We confirmed that in our model, total serum
ApoC1 was significantly reduced and postulated that athero-protection was in part due to
reductions in serum ApoC1l. Although experiments will need to be performed to unequivocally
demonstrate the contribution of macrophage-derived apoC1 to the development of atherosclerosis
in apoE” mice. One of the possible approaches for this is to ablate macrophages by using
dichloromethylene bisphosphonate (clodronate liposome) in the liver of infected mice following
by cell transfer of monocytes from apoC1’ and APOC1 transgenic (overexpressing apoC1) and
determine plasma cholesterol and aortic plaque lesions 14 weeks post cell transfer to determine
the role of ApoC1 derived in atherosclerosis. If reduced plaque and cholesterol are observed in
mice that were transferred cells from apoC1” we can then conclude that ApoC1 by itself is

sufficient to protect from atherosclerosis.

Immunometabolism of Macrophages

Historically, macrophages’ role in atherosclerosis have been recognized principally due to
their ability to ingest lipoprotein , leading to the formation of foam cells and subsequently to plaque
instability and rupture (Zeller & Srivastava, 2014). However, emerging evidence points to a
beneficial role of macrophages in atherosclerosis and obesity-induced insulin resistance
(Fitzgibbons & Czech, 2016). Nevertheless, most of this evidence is based on the capacity of
macrophages to undergo autophagy, thus reducing extracellular particle matter such as cholesterol
crystals that serve as stimulus for inflammasome activation (Razani et al., 2012). The M2
(alternatively activated) macrophages and their expression markers have been associated with

reduced plaque vulnerability and ischemia (Cho et al., 2013), while M1 macrophages are
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associated with increased inflammation in atherosclerotic plaques. Although archetypal markers
associated to macrophage classical or alternative activation have been widely described within
macrophages and their relationship to atherosclerosis, the variation of their intracellular
metabolism and how they regulate the functional abilities of these cells is emerging and becoming
a topic of great interest and discussion (Groh, Keating, Joosten, Netea, & Riksen, 2018). Combined
transcriptional and metabolic network analysis showed that typically, M1 macrophages synthesize
nitric oxide (NO) from L-arginine via inducible-nitric oxide synthase, producing NO and aiding
in processes like angiogenesis. Also, M1 macrophages use glucose primarily via glycolysis and
possess a truncated tricarboxylic acid cycle (TCA) which leads to accumulation of succinate, that
results in HIF-alpha stabilization and pro-inflammatory gene transcription (Geeraerts, Bolli, Fendt,
& Van Ginderachter, 2017). On the other hand, M2 macrophages are characterized by energy
production (ATP synthesis) by oxidative TCA cycle, oxidative phosphorylation (OXPHQOS) and
fatty acid oxidation (Huang et al., 2014; Vats et al., 2006), as well as arginine catabolism via
arginase (Argl) that produces L-ornithine and L-proline, which is essential for collagen production
and wound healing and tissue repair (Kelly & O'Neill, 2015).

In Chapter 4, we described two subsets of liver macrophages (resident, Kupffer
macrophages and perivascular macrophages) that exhibit M2 markers and possess a unique
metabolic phenotype following infection with the helminth Schistosoma mansoni, with over 200
genes involved in metabolism significantly altered. The reprogramming of hepatic macrophages
following infection was characterized by enhanced expression of genes such as Atp6v0d2,
involved in insulin receptor recycling; asns, which catalyzes the synthesis of asparagine and
glutamate from aspartate and glutamine in an ATP-dependent amidotransferase reaction

(Lomelino, Andring, McKenna, & Kilberg, 2017) and gda, member of the purine metabolism
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pathway. While plcb4, a phospholipase was downregulated. Combining transcriptomics with
metabolomics analysis will help elucidate critical pathways that help in the regulation of
macrophage metabolism and atherosclerosis protection. Moreover, future directions should strive
to further expand the emerging role of microRNAs in the regulation of macrophage metabolism.
MicroRNAs such as miR-33 controls lipid metabolism and its disruption induced macrophage
polarization to a M2 phenotype, thus regulating adaptive immune responses. (Ouimet et al., 2015).
miR-155 has raised as both a pro-inflammatory and anti-inflammatory regulator, with multiple
studies suggesting distinct roles for this microRNA (Martinez-Nunez, Louafi, & Sanchez-Elsner,
2011; Tili et al., 2007). These opposing results reveals the major challenges in understanding the
role of microRNA in macrophage immunometabolism, which is something we will strive to

comprehend in future studies.

Working Models: Conclusions

Model 1. IL-4 regulation of stromal-lymphocyte cell homeostasis in the lymph node

Besides its effect in Th2 responses, IL-4 is
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reductions in BAFF. Although, it is not clear how IL-4 downregulates lymphotoxin expression, it
was clear that lymphotoxin expression was rescued by a Type linducing immunization, which was
in part mediated by IFN-y, but not by induction of a Type 2 response. Importantly, defects in
cellularity of FDCs and LECs following a Type 2 (Tetanus-diphtheria) immunization correlated
to a diminished humoral response against diphtheria, but not against Tetanus. Overall, this study
revealed a fundamental role in the IL-4 pathway for maintenance of vital stromal cell populations
in peripheral lymph node and its role in sustaining an appropriate immune response against specific

antigens.

Model 2: Maternal Schistosomiasis: Effects on offspring immunity

Schistosomiasis during pregnancy is responsible
for stillbirths and low birth weight. In addition, a
majority of human and mouse studies suggest a
disadvantageous effect of maternal infection on

the offspring’s response to vaccination. Although

the mechanism(s) that lead to a state of immune
= Mg L v e hypo-responsiveness in the offspring from
. B\S S vPlasma cel infected mothers are still not completely
understood, our study suggests that this is in part,

due to reduced IL-4 production in offspring

Figure 5.2. Summarizing schematic of chapter

from infected mothers in comparison to
controls from uninfected mothers. Reduction in IL-4 correlates to reduced plasma cells at steady

state. Moreover, reduction of IL-4 correlated to reduced follicular dendritic cells, known to be
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necessary for antigen persistence and complement fixed-antigen presentation to B cells. Reduction
in this critical population in lymph nodes lead to diminished germinal centers and plasma cell
expansion following immunization. These novels results help us understand and propose better

immunization regimens, especially in regions where the disease is endemic.

Model 3: Schistosomiasis induced protection from atherosclerosis: Contribution of IL-4 vs. SEA
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Figure 5.3. Summarizing schematic of chapter 4

which included ApoC1, Psat and Gysl.
Metabolic pathway upregulation in hepatic macrophages correlated to decreased cholesterol and
plague formation in a mouse model of atherosclerosis. Overall, this study suggests a possible
mechanism by which Schistosomiasis protects against atherosclerosis and potentially reveals

possible pathways that can be exploited in the development of treatments against the disease.
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