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Abstract 
 

Effective cellular immunity relies not only on the appropriate differentiation of 

antigen-specific  T cells directed toward particular pathogens but also on the 

targeted migration of these cells to the sites of infection. E-selectin ligand (ESL) 

is a homing receptor widely recognized for its role in supporting the migration 

of leukocytes to the skin particularly during non-specific inflammation. 

However, the role of ESL in the migration of CD4+ T cells to the skin during viral 

infection and its regulation of expression on these cells are less understood. This 

thesis aimed to explore these aspects by utilizing an in vivo mouse model of 

localized skin infection with herpes simplex virus-1 (HSV-1) as well as a detailed 

investigation of in vitro polarized CD4+ T cells.  

 

Following epicutaneous but not intranasal HSV-1 infection, adoptively 

transferred transgenic HSV-specific CD4+ T cells induce the expression of ESL 

particularly in the infected skin. Similarly, genetic ablation of Fut7, a gene 

required for the generation of ESL, significantly decreased the capacity of CD4+ 

T cells to enter the skin of HSV-infected mice highlighting the importance of this 

homing receptor. 

 

While epicutaneous HSV infection of C57BL/6 mice predominantly induces a T 

helper type 1 (Th1) biased CD4+ T cell response, the data herein proved that the 

induction of ESL was not strictly related to Th1 differentiation of the responding 

HSV-specific CD4+ T cells.  Interestingly CD4+ T cells deficient in the Th1 master 

regulator T-bet displayed a preference toward Th17 differentiation upon HSV-1 

skin infection, yet still expressed high levels of ESL and there was no evidence of 
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impaired migration to the infected skin. Further supporting this finding, in vitro 

analyses subsequently demonstrated the expression of ESL on both in vitro 

differentiated Th1 and Th17 cells but not Th2 cells. The glycosyltransferase core-

2-β1,6-glucosaminyltransferase-I (C2GlcNAcT-I), which contributes to the 

synthesis of ESL epitope, appeared to be the primary determinant of the 

differential ESL expression between these Th subsets.  

 

As the differentiation of Th subsets and the induction of ESL in the draining 

lymph nodes in vivo both required TCR signaling and were evident prior to 

egress from the draining lymph nodes, the relationship between priming signals 

and ESL expression was assessed in vitro. The data indicated that both TCR 

signaling and the presence of exogenous cytokines were important for the 

induction and/or regulation of ESL expression. While TCR signaling was 

required for ESL expression, this signal alone was not sufficient. Rather the 

balance of cytokines, particularly of TGF-β1 and IL-4, had a marked impact on 

levels of ESL expression, with TGF-β1 acting to induce and IL-4 to suppress ESL 

expression on activated CD4+ T cells.  

 

Finally, this thesis investigated the temporal regulation of ESL induction during 

T cell priming and demonstrated that while the addition of TGF-β1 early during 

CD4+ T cell priming skewed the differentiation of Th subsets, the addition of this 

cytokine between 48-72 hours of T cell activation allowed for significant 

induction of ESL with only minimal interference on Th subset differentiation. 

Hence, the signals required for Th differentiation and ESL expression might 

actually occur in a consecutive manner to allow different Th subsets to express 

ESL and access the skin. 
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1.1. INTRODUCTION 
 

Adaptive immune system, which consists of CD4+ and CD8+ T cells as well as B 

cells, is imperative for the provision of specialized defense mechanisms against 

a wide array of pathogens. Notably, CD4+ T cells are remarkable in regard to their 

large functional heterogeneity, allowing them to regulate the function of a 

diverse array of cells of both the innate and adaptive immune systems. As such, 

CD4+ T cell responses are commonly required for the successful control of the 

vast majority of pathogen assaults including those of viruses. This capacity of 

CD4+ T cells to orchestrate effective immune responses relies on at least 3 distinct 

elements: specificity for pathogen, their ability to differentiate into cells with 

distinct functional potential, and thirdly, their ability to traffic or home to sites 

where they can appropriately exert their functional potential. 

 

 

1.2. CD4+ T CELL ACTIVATION AND DIFFERENTIATION 
 

1.2.1. CD4+ T cell activation 
 

The process of CD4+ T cell activation is initiated when antigen is recognized by 

naïve CD4+ T cells. The antigen recognized by CD4+ T cells typically consists of a 

small peptide of around 13-25 amino acids in length that are complexed with self 

Major Histocompatibility Complex (pMHC) class II molecules (Wieczorek et al. 

2017). These pMHC complexes are expressed by professional antigen presenting 

cells (APCs), most commonly dendritic cells (DCs), whereby they can be 

recognized by clonally distinct T cell receptors, the antigen receptor expressed by 



 3 

CD4+ T cells. (Fig. 1.1). However, TCR recognition of Ag in the absence of other 

signals is usually insufficient to drive CD4+ T cell responses. Notably 

inflammation or infection results in the generation of damage-associated 

molecular patterns (DAMPs) or pathogen-associated molecular patterns 

(PAMPs) that can be recognized by pattern recognition receptors (PRRs) on 

immature DCs. This leads to the initiation of intracellular signaling within DCs 

resulting in their maturation which essentially prepares them to present 

pathogen-derived Ag with sufficient signals to prime naïve CD4+ T cells in 

secondary lymphoid organs (SLO). These include the expression of co-

stimulatory molecules such as CD80 and CD86, which can act as ligands for 

CD28, along with the production of cytokines which might further impact the 

ultimate T cell fate following activation (Banchereau & Steinman 1998; F. K. Koch 

et al. 1996). Thus optimal activation, proliferation, and differentiation of naïve 

CD4+ T cells appears to require multiple instructional signals (Jain & Pasare 

2017). 

 

1.2.2. T helper differentiation 
 

A striking feature of CD4+ T cells is the functional heterogeneity that can ensue 

following antigenic stimulation and differentiation. Ag-activated CD4+ T cells 

can differentiate into a myriad of discrete subsets of T helper (Th) cells that 

perform qualitatively distinct effector functions and are often characterized by 

the production of signature effector cytokines. The first identified and best 

studied Th subsets are the Th1 and Th2 cells, which were originally found to 

produce interferon g (IFNg) and interleukin (IL)-4, respectively (Mosmann et al. 

1986; Mosmann & Coffman 1989; Paul & Seder 1994). The Th1 subset appears to   
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Figure 1.1: The schematic process of naïve CD4+ T cell activation and T helper 
subsets differentiation. 

Upon recognition of PAMPs or DAMPs by DCs PRRs, such as in the event of 
infection or inflammation, DCs get activated and become competent to fully 
activate naïve CD4+ T cells by providing at least 3 priming signals, including 
those from Ag-MHC complex, from co-stimulatory molecules, and cytokines. 
These signals in particular the cytokine combination present during T cell 
activation also direct the development of distinct Th subsets, defined by 
characteristic expression of “master regulators” and production of cytokines. 
-figure adapted from (Russ et al. 2013) 
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play a major role in the defense against intracellular pathogens such as viruses 

and certain bacteria, whereas Th2 cells have mostly been implicated in the 

protection against parasitic infections such as those of helminths and the 

development of allergic diseases (Zhu 2018). The third major CD4+ T subset,Th17, 

was characterized by their production of IL-17 and their importance in the 

responses against extracellular bacteria and fungi has been noted (Park et al. 

2005; Harrington et al. 2005; Zhu 2018). While Th1, Th2, and Th17 subsets 

generally act to induce inflammatory responses, another subpopulation 

designated regulatory T (Treg) cells has been shown to be important in 

suppressing excessive immune responses and maintaining immune tolerance in 

mice (WanJun Chen et al. 2003; DiPaolo et al. 2007). Their clinical importance is 

highlighted by the fact that individuals who have defective Treg differentiation 

as a result of a mutation to the human FOXP3 gene suffer from a fatal systemic 

autoimmune disorder termed the immune dysregulation, polyendocrinopathy, 

enteropathy, X-linked (IPEX) syndrome (Bennett et al. 2001). Treg cells are 

characterized by persistent expression of IL-2 receptor a-chain (CD25) 

(Sakaguchi et al. 1995) and mediate their regulatory function at least partly via 

the production of immunosuppressive cytokine  IL-10 (Uhlig et al. 2006; 

Maynard et al. 2007; Rubtsov et al. 2008), as well as IL-35 and TGF-b1 (Collison 

et al. 2007; M. O. Li et al. 2007). These cells are broadly divided into those that are 

naturally generated in the thymus during T cell maturation, designated natural 

Treg (nTreg) cells, and those that are induced in the periphery following immune 

responses, called induced Treg (iTreg) cells (Itoh et al. 1999; Curotto de Lafaille 

et al. 2004). Additionally, a distinctive CXCR5+ CD4+ T cell subset termed T 

follicular helper (Tfh) cells which produce IL-21 can access B cell follicles where 

they function to promote humoral immunity by providing help to B cells to 
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produce high affinity antibodies and to develop into memory B cells (Schaerli et 

al. 2000; Breitfeld et al. 2000). 

 

Another two additional populations of CD4+ T cells have recently been proposed 

to be distinct lineages of Th cells. The Th22 subset identified among human Th 

cells for its main production of IL-22 appeared to be particularly important for 

the inflammatory responses in the skin and mucosal surfaces (Duhen et al. 2009; 

Trifari et al. 2009; Sonnenberg et al. 2011). Similarly IL-9-producing Th9 cells have 

been described in vitro and the adoptive transfer of these cells has been shown to 

be sufficient for protection against Nippostrongylus brasiliensis infection of mice in 

vivo (Dardalhon et al. 2008; Veldhoen et al. 2008; Licona-Limón et al. 2013). 

Nevertheless, further studies are essential to better characterize these subsets and 

the extent to which they represent separate Th lineages.  

 

A large number of studies have extensively examined the factors that influence 

the commitment of CD4+ T cells into different Th subsets. While the nature of Ag 

and its affinity to TCR and the co-stimulatory molecules in the environment 

might play a role in the preferential development of particular Th subsets, the 

exposure of activated CD4+ T cells to distinct combinations of cytokines is 

believed to be the key determinant (Zhu 2018) (Fig. 1.1). In the presence of IL-12 

and IFNg, Th will largely differentiate into Th1 subset while exposure to IL-4 and 

IL-2 promotes the generation of Th2 cells in vitro (Hsieh et al. 1993; Lighvani et 

al. 2001; Kaplan et al. 1996; Cote-Sierra et al. 2004). Similarly the addition of 

transforming growth factor (TGF)-β and IL-6 (or IL-21) when naïve CD4+ T cells 

were stimulated in vitro was shown to induce Th17 cell differentiation (Veldhoen 

et al. 2006), whereas TGF-β and IL-2 promoted in vitro differentiation of iTreg 
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(WanJun Chen et al. 2003; S. G. Zheng et al. 2004; Davidson et al. 2007). 

Furthermore, IL-6, IL-12, IL-21, and IL-27 have all been shown to drive Tfh 

differentiation (Nurieva et al. 2008; Suto et al. 2008; Batten et al. 2010). While each 

of these cytokines or combinations of cytokines have been shown to promote the 

polarization of particular Th subset in vitro, the fate determination of Th lineages 

in the in vivo setting is often far more complex with diverse T cell populations 

arising from infections with any given pathogen (e.g. Th1 and Tfh populations) 

(Weinstein et al. 2018).  

 

The cytokine milieu in the priming lymph nodes (LNs) is shaped by the presence 

of heterogenous cellular components, including various innate immune cells, 

stromal cells, and T cells, involved in the specific inflammatory response in vivo 

(Zygmunt & Veldhoen 2011). Furthermore, following activation in vivo, T cells 

may also be secondarily exposed to additional cytokines or stimuli that further 

shape T cell differentiation. For example, consecutive exposure of CD4+ T cells to 

IL-4 and IL-12 was shown to result in the generation of cells producing both IL-

4 and IFNg (Messi et al. 2003). Additionally, early exposure of activated CD4+ T 

cells to IL-6 allows subsequent signals from IL-21 and IL-23 to function along 

with TGF-b to promote the differentiation of Th17 cells (L. Zhou et al. 2007).  

 

At least 2 major classes of transcription factors have been identified to have roles 

in defining Th subsets, namely signal transducer and activator of transcription 

(STAT) proteins and so called “master regulators”. In general, when a polarizing 

cytokine binds to its receptor on activated CD4+ T cells, it stimulates signaling via 

a Janus tyrosine kinase (JAK)-STAT pathway(s) which in turn induces the 

expression of distinct “master regulators” resulting in increased transcription of 
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lineage-specific genes. Some of these master regulators have also been 

demonstrated to inhibit the differentiation of alternative subsets (Zhu 2018). 

 

T-bet is considered as the master regulator of the Th1 lineage and regulates IFNg 

production by binding to the Ifng promoter, modulating chromatin remodeling 

of Ifng, promoting IL-12Rβ2 expression, as well as stabilizing its own expression 

creating a positive feedback loop (Szabo et al. 2000; Mullen et al. 2001). Both IL-

12-activated STAT4 and IFNg-activated STAT1 have been shown to induce T-bet 

expression both in vitro and in vivo during Th1 development (Thierfelder et al. 

1996; Cai et al. 2000; Afkarian et al. 2002). However, low levels of IFNg, a 

signature Th1 cytokine were still produced by T-bet-deficient CD4+ T cells in 

response to IL-12 in vitro, whereas IFNg production was essentially undetectable 

in T-bet/STAT4-double deficient CD4+ T cells (Szabo et al. 2002; Zhu et al. 2012), 

suggesting that T-bet-independent IFNg production can occur, most likely 

mediated by STAT4. Indeed, it was found that STAT4, in addition to activating 

Tbx21 gene expression, could also directly activate Ifng expression as well as 

potentiate IL-12-mediated induction of IFNg production (X. Xu et al. 1996; 

Barbulescu et al. 1998; Lawless et al. 2000). Together these act to create a positive 

feedback loop as increased expression of IFNg can further potentiate T-bet 

expression (Lazarevic et al. 2013). Further, it has been demonstrated that IL-12, 

through STAT4, can act together with IL-18, an NF-κb activator, to drive IFNg 

production even in the absence of TCR-stimulation (Yoshimoto et al. 1998; J. 

Yang et al. 1999). 
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GATA3 has been shown to be critical for Th2 differentiation, as Th2 

differentiation was completely abolished in GATA3-deficient CD4+ T cells (W. 

Zheng & Flavell 1997; Zhu et al. 2004). GATA3 is constitutively expressed at low 

levels by naïve CD4+ T cells. During Th2 differentiation, IL-4 functions to induce 

high expression of this transcription factor via a STAT6-dependent pathway 

(Zhu et al. 2001; Walker & McKenzie 2018). However, an IL-4-independent 

mechanism of GATA3 induction has also been described for instance as a result 

of low strength TCR signaling (Yamane et al. 2005). Indeed, some in vivo Th2 

responses could still be observed in the absence of STAT6, further supporting the 

concept that IL-4-STAT6-independent pathways for GATA3 induction exist or 

that the basal level of GATA3 might be sufficient for Th2 differentiation in certain 

settings (Jankovic et al. 2000; van Panhuys et al. 2008). GATA3 then induces the 

expression of IL-4 and promotes Th2 differentiation by inducing chromatin 

remodeling of Th2 cytokine gene loci, which include the Il4, Il5,  and Il13 genes 

(Yamashita et al. 2004). GATA3 was also shown to bind to its own promoter, 

allowing for autoactivation (Agarwal et al. 2000; Ouyang et al. 2000). IL-2, acting 

through STAT5, has also been suggested to contribute to Th2 differentiation, as 

STAT5-deficient mice have a reduction in Th2 cell numbers (Kagami et al. 2001). 

However, IL-2-STAT5 signaling does not seem to directly induce GATA3 

expression during early Th2 differentiation (Zhu et al. 2003; Yamane et al. 2005). 

Rather, STAT5 can bind directly to the IL-4 gene as well as induce IL-4Rα 

expression (Hural et al. 2000; Liao et al. 2008). Nevertheless, both GATA3 and 

STAT5 were shown to be essential for optimal IL-4 production and efficient Th2 

differentiation (Le Gros et al. 1990; Zhu et al. 2003; Cote-Sierra et al. 2004).  
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In addition to T-bet and GATA3, several transcription factors have been 

proposed as the key master regulators of other Th subsets. Notably, RORgt, 

Foxp3, and Bcl6 have been implicated in the differentiation of Th17, iTreg, and 

Tfh, respectively. RORgt is required for the induction of IL-17 production by 

CD4+ T cells and RORgt-deficient mice have been shown to be lacking pathogenic 

Th17 cells in experimental autoimmune encephalomyelitis (EAE) (Ivanov et al. 

2006). Foxp3 has been found to be selectively expressed by nTreg cells and 

sufficient to confer a regulatory phenotype in naïve CD4+ T cells in vitro (Hori et 

al. 2003; Fontenot et al. 2003). Similarly, Bcl6 has been identified as the master 

regulator of Tfh as its expression has been shown to be necessary and sufficient 

to drive Tfh differentiation in vivo following lymphocytic choriomeningitis virus 

(LCMV) infection (R. J. Johnston et al. 2009). 

 

Although early findings suggested a simplistic distinction between Th lineages, 

some degree of Th cell heterogeneity has been observed (Saravia et al. 2019; Zhu 

2018; Fang & Zhu 2017). While the expression of Th master regulators is often 

associated with specific subsets, many studies have described the co-expression 

of multiple Th master regulators within individual CD4+ T cells. The most well-

known example is the co-expression of Foxp3 with other Th master regulators 

including RORgt, T-bet, GATA3, and Bcl6 (Voo et al. 2009; M. A. Koch et al. 2009; 

Y. Wang et al. 2011; Chung et al. 2011). As a result of exposure to TGF-b, CD4+ T 

cells could express both Foxp3 and RORgt. While they were originally thought to 

represent an intermediate stage of differentiation before final development into 

either Treg or Th17 cells (X. O. Yang et al. 2008; L. Zhou et al. 2008; Komatsu et 

al. 2014), recent studies suggested that these cells may signify a subpopulation of 

Treg cells (Ohnmacht et al. 2015; Sefik et al. 2015). There is also data showing that 
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the expression of T-bet or GATA3 by Foxp3+ Treg cells regulates the expression 

of chemokine receptors for targeted migration of these cells into Th1- or Th2-

mediated inflammation sites where they may then impact the ensuing immune 

response (M. A. Koch et al. 2009; Y. Wang et al. 2011; Yu et al. 2015). In addition 

to Treg cells, effector T cells have also been demonstrated to express multiple Th 

master regulators in several situations. T-bet+ RORgt+ T cells capable of 

producing both IFNg and IL-17 have been observed in the gut and inflamed brain 

(Hirota et al. 2011), while T-bet+ GATA3+ T cells have been detected in mice 

following helminth infection (Peine et al. 2013).  

 

Heterogeneity also occurs in the pattern and level of cytokine secretion by 

individual cells within each Th lineage. While each lineage is associated with 

expression of a characteristic set of cytokines, cell-to-cell variability occurs in 

which some cells can produce one, two, or more of these cytokines (Darrah et al. 

2007). The level of cytokine expression could also vary between cells, possibly 

due to different extent of epigenetic modification of the genes encoding the 

signature cytokines and/or different levels of transcription factor expression 

which regulate cytokine production capacity (Guo et al. 2005; Zhu & Paul 2010; 

Helmstetter et al. 2015).  

 

There is also a degree of plasticity in Th lineages evident in the capacity of Th 

cells to switch to another lineage or to a phenotype that has characteristic features 

of multiple lineages  (Zhu 2018). This has been particularly evident for Th17 and 

Treg cells (L. Zhou et al. 2009) where in vitro studies have demonstrated that 

differentiated Th17 cells acquired Th1- or Th2-like phenotypes upon exposure to 

IL-12 and IL-4, respectively, as evidenced by the production of IFNg or IL-4 by 
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IL-17-producing Th17 cells (Bending et al. 2009; Lee et al. 2009; Lexberg et al. 

2008). Similarly trans-differentiation of Th17 cells into Treg cells has been shown 

to important for the resolution of inflammation (Gagliani et al. 2015). The 

conversion of Treg cells to Th1, Th2, or Th17 cells has also been reported 

(Oldenhove et al. 2009; Noval Rivas et al. 2015; Komatsu et al. 2014). 

Mechanistically, the capacity of Th17 and Treg cells to be plastic seems to be 

related to the presence of both permissive and repressive epigenetic 

modifications in the promoters of T-bet and GATA3 genes (Wei et al. 2009), 

indicating that the genes are poised in these cells and can be induced in the 

presence of appropriate stimuli (Hirahara et al. 2011; Zhu 2018). In contrast, 

although there was evidence that Th1 and Th2 cells can be reprogrammed 

(Hegazy et al. 2010), these two subsets appear to be more stable once they are 

fully differentiated (Zhu & Paul 2010), possibly due in part to the presence of 

suppressive modifications at the RORgt and Foxp3 gene loci in Th1 and Th2 cells 

(Wei et al. 2009). 

 

 

1.3. T CELL TRAFFICKING AND MIGRATION 
 

1.3.1. The pattern of CD4+ T cell migration 
 

While selection of CD4+ T cells with an appropriate TCR and effector function is 

critical for optimal responses, distinct migratory potentials are also key for their 

capacity to orchestrate immune responses. Consistent with this, the migration 

and trafficking patterns of both naïve, activated and memory CD4+ T cells are 

highly regulated (Fu et al. 2016). This is primarily achieved through the 
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expression of distinct adhesion molecules, notably integrins and selectin ligands 

and/or chemokine receptors that facilitate homing to distinct tissues or sites 

within tissues (Sackstein et al. 2017) (Fig. 1.2). The migration of naïve T cells 

through SLO is associated with the expression of CD62L (L-selectin) and 

chemokine receptor type 7 (CCR7), which interact with CD62L-reactive ligands 

collectively termed peripheral node addressins (PNAd) and CCL21, respectively, 

both of which are present on the surface of high endothelial venules (HEVs) of 

lymph nodes (Streeter et al. 1988; Baekkevold et al. 2001; Carlsen et al. 2005). 

Ligand binding by CCR7 leads to the activation of lymphocyte function-

associated antigen-1 (LFA-1) (Bargatze & Butcher 1993), which upon interaction 

with intercellular adhesion molecule 1 (ICAM-1) mediates arrest of naïve T cells 

within HEVs and facilitates their transmigration into the T cell zone in the LN 

paracortex (Bargatze et al. 1995). Once entering the paracortex, T cell movement  

depends on their close interactions with the stromal network which are 

controlled particularly by the interaction of CCR7 on T cells with its ligands, 

CCL21 and CCL19 that are highly expressed by the fibroblastic reticular cells 

within the LN paracortex (Chang & Turley 2015). These CCR7-mediated 

interactions have been shown to not only control the positioning, transport, and 

motility of T cells (Girard et al. 2012) but also help retaining these cells in the T 

cell zone (Pham et al. 2008). In contrast, sphingosine-1-phosphate (S1P) is highly 

expressed in lymph and blood and the interaction of this lipid with S1P receptor 

1 (S1PR1) on T cells promotes the egress of T cells out of the LN which contain 

low level of S1P (Rosen & Goetzl 2005; Cyster & Schwab 2012).  

 

T cell activation induces a transient upregulation of CD69 which interact with 

S1PR1 to suppress surface expression of this receptor on T cells (Shiow et al. 2006; 
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Bankovich et al. 2010; Cyster & Schwab 2012). TCR signaling also results in 

temporary upregulation of CCR7 (Sallusto et al. 1999), which together with 

S1PR1 inhibition result in transient retention of T cells in the LN to allow 

sufficient time for optimal T cell activation and proliferation (Pham et al. 2008). 

However, after several divisions, activated T cells downregulate CCR7 and 

CD62L expression as well as re-express S1PR1 as a result of CD69 

downregulation (Sinclair et al. 2008; Finlay & Cantrell 2011; Matloubian et al. 

2004; Pham et al. 2008). These events promote the exit of effector T cells out of the 

LN (Hunter et al. 2016; Sackstein et al. 2017). 

 

Activation and differentiation of CD4+ T cells can also be accompanied by the 

upregulation of tissue-selective adhesion molecules and chemokine receptors, 

which facilitate T cell migration to specific tissues (Masopust et al. 2013). For 

example, T cells that selectively migrate to the skin express E-selectin ligand and 

CCR4, while those migrating to the gut selectively express α4β7-integrin and 

CCR9 (Schön et al. 2003; Johansson-Lindbom & Agace 2007). While perhaps the 

majority of effector CD4+ T cells exit the lymph nodes with homing potential to 

recognize for Ag in non-lymphoid tissues, a population equipped to impact B cell 

responses, termed T follicular helper (Tfh) cells are retained within the SLOs. 

These typically express CXCR5 giving them the  potential to migrate into B cell 

zones (Hardtke et al. 2005; C. S. Ma et al. 2012). 

 

Memory CD4+ T cells persist after antigen is cleared and possess heterogeneous 

homing receptors to position them both in SLOs and non-lymphoid tissues. 

Central memory T cells (TCM) express LN-specific homing receptors mainly CCR7 

and CD62L and have been predominantly found in SLOs. However, there is also   



 15 

 

 

Figure 1.2: Distinct pattern of CD4+ T cell migration following different states 
of differentiation.  

The migration pattern of CD4+ T cells is greatly associated with their 
differentiation states and functions. Naïve CD4+ T cells upregulate L-selectin and 
CCR7 to enter the SLOs and scan for potential Ags. Following recognition of 
cognate Ag presented by DCs such as in the event of infection, CD4+ T cells 
downregulate CCR7 and suppress S1P receptor (S1PR) expression, resulting in 
transient retention of T cells in the SLOs to allow optimal activation and clonal 
expansion, as well as the differentiation of these cells into various effector CD4+ 
T cell subsets. Subsets of effector CD4+ T cells subsequently leave the SLOs and 
traffic to the sites of infection where they get activated following Ag recognition 
in situ which allows them to regulate local immune cell responses such as those 
of macrophages in the effort to control the infection. However, a subset of 
differentiated effector CD4+ T cells termed Tfh remains in the SLO and 
upregulate CXCR5 which allow them to migrate to B cell area and provide 
assistance in B cell production of Ag-specific antibodies. -figure adapted from 
(Abbas et al. 2015) 
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a CCR7 -/CD62L- population termed effector memory T cells (TEM) that can 

access peripheral tissues as they display corresponding tissue-specific homing 

receptors. More recently, a subset of CD4+ T cells has been shown to exhibit 

prolonged residency in non-lymphoid tissues such as the skin, lung, and female 

reproductive tract and has been designated as CD4+ resident memory T cells 

(TRM) (Glennie et al. 2015; Teijaro et al. 2011; Iijima & Iwasaki 2014). However, 

unlike their CD8+ counterparts, later studies have demonstrated that CD4+ TRM in 

the skin eventually reached equilibrium with circulating CD4+ T cells and could 

be detected in the blood, implying a degree of replenishment of the TRM 

population from the pool of recirculating memory CD4+ T cells (N. Collins et al. 

2016; Klicznik et al. 2019; Carbone & Gebhardt 2019). 

 

1.3.2. Leukocyte adhesion cascades 
 

The mechanisms underpinning the differentiation of CD4+ T cells with effector 

functions that are induced following exposure to defined pathogens have been 

studied exhaustively (Saravia et al. 2019; Zhu 2018; Kara et al. 2014). However, 

while the nature of the effector molecules produced by CD4+ T cells is central to 

effective  and appropriate responses, so too is the capacity of Ag-specific cells to 

migrate or home to distinct anatomical sites, including those within secondary 

where they can orchestrate B cell differentiation or alternatively, to infected 

tissues where they can exert direct effector functions or modulate the response of 

the innate immune system. Similar to other leukocyte subsets, lymphocyte 

recruitment from the blood to peripheral tissues follows a general multistep 

adhesion cascade consisting of selectin-mediated tethering and rolling, 
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chemokine-triggered activation, integrin-mediated firm adhesion followed by 

transendothelial cell migration (Fig. 1.3) (Luster et al. 2005; Ley et al. 2007).  

 

The first step in the leukocyte recruitment cascade is the tethering of leukocytes 

on endothelial cells along the postcapillary venules, followed by continuous 

rotational movement known as rolling, which have been demonstrated to be 

mainly mediated by selectins and particular integrins (Sperandio et al. 2003; L. 

Xia et al. 2002; B. Johnston et al. 1996; Salas et al. 2004). This slow rolling functions 

to facilitate detection of chemotactic cytokines, termed chemokines on 

endothelial cells, which can then activate G-protein coupled chemokine receptors 

(GPCR) on the leukocyte surface (Ley 2003a). This activation leads to intracellular 

signaling that triggers full activation of integrins, characterized by 

conformational changes that result in their capacity to interact with their ligands 

with high affinity allowing for arrest and firm adhesion of leukocytes (Alon & 

Feigelson 2009; Dixit & Simon 2012). Once adhesion has become stable, 

leukocytes can migrate through venular walls by paracellular or transcellular 

migration (Nourshargh & Alon 2014). 

 

Selectins are a family of C-type lectin proteins, which function mainly to mediate 

capture and rolling of leukocytes along the vessel wall under flow as well as to 

provide additional signals for integrin-mediated firm adhesion. Selectins bind to 

their ligands with low affinity, enabling leukocytes to continuously have contact 

binding and release (on-and-off) with endothelial cells, and permit slow rolling 

(Schmidt et al. 2013; McEver 2015). 
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Figure 1.3: Leukocyte adhesion cascade: steps involved in the recruitment of 
leukocytes from the blood into peripheral tissues.  

The recruitment of lymphocytes from the blood into peripheral tissues such as 
the skin follows the leukocyte adhesion cascade, consisting of sequential but 
slightly overlapping steps of tethering/rolling, chemokine activation, firm 
adhesion, and transmigration. Each of these steps requires the interaction of 
lymphocytes with endothelial cells via the binding of specific group of adhesion 
molecules, including selectins and integrins, and chemokine receptors on 
lymphocytes to their respective ligands on endothelial cells. -figure adapted 
from (Hirata et al. 2005) 
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Three types of selectins have been defined and designated mainly according to 

the cells which express them: L-selectin which is expressed by leukocytes and 

subpopulations of T cells, E-selectin which is expressed by activated endothelial 

cells, and P-selectin which is mainly expressed by platelets and activated 

endothelial cells (Ley & Kansas 2004). While L-selectin has been reported to 

involve leukocyte homing to secondary lymphoid tissues, E- and P-selectin have 

been found to be especially important in directing leukocytes to sites of 

inflammation. Indeed, the interaction of E- and P-selectin on the endothelium 

with E-selectin ligand (ESL) and P-selectin ligand (PSL) expressed on leukocytes 

including lymphocytes, have been shown to be essential for the migration of 

these cells into inflamed tissues in various settings (Ley 2003b; Impellizzeri & 

Cuzzocrea 2014). 

 

Naïve T cells lack ESL and PSL expression (Y.-C. Lim et al. 1999). However 

activated T cells can upregulate ESL and PSL allowing them to roll on E- and P-

selectin expressed by activated endothelial cells along vessel walls (Lim et al. 

1999; Xie et al. 1999). Several integrins, such as α4β1-integrin (also known as very 

late antigen 4; VLA-4) and α4β7-integrin, which bind to VCAM-1 (vascular cell-

adhesion molecule 1) and MAdCAM-1 (mucosal vascular addressin cell-

adhesion molecule 1) respectively, were also found to have roles in leukocyte 

rolling (Ley et al. 2007). 

 

Chemokines are a family of soluble proteins with chemoattractant properties, 

capable of attracting cells that express corresponding receptors which signal a 

chemotactic response (Murphy 1994). Chemokines can be produced by various 

cells including stromal and immune cells, and their expression has been shown 
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to be important in regulating the migration of chemokine receptor-expressing 

immune cells during both steady state and inflammatory conditions (Hirata et al. 

2005; Gregor et al. 2017). For example, the presentation of the homeostatic 

chemokines CCL21 and CCL19 on the lumen of HEV has been shown to be 

crucial for the recruitment of CCR7-expressing naïve T cells and TCM into the LN 

during routine immune surveillance (Ebert et al. 2005). Additionally, 

inflammatory cytokines such as IL-1 or TNFα can also induce chemokine 

expression resulting in the recruitment of leukocytes to sites of inflammation 

(Moser et al. 2004). To be able to fully activate integrins during the leukocyte 

recruitment process, rolling leukocytes are required to recognize chemokines 

which are commonly immobilized on the luminal surface of endothelial cells of 

inflamed tissue (Middleton et al. 2002). Ultimately the patterns of in situ 

chemokine expression along with that of chemokine receptors appear to 

determine the selective migration of leukocytes to distinct tissues (Hirata et al. 

2005; Ley et al. 2007). This is exemplified in T cells where naïve cells express 

chemokine receptor CCR7, enabling them to migrate to secondary lymphoid 

organs that express CCL21 and CCL19 on its HEV surface. In contrast, effector T 

cells have low expression of CCR7 but may upregulate CCR9 or CCR4 and 

CCR10 that facilitate homing of these cells to the gut and skin, respectively 

(Bromley et al. 2008; Gregor et al. 2017). 

 

The binding of chemokines to appropriate chemokine receptors on leukocytes 

initiates intracellular signaling inside leukocytes, leading to the activation of 

integrin which involve increasing affinity to its ligand as well as clustering of the 

activity to a limited area on the cell to enhance cell avidity (Hirata et al. 2005). 

Integrins are a family of adhesion molecules, each of which is a heterodimer 
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comprised of an α and β subunit. The best-characterized integrins involved in 

leukocyte arrest are the β2-integrin (αLβ2-integrin; also called leukocyte 

function-associated antigen-1; LFA-1) and the α4-integrin (α4β1-integrin/VLA-

4 and α4β7-integrin). Both LFA-1 and VLA-4 have been demonstrated to be 

important in T cell migration to the skin, while α4β7-integrin has been associated 

with T cell migration to mucosal tissues such as the small intestine (T. B. Issekutz 

1992; Catalina et al. 1999). High affinity binding of integrin on leukocytes to its 

ligand on endothelium enables arrest and firm adhesion of leukocytes, 

permitting leukocytes to transmigrate across the endothelium in situ. 

 

1.3.3. Tissue-specific migration of T cells 
 

A key aspect of this leukocyte recruitment process is the different stages - 

mediated by selectin, chemokine, and integrin - occur sequentially and not in 

parallel, although there can be some overlapping during the transitions (Butcher 

1991; Butcher 1992). As there are multiple homing molecules that can facilitate 

each particular step, it creates diverse combinations of homing molecules with 

each unique combination serving as the blueprint for directing leukocyte subsets 

to specific tissues, a concept known as the “area-code” hypothesis (Springer 

1994). In line with this concept, leukocyte trafficking to specific tissues typically 

involves the expression of distinct combinations of homing receptors.  

 

The best-characterized tissue-selective trafficking programs are those directing T 

cells to the gut and skin. α4β7-integrin, and its associated ligand MAdCAM-1 

which is constitutively expressed on small intestinal and colonic endothelial cells, 

has long been recognized to mediate lymphocyte trafficking to the mucosal sites. 
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Antibodies directed to the α4 or β7 integrin subunits, to the α4β7-integrin 

heterodimer, or to MAdCAM-1 inhibited the recruitment of lymphocytes to the 

intestine, but not to the skin (Hamann et al. 1994). CD8+ T cells from β7-deficient 

mice also showed a reduced capacity to migrate to the small intestine and colon 

(Lefrançois et al. 1999). Further analyses also revealed the importance of CCR9 

and its ligand CCL25 for targeting of T cells to the small intestine (Johansson-

Lindbom & Agace 2007). Since CCL25 is constitutively expressed in the small 

intestine but not in colon, the administration of anti-CCL25 Ab inhibited 

recruitment of CD8+ T cells to the small intestinal epithelium. Similarly CCR9-

deficient mice also showed reduced migration of both CD4+ and CD8+ T cells to 

the small intestine, but not to other organs (Svensson et al. 2002; Johansson-

Lindbom et al. 2003; Stenstad et al. 2006). 

 

The interactions between E-selectin and P-selectin and their ligands, as well as 

the chemokines CCL17/TARC and CCL27/CTACK and their respective 

receptors CCR4 and CCR10 have been demonstrated to be necessary for T cell 

migration to the skin. Administration of antibodies to E-selectin or P-selectin 

were capable of reducing the migration of murine T cells to the skin (Austrup et 

al. 1997; Tietz et al. 1998; Kulidjian et al. 2002; A. C. Issekutz & T. B. Issekutz 2002; 

Gehad et al. 2012). Furthermore, the use of efomycine M, a novel selectin-

selective small-molecule macrolide, has been demonstrated to block E- and P-

selectin-mediated interactions both in vitro and in vivo, resulting in marked 

inhibition of T cell rolling and improved psoriatic skin inflammation in a murine 

model (Schön et al. 2002). CCL17 is selectively expressed on skin endothelium 

but not intestinal endothelium, and its receptor CCR4 was found to be highly 

expressed on murine memory CD4+ T cells which preferentially migrate to the 
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skin as well as on T cells from peripheral blood of patients with cutaneous T cell 

lymphoma (J. J. Campbell et al. 1999; Ferenczi et al. 2002). Furthermore, 

keratinocytes and dermal endothelial cells express CCL27 and most skin-

infiltrating lymphocytes express its receptor CCR10. Interestingly, T cells from 

CCR4-deficient mice showed no defect in their capacity to migrate to the skin, 

but the addition of an anti-CCL27 Ab markedly reduced the recruitment of 

CCR4-deficient T cells, suggesting a degree of redundancy (Reiss et al. 2001). 

 

1.3.4. Factors determining tissue imprinting 
 

The expression of tissue-selective homing receptors on T cells is influenced by 

many factors, including specific cues from tissue environments and 

programming signals from dendritic cells during T cell activation. The lymph 

nodes in which T cells are primed are pivotal in determining which homing 

receptors are expressed by T cell (Masopust et al. 2013). Following intraperitoneal 

injection of antigen, CD4+ T cells activated in the skin-draining LNs mostly 

expressed PSL and preferentially migrated to the skin, whereas CD4+ T cells 

activated in the mesenteric LNs upregulated α4β7-integrin and CCR9 and 

preferentially migrated to the intestine (D. J. Campbell & Butcher 2002). Further, 

Ag-loaded DCs administered intracutaneously could upregulate ESL on T cells 

in skin-draining LNs, while intraperitoneal administration of DCs upregulated 

α4β7-integrin in mesenteric LNs (Dudda et al. 2004).  

 

Dendritic cells, as the main APCs capable of activating T cells seem to play a 

central role in this tissue-selective homing imprinting of T cells. CD4+ and CD8+ 

T cells cultured in vitro with Ag-pulsed DCs isolated from intestinal LNs 
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expressed CCR9 and α4β7-integrin, while CD8+ T cells stimulated in vitro with 

DCs from skin-draining LNs expressed functional E- and P-selectin (Stenstad et 

al. 2006; Mora & Andrian 2006; Dudda et al. 2004).  While early studies implicated 

the lymph node environment in the programming of DCs (D. J. Campbell & 

Butcher 2002; Johansson-Lindbom et al. 2003), later work suggested roles for 

specific DC subsets. For example, while both CD103+ (also called αE-integrin) 

and CD103- DCs were present in mesenteric LNs, using an in vitro coculture 

system only the CD103+ population were capable of inducing CCR9 and higher 

expression of α4β7-integrin on CD4+ and CD8+ T cells (Johansson-Lindbom et al. 

2005). Moreover, DCs isolated from the lamina propria of intestine had greater 

capacity to induce α4β7+CCR9+CD8+ T cells compared to DCs from mesenteric 

LNs, and Langerhans cells induced higher expression of ESL compared to 

peripheral LNs (Johansson-Lindbom et al. 2005; Dudda et al. 2005). These data 

suggest that DCs can acquire the ability to imprint tissue-homing potential on T 

cells before entering the draining LNs as well as provide an explanation for why 

effector T cells preferentially migrate to the sites of infection (Butcher & Picker 

1996; Agace 2006). The observation that  CD8+ T cells activated by bone marrow 

DCs in the presence of small intestine epithelial cells or dermal fibroblast resulted 

in the expression of α4β7-integrin/CCR9 or ESL, respectively provided further 

support for this concept (Edele et al. 2008). 

 

It is now clear that factors in the tissue environments themselves can elicit distinct 

patterns of homing receptor expression on T cells (Fu et al. 2016). A key finding 

was that vitamin A, which is exclusively obtained from diet and absorbed 

primarily in the small intestine, serves as an environmental factor that can confer 

gut-homing potential to T cells (Sigmundsdottir & Butcher 2008). Vitamin A 
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(retinol) is converted to retinoic acid (RA) by gut-associated DCs and its addition 

to in vitro activated CD4+ T cells induced the expression of both α4β7-integrin 

and CCR9 and suppressed the expression of both ESL and PSL (Iwata et al. 2004). 

In contrast, vitamin D3 which is found mainly in the epidermis, acts mainly to 

promote skin homing on T cells (Fu et al. 2016; Sigmundsdottir & Butcher 2008). 

It is produced in the epidermis as a result of ultraviolet B exposure from the 

sunlight (MacLaughlin et al. 1982).  Skin DCs can then convert it into the active 

form 1,25 (OH)2D3, which has been shown to induce the expression of CCR10 

following its addition to activated T cells in vitro (Sigmundsdottir et al. 2007). 

Interestingly while not essential for T cell recruitment to the skin per se (Reiss et 

al. 2001; J. J. Campbell et al. 1999), CCR10 seems to be important for the migration 

of T cells from dermis to epidermis, through its interaction with CCL27 expressed 

by keratinocytes (Homey et al. 2000). 

 

 

1.4. CHANGES IN HOMING RECEPTOR EXPRESSION 

FOLLOWING ACTIVATION 
 

The induction of homing receptors by T cells has been reported to occur early in 

the immune response, frequently within 2 days post immunization (D. J. 

Campbell & Butcher 2002). This rapid acquisition of homing receptors implies 

that the expression of homing receptors is regulated during T cell priming, which 

involves signals from APCs including pMHC-TCR, costimulatory, and cytokine 

signals. 
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Strong TCR signaling has been shown to downregulate CD62L and CCR7, 

homing markers expressed by naïve T cells, and upregulate various integrins, 

CD44, and PSGL-1 (Baaten et al. 2013). Engagement of the co-stimulator molecule 

CD28 induced the clustering of integrins on T cells in vitro and was also shown 

to be required for the migration of T cells to the site of Ag challenge in vivo, while 

CTLA-4 signaling exerted essentially the opposite effect by limiting T cell 

migration in vivo (Mirenda et al. 2007). Ligation of the co-stimulator ICOS was 

also associated with the downregulation of CCR7 and CD62L on activated T cells 

in vitro and in vivo (T. V. Moore et al. 2011). The extent to which TCR signaling 

and costimulation each have a role in determining tissue-specific homing 

potential of T cells has not been clearly defined. However, one study 

demonstrated that TCR stimulation alone might be sufficient for the 

upregulation of ESL and PSL in vitro (White et al. 2001). 

 

The impact of cytokines on tissue-selective homing receptor expression has also 

been under investigation. Following in vitro activation of T cells, ESL and PSL 

were initially found to be induced exclusively on IL-12-induced Th1, and not IL-

4-induced Th2 CD4+ T cells. Following injection of both types of in vitro activated 

Th cells into mice with cutaneous delayed type hypersensitivity (DTH) reaction, 

skin-infiltrating CD4+ T cells were mostly Th1 cells with very few Th2 cells 

present in this tissue (Austrup et al. 1997). However, following systemic 

immunization of mice, both Th1 and Th2 subsets generated in the cutaneous LNs 

expressed PSL (D. J. Campbell & Butcher 2002). Blockade of IL-12 did not 

abrogate selectin ligand expression, although exposure to exogenous IL-12 was 

shown to increase the expression of selectin ligands by activated CD8+ T cells 

(Mora et al. 2005). Together, this suggested that in vivo, the requirements for 
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tissue homing receptor induction is complex, and the effect of IL-12 and IL-4 in 

regulating tissue-selective homing receptors might be modified by other signals 

present during T cell priming, such as those from TCR, costimulatory molecules, 

or even other cytokines (D. J. Campbell 2006). Moreover, as CD8+ T cells highly 

expressed selectin ligands when stimulated with anti-CD3/anti-CD28 

stimulation even in the absence of DCs (Mora et al. 2005), this may indicate that 

TCR stimulation alone might be sufficient to induce skin-homing receptors on 

activated T cells, and that the imprinting of skin-homing potential could be a 

default pathway following T cell activation without the presence of gut-homing 

imprinting cues (Mora & Andrian 2006). 

 

 

1.5. SELECTIN LIGANDS AS IMPORTANT T CELL HOMING 

RECEPTORS  

 

1.5.1. ESL/PSL as the skin homing receptors on T cells 
 

Early in the inflammatory process, endothelial cells rapidly transport preformed 

P-selectin stored inside Weibel-Palade Bodies to the cell surface. In contrast E-

selectin is not preformed (Jung & Ley 1997). Rather the exposure of 

proinflammatory stimuli such as TNFα, IL-1β, and LPS allows for the induction 

of E-selectin gene transcription, resulting in the expression of E-selectin on the 

surface of endothelial cells within several hours after exposure (Bevilacqua et al. 

1989; Leeuwenberg et al. 1992). These same processes also trigger further 

expression of P-selectin by activated endothelial cells (Vestweber & Blanks 1999). 

Both P-selectin and E-selectin are inducible in most organs during inflammation, 
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however immunohistochemical approaches have found that E-selectin is 

preferentially expressed by cutaneous venules during chronic inflammation 

compared to other tissues (Picker et al. 1991). Furthermore, the majority of 

human lymphocytes in the skin express a unique E-selectin ligand (ESL) termed 

cutaneous lymphocyte-associated antigen (CLA) which is expressed on only a 

small proportion of memory/effector cells in the peripheral blood (Picker et al. 

1990; Picker et al. 1994). Later, it was shown that CLA is a modified form of PSGL-

1, a major ligand for P-selectin (Fuhlbrigge et al. 1997). 

 

Both E- and P- selectin are upregulated during many inflammatory skin diseases, 

including contact hypersensitivity, psoriasis, and atopic dermatitis (Hirata et al. 

2005; Tietz et al. 1998). However, there seems to be differences in the extent of 

contributions of each to T cell migration to the skin depending on the 

inflammatory setting (Kulidjian et al. 2002; A. C. Issekutz & T. B. Issekutz 2002). 

Collectively, the data suggest that the relative contributions of ESL and PSL to 

the migration of lymphocytes into the skin may largely be determined by the 

type of inflammatory stimulus, which may impact the levels of both E-selectin 

and P-selectin expressed on endothelial cells. 

 

1.5.2. Structure of ESL/PSL 
 

Selectin ligands consist of an oligosaccharide structure presented on a scaffold 

protein or lipid with the carbohydrate motif being the primary epitope 

recognized by selectins (Zarbock et al. 2011; Sperandio et al. 2009). Since the 

scaffold itself does not have selectin-binding activity, the generation of a 

functional selectin ligand is dependent on the expression of an array of enzymes 
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required for the synthesis of a set of antigenically distinct carbohydrate moieties. 

All selectins recognize a basic motif of tetrasaccharide sialyl-Lewisx (sLex) 

(NeuAcα2-3Galβ1-4[Fucα1-3]GlcNAcb1-R) located at the end of decorated core 

2 O-glycans, which must be presented in specific configurations to be recognized 

by different selectins.  

 

The major P-selectin ligand P-selectin glycoprotein ligand-1 (PSGL-1) is perhaps 

the best-characterized selectin ligand and is expressed on both myeloid cells and 

activated T cells (K. L. Moore et al. 1992; Hirata et al. 2005; Vachino et al. 1995; 

Austrup et al. 1997). Cutaneous lymphocyte-associated antigen or CLA, which 

displayed E-selectin binding activity and was overexpressed in human skin-

infiltrating T cells (Picker et al. 1990; Berg et al. 1991), has also been found to be a 

modified form of PSGL-1 (Fuhlbrigge et al. 1997), suggesting that PSGL-1 can 

serve as both E- and P-selectin ligand on T cells (Hirata et al. 2000; Hirata et al. 

2005). However, the binding of P- and E-selectin to PSGL-1 has been shown to 

require different carbohydrate determinants, as PSGL-1 binding to P-selectin, but 

not to E-selectin, involves sulfation on the tyrosine residue in the N-terminal 

region of PSGL-1 (Borges et al. 1997; Li et al. 1996). Many studies have 

demonstrated the functional importance of PSGL-1 for lymphocyte rolling in the 

skin (Carlow et al. 2009). For example,  PSGL-1-specific mAbs have been shown 

to partially inhibit in vitro activated Th1 migration to the inflamed skin in vivo 

(Borges 1997). Similarly, in an oxazolone-induced cutaneous hypersensitivity 

model, there was reduced infiltration of PSGL-1-deficient CD4+ T cells to the skin 

compared to their wild type counterparts (Borges 1997; Hirata, Merrill-Skoloff, 

Aab, Yang & Furie 2000b; Matsumoto et al. 2007). While PSGL-1 is expressed by 

most lymphocytes, in the T cell compartment, only activated cells expressed 
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PSGL-1 with selectin-binding capacity, suggesting that the glycosyltransferases 

important in the synthesis of the carbohydrate determinants recognized by E- 

and P-selectin are induced as a result of  lymphocyte activation (Hirata et al. 

2005). 

 

Several glycosyltransferases have been identified to be important in the 

biosynthesis of selectin ligands, including two α1,3-fucosyltransferases, FucT-VII 

and FucT-IV, core 2 β1,6-glucosaminyltransferase-I (C2GlcNAcT-I), β1,4-

galactosyltransferase-I (β1,4GalT-I), and at least two α2,3-sialyltransferases, 

including ST3Gal-IV and ST3Gal-VI (Fig. 1.4) (Sperandio et al. 2009; Sperandio 

2012). Myeloid cells such as neutrophils and monocytes constitutively express all 

the enzymes necessary for selectin ligand synthesis, while in T cells expression 

of at least some of these enzymes is induced following T cell activation (Ley & 

Kansas 2004). 

 

Fucosyltransferase-VII. Fucosyltransferases function to catalyze GDP-fucose 

transfer to acceptor carbohydrates and act in the final step of the synthesis of 

many glycoconjugates, including selectin ligands. Of the 7 fucosyltransferases 

that have been identified, both FucT-VII and FucT-IV are expressed in human 

leukocytes (Hirata et al. 2005). FucT-VII has been directly implicated in the 

synthesis of selectin ligands (Kansas 2004). For example, transfection of FucT-VII 

DNA into various human lymphoid and myeloid cell lines as well as those of 

epithelial and fibroblast origins has been shown to be sufficient for the generation 

of functional ESL (Knibbs et al. 1996; Wagers et al. 1997; Natsuka et al. 1994). 

Moreover FucT-VII-deficient leukocytes exhibit a  severely reduced capacity to 

generate functional E-, P- and L-selectin ligands as a result of the disruption in   
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Figure 1.4: Sialyl-Lewisx (sLex) biosynthetic pathway presented on PSGL-1 as 
the selectin ligand prototype.  

Selectin ligand consists of the basic carbohydrate determinant of sLex motifs 
displayed on a scaffold protein, such as PSGL-1, or lipid on the surface of a cell. 
Several glycosyltransferases have been implicated in the synthesis of sLex 
structure, including α1,3-fucosyltransferases (particularly FucT-VII), core 2 β1,6-
glucosaminyltransferase-I (C2GlcNAcT-I), β1,4-galactosyltransferase-I 
(β1,4GalT-I), and at least two α2,3-sialyltransferases (ST3Gal-IV and ST3Gal-VI). 
-figure adapted from (Ley & Kansas 2004). 
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the synthesis of a(1,3)linked fucose portion of the oligosaccharide structure of 

these ligands (Malý et al. 1996). Notably in FucT-VII-deficient mice there is 

decreased recruitment of both CD4+ and CD8+ T cells to the skin resulting in 

attenuated cutaneous hypersensitivity reactions (Erdmann et al. 2002; Smithson 

et al. 2001). However, the migration of T cells to the visceral organs was not 

impaired as  T cell-mediated protection in the ovary and the brain following 

vesicular stomatitis virus challenge was comparable in both FucT-VII-deficient 

and FucT-VII-competent mice (Erdmann et al. 2002).  

 

ESL and PSL however appear to differ in their dependence on FucT-VII as 

relatively high levels of FucT-VII expression are required for the synthesis of ESL, 

whereas lower levels of expression were sufficient for the induction of PSL 

(Knibbs et al. 1998). 

 

FucT-IV is another fucosyltransferase that can be expressed in leukocytes (Hirata 

et al. 2005). However in contrast to FucT-VII-deficient mice, FucT-IV-deficiency 

did not result in diminished DTH-responses in the skin (Smithson et al. 2001). 

Interestingly while FucT-VII is important for initial leukocyte tethering mediated 

by P-selectin, both FucT-VII and FucT-IV are required for optimal slowing of 

rolling cells by E-selectin to normal uninflamed skin in mice suggesting different 

requirement of these enzymes for the synthesis of ESL and PSL (Weninger et al. 

2000). 

 

In contrast to mature myeloid cells such as neutrophil and monocytes which 

constitutively express FucT-VII, in the absence of activation and/or cytokine 

signaling conventional T cells do not express FucT-VII (Wagers, Stoolman, et al. 
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1998). Rather some form of cellular activation is required for FucT-VII, typically 

via engagement of the TCR (Barry et al. 2003). Indeed, in vitro stimulation of CD4+ 

T cells in Th0 conditions, in the absence of polarizing cytokines, could modestly 

increase FucT-VII expression (White et al. 2001).  

 

Exogenous cytokines have also been shown to modulate FucT-VII expression 

(Ebel & Kansas 2016; Ebel et al. 2015). For example, IL-12, a cytokine that can 

drive Th1 differentiation, has been shown to increase the expression of FucT-VII 

on both human and murine CD4+ T cells in vitro (Wagers, Waters, et al. 1998; Y.-

C. Lim et al. 1999). This IL-12-dependent induction of FucT-VII does not appear 

to require STAT4, as Th1 cells from STAT4-deficient mice still expressed 

equivalent levels of FucT-VII to those observed in wild type mice in response to 

IL-12 (White et al. 2001). In contrast to IL-12, the addition of IL-4 has been shown 

to inhibit FucT-VII  expression (Wagers, Waters, et al. 1998; Y.-C. Lim et al. 1999). 

This is consistent with earlier observations showing differences in ESL and PSL 

expression between Th1 and Th2 subsets (Austrup et al. 1997). However, there is 

evidence that all in vitro stimulated CD4+ T cells, irrespective of the Th subset 

(Th0, Th1, or Th2), can express high level of FucT-VII after extensive 

proliferation, suggesting that the inhibitory effect of IL-4 may be progressively 

lost following further stimulation (Ley & Kansas 2004).  

 

Core 2 β1,6-glucosaminyltransferase-I. C2GlcNAcT-I is the key branching enzyme 

for the synthesis of core 2 O-linked oligosaccharides (O-glycans) in selectin 

ligands, initiating core 2 extension by adding N-acetylglucosamine to N-

acetylgalactosamine linked to serine/threonine residues. C2GlcNAcT-I was 

found to be necessary for PSGL-1 post-translational modification and required 
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for the binding of PSGL-1 to P-selectin (R. Kumar et al. 1996; F. Li et al. 1996). In 

C2GlcNAcT-I-deficient mice, leukocyte rolling mediated by P-selectin was 

significantly impaired, and the residual rolling was completely diminished by 

the addition of mAb anti-PSGL-1, suggesting that without core 2 decoration 

catalyzed by C2GlcNAcT-I, PSGL-1 still has some P-selectin binding capacity but 

only at low levels (Sperandio et al. 2001). In contrast, studies assessing the 

importance of C2GlcNAcT-I for generating E-selectin ligands have shown 

contradicting results. Transfection of C2GlcNAcT-I into CHO cells which 

expressed PSGL-1 and FucT-VII resulted in higher E-selectin binding capacity in 

one of two studies (R. Kumar et al. 1996; F. Li et al. 1996). However, subsequent 

work confirmed that at least for in vitro activated Th1 cells, C2GlcNAcT-I was 

absolutely required for Th1 rolling on P-selectin but not E-selectin (Snapp et al. 

2001). 

 

Naïve T cells constitutively express low levels of C2GlcNAcT-I, which can be 

further upregulated by exposure to IL-12 most likely via STAT4, since 

C2GlcNAcT-I expression is absent in STAT4-deficient mice (White et al. 2001). As 

FucT-VII expression was maintained in Th1 cells from STAT4-deficient mice and 

these cells exhibited a partial defect in E-selectin binding activity, the data 

suggested that the differential expression of distinct glycosyltransferases could 

modulate the expression of PSL and ESL on activated CD4+ T cells. Indeed, the 

upregulation of PSL and ESL was found to be significantly associated with 

C2GlcNAcT-I and FucT-VII respectively and that these were distinctly regulated 

by cytokines and TCR signaling. C2GlcNAcT-I induction was largely dependent 

on the Th1 polarizing cytokine IL-12, with TCR signaling alone, in the presence 

of IL-2, not adequate to upregulate C2GlcNAcT-I. In contrast, the expression of 
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FucT-VII appeared to be less dependent on IL-12 but was  highly induced in the 

presence of TCR- and IL-2 signals (Schroeter et al. 2012). 

α2,3-sialyltransferases-IV and -VI. There are at least six α2,3-sialyltransferases 

identified in mammals to date (Sperandio 2012). Of these, three have been shown 

to contribute to the formation of sLex; ST3Gal-IV, ST3Gal-VI, and to a lesser 

degree ST3Gal-III. Sialyltransferases add sialic acid to the terminal end of core 2 

decorated O-glycans, completing the synthesis of sLex structure (Sperandio et al. 

2009). Their importance has been inferred from analyses of cells from ST3Gal-IV-

deficient mice. Notably neutrophils from these mice exhibit decreased binding 

and rolling on P- and E-selectin in vitro (Ellies et al. 2002; W. H. Yang et al. 2012). 

However, intraviral microscopic analyses of the inflamed cremaster muscle of 

ST3Gal-IV-deficient mice revealed that the absence of ST3Gal-IV only 

moderately reduced leukocyte rolling on E-selectin and did not impact rolling on 

P-selectin (Ellies et al. 2002). This suggested that other sialyltransferases may also 

contribute to ESL formation and may be more important still for the generation 

of PSL in vivo. Consistent with this, it is now clear that  ST3Gal-VI also has the 

potential to contribute to ESL/PSL formation (W. H. Yang et al. 2012). 

Neutrophils from ST3Gal-VI-deficient mice express lower levels of both ESL and 

PSL expression than wild type mice, while neutrophils in ST3Gal-IV- and 

ST3Gal-VI-double deficient mice have a complete loss of ESL expression but 

maintain a low level of PSL expression, indicating the potential for additional 

sialyltransferases to contribute to its expression. Both in vitro rolling assays and 

in vivo analyses have demonstrated a more severe reduction of leukocyte rolling 

on both P- and E-selectin in double-deficient mice lacking both ST3Gal-IV and 

ST3Gal-VI compared to single sialyltransferase-deficient mice (W. H. Yang et al. 
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2012). These data indicate that these enzymes collaborate to generate selectin 

ligands.  

 

As there is evidence for Th subset-restricted expression of ESL and PSL, at least 

in vitro, understanding the relationship between the expression of key 

transcriptional regulators of Th differentiation, such as T-bet for Th1 cells, and 

the induction of glycosyltransferase expression has implications for the role of 

such cells in both immunity and pathology. T-bet, the major regulator of Th1 cells 

induced by IL-12, was the first to be assessed. One study using T-bet-deficient 

mice demonstrated decreased migration of T-cells in vivo due to impaired P-

selectin but not E-selectin binding activity (Lord et al. 2005). A later study found 

that T-bet-deficient CD4+ T cells which were stimulated under Th1 polarizing 

conditions in vitro had reduced rolling capacity on both P- and E-selectins 

(Underhill et al. 2005). This finding has been linked to the capacity of T-bet to 

induce C2GlcNAcT-I expression and IL-12 receptor, IL-12Rβ2, allowing IL-12 to 

promote PSL expression through a STAT4-dependent pathway (Underhill et al. 

2005; Mullen et al. 2001; Afkarian et al. 2002). While Th1-stimulated T-bet-

deficient CD4+ T cells displayed a significant reduction of C2GlcNAcT-I 

expression, FucT-VII expression in these cells was only modestly affected. 

Additionally, the absence of T-bet had no effect on ST3Gal-IV expression, but 

markedly reduced the expression of ST3Gal-VI (Underhill et al. 2005). This same 

pattern of glycosyltransferase expression was also evident in STAT4-deficient T 

cells (White et al. 2001). Taken together these analyses clarify the extent to which 

ST3Gal-IV and ST3Gal-VI collaborate to drive selectin ligand synthesis, and that 

while ST3Gal-IV expression is mostly T-bet- and STAT4-independent, ST3Gal-VI 

is more likely to be regulated by IL-12 via STAT4 and T-bet (Underhill et al. 2005). 
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In addition to T-bet, there are a limited number of studies investigating the 

relationship between GATA3, the major Th2 regulator, and the expression of 

glycosyltransferases. Notably, GATA-3 has been shown to repress FucT-VII 

expression in human T cell lines (Guo-Yun Chen et al. 2006). 

 

 

1.6. MULTIPLE ROLES OF CD4+ T CELLS IN ANTIVIRAL 

IMMUNITY 
 

Virus-specific CD4+ T cells are crucial for successful protection against virus 

infection. Antiviral T cell responses have often been thought to be dominated by 

CD8+ T cells, and although this might still hold true for many viruses, there is 

significant evidence that CD4+ T cells play a major role against various virus 

challenges, such as HIV, vesicular stomatitis virus, influenza virus, and vaccinia 

virus (Sant & McMichael 2012; Porichis & Kaufmann 2011; Maloy et al. 2000; 

Wilkinson et al. 2012; Spriggs et al. 1992). Within hours of viral infection, the 

innate inflammatory response results in the maturation of dendritic cells (DCs) 

enhancing their capacity to activate naïve T cells (Jain & Pasare 2017; Whitmire 

et al. 2006). CD4+ T cells recognize MHC-II-associated peptides derived from 

extracellular viral-associated material, such as viral proteins, viral particles, and 

necrotic debris from infected cells as well as proteins endogenously synthesized 

by the APC (Roche & Furuta 2015).   

 

Following activation, CD4+ T cells are able to differentiate into distinct Th subsets 

armed to perform a wide array of functions (Zhu 2018). In response to viral 

infection, effector CD4+ T cells were initially recognized for their role in 
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providing help that modulated the function macrophages and DCs, as well as 

CD8+ T cells and B cells (Sant et al. 2018; Swain et al. 2012). Although virus-

specific Th2 can be found following infection with some viruses such as 

lymphocytic choriomeningitis virus (LCMV) (Whitmire et al. 1998), live viral 

infection most commonly results in the generation of predominant Th1 subset, as 

viral-infected cells produce high amount of type 1 interferons (type 1 IFNs) 

which activate DCs and NK cells to secrete IL-12, IL-18, and IFNg, the cytokines 

important for inducing Th1 differentiation (Whitmire 2011; Swain et al. 2012). 

Functionally, through the production IFNg, Th1 cells were demonstrated to 

amplify Ag presentation by professional APCs, such as DCs, B cells, and 

macrophages, as well as locally infected cells to augment the adaptive immune 

responses. IFNg-production by Th1 cells has also been described to potently 

activate macrophages and NK cells, resulting in the increased capacity to 

perform cytolytic function and the recruitment of these cells to the site of 

infection (Kang et al. 2018).  

 

The role of CD4+ T cells has been demonstrated in various stages of antiviral CD8+ 

T cell responses. For example CD4+ T cell help was required for the generation of 

robust cytotoxic T cell responses (CTLs) against vaccinia virus and HSV 

infections (Novy et al. 2007; C. M. Smith et al. 2004), possibly through CD40L-

mediated licensing of DCs which results in the expression of co-stimulatory 

molecules and increased Ag-MHC-I presentation to naïve CD8+ T cells (Whitmire 

2011). However, this requirement for help may be bypassed through the 

provision of a strong type 1 IFN signal that may result from Toll-like receptor 

(TLR) ligation by DCs, as was evidenced following LCMV infection. Together the 

data suggest that the requirement of CD4+ T cell for primary CD8+ T cell 
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responses is contextual and largely determined by the nature of the pathogen and 

the accompanying inflammatory response it elicits (Laidlaw et al. 2016). 

Moreover, CD4+ T cells have also been reported to facilitate the recruitment of 

CD8+ T cells to the sites of infection such as those of hepatitis virus and HSV 

(Stohlman et al. 1998; Nakanishi et al. 2009). Numerous studies have indicated 

that CD4+ T cells play a critical role for the generation and even maintenance of 

functional memory CD8+ T cells which are important for the secondary responses 

upon re-infection (Sun et al. 2004; Novy et al. 2007). This help for memory CD8+ 

T cells has been suggested to be related to CD4-mediated regulation of TNF-

related apoptosis-inducing ligand (TRAIL), the induction of IL-15 production by 

APC, and the production of IL-2, which eventually lead to decreased 

susceptibility to activation-induced cell death, better expansion, and 

responsiveness of memory CD8+ T cells (Janssen et al. 2005; S. Oh et al. 2008; 

Williams et al. 2006; Wiesel et al. 2010). More recently, Treg cells have also been 

suggested to promote the maturation of memory CD8+ T cells via their 

production of IL-10 and the induction of CTLA-4 (Laidlaw et al. 2015; Kalia et al. 

2015).  

 

CD4+ T cells are crucial for antibody-mediated antiviral responses, as was shown 

in response to yellow fever virus, vaccinia virus, coronavirus, and VSV infections 

(Liu & Chambers 2001; Sette et al. 2008; Jun Chen et al. 2010; Thomsen et al. 1997), 

and this function has been linked to Tfh cells (Crotty 2011). Following acute virus 

infections such as those with LCMV or influenza virus, Tfh cells are generated 

and are important in directing the formation of germinal centers by assisting the 

differentiation of B cells into memory B cells and plasma cells that produce 

neutralizing antibodies (Crotty et al. 2003; Kamperschroer et al. 2006). 



 40 

Mechanistically, Tfh cells seems to provide help to B cells primarily via the 

provision of various co-stimulatory ligands, including CD40L, inducible T cell 

co-stimulator (ICOS), and SLAM-associated protein (SAP), as well as the  

cytokine IL-21 (Crotty 2011). Indeed defects in either number or function of virus-

specific Tfh cells can result in impaired germinal center formation (Huang et al. 

2019). 

While early studies have focused more on their helper role, CD4+ T cells can also 

directly control virus infection (Swain et al. 2012; Juno et al. 2017). IFNg and 

TNFa produced by CD4+ T cells are important not only for assisting the function 

of other immune cells, but also have the capacity to promote direct antiviral 

effects on infected and neighboring cells by interfering with one or more steps of 

virus replication in the host cell (Guidotti & Chisari 2001; Swain et al. 2012; Kang 

et al. 2018). Interestingly, cytolytic activity has been identified not only among 

CD8+ T cells but also within virus-specific CD4+ T cell population, as was 

described following LCMV and HIV infections (Hildemann et al. 2013; N. Zheng 

et al. 2009; S. Johnson et al. 2015). These cytotoxic responses have been reported 

to utilize both FasL/Fas and  perforin/granzyme-dependent mechanisms, which 

are also shared  by CD8+ T cells and NK cells (Juno et al. 2017; Soghoian & Streeck 

2010). However, subtle differences in the cytolytic properties of CD4+ CTL and 

CD8+ CTL have been described; CD8+ CTL appeared to store more intracellular 

granzyme B, express more perforin, and perform slightly faster killing than CD4+ 

CTL, although these features do not seem to affect the antiviral quality of CD4+ 

CTL (Lin et al. 2014; Munier et al. 2016; Hildemann et al. 2013). While the 

presence of cytotoxic CD4+ T cells in various infections, such as those of HIV, 

influenza virus, and cytomegalovirus (CMV) has been associated with protective 

activity (N. Zheng et al. 2009; S. Johnson et al. 2015; D. M. Brown et al. 2016; van 
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Leeuwen et al. 2004), the importance of the cytolytic potential of CD4+ T cells in 

other infection or in tumor control remains unclear. 

 

 

1.7. HERPES SIMPLEX VIRUS TYPE-1  
 

Herpes simplex virus type-1 (HSV-1) is an enveloped double stranded DNA 

(dsDNA) virus that belongs to the alphaherpesvirinae subfamily in the 

Herpesviridae family, a group of 8 herpesviruses which use humans as their 

natural host. HSV-1 shares 85% homology with HSV-2 in the protein-coding gene 

sequences (Kieff et al. 1972), resulting in similar biologic characteristics and a 

high degree of antigen cross-reactivity despite some differences in the envelope 

proteins (Scheper et al. 2010; Jaggi et al. 2018).  While infection with HSV-2 

primarily results in genital herpes, infection with HSV-1 typically results in 

lesions in the orofacial area, although the incidence of genital HSV-1 infection 

has also been reported to be strikingly increased in the past few decades 

(Fatahzadeh & Schwartz 2007; Sauerbrei 2016; Wald 2006). 

 

1.7.1. Clinical aspects 
 

HSV-1 infection is very common as currently estimated by the WHO which 

reported that ~67% of people under the age of 50 were seropositive throughout 

the world with much higher prevalence in developing countries (Looker et al. 

2015).  While the majority of infection with HSV-1 usually result in asymptomatic 

or mild symptoms, fatal complications such as neonatal herpes and encephalitis 

can occur in immune compromised individuals (Z. A. Brown et al. 2003; Tan et 
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al. 2012). It is estimated that neonatal HSV infection occurs at a frequency of 10 

cases per 100,000 live births while the incidence of HSV-encephalitis is predicted 

to be 2 to 4 cases per million worldwide, both of which have been reported to 

contribute significantly to HSV-associated mortality (Looker et al. 2017; Kennedy 

et al. 2017; Bradshaw & Venkatesan 2016).   

 

Similar to other Herpesviridae viruses, the course of HSV-1 infection can be split 

into 2 phases: the lytic and latent phases. Infection is initiated when HSV-1 makes 

contact and replicates in the epithelial cells of abraded skin or mucosal surface, 

causing lysis of these cells (lytic phase). In the absence of antiviral therapy, HSV 

rapidly spreads in the epithelium and enters free sensory nerve endings (Schiffer 

& Corey 2013). From there it travels along the sensory nerves via retrograde 

transport to the dorsal root ganglia where it persists in non-replicating form 

(latent phase) (Nicoll et al. 2012; Schiffer & Corey 2013). Primary infection in 

previously seronegative individual is usually asymptomatic or causing only mild 

symptoms in the form of primary gingivostomatitis. Irrespective of the clinical 

outcome of the initial infection, HSV-1 infection typically forms latent infection 

in the sensory ganglia which lasts throughout life. In the presence of certain 

stimuli such as stress or immune suppression, reactivation of the virus can occur 

that results in anterograde transport of HSV-1 back to the epithelial cells and viral 

shedding which can be asymptomatic or causes lesions (secondary lytic 

infection) at or near the initial infected epithelium primarily innervated by the 

involved sensory nerves (St Leger & Hendricks 2011; G. Smith 2012; Fatahzadeh 

& Schwartz 2007). This usually takes the form of recurrent orofacial herpes or 

herpes labialis (cold sores), which has been estimated to occur in 15-40% of 

seropositive individuals. While HSV-1 infection is most commonly found in oral 
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and perioral skin, this virus can infect other parts of the body such as fingers 

(herpetic whitlow), repeatedly abraded skin (herpes gladiatorum), or can spread 

more broadly in case of preexisting skin conditions (eczema herpeticum) 

(Fatahzadeh & Schwartz 2007). HSV infection of the cornea can lead to herpes 

simplex keratitis which has been found to be the major cause of infectious 

blindness in developed countries (Farooq & D. Shukla 2012). Since the immune 

status of the host has a major influence in the outcome of HSV-1 infection, more 

serious conditions or complications occasionally develop particularly in 

newborns or immunocompromised patients. Newborns of HSV-infected 

mothers have the risk of acquiring neonatal herpes, most commonly intrapartum, 

which can be limited to the skin, eyes, and mouth or can be fatally disseminated 

to involve CNS (encephalitis) and other internal organs. Recurrent severe 

mucocutaneous infections, encephalitis, and visceral infections involving 

respiratory or gastrointestinal tracts have been reported as HSV-associated 

complications in immune compromised individuals such as those with HIV 

infection, and genital HSV infection has also been shown to increase the risk of 

acquiring sexually transmitted HIV infection (Whitley & Roizman 2001; 

Fatahzadeh & Schwartz 2007). 

 

1.7.2. Virus structure and pathogenesis 
 

The HSV virion is about 225 nm in diameter and consists of four structural layers: 

the viral DNA core, the capsid, the tegument, and the envelope. Within the core 

lies the HSV genome in the form of a 150 kbp-linear double stranded DNA which 

contains about 84 genes. The genome consists of two covalently linked segments 

designated Long (L) and Short (S) segments, each consisting of unique sequences 
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(UL and US) bounded by inverted repeats (RL and RS) (Everett 2014).  Like other 

herpesvirus family members it possesses a large genome that encodes both 

structural (envelope, tegument, capsid) and non-structural proteins important 

not only for replication but also for immune evasion and pathogenesis (Laing et 

al. 2012; Everett 2014). 

 

The capsid surrounding the genome is icosahedral in shape and composed of 

subunits called capsomers, which consist mainly of hexons and pentons. Several 

viral proteins, including VP5, VP26, VP19C, and VP23, have been demonstrated 

to play a major role in constructing capsomers (Heming et al. 2017). The portal 

on the vertex of the capsid is composed of UL6 protein and functions as the entry 

and exit point for the dsDNA (Newcomb et al. 2001). The tegument is an 

amorphous layer located between the capsid and the outer envelope and contains 

multiple copies of more than 20 proteins. Some of these tegument proteins have 

been found to be injected into cytoplasm at high concentration during viral entry, 

where they can impact viral pathogenesis and/or contribute to  immune evasion 

(Laing et al. 2012). The outermost component of the virion is the viral envelope 

which has a similar structure to the lipid bilayer of the cellular membrane.  At 

least 11 glycoproteins (gB, gC, gD, gE, gG, gH, gI, gL, gK, gM, and gN) have been 

identified in the envelope, many of which have been demonstrated to be critical 

for viral attachment and entry into the host cell as well as for cell-to-cell 

spreading of the virus (Kukhanova et al. 2014; Pires de Mello et al. 2016).  

 

The HSV-1 replication cycle can be divided into five major events, including viral 

entry into the host cell, viral gene expression, DNA replication, virion assembly, 

and the release of newly generated virions (Kukhanova et al. 2014). Typical 
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infection with HSV-1 is characterized by viral replication both in the epithelial 

cells as well as in sensory neurons (Kukhanova et al. 2014; Egan et al. 2013). While 

HSV-1 can enter the host cell via endocytosis followed by fusion with endocytic 

vesicles (Arii et al. 2009), the main mechanism of viral entry appears to be via 

direct fusion of viral envelope with the cell membrane which requires the 

interaction of several distinct envelope glycoproteins with their respective 

receptors on the cell surface (Kukhanova et al. 2014). Attachment of virion to the 

host cell is initiated when viral glycoprotein gB, and less importantly gC, 

interacts with heparan sulfate proteoglycans on the cell surface (D. Shukla & 

Spear 2001). This is followed by the initiation of viral fusion via the interaction of 

glycoprotein gD mainly with cell surface receptor nectin-1 expressed in epithelial 

and neuronal cells, although gD has been reported to also interact with other 

receptors such as HVEM (herpesvirus entry mediator) and 3-O sulfated heparan 

sulfate depending on the types of host cells (N. D. Shukla et al. 2012; Simpson et 

al. 2005; Egan et al. 2013). This interaction triggers the recruitment of a 

glycoprotein complex consisting of gD, gB, and the gH/gL heterodimer which 

eventually allows for the fusion of viral envelope with cellular membrane. This 

is followed  by the delivery of tegument proteins into the cytosol and transport 

of nucleocapsid into the host nucleus via the nucleopore where viral DNA 

replication takes place (Kukhanova et al. 2014). 

 

Following HSV infection, transcription of viral genes progresses in a distinct 

temporal manner with HSV-1 genes being classified into three classes based on 

the order of expression: a (or immediate early – IE), b (or early – E), and g (late – 

L) genes (Roizman 1974). The expression of a genes relies on the host cell 

transcription machinery and is particularly dependent on preformed tegument 
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protein VP16 which is released into the cytosol and transported into the nucleus 

following viral entry. The a gene-encoded proteins mainly function to activate b 

genes which encode proteins necessary for viral DNA replication, such as the 

HSV DNA polymerase. The expression of b proteins also act to suppress further 

transcription of a genes while at the same time activating the expression of g 

genes necessary for the synthesis of virion structural components following DNA 

replication (Roizman & G. Zhou 2015). The assembly of the capsid with the viral 

genome occurs in the nucleus. This  is followed by its egress to the cytosol and 

eventually budding and release of progeny virions through the cellular 

membrane (Heming et al. 2017; Miranda Saksena et al. 2018). 

 

While infection of epithelial cells mostly results in productive infection releasing 

infectious virions, infection of the neurons can result in latent infection, which is 

characterized by the expression of latency-associated transcripts (LAT) and the 

suppression of the majority of viral genes, resulting in the maintenance of viral 

genome within neuronal nucleus without the production of progeny virions 

(Egan et al. 2013; Kukhanova et al. 2014). Whilst the exact factors determining the 

establishment of HSV-1 latency are still not well established, both host factors 

(the types of neurons and immune responses) and viral factors (downregulation 

of a genes and DNA replication) have been suggested to play a role (S. P. Kumar 

et al. 2016). 

 

1.7.3. The mouse model of epicutaneous HSV-1 infection 
 

Animal models have been useful for studying both the pathogenesis and immune 

response induced by HSV-1 because in humans, studies are limited due to often 



 47 

asymptomatic nature of the primary infection and the difficulty to obtain 

samples from the nervous system. Mouse models have been used extensively to 

study this infection, taking advantage of well-characterized genetics, the 

availability of many knockout strains, and the availability of an extensive range 

of reagents to probe these systems (Kollias et al. 2015). Early studies of localized 

cutaneous infection of HSV-1 in mice demonstrated that several days after 

inoculation of HSV-1, a “zosteriform” band-like ipsilateral lesion developed in 

the mid flank that appeared analogous to recrudescent lesions in humans 

(Sydiskis & Schultz 1965; Simmons & Nash 1984). In these models, a small area 

in the mouse flank skin was lightly abraded to remove the keratinized layer 

allowing HSV-1 to infect the exposed basal epithelial cells of the epidermis (Goel 

et al. 2002). The virus then replicates in the epithelium causing primary lesions 

and allowing for infection of sensory nerve endings in this tissue. This results in 

retroaxonal transport of HSV to the neuron cell bodies predominantly at the level 

of thoracic 10th and 11th dorsal root ganglias (DRGs). Utilizing this model, HSV-1 

establishes a latent infection in the ganglia as well as exhibiting immediate 

recrudescence to the areas that are innervated by the infected dermatome causing 

secondary “zosteriform” lesions that extended ventrally from the primary 

inoculation site to the anterior midline (van Lint et al. 2004; Bedoui et al. 2009). It 

has been shown that the virus can be detected in the DRGs as early as day 2 post 

infection and in secondary recrudescent sites by day 3. Viral titers typically peak 

at around day 4 with a gradual decline in the levels of  replicating virus to 

undetectable levels by day 7 in both skin and ganglia in immunocompetent B6 

mice (van Lint et al. 2004).  
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This model of infection, as well as the availability of both HSV-specific CD4+ T 

cells (gDT-II cells; recognizing immunodominant viral glycoprotein gD) and 

CD8+ T cells (gBT-I cells; recognizing immunodominant viral glycoprotein gB) 

from TCR transgenic mice have allowed for the exploration of many aspects of 

HSV-1 pathogenesis along with the host cellular immune responses (Mueller et 

al. 2002; Bedoui et al. 2009; Eidsmo et al. 2009). Previous studies have 

demonstrated that following flank infection, viral Ag presentation occurs rapidly 

following infection in the skin draining brachial LN (bLN) as the primary 

draining LN. This was followed by Ag presentation in the axillary LN (aLN) at 

around day 4 after infection as a result of viral recrudescence (Bedoui et al. 2009; 

Eidsmo et al. 2012). From the draining LNs, activated T cells were released to the 

circulation as evidenced by their presence in the spleen 5 days after infection 

(Coles et al. 2002). As opposed to subcutaneous inoculation which may promote 

direct drainage of Ag to the lymphatic system, the epicutaneous inoculation 

method appears to better resemble natural HSV infection as the delivery of Ag 

to the draining LN would require DC transport (Allan et al. 2006; Hor et al. 2015). 

Indeed, recent evidence has highlighted the coordinated actions of multiple DCs, 

including migratory dermal CD11b+ and CD103+ DCs, as well as LN-resident 

CD8a+ DCs, for the generation of effective CD8+ and CD4+ T cell responses to 

HSV-1 infection (Allan et al. 2003; Allan et al. 2006; Bedoui et al. 2009; Hor et al. 

2015; Harpur et al. 2019). 

 

1.7.4. Immune responses to HSV-1 
 

Immune responses to HSV-1 infection are initiated when viral pathogen-

associated molecular patterns (PAMPs) are detected by pattern recognition 
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receptors (PRRs) located in various compartments of the infected epithelial or 

bystander immune cells (J. Zhang et al. 2017). Viral nucleic acids have been 

suggested as the primary HSV PAMPs and studies have shown that HSV-1 DNA 

motifs in both the endosomes and cytoplasm potently activate, respectively, 

TLR9 and cytoplasmic DNA sensors, such as DNA-dependent activator of 

interferon regulator factors (DAI), IFNg-inducible protein 16 (IFI16), DXH9, and 

DXH36 (Melchjorsen 2012). Additionally, replication intermediates in the form 

of dsRNA present either in the endosomes or cytosol have been shown to induce 

TLR3 and retinoid acid inducible gene (RIG)-like receptors, respectively (Egan et 

al. 2013). A rare primary immunodeficiency of TLR3 has been linked to a specific 

susceptibility to HSV-1 encephalitis in otherwise healthy children (S.-Y. Zhang et 

al. 2007). The activation of multiple PRRs in various host cells triggers 

intracellular signaling which ultimately leads to the production of type 1 IFNs 

and proinflammatory cytokines essential for the initiation of antiviral immune 

response (McNab et al. 2015).  

 

Innate immunity is believed to play a key role in determining the outcome of 

HSV infection and is primarily mediated by soluble components, particularly 

type 1 IFNs, as well as innate immune cells, including plasmacytoid DCs (pDCs) 

and NK cells (J. Zhang et al. 2017). Type 1 IFNs, notably IFNa and IFNb, have 

been considered as the first line of defense against many viral infections 

including HSV-1, with IFNb being produced by any virus-infected cells, while 

IFNa being more limited to specific cell types such APCs (Crouse et al. 2015). The 

importance of type 1 IFNs in HSV-1 infection is highlighted by one study using 

IFNa/b receptor knockout mice which exhibited disseminated infection and 

failure to survive following footpad or ocular infection with HSV-1 (Luker et al. 
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2003). This was further supported by the finding that patients presented with 

rare severe HSV-1 infections such as encephalitis usually have defective type 1 

IFNs signaling (Dupuis et al. 2003; S.-Y. Zhang et al. 2007). The activation of 

IFNa/b receptors in viral infection typically results in the expression of many 

antiviral IFN-stimulated genes (ISGs) which, in the case of HSV infection, are 

believed to directly limit early virus replication by interfering with the synthesis 

of proteins encoded by a and b genes, as well as virion assembly and their release 

from the infected cells (Goodbourn et al. 2000; Noisakran & Carr 2001). Studies 

using knockout mice have suggested two ISGs, ISG15 and protein kinase R 

(PKR), to be particularly important in innate immune response against HSV-1 

(Lenschow et al. 2005; Al-khatib et al. 2003). Furthermore, type 1 IFN signaling 

has also been demonstrated to indirectly limit viral infection by promoting NK 

cell function, inducing maturation of cDCs, as well as amplifying type I IFN 

production by pDCs (García-Sastre & Biron 2006). 

 

Plasmacytoid DCs and NK cells appear to play a role in innate host defense 

against HSV as suggested by increased susceptibility and severe outcomes of 

HSV infection in the absence of these cell types in both murine and human 

studies (Lund et al. 2006; Kittan et al. 2007; Dalloul et al. 2004). The role of pDCs 

in antiviral defense is believed to center on their capacity to rapidly produce high 

amounts of type 1 IFNs, as evidenced in both in vitro and in vivo studies in 

response to many viruses such as HSV-1, EBV, and MCMV (Baranek et al. 2009). 

Following HSV infection, the production of IFNa by pDCs seems to result 

primarily from TLR9 recognition of HSV DNA motifs, although TLR9-

independent IFNa production has also been described (Hochrein et al. 2004). 

Additionally, pDCs have also been shown to respond to virus infection by 
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generating multiple proinflammatory cytokines and chemokines which act in a 

paracrine manner to recruit and activate other innate immune cells (Baranek et 

al. 2009). However, the importance of pDCs on the outcome of HSV infection has 

been questionable and is largely dependent on the route of infection, with pDCs 

being more important after vaginal and systemic but apparently dispensable for 

controlling cutaneous HSV infection (Bedoui & Greyer 2014). pDCs have been 

shown to infiltrate HSV-infected lesion such as the genital in both acute and 

recurrent settings, suggesting that they may have the potential to impact viral 

replication in situ (Lund et al. 2006; Donaghy et al. 2009). 

 

Several mechanisms have been proposed to activate NK cells following HSV-1 

infection. In vitro, the HSV immediate-early gene product ICP0 expressed by 

infected cells was recognized by NK cell activating Natural cytotoxicity receptors 

(Chisholm et al. 2007). Another immediate-early protein termed ICP47 has also 

been shown to decrease surface expression of MHC-I, the ligand for NK cell 

inhibitory receptors, on HSV-infected human cells and hence activate NK cells at 

least in vitro (York et al. 1994; Huard & Früh 2000). Additionally, type 1 IFNs 

produced by HSV-primed pDCs potently activate and stimulate NK cell 

cytotoxicity (Brandstadter, 2011). In antiviral innate immune responses, NK cells 

impact virus infection through the direct cytolysis of virus-infected cells via 

perforin, granzyme, and death-receptors, as well as through the production of 

IFNg which can mediate direct antiviral activity and augment adaptive Th1 

immune responses (Brandstadter & Y. Yang 2011; Kang et al. 2018). While NK 

cells have been demonstrated to play a crucial role in immunity against several 

other Herpesviruses including LCMV, MCMV, and vaccinia virus (Chan et al. 

2011), there are conflicting data with respect to the role of NK cells in the control 
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of  HSV infection with some studies suggesting increased viral 

replication/disease in mice that lack NK cells (Ashkar & Rosenthal 2003; Thapa 

et al. 2007) while others have found that NK cells are dispensable for resistance 

against HSV challenge in vivo (Milligan & Bernstein 1995; Gill & Ashkar 2009). 

However, case studies in humans have consistently reported severe cases of HSV 

infection in patients with defective NK cell function, suggesting that mouse 

models may not accurately recapitulate their importance in bona fide infection 

(Ching & Lopez 1979; Biron et al. 1989; Dalloul et al. 2004). 

 

While innate immune responses might be particularly important early in 

controlling HSV replication in the epithelium, once the infection is established, 

adaptive immune responses are essential to maintain latency, prevent virus 

reactivation, and limit viral recrudescence and shedding (Cunningham et al. 

2006). Murine studies have shown that HSV infection elicits high titers of 

neutralizing antibodies (Cohen et al. 1984), and the administration of these HSV-

specific Abs is sufficient to afford protection from re-infection (Cohen et al. 1984; 

Sherwood et al. 1996; Chu et al. 2008). Nevertheless,  in humans these may not be 

sufficient for controlling acute infection possibly because HSV spreads efficiently 

via cell-to-cell across tight junctions in the epithelium and neurons which may be 

inaccessible to antibodies (W. J. Collins & D. C. Johnson 2003). In contrast, the 

crucial role of cellular immune responses against HSV infection has been well 

recognized. CD8+ T cells are believed to be vital for host defense against many 

intracellular pathogens and viruses including HSV-1 through their cytolytic 

capacity and IFNg production, and the lack of CD8+ T cells has been shown to 

significantly impact the survival and viral clearance following HSV-1 ocular 

infection in mice (Lang & Nikolich-Žugich 2005; Koyanagi et al. 2017). The 



 53 

prominent role of CD8+ T cells in HSV-1 infection appears to involve the 

inhibition of viral reactivation in the sensory ganglia in order to maintain latency 

state (Liu et al. 2000). Naïve CD8+ T cells get activated upon recognition of HSV 

protein Ag in the context of MHC class I molecule and it has been estimated that 

in response to HSV-1 infection, 70-95% of the responding CD8+ T cells in the 

draining LNs of B6 mice were reactive against immunodominant epitope of 

glycoprotein gB antigen (Sheridan et al. 2009). Following subcutaneous HSV-1 

infection, activation of gB-specific CD8+ T cells could be detected in the draining 

LN as early as 6 hours pi and started dividing after 30 hours, which were then 

followed by consistent division every 5-6 hours (Mueller et al. 2002). The early 

presence of these cells in the primary HSV-1 inoculation site during the first 48 

hours of infection has been shown to limit viral replication in the skin and further 

infection of the ganglia (van Lint et al. 2004). However, since these cells are less 

likely to be released to the circulation before 4-5 days of infection, they appeared 

to have more role later in maintaining latency and preventing virus 

recrudescence in vivo (Coles et al. 2002; van Lint et al. 2004). Furthermore, recent 

studies have underscored the presence of nonmigrating resident memory CD8+ 

T cells (CD8+ TRM) in the skin and ganglia after the resolution of acute HSV-1 

infection which provide local protection against HSV-1 reinfection (Gebhardt et 

al. 2009; Ariotti et al. 2014). While a large number of murine studies have 

underscored the importance of CD8+ T cells in protective immunity against HSV, 

these findings should be viewed with some caution. The HSV-derived protein 

ICP47 which inhibits the surface expression of MHC-I (York et al. 1994), has been 

shown to interact more efficiently with human than murine TAP1 molecule, 

resulting in less interference of MHC-I signaling in HSV-infected mice compared 

to humans (Tomazin et al. 1998). Nevertheless, it is also clear that HSV infection 
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of humans generates robust CD8+ T cell responses (Posavad et al. 1996; Jing et al. 

2012). 

 

The importance of CD4+ T cells in controlling HSV infection was highlighted in 

early studies which demonstrated that deficiency of these cells increased the 

susceptibility of naive mice to HSV infection (Manickan & Rouse 1995). Similarly, 

adoptive transfer of HSV-specific CD4+ T cells was sufficient to confer protection 

from lesion development following infection (Manickan et al. 1995). While both 

CD4+ and CD8+ T cells were required for optimal viral control, a defect in CD4+ 

T cells has been shown to result in more marked delays in viral clearance in both 

genital and ocular HSV models in mice (Milligan & Bernstein 1997; Ghiasi et al. 

2000), suggesting that CD4+ T cells might be superior in controlling acute viral 

replication at the site of infection (Chan et al. 2011). Indeed, activation of CD4+ T 

cells in the draining LNs has been shown to occur prior to that of CD8+ T cells 

(Hor et al. 2015) and consequently resulted in early infiltration of effector CD4+ 

T cells to the skin in comparison to their CD8+ T cell counterparts following 

primary or recurrent HSV infection (Cunningham et al. 1985; Nakanishi et al. 

2009; Hor et al. 2015). A number of studies have identified several HSV antigens 

which induce CD4+ T cell responses, including the envelope glycoproteins gB, 

gC, gD, and gH:gL,  the capsid protein VP5, and the tegument protein VP22 and 

VP16 (Koelle et al. 1998; Mikloska & Cunningham 1998; Novak et al. 2001; Westra 

et al. 2000; Koelle et al. 2000). There is also some data to suggest that gD is a key 

antigen for HSV-specific CD4+ T cell responses (Grammer et al. 1990; Mikloska & 

Cunningham 1998; Heber-Katz et al. 1985), which has led to numerous efforts to 

develop gD-based vaccines (Koelle & Corey 2008; Sandgren et al. 2016; C. 

Johnston et al. 2014). In mice, CD4-mediated HSV control appeared to lie 
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primarily with their capacity to produce IFNg (Milligan et al. 2004; A. J. Johnson 

et al. 2008), although studies in humans have identified cytolytic activity of HSV-

specific CD4+ T cells (Mikloska & Cunningham 1998; Koelle et al. 1998; Koelle et 

al. 2000).  

 

CD4+ T cells have also been implicated in  the generation of optimal CD8+ T cell 

responses following HSV infection (Sandgren et al. 2016). Their roles here have 

included the licensing of DCs to prime CD8+ T cells (C. M. Smith et al. 2004; 

Rajasagi et al. 2009; Greyer et al. 2016) and promoting entry of naïve CD8+ T cells 

into the draining LN following cutaneous and genital HSV infections 

(Kumamoto et al. 2011). Additionally, there is also evidence that  CD4+ T cells can 

promote migration of CTL to the HSV-infected genital mucosa via the secretion 

IFNg which induces CXCL9 and CXCL10 production in situ (Nakanishi et al. 

2009).  

 

In addition to their role in supporting CD8+ T cell responses, CD4+ T cells have 

recently been demonstrated to enhance HSV-specific humoral responses by 

providing access of Abs to previously inaccessible infected neuronal tissues 

(Iijima & Iwasaki 2016). Furthermore, a subset of memory CD4+ T cells which was 

thought to be a CD4+ TRM population was found to persist in the female 

reproductive tract and appeared to be important for protection against lethal 

HSV infection (Iijima & Iwasaki 2014; J. Xia et al. 2014). 
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1.8. THESIS AIMS 
 

The general aim of this thesis is to investigate the regulation of the expression of 

E-selectin ligands (ESL) on effector CD4+ T cells. Specifically, this thesis aims to: 

1. Characterize the expression of ESL and assess its importance for the migration 

of effector CD4+ T cells to the skin following localized viral infection in vivo. 

2. Assess the correlation between Th subset differentiation and the induction of 

ESL on effector CD4+ T cells using both in vivo and in vitro approaches. 

3. Investigate the signal/s required for the induction of ESL during CD4+ T cell 

priming in vitro. 

4. Investigate the temporal regulation of ESL induction in the context of T cell 

priming. 
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2.1. MATERIALS 
 

2.1.1. Mice 

Strain Description 

C57BL/6 (B6) Express MHC class II I-Ab and MHC class I 
H-2b. Hematopoietic cells from these mice 
express CD45.2 (Ly5.2) marker. 

gDT-II I-Ab-restricted TCR transgenic mice (Vα3.2 
Jα16/Vβ2 Dβ2.1 Jβ2.1+) specific for HSV-1 
glycoprotein D 

B6.SJL-PtprcaPepcb/BoyJ 
(B6.Ly5.1) 

Congenic mice expressing hematopoietic 
marker CD45.1 (Ly5.1). 

gDT-II x B6.Ly5.1 (gDT-
II/Ly5.1) 

F1 generation of gDT-II and B6.Ly5.1 
breeding. Hematopoietic cells from these 
mice express CD45.1 and CD45.2 markers. 

gDT-II/Ly5.1 x B6.Tbx21-/- Generation of gDT-II/Ly5.1 mice 
backcrossed to B6 mice lacking Tbx21 gene. 

B6.Fut7−/− Mice with B6 background that have 
disrupted Fut7 gene expression. 

gDT-II/Ly5.1 x B6.Fut7-/- Generation of gDT-II/Ly5.1 mice 
backcrossed to B6 mice having disrupted 
Fut7 gene. 

B6.Il-12p40-/- Mice with B6 background that have 
disrupted Il-12 p40 gene expression. 

B6.Ifng-/- Mice with B6 background that have 
disrupted Ifng gene expression. 

B6.Il-18-/- Mice with B6 background that have 
disrupted Il-18 gene expression. 

B6.Irf8-/- Mice with B6 background that have 
disrupted Irf8 gene expression. 
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2.1.2. Virus 
Herpes simplex virus (HSV)-1 strain KOS was propagated and titrated using 

Vero cells as described previously (van Lint et al. 2004). Virus stock was provided 

by Dr. C. Jones and N. McBain, Dept. Microbiology and Immunology, The 

University of Melbourne and was stored at -80° before use. 

2.1.3. Peptide 
HSV-1 glycoprotein D (gD315-327) peptide (sequence IPPNWHIPSIQDA) was 

synthesized by GenScript, Hongkong, with purity >95%.  

 

2.1.4. Media, buffers, and solutions 

Dulbecco’s Modified Eagles 
Medium (DMEM) 

Gibco, Australia 

Roswell Park Memorial Institute 
medium-1640 (RPMI-1640) 

Gibco, Australia 

Phosphate Buffer Saline (PBS) Media Preparatory Unit, Department 
of Microbiology and Immunology, 
University of Melbourne 

Hank’s Balanced Saline Solution 
(HBSS) with phenol red 

Media Preparatory Unit, Department 
of Microbiology and Immunology, 
University of Melbourne 

Hank’s Balanced Saline Solution 
(HBSS) with magnesium and 
calcium (HMC) 10x 

Gibco, Australia 

Fetal Calf Serum (FCS) Gibco, Victoria, Australia 

Supplementum Completum (SC) Streptomycin, 1mM 2-
Mercaptoethanol, 80mM L-
glutamine, 20x MEM non-essential 
amino acids 

Bovine Serum Albumin (BSA) Sigma Co., USA 

DMEM-2 DMEM supplemented with 2% FCS 
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DMEM-2.5 DMEM supplemented with 2.5% FCS 
and 5% SC 

DMEM-10 DMEM supplemented with 10% FCS 
and 5% SC 

RP-10 RPMI-1640 supplemented with 10% 
FCS and 5% SC 

FACS buffer PBS supplemented with 2% FCS and 
5mM EDTA 

HMC-2.5 HMC supplemented with 2.5% FCS 

 

2.1.5. Cell culture reagents and materials 

Lipopolysaccharide from E. Coli Sigma Aldrich, USA 

Recombinant murine IL-2 Peprotech, USA 

Recombinant murine IL-12 Peprotech, USA 

Recombinant murine IL-18 Peprotech, USA 

Recombinant murine IL-4 Peprotech, USA 

Recombinant mouse TGF-b1 R&D Systems, USA 

Recombinant murine IL-6 Peprotech, USA 

Purified anti-mouse IL-4 BD Biosciences, USA 

Purified anti-mouse IL-12 BD Biosciences, USA 

Purified anti-mouse IFNγ  BD Biosciences, USA 

Purified anti-mouse CD3 BD Biosciences, USA 

Purified anti-mouse CD28 BD Biosciences, USA 

Purified anti-human/mouse anti-TGF-b1 Biolegend, USA 

Tissue culture plates (6, 24 wells) Thermo Fisher Scientific, USA 

 

2.1.6. Cell isolation, enrichment, labeling, and adoptive transfer  

3 ml syringe Terumo Corporation, Japan 

70μM cell strainers BD Biosciences, USA 
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35μM cell strainers BD Biosciences, USA 

Red blood cell lysis buffer Sigma-Aldrich, USA 

BioMag Goat anti-Rat IgG beads Qiagen, Germany 

Dynabeads® Mouse CD4 Invitrogen, USA 

Detach-a-Bead® Mouse CD4 Invitrogen, USA 

Dynabeads® FlowComp Mouse CD4 Kit Invitrogen, USA 

Easysep® Mouse CD4+ T Cell Isolation Kit Stemcell Technologies, Canada 

Magnetic column Thermo Fisher Scientific, USA 

CellTrace Violet Proliferation Kit Life Technologies, USA 

29½G insulin syringe BD Biosciences, USA 

Collagenase type III Worthington, USA 

DNase I Sigma Aldrich, USA 

 

2.1.7. Flow cytometry reagents and materials 

Polypropylene round-bottom FACS tubes 
(5 ml) 

BD Biosciences, USA 

Polystyrene round-bottom FACS tubes (5 
ml) 

BD Biosciences, USA 

Nylon mesh (70 μm) Clear Edge Filtration, USA 

Nylon mesh (45 μm) Clear Edge Filtration, USA 

Sphero blank calibration beads (6-6.4 μm) BD Biosciences, USA 

Compensation beads BD Biosciences, USA 

Foxp3/Transcription Factor Staining Buffer 
Set 

eBioscience, USA 

Cytofix/Cytoperm™ 
Fixation/Permeabilization Solution Kit 

BD Biosciences, USA 

GolgiPlug™ Protein Transport Inhibitor BD Biosciences, USA 

GolgiStop™ Protein Transport Inhibitor BD Biosciences, USA 

 

  



 62 

2.1.8. Flow cytometry antibodies 

Antibody Conjugate Clone Supplier 

Anti-TCRb FITC H57-597 BD Biosciences 

Anti-TCRb APC H57-597 BD Biosciences 

Anti-TCRb BV711 H57-597 BD Biosciences 

Anti-CD4 FITC GK1.5 BD Biosciences 

Anti-CD4 APC GK1.5 BD Biosciences 

Anti-CD4 Pacific Blue RM4-5 BD Biosciences 

Anti-CD4 BV605 RM4-5 Biolegend 

Anti-CD4 BV786 RM4-5 BD Biosciences 

Anti-CD4 Biotin GK1.5 BD Biosciences 

Anti-CD45.1 FITC A20 BD Biosciences 

Anti-CD45.1 APC A20 BD Biosciences 

Anti-Va3.2 FITC RR3-16 BD Biosciences 

Anti-Va3.2 PE RR3-16 Biolegend 

Anti-CD44 AF700 IM7 eBioscience 

Anti-CD62L  PE-Cy7 MEL-14 eBioscience 

Anti-CD62L BV605 MEL-14 Biolegend 

Recombinant mouse E-
selectin/ CD62E Fc chimera 

- - R&D System 

Recombinant mouse P-
selectin/ CD62P Fc chimera 

- - R&D System 

Goat anti-human IgG Fc 
affinity purified 

Biotin - Life 
Technologies 

Streptavidin PE-Cy7 - R&D system 

Anti-CD162 (PSGL-1) PerCP-
Cy5.5 

2PH1 BD Biosciences 

Anti-CD43 PE-Cy7 S11 Biolegend 

Anti-CD43 Activation-
Associated Glycoform 

PE-Cy7 1B11 Biolegend 
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Anti-T-bet PE eBio4B10 eBioscience 

Anti-GATA3 eFluor® 660 TWAJ eBioscience 

Anti-ROR gamma (t) APC B2D eBioscience 

Anti-Foxp3 PE FJK-16s eBioscience 

Anti-IFNg PE-Cy7 XMG1.2 BD Biosciences 

Anti-IL-2 APC JES6-5H4 BD Biosciences 

Anti-TNFa PE MP6-XT22 BD Biosciences 

Anti-IL-17A PerCP-
Cy5.5 

N49-653 BD Biosciences 

Fixable Viability Dye eFluor® 780 - eBioscience 

 

2.1.9. Virus infection materials 

Ketamine Troy Laboratories, Australia 

Xylazine Hydrochloride Troy Laboratories, Australia 

Needle, 26G Terumo Corporation, Japan 

Syringe, 1ml Terumo Corporation, Japan 

Refresh® Eye ointment  Allergan, Australia 

Wahl clipper Wahl Clipper Co., USA 

VeetTM hair removal cream Reckitt Benckiser, Australia 

Dremel Multipro rotary tool Dremel, USA 

3.2mm grindstone tip attachment Dremel, USA 

150mm cotton-tipped wooden applicators Livingstone International, 
Australia 

Opsite Flexigrid Smith and Nephew, England 

MicroporeTM surgical tape 3M Healthcare, USA 

TransporeTM surgical tape 3M Healthcare, USA 
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2.1.10. RT-PCR reagents and materials 

QIAshredder Qiagen, Germany 

RNeasy Plus Mini Kit Qiagen, Germany 

b-mercaptoethanol Sigma Aldrich, USA 

RNase-Free DNase Set Qiagen, Germany 

Omniscript RT Kit Qiagen, Germany 

RNaseOUT® Ribonuclease Inhibitor Invitrogen, USA 

Oligo-dT primers Promega, USA 

Taqman® Fast Advanced Master Mix Applied Biosystem, USA 

96-well plate Applied Biosystem, USA 

Plate cover Applied Biosystem, USA 
 

2.1.11. Taqman gene expression assays 

Gene Code Supplier 

Gcnt1 Mm02010556_s1 Life Technologies, Australia 

Fut7 Mm04242850_m1 Life Technologies, Australia 

St3gal4 Mm00501503_m1 Life Technologies, Australia 

St3gal6 Mm00450674_m1 Life Technologies, Australia 

HPRT  Mm00446968_m1 Life Technologies, Australia 

Rpl32 Mm02528467_g1 Life Technologies, Australia 

b2m Mm00437762_m1 Life Technologies, Australia 

Pgk-1 Mm00435617_m1 Life Technologies, Australia 

Tbp Mm01277042_m1 Life Technologies, Australia 
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2.2. METHODS 
 

2.2.1. gDT-II cell enrichment 
 

gDT-II cells were enriched from spleen and lymph nodes of naïve female 

transgenic mice (gDT-II/Ly5.1 or gDT-II/Ly5.1/TbetKO). Organs were pooled 

and collected in a sterile DMEM-2.5. Cell suspensions were generated by pushing 

the organs against a 70μm cell strainer using the plunger of a sterile 3 ml syringe. 

After being pelleted by centrifugation at 1800 rpm for 5 min, cells were treated 

with Red Blood Cell Lysis Buffer for 5 min at room temperature and then washed. 

CD4+ T cells were then enriched via negative selection, incubating the cell 

suspensions in an antibody cocktail containing the following purified mAbs anti-

CD8 [53.6-7], anti-Mac-1 [M1/70], anti-F4/80 [F4/80], anti-I-A/E [M5514], anti-

erythrocytes [Ter119]) for 30 min on ice. Magnetic selection was performed by 

incubating cells with Biomag goat anti-rat IgG coupled magnetic beads (6 ml for 

pooled organs per mouse) for 20 min on an angled rotor at 4°C.  A magnetic 

column was then used to remove antibody-bound cells from the cell suspension. 

Antibody-free cells in the supernatant were collected and those expressing CD4 

were further enriched positively using Dynabeads® and Detach-a-beads® 

Mouse CD4 enrichment kit according to the manufacturer’s instructions. An 

aliquot of enriched cells was stained with fluorochrome-conjugated anti-CD4 

and anti-Vα3.2 antibodies, and the purity of cells was determined by flow 

cytometry, typically yielding >90% purity for CD4+ with 50-60% being Vα3.2+. 
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2.2.2. CellTrace Violet-labeling of cells 
 

Enriched CD4+ T cells were resuspended at 1×107 cells/ml in sterile PBS with 

0.1% BSA, followed by the addition of 5μM CellTrace Violet dye. Cell 

suspensions were immediately vortexed to evenly mix the dye, and then 

incubated for 10 min at 37°C. Excess dye was removed by adding sterile FCS at 

1:1 volume ratio and left for incubation in the suspension for 5 min on ice. Cells 

were washed and resuspended in HBSS or RP-10 for adoptive transfer or in vitro 

culture, respectively. 

 

2.2.3. Intravenous adoptive cell transfer of enriched cells 
 

Enriched donor transgenic cells were counted using hemocytometer to 

determine the number and proportion of viable cells. This was then adjusted to 

5×104/ml or 1.4×106/ml in HBSS for low or high transfer number, respectively. 

Cell suspensions were filtered using a sterile 35μM cell strainer before transfer. 

Recipient mice were heated on a light box for 5 min to allow tail vein dilation and 

then a 200 μl cell suspension was injected via lateral tail vein using 29½G insulin 

syringe. 

 

2.2.4. HSV-1 epicutaneous infection 
 

The virus inoculum was prepared by diluting HSV-1 KOS virus stock to 1×106 

pfu in sterile PBS. Recipient mice were anaesthetized by intraperitoneal injection 

of a mixture of Ketamine (10 mg/ml) and Xylazine (2 mg/ml) 10 μl per gram 

bodyweight and then placed on a heat pad. Upon loss of consciousness, eyes of 
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the mice were lubricated with eye ointment to prevent drying. The left flank was 

then shaved using a Wahl clipper and treated with Veet cream to depilate the fur. 

Skin abrasion was then performed using a Dremel stylus with 3.2 mm tip on the 

flank skin (2-3 mm2) located on top of the dorsal tip of the spleen. This area was 

then lightly wiped using cotton-tip applicator. 10 μl of virus was then applied to 

the abraded area, and Opsite Flexigrid (1×3cm) was placed over the area to 

contain the virus. Mice were then bandaged around the waistline with Micropore 

and Transpore to secure the infection site and kept on the heat pad while being 

monitored until they were fully conscious. At day 2 p.i., bandages were removed.  

 

2.2.5. Sample preparation from spleen and lymph nodes 
 

Spleen and/or lymph nodes were harvested from mice and individually 

collected in eppendorf tubes containing DMEM-2.5. Cell suspensions were 

generated by pushing the organs through a 70 μM cell strainer using the plunger 

of a 3 ml syringe. After being pelleted, cells were treated with Red Blood Cell 

Lysis Buffer for 5 min at RT and then washed with DMEM-2.5. Cells were then 

resuspended in various buffers depending on the subsequent process.  

 

2.2.6. Sample preparation from skin 
 

Mice were perfused with 12 ml PBS, and a section of skin (1×4cm2), which 

includes the primary inoculated site and the extended secondary site, was 

removed using a scalpel and placed in Bijou tubes containing 1 ml of DMEM-2.  

Skin samples were finely chopped using scissors and then incubated in the 

presence of collagenase type III (3 mg/ml) and DNase I (5 μg/ml) for 60 min at 
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37° c with manual shaking every 20 min. Samples were then pushed through a 

70 μm cell strainer using the plunger of a 3 ml syringe followed by subsequent 

filtration using 45 μm nylon mesh.  

 

2.2.7. Surface marker staining of cell suspension 
 

Antibody cocktails of fluorochrome-conjugated mAbs were added to single cell 

suspension in FACS buffer and incubated for 30 min at 4° C protected from light. 

To allow for dead cell exclusion during flow cytometry analysis, Fixable Viability 

Dye (eBioscience) was also added to the antibody cocktail. Following incubation, 

cells were washed and then resuspended in FACS buffer containing 

predetermined number of blank calibration beads.  

 

2.2.8. Selectin ligand detection of cell suspension 
 

Detection of ESL or PSL on the surface of cells was performed in either two or 

three staining steps. In the first step, single cell suspension was incubated with 

recombinant mouse E-sel/Fc or P-sel/Fc chimeric protein in HMC-2.5 buffer for 

30 min on ice. After washing with the same buffer, the second staining step was 

done by incubating cells with biotin- or FITC-conjugated anti-human Fc antibody 

for 30 min on ice. If the biotin-conjugated antibody was used, the third staining 

was performed by incubating cells with fluorochrome-conjugated streptavidin 

together with other cell surface marker antibodies if required. Cells were then 

washed and resuspended in HMC-2.5 buffer for flow cytometry analysis. 
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2.2.9. Intracellular staining  
 

Intranuclear transcription factor staining was performed after surface marker 

staining and/or ESL staining on the cells using Foxp3/Transcription Factor 

Staining Buffer Set according to the manufacturer’s recommendations. In brief, 

cells were fixed and permeabilized using Fixation/Permeabilization solution for 

30 min or overnight at 4°C. After washing with Permeabilization Buffer, cells 

were stained with fluorochrome-conjugated anti-transcription factor (T-bet, 

GATA3, RORγt, Foxp3) antibodies for 1 hour on ice. Cells were washed in 

Permeabilization Buffer and resuspended in FACS buffer for flow cytometry 

analysis.  

For the intracellular cytokine staining, cell suspension was resuspended in 

DMEM-10 and incubated with or without 5 μM gD peptide in the incubator at 

37°C for 1 hour. GolgiPlug™ (1:1000) and GolgiStop™ (1:1500) were added to the 

cells which then underwent further incubation for another 4-8 hours. Following 

incubation, cells were harvested, washed, and stained for surface markers 

and/or ESL as previously described. Cells were then fixed with 

Cytofix/Cytoperm solution for 30 min or overnight at 4°C, washed, and stained 

with fluorochrome-conjugated anti-cytokine (IFNγ, IL-2, TNFα, IL-17A) 

antibodies for 1 hour on ice in Perm/Wash buffer. After washing using the same 

buffer, cells were resuspended in FACS buffer for flow cytometry analysis. 

 

2.2.10. Ag-specific in vitro activation and polarization of gDT-II cells 
 

To obtain naïve gDT-II cells for in vitro polarization, splenocytes were harvested 

from naïve transgenic gDT-II/Ly5.1 mice. Cell suspension was stained on the 
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surface with fluorochrome-conjugated mAbs as in 2.2.7 and sort purified using 

flow cytometry to get naïve gDT-II cells (CD4+ CD45.1+ C62L+ CD44-). To act as 

the Ag-presenting cells, splenocytes from naïve B6 mice were pulsed with 5 µM 

of gD peptide and 5 µg of LPS and incubated at 37°C for 1 hour. Peptide-pulsed 

splenocytes were put on ice and irradiated at 3000 rads for 15 min. Enriched naïve 

gDT-II cells were then cultured with peptide-pulsed splenocytes in 1:10 ratio 

followed by the addition of Th polarizing conditions; Th1: LPS (1 µg/ml), IL-12 

(5 ng/ml), anti-IL-4 mAb (5 µg/ml); Th2: LPS (1 µg/ml), IL-4 (60 ng/ml), anti-

IL-12 mAb (5 µg/ml), anti-IFNg mAb (5 µg/ml); Th17: LPS (1 µg/ml), TGF-b1 (1 

ng/ml), IL-6 (20 ng/ml), anti-IL-4 mAb (10 µg/ml), anti-IFNg mAb (10 µg/ml). 

IL-2 (10 U/ml) was added at day 2 and 4 of culture.  

 

2.2.11. Polyclonal in vitro activation and polarization of CD4+ T cell 
 

For polyclonal stimulation of CD4+ T cells, splenocytes were harvested from 

naïve B6 mice. Cell suspension was stained with flurochrome-conjugated mAb 

as in 2.2.7 and sort purified using flow cytometry to obtain naïve CD4+ T cells 

(TCRb+ CD4+ CD62L+ CD44–). Purified anti-CD3 (10 µg/ml) and purified anti-

CD28 (10 µg/ml) in PBS were coated to the tissue culture wells at 37°C for 2 hours 

or at 4°C overnight. After coating, wells were gently washed with PBS, and 

enriched CD4+ T cells in RP-10 were added to the plates. Th polarizing conditions 

were added to the corresponding wells; Th1: IL-12 (5 ng/ml), anti-IL-4 mAb (5 

µg/ml); Th2: IL-4 (60 ng/ml), anti-IL-12 mAb (5 µg/ml), anti-IFNg mAb (5 

µg/ml); Th17: TGF-b1 (1 ng/ml), IL-6 (20 ng/ml), anti-IL-4 mAb (10 µg/ml), anti-

IFNg mAb (10 µg/ml). At day 2 and 4 of culture, IL-2 (10 U/ml) was added. 
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2.2.12. RNA extraction and cDNA synthesis 
 

To obtain Th cell samples, gDT-II cells were harvested after 5 days of in vitro 

activation and polarization in various Th culture conditions. Cells were sorted 

using flow cytometry for live CD4+ CD45.1+ Va3.2+ cells to recover gDT-II cells 

and remove APCs and dead cells. Alternatively, to obtain naïve gDT-II cells, 

splenocytes from naïve gDT-II/Ly5.1 mice were harvested and sorted for TCRb+ 

CD4+ CD45.1+ Va3.2+ CD62L+ CD44 - cells. After sorting, cells were homogenized 

using QIAshredder and RNA was extracted using RNAeasy Plus Mini kit with 

on-column DNase treatment according to manufacturer’s instructions. After 

determining the concentration and purity of extracted RNA using 

spectrophotometer, cDNA synthesis was performed using Omniscript RT kit and 

oligo-dT primer in the presence of RNase inhibitor (RNaseOUT®).  

 

2.2.13. Quantitative RT-PCR  
 

Quantitative RT-PCR was performed using TaqMan Gene Expression Assays 

and TaqMan Fast Advanced Master Mix in StepOnePlus Real-Time PCR system. 

The threshold cycle (Ct) values of Gcnt1, Fut7, St3gal4, and St3gal6 gene 

transcripts obtained from RT-PCR were normalized to the geometric mean of the 

Ct values of five housekeeping genes, including HPRT, Rpl32, b2m, Tbp, and Pgk-

1, and the relative expression of each genes was determined as a fold change 

relative to normalized Ct values of each gene in naïve gDT-II cells using 2-DDCt 

method (Livak & Schmittgen 2001).  
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3.1. INTRODUCTION 
 

CD4+ T cells function in a contact-dependent manner, requiring direct interaction 

with Ag-bearing DCs or target cells to be activated, to exert effector function, as 

well as to transition into memory cells. As a consequence, trafficking between 

blood, lymphoid, and non-lymphoid organs becomes an integral part of their life 

cycle, as successful adaptive immune responses may rely not only on the priming 

and differentiation of CD4+ T cells in lymphoid tissue but also on the migration 

of these cells to sites of infection which often include non-lymphoid tissues. For 

example, in the event of virus infection where Th1 cells are generated, these cells 

need to be recruited to the site of infection and reencounter Ag in order to 

promote local cell-mediated immunity. However, the same infection may also 

induce T follicular helper (Tfh) cells that typically persist in secondary lymphoid 

tissue where they can interact with B cells to promote class-switching and affinity 

maturation  of pathogen-specific antibodies (D. J. Campbell & Kim 2001; Choi et 

al. 2011; Crotty 2014) 

 

Most pathogens enter the body through mucosal or cutaneous barriers and in 

some cases replicate in these tissues to cause disease. Accordingly, the initiation 

of local cell-mediated immunity requires T cells from the blood to access these 

non-lymphoid sites of infection in the periphery (Sigmundsdottir & Butcher 2008; 

Maloy et al. 2000). While T cells traffic to many organs following systemic 

infection, localized infection induces homing of T cells to specific tissues where 

Ag is located, preventing unwanted immune-mediated host destruction in other 

parts of the body. The “area code” hypothesis proposes that this tissue-specific 

homing of T cells is dependent on particular combinations of homing molecules 
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that recognize vascular addressins expressed by the endothelial cells of specific 

tissues. This has particularly been characterized in the homing of T cells to the 

skin and gut where skin-homing T cells preferentially express homing molecules 

ESL and CCR4 whereas gut-homing T cells mostly display α4β7 and CCR9 on 

the cell surface (Springer 1994; Butcher & Picker 1996; Mora & Andrian 2006). 

Interestingly, organs such as the spleen, lung parenchyma, and liver have been 

described to be more permissive for T cell migration than the skin and gut 

(Klonowski et al. 2004; Masopust et al. 2004), possibly due to differences in the 

endothelium structure allowing rolling-independent migration of leukocytes to 

the former organs (Carman & Martinelli 2015).  

 

The interplay of multiple factors involved in the LN environment in which naïve 

T cells initially encounter antigen and are primed may be particularly critical in 

the context of localized infection. These interactions may need to deliver not only 

proliferation and differentiation cues but also migration cues to T cells in order 

to contribute to protection at mucosal sites (Dudda & Martin 2004; 

Sigmundsdottir & Butcher 2008; Hu & Pasare 2013). Here, we aimed to 

characterize the expression of ESL, a primary skin homing receptor on antigen-

specific CD4+ T cells in the setting of localized HSV-1 infection of the skin. Using 

adoptive transfer of transgenic HSV-1-specific CD4+ T cells, we demonstrated 

that ESL is expressed on effector CD4+ T cells and its expression supports the 

trafficking of these cells to the skin in response to epicutaneous HSV-1 infection. 

Interestingly, although both Th differentiation and the induction of selectin 

ligand seem to occur concurrently following CD4+ T cell priming in the LN (D. J. 

Campbell & Butcher 2002), the data demonstrated that ESL induction was not 
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dependent on Th1 differentiation hence the expression of ESL was not confined 

to a particular Th subset. 
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3.2. RESULTS 
 

3.2.1. Following localized HSV-1 skin infection, HSV-1-specific CD4+ 
T cells show a predominantly Th1 response. 

 

The activation of Ag-specific CD4+ T cells is typically accompanied by their 

differentiation into functionally distinct Th subsets. Here the heterogeneity of the 

CD4+ T cell response following epicutaneous HSV-1 infection was assessed. To 

facilitate direct identification of HSV-specific T cells following infection, 

transgenic CD4+ T cells which recognize an epitope within the gD glycoprotein 

of HSV-1 and express congenic marker CD45.1 (gDT-II cells) were adoptively 

transferred into naïve B6 mice which were then infected with HSV-1. At day 9 

p.i., cells were harvested from the spleen and the expression of T helper (Th) 

signature transcription factors on both endogenous CD4+ T cells as well as the 

adoptively transferred cells assessed by flow cytometry. 

 

As expected, small proportion of CD4+ T cells isolated from naïve mice expressed 

T-bet, GATA3, RORgT or Foxp3, transcription factors closely associated with 

CD4+ T cell differentiation (Fig. 3.1B, upper panels). However, 9 days following 

flank infection with HSV-1, a discrete population of endogenous CD4+ T cells 

expressing T-bet (21.5%) was now evident. Similarly, a small population (17.1%) 

expressed Foxp3, the signature transcription factor of Tregs.  Additionally, there 

was a subtle change in the expression of the Th2 transcription factor GATA3, 

with low level expression observed in 15% of the endogenous CD4+ T cell pool 

(Fig. 3.1B, lower panels). In contrast, following HSV-1 infection, the majority of 

gDT-II cells expressed T-bet, while a smaller proportion expressed GATA3 
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(72.2% vs 32%, respectively) (Fig. 3.1C, lower panels). There was little evidence 

of expression of Th17- associated transcription factor RORgt or Foxp3 in gDT-II 

cells. These results showed that following HSV-1 flank infection, HSV-1 specific 

effector CD4+ T cells had largely differentiated into Th1 cells. 

 

3.2.2. HSV-1 specific CD4+ T cells express various surface proteins 
as well as homing receptor E- and P- selectin ligands (ESL and 
PSL) in response to localized infection during the effector 
phase of infection. 

 

The activation of naïve T cells is typically accompanied by changes in the 

expression patterns of a number of cell surface proteins that have functional 

significance. To characterize the expression of surface proteins on HSV-specific 

CD4+ T cells during the acute response to infection, 1×104 gDT-II cells were 

adoptively transferred into naïve B6 mice prior to HSV-1 flank infection as 

described earlier and their phenotype was analyzed by flow cytometry 9 days 

post-infection. At this time, the majority of splenic gDT-II cells expressed CD44, 

a cell surface protein widely accepted as a marker of Ag-experienced T cells (Fig. 

3.2A). While naïve gDT-II cells both expressed CD62L and CCR7 at high levels, 

on day 9 post-infection, their expression was significantly reduced consistent 

with their activation. However, there was little evidence of induction or 

sustained expression of CD69 and CD25, markers of acute activation as similar 

levels of expression were seen on gDT-II cells isolated from naïve mice and along 

with those 9 days post-infection with HSV.  Taken together, the data suggest that 

the vast majority of splenic gDT-II cells 9 days post-infection had a phenotype 

consistent with cells that had been exposed to antigen but without features of 

acute activation.   
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Figure 3.1: Expression of T-bet in gDT-II cells in response to epicutaneous 
HSV-1 infection. 

For naïve cells, spleens were removed from uninfected C57BL/6 or gDT-II/Ly5.1 
mice, and cells were isolated and subsequently enriched for CD4+ cells using 
magnetic beads (purity of CD4+ ≥95%) and analyzed by flow cytometry. For the 
effector cells, naïve C57BL/6 mice were adoptively transferred with 1×104 gDT-
II cells 1 day prior to flank epicutaneous infection with 1×106 pfu HSV-1. At day 
9 p.i., both endogenous CD4+ and donor gDT-II cells in the spleen were analyzed.  
(A) Gating strategy to identify endogenous CD4+ T cells (CD4+ CD45.1-) and gDT-

II cells (CD4+ CD45.1+). 
(B) Representative histograms of Th signature transcription factor expression on 

naïve (upper panels, black line) and effector (lower panels, gray shaded area) 
endogenous CD4+ taken from the spleen at day 9 p.i. Black dotted lines show 
isotype control staining of each transcription factor antibodies. 

(C) Representative histograms of Th signature transcription factor expression on 
naïve (upper panels, red line) and effector (lower panels, red shaded area) 
gDT-II cells taken from the spleen at day 9 p.i. Black dotted lines show isotype 
control staining of each transcription factor antibodies. 

(D) Percentage of effector endogenous CD4+ and gDT-II cells expressing each 
transcription factors in the spleen at day 9 p.i. *p < 0.05, two-way ANOVA. 

Data were pooled from 2 independent experiments; n = 4-5 mice/experiment. 
Error bars represent mean ± SEM. 
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The capacity to home to infected tissues is critical for T cells to directly contribute 

to the control of localized infection. Consequently, the induction of the homing 

receptors E- and P-selectin ligand (ESL and PSL), which have been implicated in 

migration of T cells into the skin, was assessed. Few gDT-II cells isolated from 

naïve mice expressed either ESL or PSL (Fig. 3.2B). In contrast, following flank 

infection with HSV-1, the proportion of gDT-II cells in the spleen that expressed 

ESL and PSL was markedly elevated, potentially indicative of the capacity of 

these cells to migrate to the skin (Fig. 3.2B-C). 

 

3.2.3. ESL and PSL are expressed during acute HSV-1 infection. 
 

Since the expression of ESL and PSL is thought to be critical for entry of effector 

T cells into the skin and hence their capacity to impact local immunity, the 

kinetics of expression of these homing receptors on HSV-specific T cells was 

assessed in more detail. Again, naïve B6 mice were adoptively transferred with 

1×104 gDT-II cells prior to epicutaneous infection with HSV-1. The expansion of 

gDT-II cells and the expression of ESL and PSL on both endogenous and 

transgenic CD4+ T cells were assessed in draining lymph nodes (bLN and aLN) 

as well as the spleen and skin.  

 

In this model of HSV skin infection, antigen presentation is initially observed in 

the bLN at 48 hours p.i. and then in the axillary LN following the appearance of 

virus in skin which is innervated by the affected dermatomes (Bedoui et al. 2009; 

Eidsmo et al. 2012; van Lint et al. 2004). The analyses of the number of gDT-II 

cells present in the draining lymph nodes, spleen and skin reflected this complex  
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Figure 3.2: Expression of various activation and migration molecules by gDT-
II cells in response to epicutaneous HSV-1 infection  

1×104 gDT-II cells were transferred to naïve C57BL/6 mice 1 day prior to flank 
infection with HSV-1. At day 9 p.i., spleens were harvested and gDT-II cells were 
analyzed. For the naïve control, spleens were harvested from naïve gDT-II mice 
and enriched for CD4+ using magnetic beads.  
(A) Representative histograms of CD62L, CCR7, CD69, CD25, and CD44 

expression on naïve (black dotted lines) and effector (gray shaded area) gDT-
II cells. Data are representative of 2 independent experiments, n = 10 mice. 

(B) Upper panels: Representative contour plots of ESL and PSL expression on 
naïve gDT-II cells. Lower panels: Representative histograms of ESL (red area) 
and PSL (blue area) expression in comparison with the no chimeric protein 
controls (black dotted line). 

(C) Upper panels: Representative contour plots of ESL and PSL expression on 
effector gDT-II cells in the spleen at day 9 p.i. Lower panels: Representative 
histograms of ESL (red area) and PSL (blue area) expression in comparison 
with the no chimeric protein controls (black dotted line) 

(D) Percentage of gDT-II cells expressing ESL or PSL.  
Data were pooled from 3 independent experiments; n = 4 mice/experiment.  
Error bars represent mean ± SEM.  
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spread of virus where elevated numbers of gDT-II cells were observed early in 

infection in the bLN (Fig. 3.3A). There was a delay in the expansion of gDT-II 

cells in the aLN which peaked at day 7 p.i., consistent with previous data 

indicating that Ag-presentation in the aLN follows that in the bLN (Bedoui et al. 

2009; Stankovic et al. 2015).  

 

An increased number of gDT-II cells were evident in the spleen at day 5 p.i. and 

their numbers continue to increase until day 7 p.i. likely reflecting the continued 

release of activated cells from the bLN and aLN to the circulation. Similarly, 

consistent with the release of activated gDT-II cells from the draining lymph 

nodes within the first few days following HSV infection, transgenic T cells were 

also observed in the skin, a site of acute viral replication, by 5 days p.i. and 

maintained their numbers there through day 7 p.i. From day 9 to day 12 p.i., the 

number of gDT-II cells declined in all organs indicative of the contraction phase 

of T cell response.  

 

The expression of ESL was observed on a small proportion of endogenous CD4+ 

T cells (typically <15%) in the bLN, aLN, and spleen throughout the course of 

infection, most likely representing responding HSV-specific T cells (Fig. 3.3B). In 

contrast, the majority of gDT-II cells expressed ESL in all tissues assessed with 

the proportion of ESL+ gDT-II cells being 64.8%, 76.1%, and 70.8% in the bLN, 

aLN, and spleen, respectively at day 5 p.i. After day 5, there was a decline in the 

proportion of gDT-II cells that expressed ESL in both bLN and aLN, where 41.5% 

and 43.2% of gDT-II cells respectively were ESL+ at day 12 p.i. In contrast, the 

proportion of gDT-II cells that were ESL+ in the spleen remained relatively stable 

from day 5 to day 12 p.i., ranging between 57 – 77% of total gDT-II cells. Finally 
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analyses of CD4+ T cells isolated from the skin showed that ESL was expressed 

on the majority of both endogenous CD4+ and gDT-II cells across the infection 

with around 59 – 94% of endogenous CD4+ and 70 – 79% of gDT-II cells being 

ESL+ consistent with ESL having a role in directing T cell migration. 

 

Since PSL also has the potential to impact tissue homing of T cells, its expression 

was also assessed (Fig. 3.3C). The proportion of CD4+ T cells expressing PSL was 

always higher than ESL in all 4 organs analyzed. Similar to ESL, there was small 

proportion of endogenous CD4+ T cells that expressed PSL in the spleen, bLN, 

and aLN which likely reflected the response of HSV-specific cells. Similarly, gDT-

II cells isolated from HSV-infected mice had markedly higher levels of PSL 

expression than those from uninfected mice. Further, in contrast to ESL, the 

expression of PSL on gDT-II cells did not decrease over time in either bLN or 

aLN, suggesting that despite their similarities, different mechanisms might 

regulate the expression of these two homing receptors. Again, the majority of 

endogenous CD4+ T cells and gDT-II cells isolated from the skin expressed PSL 

from day 5 – 12 p.i., with the proportion of PSL+ cells typically being > 80% within 

both population of cells. 
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Figure 3.3: ESL and PSL expression in gDT-II cells from various organs 
during acute infection of epicutaneous HSV-1 infection.  

Naïve C57BL/6 mice were adoptively transferred with 1×104 gDT-II cells 1 day 
prior to flank epicutaneous infection with 1×106 pfu HSV-1. At day 0 
(uninfected), 5, 7, 9, and 12 p.i., donor gDT-II cells in the draining bLN and aLN, 
spleen, and skin were analyzed by flow cytometry. 
(A) Number of gDT-II cells present in different organs at various time points.  
(B) Percentage of gDT-II (red) or endogenous (black) CD4+ T cells expressing ESL 

at different time points after infection in different organs.  
(C) Percentage of gDT-II (blue) or endogenous (black) CD4+ T cells expressing 

PSL at different time points after infection in different organs.  
Data were pooled from 3 (bLN, aLN, spleen) or 2 (skin) independent 
experiments; n= 3-4 mice/time point/experiment. Error bars represent mean ± 
SEM. 
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3.2.4. FucT-VII is important for the migration of HSV-1-specific CD4+ 
T cells to the skin following epicutaneous HSV-1 infection. 

 

Previous studies have demonstrated the requirement of both ESL and PSL in 

directing CD4+ T cell migration to the skin (Austrup et al. 1997; Tietz et al. 1998), 

with ESL particularly regarded as a skin-homing receptor for T cells (Picker et al. 

1990; Picker et al. 1991). However, since CD4+ T cell migration to the inflamed 

skin does not seem to always require ESL (Kulidjian et al. 2002; A. C. Issekutz & 

T. B. Issekutz 2002), the importance of ESL in the context of HSV infection was 

assessed.  

 

FucT-VII, encoded by Fut7 gene, is one of the glycosyltransferases which has 

been considered to be important for the synthesis of ESL, as demonstrated by 

defective ESL expression in the leukocyte population of Fut7 knockout (Fut7KO) 

mice (Malý et al. 1996). In line with this, FucT-VII-deficient HSV-1-specific CD4+ 

T cells were generated by crossing B6.Fut7−/− (Fut7KO) mice with gDT-II (Ly5.1) 

transgenic mice and the recruitment of these cells to the skin was compared with 

cells that had an intact Fut7 gene. As demonstrated earlier, following HSV 

infection the majority of gDT-II/WT cells in the spleen expressed ESL. In 

contrast, ESL expression was not evident on FucT-VII-deficient gDT-II cells (Fig. 

3.4A). There was no significant difference in the number of gDT-II cells in the 

bLN in the absence of this enzyme (Fig. 3.4B, left), suggesting that there was no 

defect in the priming and expansion of gDT-II cells. However consistent with 

ESL/PSL expression being critical for skin homing, few FucT-VII-deficient gDT-

II cells were observed in the skin 9 days post-infection (Fig. 3.4B, middle). 

Additionally, although not statistically significant, more of these cells could be 

found in the spleen which might suggest the accumulation of FucT-VII-deficient 
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gDT-II cells in the circulation due to the impaired ability of these cells to enter 

the skin (Fig. 3.4B, right). 

 

 

 

 

Figure 3.4: Role of FucT-VII in gDT-II cell migration to the skin following 
epicutaneous HSV-1 infection. 

104 gDT-II or gDT-II/Fut7KO cells were transferred into naïve C57BL/6 mice 1 
day prior to flank infection with HSV-1. At day 9 p.i., spleens, bLN, and skin 
were harvested and donor cells were analyzed.  
(A) Representative contour plots of ESL expression on gDT-II (left) of gDT-

II/Fut7KO (right) cells in the spleen at day 9 p.i.  
(B) Number of gDT-II or gDT-II/Fut7KO cells present in the bLN (left), skin 

(middle), and spleen (right) at day 9 p.i.  
Data were pooled from 2 independent experiments; n = 5 mice/experiment.  
Error bars represent mean ± SEM. *p < 0.05, ns = not significant, Mann-Whitney 
test. 
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3.2.5. HSV-1-specific CD4+ T cells which express ESL have superior 
capacity to produce Th1 cytokines. 

 

Antigen-primed T cells may acquire the capacity to home specifically to sites of 

infection where they can exert effector functions to control the spread of 

pathogens. As ESL+ cells preferentially migrate to the skin, it was hypothesized 

that these cells are fully equipped with effector capacity. As such, the capacity of 

ESL+ gDT-II cells to produce effector cytokines was assessed and compared to 

that of ESL− cells using the adoptive transfer system described previously.  At 9 

days post-infection, splenocytes were restimulated ex vivo by incubation in either 

media alone or in the presence of gD peptide and the proportion of gDT-II cells 

expressing IFNg, IL-2, and TNFα assessed by flow cytometry. 

 

Analysis of gDT-II cells showed that the percentage of ESL+ cells that produced 

IFNg, IL-2, or TNFα was approximately twofold higher than that of their ESL− 

counterparts, not only demonstrating their capacity to exert Th1 effector function 

but suggesting that this potential was enriched in the ESL+ subset (Fig. 3.5A and 

B). Further examination also revealed that the proportion of ESL+ gDT-II cells 

producing all 3 cytokines simultaneously was significantly higher in comparison 

to ESL− gDT-II cells (Fig. 3.5C). As polyfunctionality of CD4+ T cells is closely 

linked to better effector function (Kannanganat et al. 2007), this result further 

supports that ESL-expressing effector CD4+ T cells have a superior potential to 

impact viral replication compared with those that lack ESL.  
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Figure 3.5: Cytokine production by effector ESL+ gDT-II cells induced by 
HSV-1 infection.  

1×104 gDT-II cells were transferred into naïve C57BL/6 mice 1 day prior to 
epicutaneous infection with HSV-1. At day 9 p.i., donor gDT-II cells were 
harvested from the spleen, stimulated ex vivo with gD peptide or media, and 
assessed for cytokine production by flow cytometry.  
(A) Representative contour plot of ESL expression and IFNg, IL-2, or TNFα 

production upon ex vivo stimulation of gDT-II cells with gD peptide (upper 
panels) or media only (lower panels).  

(B) Percentage of ESL+ or ESL-  gDT-II cells producing the indicated cytokine. *p 
< 0.05, two-way ANOVA. 

(C) Percentage of ESL+ or ESL- gDT-II cells producing multiple cytokines. *p < 
0.05, two-way ANOVA. 

Data were pooled from 2 independent experiments; n = 4-5 mice/experiment. 
Error bars represent mean ± SEM.  
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3.2.6. The majority of HSV-1-specific CD4+ T cells co-express ESL 
and Th1 master regulator, T-bet.  

 

There is evidence to suggest that the expression of homing receptors might be 

induced in CD4+ T cells concurrent with differentiation during T cell priming (D. 

J. Campbell & Butcher 2002), especially since ESL and PSL are not expressed on 

naïve T cells (Y.-C. Lim et al. 1999). Having observed that epicutaneous HSV 

infection of B6 mice predominantly generated a Th1 response, the expression of 

ESL was correlated with that of the master regulator of Th1 differentiation T-bet. 

One day prior to epicutaneous HSV-1 infection, naïve B6 mice were adoptively 

transferred with gDT-II cells. Spleen, bLN, aLN, and skin were harvested at day 

5, 7, 9, and 12 p.i., and cells were stained for both ESL and T-bet and analyzed by 

flow cytometry.  

 

In both the spleen and draining lymph nodes (bLN and aLN) essentially all ESL+ 

cells concomitantly expressed T-bet (Fig. 3.6A and B). There were however T-

bet+ cells that did not express ESL, comprising 17.1%, 19.4%, and 19.5% of total 

gDT-II cells in the spleen, bLN, and aLN, respectively. Kinetic analyses showed 

that at day 5 post-infection, the ESL+ T-bet+ population was the most abundant 

in each of these sites, typically with in excess of 60% of gDT-II cells co-expressing 

these proteins. Consistent with data presented in Fig. 3.3, the population of ESL+ 

T-bet+ declined afterward in the draining LN but persisted in the spleen until at 

least day 12 p.i. However, a different trend was observed in the skin, where ESL+ 

T-bet+ population were maintained until day 9 followed by a decline at day 12. 

Interestingly however, the proportion of gDT-II cells expressing ESL at this site 

was maintained at day 12 post-infection. 
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Figure 3.6: Kinetic analysis of T-bet and ESL expression in gDT-II after HSV-
1 skin infection.  

Naïve C57BL/6 mice were adoptively transferred with 1×104 gDT-II cells 1 day 
prior to HSV-1 flank infection. Donor gDT-II cells were harvested from the 
spleen, draining bLN and aLN, and skin at day 0 (uninfected), 5, 7, 9, and 12 p.i. 
For the negative control, gDT-II cells from infected mice were stained with T-bet 
isotype control without the addition of E-sel/Fc chimeric protein.   
(A) Representative contour plots of ESL and T-bet co-expression on gDT-II cells 

in the spleen at different time points after infection. 
(B) Percentage of gDT-II cells expressing ESL, T-bet, or both in different organs 

at different time points after infection.  
Data were pooled from 3 (spleen, bLN, aLN) or 2 (skin) independent 
experiments; n = 3-5 mice/time point/experiment. Error bars represent mean ± 
SEM.  
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3.2.7. T-bet induction in HSV-1-specific CD4+ T cells precedes the 
induction of ESL. 

 

To further investigate the correlation between T-bet and ESL, the pattern of 

induction of both of these molecules immediately following activation was next 

assessed. CellTrace Violet (CTV)-loaded gDT-II cells were adoptively transferred 

into B6 mice which were then infected with HSV or left uninfected. Flow 

cytometric analyses of cells isolated from the bLN at day 3.5 p.i. showed that 

gDT-II cells in the bLN had undergone roughly 7-8 divisions (Fig. 3.7A). 

Analyses of T-bet expression on gDT-II cells suggested that low level expression 

was induced within early divisions (2-3rd division) but that the level of expression 

increased markedly in later divisions (Fig. 3.7B). In contrast, the induction of ESL 

was uniformly late, not being evident until the 6-7th division. The finding that T-

bet induction preceded ESL was consistent with the hypothesis that the induction 

of T-bet regulates the subsequent expression of ESL. 

 

3.2.8. Th1-promoting cytokines, IL-12, IFNg, or IL-18, are not 
essential for ESL induction. 

 

To further explore the association between the induction of T-bet and ESL on 

HSV-specific T cells, the expression of both T-bet and ESL was assessed in gDT-

II cells that were adoptively transferred into mice that lacked the Th1-promoting 

cytokines, IL-12, IL-18 and IFNg. CTV-labeled gDT-II cells were transferred into 

wild type and IL-12p40 knockout (B6.Il12p40−/− or IL-12KO), IFNg knockout 

(B6.Ifng−/− or IFNgKO), and IL-18 knockout (B6.Il18−/− or IL-18KO) mice. These 

were then infected with HSV-1 and bLNs were harvested at day 3.5 post-infection 

and analyzed by flow cytometry.   
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Figure 3.7: T-bet induction on gDT-II cells precedes ESL expression.  

3.5×105 CTV-gDT-II cells were transferred into naïve C57BL/6 mice 1 day prior 
to epicutaneous infection with HSV-1. Draining and contralateral bLN were 
harvested at day 3.5 p.i., and donor gDT-II cells were analyzed by flow 
cytometry. 
(A) Representative dot plots of ESL and T-bet expression on proliferating 

CellTrace Violet (CTV)-labeled gDT-II cells (CD4+ CD45.1+ Va3.2+) from 
draining bLN (upper panels) or contralateral bLN (middle panels).  

(B) Percentage of gDT-II cells expressing ESL or T-bet at each division.  
Data were pooled from 3 independent experiments; n = 4-5 mice/experiment.  
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The lack of IL-12 or IL-18 did not significantly impair the proliferation of gDT-II 

cells during the first 3.5 days of infection as shown by similar numbers of gDT-II 

cells recovered from the bLN of IL-12KO and IL-18KO compared to wild type B6 

mice. Interestingly, there was even a slight increase in the number of gDT-II cells 

in bLN of IFNgKO mice (Fig. 3.8A). gDT-II cells isolated from all three knockout 

mice exhibited equivalent proportions of ESL+ cells compared to wild type B6 

mice, typically ~50% of cells that have undergone division (Fig. 3.8B). 

Surprisingly, gDT-II cells in these cytokine-deficient environments were still able 

to express T-bet at significant levels (Fig. 3.8C). This suggested that there was a 

degree of redundancy in the induction of T-bet in this model, hence the absence 

of any single cytokine from the host did not result in a marked impairment in 

Th1 differentiation. It can also be inferred from these data that IL-12, IFNg, or IL-

18 are not essential for ESL induction. However, since T-bet was still expressed 

in each of the knockout strains, these analyses could not determine the extent to 

which ESL expression was dependent on that of T-bet.  

 

3.2.9. HSV-1 specific CD4+ T cells from mice lacking IRF8 show 
defective T-bet induction and express moderately lower ESL. 

 

Recent work from Harpur et al. suggested that Interferon Regulatory Factor 8 

(IRF8)-deficiency impacted the differentiation of gDT-II cells to Th1 cells with the 

phenotype being significantly stronger than that evident following adoptive 

transfer of gDT-II cells into IL-12-, IL-18- or IFNg-deficient mice. Consequently, 

to further explore the relationship between the expression of T-bet expression 

and ESL, gDT-II cells were adoptively transferred into both wild -type and Irf8−/− 

(IRF8KO) mice which were then infected with HSV.    
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Figure 3.8: Analysis of T-bet and ESL expression by gDT-II cells in response 
to HSV-1 infection in hosts deficient in IL-12, IFNg, or IL-18. 

Naïve IL-12KO, IFNgKO, IL-18KO, or wildtype C57BL/6 mice were adoptively 
transferred with 3.5×105 CTV-labeled gDT-II cells 1 day prior to HSV-1 
epicutaneous infection. Donor gDT-II cells were harvested from draining bLN at 
day 3.5 p.i.  
(A) Number of gDT-II cells present in the bLN of different mouse strains.  
(B) Left panels: Representative dot plots of ESL expression on proliferating CTV-

gDT-II cells from different KO mice. Right panels: Percentage of gDT-II cells 
expressing ESL in different KO mice.  

(C) Left panels: Representative dot plots of T-bet expression on proliferating 
CTV-gDT-II cells from different KO mice. Right panels: Percentage of gDT-II 
cells expressing T-bet in different KO mice.  

Data were pooled from 3 (IL-12KO mice) or 2 (IFNgKO and IL-18KO mice) 
independent experiments, n = 3-5 mice/group/experiment. Error bars represent 
mean ± SEM. *p < 0.05, ns = not significant, Mann-Whitney test. 
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Flow cytometric analyses of the draining lymph node cells 9 days p.i. revealed 

similar numbers of gDT-II cells in both IRF8KO mice and WT B6 controls, 

suggesting that there was no defect in gDT-II cell expansion in the absence of 

IRF8 (Fig. 3.9A). Moreover, as demonstrated previously, there was a marked 

reduction in T-bet expression in gDT-II cells isolated from HSV-infected IRF8KO 

mice (Fig. 3.9B). However, in contrast to the large reduction in T-bet expression, 

only a small albeit statistically significant reduction of ESL-expressing gDT-II 

cells both in the spleen and bLN of IRF8KO mice was observed (Fig. 3.9C-D). 

These results suggested that T-bet does not have a major role in the regulation of 

ESL expression on effector CD4+ T cells. 

 

3.2.10. Deficiency of T-bet leads to the differentiation of HSV-1-
specific CD4+ T cells toward Th17 phenotype but does not 
impact ESL expression. 

 

Finally, given that there appeared to be redundancy in the factors driving Th1 

differentiation in this model, the correlation between T-bet and ESL induction 

was assessed more directly by utilizing a mouse strain which has an intrinsic 

deficiency in T-bet expression (B6.Tbx21−/−). To obtain HSV-specific T-bet-

deficient CD4+ T cells, B6.Tbx21−/− (T-betKO) mice were crossed to gDT-II (Ly5.1) 

transgenic mice to generate gDT-II/Tbx21−/− (gDT-II/TbetKO) mice. Naïve gDT-

II cells (WT gDT-II) or gDT-II/TbetKO cells were then adoptively transferred into 

recipient B6 mice. At day 9 post HSV-1 infection, donor cells were harvested from 

various organs and analyzed by flow cytometry.  
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Figure 3.9: Reduced T-bet and ESL expression in gDT-II cells in response to 
HSV-1 infection in IRF8 KO mice.  

Naïve IRF8KO and wild type (WT) C57BL/6 mice were adoptively transferred 
with 1×104 gDT-II cells 1 day prior to HSV-1 epicutaneous infection. At day 9 p.i., 
donor gDT-II cells were harvested from the spleen and bLN, and analyzed by 
flow cytometry. 
(A) Number of gDT-II cells in the bLN of IRF8KO or WT mice.  
(B) Percentage of gDT-II cells expressing T-bet in the bLN.  
(C) Representatives dot plot (upper panels) and histogram (lower panels) of ESL 

expression on gDT-II cells in the bLN.  
(D) Percentage of gDT-II cells expressing ESL in the spleen (left) and bLN (right). 
Data were pooled from 2 independent experiments, n = 5 mice/group/ 
experiment. Error bars represent mean ± SEM. *p < 0.05, ns = not significant, 
Mann-Whitney test. 
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Following HSV-infection, similar numbers of both wild type and T-bet deficient-

gDT-II cells were observed in the bLN 9 days post-infection. (Fig. 3.10A). While 

the majority of WT gDT-II cells expressed T-bet and differentiated into Th1 cells 

following HSV-1 epicutaneous infection, in the absence of T-bet, 32.7% of gDT-II 

cells expressed the transcription factor RORgt (Fig. 3.10B-C). Moreover, 

following restimulation with peptide, gDT-II/TbetKO cells produced IL-17 in 

contrast to IFNg which was the dominant cytokine made by WT gDT-II cells. This 

change in both transcription factor expression and cytokine output suggests that 

following HSV infection, in the absence of T-bet, gDT-II cells differentiated into 

bona fide Th17 cells (Fig. 3.10D-E). 

 

Having established that the absence of T-bet impacted the differentiation 

pathway of gDT-II, the consequences of T-bet deficiency for ESL expression were 

then assessed. Flow cytometric analyses showed that the lack of T-bet did not 

affect ESL expression, as following HSV infection, there was comparable 

proportion of WT gDT-II or gDT-II/TbetKO cells expressing ESL in the spleen 

(Fig. 3.10F-G). Consistent with this, similar numbers of WT gDT-II and gDT-

II/TbetKO cells were observed in the skin 9 days p.i. (Fig. 3.10H). Taken together 

the data demonstrate that the expression of ESL is not inextricably linked to T-

bet expression and that cells of both Th1 and Th17 lineages have the potential to 

express ESL and migrate into the skin following flank infection with HSV-1. 
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Figure 3.10: Enhanced Th17 differentiation but normal ESL expression by 
gDT-II/TbetKO cells in response to HSV-1 infection. 

1×104 wild type WT gDT-II or gDT-II/TbetKO cells were adoptively transferred 
to naïve C57BL/6 mice 1 day prior to epicutaneous infection with HSV-1. Donor 
cells were harvested from the spleen, bLN, and skin at day 9 p.i.  
(A) Number of WT gDT-II or gDT-II/TbetKO cells in the bLN.  
(B) Representative histograms of T-bet and RORgt expression in WT gDT-II (red) 

and gDT-II/TbetKO (blue) in the spleen. Black dotted line represents isotype 
control staining. 

(C) Percentage of WT gDT-II or gDT-II/TbetKO cells expressing RORgt in the 
spleen.  

(D) Representatives contour plots of IFNg and IL-7 production by WT gDT-II 
(left) and gDT-II/TbetKO (right) cells.  

(E) Percentage of IFNg- and IL-17-producing WT gDT-II and gDT-II/TbetKO 
cells in the spleen.  

(F) Representative contour plots of ESL-T-bet and ESL- RORgt co-expression on 
WT gDT-II and gDT-II/TbetKO cells.  

(G) Percentage of WT gDT-II or gDT-II/TbetKO cells expressing ESL in the 
spleen.  

(H) Number of WT gDT-II or gDT-II/TbetKO cells present in the skin.  
Data were pooled from 3 independent experiments, n = 4-5 mice/group/ 
experiment. Error bars represent mean ± SEM. *p < 0.05, ns = not significant, 
Mann-Whitney test. 
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3.3. DISCUSSION 
 

Viral infections commonly elicit Th1-dominant responses, characterized by the 

production of IFNg and TNFα which not only promote the antiviral functions in 

infected and uninfected cells but also augment the killing activity by 

macrophages and CD8+ T cells (Whitmire 2011; Swain et al. 2012). Nevertheless, 

various antigenic stimulations are able to stimulate quite distinct types of 

responses from CD4+ T cells, resulting in the differentiation of Th subsets best 

tailored for the antigenic challenges. Here, CD4+ T cell differentiation was 

assessed in a model of peripheral viral infection. In this model, HSV-1 infects and 

replicates in keratinocytes, where skin DCs capture the viral Ag, travel to 

draining LN and present the Ag peptide-MHC complex to naïve CD4+ T cells 

(Bedoui et al. 2009; Hor et al. 2015). These complex events result in a CD4+ T cell 

response that is dominated by Th1 differentiation, evident by the high proportion 

of adoptively transferred gDT-II cells that express T-bet. This same bias was also 

evident in the response of endogenous CD4+ T cells which also exhibited 

increased T-bet expression following HSV infection suggesting it is a general 

feature of the response to HSV in this model. This dominance of IFNg-producing 

CD4+ T cells, and by inference a skewed Th1 response, has also been observed in 

corneal (M. Xu et al. 2004) and vaginal models of HSV infection (Milligan & 

Bernstein 1995; Harandi et al. 2001). These Th1 cells have been demonstrated to 

be crucial for the clearance of HSV from epidermal cells, possibly due to their 

capacity to promote macrophage activation and killing of infected cells (Nash & 

Cambouropoulos 1993). Optimal CD8+ T cells responses to skin HSV-1 infection 

have also been shown to require CD4+ T cell help (C. M. Smith et al. 2004; Greyer 
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et al. 2016), although their role in overall viral clearance might be less significant 

compared to CD4+ T cells  (Chan et al. 2011).  

 

While the CD4+ T cell response to skin infection with HSV-1 was dominated by 

Th1 cells, there was nevertheless some underlying heterogeneity with GATA3, 

the transcriptional regulator of Th2 cells, also expressed on a proportion of virus-

specific CD4+ T cells. Such subtle variation may ultimately provide functional 

potential to allow the immune response to be more plastic allowing it to be 

tailored depending on the nature of the pathogen (Zhu 2018). 

 

Although not expressed in gDT-II cells after HSV-1 infection, elevated Foxp3 was 

observed on a small proportion of endogenous CD4+ T cells following HSV-1 

infection. Foxp3 expression has been linked to the suppressive activity of Treg 

cells, which have been implicated in the maintenance of self-tolerance, as well as 

preventing detrimental Th activity (Hori et al. 2003; Corthay 2009). Interestingly, 

a role for Treg cells in protective immunity has also been implied in a few viral 

infection models, including HSV-2 and LCMV (Lund et al. 2008). Nevertheless, 

in the absence of definitive specificity-defining reagents, it is still unclear whether 

the Foxp3-positive cells that are generated following HSV-1 infection are actually 

HSV-specific or represent T cells of some other specificity and ultimately what 

roles they play in clearance of virus or in the infection-associated 

immunopathology. 

 

While the circulation of naïve T cells is largely confined to secondary lymphoid 

tissues and along the vessels that connect them, the activation of T cells by 

pathogens is typically accompanied by changes in the expression of cell surface 
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proteins that result in the capacity to migrate to non-lymphoid tissues. 

Accordingly, HSV-activated gDT-II cells downregulated the expression of 

CD62L and CCR7, which facilitate entry to peripheral lymph nodes via HEVs. 

Additionally, the upregulation of CD44 (hyaluronan receptor) on gDT-II cells 

may aid the trafficking of these cells into inflamed peripheral tissues, which have 

been shown to have increased deposits of hyaluronic acid (Sackstein 2005; 

DeGrendele et al. 1997).  

 

During activation in the lymph node, T cells can induce expression of tissue-

specific homing receptors resulting in the preferential migration of effector T cells 

to the original site of infection (Fu et al. 2013). In line with this, the majority of 

HSV-specific gDT-II cells upregulated ESL and PSL in response to epicutaneous 

HSV-1 infection, and consequently migrated to the skin. These data are consistent 

with analyses following subcutaneous infection with Leishmania major, where 

CD4+ T cells isolated from the skin expressed ESL (Zaph & Scott 2003). The 

induction of ESL and PSL following HSV-1 skin infection was not restricted to 

transgenic gDT-II cells as evidenced by the increased expression of both homing 

receptors on endogenous T cells in the bLN albeit at reduced frequencies relative 

to gDT-II cells. Nevertheless, endogenous CD4+ T cells that express ESL or PSL 

seem to be better than those without ESL or PSL in entering the infected skin, as 

the proportion of these cells are comparable to HSV-specific gDT-II cells despite 

its low proportion in the bLN, further supporting the role of ESL and PSL in 

trafficking CD4+ T cells to the skin.    

 

Following recognition of skin-derived Ag, naïve gDT-II cells, which lack ESL and 

PSL, respond by proliferating as well as upregulating ESL and PSL in the bLN, 
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the primary LN draining the site of infection. From day 5 p.i., the majority of 

gDT-II cells isolated from the infected skin expressed ESL, and the proportion of 

these cells remains elevated until day 12 of infection. The data suggest that the 

early expansion in the number of ESL+ gDT-II cells found in the skin is linked to 

their export from the draining lymph nodes. It also suggests that local Ag-driven 

proliferation within the skin is not a major determinant of the numbers of gDT-

II cells as despite the presence of abundant Ag within the skin  and even acute 

viral replication at this site (van Lint et al. 2004; Eidsmo et al. 2009), the expansion 

and contraction of gDT-II cell numbers within the skin largely mirror the pattern 

observed within the axillary lymph node and spleen. This notion is consistent 

with previous work demonstrating that following subcutaneous OVA injection, 

Ag-specific CD4+ T cell infiltrates in the skin are the result of recruitment and 

retention of migrating cells as opposed to local proliferation (Reinhardt et al. 

2003; Marelli-Berg et al. 2007). After 12 days of infection, a timepoint at which the 

effector T cell response has declined, it is possible that effector-to-memory 

transitioning CD4+ T cells in the skin and elsewhere maintain high expression of 

ESL, as earlier study has demonstrated significant proportion of memory gDT-II 

cells to be expressing ESL until up to 8 weeks post HSV-1 infection (Gebhardt et 

al. 2011). 

 

Both ESL and PSL have been implicated in directing homing to the skin and the 

expression of each is dependent on the glycosyltransferases  C2GlcNAcT-I and 

Fuc-TVII (Austrup et al. 1997; Tietz et al. 1998). Nevertheless, following skin 

infection with HSV-1, there were subtle differences in their expression patterns 

on CD4+ T cells supporting the previous notion that ESL and PSL on T cells are 

actually distinct carbohydrate structures presumably created by differing 
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glycosyltransferases.  Previous data has suggested that PSL was more dependent 

on C2GlcNAcT-I expression whereas Fuc-TVII largely determines ESL 

expression (Alon et al. 1994; Knibbs et al. 1998; Snapp et al. 2001; Schroeter et al. 

2012). Interestingly, following HSV-1 infection there was no significant decline 

in the proportion of PSL+ gDT-II cells in the draining LN while there was marked 

drop in the proportion of ESL+ gDT-II cells in both LNs and to a lesser extent, 

spleen. This is suggestive of ESL being more closely linked with recruitment to 

the skin as despite sustained PSL expression even as late as days 9-12 post-

infection, the drop in gDT-II numbers again more closely reflects the pattern of 

ESL expression. This is consistent with data suggesting that ESL is the primary 

skin-specific homing receptor due to the constitutive expression of E-selectin in 

human and murine skin, and its further upregulation during infection and 

inflammation, as well as the finding that the majority of skin-infiltrating T cells 

in the skin express CLA, which has been proposed to be the E-selectin ligand 

equivalent in humans (Sackstein 2005; Clark et al. 2006). In contrast, P-selectin is 

constitutively expressed in murine but not human skin, and no correlation 

between CLA and the binding capacity of T cells to P-selectin has been 

established in human studies (Sackstein 2005; Fuhlbrigge et al. 2002).  

 

While earlier studies demonstrated the importance of ESL for skin homing of T 

cells mostly in the setting of nonspecific skin inflammation (Tietz et al. 1998; 

Kulidjian et al. 2002; Gehad et al. 2012), our data confirms the requirement of 

FucT-VII, hence of ESL/PSL, for the migration of Ag-specific CD4+ T cell to the 

skin in vivo following HSV-1 skin infection with little accumulation of FucT-VII-

deficient gDT-II cells in the skin of HSV-infected mice. This is in line with 

previous work which also demonstrated impaired T cell accumulation in the skin 
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in E-selectin-deficient mice following subcutaneous Leishmania infection (Zaph 

& Scott 2003). Complete deficiency of FucT-VII in mice has been shown to impair 

the expression of not only ESL and PSL on leukocytes and lymphocytes but also 

the ligands for L-selectin, collectively termed peripheral node addressin (PNAd), 

expressed on HEV, consequently impairing the homing of T cells to LNs and 

subsequent T cell activation and proliferation processes (Malý et al. 1996; 

Homeister et al. 2001). However, the absence of FucT-VII enzyme in donor gDT-

II cells did not impact the number of gDT-II cells in bLN since expression of 

PNAd in the recipient wild-type mice was intact. This further verifies that 

following HSV-1 skin infection, the lack of gDT-II cells in the skin in the absence 

of FucT-VII was not due to defective priming and expansion in the bLN but due 

to the failure of these cells to migrate to the skin in the absence of ESL.  

 

Few studies have correlated the expression of ESL with effector function of T cells 

during acute infection. The data here show that following HSV-1 infection of the 

skin, gDT-II cells that express ESL have more capacity to produce multiple Th1 

cytokines compared to cells that lack ESL. A similar strong correlation between 

IFNg production and ESL expression on CD4+ T cells has been reported following 

cutaneous Leishmaniasis, but in this case the absence of E-selectin did not impact 

the course of disease (Zaph & Scott 2003), suggesting that although ESL can 

facilitate the migration of effector T cells to the infected skin, ESL-independent 

migration might  also occur in certain conditions and may depends on the nature 

of inflammation (A. C. Issekutz & T. B. Issekutz 2002; Kulidjian et al. 2002). In 

contrast, ESL− gDT-II cells demonstrate low capacity to produce Th1 cytokines, 

suggesting that these cells represent other Th subsets. Indeed, previous work has 

demonstrated that along with Th1 cells, PD-1+ CXCR5+ Bcl6+ effector CD4+ T cells 



 107 

resembling Tfh cells were generated in response to HSV-1 flank infection 

(Stankovic et al. 2015). Using the LCMV model, it has also recently been reported 

that both Th1 and Tfh were produced, as shown by the co-expression of T-

bet/STAT4 and Bcl6 in transgenic CD4+ T cells (Weinstein et al. 2018). 

 

As both differentiation and induction of peripheral tissue homing receptor 

expression on T cells have been demonstrated to occur concurrently (D. J. 

Campbell & Butcher 2002), these processes might have been coordinately 

regulated. Indeed, the initial data obtained herein seem to favor this concept 

since the majority of ESL+ gDT-II cells co-express T-bet. In line with this finding, 

previous in vitro studies demonstrated that ESL was only expressed on IL-12-

induced Th1 but not IL-4-induced Th2 cells, contributing to the ability of 

adoptively transferred and in vitro activated Th1 cells to migrate to the skin in a 

murine model of delayed-type hypersensitivity (DTH) in skin (Austrup et al. 

1997; Y.-C. Lim et al. 1999). However, the presence of T-bet+ cells that do not 

express ESL suggested that T-bet expression might be necessary but not sufficient 

to induce ESL.  

 

Further analysis also revealed that following HSV infection, the induction of T-

bet expression preceded that of ESL with T-bet expression evident in initial cycles 

of gDT-II division. This is in line with an earlier study which demonstrated that 

T-bet mRNA was highly expressed as early as 6 hours post-infection in 

splenocytes of T. gondii-infected mice (Lighvani et al. 2001), while ESL expression 

on CD4+ T cells required at least 2 days to be significantly induced in response to 

2,4-dinitrofluorobenzene (DNFB) skin re-challenge (Tietz et al. 1998).  
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Previous studies have used genetically modified mouse strains deficient in Th-1 

promoting cytokines, such as IL-12, IFNg, or IL-18 to observe its impact on Th1 

differentiation and other aspects of immunity in vivo (Takeda et al. 1998; Z. E. 

Wang et al. 1994). Adapting this approach, we found that ESL induction was not 

impaired following HSV-1 skin infection of IL-12, IFNg, or IL-18 knockout mice, 

confirming that each of these cytokines alone is not vital for ESL induction. 

Somewhat unexpectedly, there was no significant defect in T-bet induction in 

cells adoptively transferred into IL-12p40-, IL-18- or IFNg-deficient mice 

suggesting a degree of redundancy that contrasts markedly with their 

contributions to Th1 differentiation in other models of infection such as with 

Mycobacterium tuberculosis, Leishmania major, or Mycobacterium bovis (Magram et 

al. 1996; Cooper et al. 1997; Z. E. Wang et al. 1994; Takeda et al. 1998). However 

since IFNg production was intact in the adoptively transferred gDT-II cells, it is 

possible that their activation was sufficient for IFNg to act in an autocrine manner 

to induce Th1 differentiation (Bradley et al. 1996). Nevertheless, while the data 

may provide insight into Th1 differentiation following HSV infection, it could 

not allow the expression of ESL to be linked with that of T-bet.  

 

Since Th1 differentiation was impaired following HSV-infection of IRF8-deficient 

mice (Luda et al. 2016; Harpur et al. 2019), this model was also used to examine 

the relationship between T-bet expression and the induction of ESL. In line with 

this previous work, the absence of IRF8 in the priming environment, and 

consequently absence of various dendritic cell subsets, resulted in defective T-bet 

expression by gDT-II cells in response to HSV-1 skin infection. Interestingly, 

there was also a modest reduction of ESL expression on gDT-II cells in the bLN 

and spleen, suggesting that T-bet might have a role in regulating ESL. Deficiency 
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of IRF8 in mice is characterized by impaired generation of particular DC subsets, 

including plasmacytoid DC (pDC) and classical type 1 DC (cDC1) such as CD8α+ 

and CD103+ DCs (Tsujimura et al. 2003; Aliberti et al. 2003; Sichien et al. 2016). 

Since pDCs have been widely acknowledged for their robust capacity to produce 

type I IFNs, it is possible that modest defect in ESL expression observed on gDT-

II cells in the absence of IRF8 was indirect due to deficiency in type I IFN 

cytokines or resulted from altered cellular interactions following HSV infection 

that are likely attributable to the markedly perturbed lymph node architecture in 

IRF8-deficient mice. Furthermore, previous work using the same HSV-infection 

model has demonstrated the importance of cDC1 for the generation of Th1 

response (Harpur et al. 2019). The fact that ESL expression on gDT-II cells was 

slightly defective in IRF8KO mice suggest that cDC1 might also have a role in 

inducing ESL expression on CD4+ T cells.  

 

While the preceding data were potentially informative, the approaches were all 

assessed the putative link between ESL and T-bet expression indirectly. 

Therefore to directly ascertain the requirement of T-bet expression for the 

induction of ESL and skin homing of CD4+ T cells, HSV-specific CD4+ T cells 

deficient in T-bet were generated by crossing Tbx21-deficient mice with gDT-II 

transgenics to create mice that had a homozygous deletion in the Tbx21. 

Following HSV-1 skin infection, the absence of T-bet did not affect expansion of 

gDT-II cells, possibly due to the capacity of Tbet−/− CD4+ T cells to produce IL-2, 

a potent cytokine promoting growth and proliferation of effector T cells. Similar 

observations have been noted in both LCMV and S. typhimurium models of 

infection (Mollo et al. 2014; Ravindran et al. 2005; Ross & Cantrell 2018). In fact, 

in vitro studies have shown that T-bet binding to the IL-2 promoter may actually 



 110 

repress IL-2 gene transcription, and overexpression of T-bet in Tbet−/− Th cells 

can inhibit IL-2 production (Szabo et al. 2000; Hwang et al. 2005), which may 

account for the hyperproliferative characteristic of T-bet-deficient CD4+ T cells in 

response to TCR stimulation in culture (Y. J. Oh et al. 2015).  

 

T-bet is imperative for Th1 differentiation, not only due to its central role in 

inducing and maintaining IFNg gene transcription but also in repressing 

alternate Th differentiation pathways, such as Th2, Th17, and Tfh (Lazarevic et 

al. 2013). Interestingly, using the HSV-1 skin infection model, we demonstrated 

that following activation, T-bet-deficient effector CD4+ T cells highly express 

RORgt and produce IL-17, signature characteristics of Th17 cells. This contrasts 

with a previous study using L. major infection model, in which T-bet-deficient 

CD4+ T cells produced IL-4 and IL-5 characteristic of Th2 lineage cells (Szabo et 

al. 2002). The lack of T-bet has also been reported to drive production of IL-10-

producing CD4+ T cells following S. typhimurium (Ravindran et al. 2005) or M. 

tuberculosis infection (Sullivan et al. 2005), which might contribute to the failure 

of T-bet-deficient mice to resolve these infections.  Molecular analyses have 

revealed that T-bet physically interacts with Runx1, preventing it from activating 

RORgt transcription and Th17 development (Lazarevic et al. 2011). Both Th1 and 

Th17 cells have been shown to develop in response to corneal HSV-1 infection 

(Suryawanshi et al. 2011), and the presence of T-bet might be crucial in balancing 

pathogen-clearing Th1 cells with pro-inflammatory Th17 cells, as in the case of 

M. avium infection (Matsuyama et al. 2014).  

Ultimately, while the correlation of T-bet expression with Th1 differentiation has 

been well established, its role in regulating tissue-trafficking capacity of T cells is 

less clear. Following HSV-1 skin infection, gDT-II cells that lack T-bet have an 
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equivalent capacity to express ESL and can be found in the skin at similar 

frequencies to those that possess T-bet. This result somewhat contrasts with an 

earlier study which showed that T-bet-deficient OVA-transgenic CD4+ T cells 

failed to migrate to the inflamed peritoneum (Lord et al. 2005), and that the 

absence of T-bet contributed to less T cell infiltration of pathologic sites of several 

inflammatory diseases (Neurath et al. 2002; Bettelli et al. 2004). While earlier 

findings on the correlation between ESL and T-bet in vitro have been conflicting 

(Lord et al. 2005; Underhill et al. 2005), T-bet has been shown to directly induce 

CXCR3 expression (Bonecchi et al. 1998; Syrbe et al. 1999) and Th1-polarized T-

bet−/− CD4+ T cells express very low CXCR3 (Lord et al. 2005). Being almost 

exclusively Th1-specific, CXCR3 is generally accepted as general inflammation-

induced as opposed to tissue-specific chemokine receptor (Bromley et al. 2008). 

It is possible that the defect in T-bet-deficient T cell migration to various tissues 

reported earlier was due to the absence of CXCR3, as was observed in other 

studies using CXCR3-deficient T cells (Groom & Luster 2011). However, 

migration of in vitro activated Th1 cells in several models of dermal inflammation 

has been reported to be only partially dependent on CXCR3 (Al-Banna et al. 

2014), which may explain why no defect in the migration of T-bet−/− gDT-II cells 

was observed here. 

 

The initial encounter of naïve T cells with Ag-bearing APCs triggers a complex 

set of phenotypic changes, which reflect much about the nature of the antigen as 

well as the site of the challenge. Each antigenic challenge comes with specific 

innate cues, determining which PRR are engaged, what cytokines are generated, 

which cells are presenting the Ag, as well as the overall nature of the 

inflammatory environment, which eventually shape T cell-mediated adaptive 
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immunity via the generation of tailored Th subsets with specialized migratory 

properties characterized by unique combinations of adhesion molecules and 

chemokine receptors. At least for chemokine receptors, it has been demonstrated 

that certain Th subsets are characterized by particular sets of receptors, such as 

CXCR3 and CCR5 on Th1 or CCR4 and CCR8 on Th2 cells (Gregor et al. 2017). 

While much of the data here showed a correlation between Th1 differentiation 

and the expression of the adhesion molecule ESL, as shown by their co-

expression of T-bet and ESL on the vast majority of effector CD4+ T cells, this was 

not ultimately a determinative relationship.  Indeed, following HSV infection, T-

bet-deficient CD4+ T cells express equivalent levels of ESL to their wild type 

counterparts. It should be noted that our model uses localized viral infection of 

C57BL/6 mouse skin, which perhaps almost typically generate Th1-dominated 

responses (Swain et al. 2012). It could well be that different models of skin 

inflammation in particular those that use a non-infectious stimulus or one that 

elicits a different inflammatory response might allow for the expression of ESL 

on different Th subsets. Therefore, in contrast to the subset-specific nature of 

various chemokine receptors, the expression of ESL is not strictly restricted to 

individual Th subsets. This is further supported by in vivo findings which 

demonstrated that both IFNg- and IL-4-producing CD4+ T cells from human 

blood, as well as Th2 cells from the skin of atopic dermatitis patients expressed 

CLA, the E-selectin ligand equivalent in humans (Teraki & Picker 1997; Akdis et 

al. 2000; Rossiter et al. 1994). In addition, Treg cells were required to express ESL 

in order to control skin inflammation in a murine contact hypersensitivity model 

(Siegmund et al. 2005). In conclusion, the results of our study confirm the 

partition between Th subset differentiation and ESL expression by 

demonstrating that Th1 master regulator T-bet is not required for the induction 
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of ESL expression in vivo and or CD4+ T cell migration to the skin following 

localized infection. Significantly, this may allow diverse Th subsets to access the 

skin, both in the context of immune protection against divergent harmful stimuli 

as well as the immunopathogenesis of various Th-mediated skin inflammatory 

disorders.
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4.1. INTRODUCTION 
 

Selective recruitment of T cells to extralymphoid tissues, such as the skin or gut, 

is strictly regulated by the interaction between tissue-specific homing receptors 

on T cells and their ligands on the inflamed microvessels (Sackstein et al. 2017). 

While the expression of these molecules can be constitutive in certain innate 

immune cells such as neutrophils and monocytes, the induction of homing 

receptors such as selectin ligands is more tightly controlled in T cells and highly 

dependent on their differentiation states (Ley & Kansas 2004; Hobbs & Nolz 

2017). Previous work has demonstrated that very few naïve T cells express ESL 

and PSL (Y.-C. Lim et al. 1999)  whereas activated and memory T cells as a result 

of the induction of specific combinations of homing receptors have the capacity 

to access and accumulate in extralymphoid tissues (Hobbs & Nolz 2017). 

Accordingly, T cell priming is accompanied not only by processes that signal for 

proliferation and differentiation but also for the induction of tissue-specific 

homing receptors on activated T cells.  

 

The current paradigm of T cell activation and differentiation proposes that 

following Ag encounter, CD4+ T cells can differentiate into Th subsets which are 

marked by the expression of distinct signature transcription factors and 

functional capacities (Zhu 2018). Interestingly, in vitro studies have also observed 

differential expression of tissue-specific homing receptors on Th subsets, with 

ESL being preferentially expressed on Th1 but not on Th2 cells (Austrup et al. 

1997; Y.-C. Lim et al. 1999). These observations firstly raised the potential for 

different Th subsets to be equipped with characteristic migratory patterns and 

secondly that the acquisition of differentiation signals in the priming LN 
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microenvironment may be coordinately regulated with selective induction of 

tissue-homing receptors. While the role of the priming signals, which include 

TCR, co-stimulators, and cytokines signaling, on directing Th differentiation has 

been extensively studied (Morel 2018; Coquet et al. 2015; Zhu 2018), the extent to 

which these signals regulate the expression of homing receptors and in particular 

the skin-selective homing receptor ESL is unclear.  

 

Chapter 3 highlighted that the expression of ESL was important for the migration 

of effector CD4+ T cells to the skin in vivo during localized skin infection. 

However, the exact mechanism of ESL induction following CD4+ T cell 

activation, in particular its correlation with Th subset differentiation and the 

impact of priming signals, has not been clearly resolved.  The aim of this chapter 

was to examine the relationship between the expression of ESL and CD4+ T cell 

differentiation in vitro. Additionally, the impact of T cell priming signals, 

particularly the signals from TCR and cytokines, on the regulation of ESL 

expression on CD4+ T cells was assessed. Using both Ag-specific and polyclonal 

in vitro activation systems, the data demonstrated that ESL was expressed on 

Th17 and Th1 cells but not on Th2 cells, and this variance in ESL expression was 

mainly due to differential activity of O-glycan synthesizing enzymes particularly 

C2GlcNAcT-I. While TCR signaling was required for the induction of ESL on 

activated CD4+ T cells, however increasing the strength of the TCR-dependent 

signal did not further elevate the level of ESL expression. Rather the balancing 

act of cytokine signals, such as those from TGF-β1 and IL-4, played a more 

substantial role in regulating the level of ESL expression on activated CD4+ T 

cells. Lastly, the data demonstrated that TGF-β1 does not have to be present 

concurrent with the other T cell priming signals to induce significant ESL on 



 117 

CD4+ T cells, highlighting the potential for temporal exposure to such factors to 

impact the induction of tissue-specific homing receptor during T cell priming. 
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4.2. RESULTS 
 

4.2.1. HSV-1-specific CD4+ T cells can be polarized in Th1, Th2, and 
Th17 culture conditions in vitro, but only Th1 and Th17 
cultures express homing receptor ESL. 

 

To characterize ESL expression on different Th subsets of HSV-specific CD4+ T 

cells in vitro, a Th differentiation model was initially established. gDT-II cells 

were cultured with gD peptide-pulsed irradiated splenocytes in the presence of 

different combinations of polarizing cytokines and blocking antibodies 

previously shown to promote Th1, Th2, or Th17 differentiation (Y.-C. Lim et al. 

1999; Alcaide et al. 2012). Following 5 days of culture, cells were stained for ESL, 

as well as the transcription factors T-bet, GATA3, or RORgt that are characteristic 

of polarization to Th1, Th2, and Th17 lineages, respectively and then analyzed by 

flow cytometry.  

  

Stimulation of gDT-II cells with gD peptide in the presence of IL-12 and anti-IL-

4 antibody typically resulted in 71% of gDT-II cells in the culture expressing T-

bet. Similarly, stimulation in the presence of IL-4 with anti-IL-12 and anti-IFNg 

antibodies resulted in 86% of gDT-II cells expressing GATA3, while stimulation 

in the presence of TGF-β1 and IL-6 with anti-IL-4 and anti-IFNg antibodies 

resulted in 75% of gDT-II cells expressing RORgt.  Thus, the culture system 

established was capable of inducing the expression of the appropriate lineage-

defining transcription factors (Fig. 4.1A). Analyses of ESL expression on these in 

vitro differentiated gDT-II cells showed that cells cultured in both Th1 and Th17 

polarizing conditions had elevated levels of ESL expression compared to that on 
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naïve gDT-II cells analyzed directly ex vivo. Notably, a higher proportion of ESL+ 

cells were observed on cells cultured in Th17 conditions than those from Th1 

culture (78.9% vs 36.2% of total gDT-II cells, respectively) (Fig. 4.1B). 

Additionally, there was also a higher expression of ESL per cell in Th17 culture 

as shown by higher mean fluorescence intensity (MFI) of ESL in Th17 culture 

compared to Th1 culture (Fig. 4.1C). In contrast, culture of gDT-II cells in Th2 

polarizing conditions did not induce the expression of ESL. Thus, these data 

suggest clear differences in ESL expression between different Th subsets. 

 

4.2.2. ESL is rapidly induced following Th1 and Th17 divisions in 
vitro. 

 

To better define the kinetics of ESL expression and its relationship to the 

induction of the expression of signature transcription factors associated with T 

cell differentiation, naïve gDT-II cells were labeled with CTV and then stimulated 

with gD-pulsed splenocytes in Th1, Th2, or Th17 conditions as above. Cells were 

harvested and analyzed by flow cytometry at day 3.5 for Th1 and Th2 and at day 

5 for Th17 since there is considerably less T cell expansion under this condition. 

Stimulation of gDT-II cells under Th1 polarizing conditions induced rapid 

expression of T-bet, with even undivided cells expressing high levels of T-bet.  

Similarly, stimulation in Th2- and Th17-polarizing conditions induced 

expression of GATA3 and RORgt, respectively, in both divided and undivided 

populations (Fig. 4.2A). Notably high expression of each transcription factor was 

maintained in all 3 conditions at least until the 6-7th divisions.  
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Figure 4.1: ESL expression in gDT-II cells polarized under Th1- and Th17-, 
but not Th2-polarizing conditions in vitro 

5 × 104 gDT-II cells harvested from naïve gDT-II mice were cultured with 5 × 105 
irradiated splenocytes taken from C57BL/6 mouse in various Th polarizing 
conditions. Splenocytes were pulsed with 10 μM gD peptide before culture. Th1: 
LPS (1 μg/ml), recombinant murine IL-12 (5 ng/ml), anti-murine IL-4 (5 μg/ml); 
Th2: LPS (1 μg/ml), recombinant murine IL-4 (60 ng/ml), anti-murine IL-12 (5 
μg/ml), anti-murine IFNg (5 μg/ml); Th17: LPS (1 μg/ml), recombinant TGF-β1 
(1 ng/ml), recombinant murine IL-6 (20 ng/ml), anti-murine IL-4 (10 μg/ml), 
anti-murine IFNg (10 μg/ml). Cultures were maintained by adding recombinant 
murine IL-2 (10 U/ml) at day 2 and 4 of culture. Cells were harvested at day 5, 
stained for transcription factors and ESL, and analyzed by flow cytometry. 
(A) Representatives contour plots (upper panels) and histograms (lower panels, 

red line) of Th signature transcription factors expressions in Th1-, Th2-, and 
Th17-polarizing cultures at day 5. Black dotted lines show isotype control 
staining of each transcription factor antibodies. 

(B) Representative contour plots (upper panels) and histograms (lower panels, 
red shaded area) of ESL expression in naïve gDT-II cells (uncultured) as well 
as Th1, Th2, Th17 cultures at day 5. Black dotted lines show the background 
staining without the addition of E-selectin chimeric protein. 

(C) Delta mean fluorescence intensity (MFI) of ESL (MFI of sample – MFI of 
background staining) of Th1, Th2, Th17 cultures at day 5.  

The figures represent one of three independent experiments, n = 3 independent 
samples/group/experiment. Data were pooled from three independent 
experiments. Error bars represent mean ± SEM.  



 122 

 Parallel analyses of ESL expression showed that while there was little expression 

of ESL on the undivided population, the induction of ESL expression in vitro was 

evident in cells cultured in both Th1 and Th17 conditions that had undergone 

only 1 division (Fig. 4.2B). Maximal ESL expression was typically reached within 

2-3 divisions with higher overall expression of ESL was found in Th17 culture 

(32.18% vs 72.29% of total gDT-II cells in Th1 and Th17, respectively) (Fig. 4.2C). 

As observed earlier, there was minimal ESL expression on gDT-II cells cultured 

in Th2 conditions. In summary, in vitro antigenic stimulation of gDT-II cells leads 

to the rapid upregulation of Th transcription factors in all Th culture conditions. 

Further, the upregulation of ESL in Th1 and Th17 culture conditions was 

observed on divided cells and largely maintained following stimulation 

suggesting that while TCR stimulation was required for its induction, the 

cytokine environment could also both positively and negatively impact its 

expression. 

 

4.2.3. Glycosyltransferase plays a major role in the differential 
expression of ESL on HSV-1-specific Th subsets. 

 

ESL is an antigenic moiety that consists of a protein or lipid backbone decorated 

with an oligosaccharide motif that serves as the ligand for E-selectin (Ley & 

Kansas 2004). Since there was a clear distinction between Th subsets in terms of 

the ESL expression, the next aim was to investigate if this disparity is due to the 

difference in the protein scaffolds that have been implicated in the presentation 

of these glycans to E-selectin and/or the expression of the glycan moiety itself. 

gDT-II cells were cultured with gD-pulsed splenocytes in 
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Figure 4.2: Rapid induction of ESL expression in gDT-II cells cultured in Th1- 
and Th17-polarizing conditions.  

5 × 104 CTV-labeled gDT-II cells were cultured with 5 × 105 irradiated gD peptide-
pulsed splenocytes in various Th polarizing conditions as described earlier. 
Recombinant murine IL-2 (10 U/ml) was added at day 2 (Th1 and Th2), or day 2 
and 4 (Th17) of culture. Cells were harvested at day 3.5 (Th1 and Th2) or day 5 
(Th17), stained for transcription factors as well as ESL, and analyzed by flow 
cytometry. 
(A) Representative dot plots of Th signature transcription factor expression on 

proliferating CTV-labeled gDT-II cells cultured in Th1, Th2, and Th17 
conditions. 

(B) Representative dot plots of ESL expression on proliferating CTV-labeled gDT-
II cells in Th1, Th2, and Th17 conditions. No chimera control represents the 
background staining without the addition of E-selectin chimeric protein. 

(C) Percentage of gDT-II cells expressing ESL at each division in Th1, Th2, and 
Th17 cultures. 

Data were pooled from three (Th1 and Th2) or two (Th17) independent 
experiments; n = 2 - 3 independent samples/group/experiment. Error bars 
represent mean ± SEM.  
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Th1, Th2, or Th17 polarizing conditions as previously described and following 5 

days of culture, cells were harvested and analyzed by flow cytometry for the 

surface protein expression pf PSGL-1 and CD43 (S11 isoform), both of which 

have been described to function on T cells as prominent ligands for E-selectin 

(Matsumoto et al. 2007; Hirata et al. 2000). 

 

Flow cytometric analyses showed that gDT-II cells in all three cultures uniformly 

expressed PSGL-1 and CD43 glycoproteins (Fig. 4.3A). However, the 

fluorescence intensity of PSGL-1 and CD43 staining were lower in Th1 and Th2 

cultures compared to Th17 culture. To assess whether the assembly of the 

carbohydrate moiety of ESL differed between Th1, Th2 and Th17 gDT-II cells, 

mRNA expression of Gcnt1, Fut7, St3gal4, and St3gal6 the glycosyltransferases 

C2GlcNAcT-I, FucT-VII, ST3Gal-IV, and ST3Gal-VI that each contribute to the 

final composition of the glycan was assessed (Malý et al. 1996; F. Li et al. 1996; 

W. H. Yang et al. 2012). No significant difference was observed in the level of 

St3gal4 and St3gal6 mRNA between Th1, Th2, and Th17 cultures (Fig. 4.3B). In 

contrast, there was a marked difference for Gcnt1, which was expressed at very 

low levels in cells isolated from Th2 polarizing conditions relative to both Th1 

and Th17 conditions. There was also potentially an increase in Fut7 mRNA level 

in Th17 conditions, suggesting FucT-VII enzyme activity may be elevated in this 

subset. The data suggest that the lack of C2GlcNAcT-I expression, the enzyme 

which creates the core glycan structures that are then modified by the activities 

of ST3Gal-IV, ST3Gal-VI and FucT-VII, is a critical determinant for the expression 

of ESL in Th1 and Th17 cells but not Th2 cells. This was further addressed by 

staining cells from each culture condition with the mAb 1B11 which recognizes 

an epitope on CD43 protein that is dependent on the activity of C2GlcNAcT-I 
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(Snapp et al. 2001). Critically, while Th2 differentiated gDT-II cells expressed a 

high level of CD43 as assessed by staining with the S11 mAb (Fig 4.3A, lower 

panels), very few cells were stained with the 1B11 mAb relative to cells from Th1 

and Th17 cultures (Fig. 4.3C-D). Taken together the data suggest that the 

glycosyltransferase C2GlcNAcT-I plays a major role in the differences in ESL 

expression between Th1 and Th17 cells relative to Th2 cells. Further, the elevated 

expression of ESL on Th17 cells relative to Th1 cells may be due to both changes 

in glycoprotein expression and/or higher expression of FucT-VII in Th17 cells. 

 

4.2.4. TCR signal strength does not correlate with ESL expression 
in HSV-1-specific Th subsets. 

 

To better define the impact of the strength of TCR signaling on the expression of 

ESL, CTV-labeled gDT-II cells were cultured in either Th1 or Th17 culture 

conditions with splenocytes that had been pulsed with increasing concentrations 

of gD peptide. Following 3.5 days of culture, both the extent of proliferation and 

ESL expression on gDT-II cells was analyzed by flow cytometry. As expected in 

the absence of peptide, gDT-II cells did not undergo division and culture of gDT-

II cells in Th1 or Th17 polarizing conditions alone in the absence of peptide did 

not induce ESL expression. Similarly, culture in 0.01 µM did not result in either 

cellular proliferation or the induction of ESL expression. However, culture with 

0.1 µM-100 µM peptide resulted in both a dose-dependent proliferative response 

of gDT-II cells along with the induction 
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Figure 4.3: Differential expression of ESL in Th subsets is mainly due to the 
activity of glycosyltransferase rather than the expression of protein backbone. 

5 x 104 gDT-II cells were cultured with 5 × 105 gD peptide-pulsed splenocytes in 
Th1, Th2, or Th17 polarizing conditions. Recombinant murine IL-2 (10 U/ml) was 
added at day 2 and 4 of culture, and cells were harvested at day 5. For flow 
cytometry analysis, bulk cells of each condition were then stained with 
appropriate antibodies and analyzed. For mRNA quantitation, harvested cells 
were stained and sorted for live gDT-II cells (CD4+ CD45.1+ Vα3.2+) to exclude 
dead cells and APCs using flow cytometry. RNA was extracted from sorted cells 
using Qiagen RNeasy Mini Kit, and cDNA was synthesized from equal 
microgram amount of extracted RNA using Qiagen Omniscript RT Kit. RT-PCR 
was then performed using Taqman probes for mouse Gcnt1, Fut7, St3gal4, and 
St3gal6, and Ct values of each gene were quantitated relative to mean Ct values 
of housekeeping genes, including Hprt, L32, B2m, Pgk, and Tbp. 
(A) Representative contour plots of ESL and PSGL-1 (upper panels) or CD43-S11 

isoform (lower panels) co-expressions in Th1, Th2, and Th17 cultures at day 
5. Gating for PSGL- and CD43-S11 was determined based on the isotype 
controls. 

(B) mRNA quantitation of Gcnt1, Fut7, St3gal4, and St3gal6 in Th1, Th2, and Th17 
cells. Values are presented as a fold change relative to sorted naïve gDT-II 
(CD4+ CD45.1+ Vα3.2+ CD62L+ CD44-). Data were pooled from 2 independent 
experiments. 

(C) Representative contour plots of ESL and CD43-1B11 isoform co-expression in 
Th1, Th2, and Th17 cultures at day 5. 

(D) Percentage of gDT-II cells expressing CD43-1B11 isoform in each culture 
conditions. *p < 0.05, Kruskall-Wallis with Dunn’s multiple comparisons test. 

Data were pooled from two independent experiments, n = 3 – 4 independent 
samples/group/experiment. Error bars represent mean ± SEM.  
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of ESL expression in both Th1 and Th17 polarizing conditions (Fig. 4.4A-B, upper 

panels). Interestingly, while higher concentrations of gD peptide were correlated 

with an increased proportion of proliferating gDT-II cells expressing ESL in Th17 

culture, this association was not evident in Th1 cells as the highest proportion of 

ESL-expressing Th1 cells was obtained with 1 µM gD peptide rather than higher 

concentrations of peptide (Fig. 4.4C). These results suggest that although TCR 

recognition is required, TCR signal strength does not strictly correlate with the 

expression of ESL on Th subsets and that additional factors present within this 

culture system may promote or attenuate its expression. 

 

4.2.5. Polyclonal in vitro generated Th1 and Th17, but not Th2 cells 
express ESL. 

 

Previously published data suggest that the regulation of ESL expression may 

involve more than just TCR-dependent signals and that environmental cues such 

as cytokines may drive the induction of ESL on CD4+ T cells. To explore this issue 

further, a more reductionist culture approach was employed in which highly 

purified naïve CD4+ T cells were polyclonally stimulated with anti-CD3 and anti-

CD28 in the absence of APCs, allowing us to better define extrinsic factors that 

may regulate ESL expression. In an analogous manner to the gDT-II culture 

systems, Th1, Th2, or Th17 polarizing cytokines and antibodies were used to 

differentiate CD4+ T cells harvested from the spleen of naïve C57BL/6 mice 

which were further sorted for CD62L+/CD44− phenotypes, characteristics of 

naïve Ag-inexperienced cells. IL-2 was added every second day to maintain cells 

in culture, and cells were analyzed for the expression of T-bet, GATA3, RORgt 

and ESL after 5 days of culture.  
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Figure 4.4: The impact of gD peptide concentration on the induction of ESL 
expression in Th1 and Th17-polarized gDT-II cells. 

5 × 104 CTV-labeled gDT-II cells were cultured with 5 × 105 splenocytes which 
previously have been pulsed with titrating concentration of gD peptide (0, 0.01 
μM, 0.1 μM, 1 μM, 10 μM, 100 μM). LPS (1 μg/ml) was added to the culture, as 
well as various Th cytokines and blocking antibodies to polarize cells into Th1 
and Th17 cells as described earlier. Recombinant murine IL-2 (10 U/ml) was 
added at day 2, and cells were harvested and analyzed at day 3.5 of culture. 
(A) Representative histograms of CTV expression (upper panels) and dot plots 

(lower panels) of ESL expression on proliferating CTV-labeled gDT-II cells in 
Th1 condition following culture with different concentrations of gD peptide. 

(B) Representative histograms of CTV expression (upper panels) and dot plots 
(lower panels) of ESL expression on proliferating CTV-labeled gDT-II cells in 
Th17 condition following culture with different concentrations of gD peptide. 

(C) Percentage of proliferating gDT-II cells expressing ESL in Th1 and Th17 
conditions. *p < 0.05, two-way ANOVA. 

Data were pooled from two independent experiments; n = 3 independent 
samples/group/experiment. Error bars represent mean ± SEM. 
  



 132 

 Similar to the polarization of gDT-II cells in the presence of gD peptide-pulsed 

APCs, anti-CD3/28 stimulation of purified naïve CD4+ T cells from C57BL/6 

mice in the presence IL-12 and anti-IL-4 antibody resulted in robust Th1 

differentiation with typically in excess of 67.9% of cells expressing T-bet, while 

culture in Th2 (IL-4, anti-IL-12, and anti-IFNg) and Th17 (TGF-β1, IL-6, anti-IL-4, 

and anti-IFNg) polarizing condition resulted in 85.6% and 75.1% of cells 

expressing GATA3 and RORgt, respectively (Fig. 4.5A), all of which confirm 

successful polarization. The analyses of ESL expression in this system also 

showed a similar pattern among Th subsets, with the highest proportion of cells 

expressing ESL was in the Th17 culture followed by the Th1 culture (91.1% vs 

41.9%, respectively), and no expression of ESL in the Th2 culture (Fig. 4.5B-C). 

These data suggest that in the absence of APCs, polarization of polyclonally 

stimulated CD4+ T cells induces comparable Th differentiation and results in 

differential ESL expression similar to Ag-specific stimulation method. 

 

4.2.6. The strength of CD3 signal does not correlate with ESL 
expression in polyclonal Th subsets. 

 

It has been demonstrated earlier that TCR signal strength does not seem to 

regulate the expression of ESL on Ag-stimulated gDT-II T cells. To confirm this 

finding, a similar experiment was set up using polyclonal culture system to 

eliminate possible interference from other factors secreted by APCs. CTV-loaded 

naïve CD4+ T cells were cultured in Th1 or Th17 conditions along with a constant 

concentration of plate-bound anti-CD28 in the presence of increasing 

concentrations of anti-CD3 to mimic different strength of TCR signals. 
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Figure 4.5: ESL expression by Th1- and Th17-, but not Th2-polarized, 
polyclonally activated CD4+ T cells. 

CD4+ T cells were harvested from spleens of C57BL/6 mice, and then sorted for 
naïve phenotype (TCRβ+ CD4+ CD62L+ CD44–). 5-10×104 naïve CD4+ T cells were 
cultured in plates, which previously have been coated with murine anti-CD3 and 
anti-CD28 (10 μg/ml of each). Various Th polarizing cytokines and blocking 
antibodies were added at the beginning of the culture to polarize cells into Th1, 
Th2, or Th17 cells, as previously described. Recombinant murine IL-2 (10 U/ml) 
was added at day 2 and 4 of culture, and cells were harvested and analyzed at 
day 5. 
(A) Representative histograms of Th signature transcription factors expression 

(red line) in polyclonally stimulated Th1, Th2, and Th17 cells. Black dotted 
lines represent the isotype control staining of each antibody. 

(B) Representative histograms of ESL expression (red line) in polyclonally 
stimulated Th1, Th2, and Th17 cells. Black dotted lines represent the 
background staining without the addition of E-selectin chimeric protein. 

(C) Representative contour plots of ESL and T-bet, GATA3, or RORgt expression 
in polyclonal Th1, Th2, and Th17 cells, respectively. 

Figures represent one of three independent experiments, n = 3 independent 
samples/group/experiment. 

Th1 Th17Th2C

ES
L

T-bet GATA3 RORγt

ESL

B Th1 Th17Th2

T-bet GATA3 RORγt

A
Th1 Th17Th2



 134 

Following culture for 3.5 days, in the absence or at very low concentrations of 

anti-CD3 there was poor cell survival and little evidence of CD4+ T cell 

proliferation, as shown by the presence of one population of cells with high CTV 

intensity (Fig. 4.6A-B, left panels). At higher concentrations of stimulating 

antibody, there was an increase in the proportion of cells that had undergone 

division in both Th1 and Th17 cultures with at least 0.1 μg/ml anti-CD3 antibody 

required to induce CD4+ T cell proliferation (Fig. 4.6A-B, upper panels). Flow 

cytometric analyses of ESL expression however showed a markedly different 

response to that observed following antigenic stimulation of gDT-II cells. 

Specifically, while cells cultured in Th17 conditions exhibited high levels of ESL 

expression which were essentially maximal at anti-CD3 coating concentrations 

ranging from 1 to 100 µg/ml, this same stimulation of cells in Th1 conditions 

induced minimal levels of ESL expression even when the anti-CD3 coating 

concentration was 100 µg/ml (Fig. 4.6C). Interestingly, the level of ESL induction 

on Th1 cells stimulated for 3.5 days here was not as marked as that observed on 

cells stimulated for 5 day (Fig. 4.4). Taken together the data imply that while 

TCR/CD3 mediated signals are likely required for the induction of ESL 

expression, they are not sufficient for its expression. 

 

4.2.7. TGF-β1 is a potent ESL inducer while IL-4 blocks ESL 
expression in CD4+ T cells. 

 

Since the extent of ESL expression did not strictly correlate with the strength of 

TCR-signaling in both gD-specific and polyclonal stimulation settings, the 

potential for the polarizing cytokines to regulate ESL expression in Th subsets 
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Figure 4.6: ESL expression does not correlate with the strength of CD3 signal 
in polyclonal Th subsets. 

Sorted naïve CD4+ T cells were labeled with CellTrace Violet dye, and 5-10×104 
CTV-labeled cells were cultured in plates coated with titrating concentration of 
anti-CD3 (No anti-CD3, 0.01, 0.1, 1, 10, 100 μg/ml) and anti-CD28 (10 μg/ml) 
antibodies. Various cytokines and blocking antibodies were added from the 
beginning of culture to polarize cells into Th1 or Th17 cells. Recombinant murine 
IL-2 (10 U/ml) was added at day 2, and cells were harvested and analyzed at day 
3.5 of culture. 
(A) Representatives histograms (upper panels) of proliferating CTV-labeled CD4+ 

T cells and dot plots (lower panels) of ESL expression on proliferating CTV-
labeled CD4+ T cells in response to different concentrations of anti-CD3 
antibody in Th1 condition. 

(B) Representative histograms (upper panels) of proliferating CTV-labeled CD4+ 
T cells and dot plots (lower panels) of ESL expression on proliferating CTV-
labeled CD4+ T cells in response to different concentrations of anti-CD3 
antibody in Th17 condition. 

(C) Percentage of proliferating CD4+ T cells expressing ESL in Th1 and Th17 
conditions. *p < 0.05, two-way ANOVA. 

Data were pooled from two independent experiments, n = 3 independent 
samples/group/experiments. Error bars represent mean ± SEM.  
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was assessed. Each of the polarizing cytokines, including IL-12, IL-18, IL-4, TGF-

β1, and IL-6, was added in isolation to CTV-labeled naïve polyclonal CD4+ T cells 

which were then cultured without the presence of blocking antibodies. The 

stimulation was performed by directly activating highly purified naïve CD4+ T 

cells in the absence of APCs that themselves might provide other cytokines and 

factors that may impact the expression of ESL. At day 2 of culture, IL-2 was added 

to all wells to maintain proliferation, and cells were harvested and analyzed for 

ESL expression after 3.5 days in culture. 

 

Although not statistically significant, CD4+ T cells seemed to proliferate better in 

the presence of IL-4 or IL-6, as shown by the highest mean of total CD4+ T cell 

numbers following cultures in these two conditions (Fig. 4.7B). The addition of 

IL-12, IL-18, or IL-6 did not significantly alter the expression of ESL compared to 

the control stimulation, which occurred in the absence of any polarizing 

cytokines (Fig. 4.7A, C). However, the addition of TGF-β1 resulted in a striking 

increase in the proportion of ESL-expressing proliferating CD4+ T cells (70.11% 

vs 20% in TGF-β1 and no cytokine control, respectively). Similarly, the presence 

of IL-4 in the culture also impacted ESL expression albeit in this case acting to 

suppress even the basal levels of expression observed in the absence of added 

cytokines. Taken together the data suggest that in the in vitro settings assessed 

here, two cytokines used in polarizing conditions may be important in regulating 

ESL expression with TGF-β1 acting to promote and IL-4 to inhibit its expression 

on CD4+ T cells. 
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4.2.8. Blocking TGF-β1 partially decreases the expression of ESL in 
HSV-1-specific Th1 culture. 

 

CD4+ T cells stimulated with gD peptide-pulsed APCs in Th1-polarizing 

condition, which includes high concentrations of IL-12, resulted in moderate 

levels of ESL expression (Fig. 4.1). However, in the absence of APCs, TGF-β1 but 

not IL-12, significantly increased ESL expression over the basal stimulation (Fig. 

4.7A, C). Therefore, it was hypothesized that the moderate expression of ESL in 

HSV-specific Th1 culture may be due to the presence or release of TGF-β1 from 

the APCs in the culture system, rather than the result of the actual factor/s that 

create the Th1 polarizing condition (including IL-12). As such, CTV-labeled gDT-

II cells were stimulated with splenocytes pulsed with three different 

concentrations of gD peptide (0.1, 1, and 10 μM) in the presence of IL-12 and anti-

IL-4 antibody (Th1 polarizing condition) with or without the addition of anti-

TGF-β1 antibody. Cells were then analyzed for the expression of ESL at day 3.5 

of culture by flow cytometry.  

  

In line with earlier findings, polarization of gDT-II cells in the Th1 condition 

resulted in modest expression of ESL on proliferating gDT-II cells cultured in 

different concentrations of gD peptide (Fig. 4.8A-B). Interestingly, although not 

statistically significant, there was an obvious trend towards reduction in ESL 

expression on gDT-II cells cultured in the presence of anti-TGF-β1 antibody (Fig. 

4.8B), indicating that the expression of ESL in gD-stimulated Th1 culture we 

observed earlier is at least in part due to the effect of TGF-β1 present in the Th1 

culture. The fact that blocking TGF-β1 does not completely abrogate ESL 

expression might be due to the requirement of higher concentrations of blocking   
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Figure 4.7: Regulation of ESL induction in polyclonal activated CD4+ T cells 
by the cytokines, TGF-β1 and IL-4. 

5-10 × 104 CTV-labeled sorted naïve CD4+ T cells were stimulated with plate-
bound anti-CD3 (1 μg/ml) and anti-CD28 (10 μg/ml). No cytokine (control) or 
single cytokine (IL-12, IL-18, IL-4, TGF-β1, or IL-6) was added to the 
corresponding wells at the beginning of culture. Recombinant murine IL-2 was 
added at day 2 to all wells, and cells were harvested at day 3.5 of culture. 
(A) Representative dot plots of ESL expression on proliferating CTV-labeled 

CD4+ T cells in response to the addition of individual cytokines.  
(B) Total number of CD4+ T cells at day 3.5 of culture in different culture 

conditions. *p < 0.05, Kruskall-Wallis with Dunn’s multiple comparisons test. 
(C) Percentage of proliferating CD4+ T cells expressing ESL in different culture 

conditions. *p < 0.05, Kruskall-Wallis with Dunn’s multiple comparisons test. 
Data were pooled from 2-3 independent experiments; n = 3 independent 
samples/group/experiment. Error bar represent mean ± SEM. 
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antibody, or due to a degree of redundancy in the factors present in the culture 

condition that are capable in inducing ESL. Overall,  the data indicate that TGF- 

β1 has the capacity to induce ESL expression on CD4+ T cells in vitro and appears 

to be more potent than IL-12 in this respect. 

 

4.2.9. The impact of TGF-β1 on ESL expression on CD4+ T cells 
stimulated in Th1 and Th2 conditions.  

 

It was observed earlier that, in contrast to Th17 cells, only a small proportion of 

polyclonal Th1 cells and a negligible proportion of polyclonal Th2 cells 

upregulated ESL. Since TGF-β1 alone is sufficient to induce ESL expression on 

naïve CD4+ T cells in vitro, its capacity to modify the expression of ESL in Th1 

and Th2 subsets was assessed. CTV-labeled naïve CD4+ T cells were polyclonally 

stimulated and cultured in Th1 or Th2 condition as previously described. Cells 

were polarized to Th1 or Th2 subsets for 48 hours before increasing 

concentrations of TGF-β1 were added to the cultures with ESL expression being 

assessed after culture for a further 36 hours.  

 

Without the addition of TGF-β1, a relatively small proportion of cells in 

polyclonal Th1 culture expressed ESL, while no ESL expression was detected in 

Th2 culture (Fig 4.9A, left panels). Strikingly, even very low concentration of 

TGF-β1 (0.04 ng/ml) resulted in two-fold increase in the proportion of ESL- 

expressing CD4+ T cells in Th1 culture, and this induction appeared to be dose 

dependent as the addition of 5 ng/ml TGF-β1 was able to induce ESL expression 
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Figure 4.8: Partial reduction of ESL expression by blocking TGF-β1 in Th1-
polarized gDT-II cells. 

5 × 104 CTV-labeled gDT-II cells were cultured with 5 × 105 splenocytes which 
previously have been pulsed with increasing concentrations of gD peptide (0.1 
μM, 1 μM, 10 μM). LPS (1 μg/ml) was added to the culture, as well as 
recombinant murine IL-12 (5 ng/ml) and anti-murine IL-4 (5 μg/ml) to polarize 
cells into Th1 cells. Anti-TGF-β1 (20 μg/ml) antibody was added to the dedicated 
wells at the beginning of culture. Recombinant murine IL-2 (10 U/ml) was added 
at day 2, and cells were harvested and analyzed at day 3.5 of culture. 
(A) Representative dot plot of ESL expression on proliferating CTV-labeled gDT-

II cells in Th1 condition with or without anti-TGF-β1 antibody, in response to 
different concentrations of gD peptide. 

(B) Percentage of proliferating gDT-II cells expressing ESL in Th1 condition with 
or without anti-TGF-β1 antibody. *p < 0.05, two-way ANOVA. 

Data were pooled from two independent experiments; n = 3 independent 
samples/group/experiment. Error bars represent mean ± SEM. 
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in about ~65% of proliferating CD4+ T cells (Fig. 4.9A, upper panels; Fig. 4.9B, 

black bars). Although to a much lesser extent, TGF-β1 also induced the 

expression of ESL in Th2 cultures, with significant induction (~10% of cells) 

obtained at high concentrations of TGF-β1 (5 ng/ml) (Fig. 4.9A, bottom panels; 

Fig. 4.9B, grey bars). These results demonstrate that TGF-β1 can impact the 

expression of ESL on Th1 cells which otherwise display low expression of this 

homing receptor, supporting the earlier finding that TGF-β1 is a potent ESL 

inducer. Interestingly, although to a much lesser degree, TGF-β1 is also able to 

induce ESL in Th2 culture conditions, suggesting that it may have some potential 

to override the ESL-inhibiting effect of IL-4 in this culture condition. 

 

4.2.10. IL-4 inhibits the expression of ESL in Th17 culture. 
 

Since TGF-β1 and IL-4 were demonstrated to have opposite roles in regulating 

ESL expression and high concentrations of TGF-β1 were capable of driving ESL 

expression even in Th2 polarizing conditions, the capacity of IL-4 to suppress 

ESL expression on cells cultured in Th17 polarizing conditions was assessed next. 

CTV-loaded naïve CD4+ T cells were polyclonally stimulated and cultured in 

Th17 conditions for 48 hours after which increasing concentrations of IL-4 were 

added and the expression of ESL was assessed 36 hours later.  Th17 conditions in 

the absence of IL-4 resulted in more than 70% of CD4+ T cells expressing ESL, 

with its induction evident after the first division (Fig. 4.10A, left panel). Low 

concentrations of IL-4 (2.4 ng/ml and 12 ng/ml) in the culture did not markedly 

affect ESL induction on these cells. However, the addition of high concentration 

of IL-4 (60 ng/ml and 300 ng/ml) significantly decreased the expression of ESL, 

resulting in a 20-30% reduction in the percentage of ESL-expressing CD4+ T cells  



 143 

 

 

Figure 4.9: TGF-β1 induces the expression of ESL in polyclonal activated, 
Th1-, but not Th2-polarized CD4+ T cells. 

5-10 × 104 CTV-labeled naïve CD4+ T cells were stimulated with plate-bound anti-
CD3 (1 μg/ml) and anti-CD28 (10 μg/ml) in Th1 or Th2 condition. Different 
amounts of TGF-β1 (No TGF-β1, 0.04, 0.2, 1, or 5 ng/ml) were added at day 2 of 
culture. Recombinant murine IL-2 (10 U/ml) was also added at day 2 to maintain 
cell proliferation. Cells were harvested and analyzed at day 3.5 of culture. 
(A) Representative dot plots of ESL expression on proliferating CTV-labeled 

CD4+ T cells in Th1 (upper panels) and Th2 (lower panels) conditions in 
response to different concentrations of TGF-β1. 

(B) Percentage of proliferating CD4+ T cells expressing ESL in Th1 and Th2 cells. 
*p < 0.05, two-way ANOVA.  

Data were pooled from three independent experiments; n = 3 independent 
samples/group/experiment. Error bars represent mean ± SEM.  
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in the 4th division (Fig. 4.10B, left figure). From the analysis of the intensity of 

ESL expression, it was also evident that this ESL-inhibition by IL-4 was dose-

dependent (Fig. 4.10B, right figure). Overall, these results indicate that IL-4 is 

capable of overriding the effect of TGF-β1 and inhibit the expression of ESL in 

Th17-polarized CD4+ T cells. Together with previous results, it can be concluded 

that the induction of ESL is regulated by TGF-β1 and IL-4, and the level of ESL 

expression seems to be dependent on the balance of the two cytokines.  

 

4.2.11. TGF-β1 requires at least 24 hours to induce significant ESL in 
polyclonal Th1 culture.  

 

The previous data showed that the addition of TGF-β1 at the beginning of Th1 

culture induces the expression of ESL on CD4+ T cells and that the addition of 

TGF-β1 at day 2 of culture could still significantly augment ESL expression on 

Th1 cells. Both of these findings suggest that TGF-β1 has the potential to modify 

the expression of ESL if it is present for 36-80 hours in the culture. Accordingly, 

the balance of signals and duration of cytokine exposure might be important for 

the induction of homing receptor such as ESL during T cell priming. To 

investigate this possibility, naïve CD4+ T cells were labeled with CTV and 

cultured in Th1 and Th2 conditions. TGF-β1 (1 ng/ml) was then added to the 

cultures 2, 6, 12, or 24 hours prior to cells being harvested and assessed for ESL 

expression at day 3.5, allowing TGF-β1 to act within a limited time frame.  

 

As was demonstrated previously, Th1 displayed low expression of ESL and 

almost no ESL expression at all was observed in Th2 cultures without the 

addition of TGF-β1 (Fig. 4.11B, left panels). The presence of TGF-β1 in Th1 
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Figure 4.10: Inhibition of ESL expression by IL-4 in Th17-polarized 
polyclonally activated CD4+ T cells culture. 

5-10 × 104 CTV-labeled naïve CD4+ T cells were stimulated with plate-bound anti-
CD3 (1 μg/ml) and anti-CD28 (10 μg/ml) in Th17 condition. Different amounts 
of IL-4 (No IL-4, 2.4, 12, 60, or 300 ng/ml) were added at day 2 of culture. 
Recombinant murine IL-2 (10 U/ml) was also added at day 2 to maintain cell 
proliferation. Cells were harvested and analyzed at day 3.5 of culture. 
(A) Representative dot plots of ESL expression on proliferating CTV-labeled 

CD4+ T cells in Th17 condition in response to different concentration of IL-4. 
(B) Percentage of proliferating CD4+ T cells expressing ESL and MFI of ESL in 

Th17 condition. *p < 0.05, two-way ANOVA. 
Data were pooled from two independent experiments; n = 3 independent 
samples/group/experiment. Error bars represent mean ± SEM.  
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culture for 2, 6, and 12 hours was not sufficient to induce ESL expression (Fig. 

4.11B, top panels; Fig. 4.11C, left figure). However, when TGF-β1 was present 

for 24 hours, there was a doubling in the proportion of ESL-expressing CD4+ T 

cells compared to cells in Th1 condition only. Consistent with previous results, 

the addition of 1 ng/ml TGF-β1 to Th2 cultures was not sufficient to induce ESL 

expression on these cells even when it was present for 24 hours in the culture 

(Fig. 4.11B, bottom panels; Fig. 4.11C, right figure). These results suggest that 

prolonged exposure to TGF-β1 may be required to induce ESL on Th1 cells. 

 

4.2.12. The addition of TGF-β1 to polyclonal Th1 culture impacts Th 
differentiation and increases ESL expression. 

 

It has been demonstrated earlier that the presence of TGF-β1 for at least 24 hours 

significantly induced ESL expression on Th1 cells. As both homing receptor 

induction and Th differentiation have been shown to occur early following T cell 

priming (D. J. Campbell & Butcher 2002), the impact of TGF-β1 addition on Th 

differentiation was also evaluated during these first few days of T cell activation. 

CTV-labeled naïve CD4+ T cells were stimulated with anti-CD3 and anti-CD28 as 

previously described with TGF-β1 added at different time points post 

stimulation and the expression of both ESL and Th differentiation then assessed 

at day 3.5 of culture.  

 

The presence of  TGF-β1 in Th1 cultures impacted Th1 differentiation, as shown 

by the suppression of T-bet expression on CD4+ T cells following TGF-β1 

addition at all time points, especially when added within the first 48 hours of 

culture (Fig. 4.12B, top panels; Fig. 4.12C, left figure). Indeed, when it was added  
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Figure 4.11: TGF-β1 requires at least 24 hours to induce significant ESL in 
polyclonal Th1 culture.  

5-10 × 104 CTV-labeled naïve CD4+ T cells were stimulated with plate-bound anti-
CD3 (1 μg/ml) and anti-CD28 (10 μg/ml) in Th1 or Th2 condition. Recombinant 
murine IL-2 (10 U/ml) was added at day 2 of culture to maintain cell 
proliferation. TGF-β1 (1 ng/ml) was added at different times before harvesting 
cells (No TGF-β1, 2 hr, 6 hr, 12 hr, and 24 hr before harvest). Cells were harvested 
and analyzed at day 3.5 of culture. 
(A) Schematic of the experiment workflow. 
(B) Representative dot plots of ESL expression on proliferating CTV-labeled 

CD4+ T cells in Th1 (upper panels) and Th2 (lower panels) conditions in 
response to different duration of TGF-β1 in the culture. 

(C) Percentage of proliferating CD4+ T cells expressing ESL in Th1 (left) and Th2 
(right) conditions. *p < 0.05, two-way ANOVA. 

Data were pooled from two independent experiments; n = 3 independent 
samples/group/experiment. Error bars represent mean ± SEM. 
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either at 24 hours or present throughout the entire culture period it strongly 

inhibited T-bet expression, while the addition of TGF-β1 at 48 hours and 72 hours 

of culture still allowed for a significant expression of T-bet on large proportion 

(~55%) of proliferating CD4+ T cells.  

 

Interestingly the addition of TGF-β1 did not significantly increase RORgt 

expression, except if added at 72 hours after culture (Fig. 4.12B, middle panels; 

Fig. 4.12C, middle figure). While polyclonal Th1 cells expressed very low ESL, 

the addition of TGF-β1 could increase the expression of ESL particularly if added 

from the beginning of culture (8% vs 68%, respectively) (Fig. 4.12B, bottom 

panels; Fig. 4.12C, right figure). Significant induction of ESL occurred if TGF-β1 

was added within 48 hours of culture, but less profound if it was added at 72 

hours of culture. Collectively, these results demonstrate that the presence of TGF-

β1 within the first 2 days of CD4+ T cell activation results in the strong induction 

of ESL and alteration of Th differentiation toward Th17 subset. However, the 

addition of TGF-β1 between 48-72 hours after T cell activation still significantly 

induced ESL expression without interfering with the initial Th differentiation 

pathway, suggesting that this time period might be optimal for TGF-β1 to induce 

ESL on different subsets of Th cells, allowing various Th subsets to eventually 

express ESL and therefore gain the ability to migrate to the skin. 
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Figure 4.12: TGF-β1 impacts Th1 differentiation and the expression of ESL. 

5-10 x 104 CTV-labeled naïve CD4+ T cells were stimulated with plate-bound anti-
CD3 (1 μg/ml) and anti-CD28 (10 μg/ml) in Th1 condition as previously 
described. TGF-β1 (1 ng/ml) was added at different time after culture (No TGF-
β1, the beginning of culture/0 hr, 24 hr, 48 hr, or 72 hr). Recombinant murine IL-
2 (10 U/ml) was added at day 2, and cells were harvested and analyzed at day 
3.5 of culture. 
(A) Schematic of the experiment workflow. 
(B) Representative dot plots of T-bet (top panels), RORgt (middle panels), and 

ESL (bottom panels) on proliferating CTV-labeled CD4+ T cells after the 
addition of TGF-β1 at different time points after culture. Dot plots in red (left 
panels) show isotype control stainings (for T-bet and RORg) or no chimera 
protein staining (for ESL).   

(C) Percentage of proliferating CD4+ T cells expressing T-bet (left), RORgt 
(middle), and ESL (right) in response to TGF-β1 addition at different time 
points after culture. *p < 0.05, one-way ANOVA. 

Data were pooled from 2 – 3 independent experiments; n = 2 - 3 independent 
samples/group/experiment. Error bars represent mean ± SEM. 
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4.3. DISCUSSION 
 

While CD4+ T cells play a crucial role in promoting humoral responses through 

their interactions with B cells, they also are key in shaping the nature of the 

inflammatory response following infection of non-lymphoid tissues such as the 

skin. Critically, their ability to sculpt these local responses is dependent on their 

migration and recruitment into sites such as the skin and gut, and consequently, 

detailed exploration of how trafficking receptors such as ESL are regulated on 

these cells is of great importance. To better understand the regulation of ESL 

expression in distinct Th subsets, HSV-specific transgenic, as well as polyclonal 

CD4+ T cells were polarized into Th1, Th2, and Th17 subsets in Ag-specific and -

nonspecific systems, respectively, and the expression of ESL compared between 

subsets. 

 

Here we established an in vitro system for polarization of gDT-II cells into distinct 

Th subsets that resulted in the majority of cells acquiring the respective 

phenotypes, confirmed by high expression of T-bet, GATA3, and RORgt in Th1, 

Th2, and Th17 cultures, respectively. Other studies have also reported that 

following polarization, transgenic OVA-specific CD4+ T cells preferentially 

produced IFNg, IL-4, and IL-17 in Th1, Th2, and Th17 cultures, respectively, as 

measured by both ELISA and ICS (Austrup et al. 1997; Y.-C. Lim et al. 1999; 

Harrington et al. 2005; Park et al. 2005). A small proportion of cells in Th1, Th2, 

and Th17 cultures did not express the expected subset-defining transcription 

factors, possibly due to an unsynchronized response of bulk cells to the 

polarizing stimulation within the cultures (Velázquez et al. 2016). While earlier 

studies mostly confirmed in vitro differentiation based on the types of  cytokine 
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produced following activation, the expression of Th signature transcription 

factors was used in this study as these transcription factors have been 

demonstrated to be sufficient for programming cytokine repertoire of Th subsets 

(Szabo et al. 2000; W. Zheng & Flavell 1997; Ivanov et al. 2006). 

   

When the expression of skin-homing receptor ESL was compared between Th 

subsets, clear differences were observed in the expression of this homing receptor 

between distinct Th subsets, with ESL being highly expressed in Th17, 

moderately expressed in Th1, and notably absent in Th2 cells. Despite slight 

variations in the polarizing conditions of Th cultures, previous studies have also 

demonstrated Th17 and Th1 preferential expression of ESL which directly 

correlated with the ability of these cells to traffic to the skin (Alcaide et al. 2012; 

Velázquez et al. 2016). In contrast, Th2 cells have consistently been observed to 

be lacking ESL in several studies, poorly roll on E-selectin, and fail to migrate 

into the skin (Austrup et al. 1997; Y.-C. Lim et al. 1999; Abadier et al. 2017). As a 

consequence, the initial concept was hypothesized that the induction of tissue-

specific homing receptor is regulated in a Th subset-specific manner, accounting 

for the disparate trafficking capacity of Th subsets to different peripheral tissues 

such as the skin. However, this notion was challenged by the finding that Th2-

like CD4+ T cells isolated from the skin of atopic dermatitis patients display CLA 

and bind well to E-selectin (Rossiter et al. 1994).  In addition, Treg cells have also 

been demonstrated to express ESL and depend on the interaction with 

endothelial E-selectin in vivo to control skin inflammation in contact 

hypersensitivity reactions (Siegmund et al. 2005; Abeynaike et al. 2014; Huehn et 

al. 2004). Indeed, a recent study has reported ESL expression on multiple in vitro 

differentiated Th subsets with only Th2 as the exception, inferring that ESL 
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induction might not be related to a specific Th subset (Abadier et al. 2017). 

However, the discrepancy between in vitro and in vivo findings particularly in 

regard to Th2 expression of ESL demands further exploration in the factor/s that 

actually regulate the expression of ESL in Th cells.  

 

To better define the relationship between Th differentiation and ESL expression, 

the kinetics of ESL expression and signature Th transcription factors following in 

vitro differentiation of HSV-specific CD4+ T cells was assessed in detail. The 

upregulation of T-bet, GATA3 and RORgT associated with Th subsets was 

observed even in undivided cells, indicating that the process of Th differentiation 

is initiated very early in vitro possibly due to the presence of polarizing cytokines 

from the beginning of T cell priming. This result is in line with the notion that 

naïve T cells are actually in a poised state to become any Th subsets where the 

presence of polarizing cytokines can rapidly tip the balance in favor of a certain 

subset (Oestreich & Weinmann 2012). Furthermore, it is also observed that 

following in vitro differentiation of gDT-II cells, the expression of Th transcription 

factors is maintained until later divisions, highlighting their importance in 

regulating the expression of Th-promoting cytokines during the first few days of 

T cell priming (Lazarevic et al. 2013). 

 

The kinetics of ESL expression in vitro differed markedly from that observed in 

vivo.  Specifically, while ESL expression in vivo was only found on cells that had 

undergone multiple rounds of division, following in vitro stimulation, ESL was 

induced rapidly being evident in cells that undergone one division suggesting 

that the factor/s that induce ESL are present from the beginning of culture. 

Undivided cells did not express significant levels of ESL, which aligned with 
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previous work demonstrating that the expression of PSL was also dependent on 

the progression of cell cycle (Syrbe et al. 2004). From our analyses, it is also 

evident that although the upregulation of ESL in vitro occurs very early relative 

to the in vivo situation, it still follows the expression of Th transcription factors, 

again suggesting that the two processes might be coordinately regulated.  

 

Functional ESL has been demonstrated to be dependent on the presence of both 

an appropriate glycoprotein scaffold as well as the posttranslational modification 

of this protein (Ley & Kansas 2004). Therefore, differential ESL expression 

between Th subsets can be the result of both variation in the expression of the 

scaffolds and/or in the activity of glycosyltransferases that create the 

carbohydrate moieties. In the culture systems used herein, all three in vitro 

differentiated Th subsets exhibited similar cell surface expression of PSGL-1 and 

the native form of CD43 (S11 isoform), glycoproteins which have been 

demonstrated to construct ESL on CD4+ T cell and mediate skin migration in vivo 

(Matsumoto et al. 2007; Alcaide et al. 2007; Velázquez et al. 2016). Previous 

studies have also have shown similar levels of surface expression of PSGL-1 

among the three Th subsets, although precipitated PSGL-1 protein on Th2 cells 

was described to have lower molecular weight (Borges 1997; Alcaide et al. 2012; 

Velázquez et al. 2016; Abadier et al. 2017). The expression of the native form of 

CD43 protein has not been extensively explored, however previous studies have 

demonstrated that CD43 is the major ESL on Th17 cells, while Th1 cells require 

the collaborative work of PSGL-1 and CD43 to bind endothelial E-selectin and 

migrate to the skin (Matsumoto et al. 2007; Velázquez et al. 2016). 
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Although downregulation of the ESL protein backbone has been reported in 

several situations, such as during Tfh differentiation or following PMA 

stimulation of granulocytes (Tinoco et al. 2017; Bazil & Strominger 1993), the 

activity of glycosyltransferases more likely plays a dominant role in regulating 

ESL expression on T cells (Hobbs & Nolz 2017). Indeed, we observed high 

expression of C2GlcNAcT-I in Th1 and Th17 cells, as shown by striking increase 

of Gcnt1 mRNA level compared to naïve unstimulated gDT-II cells, while the 

expression of this enzyme in Th2 cells is negligible. This difference was 

confirmed by examining the surface expression of 1B11 epitope, which largely 

reflects the activity of C2GlcNAcT-I, finding that the majority of Th1 and Th17 

cells display this epitope, as opposed to only small proportion of cells grown in 

Th2 culture conditions. In line with these findings, various studies have 

consistently observed much lower Gcnt1 expression in Th2 than in Th1 and Th17 

cells, with some differences in the extent of Gcnt1 expression in Th2 cells reported 

between studies  (Y.-C. Lim et al. 2001; Schroeter et al. 2012; Mardahl et al. 2016; 

Abadier et al. 2017).  

 

Surprisingly, while previous studies underscore the importance of FucT-VII for 

the synthesis of functional ESL on Th1 cells and their migration into inflamed 

skin (Smithson et al. 2001; Schroeter et al. 2012), we did not find any correlation 

in the expression of this enzyme to differential expression of ESL on Th subsets, 

as both Th1, which express low level of ESL, and Th2, which do not express ESL, 

have comparable level of Fut7 mRNA. Previous studies on the activity of FucT-

VII on Th subsets have been conflicting, with some reporting similar levels of 

Fut7 mRNA in Th1 and Th2 cells (Schroeter et al. 2012; Mardahl et al. 2016), while 

others found significant suppression of Fut7 expression in Th2 compared to Th1 
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and Th17 cells (Y.-C. Lim et al. 2001; Abadier et al. 2017). The extent of binding 

and/or rolling velocity of CD4+ T cells on E-selectin, which varied between 

studies possibly due to slightly different Th polarization conditions, may explain 

these conflicting results. Indeed, we observed higher expression of Fut7 mRNA 

in Th17 which potentially correlates with high expression of ESL in this subset. 

Our analyses of glycosyltransferases activity also reveal that ST3Gal-IV and 

ST3Gal-VI do not seem to contribute in the differential expression of ESL on Th 

subsets, although a previous study has shown that these two enzymes are crucial 

for the expression of functional ESL on neutrophils (Ellies et al. 2002; W. H. Yang 

et al. 2012). Taken together, these results strongly suggest C2GlcNAcT-I as the 

major determinant of ESL expression on Th subsets, while protein backbone 

might only play a minor role.  

 

While the signals from both TCR and cytokine receptors appeared to be the two 

most important factors influencing the Th differentiation (Morel 2018; Zhu 2018), 

their roles in the expression of tissue-specific homing receptors such as ESL are 

less clear. The data here demonstrated that without TCR /CD3 engagement, 

gDT-II cells fail to express ESL, indicating that TCR signaling is required for the 

induction of ESL. This is in line with previous work which reported that among 

a mixture of transgenic and non-transgenic CD4+ T cells cultured with OVA 

peptide in vitro, only the transgenic cells upregulated PSL (Schroeter et al. 2012). 

However, there was not a strict correlation observed between the strength of TCR 

signal and the level of ESL expression in these in vitro systems. Somewhat 

surprisingly, increased TCR/CD3 signaling was accompanied by an increase in 

ESL expression in Th17 cultures but not in Th1 conditions. Using a polyclonal 

CD4+ T cell stimulation, that does not contain APC, it further confirmed that 
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increased CD3 crosslinking was not associated with increased ESL expression on 

Th1 or Th17 cells, suggesting that additional factor/s present in the priming 

environment may regulate ESL expression on Th cells. Previous studies have 

demonstrated that strong TCR stimulation lead to the downregulation of CD62L 

and CCR7 and the upregulation of integrins, CD44, and PSGL-1, preventing 

activated T cells from trafficking back to LN and giving them general access to 

sites of inflammation (Baaten et al. 2013). However, TCR-dependent activation 

has also been demonstrated to strongly induce Fut7 expression through the H-

Ras and the PI3K pathway, as well as Gcnt1 expression through NFAT activation 

(Barry et al. 2003; Zisoulis & Kansas 2004; Schroeter et al. 2012). These findings 

raise the possibility that TCR signaling also controls the upregulation of skin-

specific homing receptor ESL. It is possible that, as with many genes involved in 

Th lineage differentiation (van Panhuys 2016), TCR signaling acts as the primary 

control of glycosyltransferases and ESL expression, with a certain TCR signaling 

threshold required to subsequently allow activated T cells to respond to other 

potential ESL regulators.  

 

Since signaling through TCR/CD3 was required for ESL expression but 

nevertheless did not strictly corelate with the extent of expression, the potential 

of cytokines to regulate its expression on CD4+ T cells was explored. Using an 

anti-CD3/CD28 polyclonal stimulation of CD4+ T cells, the impact of cytokine 

exposure on ESL induction can be observed in a more reductionist system 

without the potential complications from APC-derived factors. Similar to HSV-

specific gDT-II cells, in vitro polarized Th cells that originated from polyclonal 

CD4+ T cells resulted in the majority of cells in each culture condition expressing 

the relevant Th master regulator. Notably, robust ESL expression was also 
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observed in Th17 conditions and lower levels of induction in Th1 conditions 

whereas it was essentially absent in cells cultured under Th2 culture conditions. 

 

In addition to IL-2 which is added to all culture conditions, supplementation of 

some of the polarizing cytokines, such as IL-4 and IL-6, also promotes the 

proliferation of activated CD4+ T cell, while other cytokines do not seem to 

significantly increase proliferation. However, unlike IL-2 which promotes the 

proliferation of both Th1 and Th2 cells, the effect of IL-4 has been demonstrated 

to be selective for Th2-like cells with a mechanism independent of IL-2 (Swain et 

al. 1990; Or et al. 1992). During inflammation, IL-6 has also been reported to 

enhance T cell proliferation in vivo and protect T cell from apoptosis (Dienz & 

Rincon 2009; B. Li et al. 2018).  

 

The analyses of ESL expression following the addition of individual polarizing 

cytokines highlights the potency of TGF-β1 in inducing ESL on activated CD4+ T 

cells, resulting in the majority of cells expressing ESL by 3.5 days. In line with 

this, previous studies have reported a significant increase in E-selectin binding 

capacity of both murine and human CD4+ T cells after the addition of TGF-β1 to 

the in vitro culture, most likely due to its effect in inducing both Fut7 and Gcnt1 

expression (Wagers & Kansas 2000; Ebel et al. 2015). Both Smad-dependent, via 

Smad 4 and Smad2/3, and Smad–independent, via p38 MAPK, pathways have 

been implicated in the mechanism of this TGF-β1-induced ESL expression (Ebel 

et al. 2015; Ebel & Kansas 2016).  

 

In contrast to the effect of TGF-β1, the data here suggest that IL-4 has the capacity 

to inhibit ESL expression on polyclonal CD4+ T cells, as evidenced by its 
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expression being lower than the level observed in the absence of exogenous 

cytokines other than IL-2. This observation was entirely consistent with our 

earlier finding on the lack of ESL by gDT-II cells stimulated under IL-4-rich Th2 

culture conditions. Mechanistically, IL-4 has been demonstrated to robustly 

suppress Fut7 gene, while the addition of IL-4 does not seem to have much 

impact on Gcnt1 gene expression as shown in both human and murine studies 

(Wagers, Waters, et al. 1998; Y.-C. Lim et al. 1999; Y.-C. Lim et al. 2001). In 

contradiction, few studies found no significant difference in the level of Fut7 

between IL-4-deficient Th1 and IL-4-dominated Th2 cultures (Schroeter et al. 

2012; Mardahl et al. 2016), suggesting that the expression of this enzyme is not 

only influenced by the presence IL-4 but most likely also by other factor/s such 

as TGF-β1 as mentioned earlier.  

 

Interestingly, the addition of IL-12 in our study did not significantly impact ESL 

expression on CD4+ T cells, which differs from earlier studies which suggested 

that IL-12 had the potential to enhance ESL expression. Exposure to IL-12 has 

been shown to increase Gcnt1 expression via a STAT4-dependent pathway and 

this was further supported by a recent study which has identified STAT4- and T-

bet-binding sites in Gcnt1 enhancer region (White et al. 2001; Mardahl et al. 2016; 

Ebel et al. 2015). In contrast, the expression of Fut7 has been demonstrated to be 

regulated by STAT4-independent IL-12 signaling, and Fut7 promoter region has 

also been shown to contain T-bet-binding sites (White et al. 2001; Guo-Yun Chen 

et al. 2006). The discrepancy between these studies and our finding indicates that 

a single cytokine such as IL-12 is not sufficient to induce ESL expression on CD4+ 

T cells, and the overall balance of cytokines in the culture environment is critical 

for the regulation of ESL expression. Our data highlighted TGF-β1 as a potent 
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ESL-inducer, and while both TGF-β1 and IL-12 were reported to selectively 

induce ESL expression on human CD4+ T cells, the addition of TGF-β1 evoked a 

more rapid and stronger induction of ESL on both activated naïve or reactivated 

memory human CD4+ T cells (Wagers & Kansas 2000). It should be noted that 

activated T cells has been proposed to be a significant source of TGF-β1 in vivo, 

as well as various immune cells and apoptotic cells (Wei Chen et al. 2001; Xiao et 

al. 2008; M. O. Li et al. 2006; Worthington et al. 2012). As a consequence, it is 

possible that compared to other studies, our polyclonal stimulation of CD4+ T 

cells produce higher basal level of ESL even in the absence of polarizing cytokines 

(Th0 condition) due to higher amount of TGF-β1 in the culture, which can be the 

result of prolong TCR stimulation with anti-CD3/28 antibodies, higher number 

of apoptotic cells, or different TGF-β1 content in the culture medium. This 

interference might then obscure the ESL-inducing effect of IL-12 in our culture, 

especially since the addition of IL-12 alone without anti-IL-4 antibody might not 

result in maximal induction of ESL due to suboptimal activation of Fut7 gene 

(Guo-Yun Chen et al. 2006). 

 

Furthermore, since any cell types can essentially produce TGF-β1, biologically 

relevant amounts of TGF-β1 might be present not only in our in vitro polyclonal 

CD4+ T cell culture but also in the HSV-specific gDT-II cell culture which involves 

stimulation with splenocytes containing many different types of cells. Indeed, 

this possibility was confirmed in our model, in which the expression of ESL in 

HSV-specific Th1 cells was reduced through the addition of TGF-β1-specific 

blocking antibody, indicating that the induction of ESL in this culture is at least 

in part mediated by the presence of TGF-β1 in the supernatant despite this 

cytokine not being exogenously added to the culture.  
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The potential of TGF-β1 to drive the induction of ESL in vitro was further 

highlighted by the finding that this cytokine could enhance ESL expression in 

Th1-polarized CD4+ T cells, which in the absence of exogenous TGF-β1 express 

low levels of ESL. To a much lesser degree, the addition of TGF-β1 also induces 

ESL expression in IL-4-conditioned Th2 cells, although higher concentration of 

TGF-β1 is required to override the ESL-inhibiting effect of IL-4. Indeed, these two 

cytokines seem to act opposing each other, as confirmed by our data that the 

addition of IL-4 to TGF-β1-stimulated Th17 cells inhibits ESL expression also in 

a dose dependent manner. Interestingly, in mast cells, IL-4 has been reported to 

suppress the expression of TGF-βR1 and 2, and conversely the presence of TGF-

β1 suppressed IL-4Rα surface expression (Macey et al. 2010). Moreover, Smad3 

protein, which together with Smad4 forms a complex to mediate TGF-β1-induced 

ESL expression (Ebel & Kansas 2016), has been demonstrated to directly interact 

with GATA3 protein in T cells (Blokzijl et al. 2002). Both these lines of evidence 

provide us with a possible mechanistic link between the two cytokines, but 

whether the same mechanism, either in the level of cytokine signaling or 

transcription, regulates the expression of Fut7 and/or Gcnt1 and ESL on CD4+ T 

cells will need further investigation. Nevertheless, the in vitro data here suggest 

that TGF-β1 and IL-4 have antagonistic roles with respect to regulating the 

expression of ESL on CD4+ T cells. As such whether or not ESL expression is 

induced is likely dependent on the balance of signals that ensue from exposure 

to these two cytokines and potentially the timing of exposure. 

 

While our earlier findings confirm the robust ability of TGF-β1 to induce ESL, it 

is currently unclear how the kinetics of ESL induction by TGF-β1 as well as its 

impact on concurrent Th differentiation process. From our study, it is evident 
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that TGF-β1 requires at least 24 hours to induce significant expression of ESL on 

in vitro Th1 cells, consistent with previous finding which observed the 

dependency of Fut7 and Gcnt1 expression on cell division (Syrbe et al. 2004).  

 

The addition of TGF-β1 into Th1 culture within the first 48 hours of T cell 

activation did not only result in high level of ESL expression but also in the 

skewing of the Th1 differentiation pathway, indicating that CD4+ T cells are still 

plastic and highly receptive to any stimulating factors present in the priming 

environment. This is in line with the previous notion that naïve T cells are in a 

poised condition, and upon activation retain their plasticity before epigenetically 

committing to a particular Th lineage after several divisions (Grogan et al. 2001). 

Interestingly, this study also demonstrated that TGF-β1 addition at 48-72 hours 

of culture induced significant ESL expression without significantly interfering 

with initial stages of Th differentiation, indicating that the genes important for 

Th differentiation and ESL expression are not coordinately regulated and present 

at different state of plasticity within this time frame. The addition of TGF-β1 at 

72 hours of culture did not induce ESL expression nor did it substantially impact 

Th1 differentiation. Previous data (Fig. 4.11) suggested that cells need to be 

exposed to TGF-β1 for periods in excess of 24 hours for ESL expression, hence 

the lack of ESL expression at this time is not surprising. Nevertheless, it is also 

possible that 72 hours in these culture conditions precludes the later induction of 

ESL. Indeed, a similar result was obtained in a previous study, in which the 

addition of TGF-β1 at day 4 of culture failed to induce significant PSL expression 

on in vitro cultures of BALB/c CD4+ T cells (Syrbe et al. 2006). Importantly, the 

sequential processes of lineage commitment and tissue-homing receptor 

imprinting might actually be required in vivo to provide various Th subsets the 
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access to enter previously restricted tissues such as the skin in the event of 

inflammation or infection.  
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CHAPTER 5: GENERAL DISCUSSION 
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Major findings of this thesis: 

1. Following localized skin infection with HSV-1, the homing receptor ESL was 

induced on Ag-specific effector CD4+ T cells. CD4+ T cells deficient in FucT-

VII enzyme, which lack the expression of ESL, demonstrated major 

impairment in the capacity to migrate to the skin, confirming the importance 

of ESL in mediating T cell recruitment into the skin. 

 

2. While earlier studies established restricted ESL expression on in vitro 

differentiated Th1 cells, using both in vivo and in vitro approaches the data 

here showed that the induction of ESL on effector CD4+ T cells is not strictly 

linked to the Th1 differentiation pathway per se. HSV-specific CD4+ T cells 

deficient in T-bet, which following activation preferentially differentiated 

into Th17 cells, expressed high levels of ESL and migrated to the skin in 

response to HSV-1 skin infection in vivo. In line with this, both in vitro 

differentiated Th1 and Th17 cells also expressed ESL, whereas there was no 

expression of ESL on Th2 cells.  

 

3. Signals from both TCR and cytokine receptors are necessary for the induction 

of ESL on effector CD4+ T cells, however the two signals seem to control 

different aspects of ESL expression. Increasing TCR dependent signaling did 

not result in higher ESL expression on effector CD4+ T cells. On the contrary, 

the level of ESL expression seems to be largely dependent on the balancing 

signals from multiple cytokines, in particular TGF-β1 and IL-4, which act to 

promote and repress the expression of ESL, respectively. 
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4. The addition of TGF-β1 during the initial stages of CD4+ T cell activation not 

only induced ESL but also skewed Th lineage differentiation. However, TGF-

β1 addition at 48 hours post T cell activation allowed for the induction of ESL 

with minimal interference on Th differentiation process. Consequently ESL-

inducing signals such as those from TGF-β1 do not have to occur concurrent 

with other T cell priming signals. Thus, it is possible for differentiation and 

homing signals to be received in staggered fashion in vivo, allowing CD4+ T 

cells to be committed to certain differentiation pathways before acquiring 

homing capacity. 

 

5.1. THE REQUIREMENT OF ESL FOR THE MIGRATION OF 

EFFECTOR CD4+ T CELLS TO THE SKIN.  
 

The nature and extent of inflammation in infected or damaged tissue have been 

shown to be crucial in facilitating the entry of T cells to a particular site. These 

stimuli impact not only on the expression of vascular addressins on endothelium 

but also the upregulation of corresponding homing receptors on T cells, the latter 

being a process that typically occurs in secondary lymphoid tissues often some 

distance away from the inflamed tissue. This thesis has focused on 

understanding the mechanisms underpinning the homing of CD4+ T cells to the 

skin following HSV infection and the requirements for the expression of ESL for 

this cellular trafficking. Notably, the migration of effector T cells to the skin in 

the context of this localized viral infection was shown to require FucT-VII, which 

is important for ESL/PSL,  as it has been for the skin trafficking of CD4+ T cells 

following intracellular protozoa infection with L. major (Zaph & Scott 2003). 
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While ESL has been widely regarded as one of the key skin-homing receptors for 

leukocytes, the requirement for this adhesion molecule for trafficking T cells to 

the skin has varied between studies, with ESL being reported to play a role in 

response to certain inflammatory stimuli but not others (A. C. Issekutz & T. B. 

Issekutz 2002; Kulidjian et al. 2002; Al-Banna et al. 2012). These divergent 

dependencies likely arise in part from considerable underlying heterogeneity in 

the endothelium and in the migrating lymphocytes (Carman & Martinelli 2015). 

For example, endothelial cells between vascular beds have been reported to differ 

in their morphology, impacting their ability to respond to various stimuli (Aird 

2007a; Aird 2007b). Additionally, different stages (naïve, effector, or memory) of 

T cells and various subsets of Th may respond differently to particular 

environmental cues. For example, while the data here demonstrated that effector 

CD4+ T cells highly upregulate ESL and require this homing receptor to migrate 

to the skin, previous work has reported that in response to epicutaneous or 

subcutaneous challenges, there was a heterogeneity in the extent of ESL 

expression by effector and memory T cells of CD4+ and CD8+ lineages (Gebhardt 

et al. 2011), which may impact the requirements of ESL for the trafficking of each 

of this cell types to the skin. In the end, all of these factors making the process of 

T cell trafficking to particular tissue highly specialized, and consequently the 

requirement of adhesion molecules such as ESL is largely dependent on the 

context and/or nature of the inflammation. Ultimately however, the requirement 

for ESL seems likely to be context-dependent and warrants further investigation 

using additional models of skin infection and/or inflammation.  

 

Both P- and E-selectin are constitutively expressed on murine skin endothelium, 

albeit at low levels, but their expression is elevated following inflammation 
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(Weninger et al. 2000; Sackstein 2005). In contrast, human skin constitutively 

expresses only E-selectin. Interestingly, inflammatory cytokines have been 

shown to induce the transcription of E-selectin but not P-selectin in human 

endothelial cells (Yao et al. 1999). This is potentially due to the absence of NF-κB 

and ATF-2 binding sites in the promoter region of the human P-selectin gene and 

suggests a mechanistic basis for the prominent role of E-selectin for migration of 

immune cells to the sites of inflammation in humans (Silva et al. 2017). Indeed, 

the interaction of E-selectin and its ligand does not seem to occur exclusively in 

the context of skin inflammation, since all vascular beds essentially upregulate 

E-selectin in response to pro-inflammatory cytokines TNFα and IL-1 hence have 

the potential to use this adhesion molecule to mediate effector T cell recruitment 

to these sites (Bevilacqua et al. 1987; Wyble et al. 1997; Piccio et al. 2002). 

 

While E-selectin expression in uninflamed skin may play a major role in 

controlling the constitutive trafficking of immune cells in steady state (Weninger 

et al. 2000), the interaction of E-selectin and its ligand alone is insufficient to 

recruit T cells into the skin during inflammation (Sackstein et al. 2017; Sackstein 

2005). Tissue-specific migration calls for the correct combination of both homing 

molecules and chemoattractants which act coordinately to mediate multiple 

steps required for the interaction of lymphocytes with luminal endothelial cells 

and eventually the transmigration of these cells to extravascular space in the 

tissue. However, since the first contact of lymphocytes to endothelial cells is 

prerequisite for the subsequent adhesion steps, the interaction between selectin 

and its ligand becomes imperative as the “gatekeeper” to only allow certain 

subsets of lymphocytes to roll on particular endothelium (Sackstein 2005). 

Nevertheless, selectin-independent rolling has been demonstrated in several 
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tissue-specific homing settings and seems to be mainly mediated by integrins, 

where the rolling of gut-homing of T cells can be mediated by the α4β7 integrin 

(Agace 2008). In the context of the skin, memory CD4+ T cells have also been 

reported to preferentially use α4β1 integrin (VLA-4) to mediate rolling of these 

cells on dermal endothelium in response to certain inflammation (A. C. Issekutz 

& T. B. Issekutz 2002; Al-Banna et al. 2012). 

 

While the expression of  a functional ligand for E-selectin depends on both the 

protein scaffold and the glycan modification structure, the synthesis of the O-

glycan, which demands the collaborative actions of multiple 

glycosyltransferases, seems to be the one mainly regulating the trafficking of T 

cells since its regulation is highly dynamic and largely corresponds to the state 

of T cell differentiation. Accordingly, the data here underscores the major role of 

C2GlcNAcT-I as the key-limiting enzyme for ESL expression, whereas FucT-VII 

may play a role in regulating the overall level of ESL expression. This is consistent 

with the role of C2GlcNAcT-I in initiating the core 2 O-glycan structure, onto 

which FucT-VII will be able to act to finalize the synthesis of Sialyl Lewis X, based 

on the glycan characterization decorating PSGL-1 in HL-60 cell line (Wilkins et 

al. 1996). More extensive mRNA analyses however are required to confirm this 

finding. 

 

5.2. FACTORS REGULATING THE EXPRESSION OF ESL ON 

EFFECTOR CD4+ T CELLS 
 

Naïve and effector CD4+ T cells display distinct migration patterns with naïve T 

cells preferentially recirculating through SLOs while effector CD4+ T cells have 
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an enhanced capacity to enter non-lymphoid tissues (Masopust et al. 2013). This 

indicates that the imprinting of tissue-homing capacity occurs during the 

transition between these 2 stages, i.e. during or following T cell priming. 

However, which priming signals are important for inducing tissue-specific 

homing receptors or to what extent the signals for priming and tissue-homing 

imprinting are distinct is currently unclear.  

 

The analyses here show that neither ESL or PSL was expressed on naïve CD4+ T 

cells from either B6 or gDT-II mice consistent with a requirement for TCR 

signaling for the induction of their expression. This is in agreement with an 

earlier study which demonstrated that TCR recognition is required for PSL 

expression on OVA-specific CD4+ T cells  (Schroeter et al. 2012). Similarly, TCR 

signaling is also required for the induction of other homing receptors such as 

VLA-4 (a4b1 integrin) (Denucci et al. 2010). Mechanistically, TCR activation has 

been associated with epigenetic modification of chromatin structure of a number 

of inducible immune response genes such as those encoding the cytokines IL-2, 

IL-4, and IL-10, impacting the accessibility of regulatory elements  of  target genes 

to the transcriptional machinery (Bevington et al. 2017; P. S. Lim et al. 2013; Fields 

et al. 2004; Jones & Flavell 2005). Indeed, recent evidence has demonstrated the 

involvement of such epigenetic mechanisms in controlling Fut7 expression in 

activated murine CD4+ T cells through the methylation and demethylation of 

DNA in the promoter region of this gene (Pink et al. 2016). It is currently 

unknown the extent to which similar mechanism impact the expression of Gcnt1 

and the other gycosyltrasferases required for the expression of ESL and PSL on 

CD4+ T cells.   
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Interestingly, although previous studies have reported increased expression of 

Fut7 and Gcnt1 following TCR stimulation (Y.-C. Lim et al. 2001; Schroeter et al. 

2012), the data here did not support a model where TCR signaling directly 

elevated the proportion of ESL+ CD4+ T cells. Rather, TCR signaling or T cell 

activation was required for ESL expression but not sufficient. Instead, the data 

suggest a critical role for cytokines in regulating the level of ESL expression. 

Notably exposure to TGF-β1 and IL-4 were able to potently induce and inhibit 

ESL expression respectively. It is possible that other cytokines such as IL-12, IL-

18, IL-9, and IL-25, which have been shown to individually induce ESL in vitro in 

a previous study (Ebel et al. 2015), contribute to the complex cytokine 

microenvironment and together regulate ESL expression. Therefore, consistent 

with earlier observations, Ag-recognition by TCR might initially be required for 

naïve T cells to generate an open chromatin state in previously inaccessible 

glycosyltransferase genes, onto which subsequent signals from the cytokine 

environment will be able to bind and quantitatively control the transcription of 

these enzymes. This scenario has been demonstrated at least in CD8+ T cells, in 

which Ag-experienced memory CD8+ T cells display an “open” epigenetic 

pattern in the Gcnt1 locus allowing IL-15 to induce Gcnt1 expression and 

stimulate the synthesis of core 2 O-glycan in these cells in the absence of Ag re-

challenge (Nolz & Harty 2014). 

 

The strong effect of TGF-β1 in inducing ESL has previously been explained by its 

potency in inducing both Gcnt1 and Fut7 expression in in vitro activated CD4+ T 

cells (Ebel et al. 2015; Ebel & Kansas 2016). A recent study on CD8+ T cells has 

also demonstrated substantial loss of Gcnt1 and moderate loss of Fut7 expression 

in activated CD8+ T cells deficient in TGF-β1 receptor 2 (TGF-βR2) expression (C. 
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Ma et al. 2017). Thus, this suggests a mechanistic link between TGF-β1 and ESL 

expression in vivo and further highlights the potential of C2GlcNAcT-I to act as a 

primary determinant of ESL expression not only in CD4+ but also in CD8+ T cells. 

However, the role of TGF-β1 in imprinting ESL expression on T cells in vivo may 

be harder to verify, in particular due to its pleiotropic effects on adaptive 

immunity (S. A. Oh & M. O. Li 2013). The activity of TGF-β1 on target cells in vivo 

largely depends on the context-dependent activation from its latent form, as well 

as the differentiation state of the target cells and the presence of additional signals 

such as those from co-stimulatory molecules and other inflammatory cytokines 

(M. O. Li et al. 2006). Due to this complexity, definitive data on the role of TGF-

β1 in the regulation of tissue-specific T cell homing are lacking. While the data 

here highlights its potential to induce the skin-homing receptor ESL, previous 

studies have also underscored its crucial role in regulating gut-homing T cells in 

Treg cells. TGF-β1 in the presence of retinoid acid (RA), which is abundant in the 

gut and converted from dietary vitamin A, has been shown to induce the 

generation of iTreg cells imprinted with gut-homing capacity as evidenced by 

the expression of α4β7 and CCR9, important for the provision of oral tolerance 

in this organ (M. O. Li & Flavell 2008; C. Moore et al. 2009). Interestingly, the 

addition of RA has been demonstrated to promote gut-homing mainly via its 

effect in inhibiting ESL expression on both murine and human CD4+ T cells in 

vitro (Iwata et al. 2004; Yamanaka et al. 2008), which is at least partly mediated 

by its suppressive effect on Fut7 expression (Iwata et al. 2004; Pink et al. 2016). 

Considering that TGF-β1 is typically present in substantial amounts in the 

priming microenvironment of both skin- and gut-draining lymph nodes, it is 

tempting to suggest that the induction of ESL is a default pathway following T 

cell priming in these SLO due to the abundance of TGF-β1 in the LN, and that 
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the presence of additional tissue-specific factors such as RA in gut-associated LN 

acts to skew the homing preference of activated T cells to the gut (Mora & 

Andrian 2006). In support of this idea, the presence of vitamin D3, which is 

abundant in the epidermis, has been demonstrated to induce CCR10 important 

for epidermotropism of human CD4+ T cells and counteract the ability of RA to 

induce α4β7 and CCR9 expression in vitro (Sigmundsdottir et al. 2007). Taken 

together, these findings suggest that the complex interplay between cytokines 

and tissue-specific factors present in the priming LN microenvironment is crucial 

in the imprinting of tissue-specific homing potential of activated T cells.  

 

5.3. TEMPORAL CONTROL OF ESL INDUCTION ON 

ACTIVATED CD4+ T CELLS AND ITS CORRELATION WITH 

TH DIFFERENTIATION 
 

Previous work has suggested that the process of Th lineage differentiation is 

coordinately regulated with the imprinting of tissue-homing potential as 

evidenced by the expression of ESL on Th1 but not Th2 cells, contributing to the 

differential migratory capacity of these cells to the skin (Austrup et al. 1997). 

However, here we provide clear evidence using both in vivo and in vitro 

approaches that the expression of ESL was not strictly linked to Th1 

differentiation. Using an adoptive transfer model that assessed in vivo the 

induction of ESL and PSL, the data showed  that following HSV skin infection, 

CD4+ T cells deficient in the Th1-lineage transcription factor T-bet differentiated 

into Th17 cells characterized by the expression of RORgt and the capacity to 

produce IL-17. Critically, these cells had no defect in either the expression of ESL 

or their capacity to migrate to the skin. Interestingly, a putative T-bet binding site 
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is present within the promoter region of Fut7 gene suggesting the potential of 

this transcription factor to regulate ESL expression (Guo-Yun Chen et al. 2006). 

However, the high level of ESL expression on both Th17 cells in vitro and T-bet-

deficient Th17-like cells in vivo, suggests that there are clearly T-bet-independent 

mechanisms of Fut7 induction.  Using in vitro approaches, the data here showed 

that TGF-β1 and IL-4 but not other Th-promoting cytokines including IL-12, IL-

18, and IL-6 had a significant impact on ESL expression on activated CD4+ T cells. 

Further, the function of these two cytokines seems to counteract each other 

irrespective of the initial Th lineage commitment. Indeed, distinct Th subsets may 

require access to the skin in various conditions in vivo. This is particularly 

important for Treg cells that may traffic to the skin where they can provide 

immune tolerance toward commensal bacteria as well as control skin 

inflammation (Lehtimäki et al. 2012; Hartwig et al. 2018; Sharma & Rudra 2018).  

 

The data herein also explored the temporal relationship between exposure to 

TCR- and cytokine-mediated differentiation signals with those that modulate 

ESL expression. Interestingly TGF-β1 signaling did not have to occur 

concurrently with TCR/CD28 stimulation for the induction of ESL expression. In 

vivo exposure to ESL-regulating cytokines or tissue-specific factors might 

actually follow activation and differentiation of CD4+ T cells allowing them to 

commit to particular differentiation pathways before acquiring skin-homing 

potential. However how this is achieved in vivo during T cell priming in LN is 

unclear. Earlier studies examining the skin model of HSV infection suggested 

that the initial interactions of CD4+ T cells occur with dermal or migratory DCs 

before secondary integrations with LN-resident cross-presenting DCs and that 

this latter set of cellular interactions is crucial for optimal Th1 differentiation (Hor 
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et al. 2015; Harpur et al. 2019). Such a sequential interaction of CD4+ T cells with 

different DC subsets raises the possibility that the delivery of signals required for 

initial proliferation/differentiation and for tissue-homing potential might 

actually be performed by different subsets of DC, with the former perhaps 

mediated by skin-migratory DCs. In support of this, distinct DC subsets have 

been reported to differ in their capacity to induce tissue-specific homing 

receptors (Mora & Andrian 2006). For example, intestinal CD103+ DCs have been 

shown to induce higher expression of the gut-homing receptor α4β7 than CD103− 

DCs, possibly linked to their higher capacity to produce RA (Raverdeau & Mills 

2014). In contrast monocyte-derived and dermal DCs are highly capable of 

synthesizing active vitamin D3 to induce epidermotropism on CD4+ T cells (Mora 

et al. 2008). By using diphtheria toxin (DT)-mediated selective depletion of DC 

subsets or knockout mice lacking different DC subsets, it should be possible to 

investigate if particular DC subtypes actually possesses superior capacity in 

inducing ESL on effector CD4+ T cells following HSV skin infection, and whether 

this subtype actually engages with CD4+ T cells later during multiple DCs - CD4+ 

T cell interaction. 

 

5.4. CONCLUDING REMARKS 
 

This thesis has highlighted the importance of ESL for the migration of effector 

CD4+ T cells to the skin in the context of a localized viral infection. The expression 

of ESL on these cells does not seem to be confined to a particular Th subset, thus 

contributes to similar capacity of distinct Th subsets to migrate to the skin. While 

TCR signaling is required for the induction of this homing receptor, the 

contribution of multiple cytokines such as TGF-b1 and IL-4 in the complex LN 



 177 

microenvironment appears to play a major role in regulating the level of ESL 

expression on activated CD4+ T cells. However, during T cell priming process, 

the commitment to a particular Th lineage and the induction of tissue-specific 

homing receptors do not seem to occur concurrently but are rather temporally 

controlled via sequential delivery of proliferation/differentiation cues and 

tissue-specific homing cues, with the potential actions of multiple DCs in 

coordinating these processes. Overall, all of these illustrate complex events 

occurring during T cell priming in the LN in an effort to generate optimal CD4+ 

T cell responses to infection that not only allow for production of an appropriate 

spectrum of cytokines but also allow access of CD4+ T cells to the infected 

tissue(s). 
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